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A bst r a ct  

E xtr a c ell ul ar v esi cl es ( E V) ar e n o v el pr o misi n g s o ur c es of bi o m ar k ers i n h u m a n dis e as es. D es pit e 

t h e pr o mis e t h at E Vs h ol d, t h er e ar e c urr e ntl y l ots of u n k n o w ns , w hi c h li mit o ur u n d erst a n di n g.  

T h er ef or e, t h e w or k pr es e nt e d i n t his t h esis e x pl or e d  q u esti o ns a b o ut E Vs i n p e di atri c B c ell a c ut e 

l y m p h o bl asti c l e u k e mi a (B -A L L ) a n d c o m p ar e d t h e  eff e ct of c oll e cti o n t u b e tr e at m e nt o n E Vs 

fr o m s el e ct e d h u m a n bi ofl ui ds. F or B-A L L, w e w a nt e d t o i d e ntif y  a  mi R N A si g n at ur e of p e di atri c 

B -A L L,  w hi c h  c o ul d  b e  e x pl or e d i n E V s.  W e  p erf or m e d  a  r e a n al ysis  of  mi R N A  r a w  d at a  a n d 

m et a n al ysis of p u blis h e d  mi R N As d at a ; t o i d e ntif y diff er e nti all y e x pr ess e d mi R N As ( D E mi Rs). 

N eit h er t h e r ea n al ysis  n or t h e m et a n al ys es r e ve al e d  a c o ns e ns us mi R N A si g n at ur e. H o w e v er, w e 

i d e ntifi e d pr o misi n g mi R N As w hi c h c o ul d b e f urt h er i n v esti g at e d. N e xt, w e c o m p ar e d E Vs fr o m 

bl o o d pl as m a of p e di atri c B -A L L p ati e nts a n d n o n -c a n c er d o n ors ( N C D) f or si z e, c o n c e ntr ati o n, 

a n d s m all R N A pr ofil e diff er e n c es. W e f o u n d t h at B -A L L pl as m a c o nt ai ns m or e E Vs t h a n N C D 

pl as m a.  F urt h er m or e,  R N A -s e q  a n al ysis  of  s m all  R N As  r e v e al e d  a  si g n at ur e  of  diff er e nti all y 

p a c k a g e d a n d e x cl usi v el y p a c k a g e d R N As (i n cl u di n g mi R N As, l n c R N As, m R N As, a n d t R N As) 

t h at disti n g uis h N C D fr o m B -A L L. N e xt, w e i n v esti g at e d t h e s m all R N A c ar g o p a c k a gi n g p att er ns 

i n E Vs fr o m p e di atri c B-A L L pri m ar y l y m p h o bl asts a n d i m m ort ali z e d c ell li n es. W e f o u n d t h at 

R N A bi ot y p es p a c k a g e d fr o m c ells i nt o E Vs i n cl u d e m at ur e a n d pr e c urs or mi R N As a n d fr a g m e nts 

of m R N A, l n c R N A a n d t R N A. W e als o f o u n d t h at p e di atri c B -A L L pri m ar y l y m p h o bl asts a n d 

i m m ort ali z e d  c ell  li n es  p a c k a g e  m ulti pl e  R N A  bi ot y p es,  usi n g  p ut ati v e  m otifs  s h ar e d  b y  t h e 

s el e cti v el y p a c k a g e d R N As. Fi n all y, w e c o m p ar e d E V c h ar a ct eristi cs (si z e, s h a p e, c o n c e ntr ati o n) 

a n d  s el e ct e d  E V  mi R N A  l e v els  b et w e e n  n o n -Str e c k  ( E D T A  f or  pl as m a)  a n d  Str e c k  tr e at e d 

c oll e cti o n t u b es f or uri n e a n d bl o o d s a m pl e c oll e cti o n. W e f o u n d t h at n eit h er tr e at m e nt aff e ct e d  

E V  si z e  a n d  c o n c e ntr ati o n  i n  pl as m a or uri n e.  H o w e v er,  Str e c k  tr e at m e nt  l e d  t o r e d u c e d R N A 
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c ar g o i n E Vs, c o m p ar e d t o  n o n -Str e c k. T a k e n t o g et h er, t his w or k pr o vi d es n e w i nsi g hts i nt o E Vs 

i n p e di atri c B-A L L,  a n d bl o o d  a n d uri n e s a m pl e c oll e cti o n f or E V pr ofili n g . T his is k n o wl e d g e 

t h at  c a n  f a cilit at e  n e xt  g e n er ati o n  r es e ar c h  f or  E V  b as e d  bi o m ar k ers  a n d  m o nit ori n g  dis e as e 

b ur d e n.  
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G e n e r al S u m m a r y  

E xtr a c ell ul ar v esi cl es ( E V) ar e  pr o misi n g t o ols t h at c o ul d b e us e d f or di a g n osin g  a n d m o nit ori n g  

dis e as es. Si n c e t h eir dis c o v er y , s ci e ntists c o nti n u e t o u n c o v er d et ails a b o ut h o w us ef ul E Vs c a n 

b e.  D es pit e  t h e p ot e nti al of E Vs, t h er e ar e still m a n y  u n k n o w n s a b o u t E Vs . T h er ef or e, t h e  r es e ar c h 

pr es e nt e d i n t his t h esis l o o ks at s o m e of t h es e u n k n o w n s. O v er all, m y r es e ar c h l o o ke d  at E Vs i n 

p e di atri c B c ell a c ut e l y m p h o bl asti c l e u k e mi a (B -A L L ) a n d b o dil y fl ui ds ( uri n e a n d bl o o d). F or 

B -A L L, w e l o o k e d f or diff er e n c es i n mi R N A c o nt e nt of c ells fr o m  B -A L L p ati e nts a n d h e alt h y 

p e o pl e.  Usi n g  c o m p ut er -b as e d  a n al y sis,  w e f o u n d  t h at  c urr e nt  m et h o ds c o ul d n ot s uffi ci e ntl y  

cl assif y  t h os e diff er e n c es. N e xt, w e t o o k bl o o d fr o m c hil dr e n t h at w er e h e alt h y or h a d B -A L L, a n d 

c o m p ar e d t h e si z e, n u m b er of p arti cl es , a n d t y p e  of s m all R N A s i n t h e E Vs fr o m b ot h  gr o u ps of 

s a m pl es . W e f o u n d t h at t h e bl o o d fr o m c hil dr e n wit h B -A L L  c o nt ai n e d  m or e E Vs t h a n  h e alt h y 

c hil dr e n. Als o , w e o bs er v e d t h at t h e t w o s ets of E Vs h a d a gr o u p of s m all R N As t h at disti n g uis h 

dis e as e fr o m h e alt h y. N e xt, w e t o o k c ells fr o m p ati e nt bl o o d a n d i n v esti g at e d t h e p att er n ar o u n d 

h o w s m all R N A w as p a c k a g e d  i nt o E Vs. W e f o u n d t h at diff er e nt t y p es of s m all R N A w er e c arri e d 

fr o m c ells i nt o E Vs. Fi n all y, w e c oll e ct e d bl o o d a n d uri n e fr o m d o n ors ( m ost of w h o m h a d c a n c er ) 

i n t w o t y p es of c oll e cti o n t u b es ( e a c h t u b e w as tr e at e d wit h a diff er e nt c h e mi c al). W e is ol at e d a n d 

c o m p ar e d E Vs  fr o m b ot h  c oll e cti o n t u b es. W e  f o u n d  t h at  t h e  pr o p erti es of  E Vs  fr o m b ot h  

c oll e cti o n t u b es w er e si mil ar . H o w e v er, i n o n e c oll e cti o n t u b e , w e h a d a r e d u c e d a m o u nt of R N A 

i n t h e E Vs. T his s u g g ests t h at  b ot h  c oll e cti o n t u b es di d n ot alt er  t h e p h ysi c al pr o p erti es of t h e E Vs, 

t h o u g h E Vs i n o n e h a d a l o w er R N A c o nt e nt. T a k e n t o g et h er, t his w or k a ns w ers  q u esti o ns a b o ut 

E Vs i n p e di atri c B -A L L a n d h o w c oll e cti o n t u b es aff e ct E V pr o p erti es . T his is n e w k n o wl e d g e  

t h at bri n gs s ci e ntists  o n e  st e p cl os er  t o  b ei n g  a bl e  t o  us e  E Vs  f or  di a g n osi n g  a n d  m o nit ori n g 

dis e as e .  
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C h a pt e r 1: I nt r o d u cti o n  

 

1. 1  B L y m p h o c yt es  

T h e i m m u n e s yst e m is a s yst e m t h at h as e v ol v e d t o pr ot e ct a n or g a nis m a g ai nst i nf e cti o n. T h e 

i m m u n e s yst e m is c o m p os e d of a c o m pli c at e d a n d d y n a mi c n et w or k of c ells, or g a ns, m ol e c ul es, 

a n d  p at h w a ys 1  (Fi g.  1. 1 A ).  L y m p h o c yt es  ar e  i m m u n e  c ells  t h at  off er  pr ot e cti o n  i n  a  p at h o g e n 

s p e cifi c  m a n n er  ( a d a pti v e  i m m u n e  s yst e m).  L y m p h o c yt es  f all  i nt o  t hr e e  c at e g ori es,  wit h  e a c h 

disti n ct i n t h eir c h ar a ct eristi cs, y et i nt er w o v e n i n t h eir m o d e of a cti o n. T h es e ar e B l y m p h o c yt es 

( B  c ells),  w hi c h  ar e  b o n e  m arr o w  ( B M)  ass o ci at e d  a n d  pr o d u c e  a nti b o di es;  T  l y m p h o c yt es  ( T 

c ells) w hi c h ar e t h y m us ass o ci at e d, s u p p ort ot h er i m m u n e c ells a n d eli mi n at e tr a nsf or m e d s elf -

c ells; a n d n at ur al kill er c ells ( N K c ells) w hi c h eli mi n at e m ali g n a nt a n d i nf e ct e d c ells 2 .  T o g et h er 

or i n d e p e n d e ntl y, t h es e c ells p arti ci p at e i n eli citi n g a p pr o pri at e i m m u n e r es p o ns es. T his t h esis a n d 

t h e ass o ci at e d r es e ar c h will f o c us l ar g el y o n B l y m p h o c yt es, c o v eri n g as p e cts of n or m al B c ell 

d e v el o p m e nt, a n d d el vi n g f urt h er i nt o a dis e as e t h at aris e b e c a us e of a b err a nt B c ell d e v el o p m e nt.  

 

1. 1. 1 Dis c o v er y of B c ells  

T h e dis c o v er y of a nti b o di es pr e d at e d t h at of B c ells. T o i d e ntif y w hi c h c ells pr o d u c e a nti b o di es, 

t w o t e a ms of i m m u n ol o gists a cr oss t h e w orl d w or k e d si m ult a n e o usl y i n s e ar c h of t h e s o ur c e of 

a nti b o di es. W hil e o n e t e a m l o o k e d at t h e c h e mistr y of l y m p h o c yt es , t h e ot h er t e a m l o o k e d at t h e 

m ol e c ul ar bi ol o g y of l y m p h o c yt es 3 . N ot a bl y, i n 1 9 5 6, M a x C o o p er at R o b ert G o o d’s l a b or at or y at 

t h e  U ni v ersit y  of  Mi n n es ot a,  Mi n n e a p olis  dis c o v er e d  t h at  irr a di at e d  c hi c k e ns  w h os e  B urs a  of 

F a bri c us h a d b e e n s ur gi c all y r e m o v e d pr o d u c e d n o a nti b o di es w h e n i nj e ct e d wit h b o vi n e s er u m 

al b u mi n or  t h e b a ct eri u m Br u c ell a a b ort us 4 . I n 1 9 5 7, t h e cl o n al-s el e cti o n t h e or y w as d e v el o p e d  
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Fi g . 1. 1 . ( A) S c h e m ati c ill ust r ati o n of c ell ul a r a n d n o n-c ell ul a r c o m p o n e nts of h u m a n p e ri p h e r al bl o o d.  P eri p h er al bl o o d i n v ol v es 

v ess els t h at c arr y or all o w t h e fl o w of bl o o d s yst e mi c all y –  t o a n d fr o m s p e cifi c or g a ns. T h e w alls of t h e bl o o d v ess el h a v e t hr e e l a y ers, 

t h e  i nti m a,  m e di a,  a n d  a d v e ntiti a,  w hi c h  f u n cti o n  t o g et h er  t o  m ai nt ai n  bl o o d,  e n a bli n g  t h e d eli v er y  of  n utri e nts,  w ast e,  a n d  ot h er 

s u bst a n c es b et w e e n c o m p art m e nts i n t h e b o d y. T h e c ells pr es e nt i n bl o o d i n cl u d e L e u k o c yt es ( w hit e bl o o d c ells - W B C), er y t hr o c yt es 

(r e d bl o o d c ells - R B C) a n d m e g a k ar y o c yt es ( pl at el ets). W B Cs ar e i m m u n e c ells a n d i n cl u d e a gr a n ul o c yt es ( B a n d T l y m p h o c yt es, 

n at ur al kill er ( N K) c ell a n d m o n o c yt es), a n d gr a n ul o c yt es ( e osi n o p hils, n e utr o p hils, b as o p hils, a n d m ast c ells). E a c h bl o o d i m m u n e c ell 

c arri es o ut s p e cifi c f u n cti o ns a n d w or ks i n t a n d e m wit h ot h er n o n -i m m u n e bl o o d c ells w h e n n e c ess ar y. ( B) Wit hi n t h e b o n e m arr o w  

( B M), t h er e ar e t w o s ets of c ells, b as e d o n t h e l o c ati o n wit hi n t h e b o n e m arr o w, t h e e x pr essi o n of s p e cifi c m ar kers a n d t h e p ot e nti al t o 

f or m s p e cifi c c ells. H e m at o p oi eti c st e m c ells ( H S Cs) gi v e ris e t o bl o o d c ells –  m y el oi d a n d l y m p h oi d pr o g e nit ors. T h e pr o g e nit ors of 

A B
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t h e H S C li n e a g es gi v e ris e t o bl o o d c ells - l e u k o c yt es, er yt hr o c yt es, a n d m e g a k ar y o c yt es. M es e n c h y m al c ells ar e str o m al c ells, t h at 

h el ps t h e m ai nt e n a n c e of B M e n vir o n m e nt a n d t h e bl o o d c ell’s gr o wt h a n d i nt e grit y. T h e B M str o m al c ell pr o g e nit ors h a v e h o mi n g 

m e c h a nis ms,  b as e d  o n  e x pr essi o n  of  c h e m ot a cti c  f a ct ors 5  t h at  h o m e  c ells t o  diff er e nt  l o c ati o ns  w h er e  t h e  c ells  diff er e nti at e  i nt o 

s p e ci ali z e d c ell t y p es.  
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b y Sir Fr a n k M a cf arl a n e B ur n et at t h e W alt er a n d Eli z a H all I nstit ut e ( W E HI) of M e di c al R es e ar c h 

i n  M el b o ur n e  a n d  D a vi d  T al m a g e  at  t h e  U ni v ersit y  of  C hi c a g o,  Illi n ois6, 7 .  B as e d  off  t h e  1 9 5 6 

dis c o v er y a n d i n t h e li g ht of t h e 1 9 5 7 pr o p os e d t h e or y, i n 1 9 7 4, M a x C o o p er, M arti n R aff a n d 

J o h n O w e n at t h e U ni v ersit y C oll e g e L o n d o n a n d a t e a m of G ust a v N oss al at t h e W E HI a n d Pi err e 

V ass ali  at  t h e  U ni v ersit y  of  G e n e v a,  S wit z erl a n d  f o u n d  t h at  i n  m o us e,  h e m at o p oi eti c  ( bl o o d-

f or mi n g) tiss u es i n m a m m als ar e t h e e q ui v al e nt of t h e B urs a3, 8, 9 .  

 

1. 1. 2 H e m at o p oi esis  

T h e  n et w or k  of  c ells  t h at  m a k e  u p  t h e  i m m u n e  s yst e m - bl o o d  c ells  i n  cir c ul ati o n  i nt er a ct  i n 

s p e cifi c w a ys. Bl o o d c ell gr o wt h a n d d e v el o p m e nt, c all e d h e m at o p oi esis, h a p p e ns i n pr e p ar ati o n 

f or m at ur ati o n at diff er e nt sit es wit hi n t h e b o d y a n d is criti c al t o i m m u n e f u n cti o n. Bl o o d c ells 

d e v el o p,  m at ur e,  a n d  i nt er a ct  at  pri m ar y,  s e c o n d ar y  a n d  t erti ar y  l y m p h oi d  or g a ns.  At  pri m ar y 

l y m p h oi d or g a ns - t h e B M a n d t h y m us, h e m at o p oi eti c st e m c ells ( H S C) (Fi g . 1. 1 B ), i n cl u di n g 

m y el oi d a n d l y m p h oi d c ells, gr o w a n d d e v el o p fr o m i m m at ur e pr e c urs ors t o diff er e nti at e d c ells i n 

a n  a nti g e n  i n d e p e n d e nt  m a n n er.  S e c o n d ar y  l y m p h oi d  or g a ns –  s pl e e n,  l y m p h  n o d e  ( L N)  a n d 

s p e ci ali z e d l y m p h oi d tiss u es, ar e sit es w h er e l y m p h o c yt es e n c o u nt er c o g n at e a nti g e ns, t o sti m ul at e 

diff er e nti ati o n  i nt o eff e ct or a n d m e m or y c ells. S e c o n d ar y l y m p h oi d or g a ns r e g ul at e t h e e x p a nsi o n 

of l y m p h o c yt es i n a n a nti g e n -d e p e n d e nt f as hi o n. Fi n all y, o nl y i n r es p o ns e t o c hr o ni c i nfl a m m ati o n 

or  tiss u e  i nj ur y,  t erti ar y  l y m p h oi d  tiss u es –  c oll e cti o ns  of  i m m u n e  c ells  t h a t  mi mi c  s e c o n d ar y 

l y m p h oi d  or g a ns  f or m  wit hi n  p eri p h er al  n o n-l y m p h oi d  tiss u es1 0 – 1 2 .  Pri m ar y  a n d  s e c o n d ar y 

l y m p h oi d or g a ns ar e li n k e d b y bl o o d a n d l y m p h ati c v ess els, all o wi n g t h e m t o f u n cti o n t o g et h er.  
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1. 1. 3 N or m al B c ell d e v el o p m e nt  

I n t h e f et us, B c ell d e v el o p m e nt o c c urs i n t h e li v er, a n d m o v es t o t h e B M p ost -birt h. T h er ef or e, B 

l y m p h o c yt es st art a n d c o m pl et e > 7 5 % of t h eir gr o wt h a n d diff er e nti ati o n i n t h e B M, wit h pr e-B 

c ells pr es e nt i n t h e e n d ost e al ni c h e ass o ci ati n g wit h ost e o bl asts. T h e g o al of t his d e v el o p m e nt is 

t h e g e n er ati o n of B c ells w hi c h c a n e x pr ess m e m br a n e-b o u n d B c ell r e c e pt or ( B C R), w hi c h c a n 

s p e cifi c all y r e c o g ni z e a n d bi n d a nti g e ns, l e a di n g t o t h e s e cr eti o n of cir c ul at or y i m m u n o gl o b uli n s. 

I m m u n o gl o bi ns ( als o c all e d a nti b o di es) ar e gl y c o prot ei ns pr o d u c e d b y pl as m a B c ells, w hi c h ar e 

criti c al c o m p o n e nts of t h e i m m u n e r es p o ns e vi a r e c o g niti o n a n d bi n di n g t o s p e cifi c a nti g e ns ( Fi g . 

1. 2 ).  B c ell d e v el o p m e nt st arts as H S C a n d c ul mi n at es as m at ur e B c ells, a pr o c ess t h at t a k es a b o ut 

1 –  2 w e e ks 1 . T h e st a g es of B c ell d e v el o p m e nt ar e fr o m c o m m o n l y m p h oi d pr o g e nit ors ( C L P), t o 

pr o g e nit or ( Pr o -) t o pr e c urs or ( Pr e-) t o i m m at ur e B c ells, als o c all e d H ar d y fr a cti o ns ( Fr a cti o ns A 

-F) cl assifi e d b as e d o n e x pr essi o n of diff er e nt c ell s urf a c e, m e m br a n e a n d  n u cl e ar m ar k ers ( B as el 

n o m e n cl at ur e) 1 3 – 1 5  (Fi g.  1. 3 ).  T h es e  m ar k ers  D N A  m et h yl as es,  tr a ns cri pti o n  f a ct ors  ( T F)  a n d 

e n z y m es, w hi c h  ar e dis cr et el y r e g ul at e d t hr o u g h t h e a cti o n of f a ct ors i n cl u di n g n o n c o di n g R N A.  

B c ell d e v el o p m e nt o c c urs i n t w o p h as es. T h e first p h as e is a nti g e n -i n d e p e n d e nt d e v el o p m e nt –  

d e v el o p m e nt t h at d o es n ot r e q uir e t h e pr es e n c e of a c o g n at e a nti g e n. A nti g e n -i n d e p e n d e nt B c ell 

d e v el o p m e nt b e gi ns w h e n H S C s g o es t hr o u g h a s eri al c o nti n u u m of pr o gr essi v e as y m m etri c c ell 

di visi o ns r e g ul at e d b y m et h yl tr a nsf er as es D N M T 1 , D N M T 3 a  a n d  D N M 3 b 1 6 , a n d T Fs P U. 1  a n d 

I k ar os1 7 , w hi c h dri v e H S Cs d o w n t h e C L P li n e a g e  p at h . Fr o m t h e C L P, D N A m et h yl as es M Y S M 1, 

C B P, H M T, H D A C 3, S WI/ S N F  a n d  Mi -2/ N u R D a n d T Fs E 2 A, E B F, F o x o 1, I R F 4/ 8, C -M y b a n d 

R u n x 1 1, 1 8, 1 9  f a cilit at es B c ell pr o gr essi o n t o t h e pr e- a n d pr o - st a g es , a n d s u bs e q u e ntl y c ul mi n ati n g 

i n I m m at ur e B c ells. I m m at ur e B c ells t h e n pr o gr ess t hr o u g h a tr a nsiti o n al st at e w h e n t h e y u n d er g o  
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Fi g . 1. 2 . A t y pi c al st r u ct u r e of a n i m m u n o gl o b uli n ( a nti b o d y). A t y pi c al a nti b o d y s u c h as I g M is a p ol y m er t h at c o nsists of t w o l o n g 

h e a v y c h ai n m ol e c ul es ( p ur pl e) e n c as e d b y t w o s h ort er li g ht c h ai ns ( cr e a m). A  h e a v y c h ai n c o nsists of a n u p p er v ari a bl e r e gi o n ( VH ), 

a n d a l o w er c o nst a nt r e gi o n c o nsisti n g of t hr e e s u b u nits ( C H 1, C H 2 a n d C H 3). T h e li g ht c h ai n c o nt ai ns o n e h e a v y a n d c o nst a nt r e gi o n 

r es p e cti v el y. T h e h e a v y a n d c o nst a nt c h ai n v ari a bl e r e gi o ns m a k e u p t h e h y p er v ari a bl e r e gi o n –  t h e p orti o n of t h e a nti b o d y t h at is b o u n d 

b y  t h e  a nti g e n.  T h e  h e a v y  c h ai ns  c arr y  c yt o pl as mi c  t ails  w hi c h  t o g et h er  wit h  t h e  C D 7 9 A/ C D 7 9 B  m ol e c ul es  f a cilit at e  i ntr a c ell ul ar 

si g n ali n g.  
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Fi g . 1. 3. B c ell d e v el o p m e nt is a dis c r et el y r e g ul at e d p r o c ess.  I n t h e b o n e m arr o w, a r ar e q ui es c e nt c ell p o p ul ati o n c all e d l o n g-t er m 

h e m at o p oi eti c c ells ( L T -H S C) diff er e nti at e i nt o s h ort -t er m H S C ( S T-H S C) a n d s u bs e q u e ntl y i nt o m ulti p ot e nt pr o g e nit ors ( M P P) t h at 

h a v e n o s elf -r e n e w al a bilit y. M P Ps t h e n diff er e nti at e i nt o l y m p h oi d -pri m e d m ulti p ot e nt pr o g e nit ors ( L M P P) a n d s u bs e q u e ntl y i nt o e arl y 

l y m p h oi d pr o g e nit ors ( E L P) t h at i n t ur n gi v e ris e t o c o m m o n l y m p h oi d pr o g e nit ors ( C L P). A nti g e n i n d e p e n d e nt B c ell d e v e l o p m e nt i n 

t h e b o n e m arr o w st arts w h e n t h e c o m m o n l y m p h oi d pr o g e nit ors ( C L P) pr o c e e d t o t h e n e xt st a g e b y a n i nt er pl a y of e x pr essi o n of c ell 

s urf a c e, c yt o pl as mi c a n d n u cl e ar m ar k ers i n cl u di n g si g n ali n g m ol e c ul es, p h os p h at as es, a n d a d a pt or pr ot ei ns w h os e g e n e e x pr essi o n ar e 

i n t ur n r e g ul at e d b y pr es e n c e or a bs e n c e of tr a ns cri pti o n f a ct ors. T h us, b y t h e dis cr et e i nt er pl a y of t h es e m ol e c ul es, C L Ps pr o gr ess t o 

pr e -pr o a n d e arl y a n d l at e pr o g e nit or ( pr o) B c ells. T h e m ar k er e x pr essi o n l a n ds c a p e c h a n g es, wit h t h e  pr es e n c e/ a bs e n c e of t h es e m ar k ers 

a cti n g as ps e u d o c h e c k p oi nts f or pr o gr essi o n of B c ell d e v el o p m e nt t o t h e n e xt st a g e. At t h e e n d of t h e l ar g e pr o -B c ell  st a g e  c o m es t h e 

Pr e -B c ell st a g e, w h er e a pr e -B c ell r e c e pt or ( pr e -B C R) is e x pr ess e d, l e a di n g t o m at ur ati o n i nt o i m m at ur e B c ells c a p a bl e of si g n ali n g 

t hr o u g h  t h e  B C R.  I m m at ur e  B  c ells  c a n  t h e n  mi gr at e  t o  s e c o n d ar y  l y m p h oi d or g a ns w h er e  t h e y  e n c o u nt er  t h eir  c o g n at e  a nti g e n  t o 

c o m pl et e t h eir a nti g e n d e p e n d e nt m at ur ati o n.  
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or g a ns  (l y m p h  n o d e  a n d  t h e  s pl e e n)  w h er e  t h e y  c o nti n u e  d e v el o p m e nt  u p o n  e n c o u nt eri n g  a 

c o g n at e a nti g e n. F ull y m at ur e B c ells c a n u n d er g o cl o n al s el e cti o n u p o n bi n di n g a c o g n at e a nti g e n 

a n d gi v e ris e t o t er mi n all y diff er e nti at e d a nti b o d y pr o d u ci n g pl as m a B c ells i n cir c ul ati o n.  

T h e s e c o n d p h as e of B c ell d e v el o p m e nt is t h e a nti g e n -d e p e n d e nt st a g e, t h at all o ws tr a nsiti o n al B 

c ells t o pr o gr ess t o  a  m or e m at ur e st at e . T his p h as e i n v ol v es s e c o n d ar y l y m p h oi d or g a n - b as e d 

r e g ul ati o n t h at c ul mi n at es i n t h e pr o d u cti o n of m e m or y, eff e ct or, a n d a nti b o d y-pr o d u ci n g pl as m a 

B c ells 1 0, 2 0 – 2 2 . A nti g e n d e p e n d e nt d e v el o p m e nt hi n g es s ol el y o n t h e a v ail a bilit y a n d i nt er a cti o n of 

B C R wit h c o g n at e a nti g e n, w hi c h i n t ur n l e a ds t o cl o n al s el e cti o n  a n d e x p a nsi o n .  

C o m pl eti o n of t h e B c ell d e v el o p m e nt pr o c ess r es ults i n m at ur e, i m m u n o c o m p et e nt B c ells, t h at 

e x pr ess m e m br a n e -b o u n d i m m u n o gl o b uli n t h at c a n s p e cifi c all y bi n d t o a nti g e ns. E a c h i n di vi d u al 

B  c ell  e x pr ess es  a p pr o xi m at el y  1. 5 – 3  ×  1 0 5 c o pi es  of  a nti b o di es  of  u ni q u e  s p e cifi cit y,  wit h 

i d e nti c al bi n di n g sit es f or a nti g e n1 . I n a d diti o n, t hr o u g h s o m ati c h y p er m ut ati o n ( S H M), B c ells 

c a n  i m pr o v e  t h eir  a bilit y  t o  bi n d  a nti g e ns.  S H M  pr o vi d es  t h e  m ol e c ul ar  b asis  f or  affi nit y 

m at ur ati o n,  a  k e y  t o  o pti mi zi n g  a nti b o d y  d e p e n d e nt  i m m u n e  r es p o ns es 2 3 .  S H M  i n v ol v es  p oi nt 

m ut ati o ns a c c u m ul ati n g i n t h e V -r e gi o ns of a nti b o d y’s h e a v y a n d li g ht c h ai ns, at a r at e of a b o ut 

1 0 6  or d ers hi g h er t h a n t h e b a c k gr o u n d m ut ati o n i n ot h er g e n es 2 4 . T h e g o al of S H M is pr o d u cti o n 

of hi g h -affi nit y a nti b o di es; h o w e v er, wit h o ut s el e cti o n S H M c a n n ot d e ci p h er b et w e e n f a v or a bl e 

a n d u nf a v or a bl e m ut ati o ns, w hi c h c o ul d gi v e ris e t o a nti b o di es wit h eit h er hi g h, l o w or u n c h a n g e d 

affi nit y 2 5 . S H M is r e g ul at e d b y t h e a cti o n of t h e e n z y m e a cti v ati o n i n d u c e d d e a mi n as e ( AI D)2 6 .  

U p o n a nti g e n bi n di n g, a cti v ati o n of pl as m a c ells r es ult i n a nti b o d y s e cr eti o n, w hi c h h as f u n cti o ns 

s u c h as n e utr ali z ati o n of i nf e cti vit y, p h a g o c yt osis, a nti b o d y -d e p e n d e nt c ell ul ar c yt ot o xi cit y  
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T a bl e 1. 1 . T y p es of a nti b o di es is ot y p es b as e d o n I g H c h ai n r e a r r a n g e m e nts.  

 I g A I g D I g E I g G I g M 

H e a v y c h ai ns  a  d  e  g  µ  

 M o n o m er, 

Di m er  

M o n o m er  M o n o m er  M o n o m er  M o n o m er, 

p e nt a m er  

 I g A 1, I gA 2  I g D I g E I g G 1, I g G 2, 

I g G 3, I g G 4 

I g M 

N u m b er of 

a nti g e n 

bi n di n g sit es  

4  2  2  2  1 0  

M ol e c ul ar 

w ei g ht ( D a)  

3 8 5, 0 0 0  1 8 0, 0 0 0  2 0 0, 0 0 0  1 5 0, 0 0 0  9 0 0, 0 0 0  

P er c e nt a g e of 

t ot al a nti b o d y 

i n s er u m 

1 3 %  1 %  0. 0 0 2 5 %  8 0 %  6 %  

Cr oss es 

pl a c e nt a  

Y es  N o  N o  N o  n o  

Fi x es 

c o m pl e m e nt  

N o  N o  N o  Y es  Y es  
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F c bi n ds t o  - - M ast c ells 

a n d b as o p hils  

P h a g o c yt es  - 

F u n cti o n  S e cr et e d 

i nt o m u c us, 

t e ars, s ali v a, 

c ol ostr u m  

B c ell 

r e c e pt or 

All er g y a n d 

a nti p ar asiti c 

a cti vit y  

M ai n bl o o d 

a nti b o d y of 

s e c o n d ar y 

r es p o ns es, 

n e utr ali z es 

t o xi ns, 

o ps o ni z ati o n  

M ai n a nti b o d y 

of pri m ar y 

r es p o ns es, b est 

at fi xi n g 

c o m pl e m e nt; 

t h e m o n o m er 

f or m of I g M 

s er v es as t h e B 

c ell r e c e pt or  

 

  



 1 2  

  

 

Fi g . 1. 4 . T h e  eff e ct o r  f u n cti o ns  of  a nti b o di es.  U p o n  s u c c essf ul  a nti g e n -B C R  bi n di n g,  cl o n al 

e x p a nsi o n l e a ds t o r a pi d pr olif er ati o n a n d s e cr eti o n of m e m br a n e a nti b o di es. T h es e a nti b o di es i n 

t ur n  c a us e  n e utr ali z ati o n  of  t h e  p at h o g e ns  a n d  t o xi ns,  o ps o ni z ati o n,  p h a g o c yt osis  a n d  c ell ul ar 

t o xicit y  (i n t a n d e m wit h N K c ells). T h e p at h o g e ns b o u n d b y t h e s e cr et e d a nti b o di es ar e f urt h er 

eli mi n at e d  b y  t h e  c o m pl e m e nt  s yst e m,  w hi c h  dir e ctl y  l ysis  t h e  p at h o g e ns,  p h a g o c yt osis  of 

a nti b o d y o ps o ni z e d p at h o g e ns a n d i nfl a m m ati o n (i n t a n d e m wit h n e utr o p hils) . 
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( A D C C) a n d c o m pl e m e nt-m e di at e d l ysis of p at h o g e n i nf e ct e d c ells ( Fi g. 1. 4 ). E a c h pl as m a B c ell 

c a n s e cr et e h u n dr e ds t o t h o us a n ds of a nti b o di es p er s e c o n d 1 . T h er e ar e fi v e cl ass es of a nti b o di es 

–  I g M, I g G, I g A, I g E a n d I g D, w hi c h h a v e diff er e nt f u n cti o ns (T a bl e 1. 1 ).  

Usi n g cl ass s wit c hi n g ( w hi c h d e p e n ds o n S H M), a nti b o di es of diff er e nt f u n cti o n al cl ass es c a n b e 

g e n er at e d.  A cti v at e d  B  c ells  c a n  als o  f u n cti o n  as  pr of essi o n al  A P Cs  ( p A P C) –  t h at i nt er n ali z e 

a nti g e n t hr o u g h t h e a nti g e n s p e cifi c  B C R. A cti v at e d B c ells c a n als o pr o c ess a n d pr es e nt a nti g e ni c 

p e pti d es o n t h eir s urf a c e t o T c ells, w hil e e x pr essi n g c osti m ul at or y m ol e c ul es ( C D 8 0 ( B 7 -1) a n d 

C D 8 6 ( B 7 -2) t h at e n a bl e t h e a cti v ati o n of T c ells 2 7 . T his i nt er a cti o n sti m ul at es t h e T c ells t o r el e as e 

c yt o ki n es t h at i n d u c e t h e diff er e nti ati o n of t h e T c ells i nt o c yt ot o xi c a n d h el p er T c ells. T h el p er 

c ells  i n  t ur n  a cti v at e  m a cr o p h a g es  t o  eli mi n at e  t h e  p at h o g e ns  a n d  a cti v at e  t h e  B  c ells  t o 

diff er e nti at e i nt o pl as m a a n d m e m or y c ells 2 8, 2 9 .  

 

1. 1. 4 T y p es of B c ells  

T h o u g h  t h e  d efi ni n g  q u aliti es  of  B  c ells  ar e  t h e  pr es e n c e  of  I g  r e c e pt ors  a n d  t h e  s e cr eti o n  of 

a nti b o di es; n ot all B c ells ar e t h e s a m e. T h er e ar e diff er e nt t y p es of B c ells, w hi c h diff er i n t h eir 

a n at o mi c al  l o c ati o n,  p h e n ot y p e/ c ell  s urf a c e  m ar k er  e x pr essi o n  ( T a bl e  1. 2 )  a n d  f u n cti o n1 . 

S p e cifi c all y,  B  c ell  s u bt y p es  ar e  cl assifi e d  b as e d  o n  m ar k er  e x pr essi o n  p h e n ot y p e,  a nti g e n 

s p e cifi cit y, d e v el o p m e nt al ori gi ns, a n d a cti v ati o n r o ut es i nt o B 1 a n d B 2 (f olli c ul ar) p o p ul ati o ns, 

tr a nsiti o n al, m ar gi n al z o n e, n aï v e ( m at ur e p eri p h er al), pl as m a, m e m or y, a n d r e g ul at or y c ells.  

T w o m ai n B c ell li n e a g es –  B -1 a n d B -2 c ells e xist i n t h e r e p ert oir e. B -1 B c ells ar e m or e a b u n d a nt 

i n t h e p erit o n e al c a vit y t h a n i n t h e s pl e e n3 0 . B-1 c ells ar e a b u n d a nt d uri n g e arl y e m br y o ni c a n d 

e arl y p ost -n at al lif e a n d ar e s u b di vi d e d i nt o B -1 a a n d B -1 b B c ells 3 1, 3 2 . B -1 a c ells a c c o u nt f or at  
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T a bl e 1. 2 . B c ell s u bs ets a r e cl assifi e d b as e d o n t h ei r c ell s u rf a c e m a r k e r e x p r essi o n  a .  

B c ell 

s u b p o p ul ati o n  

B as el 

N o m e n cl at ur e  

M ar k er e x pr essi o n  

H e m at o p oi eti c 

st e m c ells  

H S C  C D 3 4 +  C D 1 1 7 +  c -KI T +  I L 7 R+  A T X N 1 +  F L T 3 +  

C o m m o n l y m p h oi d 

pr o g e nit or  

C L P  C D 3 4 +  C D 3 8 +  C D 1 1 7 +  C D 1 7 9 B +   

Pr e c urs or 

pr o g e nit or B c ell  

Pr e -pr o -B  C D 3 4 +  C D 3 8 +  T d T +  C D 1 7 9 A +  C D 1 7 9 B +  C D 1 0 +  I L 7 R A+  

C D 1 9 + C D 4 5 +  C D 4 3 +  R A G 1 +.  C D 7 9 A +  C D 7 9 B +  

E arl y pr o g e nit or B 

c ell  

E arl y pr o -B  C D 3 4 +   C D 3 8 +  C D 2 4 +  T d T +  R A G 2 +  E B F 1 +  P A X 5 +  

S O X 4 +  L E F 1 +  R A G 1 +  I G L L 1+  C D 1 7 9 A +  C D 1 7 9 B +  

C D 7 9 A +  C D 7 9 B +  

L at e Pr o g e nit or B 

c ell  

L at e pr o -B  C D 1 0 +  C D 1 9 +  I L 7 R A+  C D 1 9 +  P A X 5 + C D 1 7 9 A +  

C D 1 7 9 B + C D 7 9 A +  C D 7 9 B +  

L ar g e pr e c urs or B 

c ell  

L ar g e pr e -B  C D 3 4 +  C D 3 8 +  C D 2 4 +  I L 7 R+  C D 1 9 +  C D 4 5 +  C D 4 3 +  

R A G 1 +  C D 1 7 9 A +  C D 1 7 9 B +  R A G 2 +  I g K−  I g L−  I g H+ 

C D 7 9 A +  C D 7 9 B +  

S m all pr e c urs or B 

c ell  

S m all Pr e -B  C D 1 9 +  I L 7 R A+  I G H+  R A G 1 +  R A G 2 +  S O X 4 +  L E F 1 +  

EI F 4 E P 1 +  P A X 5 +  R S P 2 7 +  C D 7 9 B + C D 7 9 A +  C D 7 9 B +  

C D 2 4 +  
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I m m at ur e B c ell  C D 1 9 +  C D 2 0 +  C D 2 4 +  C D 3 8 +  C D 4 5 +  E B F 1 +  EI F 4 E B P 1 +  

T N F R S F 1 3 C +  I g K+  or I g L + C D 2 7 − I g M+ I g D− C D 1 0 + 

C D 7 9 A +  C D 7 9 B +  

M at ur e B c ell   I g M+  I g D+  C D 2 0 +  C D 1 9 +  EI F 4 E B P 1 +  T N F R S F 1 3 C +  

C D 2 4 +  I G H M+  P A X 5 +  R S P 2 7 + C D 7 9 A +  C D 7 9 B +  

Pl as m a B c ell   I g M+  I g D+  T N F R S F 1 3 C +  I G K C/I G L C 2+  C D 2 0 +  C D 7 9 A + 

C D 7 9 B +  

B -1 a B c ells  B -1 a  I g Mhi  I g Dl o C D 2 3 - B 2 2 0 l o C D 1 9 +  C D 5 + C D 7 9 A +  C D 7 9 B +  

B -1 b c ells  B -1 b  I g Mhi  I g Dl o C D 2 3 - B 2 2 0 l o C D 1 9 +  C D 1 1 b +   C D 5 - C D 7 9 A +  

C D 7 9 B +  

B -2 B c ells  B -2  S e e b el o w  

M ar gi n al z o n e B 

c ells  

M Z  C D 1 9 +  C D 9 3 - C D 2 1 +  C D 2 3 - 

M e m or y B c ells  D o u bl e n e g ati v e  I g D-   C D 2 7 -  C D 2 1 +  C D 2 4 +  C D 9 5 + C D 1 9 +  C D 2 7 +  C D 3 8 - 

C D 7 9 A +  C D 7 9 B +  

 I g M-o nl y  I g M+  I g D-  C D 2 7 +  C D 2 1 +  C D 2 4 +  C D 1 c + C D 7 9 A +  

C D 7 9 B +  

Tr a nsiti o n al 1 B 

c ells  

T 1 -B c ells  C D 1 9 +  C D 2 1 - C D 2 3 - C D 3 8 + C D 2 4 hi C D 1 0 + I g Dl o/ −. C D 9 3 + 

C D 7 9 A +  C D 7 9 B +  
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Tr a nsiti o n al 2 B 

c ells  

T 2 -B c ells  C D 1 9 +  C D 9 3 +  C D 2 1 +  C D 2 3 +  C D 3 8 + C D 2 4 hi C D 1 0 + I g D+ 

C D 7 9 A +  C D 7 9 B +  

Tr a nsiti o n al 3 B 

c ells  

T 3 -B c ells  C D 1 9 +  C D 9 3 +  C D 2 1 +  C D 2 3 +  C D 3 8 + C D 2 4 + I g D+. C D 7 9 A +  

C D 7 9 B +  

F olli c ul ar  F O B c ells  C D 1 9 +  C D 9 3 - C D 2 1 +  C D 2 3 +. C D 7 9 A +  C D 7 9 B +  

N aï v e B c ells   I g D+ C D 2 7 − C D 1 0 −    C D 7 9 A +  C D 7 9 B +  

 

 a  A d a pt e d fr o m P e n g et al 2 0 1 8 3 3  a n d K a mi ns ki et al, 2 0 1 2 3 4  
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l e ast  5 %  of  t ot al  B  c ell  p o p ul ati o ns  i n  a d ult  h u m a ns  a n d  s elf-r e pl e nis h  t o  m ai nt ai n  t h eir 

n u m b ers 3 0, 3 5, 3 6 . T h e y ar e s elf-r e a cti v e a n d p ersist i n t h e b o d y t o pr o d u c e n at ur al a nti b o di es t h at 

r e g ul at e  i m m u n e  r e a cti vit y3 0 .  C o n v ers el y,  B-1 b  c ells  ar e  m ostl y  l o c at e d  o utsi d e  t h e  s e c o n d ar y 

l y m p h oi d or g a ns a n d h a v e a li mit e d r e p ert oir e of a nti g e n r e c e pt ors3 7 . B-1 B c ell s e cr et e a nti b o di es 

( pri m aril y  l o w-affi nit y  I g M),  w hi c h  f a cilit at es  r a pi d  r es p o ns e  t o  T  c ell -i n d e p e n d e nt  a nti g e ns –  

a nti g e ns t h at d o n ot r e q uir e T h el p er c ells f or a nti b o d y pr o d u cti o n 3 8 – 4 0 .  

B -2  B  c ells,  ar e  c o n v e nti o n al  i m m u n e  c o m p et e nt  B  c ells  t h at  e xist  i n  t h e  b o d y  aft er  dis cr et e 

d e v el o p m e nt 4 1 .    All  m at ur e  B  c ell  t y p es  f all  u n d er  t his  li n e a g e  of  B  c ells.    N aï v e  B  c ells  h a v e 

u n d er g o n e a nti g e n -i n d e p e n d e nt d e v el o p m e nt a n d ar e r e a d y t o l e a v e t h e B M t o c o nti n u e t h e r est of 

t h e  m at ur ati o n  pr o c ess  i n  a  s e c o n d ar y  l y m p h oi d  or g a n. C o n v ers el y,  tr a nsiti o n al  B  c ells  ar e 

t e m p or al st a g es of B c ells w hi c h h a v e j ust l eft t h e B M a n d ar e br o u g ht t o t h e s pl e e n b y bl o o d. 

Tr a nsiti o n al B c ells ar e  t h e bri d g e b et w e e n B M i m m at ur e a n d p eri p h er al m at ur e B c ell  st a g es 4 2 . 

T h es e  ar e  di vi d e d  i nt o  T 1,  T 2  a n d  T 3  B  c ells,  w hi c h  ar e  disti n g uis h a bl e  b y  t h eir  c ell  s urf a c e 

r e c e pt or e x pr essi o n p att er ns4 3  (T a bl e 1. 2 ). Wit hi n t h e s pl e e n, T 1 B c ells e nt er t h e T c ell z o n e, 

w h er e  t h e y  diff er e nti at e  i nt o  T 2  tr a nsiti o n al  B  c ells 1 .  St u di es  h a v e  s h o w n  t h at  t h e  or d er  of 

pr o gr essi o n of B c ell diff er e nti ati o n is fr o m T 1 t o T 2 t o m at ur e B c ells, a pr o c ess t h at t a k es 3 –  4 

d a ys 4 4 – 4 7 . G e n er all y, 7 5 % of T 1 B c ells tr a nsiti o n t o T 2 wit hi n t h e s pl e e n w hil e t h e r e m ai ni n g 2 5 % 

e m er g e  fr o m  t h e  B M  at  t h e  T 2  st at e 4 8 .    T h e  m at urit y  l e v el  at  T 2  st at e  is  li n k e d  t o  c h a n g es  i n 

c yt o ki n e  e x pr essi o n,  w hi c h  e n a bl es  T 2  B  c ells  t o  r e cir c ul at e wit hi n  bl o o d,  a n d  B  c ell  f olli cl es 

(f olli c ul ar –  F O c ells) i n t h e L N a n d s pl e e n 4 9 .  

Wit hi n  t h e  f olli cl es,  T 2  B  c ells  u n d er g o  t h e  fi n al  diff er e nti ati o n  i nt o  m at ur e T 3  B -2  c ells 4 9 .  A 

s u bs e cti o n of T 2 B c ells c a n e nt er t h e m ar gi n al z o n e a n d b e c o m e m ar gi n al z o n e ( M Z) B c ells 4 9, 5 0 . 
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C o nt a ct of T 3 B c ells wit h s ol u bl e s elf -a nti g e n s wit hi n t h e s pl e e n ( or ot h er or g a ns) r e n d ers t h e m 

a n er gi c, wit h o ut b ei n g eli mi n at e d fr o m t h e B -c ell r e p ert oir e 5 1, 5 2 . T his i nt er a cti o n sti m ul at es t h es e 

c ells, c a usi n g a f ail ur e t o di vi d e, diff er e nti at e or s e cr et e a nti b o di es  a n d s h ortl y aft er d e at h 5 0 .  

M ar gi n al Z o n e ( M Z) B c ells ar e r esi d e nt i n t h e s pl e e n, wit h “i n n at e -li k e ” pr o p erti es, b ei n g a bl e t o 

r es p o n d t o T c ell i n d e p e n d e nt ( TI ) a nti g e ns 5 3 . B e c a us e of t h eir u ni q u e l o c ati o n i n t h e s pl e e n, t h e y 

c a n r es p o n d r a pi dl y t o a nti g e ns c arri e d b y bl o o d t o t h e s pl e e n. A nti g e ns ar e pr es e nt e d t o M Z B 

c ells b y M Z m a cr o p h a g es, n e utr o p hils or D C i n cir c ul ati o n 5 4 . T h o u g h t h e M Z c ells d o n ot r e q uir e 

T c ell h el p t o m o u nt r es p o ns e t o a nti g e ns, t h e y r e c ei v e h el p fr o m m y el oi d c ells i n t h e f or m of 

s e cr et e d c yt o ki n es. M Z B c ells ar e e x c ell e nt at pr o c essi n g a n d pr es e nti n g a nti g e ns. Fi n all y, m at ur e 

B c ells ar e c ells w hi c h h a v e c o m pl et e d a nti g e n -i n d e p e n d e nt a n d-d e p e n d e nt d e v el o p m e nt 5 5, 5 6 .  

M e m or y B c ells ar e diff er e nti at e d B c ells w hi c h ar e pr o d u cts of cl o n al e x p a nsi o n i n r es p o ns e t o  

a nti g e n r e c o g niti o n b y a B c ell5 7 . M e m or y B c ells r e m ai n i n t h e bl o o dstr e a m l o n g aft er i nf e cti o n. 

U p o n h ost r e -e x p os ur e t o t h e s a m e i nf e cti o n, m e m or y B c ells c a n b e c o m e q ui c kl y a cti v at e d ( wit h 

T c ell h el p).  C o n v ers el y Pl as m a B c ells ar e eff e ct or c ells, w hi c h ar e l ar g e B c ells wit h v er y l ar g e 

e n d o pl as mi c r eti c ul u m, t o e n a bl e t h e s y nt h esis of l ar g e a m o u nts of a nti g e n s p e cifi c a nti b o di es. 

Pl as m a c ells ar e C D 3 8 +  a n d ar e p art of t h e t w o w alls of m e m or y (t o g et h er wit h m e m or y B c ells) 5 7 .   

 

1. 2 G e n e e x p r essi o n f o r B c ell d e v el o p m e nt   

G e n e  e x pr essi o n is  t h e c o n v ersi o n  of g e n e  s e q u e n c es  ( g e n o mi c  D N A ) i nt o f u n cti o n al  g e n e 

pr o d u cts s u c h as pr ot ei ns or f u n cti o n al R N As . T h e h u m a n g e n o m e c o nt ai ns c o di n g a n d n o n-c o di n g 

g e n es , wit h c o di n g g e n es  a c c o u nti n g f or o nl y ~ 1. 2 % of t h e g e n o m e  c o v eri n g ~ 3 4 M b 5 8 . As p art of 

g e n e  e x pr essi o n,  r e gi o ns  of  t h e  g e n o m e t h at  c o nt ai n  pr ot ei n  c o di n g-g e n es  ar e  tr a ns cri b e d  i nt o  

m R N A  (t e m pl at e f or pr ot ei n s y nt h esis ) 5 9, 6 0 . C o n v ers el y, no n -c o di n g g e n es ar e tr a ns cri b e d i nt o  
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n o n -c o di n g R N A ( n c R N A) t h at s er v e f u n cti o n al r ol es  c hr o m os o m e m ai nt e n a n c e a n d c hr o m ati n 

r e m o d eli n g a n d r e g ul ati o n of g e n e e x pr essi o n at t h e tr a ns cri pti o n al a n d p ost tr a ns cri pti o n al l e v els 

5 9, 6 0 . A d diti o n all y, s o m e n c R N As ar e d eri v e d fr o m i ntr o ni c s e q u e n c es of pr ot ei n c o di n g g e n es 6 0 . 

O v er all, a p orti o n of t h e g e n o m e is tr a ns cri b e d i nt o R N A, wit h t h e d o w nstr e a m pr o c ess i n v ol vi n g 

t h e  D N A d e p e n di n g  o n  t h e  t y p e  of  tr a ns cri pt ( pr ot ei n-c o di n g  v ers us  n o n -pr ot ei n  c o di n g). 

A d diti o n all y, g e n e e x pr essi o n is r e g ul at e d pr e - a n d p ost -tr a ns cri pti o n all y b y t h e a cti o n of g e n er al 

a n d  s p e cifi c  tr a ns cri pti o n  f a ct ors,  a n d  p ost  tr a nsl ati o n all y  b y  t h e  a cti o n  of  s p e cifi c  e n z y m es. 

O v er all, g e n e e x pr essi o n is a hi g hl y r e g ul at e d pr o c ess, r e g u l at e d at diff er e nt l a y ers b y a n i nt er pl a y 

of f a ct ors i n cl u di n g g e n e e x pr essi o n f u n cti o n al pr o d u cts.  

B c ell d e v el o p m e nt is r e g ul at e d b y l a y ers of i nt er a cti o ns b et w e e n diff er e nt m e di at ors at diff er e nt 

l e v els. Firstl y, tr a ns cri pti o n f a ct ors ( T F) r e g ul at e t h e e x pr essi o n of d e v el o p m e nt st a g e m ar k ers, 

m a ki n g t h e m t h e first k e y l a y er of r e g ul ati o n of B c ell d e v el o p m e nt.  E x pr essi o n of T F ar e i n t ur n 

m o d ul at e d b y t h e a cti o n of n o n -c o di n g R N As s u c h mi R N As a n d l n c R N As 1 8, 6 1 . T h er ef or e, t h e 

s e c o n d l a y er of r e g ul ati o n is n o n -c o di n g R N A b as e d m o d ul ati o n of T F, c yt o ki n es, a n d m ar k ers 

l e v els. mi R N A a n d l n c R N A m o d ul ati o n of B c ell d e v el o p m e nt T F c o ul d o c c ur b y dir e ct bi n di n g 

or i n dir e ctl y b y alt eri n g c ell ul ar p at h w a ys t h at f a cilit at e t h e e x pr essi o n of t h e T F 1 8 . C o n v ers el y, 

T Fs  u pr e g ul at e t h e e x pr essi o n l e v els of mi R N A a n d l n c R N A t o c o ntr ol c ell f at e 1 8 .   

D uri n g B c ell d e v el o p m e nt, pr ot ei n c o di n g  g e n es  e n c o d e  st a g e a n d li n e a g e s p e cifi c  f a mily  of T Fs 

s u c h as P A X 5, P U. 1, E 2 A, a n d F O X O 1 t h at r e g ul at e B c ell d e v el o p m e nt, b y m o d ul ati n g B c ell 

li n e a g e c o m mit m e nt 1 8 . T h e m ai n T F f a mili es i n cl u d es t h e h eli x-t ur n-h eli x ( e. g., O ct -1), h eli x -

l o o p-h eli x  ( e. g.,  E 2 A),  a n d  t h e  zi n c  fi n g er  ( e. g.,  G A T A  pr ot ei ns  a n d  gl u c o c orti c oi d  r e c e pt ors). 

Ot h er T F f a mili es ar e t h e b asi c pr ot ei n -l e u ci n e zi p p er ( e. g. c y cli c A M P r es p o ns e el e m ent bi n di n g 

f a ct or  ( C R E B)  a n d  a cti v at or  pr ot ei n-1  ( A P -1))  a n d b  s h e et  m otifs  ( e. g.  n u cl e ar  f a ct or  K B 
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( N F K B)6 2 . Ot h er c o di n g D N A e n c o d e d r e g ul at ors of B c ell d e v el o p m e nt i n cl u d e g e n er al T Fs –  

s u c h as R N A p ol y m er as e II, pr o m ot er -s p e cifi c a cti v at ors a n d c o a cti v at ors , a n d st er oi d h or m o n es 6 3 . 

B  c ell  d e v el o p m e nt  is  als o  r e g ul at e d  vi a  c hr o m ati n  r e m o d eli n g,  a n d  p osttr a ns cri pti o n al 

m o difi c ati o n 6 3, 6 4 .  Aft er tr a ns cri pti o n  of c o di n g g e n es i nt o  m R N A , t h e i niti al pr o d u ct is pr e m at ur e 

m R N A ( pr e m R N A) tr a ns cri pt, w hi c h is t h e n pr o c ess e d i nt o t h e m at ur e m R N A tr a ns cri pt. M at ur e 

m R N A  t h e n s er v es as a t e m pl at e pr o c ess e d b y t h e ri b os o mal m a c hi n er y  i nt o pr ot ei n pr o d u cts .  

N o n -c o di n g R N As ( n c R N A) ar e di vi d e d b as e d o n f u n cti o n i nt o str u ct ur al a n d r e g ul at or y ( F i g. 1. 5 ) 

r es p e cti v el y.  S p e cifi c all y,  n c R N As  r e g ul at es  e pi g e n eti c  pr o c ess es,  i n cl u di n g  h et er o c hr o m ati n 

f or m ati o n,  hist o n e  m o difi c ati o n,  a n d  g e n e  sil e n ci n g.  F urt h er m or e,  n c R N As  r e g ul at e  c ell ul ar 

f u n cti o n, l e a di n g t o r ol es i n h e alt h a n d dis e as e. Ri b os o m al R N A (r R N A) is e n c o d e d b y ri b os o m al 

R N A g e n e r e p e ats, a m aj or c o m p o n e nt of ri b os o m es. T h e m aj or h u m a n r R N A g e n e r e p e at f a mil y 

is c all e d t h e ri b os o m al D N A (r D N A), wit h e a c h re p e at c o nsisti n g of 1 8 S, 5. 8 S a n d 2 8 S r R N A 6 5, 6 6 .  

S p e cifi c all y, t h er e ar e 2 0 0 –  6 0 0 c o pi es of t h e r D N A g e n e a m o n g t a n d e m arr a ys o n t h e s h ort ar ms 

of  c hr o m os o m es  1 3 - 1 5,  a n d  2 1 - 2 2 6 7 – 7 2 .  F or  r R N A  bi o g e n esis,  r D N A  is  tr a ns cri b e d  i n t h e 

n u cl e ol us  b y  R N A  p ol  I  ( 1 8 S,  5. 8 S  a n d  2 8 S)  a n d  III  ( 5 S) 7 3 – 7 8 .  T h e  r R N A  m ol e c ul es  w or k  i n 

diff er e nt c o m bi n ati o ns t o f or m t h e ri b os o m e: t w o s u b u nits –  t h e l ar g e s u b u nit ( L S U) c o nsists of 

2 8 S, 5. 8 S a n d 5 S w hil e t h e 1 8 S m ol e c ul e m a k es u p t h e s m all s u b u nit ( S S U) 7 9 . r R N A f u n cti o ns i n 

ri b os o m e bi o g e n esis, w hi c h r e g ul at es g e n o m e st a bilit y a n d c ell c y cl e c o ntr ol 8 0 – 9 1 . Tr a nsf er R N As 

(t R N A)  ar e  7 0 –  1 0 0  n u cl e oti d e  ( nt)  l o n g  R N A,  w hi c h  h a v e  a  cl o v erl e af  s e c o n d ar y  str u ct ur e 

f or m e d  fr o m  W ats o n-Cri c k  b as e  p air i n g a n d  cr e at es  h eli c al  st e ms  t h at  e n d  i n  l o o ps  f or m e d  b y 

u n p air e d  b as es 9 2 .  t R N As  a ct  as  v e hi cl es,  bri n gi n g  t h e  a mi n o  a ci ds  n e e d e d t o t h e  gr o wi n g 

p ol y p e pti d e c h ai n o n t h e ri b os o m e of t h e r o u g h e n d o pl as mi c r eti c ul u m 9 3 . I n e u k ar y ot es, t R N As  
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Fi g . 1. 5 . T y p es of ri b o n u cl ei c a ci ds ( R N A).  C o di n g R N A is c all e d m ess e n g er R N A ( m R N A) a n d v ari es i n si z e, w hi c h g ets tr a nsl at e d 

i nt o pr ot ei ns. C o n v ers el y, n o n -c o di n g R N A r e g ul at e s e v er al as p e cts of g e n e e x pr essi o n.  
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ar e tr a ns cri b e d b y R N A P ol III at 3 x 1 0 5  c o pi es p er c ell fr o m t R N A g e n es, i nt o p r e-t R N As 9 4 – 9 6 . 

Pr e -t R N As ar e pr o c ess e d b y R N as es P a n d Z. t R N As e n c o d e d b y n u cl e ar g e n o m es ar e tr a ns cri b e d 

i n  t h e  n u cl e us  f oll o w e d  b y  e x p ort  t o  t h e  c yt o pl as m  w h er e  t h e y  p erf or m  t h eir  f u n cti o ns9 7 .  

M i cr o R N As ( mi R N A) ar e s m all n c R N As of < 2 5 n u cl e oti d es i n l e n gt h, t h at n e g ati v el y r e g ul at e 

g e n e e x pr essi o n 6 1, 9 8 . mi R N A bi o g e n esis b e gi ns wit h t h e tr a ns cri pti o n of D N A s e q u e n c es or fr o m 

cl ust er  g e n es  w hi c h  ar e  o nl y  tr a ns cri b e d  as  mi R N A  m ol e c ul es  or  t o g et h er  as  p ol y cistr o ni c 

tr a ns cri pts9 9, 1 0 0 . Alt er n at el y, mi R N As m a y b e s y nt h esi z e d fr o m  a n i ntr o n or u ntr a nsl at e d r e gi o n 

( U T R) of a pr ot ei n c o di n g g e n e 1 0 0 . mi R N As h a v e t w o m ai n bi o g e n esis p at h w a ys –  Dr os h a a n d 

Di c er  d e p e n d e nt  c a n o ni c al  a n d  t h e  Dr os h a  a n d  Di c er  i n d e p e n d e nt  n o n -c a n o ni c al  p at h w a y s 1 0 1 . 

mi R N A  f a cilit at e  r e g ul ati o n  of  c ell ul ar  pr o c ess es  i n cl u di n g  d e v el o p m e nt,  pr olif er ati o n,  a n d 

diff er e nti ati o n.  O v er all,  mi R N A  r e g ul at es  m R N A  b y  bi n di n g  ( vi a  mi R N A  r es p o ns e  el e m e nt –  

M R E ), m a ki n g a si n gl e mi R N A a bl e t o t ar g et m ulti pl e m R N As, a n d m ulti pl e mi R N As a bl e t o 

t ar g et i n di vi d u al m R N As1 0 2 – 1 0 4 .  

Pi wi i nt er a cti n g R N A ( pi R N A) ar e t h e l ar g est cl ass of n c R N As, s m all R N As of 2 4 –  3 1 nt w hi c h 

p oss ess  2’ -O -m et h yl  m o difi c ati o n  sit es  at  t h e  3’  t er mi n us  a n d  ar e  a b u n d a ntl y  e x pr ess e d  i n 

m a m m ali a n t estis a n d o v ar y 1 0 5, 1 0 6 . pi R N As ar e s y nt h esi z e d i n a Di c er-i n d e p e n d e nt m a n n er fr o m 

si n gl e -str a n d e d  pr e c urs or  tr a ns cri pts  at  i nt er g e ni c  r e gi o ns  ( pi R N A  cl ust ers)  w hi c h  r e g ul at e 

tr a ns p os o n  a cti vit y 1 0 5 .  Tr a ns cri pti o n  of  d u al-str a n d  cl ust ers  i nt o  pi R N A  pr e c urs ors  d e p e n d  o n 

R N A P ol II, R hi n o -C ut off -D e a dl o c k c o m pl e x ( R D C c o m pl e x), M o o ns hi n er, T A T A -b o x bi n di n g 

pr ot ei n  r el at e d  f a ct or  ( T R F 2)  a n d  3  ̀ r e p air  e n d o n u cl e as es  ( T R E X)1 0 7 .  pi R N As  c a n  p ass  o n  t h e 

m e m or y  of  “s elf ”  a n d  “ n o n -s elf ”,  s u g g esti n g  a  r ol e  i n  tr a ns g e n er ati o n al  c ell ul ar  pr o c ess es 1 0 5 . 

pi R N A als o r e g ul at es g e n e e x pr essi o n a n d ar e alt er e d i n dis e as es i n cl u di n g c a n c er.  
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C e ntr os o m e -ass o ci at e d s h ort i nt er a cti n g R N As ( cr asi R N A) ar e ~ 3 4 –  4 2 nt a n d ar e d eri v e d fr o m  

c e ntr os o m es 1 0 8, 1 0 9 . T h e y h a v e b e e n s h o w n t o r e g ul at e l o c al c hr o m ati n m o difi c ati o ns.  

T el o m er e -s p e cifi c  s m all  R N A  (t el -s R N A)  ar e  ~ 2 4  nt  l o n g,  w hi c h  ar e  s y nt h esi z e d  i n  a  di c er -

i n d e p e n d e nt  m a n n er  a n d  h a v e  2`m et h yl ati o n  at  t h eir  3 `t er mi n us.  T h e y  ar e  as y m m etri c al  wit h 

s p e cifi cit y  t o w ar d  t el o m er e  G -ri c h  str a n d  a n d  is  e v ol uti o n aril y  c o ns er v e d  fr o m  pr ot o z o a  t o 

m a m m al 1 1 0 . T h eir f u n cti o n t h o u g h c urr e ntl y u n k n o w n is s u g g est e d t o b e i n t el o m er e m ai nt e n a n c e. 

S m all n u cl e ar R N As (s n R N A) ar e s m all, hi g hl y a b u n d a nt n u cl e ar l o c ali z e d n c R N As of ~ 1 5 0 nt, 

w hi c h ar e i m p ort a nt f or R N A pr o c essi n g i n cl u di n g s pli ci n g of i ntr o ns fr o m pr e -m R N A 1 1 1 . s n R N As 

ar e c o m pl e x e d wit h pr ot ei ns t o f or m R N A -pr ot ei n c o m pl e x es c all e d s n R N Ps wit hi n t h e n u cl e us, 

w hi c h m a k e u p t h e s pli c e os o m e 1 1 2 . s n R N Ps ( U 1, U 2, U 4, U 5 a n d U 6) i n c o m bi n ati o n wit h R N A-

R N A  c o m pl e x es  w or k  t o  r e c o g ni z e  i ntr o ni c  s pli c e  sit es  a n d  br a n c h  sit es  f oll o w e d  b y  c o m pl e x 

R N A -R N A a n d R N A -pr ot ei n i nt er a cti o ns c ul mi n ati n g i n t h e ass e m bl y of c at al yti c all y c o m p et e nt 

s pli c e os o m es, wi t h t h e s n R N As a n d t h eir b o u n d pr ot ei ns pl a yi n g c e ntr al r ol es1 1 3 .  

S m all  n u cl e ol ar  R N As  (s n o R N As)  ar e  6 0 –  3 0 0  nt  i n  l e n gt h,  a n d  m ai nl y  a c c u m ul at e  i n  t h e 

n u cl e oli 1 1 4, 1 1 5 . I n v ert e br at es, m a n y s n o R N As ar e e n c o d e d wit hi n i ntr o ns of pr ot ei n-c o di n g or n o n -

c o di n g  g e n es,  w hil e  s o m e  ar e  a ut o n o m o usl y  tr a ns cri b e d b y  R N A  p ol y m er as e  II 1 1 6 .  F or  m a n y 

i ntr o ni c  s n o R N As,  h ost  g e n e  c o-tr a ns cri pti o n,  s pli ci n g,  i ntr o n  l ari at  d e br a n c hi n g  a n d 

e x o n u cl e ol yti c  di g esti o n i n t h e n u cl e o pl as m is als o p art of t h eir bi o g e n esis 1 1 5 . S n o R N As m ai nl y 

r e g ul at e  pr o c essi n g  of  r R N A,  m R N A  s pli ci n g  a n d  e diti n g,  str ess  r es p o ns e  a n d  m et a b oli c 

h o m e ost asis, a n d  m at ur ati o n of r R N A, s n R N As a n d ot h er t y p e of R N As 1 1 7 . S n o R N As ar e als o 

i n v ol v e d i n c a n c er r e g ul at or y p at h w a ys s u c h as p 5 3,  a n d i n t u m ori g e n esis, t u m or a g gr essi v e n ess 

a n d st a gi n g 1 1 5 .  
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t R N A-d eri v e d a n d str ess -i n d u c e d s m all R N As (ti R N A), als o k n o w n as t R N A h al v es ar e a n o v el 

cl ass  of  s m all  n c R N As  of  3 0 –  4 5  nt,  w hi c h  ar e  d eri v e d  fr o m  t R N A s cl e a v e d  u n d er  str ess 

c o n diti o ns 1 1 8 – 1 2 0 . ti R N As a n d s m all er t R N A fr a g m e nts (t R Fs) of 1 4 - 3 0 nt m a k e u p a gr o u p of 

n o v el s m all n c R N As c all e d t R N A -d eri v e d s m all R N As (ts R N As); w hi c h ar e cl assifi e d b as e d o n 

t h eir  l e n gt h  a n d  cl e a v a g e  sit es1 2 1, 1 2 2 .  F or  t h e  s p e cifi c  bi o g e n esis  of  ts R N As,  str ess ors  s u c h  as 

h y p o xi a, a mi n o a ci d d efi ci e n c y , U V r a di ati o n, h e at s h o c k, o xi d ati v e d a m a g e a n d vir al i nf e cti o n 

i n d u c e cl e a v a g e of m at ur e t R N As b y a n gi o g e ni n ( A N G) i n t h e a nti c o d o n r e gi o n, t o g e n er at e 5` 

ti R N As  ( 3 0-4 5  nt)  a n d  3 ` ti R N As1 1 8, 1 1 9, 1 2 3, 1 2 4 .  t R Fs  ar e  d eri v e d  fr o m  m at ur e  t R N As  or 

pr et R N As 1 2 5 . T h es e fr a g m e nts m a y b e li n k e d t o bi ol o gi c al f u n cti o ns i n h e alt h a n d dis e as e.  

Pr o m ot er  u pstr e a m  tr a ns cri pts  ( P R O M P T S)  ar e  a  n e wl y  dis c o v er e d  cl ass  of  R N A  wit h  a 

h et er o g e n o us l e n gt h distri b uti o n ( > 2 0 0 nt) s y nt h esi z e d u pstr e a m of pr o m ot ers of a cti v e pr ot ei n - 

c o di n g  g e n es.  P R O M P Ts  ar e  m ostl y  l o c ali z e d  i n  t h e  n u cl e us,  f oll o w e d  b y  r a pi d t ur n o v er  vi a 

e x os o m e  m e di at e d  d e gr a d ati o n,  l e a di n g  t o  s h ort  h alf -li v es1 2 6, 1 2 7 .  P R O M P Ts  m a y  r e g ul ate 

tr a ns cri pti o n, D N A m et h yl ati o n a n d e nf or ci n g pr o m ot er ori e nt ati o n of pr ot ei n-c o di n g g e n es 1 2 8 .  

L o n g  n o n -c o di n g  R N A  (l n c R N A)  ar e  > 2 0 0 nt  i n  l e n gt h,  a n d  p o orl y  c o ns er v e d  a cr oss  s p e ci es. 

l n c R N As ar e a l ar g e a n d hi g hl y h et er o g e n o us c oll e cti o n of tr a ns cri pts t h at diff er i n t h eir bi o g e n esis 

a n d g e n o mi c ori gi n. l n c R N As c a n b e tr a ns cri b e d fr o m e n h a n c er s e q u e n c es, t h eir o w n pr o m ot ers 

or  fr o m  pr o m ot ers  s h ar e d  wit h  di v er g e ntl y  tr a ns cri b e d  c o di n g  or  n o n -c o di n g  g e n es 1 2 9, 1 3 0 . 

T h er ef or e, t h er e ar e l n c R N As tr a ns cri b e d b y R N A p ol y m er as e II a n d ot h er R N A p ol y m er as es, 

l n c R N As  fr o m  i nt er g e ni c  r e gi o ns  (li n c R N As),  s e ns e  tr a ns cri pts,  a ntis e ns e  tr a ns cri pts,  a n d 

di v er g e nt  tr a ns cri pts 1 3 1, 1 3 2 .  l n c R N As  h a v e  disti n ct  f e at ur es  t h at  ar e  u ni q u e  t o  t h e m,  i n cl u di n g 

h a vi n g a g e n er all y l o w er e x pr essi o n, f e w er e x o ns, a n d gr e at er tiss u e s p e cifi cit y. l n c R N As c a n als o 

i nt er a ct wit h ot h er R N As, D N A a n d pr ot ei ns, a n d a c o m bi n ati o n of t h es e m ol e c ul es, m a ki n g t h eir 
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f u n cti o n al r e p ert oir e br o a d, i n cl u di n g m o d ul ati o n of e pi g e n eti c, tr a ns cri pti o n al, tr a nsl ati o n al a n d 

p ost -tr a ns cri pti o n al e v e nts1 3 3, 1 3 4 .  l n c R N As h a v e diff er e nti al l o c ali z ati o n wit hi n c ells, e v e n t h o u g h 

a gr e at er pr o p orti o n of t h e m ar e i niti all y l o c ali z e d i n t h e n u cl e us 1 3 5 – 1 3 7 .  

C o m p etiti v e e n d o g e n o us R N A ( c e R N A) ar e R N As t h at c o m p et e a n d i nt er a ct f or mi R N A r es p o ns e 

el e m e nts ( M R E) sit es, t hr o u g h w hi c h a r e g ul at or y n et w or k c all e d c e R N A n et w or ks ( c e R N E T) is 

f or m e d. B y a cti n g as s p o n g es f or mi R N As t h at s h ar e M R Es, c e R N As cr e at e a n etw or k t h at aff e cts 

t h e n or m al a bilit y of mi R N As t o t ar g eti n g m R N As1 3 8, 1 3 9 . Ot h er tr a ns cri pts t h at c a n a ct as c e R N A 

ar e ps e u d o g e n es, l n c R N As, a n d cir c ul ar R N A 1 4 0 – 1 4 6 . T h e c o n c e ntr ati o n of mi R N As es p e ci all y i n 

r el ati o n t o m R N A t ar g ets is a d et er mi n a nt of c e R N A a cti vit y. W h e n t h er e is a l o w er c o n c e ntr ati o n 

of  mi R N As  t h a n  t ar g ets,  t h e  t ar g ets  ar e  u nr e pl a c e d,  l e a di n g  t o  l o w  c e R N A  a cti vit y 1 4 1 – 1 4 3, 1 4 7 . 

C o n v ers el y, i n t h e pr es e n c e of hi g h er mi R N As t h a n t ar g ets, t h er e w o ul d b e a n al m ost u ni v ers al 

t ar g et  r e pr essi o n,  t h us  hi g h er  c e R N A  a cti vit y1 4 0 .  c e R N As  f u n cti o n  i n  r e g ul ati n g  bi ol o gi c al 

pr o c ess es, i n h e alt h a n d dis e as e, i n cl u di n g e m er gi n g d at a i n c a n c er, i n cl u di n g B c ell c a n c ers 1 4 8 .  

 

1. 3 A b e r r a nt B c ell d e v el o p m e nt a n d h e m at ol o gi c al m ali g n a n ci es ( H M)  

H e m at o p oi esis is s o dis cr et el y r e g ul at e d, t h at a l oss of  r e g ul ati o n gi ves  ris e t o dis e as es s u c h as 

c a n c er. C a n c ers of i m m u n e c ells  - le u k e mi as (ori gi n at e i n t h e B M)  a n d  l y m p h o m as (ori gi n at e i n 

l y m p h n o d es ( L N) a n d ot h er tiss u es ) 1 4 9   ar e c oll e cti v el y c all e d h e m at ol o gi c al m ali g n a n ci es ( H M). 

L e u k e mi a a n d l y m p h o m a m a k e u p ~  6 7 % of all H M  di a g n os e d i n C a n a d a, wit h r el ati v e pr o p orti o ns 

gl o b all y 1 5 0 – 1 5 2  . L ess c o m m o n ar e m ulti pl e m y el o m a ( M M) a n d m y el o pr olif er ati v e dis or d ers .  

 

1. 3. 1 L e u k e mi a  

L e u k e mi a is c h ar a ct eri z e d b y s y m pt o ms t h at ar e i niti all y r el at e d t o b o n e m arr o w d ysf u n cti o n, s u c h 

as  i nf e cti o ns  r es ulti n g  fr o m  l o w  n e utr o p hil  c o u nt;  a n d  br uisi n g  a n d  bl e e di n g,  c a us e d  b y 
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t hr o m b o c yt o p e ni a.  O n c e  t h e  B M  is  at  c a p a cit y,  l e u k e mi a  c ells  c a n  i nfiltr at e  t h e L N ,  c a usi n g 

l y m p h a d e n o p at h y, or e nt er t h e cir c ul ati o n, li v er, a n d s pl e e n 1 5 3 . B as e d  o n w hi c h c ell li n e a g e is 

i n v ol v e d, l e u k e mi a is cl assifi e d i nt o m y el oi d or l y m p h oi d ( Fi g .1. 1 ). It is f urt h er s u b-c at e g ori z e d 

b as e d  o n  t h e  st a g e  of  t h e  c ell  at  tr a nsf or m ati o n  a n d  t h e  gr o wt h  r at e  of  t h e  n e o pl asti c  c ells. 

L e u k e mi a  ori gi n ati n g  fr o m  d e v el o pi n g  i m m u n e  c ells  ar e  g e n er all y  f ast  gr o wi n g  ( a c ut e),  w hil e 

t h os e fr o m c ells at m or e m at ur e st a g es ar e sl o w gr o wi n g ( c hr o ni c) 1 5 3 . T h es e cl assifi c ati o ns gi v e 

ris e  t o  t h e  f o ur  m ai n  c at e g ori es  of  l e u k e mi a:  a c ut e  l y m p h o bl asti c  l e u k e mi a  ( A L L), a c ut e 

m y el o g e n o us  l e u k e mi a  ( A M L),  c hr o ni c  m y el oi d  l e u k e mi a  ( C M L),  a n d  c hr o ni c  l y m p h o c yti c 

l e u k e mi a ( C L L) (Fi g . 1. 6 ). 

 

1. 3. 2  B  l y m p h o bl asti c le u k e mi a  

L y m p h o bl asti c  l e u k e mi a  ( B-A L L)  s y m pt o ms  t e n d  t o  b e  n o ns p e cifi c,  t h us  a  m ulti -pr o n g e d 

a p pr o a c h is t a k e n f or A L L di a g n osis. T h e di a g n osis w or k u p or A L L i n cl u d es B M as pir ati o n a n d 

r e vi e w of bi o ps y m at eri al f or h e m at o p at h ol o g y p ar a m et ers i n cl u di n g m or p h ol o gi c ass ess m e nt of  

Wri g ht -Gi e ms a -st ai ni n g of B M as pir at e s m e ars, a n d h e m at o x yli n a n d e osi n st ai ni n g of c or e bi o ps y 

a n d cl ot s e cti o ns 1 5 4 . I n a d diti o n, fl o w c yt o m etr y ( F C) b as e d i m m u n o p h e n ot y pi n g us e p a n els t h at 

i n cl u d e a nti b o di es a g ai nst C D 1 0, C D 1 9, C D 2 0 a n d C D 2 2 f or B -A L L a n d C D 1 a, C D 5, C D 8 f or T -

A L L.  Mi ni m al/ m e as ur a bl e  r esi d u al  dis e as e  ( M R D)  i n  t h e  B M  at  di a g n osis  is  m e as ur e d  usi n g 

b as eli n e  fl o w  c yt o m etr y,  m ol e c ul ar  c h ar a ct eri z ati o n  of  l e u k e mi c  cl o n es  a n d  k ar y ot y pi n g  of  G -

b a n d e d  c hr o m os o m es  at  m et a p h as e 1 5 4 .  F urt h er m or e,  m ol e c ul ar  a n al ysis  f or  o pti m al  ris k 

str atifi c ati o n  b as e d  o n  cli ni c al  a n d  g e n eti c  ris k  f a ct ors  i n cl u di n g  pr es e n c e  of  s p e cifi c  r e c urr e nt 

g e n eti c a b n or m aliti es i nf or m l o w, st a n d ar d, i nt er m e di at e, or hi g h -ris k d esi g n ati o n , w hi c h 
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Fi g. 1 . 6. T h e esti m at e d i n ci d e n c e of f o ur m aj or gr o u ps of  h e m at ol o gi c al m ali g n a n ci es  i n C a n a d a. D at a o bt ai n e d fr o m t h e L e u k e mi a a n d 

L y m p h o m a S o ci et y of C a n a d a 1 5 0 . 

 

H e m at ol o gi c al M ali g n a n ci e s 

L e u k e mi a ( 2 7 %) 

A c ut e L e u k e mi a
1. A c ut e L y m p h o bl a sti c L e u k e mi a ( A L L)

2. A c ut e M y el o g e n o u s L e u k e mi a ( A M L) 1. M y el o d y s pl a sti c S y n dr o m e s ( M D S)
2. M y el o pr olif er ati v e n e o pl a si a ( M P N)

a. P ol y c yt h e mi a V er a ( P V) 

b. E s s e nti al/ pri m ar y 
T hr o m b o c yt h e mi a ( E T/ P T)

c. M y el ofi br o si s ( M F)

3. S y st e mi c M a st o c yt o si s ( S M)

L y m p h o m a ( 4 0 %) 
M ulti pl e 

M y el o m a ( 1 2 %) Ot h e r ( 2 1 %) 

C h r o ni c L e u k e mi a
1. C hr o ni c L y m p h o c yti c L e u k e mi a ( C L L) 
2. C hr o ni c M y el o g e n o u s L e u k e mi a ( C M L)

Ot h e r
1. H air y C ell l e u k e mi a ( H C L)

2. C hr o ni c M y el o m o n o c yti c l e u k e mi a 

( C M M L)

3. J u v e nil e m y el o m o n o c yti c l e u k e mi a 
( J M M L)

H o d g ki n’s L y m p h o m a ( H L)
1. L y m p h o c yt e -d e pl et e d H o d g ki n’ s l y m p h o m a
2. L y m p h o c yt e -ri c h H o d g ki n’ s l y m p h o m a

3. Mi x e d c ell ul arit y H o d g ki n' s l y m p h o m a

4. N o d ul ar l y m p h o c yt e pr e d o mi n a nt 
H o d g ki n’ s di s e a s e

5. N o d ul ar s cl er o si n g l y m p h o m a

N o n -H o d g ki n’s l y m p h o m a  ( N H L)
1. B c ell l y m p h o m a

a. Diff u s e l ar g e B c ell l y m p h o m a ( D L B C L)
b. B ur kitt’ s l y m p h o m a

c. F olli c ul ar l y m p h o m a

d. M a ntl e c ell l y m p h o m a
e. Pri m ar y m e di a sti n al B c ell l y m p h o m a

f. W al d e n str o m m a cr o gl o b uli n e mi a ( W M) 

2. T c ell l y m p h o m a
3. S m all l y m p h o c yti c l y m p h o m a



 2 8  

i n t ur n di ct at e f a v or a bl e, i nt er m e di at e, or p o or o ut c o m e. Ris k is d et er mi n e d b as e d o n a g e, w hit e 

bl o o d c ell ( W B C) c o u nt ( > 3 0 x 1 0 9 / L f or B-A L L a n d > 1 0 0 x 1 0 9 / L f or T-A L L) at di a g n osis a n d 

pr es e n c e of s p e cifi c r e arr a n g e m e nts. A r e arr a n g e m e nt s u c h as E T V 6 :: RU N X 1  is ass o ci at e d wit h 

a f a v or a bl e o ut c o m e w hil e K M T 2 A is a p o or pr o g n osis ass o ci at e d r e arr a n g e m e nt. S p e cifi c all y, 

i nt er p h as e  fl u or es c e n c e  i n  sit u  h y bri di z ati o n  t esti n g,  r e al  ti m e  r e v ers e  tr a ns cri pt as e  p ol y m er as e 

c h ai n  r e a cti o n  t esti n g,  n e xt  g e n er ati o n  s e q u e n ci n g  a n d  c hr o m os o m al  mi cr o arr a y  ass a ys  o n 

p eri p h er al  bl o o d  a n d  B M  as pir at es  f a cilit at e  t h e  i d e ntifi c ati o n  of  ris k  ass o ci at e d  m ut ati o ns 1 5 4 . 

C e ntr al n er v o us s yst e m ( C N S) i n v ol v e m e nt   ( C N S+ ) is di a g n os e d b y l u m b ar p u n ct ur e f oll o w e d b y 

mi cr os c o pi c e x a mi n ati o n of W B Cs i n c er e br os pi n al fl ui d ( C S F) 1 5 5 – 1 5 7 . T esti c ul ar i n v ol v e m e nt at 

di a g n os es a n d r el a ps e c a n b e di a g n os e d b as e d o n i n cr e as e d si z e, a b n or m al s w elli n g a n d/ or fir m er 

c o nsist e n c y of t h e t estis a n d e v e nt u all y  mi gr at e i nt o p eri p h er al bl o o d cir c ul ati o n w h er e a b n or m al 

l y m p h o bl asts cr o w d o ut ot h er c ells. Cl assifi c ati o n of B -A L L is b as e d o n t h e e x pr essi o n pr ofil e of 

B c ell m ar k ers, s u c h as C D 1 0, C D 1 9, C D 2 0, C D 2 2,  

C D 3 4,  H L A -D R,  a n d  C D 7 9 a,  t h at  ar e  li n k e d  t o  t h e  st a g e  of  B  c ell  d e v el o p m e nt  w h e n 

d e v el o p m e nt al arr est o c c urs 1 5 8 . T h us, b as e d o n c ell ul ar m ar k ers, B-A L L is s u bt y p e d i nt o pr o -B -

A L L, e arl y pr e -B -A L L, pr e -B -A L L ( c o m m o n a c ut e l y m p h o bl asti c l e u k e mi a [ C A L L A] a n d n o n -

C A L L A) a n d m at ur e B -A L L.  

A n ot h er b asis of B -A L L cl assifi c ati o n is c hr o m os o m al a b n or m aliti es.  T h er e ar e t w o gr o u ps of B -

A L L -ass o ci at e d  g e n eti c  a b n or m aliti es ,  n u m eri c al  a n d  str u ct ur al  a b n or m aliti es.  Nu m eri c al 

a b n or m aliti es  ( H y p er di pl oi d y  a n d  h y p o di pl oi d y) is  c h ar a ct eri z e d  b y  a g ai n  or  l oss  of 

c hr o m os o m es ; w hil e str u ct ur al a b n or m aliti es, s u c h as T C F ::P B X 1, K M T 2 A r e arr a n g e m e nts, a n d 

E T V 6 ::R U N X 1, i n v ol v e tr a nsl o c ati o ns t h at r es ult i n c hi m eri c pr ot ei n f or m ati o n or m o v i n g a g e n e 

cl os e  t o  a  str o n g  tr a ns cri pti o n al  pr o m ot er  r es ulti n g  i n  g e n e  o v er e x pr essi o n 1 5 9 – 1 6 2  (T a bl e  1. 3) . 
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H y p er di pl oi d y  ( > 5 0  c hr o m os o m es)  is  t h e  m ost  pr e v al e nt  m ut ati o n  i n  p e di atri c  B -A L L  a n d  is 

g e n er all y ass o ci at e d wit h a f a v or a bl e o ut c o m e. H o w e v er, hi g h h y p er di pl oi d y c o nt ai ns a d diti o n al 

c hr o m os o m al g ai ns a n d g e n eti c r e arr a n g e m e nts s o m e of w hi c h c o ul d i nfl u e n c e dis e as e o ut c o m e 

i n cl u di n g  a d v ers e  o ut c o m e  i n  a b o ut  2 5 %  of  all  h y p er di pl oi d y  p ati e nts1 5 9, 1 6 3, 1 6 4 .  S p e cifi c all y, 

d u pli c ati o ns  of  1 q  a n d  1 7 q  is o c hr o m os o m e,  a n e u pl oi d y,  n o n -r a n d o m  g ai n  of  s p e cifi c 

c hr o m os o m es  (s u c h  as  + X,  + 4,  + 6,  et c.),  tris o mi es  a n d  t etr as o mi es  ar e  o bs er v e d,  b as e d  o n 

c yt o g e n eti c  a n al ys es 1 5 9, 1 6 4 .  I n di vi d u al  g ai ns  of  c hr o m os o m es  4,  6,  1 0,  1 7  a n d  1 8  l e a d  t o  b ett er 

pr o g n osis w hil e is o c hr o m os o m e 1 7 q a n d tris o m y 5 l e a d t o w ors e pr o g n osis 1 6 5 – 1 6 8  . I n di vi d u al g ai ns 

of c hr o m os o m es  5 a n d 2 0 h a v e p o or pr o g n osis f or c urr e ntl y u n k n o w n r e as o n s 1 6 9, 1 7 0 . 

B C R ::A B L 1  (r e ci pr o c al  tr a nsl o c ati o n  b et w e e n  2 2 q 1 1. 2 3  br e a k p oi nt  cl ust er  r e gi o n- B C R  a n d 

9 q 3 4. 1 A b els o n t yr osi n e -pr ot ei n ki n as e 1 –  A B L 1 ) f usi o n pr o d u c es a d eri v ati v e c hr o m os o m e 2 2 

c all e d t h e P hil a d el p hi a ( P h) c hr o m os o m e. T h e pr ot ei n pr o d u ct is a c hi m eri c c yt o pl as mi c pr ot ei n 

wit h A B L 1  a n d B C R d o m ai ns  f us e d;  t o  m e di at e  c o nstit uti v e  oli g o m eri z ati o n  wit h o ut r e q uiri n g 

a cti v ati n g si g n als 1 5 9, 1 7 1 – 1 7 3 . T his pr o m ot es a b err a nt t yr osi n e ki n as e c o nstit uti v e a cti vit y, i n d u ci n g 

a b err a nt si g n ali n g vi a p at h w a ys s u c h as J A K 2/ S T A T 5, M A P ki n as es a n d PI 3 K/ A kt 1 5 9, 1 7 1 – 1 7 3 . P h+ 

p e di atri c A L L pr es e nts at a n ol d er a g e wit h hi g h W B C c o u nt, Fr e n c h A m eri c a n -Britis h ( F A B) 

m or p h ol o g y  L 2  a n d  hi g h  i n ci d e n c e  of  C N S  i n v ol v e m e nt 1 6 3 .  T h e  a g e  at  di a g n osis  aff e cts  t h e 

pr o g n osis, wit h o n e t o ni n e -y e ar ol ds f ari n g b ett er t h a n a d ol es c e nts a n d y o u n g a d ults ( A Y A) 1 7 1 – 1 7 3  

B C R ::A B L 1 -li k e  is  a  s u bs et  of B C R ::A B L 1 - p e di atri c  B -A L L w h er e p ati e nts  h a v e  a  g e n e -

e x pr essi o n  pr ofil e  c o nt ai ni n g  m ut ati o ns  t h at  d er e g ul at e  c yt o ki n e  r e c e pt or  a n d  t yr osi n e  ki n as e 

si g n ali n g 1 7 4 . T h us, t his s u bt y p e is s e nsiti v e t o t yr osi n e ki n as e i n hi bit ors ( T KI) tr e at m e nt1 7 5 .  

E 2 A ::H L F  tr a nsl o c ati o n  (t( 1 7; 1 9)  ( q 2 2; p 1 3)  e n c o d es  a  c hi m eri c  pr ot ei n  w hi c h  li k el y  a cti v at es 

tr a ns cri pti o n of H L F r e g ul at e d g e n es, w hi c h m a y i n hi bit a p o pt osis vi a a b err a nt u p-r e g ul ati o n of  
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T a bl e 1. 3.   B -A L L s u bt y p es usi n g t h e B as el n o m e n cl at ur e a n d c hr o m os o m al a b n or m aliti es  a  

( A) M a r k e r e x p r essi o n 

T y p e of B -A L L  b  I m m u n o p h e n ot y p e 

pr o -B -A L L  C D 1 9 +   C D 3 4 +  C D 2 2 +  T d T + c yt o pl as mi c  C D 7 9 a +  C D 1 0 +  

e arl y pr e -B -A L L  T d T +  C D 1 9 +  C D 1 0 - C D 2 2 +  

pr e -B -A L L ( C A L L A)  C D 1 9 +  C D 1 0 +  C D 1 9 +   H L A D R + , 

c yt o pl as mi c  I g M+  C D 2 2 +  C D 3 4 +  T d T + 

c yt o pl as mi c  C D 7 9 a +   

pr e -B -A L L ( n o n -C A L L A)  C D 1 0 - C D 1 9 +  H L A D R + , c yt o pl as mi c I g M+   

M at ur e B -A L L  C D 1 0 +  C D 1 9 +  C D 2 0 +  C D 2 2 +  s urf a c e I g M +      

( B) C h r o m os o m al a b n o r m aliti es 

Est a blis h e d s u bt y p es  

S u bt y p e  P er c e nt a g e ( %)  M ut ati o ns  Pr o g n osis  

H y p er di pl oi d y  3 0  > 5 0 c hr o m os o m es  F a v or a bl e  

E T V 6 ::R U N X 1  2 5  t( 1 2; 2 1)( p 1 3; q 2 2) F a v or a bl e  

M L L r e arr a n g e d ( K M T 2 A)  9  1 1 q 2 3 r e arr a n g e m e nt; 

t( 4; 1 1) 

p o or  

T C F ::P B X 1 ( E 2 A ::P B X 1)  6  t( 1; 1 9)( q 2 3; p 1 3) F a v or a bl e  
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B C R ::A B L 1  3  t( 9; 2 2)( q 3 4; q 1 1. 2) F a v or a bl e  

H y p o di pl oi d y  1  < 5 0 c hr o m os o m es  p o or  

P r o visi o n al s u bt y p es  

B C R ::A B L 1 li k e (I K Z F 1, 

C R L F 2 a n d J A K m ut ati o ns)  

8   p o or  

i A M P 2 1 2  M ut ati o ns i n c hr o m os o m e 

2 1  

p o or  

N e w s u bt y p es  

D U X 4 -r e arr a n g e d (I G H, 

E R G)  

4  D el eti o n of E R G  f a v or a bl e 

E T V 6 ::R U N X 1 -li k e 3  t( 1 7; 1 9)( q 2 2; p 1 3) P o or  

Z N F 3 8 4 -r e arr a n g e d 1  ( p 1 3. 2; p 1 1. 2)  

M E F 2 D -r e arr a n g e d 0. 5  M ut ati o n i n c hr o m os o m e 

2 1  

P o or  

C u r r e ntl y u n cl ass e d/ u n est a blis h e d  

Ot h ers  1 0 %    

c -M Y C   t( 8; 1 4), t( 2; 8),t( 8; 2 2) F a v or a bl e  

I K A R O S (I K Z F 1)   p o or  
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a.   T a bl e  a d a pt e d  fr o m  C hi ar etti  et  al,  2 0 1 4 1 7 9  A r b er  et  al,  2 0 1 6 1 8 0 ,  Lillj e bj or n  et  al,  2 0 1 61 7 8 , 

Lillj bj or n & Fi or et os, 2 0 1 7 1 8 1  a n d Br o w n et al 2 0 2 0 1 8 2  

b.   Cl assifi c ati o n of B -A L L s u bt y p es b as e d of st a g e of B c ell gr o wt h arr est.  
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S L U G a n d L M O 2, a nti -a p o pt oti c r e g ul at ors of n or m al h e m at o p oi eti c pr o g e nit ors 1 6 3, 1 7 6, 1 7 7  . T his  

r e arr a n g e m e nt h as a n e xtr e m el y p o or pr o g n osis1 6 9, 1 7 8 . 

E 2 A ::P B X 1 ( T C F 3 ::P B X 1) aris es fr o m b al a n c e d tr a nsl o c ati o n t ( 1; 1 9) ( q 2 3; p 1 3) or u n b al a n c e d 

d er  ( 1 9)t( 1; 1 9).  B ot h  E 2 A  a n d  P B X 1  e n c o d e  tr a ns cri pti o n  f a ct ors  w hi c h  w h e n  f us e d  f or ms  a 

pr ot ei n  t h at  a b err a ntl y  a cti v at es  t ar g ets  s u c h  as  W N T 1 6  a n d  M er T K 1 8 3 – 1 8 5 .  T h e  pr o g n osis  f or 

p e di atri c E 2 A -P B X 1 wit h c urr e nt tr e at m e nt r e gi m e ns l e a d i n g t o b ett er o ut c o m e1 5 4, 1 7 8, 1 8 6 .  

E T V 6 ::R U N X 1  (t ( 1 2; 2 1) ( p 1 3; q 2 1) is ass o ci at e d wit h C D 2 7+ / C D 4 4l o w-n e g  . E T V 6::R U N X 1 +  B -

A L L h as a n e x c ell e nt s h ort -t er m o ut c o m e w hi c h c a n n ot b e i d e ntifi e d b as e d o n st a n d ar d pr o g n osti c 

f a ct ors1 8 7, 1 8 8 . H o w e v er, t his m ut ati o n h as b e e n f o u n d i n r el a ps e1 8 9 .  

H y p o di pl oi d y ( < 4 6 c hr o m os o m es) h as a l o w pr e v al e n c e i n c hil dr e n a n d c o nsists of t hr e e s e p ar at e 

s u b gr o u ps d efi n e d b as e d o n n u m b er of c hr o m os o m es w hi c h is r el e v a nt f or dis e as e o ut c o m e. N e ar -

h a pl oi d ( < 3 0 c hr o m os o m es) w hi c h o c c urs m or e fr e q u e ntl y i n f e m al es, wit h m ost of t h e c hil dr e n 

b ei n g  y o u n g er  a n d  l o w  h y p o di pl oi d  ( 3 3 -3 9  c hr o m os o m es)  ar e  ass o ci at e d  wit h  p o or  pr o g n osis 

w hil e hi g h h y p o di pl oi d ( 4 2 -4 5 c hr o m os o m es) is t h e m ost pr e v al e nt of t h es e s u b gr o u ps 1 6 3, 1 9 0, 1 9 1  .  

M L L  tr a nsl o c ati o ns  als o  k n o w n  as  K M T 2 A  r e arr a n g e m e nt  i n v ol v e  t h e  m y el oi d/l y m p h oi d  or 

mi x e d li n e a g e l e u k e mi a g e n e ( M L L, T R X, a n d  H T R X ) l o c at e d at c hr o m os o m e 1 1 q 2 3. M L L f usi o ns 

ar e di v ers e wit h t h e p ossi bilit y of > 7 0 diff er e nt tr a nsl o c ati o ns, m ost fr e q u e nt of w hi c h ar e A F 4, 

A F 9, E N L, a n d  A F 6 1 6 3 . M L L -A F 4 ( c o m m o n i n p ati e nts < 1 y e ar of a g e is t h e m ost c o m m o n w hil e 

M L L -A F 9 (t( 9; 1 1)( p 2 2; q 2 3)) fr e q u e ntl y o c c urs i n s e c o n d ar y m ali g n a n ci es i n d u c e d b y t h er a p y 1 6 3 . 

M L L tr a nsl o c ati o ns ar e hi g h ris k, wit h v er y b a d pr o g n osis ( 5 -y e ar E F S of 3 0 -4 0 %) 1 5 9, 1 6 3  .  
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I ntr a c hr o m os o m al a m plifi c ati o n of c hr o m os o m e 2 1 (i A M P 2 1) is c h ar a ct eri z e d b y c hr o m os o m e 

2 1 i nst a bilit y a n d is a hi g h ris k s u bt y p e 1 9 2 . T h e m e di a n a g e of p ati e nts is 9 - 1 1 y e ars, wit h a p o or 

pr o g n osis t h at c a n b e i m pr o v e d b y c h e m ot h er a p y i nt e nsifi c ati o n 1 9 3, 1 9 4 .  

B -A L L  a n d A L L  aff e cts  p e o pl e of all a g es - c hil dr e n ( 0 –  1 4 y e ars), a d ol es c e nts a n d y o u n g a d ults 

( 1 5 –  2 4 y e ars) a n d a d ults ( > 2 5 y e ars) b ut at diff er e nt r at es 1 5 4 . Of all a g e gr o u ps, p e di atri c p ati e nts 

f ar e b ett er t h a n ot h er a g e gr o u ps1 5 4 . O v er all, B -A L L i n c hil dr e n o c c urs at a r at e of ~ 2 5 % i n C a n a d a 

a n d gl o b all y , m a ki n g it t h e m ost pr e v al e nt p e di atri c c a n c er a n d c a us e of c hil d h o o d c a n c er r el at e d 

d e at hs 1 9 5 . F urt h er m or e, p e di atri c B -A L L is a h et er o g e n o us dis e as e , wit h c o m pl e xiti es t o c o nti n u e 

t o p os e q u esti o ns i n t h e fi el d. T h us, p e di atri c B -A L L is a si g nifi c a nt b ur d e n.  

 

1. 3. 3  P e di atri c B -A L L tr e at m e nt  

P art of t h e r e as o n f or t h e diff er e n c e i n t h e s u c c ess r at e of tr e at m e nt b et w e e n p e di atri c a n d a d ult B -

A L L is t h e diff er e n c e i n t h e tr e at m e nt r e gi m e ns.  Tr e at m e nt f or H M us u all y i n v ol v es o n e or a 

c o m bi n ati o n  of  m ulti -a g e nt  c h e m ot h er a p y,  r a di ati o n  t h er a p y,  a n d/ or  H S C  tr a ns pl a nt.  N e w er 

t ar g et e d t h er a pi es, s u c h as s m all m ol e c ul e i n hi bit ors or m o n o cl o n al a nti b o di es, ar e a v ail a bl e t o 

tr e at B -A L L.  R e c e ntl y, t h e  F D A h as a p pr o v e d us e of c hi m eri c a nti g e n r e c e pt or T ( C A R -T) c ells 

t h at  ar e  e n gi n e er e d  t o  t ar g et  a nti g e ns  pr es e nt  o n  t u m ors.  T his  h as  all o w e d  f or  si g nifi c a nt 

i m pr o v e m e nts of, f or e x a m pl e, r el a ps e d or r efr a ct or y B-A L L, w h er e C A R -T c ells t h at t ar g et t h e 

p a n -B c ell m ar k er C D 1 9, c a n i n d u c e r e missi o n i n 8 1 % of p ati e nts aft er 3 m o nt hs of tr e at m e nt 1 9 6 . 

T h e  st a n d ar d  A L L  tr e at m e nt b as e d  o n  t h e  B erli n -Fr a n kf urt -M u nst er  ( B F M)  b a c k b o n e t a k es 

b et w e e n  2 –   ~ 3  y e ars  a n d  o c c urs  i n  p h as es – t h e  st er oi d  pr e-p h as e,  r e missi o n  i n d u cti o n, 

c o ns oli d ati o n,  a n d  m ai nt e n a n c e 1 5 4, 1 8 2, 1 9 7, 1 9 8 .  T o  pr e v e nt  r el a ps e  d u e  t o  c e ntr al  n er v o us  s yst e m 

( C N S) s e q u est er e d l y m p h o bl asts, i ntr at h e c al t h er a p y is pr o p h yl a cti c all y a d mi nist er e d d uri n g t h e 
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c o ns oli d ati o n p h as e 1 9 9 .  M ost tr a diti o n al dr u gs us e d f or A L L tr e at m e nt w er e d e v el o p e d o v er fi v e 

d e c a d es a g o. T h us t h eir d os a g e a n d  r e gi m e ns h a v e b e e n stri n g e ntl y o pti mi z e d w hi c h h a v e l e d t o 

hi g h er  s ur vi v al  r at es 2 0 0 .  F or  v er y  hi g h-ris k  p ati e nts,  all o g e n ei c  h e m at o p oi eti c    st e m  c ell 

tr a ns pl a nt ati o n is als o c o nsi d er e d st a n d ar d of c ar e2 0 1 . 

St er oi ds ar e c yt ot o xi c t o l e u k e mi c c ells; t h us, t h e y ar e us e d f or q ui c k cl e ar a n c e of t h e a b n or m al B 

l y m p h o bl asts  o v er cr o w di n g  i n  t h e  B M.  St er oi d  pr e-p h as e  b e gi ns  al m ost  i m m e di at el y  aft er 

di a g n osis, usi n g st er oi ds s u c h as d e x a m et h as o n e or pr e d nis o n e ( gl u c o c orti c oi ds - G C). G Cs ar e a n 

ess e nti al  p art  of  A L L  tr e at m e nt  t h at  f u n cti o n  b y  bi n di n g  c yt o pl as m ati c  G C  r e c e pt ors,  f or mi n g 

di m ers,  t h at  c a n  tr a nsl o c at e  t o  t h e  n u cl e us 2 0 2 – 2 0 5 .  Wit hi n  t h e  n u cl e us,  t h e  G C  r e c e pt or  di m ers 

i nt er a ct  wit h  G C  r es p o ns e  el e m e nts  t o  a cti v at e  g e n e  e x pr essi o n  i n  tr a ns.  Alt er n ati v el y,  t h es e 

r e c e pt ors f u n cti o n as m o n o m ers t h at r e pr ess a cti vit y of T F s u c h as A P-1 or N F k B 2 0 3 – 2 0 5 .  

T h e first tr e at m e nt p h as e is t h e r e missi o n i n d u cti o n, w hi c h us es c h e m ot h er a p e uti c a g e nts s u c h as 

G C,  d a u n or u bi ci n,  vi n cristi n e  a n d  L -as p ar a gi n as e,  wit h  or  wit h o ut  a nt hr a c y cli n e 2 0 0, 2 0 6 .  F or 

st a n d ar d -ris k  p ati e nts,  t his  tr e at m e nt  r e gi m e n  a n d  i nt e nsifi e d  tr e at m e nt  p ost-i nt e nsifi c ati o n  is 

us u all y s uffi ci e nt; w hil e hi g h a n d v er y -hi g h ris k p ati e nts r e q uir e a c o c kt ail of dr u gs i n cl u di n g t h os e 

pr e vi o usl y all u d e d t o 2 0 0 . I n 9 6 -9 9 % of p e di atri c a n d 7 8 -9 2 % of a d ult p ati e nts, r e missi o n i n d u cti o n 

c a n eli mi n at e t h e i niti al l y m p h o bl asti c b ur d e n, wit h r est or ati o n of n or m al h e m at o p oi esis as s e e n 

b y wit hi n n or m al r a n g e B M mi cr os c o p y a n d W B C l e v els 2 0 7 – 2 1 0 . B e c a us e c h e m ot h er a p e uti c dr u gs 

ar e  n o n -s el e cti v el y  c yt ot o xi c,  t h e y  c a n  l e a d  t o  p ati e nts  b e c o mi n g  i m m u n o c o m pr o mis e d  d u e  t o 

d e at h of i m m u n e c ells. T o pr ot e ct a g ai nst t h es e c yt ot o xi c eff e cts, dr u gs t o pr ot e ct a g ai nst ki d n e y 

d a m a g e,  a nti bi oti cs  a n d  or  bl o o d a n d  pl at el et  tr a nsf usi o ns  m a y  b e  a d mi nist er e d.    D u e  t o  t h e 

p ossi bilit y of mi gr ati o n of t h e l y m p h o bl ast t o t h e C N S, s o m e p ati e nts ar e tr e at e d wit h i ntr at h e c al 

c h e m ot h er a p y,  wit h  t h e  g o al  of  pr e v e nti n g  or  tr e ati n g  C N S  i n v ol v e m e nt.  P ost  i n d u cti o n,  B M 
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bi o ps y a n d l u m b ar p u n ct ur e ar e d o n e, t o ass ess f or M R D. B M - a n d C N S - st at us is i n di c ati v e of 

r e missi o n, wit h a c o nti n u a n c e t o t h e n e xt p h as e. H o w e v er, B M+ a n d C N S +  st at us l e a ds t o a c h a n g e 

i n  t h e  tr e at m e nt  pr ot o c ol.  I n  a d diti o n  t o  c h e m ot h er a p y,  T KIs  ar e  als o  i n cl u d e d  i n  tr e at m e nt  of 

eli gi bl e s u bt y p es s p e cifi c all y  P h +  p ati e nts  1 5 4 . 

T h e ai m of t h e c o ns oli d ati o n a n d i nt e nsifi c ati o n p h as es is t o eli mi n at e all l y m p h o bl asts a n d pr e v e nt 

r el a ps e. T h e s p e cifi c pr ot o c ol f or t his tr e at m e nt p h as e d e p e n ds  o n t h e pr es e n c e or a bs e n c e of M R D, 

t h e  t y p e  of  g e n eti c  alt er ati o ns  pr es e nt  a n d  ris k  str atifi c ati o n. M ulti -a g e nts  us e d  i n cl u d e 

m et h otr e x at e, c h e m ot h er a p e uti cs s u c h as Vi n cristi n e, Et o p osi d e, C yt ar a bi n e, L e u c o v ori n (t o tr e at 

m et h otr e x at e  t o xi cit y)  wit h  or  wit h o ut  T KIs  s u c h  as  Nil oti ni b,  a n d  a nt hr a c y cli n es  s u c h  as 

D a u n or u bi ci n 1 5 4, 2 1 1, 2 1 2 . I n p ati e nts w h o h a v e pr e vi o usl y r el a ps e d, es p e ci all y m ulti pl e ti m es, m ulti-

a g e nt t o xi cit y m a y b e a li mit ati o n 2 1 2 . T h us, t h er e m a y b e att e m pts at si n gl e a g e nt s al v a g e t h er a p y 

usi n g a g e nts s u c h as vi n or el bi n e, cl of ar a bi n e, n el ar a bi n e a n d t o p ot e c a n 2 1 3 . N e w er a g e nts i n cl u d e 

L T 3  i n hi bit or  l est a urti ni b,  B C L 2  i n hi bit or  A B T -2 6 3,  A ur or a  ki n as e  i n hi bit or  M L N 8 3 7  a n d 

m o n o cl o n al  a nti b o di es  t ar g eti n g  m ar k ers  s u c h  as  C D 1 9  ( S A R 3 4 1 9,  X M A b 5 5 7 4),  C D 2 0 

(rit u xi m a b), C D 2 2 ( e pr at u z u m a b), C D 3 3 ( g e mt u z u m a b) a n d C D 5 2 ( al e mt uz u m a b) a n d C hi m eri c 

a nti g e n r e c e pt or ( C A R) T c ell t h er a p y 2 1 4 – 2 1 9 . 

 

1. 3. 4  P e di atri c B -A L L r el a ps e a n d M e as ur a bl e r esi d u al dis e as e ( M R D)  

R el a ps e  is  a  m aj or  c a us e  of  c a n c er  r el at e d  d e at hs  i n  p e di atri c  B -A L L.  D es pit e  t h e  s u c c ess  of 

t h er a p y aft er i niti al di a g n osis, 1 5-2 5 % of p ati e nts s uff er r el a ps e w hi c h r e d u c es s ur vi v al r at es t o 

3 0 -4 0 % 2 2 0, 2 2 1 . R el a ps e c a n o c c ur i n t h e B M or o utsi d e t h e B M ( e xtr a m e d ull ar y)2 2 1 . E xtr a m e d ull ar y 

sit es i n cl u di n g t h e C N S a n d t h e t est es ar e c all e d s a n ct u ar y sit es, as c ells at t h es e sit es ar e p arti all y 

pr ot e ct e d fr o m t h e eff e cts of c h e m ot h er a p y 2 2 2, 2 2 3 . A pr o g n osti c at or of B-A L L r el a ps e is M R D; l o w 

l e v el l e u k e mi c c ells ( < 1-5 %) 2 0 0, 2 2 4, 2 2 5 . C urr e ntl y, M R D is d et e ct e d usi n g i n v asi v e B M as pir ati o n, 
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f oll o w e d b y r e al ti m e q u a ntit ati v e r e v ers e tr a ns cri pt as e P C R ( R T-P C R) or F C b as e d a n al ys es 2 2 6, 2 2 7 . 

R T -P C R -b as e d a n al ysis is l a b ori o us a n d r e q uir es s p e ci ali z e d tr ai ni n g a n d t o ols i n cl u di n g p ati e nt 

s p e cifi c  pri m ers  a n d  pr o b es 2 2 8, 2 2 9 .  F C  b as e d  a n al ys es  h av e  hi g h  s e nsiti vit y,  d e p e n di n g  o n  t h e 

n u m b er  of  fl u or o p h or es  i n  t h e  p a n els 2 2 9  a n d  r e q uir es  s p e ci ali z e d  e x p ertis e  f or  i nt er pr et ati o n. 

F urt h er m or e, f or s e nsiti vit y of > 1 0 -4  , R T -P C R a n d F C b as e d a n al ys es r e q uir e c oll e cti o n of   > 2 x 

1 0 6  a n d > 5 x 1 0 6  c ells 2 3 0 . T h er ef or e, u p d at e d pi p eli n es t h at r e d u c e t h e w or kfl o w, t o f a cilit at e m or e 

r e al ti m e m o nit ori n g of M R D a n d t u m or b ur d e n m a y b e b e n efi ci al. B as e d o n t h e ti m efr a m e fr o m 

di a g n os es, r el a ps e is cl assifi e d i nt o v er y e arl y r el a ps e ( < 1 8 m o nt hs aft er di a g n osis), e a rl y r el a ps e 

( > 1 8 m o nt hs p ost di a g n osis; b ut < 6 m o nt hs aft er c ess ati o n of tr e at m e nt), a n d l at e r el a ps e ( > 3 0 

m o nt hs aft er di a g n osis b ut > 6 m o nt hs aft er  tr e at m e nt c ess ati o n)1 5 4, 2 2 1 . E arl y r el a ps es ar e t h o u g ht 

t o aris e fr o m t h e s el e cti o n of a hi g hl y d y n a mi c cl o n e of l e u k e mi c c ells pr es e nt at di a g n osis a n d 

p ersisti n g  d es pit e  tr e at m e nt 2 2 1, 2 3 1, 2 3 2 .  T y pi c all y,  t h es e  r esist a nt  cl o n es  ar e  u n d et e ct a bl e  usi n g 

c o n v e nti o n al m et h o ds. I n c o ntr ast, l at e r el a ps e m a y b e d u e t o d e n o v o d e v el o p m e nt of a s e c o n d 

l e u k e mi a cl o n e w hi c h ar os e fr o m a c o m m o n pr e-m ali g n a nt cl o n e 2 2 1, 2 3 1 . 

1. 3. 5  Ot h er H e m at ol o gi c al m ali g n a n ci es  

L y m p h o m as ar e di vi d e d i nt o H o d g ki n’s ( H L) a n d N o n -H o d g ki n’s l y m p h o m a ( N H L), w h er e 9 0 % 

of l y m p h o m as ar e N H L 2 3 3 . H L is c h ar a ct eri z e d b y t h e pr es e n c e of m ulti n u cl e at e d R e e d-St er n b er g 

c ells 2 3 4 . N H L is a h et er o g e n e o us gr o u p of l y m p h o m as, cl assifi e d b y t h e sit e of c ell of ori gi n. T h e 

m aj orit y ( 8 5  –  9 0  %) of c as es aris e fr o m B l y m p h o c yt es wit h t h e r e m ai ni n g arisi n g fr o m T or 

N at ur al  Kill er  ( N K)  l y m p h o c yt es 2 3 3 .  I n  t w o-t hir ds  of  c as es,  l y m p h o m a  pr es e nts  as  a  p ai nl ess 

l y m p h a d e n o p at h y, us u all y i n v ol vi n g a c er vi c al l y m p h n o d e, t h at c a n u n d er g o r a pi d e x p a nsi o n i n 

si z e. C o nstit uti o n al s y m pt o ms, s u c h as f e v er, a n or e xi a, a n d w ei g ht l oss, ar e als o c o m m o n 2 3 3, 2 3 5 . 
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T h e i niti ati n g e v e nts f or a s u bst a nti al p er c e nt a g e of H M, p arti c ul arl y t h os e of l y m p h oi d ori gi n, ar e 

c hr o m os o m al  tr a nsl o c ati o ns 2 3 6 – 2 3 8 .  F or  e x a m pl e,  a  c o m m o n  c a us e  of  B ur kitt’s  l y m p h o m a  is  a 

c hr o m os o m al tr a nsl o c ati o n b et w e e n t h e pr o m ot er f or t h e i m m u n o gl o b uli n h e a v y c h ai n (I g H) a n d 

t h e  pr ot o-o n c o g e n e  c -M y c  t h at  r es ults  i n  d ysr e g ul at e d  e x pr essi o n  of  c -M y c  a n d  s u bs e q u e nt 

tr a nsf or m ati o n  of c ells  wit h  a n  a cti v e  I g H  pr o m ot er 2 3 9 .  A n ot h er  e x a m pl e  is  t h e  tr a nsl o c ati o n 

b et w e e n c hr o m os o m e 9 a n d 2 2 [t( 9; 2 2)( q 3 4. 1; q 1 1. 2)] g e n er ati n g t h e P hil a d el p hi a C hr o m os o m e 

t h at e n c o d es t h e B C R-A B L 1 f usi o n pr ot ei n, w hi c h is a c o nstit uti v el y a cti v at e d t yr osi n e ki n as e a n d 

t h e c a us ati v e e v e nt i n 9 5 % of C M L c as es 2 4 0 .  M ut ati o ns of pr ot o -o n c o g e n es a n d t u m or s u p pr ess ors 

ar e  als o  c a us al  f or  s o m e  c as es  or  t y p es  of  H M 1 8 0 .  F or  e x a m pl e,  i n  8 0 %  of  c as es  of  c hr o ni c 

m y el o m o n o c yti c  l e u k e mi a  t h e  g e n es  f or  S R S F 2,  T E T 2,  a n d/ or  A S X L 1  ar e  m ut at e d 2 4 1 . 

I d e ntifi c ati o n  a n d  c h ar a ct eri z ati o n  of  g e n eti c  alt er ati o ns  h a v e  b e e n  i nstr u m e nt al  i n  i m pr o vi n g 

di a g n osis usi n g m ol e c ul ar crit eri a as w ell as f or d e v el o pi n g t ar g et e d t h er a pi es, s u c h as t h e t yr osi n e 

ki n as e i n hi bit ors t h at ar e us e d i n C M L.  

I n a d diti o n t o t h e m ol e c ul ar i d e ntifi c ati o n of g e n eti c r e arr a n g e m e nts a n d m ut ati o ns, di a g n osis of 

l e u k e mi a is b as e d o n m or p h ol o gi c, a n d i m m u n o p h e n ot y pi c crit eri a of l e u k e mi c c ells i d e ntifi e d i n 

t h e  bl o o d,  B M  a n d  C S F;  f urt h er  ris k  str atifi c ati o n  als o  i n cl u d es  d et er mi n ati o n  of  r es p o ns e  t o 

tr e at m e nt 2 2 0 .  L y m p h o m a  is  d et e ct e d  i niti all y  t hr o u g h  p h ysi c al  d et e cti o n  of  l y m p h a d e n o p at h y. 

H o w e v er, dis e as e c o nfir m ati o n a n d cl assifi c ati o n r e q uir e a n al ysis of L N bi o psi es at t h e c ell ul ar 

a n d m ol e c ul ar l e v els. Dis e as e st a gi n g of l y m p h o m a is b as e d o n dis e as e l o c ati o n ( wit hi n t h e L N or 

e xtr a n o d al) a n d e xt e nt of dis e as e i n v ol v e m e nt (i. e. n u m b er of L N a n d/ or B M i n v ol v e d) 2 4 2 .  
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1. 4 E xt r a c ell ul a r V esi cl es ( E Vs)  

E xtr a c ell ul ar  v esi cl es  ( E Vs)  ar e  m e m br a n e -e n cl os e d  n a n o p arti cl es  r el e as e d  b y  c ells  i nt o  t h e  

e xtr a c ell ul ar  mili e u.  E Vs  c o nsist  of  a  li pi d  bil a y er  e xt eri or,  w hi c h  is  si mil ar  t o  t h e  pl as m a 

m e m br a n e  li pi d  bil a y er  wit h ass o ci at e d  c yt o pl as mi c  pr ot ei ns 2 4 3 – 2 4 5 .  T h e y  ar e  u bi q uit o us  i n 

pr o k ar y oti c  a n d  e u k ar y oti c  c ells 2 4 6, 2 4 7 .  B as e d  o n  t h eir  si z e  a n d  m o d e  of  bi o g e n esis,  t h e y  ar e 

cl assifi e d i nt o t hr e e br o a d gr o u ps ( Fi g 1. 7, T a bl e 1. 4 ).  T h e s m all est E Vs  ar e e x os o m es, w hi c h 

r a n g e b et w e e n 3 0 a n d 1 5 0 n m i n di a m et er 2 4 7 – 2 5 0  a n d ar e r el e as e d vi a t h e e x o c yt osis of i ntr al u mi n al 

v esi cl es  (I L Vs)  e n c a ps ul at e d  wit hi n m ulti v esi c ul ar  b o di es  ( M V B) ,  s y nt h esi z e d  t hr o u g h  t h e 

e n d o c yti c p at h w a y  2 5 1, 2 5 2 .  E x os o m es  ar e e nri c h e d  i n  t etr as p a ni ns  ( C D 9,  C D 8 1),  e n d os o m al 

c o m pl e x r e q uir e d f or tr a ns p ort ( E S C R T) pr ot ei ns ( Ts g 1 0 1, Ali x), R a b G T P as es ( R a b 2 7 a, R a b 2 7 b, 

R a b 1 1), c h ol est er ol a n d c er a mi d e 2 5 1, 2 5 2 . Mi cr o v esi cl es ( als o c all e d M V, s h e d di n g mi cr o v esi cl es, 

mi cr o p arti cl es or e ct os o m es) ar e 1 0 0  -1, 0 0 0  n m i n si z e a n d s y nt h esi z e d vi a c al ci u m -d e p e n d e nt 

o ut w ar d  b u d di n g  of  t h e pl as m a  m e m br a n e  ( P M ) i n  t h e  pr es e n c e  of  G T P as es  R h o A  a n d  R h o-

ass o ci at e d  c oil e d -c oil  c o nt ai ni n g  pr ot ei n  ki n as e  ( A R F 6),  r es ulti n g  i n  t h e  e x p os ur e  of 

p h os p h ati d yls eri n e  ( P S) o n  t h e  s urf a c e  of  mi cr o v esi cl es  2 5 3, 2 5 4 . Als o,  a  t etr as p a ni n - C D 6 3  is 

pr es e nt o n Mi cr o v esi cl es 2 5 5 . A p o pt oti c b o di es ar e t h e l ar g est i n t h e E V s u b gr o u ps ( b et w e e n 1 0 0 0  

- 5 0 0 0  n m) a n d ar e t h e pr o d u ct of t h e fi n al st a g es of a p o pt osis 2 5 6 . L ess u ni v ers al t y p e of E Vs 

c all e d o n c os o m es ( ( b et w e e n 1 0 0 0  - 5 0 0 0  n m) ar e e x cl usi v el y s e cr et e d b y c a n c er c ells. E x os o m e 

a n d  M V -e nri c h e d  pr ot ei ns  a n d  li pi ds  s er v e  as  E V  m ar k ers.  A p o pt oti c  b o di es  pr o d u c e d  d uri n g 

a p o pt osis ar e n ot i n cl u d e d i n t h e s c o p e of m y st u di es , t h us i n t his t h esis, t h e t er m E V r ef ers t o 

e x os o m es a n d mi cr o v esi cl es.  

Si n c e t h e first a p p e ar a n c e of E Vs i n t h e s ci e ntifi c lit er at ur e i n 1 9 8 7 2 5 7 , E Vs h a v e b e e n is ol at e d 

fr o m di v ers e c ells, or g a ns a n d tiss u es usi n g m ulti pl e t e c h ni q u es. I n t h e a bs e n c e of st a n d ar ds of  
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E Vs  h a v e  b e e n  r e c o g ni z e d  as  i m p ort a nt  c o nstit u e nts  of  c o m pl e x  n et w or k  of  c ell ul ar  si g n ali n g, 

w hi c h a ct as v e hi cl es f or c o m m u ni c ati o n 2 5 8 . E Vs tr a nsf er t h eir p ar e nt c ell d eri v e d c ar g o t o t h e 

r e ci pi e nt  c ell(s).  T his  tr a nsf er  c a n  sti m ul at e  c ell ul ar  r e pr o gr a m mi n g  of  r e ci pi e nt  c ell  f u n cti o ns 

n e e d e d t o eff e ct c h a n g e or as a r es p o ns e t o sti m uli 2 5 9 . F or i nst a n c e, E V-m e di at e d tr a nsf er of  
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Fi g . 1. 7. E xt r a c ell ul a r v esi cl es c h a r a ct e risti cs.  A. E xtr a c ell ul ar v esi cl es ( E V) ar e cl assifi e d i nt o t hr e e m ai n t y p es, b as e d o n m o d e of 

bi o g e n esis a n d si z e. B. A s a m pl e E V d eri v e d fr o m a B c ell, s h o wi n g t h e bi o a cti v e c ar g o c o nt e nt . 
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T a bl e 1. 4 . E xt r a c ell ul a r v esi cl e p h ysi c o c h e mi c al p r o p e rti es a n d bi o g e n esis p at h w a y.  

 E x os o m es  Mi cr o v esi cl es  A p o pt oti c b o di es  O n c os o m es  

Si z e ( n m)  3 0 –  1 5 0  1 0 0 –  1 0 0 0  1 0 0 0 –  5 0 0 0  1 0 0 0 - 1 0 0 0 0  

D e nsit y 

( g/ m L) 

1. 1 3 –  1. 1 9  1. 0 3 2 –  1. 0 6 8  1. 1 6 –  1. 2 8  u n cl e ar  

Bi o g e n esis  T h e e n d o c yti c p at h w a y: c ell 

m e m br a n e i n v a gi n at es t o f or m 

n u cl e ar e n d os o m es 

( m ulti v esi c ul ar b o di es –  

M V B). M V Bs b u ds i n w ar ds t o 

e n c a ps ul at e  i ntr al u mi n al 

v esi cl e s (I L V). W h e n M V B 

f us es wit h t h e c ell m e m br a n e, 

I L Vs ar e r el e as ed i nt o  t h e 

e xtr a c ell ul ar s p a c e  as E Vs . 

C ell 

m e m br a n e 

o ut w ar d 

b u d di n g a n d 

a bs cissi o n  

T h e s hri n ki n g 

a n d p ost -mit oti c 

di visi o n of fi n al 

p h as e a p o pt oti c 

c ells   

T h e s h e d di n g of 

pl as m a 

m e m br a n e bl e bs 

( n o n-a p o pt oti c)  

Bi o g e n esis 

m e c h a nis m  

1. E S C R T d e p e n d e nt p at h w a y  

2. E S C R T i n d e p e n d e nt 

p at h w a y  

C al ci u m 

d e p e n d e nt 

p at h w a y  

A p o pt osis 

d e p e n d e nt 

p at h w a y  

C a n c er c ell 

r el e as e, usi n g 

a m o e b oi d 

m o v e m e nt  
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M ar k ers  C D 9, C D 8 1, T S G 1 0 1, A LI X, 

H S P 9 0  

C D 6 3, 

I nt e gri n, 

s el e cti n, 

tiss u e f a ct or 

A n n e xi n A 1, 

hist o n e 

c o a g ul ati o n 

f a ct or, C 3 b 

C a v e oli n -1, A D P 

ri b os yl ati o n 

f a ct or 6 

E V c ar g o  m R N A, mi R N A, l n c R N A, 

D N A, pr ot ei n, li pi d, m aj or 

hist o c o m p ati bilit y c o m pl e x  

m R N A, 

mi R N A, 

D N A, pr ot ei n, 

li pi d 

Pr ot ei ns, n u cl e ar 

s e g m e nts, D N A, 

R N As, c ell 

or g a n ell es, li pi d  

C ar ci n o g e ni c 

g o o ds, n u cl ei c 

a ci ds, pr ot ei ns  

 

.
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i nf or m ati o n f a cilit at es c ell-c ell cr osst al k b et w e e n t h e h e m at o p oi eti c s yst e ms a n d l o c al or dist a nt 

c ells  or  tiss u es 2 6 0 .  F urt h er m or e,  E Vs  ar e  disti n ct  e ntiti es  w h os e  pr es e n c e,  c o nt e nt,  a n d 

m e c h a n o bi ol o g y is li n k e d t o t h e c ell of ori gi n 2 6 1 . T h e r el e as e of E Vs fr o m c ells i n p h ysi ol o gi c al 

a n d  p at h ol o gi c al  st at es  m a k es  it  i m p er ati v e  t o  st u d y  E Vs  i n  b ot h  c o n diti o ns.  R e c e nt  w or k,  as 

r e vi e w e d b el o w, h as s h o w n t h at E Vs c a n disti n g uis h b et w e e n t h es e t w o st at es.   

C h ar a ct eri z ati o n  of  e xtr a c ell ul ar  v esi cl es  d e p e n ds  o n  t h e  s u c c essf ul  is ol ati o n  of  E Vs ,  w hi c h  is 

m a d e diffi c ult b y k e y f e at ur es. E Vs ar e wit hi n t h e s a m e si z e r a n g e of ot h er  p arti cl es i n cl u di n g 

vir us es. T h e pr es e n c e a n d/ or a bs e n c e of pr ot ei ns (s urf a c e a n d/ or i nt e gr al) a n d li pi ds ( p h os p h oli pi ds 

a n d gl y c oli pi ds) i n E Vs a d d a n ot h er l a y er of c o m pl e xit y 2 5 2, 2 6 2 . T h es e c h ar a ct eristi cs c a n b e us e d 

as b asis f or t h e is ol ati o n of E Vs. Is ol ati o n t e c h ni q u es us e d aff e ct t h e a m o u nt of yi el d, t y p e a n d 

p urit y  of  E Vs  r e c o v er e d 2 6 3 .  T h es e  t e c h ni q u es  c a n  b e  di vi d e d  i nt o  si x  br o a d  gr o u ps: 

ultr a c e ntrif u g ati o n  ( U C F),  d e nsit y -gr a di e nt,  pr e ci pit ati o n,  affi nit y -b as e d,  mi cr o -fl ui di cs 

s el e cti o n 2 6 4  a n d filtr ati o n b as e d m et h o d. U C F is a o n e -st e p pr o c ess t h at us es hi g h c e ntrif u g al s p e e d 

f or s p e cifi c ti m e fr a m e t o s e p ar at e a n d p urif y E Vs2 6 5 . T h e pr o of usi n g U C F is t h at w h e n usi n g 

c e ntrif u g ati o n at diff er e nt s p e e ds s u c h as l o w s p e e ds, it is p ossi bl e t o is ol at e a s u bs et of E Vs s u c h 

as l ar g er E Vs fr o m l o w s p e e ds 2 6 6 . T h e li mit ati o n of U C F is t h at it is a ti m e-c o ns u mi n g m et h o d t h at 

r e q uir es s p e ci ali z e d e q ui p m e nt a n d r es ults i n l o w yi el d2 6 7 . D e nsit y-gr a di e nt s e p ar ati o n is a t w o -

st e p pr o c ess t h at us es a d e nsit y gr a di e nt m e di u m ( e. g i o di x a n ol a n d s u cr os e) a n d c e ntrif u g al f or c e 

t o is ol at e E Vs b as e d o n t h e b u o y a nt d e nsit y of E Vs2 4 3, 2 6 6  . T his pr o c ess l e a ds t o hi g h p urit y b ut 

c o pr e ci pit at es hi g h d e nsit y li p o pr ot ei ns wit h t h e E Vs 2 6 8 . T his t e c h ni q u e als o h as a l o n g t ur n ar o u n d 

ti m e a n d r e q uir es s p e ci ali z e d e q ui p m e nts. R e p e at e d c e ntrif u g ati o n c a n r e d u c e t h e a m o u nt of n o n-

E V p arti cl es c o -is ol at e d wit h t h e E Vs, h o w e v er, it als o r es ults i n r e d u c e d p arti cl e yi el d d u e t o l ost 

a n d  d a m a g e d  E Vs .  Pr e ci pit ati o n  b as e d  m et h o ds  is  t h e  s e c o n d  m ost  p o p ul ar  m et h o d  a n d  us es 
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p ol y m ers s u c h as p ol y et h yl gl y c ol ( P E G) t o l e a d t o hi g h E V yi el d ( u p t o 9 0 %) 2 4 3, 2 6 9  . T his m et h o d 

is i n e x p e nsi v e b ut c a n als o c o-is ol at e li p o pr ot ei n c o nt a mi n a nts2 4 3 . T h e affi nit y -b as e d m et h o ds us e 

i m m u n o affi nit y c a pt ur e a n d affi nit y a n d io n -e x c h a n g e c hr o m at o gr a p h y. I m m u n o affi nit y c a pt ur e 

is b as e d o n pr es e n c e of s urf a c e pr ot ei ns o n t h e E Vs. Affi nit y a n d i o n e x c h a n g e c hr o m at o gr a p h y is 

b as e d o n i nt er a cti o n wit h i m m o bili z e d li g a n ds o n t h e st ati o n ar y p h as e2 4 3 . W hil e t his m et h o d h as 

hi g h s p e cifi cit y, it h as l o w er yi el d a n d is ti m e c o ns u mi n g. T h e mi cr ofl ui di cs -b as e d t e c h ni q u e is a 

l o w-c ost  t o ol  t h at  c a n  e n a bl e  a c c ur at e  a n d  s e nsiti v e  s orti n g  of  E V  s u b p o p ul ati o ns, w hi c h  is  a n 

e m er gi n g  a n d  pr o misi n g  t e c h ni q u e 2 6 8 .  Filtr ati o n  b as e d  m et h o ds  i n cl u d es  ultr afiltr ati o n  a n d  si z e 

e x cl usi o n c hr o m at o gr a p h y, b ot h of w hi c h i n v ol v e m ultist e p pr o c ess es t h at l e a d t o g o o d yi el d. E a c h 

t e c h ni q u e c a n b e us e d al o n e or i n c o m bi n ati o n wit h a n ot h er t e c h ni q u e f or o pti m u m r es ults, as w ell 

as t o c o m p e ns at e f or li mit ati o ns i n e a c h. A n e x a m pl e of a pr e ci pit ati o n -b as e d is ol ati o n is p e pti d e 

affi nit y -b as e d is ol ati o n, usi n g a s y nt h eti c p e pti d e c all e d V n 9 6. V n 9 6 is a 2 7 -m er s y nt h eti c p e pti d e 

wit h a n affi nit y f or E V s urf a c e -ass o ci at e d h e at s h o c k pr ot ei ns. W h e n i n c u b at e d wit h tiss u e c ult ur e 

m e di a  a n d  bi ofl ui ds ,  t h e  r es ult a nt  s ol uti o n c a n  b e  c e ntrif u g e d  at  l o w  s p e e d  t o  pr e ci pit at e  E V -

p e pti d e  c o m pl e x es 2 7 0 .  Li mit ati o ns  s u c h  as  irr e v ersi bl e  i nt er a cti o n  wit h  t h e  is ol ati o n  m at eri al, 

p ot e nti al pr es e n c e of pr ot ei n a g gr e g at es, a n d l o w p urit y c a n all i nfl u e n c e d o w nstr e a m a n al ysis. 

T h er e is c urr e ntl y n o b e n c h m ar k f or E V is ol ati o n, alt h o u g h U C F  is c o nsi d er e d a “ g ol d st a n d ar d ”  

f or p urit y b ut n ot yi el d 2 7 1, 2 7 2 .  A m aj or c h all e n g e wit h E V st u di es is t h e l a c k of st a n d ar d m et h o ds 

t o o bt ai n hi g hl y p ur e a n d f u n cti o n al E Vs f or d o w nstr e a m a n al ysis2 6 3 . 

E V c h ar a ct eri z ati o n a n d q u a ntifi c ati o n m et h o ds i n cl u d e w est er n bl otti n g, si n gl e -p arti cl e tr a c ki n g 

( S P T), el e ctr o n mi cr os c o p y, N a n o p arti cl e tr a c ki n g a n al ysis ( N T A), t u n a bl e r esisti v e p uls e s e nsi n g 

( T R P S), d y n a mi c li g ht s c att eri n g ( D L S), At o mi c F or m Mi cr os c op y ( A F M), a n d Fl o w C yt o m etr y 

2 7 3 2 7 4 .  W est er n  bl ots  a n d  fl o w  c yt o m etr y  ar e  us e d  t o  pr ofil e  pr ot ei n  m ar k ers  usi n g  g el-
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el e ctr o p h or esis or  fl u or o p h or e-c o nj u g at e d a nti b o di es. T h e N T A is us e d t o q u a ntif y E V si z e a n d 

c o n c e ntr ati o n, w hil e el e ctr o n mi cr os c o p y is us e d t o ass a y E V si z e a n d s h a p e. S P T a n d A F M ar e 

us e d t o vis u ali z e E V i nt er a cti o ns w hil e D L S is us e d t o q u a ntif y E V si z e. E a c h c h ar a ct eri z ati o n 

m et h o d a n al y z es a diff er e nt pr o p ert y of E Vs, w hi c h d et er mi n es t h e t y p e of d at a o ut p ut (li n k e d t o 

d o w nstr e a m  a p pli c ati o ns).  D o w nstr e a m  a p pli c ati o ns  i n cl u d e  i n -vitr o  f u n cti o n al  ass a ys, 

tr a ns cri pt o mi cs, pr ot e o mi cs a n d li pi d o mi cs, w hic h e x pl or e c urr e nt k n o wl e d g e.  

 

1. 4. 1  E V s e cr eti o n a n d c ar g o  

D uri n g  E V  bi o g e n esis,  a  p orti o n  of  t h e  ori gi n ati n g  c ell’s  P M  a n d  c yt os ol  is  tr a nsf err e d  t o  t h e 

v esi cl e, r es ulti n g i n bi o a cti v e c ar g o ( pr ot ei ns, li pi ds, a n d n u cl ei c a ci ds) 2 5 9  (T a bl e 1. 4 ). S p e cifi c 

m e c h a nis ms  of  E V  c ar g o p a c k a gi n g  d e p e n d  o n  c ar g o  t y p e,  a b u n d a n c e  i n  t h e  c ell,  a n d  c ell 

p h ysi ol o gi c al/ p at h ol o gi c al  st at e 2 7 5 .  F urt h er m or e,  E V  c ar g o  di ct at es  E V  bi ol o g y,  i n cl u di n g  E V 

u pt a k e. E V u pt a k e c o ul d o c c ur vi a dir e ct f usi o n of t h e E V t o t h e P M, n o n -s p e cifi c e n d o c yt osis 

( pi n o c yt osis), or s p e cifi c e n d o c yt osis, i n cl u di n g r e c e pt or-m e di at e d e n d o c yt osis w h er e E V s urf a c e 

pr ot ei n s a ct as li g a n ds t o r e ci pi e nt c ell s urf a c e r e c e pt ors a n d f a cilit at e u pt a k e a n d c ar g o tr a nsf er 2 7 6 . 

H e n c e, E V bi o a cti v e pr ot ei n c ar g o is vit al f or u pt a k e b y r e ci pi e nt c ells a n d d o w nstr e a m eff e cts i n 

c ell  p h ysi ol o g y  a n d  p at h ol o g y -d e p e n d e nt  m a n n er.  P a c k a gi n g  of  s el e cti v e  c ar g o  d et er mi n es  t h e 

fi n al E V c o m p ositi o n, w hi c h i n t ur n di ct at es t h e f at e a n d f u n cti o n of E Vs2 7 7 . H e n c e, E V c ar g o 

c o nt e nt c a n s er v e as E V bi o m ar k ers f or i d e ntif yi n g s p e cifi c E V s u bt y p es a n d c ell of ori gi n 2 7 8 – 2 8 1 . 

E Vs c a n tr a nsf er bi o a cti v e c ar g o fr o m t h e d o n or t o r e ci pi e nt c ells t o m e di at e d o w nstr e a m eff e cts.  

Pr ot ei ns  a c c o u nt  f or  a  s u bst a nti al  a m o u nt  of  E V  bi o a cti v e  c ar g o.  E V  pr ot ei n  c ar g o  is  i n  p art 

d e p e n d e nt  o n  t h e  c ell  of  ori gi n  a n d  t h e  m o d e  of  E V  bi o g e n esis 2 8 2 .  St u di es  b y  diff er e nt  gr o u ps 

s u g g est t h at pr ot ei n p a c k a gi n g i nt o E Vs o c c ur vi a t h e i nt er a cti o n of t h e pr ot ei ns wit h c o m p o n e nts 
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of  t h e  E V  bi o g e n esis  m a c hi n er y 2 8 3, 2 8 4 .  F or  i nst a n c e,  e x os o m es  (s y nt h esi z e d  vi a  t h e  e n d o c yti c 

p at h w a y) t e n d t o b e e nri c h e d i n pr ot ei ns s u c h as M H C cl ass II, t etr as p a ni ns ( C D 3 7, C D 5 3, C D 6 3 

a n d  C D 8 2 ) 2 8 5 ;  e n d os o m al  s orti n g  c o m pl e x  r e q uir e d  f or  tr a ns p ort  ( E S C R T)  a n d  t h e  ass o ci at e d 

pr ot ei ns ( Ali x, T S G 1 0 1) 2 8 6   a n d c h a p er o n es s u c h as Hs p 9 0 2 8 7, 2 8 8 . O n t h e ot h er h a n d, mi cr o v esi cl es 

w hi c h  ar e  b u d d e d  off  t h e  c ell’s  pl as m a  m e m br a n e  ar e  e nri c h e d  wit h  diff er e nt  s ets  of  pl as m a 

m e m br a n e li n k e d pr ot ei ns. Mi cr o v esi cl es oft e n c o nt ai n pr ot ei ns s u c h as i nt e gri ns, gl y c o pr ot ei n L b 

( G PI b) a n d P-s el e cti n 2 8 5 . H e n c e, pr ot ei n c ar g o i d e ntifi c ati o n c a n b e us e d f or E V t y pi n g.  

E V pr ot ei ns c o ul d b e att a c h e d t o t h e s urf a c e (s urf a c e pr ot ei ns), or e m b e d d e d i n t h e E V c or e 2 8 9  

d e p e n di n g o n t h e m o d e of bi o g e n esis a n d r el e as e of t h e E Vs.  I n a d diti o n, E V s urf a c e pr ot ei ns m a y 

pr o vi d e  i nf or m ati o n  a b o ut  t h e  bi ol o gi c al  st at e  of  t h e  p ar e nt/s e cr eti n g  c ell 2 8 2 .  F or  i nst a n c e, 

a nti g e ni c pr ofil e of t h e e x pr essi o n of pr ot ei ns s u c h as C D 2 4, C a -1 2 5, C A 1 9 -9, E G F R a n d cl a u di n 

3  i n  c a n c er  c ells  a n d  t h e  pr ot ei n  c ar g o  pr ofil e  of  r el e as e d  E Vs  w er e  c o nsist e nt 2 9 0 .  H e n c e,  E V 

pr ot ei n c ar g o c o nt e nt c a n b e us e d f or pr e di cti n g p ar e nt c ell pr ot ei n c o nt e nt.  

E Vs ar e b o u n d b y a p h os p h oli pi d bil a y er, wit h li pi d E V c o nt e nt i n cl u di n g pl as m a m e m br a n e li pi ds. 

Li pi ds i n E Vs e xist eit h er al o n e or i n c o nj u g ati o n wit h ot h er bi o m ol e c ul es s u c h as i n gl y c oli pi ds, 

p h os p h oli pi ds,  a n d  c h ol est er ol.  E Vs  ar e  e nri c h e d  i n  li pi d  r afts ( mi cr o d o m ai ns) w hi c h  ar e 

m e m br a n e  s u b d o m ai ns  e nri c h e d  i n  c h ol est er ol,  s at ur at e d  f att y  a ci ds  a n d  s p hi n g o m y eli n  wit h  a 

ti g htl y p a c k e d a n d or d er e d d e nsit y2 9 1  w hi c h ar e i m p ort a nt f or E Vs bi o g e n esis a n d r el e as e.  

E Vs  c o nt ai n  a  u ni q u e  arr a y  of  n u cl ei c  a ci ds  as  p art  of  t h eir  c ar g o 2 9 2, 2 9 3 .  T h e  R N A  c o nt e nt  of 

e xtr a c ell ul ar  v esi cl es  diff er  f or  E V  t y p es  a n d  p ar e nt  c ells 2 9 4 .  C urr e nt  e vi d e n c e  s u g g ests  t h at 

mi R N A s h uttli n g i nt o E Vs us e s p e cifi c m e c h a nis ms, w hi c h m a y b e c ell -s p e cifi c, wit h a g e n er al 

m o d el of mi R N As f or mi n g c o m pl e x es c all e d mi R N P wit h R N A bi n di n g pr ot ei ns ( R B Ps) s u c h as 

S Y N C RI P, Al yr ef, F us 2 9 5, 2 9 6 . S p e cifi c si g n als o n mi R N As s u c h as s p e cifi c m otifs i n t h eir s e q u e n c e 
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t ar g et  t h e m  f or  c ell  r et e nti o n  v ers us  e x p ort  i nt o  E Vs2 9 7, 2 9 8 .  Diff er e nt  R N A  s p e ci es  i n cl u di n g 

m R N A  a n d    s m all  n c R N A  ar e  s el e cti v el y  p a c k a g e d  i nt o  E Vs  d uri n g  t h eir  bi o g e n esis 2 9 9 .  E Vs’ 

n u cl ei c a ci d c ar g o c a n b e tr a nsf err e d b et w e e n c ells. E Vs c a n als o tr a nsf er g e n o mi c D N A ( g D N A) 

a n d mit o c h o n dri al D N A ( mt D N A) fr o m p ar e nt t o r e ci pi e nt c ells 3 0 0 ; i n a m a n n er t h at i n cr e as es t h e 

g D N A c o di n g m R N A a n d pr ot ei n l e v els a n d i n d u ci n g n e w f u n cti o ns i n r e ci pi e nt c ells 3 0 1 .  

T h e u n d erl yi n g m e c h a nis m b e hi n d E V s e cr eti o n is o n e of t h e o p e n q u esti o ns i n t h e E V fi el d. F or 

i nst a n c e, wit h e x os o m e r el e as e vi a t h e e n d o c yti c p at h w a y, it is n ot k n o w n w h at sti m uli s e n ds t h e 

c ell  d o w n  t h e  p at h  t h at  c ul mi n at es  i n  M V B  f usi o n  wit h  t h e  P M  as o p p os e d  t o  t h e  l ys os o m al 

d e gr a d ati o n p at h w a y. H o w e v er, s o m e st u di es h a v e i d e ntifi e d t h at str ess m a y b e a tri g g er f or E V 

s e cr eti o n. Diff er e nt f or ms of c ell ul ar str ess s u c h as e n d o pl as mi c r eti c ul u m ( E R) str ess, h y p o xi a, 

n utri e nt  d e pri v ati o n,  h y p o xi a,  h e at  st r ess  a n d  o xi d ati v e  h a v e  b e e n  li n k e d  t o  E V  r el e as e. 

S p e cifi c all y,  E R  str ess  w as  s h o w n  t o  b e  ass o ci at e d  wit h  f or m ati o n  of  M V B  a n d  i n cr e as e d  E V 

r el e as e i n H e L a c ells 3 0 2 . I n a br o a d r a n g e of c a n c er c ell t y p es i n cl u di n g l e u k e mi as, diff er e nt t y p es 

of c ell ul ar str ess w as s h o w n t o b e ass o ci at e d wit h i n cr e as e d E V s e cr eti o n fr o m t h es e c ells 3 0 3 .  T h us, 

w e c a n s ur mis e t h at c ell str ess m o d ul at es E V r el e as e.  

A n ot h er d o w nstr e a m eff e ct of c ell str ess is t h e i n d u cti o n of a ut o p h a g y - a pr o c ess t h at m e di at es 

m et a b oli c  a d a pt ati o n  t o  str ess,  t o  pr ot e ct  a g ai nst  p ot e nti al  d a m a g e.  A ut o p h a g y  is  a  hi g hl y 

c o ns er v e d a n d s el e cti v e cl e ar a n c e p at h w a y t h at l e a ds t o t h e d e gr a d at i o n of d ef e cti v e or g a n ell es 

a n d misf ol d e d pr ot ei ns usi n g l ys os o m es, i n or d er t o m ai nt ai n c ell ul ar a n d tiss u e h o m e ost asis 3 0 4 . I n 

a ut o p h a g y,  c ells  f or m  d o u bl e -m e m br a n e d  v esi cl es  c all e d  a ut o p h a g os o m es,  w hi c h  h ol d 

s e q u est er e d or g a n ell es, pr ot ei ns, or c yt o pl as mi c p orti o ns, t h at ar e d eli v er e d t o t h e l ys os o m e f or 

d e gr a d ati o n.  A ut o p h a g y  o c c urs  i n  fi v e  m ai n  st a g es:  i niti ati o n,  n u cl e ati o n,  el o n g ati o n  a n d 

m at ur ati o n, f usi o n a n d d e gr a d ati o n 3 0 5 . E a c h st a g e is r e g ul at e d b y diff er e nt si g n als a n d ass o ci at e d 
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p at h w a ys. I niti ati o n is r e g ul at e d b y m T O R ( p ositi v e r e g ul ati o n b y A kt a n d M A P K si g n als i n hi bit 

a ut o p h a g y  w hil e  n e g ati v e  r e g ul ati o n  vi a  A M P K  a n d  P 5 3  si g n als  a cti v at e  a ut o p h a g y) 3 0 6 . 

A ut o p h a g os o m e f or m ati o n is c o ntr oll e d b y a ut o p h a g y -r el at e d ( A T G) pr ot ei ns i n cl u di n g t h e U L K 

c o m pl e x, p h os p h ati d yli n osit ol 3 -ki n as e ( PI 3 K) c o m pl e x,, t h e At g 2 -At g 1 8/ WI PI 4 c o m pl e x, At g 9 

a n d t h e c o nj u g ati o n s yst e ms ( At g 1 2 a n d At g 8/ L C 3) 3 0 7 . D uri n g a ut o p h a g os o m e f or m ati o n, B e cli n-

1  ( w hi c h  r e g ul at es  a ut o p h a g os o m e)    c o m pl e x es  wit h  V ps 3 4  a n d  At g 1 4 L  t o  pr o m ot e  

n u cl e ati o n 3 0 5, 3 0 8 . T h e el o n g ati o n a n d m at ur ati o n st a g e is r e g ul at e d b y L C 3 a n d At g 1 2-At g 5 -At g 1 6 

c o m pl e x 3 0 5 . T o g et h er, a ut o p h a g y is r e g ul at e d b y a c o m pl e x s et of m ol e c ul es a n d pr ot ei ns.     

A li n k b et w e e n  E V bi o g e n esis a n d a ut o p h a g y  e xists, w h er ei n E Vs fr o m s o m e c ells c a n a cti v at e  or 

i n hi bit a ut o p h a g y b y t ar g eti n g a ut o p h a g y ass o ci at e d m ol e c ul es  a n d p at h w a ys. F or i nst a n c e, E Vs 

fr o m  n o n-s m all  c ell  l u n g  c ar ci n o m a  c ell  li n e  A 5 4 9  ar e  e nri c h e d  i n  mi R -4 2 5 -3 p  w hi c h  t ar g et 

A kt/ m T O R p at h w a y, to  a cti v at e  a ut o p h a g y 3 0 9 . H u m a n br o n c hi al e pit h eli al c ells d eri v e d E Vs c arr y 

mi R -7 -5 p,  w hi c h  i n hi bit e d  t h e  A kt/ m T O R  p at h w a y  l e a di n g  t o  a ut o p h a g y 3 1 0 . H u m a n 

n e ur o bl ast o m a  c ell  d eri v e d  E Vs  ar e  e nri c h e d  i n  mi R -1 9 a -3 p  w hi c h  r e g ul at e d  t h e  A kt/ m T O R 

si g n alli n g  p at h w a y  t his  i n hi biti n g  a ut o p h a g y 3 1 1 .  F urt h er m or e,  e x os o m es  c arr yi n g  mi R-3 0 a 

(r e g ul at or of B e cli n-1) h a v e b e e n s h o w n t o b e p a c k a g e d i nt o E Vs, w hi c h i n hi bit e d a ut o p h a g y, t o 

r e d u c e c ell a p o pt osis i n c ar di o m y o c yt es3 1 2, 3 1 3 . T h us, b y c arr yi n g mi R N As t h at r e g ul at e e x pr essi o n 

of a ut o p h a g os o m e p at h w a y pr ot ei ns a n d m ol e c ul es, E Vs c a n m o d ul at e c ell a ut o p h a g y.   

T h er e is a cr osst al k b et w e e n a ut o p h a g y a n d e x os o m e bi o g e n esis at diff er e nt st a g es of a ut o p h a g y 

a n d e x os o m e bi o g e n esis , r e s p e cti v el y. A ut o p h a g y a n d e x os o m e bi o g e n esis p at h w a ys i nt ers e ct at 

diff er e nt st a g es, a n d s h ar e c ert ai n pr ot ei ns a n d m ar k ers 3 1 4 . S p e cifi c all y, E V a n d a ut o p h a g y fl u x 

ar e b ot h r e g ul at e d b y c o m m o n m ol e c ul es. S N A R E f a mil y pr ot ei ns s u c h as V A M P 7, a n d s y nt a xi n 

7  a n d  8  f a cilit at e  M V B  f usi o n  t o  P M  a n d  m e di at es  t h e  f usi o n  st a g e  of  a ut o p h a g y 3 1 5, 3 1 6 . 
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A d diti o n all y,  d uri n g  t h e  a ut o p h a g os o m e  ass e m bl y  p h as e,  a n  M V B  pr ot ei n  R a b 1 1  a cts  as  a 

pl atf or m  f or  A T G  pr ot ei ns 3 1 7 .  E V  c ar g o  pr ot ei n  A LI X  h as  b e e n  s u g g est e d  t o  b e  li n k e d  t o 

a ut o p h a g y,  wit h  A LI X  i n hi biti o n  d e cr e asi n g  a ut o p h a g y 2 4 9 .  T h us,  S N A R E  pr ot ei ns  a n d  ot h er 

e x os o m e bi o g e n esis pr ot ei ns ar e a li n k b et w e e n a ut o p h a g y a n d e x os o m e  bi o g e n esis. C o n v ers el y, 

a ut o p h a g y r el at e d pr ot ei ns ar e li n k e d t o r e g ul ati o n of E V bi o g e n esis at n or m al a n d p h ysi ol o gi c al 

st at es. Diff er e nt A T G pr ot ei ns s u c h as A T G 5, A T G 9 a n d A T G 1 2 -A T G 3 h a v e b e e n i m pli c at e d i n 

r e g ul ati n g I L V a n d M V B s y nt h esis at  diff er e nt  st a g es of t h e e n d os o m al p at h w a y , as w ell as b ei n g 

i n cl u d e d as E V c ar g o3 1 4 .  A T G 5 a n d A T G 1 6 L 1 d efi ci e nt br e ast c a n c er c ells s h o w r e d u cti o n i n E V 

r el e as e  w hil e  G  al p h a  i nt er a cti n g  pr ot ei n  C-t er mi n us ( GI P C) i n d u c e d  E V  r el e as e3 1 8, 3 1 9 .    Ot h er 

r e g ul at ors of t h e a ut o p h a g y p h as es, s u c h as A T G 1 2-A T G 3 c o m pl e x c a n c o ntri b ut e t o e x os o m e 

bi o g e n esis b y i nt er a cti n g wit h t h e E S C R T m a c hi n er y pr ot ei n A LI X t h at pr o d u c es I L Vs 3 2 0 . I n C M L 

c ells,  t h e  distri b uti o n  of PI 3 K  w hi c h  f a cilit ates  m e m br a n e  tr affi c ki n g  i n  e n d o c yt osis  a n d 

a ut o p h a g y , l e d t o r e d u cti o n of e x os o m e bi o g e n esis a n d a ut o p h a g y 3 2 1, 3 2 2 . F urt h er m or e, i n s o m e c ell 

c o nt e xts  a ut o p h a g y  a n d  e x os o m e  bi o g e n esis  c o m p e ns at e  f or  e a c h  ot h er 3 1 4, 3 2 3 .  I n  m o us e  st u d y 

m o d els, bl o c ki n g e x os o m e s e cr eti o n vi a I S G yl ati o n of T S G 1 0 1 dir e cts M V Bs t o t h e a ut o p h a g y 

p at h w a y,  w hil e  i n hi biti o n  of  a ut o p h a g y  ( b y  bl o c ki n g  l ys os o m e -e n d os o m e  f usi o n)  r est or es 

e x os o m e  s e cr eti o n 3 2 4 .  F urt h er m or e,  M V Bs  t h at  c a nn ot  b e  d e gr a d e d  c a n  b e  di v ert e d  t o  t h e 

a ut o p h a g y p at h w a y, w hil e a b err a nt a ut o p h a g y c a n dir e ct M V Bs t o t h e P M a n d sti m ul at e r el e as e 

of  e x os o m es 3 2 5 .  S p e cifi c all y,  d uri n g e x os o m e  bi o g e n esis,  m T O R C 1,  a  r e g ul at or  of  a ut o p h a g y 

r e g ul at es e x os o m e r el e as e, i n a R a b 2 7 A d e p e n d e nt m a n n er3 0 6 . A ut o p h a g y a n d e x os o m e bi o g e n esis 

( at t h e M V B st a g e) ar e c o n c urr e ntl y r e g ul at e d b y m T O R C 1, w hi c h all o ws c ells t o c o or di n at e w ast e 

m a n a g e m e nt a n d r e c y cli n g 3 2 6 . T h us, it is p ossi bl e t h at at p h ysi ol o gi c al c o n diti o ns, a ut o p h a g y us es 

e x os o m e bi o g e n esis as a n alt er n at e r o ut e f or bi o m ol e c ul e r e c y cli n g a n d s h uttli n g  t o pr o xi m al a n d 
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dist al c ells. C o n v ers el y i n p at h ol o gi c al c o n diti o ns s u c h as c a n c er, i ns uffi ci e nt a ut o p h a g y o c c urs, 

w hi c h m a y b e li n k e d t o i n cr e as e i n E V r el e as e as s e e n i n m a n y c a n c ers 3 0 6 . I n t ur n, c a n c er c ell 

d eri v e d  E Vs  c a n  i n d u c e  a ut o p h a g y  i n  r e ci pi e nt  c ells,  w hi c h  sti m ul at es  gr o wt h,  mi gr ati o n  a n d 

e n h a n c e s dr u g  r esist a n c e 3 1 4 .  F urt h er m or e,  it  is  w ell  d o c u m e nt e d  t h at  i n  c a n c er  c ells,  str o n g 

a cti v ati o n  of  b ot h  t h e  a ut o p h a g y  a n d  E V  bi o g e n esis  p at h w a ys  ar e  p art  of  t h e  c a n c er  c ell 

r es p o ns e3 1 4 . T a k e n t o g et h er, str ess i n d u c e d a ut o p h a g y a n d E V bi o g e n esis dri v e e a c h ot h er i n a w a y 

t h at r e g ul at es c ar g o p a c k a gi n g a n d i n t ur n f a cilit at es n or m al p h ysi ol o g y or c a n c er s ur vi v al a n d 

pr o gr essi o n.  T h er ef or e,  t h e  e x os o m e  a n d  a ut o p h a g y  p at h w a ys  ar e  s y n c hr o ni z e d  p at h w a ys  f or 

i ntr a c ell ul ar r e m o v al, wit h e a c h p at h w a y a bl e t o c o m p e ns at e f or e a c h ot h er.   

 

1. 4. 2 E Vs a n d Li q ui d bi o ps y  

I n  tr a diti o n al  dis e as e  m o nit ori n g,  tiss u e  bi o ps y  is  t h e  st a n d ar d  f or  di a g n osti cs  a n d  m o nit ori n g 

t h er a p y  r es p o ns e. T u m or  m ol e c ul ar  pr ofili n g  d e p e n ds  o n  t u m o ur  s a m pli n g,  p ossi bl e  t hr o u g h 

i n v asi v e pr o c e d ur es i n cl u di n g c oll e cti o n of r es e ct e d t u m or s a m pl es a n d t u m o ur bi o psi es. T h e m ai n 

li mit ati o ns of t h es e c urr e nt m et h o ds i n cl u d es diffi c ult y i n o bt ai ni n g a d e q u at e t u m or q u a ntit y a n d 

q u alit y; a n d t h e i n v asi v e n ess of tr a diti o n al bi o ps y m a ki n g it diffi c ult t o s a m pl e r e al -ti m e es p e ci all y 

as  fr e q u e ntl y  as  is  n e e d e d  t o  m o nit or  t h er a p y  r es p o ns e  a n d  d uri n g  r el a ps e 3 2 7, 3 2 8 .  F urt h er m or e, 

t u m or  h et er o g e n eit y  a n d  t u m or drift  ( b ot h  s p ati all y  a n d  t e m p or all y)  i n  r es p o ns e  t o  tr e at m e nt 

cr e at es a d diti o n al l a y ers of c o m pl e xit y wit h usi n g tr a diti o n al t u m or bi o psi es 3 2 7, 3 2 9 . Tiss u e bi o ps y -

b as e d  di a g n osti cs  h a v e  li mit ati o ns  i n  dis e as e  ass ess m e nt  s u c h  as  i n a bilit y  t o  c a pt ur e  t u m or 

h et er o g e n eit y,  t h e  i n v asi v e n ess  of  t h e  s a m pli n g  m a k es  it  i m pr a cti c al  f or  m o nit ori n g  t u m o ur 

r es p o ns e  a n d  r el a ps e 3 2 7, 3 3 0 .  H o w e v er,  t h es e  li mit ati o ns  h a v e  l e d  t o  u ns atisf a ct or y  m o nit ori n g, 

w hi c h n e c essit at es t h e s e ar c h f or m or e n o v el, r e v ol uti o n ar y a p pr o a c h es.  
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I n  r e c e nt  y e ars,  c a n c er  p ati e nt  o ut c o m es  h a v e  i m pr o v e d  tr e m e n d o usl y  d u e  t o  t u m or  m ol e c ul ar 

pr ofili n g.  T o  cir c u m v e nt  t h es e  li mit ati o ns,  li q ui d  bi o ps y  is  e m er gi n g  as  a  l ess  i n v asi v e  t u m or 

s a m pli n g m et h o d, hi n gi n g o n t h e pr e mis e t h at bi ofl ui ds s u c h as bl o o d, m u c os a, pl e ur al eff usi o ns, 

uri n e  a n d  c er e br os pi n al  fl ui d  c o nt a cts  m ost  t u m ors 3 3 1 .  T h us,  bi ofl ui ds  li k e  bl o o d  c arr y  t u m or 

art ef a cts, s o m e of w hi c h c a n b e us e d as bi o m ar k ers f or dis e as e m o nit ori n g.  

Li q ui d bi o ps y t y pi c all y i n v ol v es a n alt er n at e s a m pli n g m et h o d b ut d o es n ot c o m pl et el y r e pl a c e t h e 

tr a diti o n al a p pr o a c h( es). Li q ui d bi o ps y a n al yt es (Fi g . 1. 8)  v ari es b et w e e n dis e as es, b ut i n c a n c er 

i n cl u d e  bi o m ar k ers  s u c h  as  cir c ul ati n g  t u m o ur  D N A  ( ct D N A),  c ell  fr e e  D N A  ( cf D N A), 

diss e mi n at e d t u m or c ells ( D T Cs), cf R N A, t u m or -d eri v e d f a ct ors, cir c ul ati n g pr ot ei n bi o m ar k ers 

a n d E Vs 3 3 2 . E Vs h a v e b e e n s h o w n t o b e is ol at e d i nt a ct fr o m bi ofl ui ds, f or li q ui d bi o ps y, wit h E Vs 

us e d i n li e u of c ells as c arri ers of a cti o n a bl e bi ol o gi c al i nf or m ati o n 3 3 3, 3 3 4 . T his m a k es  E Vs a g o o d 

alt er n at e t o s oli d t u m or bi o ps y .  A n a d v a nt a g e of E Vs o v er ot h er li q ui d bi o ps y a n al yt es is t h at E V 

c o nt e nt ar e pr ot e ct e d b y t h e li pi d bil a y er m e m br a n c e 3 3 5 . T h us, E V ass o ci at e d c ar g o w h et h er still 

i n cir c ul ati o n or aft er b ei n g is ol at e d w hi c h l e a ds t o E Vs b ei n g m or e st a bl e s o ur c es of bi o m ar k ers. 

I n a d diti o n, E Vs ar e st a bl e a cr oss diff er e nt c ol d st or a g e c o n diti o ns, wit h -8 0 o C b ei n g t h e m ost 

st a bl e f or l o n g p eri o ds 3 3 6 . T h us, E Vs c a n all o w f or li q ui d bi o ps y fr o m r e m ot e ar e as, si n c e bi ofl ui ds 

or e v e n is ol at e d E Vs r et ai n t h eir bi o a cti v e c h ar a ct eristi cs d es pit e c ol d c h ai n tr a ns p ort ati o n o v er 

l o n g dist a n c es a n d ti m e p eri o ds i n cl u di n g bi o b a n k e d s a m pl es. A n ot h er str e n gt h of EVs as li q ui d 

bi o ps y  bi o m ar k ers  is  t h eir  u bi q uit y  i n  b o d y  fl ui ds 3 3 7 – 3 4 0 .  T h eir  u bi q uit y  ( es p e ci all y  i n  n or m al 

v ers us  dis e as e  s yst e ms)  all o ws  f or  cl e ar  c o m p aris o ns,  t o  i d e ntif y  si g n at ur es  t h at  c o ul d  dri v e 

q ui c k er  m o nit ori n g.  T h e  u bi q uit y  a n d  h et er o g e n eit y  of  E V  c ar g o  will  als o  all o w  f or  p ot e nti al 

m ulti p ar a m etri c a n al ysis, w hi c h c a n pr o vi d e a n a c c ur at e l o n git u di n al s n a ps h ot of t h e dis e as e at 

diff er e nt ti m e p oi nts 3 4 1, 3 4 2 . F urt h er m or e, i n h u m a n m ali g n a n ci es, t u m ors e x hi bit h et er o g e n eit y at 
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t w o  l e v els.  First,  t h er e  is  i nt er-t u m o ur h et er o g e n eit y –  t u m ors  of  t h e  s a m e  hist o p at h ol o gi c al 

s u bt y p es diff eri n g fr o m o n e p ati e nt t o a n ot h er ; a n d i ntr a -t u m our  h et er o g e n eit y  - v ari ati o ns wit hi n  
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Fi g.  1. 8 . C o m p a ris o n  of  t u m o u r  bi o ps y  t e c h ni q u es.  Li q ui d  bi o ps y  a p pr o a c h es  i n cl u di n g 

e xtr a c ell ul ar v esi cl es, cir c ul ati n g t u m o ur D N A ( ct D N A), a n d c ell fr e e D N A ( cf D N A).  
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a  si n gl e  t u m o ur 3 4 3 .  Tiss u e  bi o ps y  is  u n a bl e  t o  c a pt ur e  a n y  of  t h es e h et er o g e n eiti es,  as  it  is 

i m pr a cti c al t o s a m pl e e n o u g h p orti o ns of t h e t u m o ur. As p e cts of E Vs t h at c a n b e us e d as li q ui d 

bi o ps y bi o m ar k ers i n cl u d e E V si z e,  c o n c e ntr ati o n i n bi ofl ui ds, a n d c ar g o.  E Vs c a n b e us e d f or 

r e al-ti m e m o nit ori n g of t h er a p y r es p o ns e a n d r esist a n c e i n p ati e nts, b e c a us e of t h e d y n a mi c n at ur e 

of cir c ul ati n g E V a n d t h eir c ar g o 3 4 4 – 3 4 7 . O v er all, E Vs ar e e m er gi n g as t h e n e xt bi g t hi n g f or li q ui d 

bi o ps y –  a  l ess  i n v asi v e  alt er n ati v e  t o  tiss u e  bi o psi es  t h at  c a n  all o w  m ulti p ar a m etri c  a n al ysis, 

gi vi n g a h olisti c pi ct ur e of t h e dis e as e l a n ds c a p e, at b ot h si n gl e, l o n git u di n al, a n d cr oss -s e cti o n al 

ti m e p oi nts. 

1. 4. 3 K n o w ns a n d u n k n o w ns a b o ut e xtr a c ell ul ar v esi cl es  

T h e c urr e nt g ol d st a n d ar d f or E V is ol ati o ns –  U C F is n ot v er y f e asi bl e f or E V is ol ati o ns i n cli ni c al 

c o nt e xt. T h e c urr e ntl y e m er gi n g m ulti pl e x e d a p pr o a c h ( e. g S E C a n d d U C F) t h o u g h c o m p ati bl e 

wit h  cli ni c al  c o nt e xts  r ais e  ot h er  iss u es  i n cl u di n g  is ol ati n g  o nl y  E V  s u b p o p ul ati o n  ( b as e d  o n 

m ar k ers). K e y crit eri a f or c o nsi d er ati o ns i n cl u d e s a m pl e n at ur e, v ol u m e, p urit y a n d d o w nstr e a m 

a n al ysis 3 4 8 . T h o u g h t h es e c o nsi d er ati o ns ar e k n o w n t o all, t h er e ar e a f e w g ui d eli n es w hi c h ar e n ot 

r o b ust, –  m ostl y b e c a us e t h e E V fi el d is still r el ati v el y n as c e nt. B e y o n d c o nsi d er ati o ns f or E V 

is ol ati o n, t h e m et h o ds of a n al ysis of E V c ar g o ar e als o c urr e ntl y u nst an d ar di z e d.  

 

1. 4. 4 E Vs i n t h e r e g ul ati o n of n or m al i m m u n e f u n cti o n  

N or m al i m m u n e c ells us e E Vs f or c ell -c ell c o m m u ni c ati o n f or i m m u n e r es p o ns e a n d t o m ai nt ai n 

h o m e ost asis. All i m m u n e c ells t est e d s e cr et e E Vs of di v ers e si z es a n d c ar g o c o nt e nt. T o a p pr e ci at e 

t h e p ot e nti al of E Vs i n H M, it is i m p ort a nt t o u n d erst a n d t h eir rol e i n t h e i m m u n e s yst e m.  

B y  tr a nsf erri n g  i m m u n e  r e g ul at or y  pr ot ei ns  t o  r e ci pi e nt  c ells,  E Vs  i nfl u e n c e,  a n d  m e di at e 

a cti v ati o n  a n d  pr o gr essi o n  of  e v e nts  i n v ol v e d  i n  t h e  i m m u n e  r es p o ns e.  F or  i nst a n c e,  u n d er 
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i nfl a m m at or y  c o n diti o ns,  T H P-1  m a cr o p h a g es  s y nt h esi z e  a n d  r el e as e  mi cr o v esi cl es  at  hi g h 

c o n c e ntr ati o ns, w hi c h c a n i n d u c e a cti v ati o n, p h e n ot y pi c diff er e nti ati o n, a n d m at ur ati o n of n aï v e 

m o n o c yt es i nt o m a cr o p h a g es vi a t h e tr a nsf er of mi R -2 2 3  3 4 9 . M o n o c yt es c a n c a us e i nfl a m m ati o n- 

m e di at e d  a p o pt osis  i n  s m o ot h  m us cl e  c ells  b y  tr a nsf erri n g  c as p as e -1  vi a  mi cr o v esi cl es 3 5 0 .  I n   

a d diti o n, E Vs p a c k a g e e n d o g e n o us pr o -i nfl a m m at or y li g a n ds, s u c h as hi g h-m o bilit y gr o u p b o x 

pr ot ei ns ( H M G B) -1 or -2 3 5 1 – 3 5 3 , t h at c a n a cti v at e i n n at e a n d a d a pti v e c ells of t h e i m m u n e s yst e m. 

P a c k a gi n g  of  p at h o g e n -ass o ci at e d  m ol e c ul ar  p att er ns  ( P A M Ps)  ( e. g.  gl y c o p e pti d oli pi ds)  a n d/ or 

pr o -i nfl a m m at or y  c yt o ki n es  ( e. g.  I L-1)  c a n  pr o m ot e  i nfl a m m ati o n  i n  r e ci pi e nt  c ells 3 5 4, 3 5 5 . 

Li k e wis e, p a c k a gi n g of a nti -i nfl a m m at or y c yt o ki n es ( e. g. T G F-b ) c a n r estri ct t h es e r es p o ns es i n  

t ar g et c ells 3 5 6 . P a c k a gi n g of pr o- or a nti -i nfl a m m at or y c yt o ki n es is d e p e n d e nt o n t h e st at us a n d 

i d e ntit y of t h e ori gi n ati n g c ell. I n t h e c o nt e xt of t h e a d a pti v e i m m u n e r es p o ns e, E Vs c a n b e t a k e n 

u p b y A nti g e n Pr es e nti n g C ells ( A P C), w hi c h c a n l o a d t h e pr ot ei n c ar g o fr o m  t h e E Vs o nt o M H C  

II f or pr es e nt ati o n t o C D 4+  T h el p er c ells. A P Cs c a n als o r el e as e E Vs t h at c arr y M H C/ a nti g e n 

c o m pl e x es a n d ass o ci at e d c o -sti m ul at or y m ol e c ul es t o dir e ctl y a cti v at e C D 4 +  T c ells 3 5 7, 3 5 8 . T h us, 

d uri n g eit h er t h e i n n at e or t h e a d a pti v e i m m u n e r es p o ns e, E Vs a ct as p ar a cri n e m ess e n g ers t h at 

c a n i n d u c e or pr o p a g at e i nfl a m m at or y si g n als or n e g ati v el y r e g ul at e i nfl a m m ati o n.  St e a d y -st at e 

( b as al) s e cr eti o n of E Vs b y H M c ells c a n i m p air t h e n or m al i m m u n e r es p o ns e. F or e x a m pl e, E Vs 

is ol at e d fr o m t h e T-A L L c ell li n e C C R F -C E M alt er e d e x pr essi o n of i nfl a m m at or y g e n es i n h u m a n 

m o n o c yt es, a n eff e ct m o d ul at e d b y t h e pr es e n c e of t u m or n e cr osis f a ct or ( T N F -a ) 3 5 9 . E Vs r el e as e d 

b y W al d e nstr o ms’ m a cr o gl o b uli n e mi a ( W M) c ells c a n p a c k a g e m ut a nt M y D 8 8, a dri v er pr ot ei n 

i n W M bi o g e n esis, w hi c h c a n b e t a k e n u p b y m ast c ells a n d m a cr o p h a g es r es ulti n g i n a cti v ati o n  

of pr oi nfl a m m at or y si g n ali n g 3 6 0 . E x os o m es r el e as e d fr o m E pst ei n B arr Vir us-i nf e ct e d B ur kitt’s 

l y m p h o m a  c ells  c a n  i n d u c e  pr olif er ati o n  of  n or m al  pri m ar y  B  c ells  a n d  pr o m ot e  B  c ell 
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diff er e nti ati o n 3 6 1 .  C L L-d eri v e d  e x os o m es  sti m ul at e  t h e  a d o pti o n  of  a n  i m m u n os u p pr essi v e 

p h e n ot y p e  i n  m o n o c yt es  d u e  t o  t h e  u pr e g ul ati o n  of  t h e  c h e c k p oi nt  i n hi bit or  P D -L 1 3 6 2 .  T his 

pr o c ess  is  d e p e n d e nt  o n  a cti v ati o n  of  T oll -li k e  r e c e pt or  7  ( T L R 7)  b y  t h e  s m all  n c R N A  h Y 4 

p a c k a g e d i n C L L E Vs. T h us, t h e r el e as e of E Vs b y H M i nt o t h e mi cr o e n vir o n m e nt or s yst e mi c 

cir c ul ati o n c a n dir e ctl y i m p a ct t h e pr o p er f u n cti o ni n g of t h e i m m u n e s yst e m. R e c e pt or -i n d u c e d 

r el e as e of E Vs c a n m o dif y t h e mi cr o e n vir o n m e nt i n a m a n n er t h at is d e p e n d e nt o n t h e e xtr a c ell ul ar 

mili e u. Sti m ul ati o n of t h e B C R w hi c h n or m all y d et e cts t h e pr es e n c e of f or ei g n a nti g e n, h as b e e n 

s h o w n t o i n cr e as e t h e n u m b er of e x os o m es s e cr et e d b y B l y m p h o m a c ells 3 6 3, 3 6 4 . M or e o v er, t his 

sti m ul ati o n  alt ers  e x os o m e  c ar g o  wit h  i n cr e as e d  l e v els  of  B C R  a n d  M H C  cl ass  II  as  w ell  as 

i n cr e as e d p a c k a gi n g of mi R -1 5 0  a n d mi R -1 5 5  3 6 3 – 3 6 5 . I n a si mil ar m a n n er, sti m ul ati o n of t h e C D 2 4 

r e c e pt or i n a l y m p h o m a c ell li n e i n cr e as es t h e r el e as e of t ot al mi cr o v esi cl es a n d C D 2 4 -b e ari n g 

mi cr o v esi cl es 3 6 6 .  I n  a d diti o n  t o  p a c k a gi n g  t h e  B C R  a n d  C D 2 4  o n  E Vs,  sti m ul ati o n  of  t h es e 

r e c e pt ors i n d u c e p a c k a gi n g of ot h er s urf a c e r e c e pt ors o n t h e E Vs 3 5 1, 3 6 4 . I nt er esti n gl y, sti m ul ati o n 

of C D 2 4 c h a n g es t h e a b u n d a n c e of s o m e of t h es e r e c e pt ors o n mi cr o v esi cl es 3 5 1 . T h e i m pli c ati o ns 

of c h a n g es i n s urf a c e pr ot ei n c o m p ositi o n ar e n ot y et k n o w n b ut w e s p e c ul at e t h at t h e y m a y aff e ct 

E V r e ci pi e nt c ells.  

 

1. 4. 5 E Vs i n i m m u n e e v asi o n  

I m m u n e  s ur v eill a n c e  f or  c a n c er  c ells  is  a  c o m pl e x  pr o c ess  or c h estr at e d  b y  n u m er o us  t y p es  of 

i m m u n e c ells; h o w e v er, n at ur al kill er ( N K) c ells h a v e a pri m ar y r ol e i n t his pr o c ess t h at c a n b e 

aff e ct e d b y E Vs. N K c ells ar e c o ntr oll e d b y a b al a n c e of a cti v ati n g  a n d i n hi bit or y r e c e pt ors t h at 

diff er e nti at e  h e alt h y  c ells  fr o m  c ells  str ess e d  b y  i ns ults  s u c h  as  o xi d ati v e  str ess  or  g e n ot o xi c 

str ess 3 6 7 .  E Vs  s e cr et e d  b y  c a n c er  c ells  c a n  i nt erf er e  wit h  N K-c ell  b as e d  s ur v eill a n c e,  all o wi n g 

c a n c er c ells t o e v a d e d et e cti o n a n d d estr u cti o n. N K p 3 0 is a n N K c ell a cti v ati n g r e c e pt or fr o m t h e 
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n at ur al c yt ot o xi cit y r e c e pt or ( N C R) f a mil y 3 6 8 . B A G 6 is a n a cti v ati n g li g a n d f or N K p 3 0 t h at is 

r el e as e d o n E Vs, i n a p 5 3-d e p e n d e nt m a n n er, i n r es p o ns e t o c ell ul ar str ess 3 6 9, 3 7 0 . E x os o m al B A G 6, 

b ut n ot fr e el y s ol u bl e B A G 6, w as f o u n d t o i n cr e as e N K c yt ol yti c a cti vit y t o w ar ds s oli d t u m ors 3 7 0 . 

I nt er esti n gl y,  a  r e d u cti o n  i n  B A G 6-e x pr essi n g  e x os o m es  w as  o bs er v e d  i n  pl as m a  fr o m  C L L 

p ati e nts, w hi c h w as a c c o m p a ni e d b y a c o n c o mit a nt i n cr e as e i n s ol u bl e B A G 6, t h us r es ulti n g i n 

d e cr e as e d N K -m e di at e d killi n g of C L L c ells 3 7 0 . 

I n c o ntr ast, N at ur al Kill er Gr o u p 2, m e m b er D (N K G 2 D) is a n a cti v ati n g N K c ell r e c e pt or a n d, 

aft er  e n g a g e m e nt  b y  its  li g a n ds,  f or ms  a  c yt ot o xi c  s yst e m  t o  eli mi n at e  tr a nsf or m e d  c ells 3 6 7 . 

T h er m al a n d o xi d ati v e str ess of T -c ell l e u k e mi a a n d B ur kitt's l y m p h o m a c ell li n es c a n e n h a n c e t h e 

s e cr eti o n  of  e x os o m es  b e ari n g  N K G 2 D -li g a n ds 3 7 1 .  T h es e  N K G 2 D-li g a n d  b e ari n g  e x os o m es 

d e cr e as e N K G 2 D -d e p e n d e nt N K c ell c yt ot o xi cit y, c o ntri b uti n g t o i m m u n e e v asi o n of c a n c er c ells, 

p ot e nti all y b y a cti n g as d e c o ys f or t h e N K c ells 3 7 1 . A M L-d eri v e d e x os o m es  c o nt ai n hi g h er l e v els 

of  tr a nsf or mi n g  gr o wt h  f a ct or  b et a -1  ( T G F -b 1),  w hi c h  ar e  t h e n  a bl e  i n hi bit  N K G 2 D  r e c e pt or 

e x pr essi o n i n N K c ells i n a m a n n er t h at c orr el at es wit h T G F -b  l e v els 3 7 2 .  

T h e pr es e n c e of E Vs t h at e x pr ess N K li g a n ds c a n h a v e m aj or cli ni c al c o ns e q u e n c es. F or e x a m pl e, 

a r e c e nt p h as e 1 cli ni c al tri al l o o ki n g f or i m m u n ol o gi c al r e c o v er y a n d r es p o ns e fr o m t h e i nj e cti o n 

of N K -9 2 c ells ( h u m a n I L 2 -d e p e n d e nt N K c ells) i nt o r el a ps e d A M L p ati e nts w as u ns u c c essf ul d u e 

t o  i nt erf er e n c e  b y  A M L  e x os o m es 3 7 3 .  T h e  A M L  E Vs  fr o m  t h es e  p ati e nts  e x pr ess e d  m ulti pl e 

i n hi bit or y li g a n ds. W h e n N K c ells i nt er a ct e d wit h t h es e e x os o m es, t h er e w as l ess e x pr essi o n of 

pr o -i nfl a m m at or y c h e m o ki n es s u c h as C C L 3 ( MI P-1 a), C C L 4 ( MI P -1 b) a n d C C L 5 ( R A N T E S), 

as w ell as u pr e g ul ati o n of t h e a d e n osi n e p at h w a y, all of w hi c h pr o m ot e dis e as e pr o gr essi o n 3 7 3 . 

T h us,  E Vs  pr o d u c e d  b y  H M  c a n  a ct  as  d e c o ys  t o  i n hi bit  t ar g eti n g  of  H M  b y  i m m u n e  c ells  or 
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a cti v el y alt er N K c ell f u n cti o n. W h at e v er t h e m e c h a nis m, t h e pr es e n c e of H M -d eri v e d E Vs c a n 

si g nifi c a ntl y alt er t h e r es p o ns e t o t h er a pi es t h at d e p e n d o n t h e i m m u n e s yst e m.  

 

1. 4. 6 E Vs a n d t h e b o n e m arr o w mi cr o e n vir o n m e nt  

T h e  B M  mi cr o e n vir o n m e nt  c o nsists  of  b o n e  m arr o w  str o m al  c ells  ( B M S Cs)  t h at  s u p p ort  t h e 

gr o wt h  of  H S Cs  t h at  d e v el o p  i nt o  m at ur e  i m m u n e  c ells.  E Vs r el e as e d  b y  H M  c ells  c a n  b e 

i nt er n ali z e d b y B M S Cs (Fi g . 1. 9 ), w hi c h i n t ur n alt ers B M S C f u n cti o n t o pr o m ot e gr o wt h of H M 

vi a m ulti pl e m e c h a nis ms. E x os o m es fr o m pri m ar y A M L c ells a n d A M L c ell li n es tr a nsf er m ulti pl e 

tr a ns cri pts t o t h e m uri n e B M S C li n e O P 9 3 7 4 . T h es e i n cl u d e I G F-I R, C X C R 4 , N P M 1 , M M P 9 , a n d 

F L T 3  m R N As. Tr a nsf er of t h e tr a ns cri pt f or i ns uli n -li k e gr o wt h f a ct or r e c e pt or (I G F-I R), a n d mi R -

1 5 0, w hi c h t ar g ets t h e C X C c h e m o ki n e r e c e pt or t y p e 4 ( C X C R 4), pr o m ot es O P 9 r e ci pi e nt c ell 

pr olif er ati o n a n d mi gr ati o n 3 7 4 . I n a d diti o n, A M L-r el e v a nt m ut ati o ns i n t h es e g e n es w er e f o u n d i n 

t h e str o m al c ells aft er e x os o m e u pt a k e 3 7 4 . Si mil arl y, pri m ar y B M S Cs tr e at e d wit h A M L-d eri v e d 

e x os o m es h a d i n cr e as e d e x pr essi o n of g e n es t h at s u p p ort A M L gr o wt h, s u c h as D K K 1, I L -6,  a n d 

C C L 3 ,  a n d  d e cr e as e d  e x pr essi o n  of  g e n es  t h at  s u p p ort  n or m al  h e m at o p oi esis,  s u c h  as I L-7 , 

C X C L 1 2,  KI T L, a n d I G F 1 3 7 5 . F urt h er m or e, e x os o m es fr o m A M L i n hi bit n or m al h e m at o p oi esis of 

H S Cs b y s u p pr essi o n of c -M y b vi a e x os o m al mi R -1 5 5 3 7 6, 3 7 7 . A M L e x os o m es, vi a mi R-4 5 3 2, c a n 

s u p pr ess e x pr essi o n of t h e l e u ci n e zi p p er d o w nr e g ul at e d i n c a n c er -1 ( L D O C 1) tr a ns cri pt, w hi c h 

i n  t ur n  a cti v at es  t h e  S T A T 3  si g n ali n g  a n d  t h us D K K 1  e x pr essi o n  t o  i n hi bit  h e m at o p oi esis 3 7 8 .  

R el at e d t o t his, tr e at m e nt of pri m ar y A M L c ells wit h a D K K 1 i n hi bit or c a n d el a y A M L pr o gr essi o n  

a n d e n h a n c e s ur vi v al i n A M L -e n gr aft e d mi c e 3 7 5 , t h us i d e ntif yi n g alt er ati o ns i n E V c ar g o m a y 

s u g g est p ot e nti al t h er a p e uti c str at e gi es.  
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Fi g.  1. 9 . A s u m m a r y  of  t h e  bi o a cti v e  c a r g o  of  E Vs  f r o m  h e m at ol o gi c al  m ali g n a n ci es  a n d  t h ei r  d o w nst r e a m  eff e cts  u p o n  E V 

u pt a k e b y r e ci pi e nt c ells.  H er e, w e pr o vi d e a vis u al s u m m ar y of t h e c urr e nt st at e of k n o wl e d g e f or t h e bi o a cti v e c ar g o a n d eff e ct of 

E Vs i n ( a) l e u k e mi a a n d ( b) ot h er h e m at ol o gi c al m ali g n a n ci es ( H M). T o pr o vi d e a cl e ar er i m a g e of t h e gl o b al i m p a ct of E Vs fr o m t h es e 

c ells, w e h a v e o mitt e d t h e s p e cifi c c o n n e cti o ns b et w e e n e a c h c o m p o n e nt. T h es e c o n n e cti o ns, as w ell as a b br e vi ati o ns a n d cit ati o ns, c a n 

b e f o u n d i n S u p pl e m e nt ar y T a bl e S 1. T h e i n n er m ost cir cl e s h o ws t h e H M t h a t s e cr et e E Vs. T h e n e xt cir cl e s h o ws t h e c ar g o, w h e n 

k n o w n, t h at is pr es e nt i n t h e E Vs s e cr et e d b y t h e H M i n t h e m at c hi n g q u a dr a nt. T h e n e xt cir cl e s h o ws t h e t ar g et c ells k n o w n t o b e 

aff e ct e d b y H M -s e cr et e d E Vs. T h e o ut er m ost cir cl e s h o ws t h e eff e cts of t h e E Vs o n r e ci pi e nt c ells. T h e i n cr e as e d d e nsit y i n s o m e 

q u a dr a nts r efl e cts t h e a m o u nt of p u blis h e d lit er at ur e o n s o m e H M a n d n ot bi ol o gi c al diff er e n c es b et w e e n H M.  
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E x os o m es d eri v e d fr o m pri m ar y C M L c ells a n d c ell li n es m o d ul at e B M S Cs. C M L -d eri v e d E Vs  

c a n e x pr ess A R E G, a li g a n d f or e pi d er m al gr o wt h f a ct or r e c e pt or ( E G F R). A cti v ati o n of E G F R 

t h e n  pr o m ot es  t h e  s e cr eti o n  of  I L-8  b y  B M S C,  w hi c h  i n  t ur n  pr o m ot es  C M L  pr olif er ati o n  a n d 

s ur vi v al 3 7 9, 3 8 0 . Als o, a d h esi o n of C M L c ells t o B M S Cs is e n h a n c e d b y C M L-d eri v e d e x os o m es,  

w hi c h  c a n  f urt h er  s u p p ort  C M L  s ur vi v al,  li k el y  b e c a us e  of  e x p os ur e  t o  i n cr e as e d  l o c al 

c o n c e ntr ati o ns of I L -8 3 7 9 . C M L-d eri v e d mi cr o v esi cl es c a n als o p a c k a g e C M L -s p e cifi c o n c o g e ni c 

f usi o n tr a ns cri pts, i n cl u di n g B C R-A B L 1, a n d T E L -A M L 1 3 8 1 . B M S Cs c a n t h e n i nt er n ali z e t h es e 

E Vs, w hi c h i n cr e as es B M S C pr olif er ati o n.  

U pt a k e  of  E Vs  fr o m  A L L  c ell  li n es  ( S D 1  a n d  N A L M 6)  b y  B M S C  si g nifi c a ntl y  r e d u c es 

mit o c h o n dri al r es pir ati o n a n d t h e a bilit y t o m o u nt a n o xi d ati v e r es p o ns e t o m et a b oli c c h all e n g e 

a n d str ess i n t h e B M S Cs, s u g g esti n g t h at E Vs c a n m et a b oli c all y r e pr o gr a m str o m al  c ells t o w ar d 

a er o bi c  gl y c ol ysis 3 8 2 .  It  is  li k el y  t h at  t his  alt er ati o n  pr o m ot es  l e u k e mi c  s ur vi v al  vi a  r el e as e  of 

m et a b oli c  i nt er m e di at es  fr o m  t h e  str o m al  c ells.  F urt h er m or e,  e x os o m es  c a n  pr o m ot e 

c h e m or esist a n c e b y tr a nsf er of t h e c ar b o h y dr at e bi n di n g pr ot ei n g al e cti n -3 ( G al -3) fr o m B M S Cs 

t o A L L  i n  r es p o ns e  t o  c yt ot o xi c  dr u g  tr e at m e nt 3 8 3 .  T h e  i n cr e as e  i n  G al-3  i n  A L L  c ells,  b y 

e x os o m e -m e di at e d tr a nsf er a n d i n cr e as es i n e n d o g e n o us G al -3, pr o m ot es c h e m or esist a n c e o nl y 

w h e n A L L c ells ar e c ult ur e d i n t h e pr es e n c e of str o m al c ells 3 8 3 .  

Si mil arl y, E Vs is ol at e d fr o m t h e pl as m a of C L L p ati e nts c a n pr o m ot e dis e as e pr o gr essi o n. F or 

e x a m pl e,  C L L -d eri v e d  mi cr o v esi cl es  c a n  m ai nt ai n  a cti v ati o n  of  A K T -i n d u c e d  pr o d u cti o n  of 

v as c ul ar e n d ot h eli al gr o wt h f a ct or ( V E G F) b y B M S C, a s ur vi v al f a ct or f or C L L B c ells 3 8 4 . I n 

a d diti o n, C L L -d eri v e d mi cr o v esi cl es i n cr e as e t h e e x pr essi o n of c y cli n D 1 a n d c -M Y C i n B M S Cs 

t o pr o m ot e B M S C s ur vi v al a n d pr olif er ati o n 3 8 4 . C L L-d eri v e d e x os o m es c a n als o i n d u c e B M S C 
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t o a c q uir e a c a n c er-ass o ci at e d fi br o bl ast ( C A F) p h e n ot y p e r es ulti n g i n t h e a cti v ati o n of m ulti pl e 

pr o -pr olif er ati v e si g n ali n g p at h w a ys i n t h e B M S C a n d alt eri n g t h e t u m or mi cr o e n vir o n m e nt 3 8 5 .  

A d ult  T -c ell  l e u k e mi a/l y m p h o m a  ( A L T) -d eri v e d  e x os o m es  als o  s u p p ort  t h e  cr e ati o n  of  a 

mi cr o e n vir o n m e nt t h at s u p p orts l e u k e mi a pr o gr essi o n. A L T -E Vs c o nt ai n t h e l e u k e mi a r el at e d T a x 

m R N A a n d pr ot ei n, V E G F pr ot ei n, a n d mi R N As mi R -2 1  a n d mi R -1 5 5 3 8 6 . Tr a nsf er of t h es e c ar g o 

t o B M S Cs i n d u c es c h a n g es i n c ell m or p h ol o g y, i n cr e as es pr olif er ati o n, a n d i n cr e as es e x pr essi o n 

of g e n es r el at e d t o mi gr ati o n a n d a n gi o g e n esis 3 8 6 . 

E x os o m es fr o m M M c o ntri b ut e t o m y el o m a b o n e dis e as e, w hi c h is t h e m ost c o m m o n c o m pli c ati o n 

i n M M a n d r es ults i n ost e ol yti c l esi o ns a n d s e v er e p ai n, a m o n g ot h er s y m pt o ms 3 8 7 . M y el o m a b o n e 

dis e as e  is  d u e  t o  i n cr e as e d  ost e o cl ast  a cti vit y,  w hi c h  c a us es  b o n e -r es or pti o n,  a n d  s u p pr ess e d 

ost e o bl ast f u n cti o n, w hi c h is r es p o nsi bl e f or b o n e f or m ati o n. E x os o m es fr o m M M c ell li n es a n d 

p ati e nt s er u m w er e s h o w n t o a cti v at e ost e o cl ast a cti v it y b y r e cr uiti n g ost e o cl ast pr e c urs ors a n d 

pr o m oti n g t h eir diff er e nti ati o n i n m at ur e ost e o cl asts i n vitr o 3 8 8 . Si mil ar t o C M L, t his eff e ct w as 

f o u n d t o b e d u e t o t h e a cti v ati o n of E G F R b y e x os o m al-ass o ci at e d A R E G, w hi c h i n t ur n i n d u c e d 

s e cr eti o n of I L -8 fr o m B M S C t o s u p p ort ost e o cl ast o g e n esis 3 8 9 . E x os o m es fr o m M M als o s u p pr ess 

ost e o bl ast diff er e nti ati o n fr o m B M S C, f urt h er i m p airi n g b o n e r e g e n er ati o n, i n vitr o a n d i n a m o us e 

m o d el 3 8 9, 3 9 0 . T his eff e ct is m e di at e d, at l e ast i n p art, b y t h e i n d u cti o n of mi R-1 0 3 -3 p e x pr essi o n 

i n  B M S C 3 9 0 ,  h o w e v er,  t h e  t ar g ets  of  mi R-1 0 3 -3 p  i n v ol v e d  i n  t his  pr o c ess  h a v e  n ot  y et  b e e n 

d es cri b e d.  E Vs  s e cr et e d  fr o m  B M S C  i n  r es p o ns e  t o  t h e  pr es e n c e  of  H M  or  i n  r es p o ns e  t o 

c h e m ot h er a p e uti c  a g e nts  c a n  als o  m o d ul at e  c a n c er  c ell  s ur vi v al  a n d  pr o gr essi o n.  As  r e c e ntl y 

r e vi e w e d 3 9 1 , B M S C fr o m M M p ati e nts ( M M-B M S C), b ut n ot h e alt h y i n di vi d u als ’, pr o m ot e M M 

pr olif er ati o n,  s ur vi v al,  a n d  dr u g  r esist a n c e i n  vitr o a n d i n  vi v o,  w hi c h  is,  i n  p art,  f a cilit at e d  b y 

e x os o m es 3 9 2, 3 9 3 . T h e t u m or s u p pr essi v e mi R N A mi R -1 5 a  is l o w er i n e x os o m es fr o m M M-B M S Cs 
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r es ulti n g  i n  i n cr e as e d  pr olif er ati o n  of  M M  c ells 3 9 3 .  A d diti o n all y,  I L-6  pr es e nt  i n  M M -B M S Cs 

e x os o m es w as k e y i n pr o m oti n g t u m or pr olif er ati o n 3 9 3 . I n a d diti o n t o tr a nsf erri n g c ar g o, E Vs fr o m 

M M -B M S C  a cti v at e d  pr o -s ur vi v al  si g n ali n g  p at h w a ys  i n  M M  c ell  li n es,  i n cl u di n g  t h e 

u pr e g ul ati o n of a nti -a p o pt oti c B C L -2 a n d t h e p 3 8, p 5 3, J N K a n d A kt si g n ali n g p at h w a ys 3 9 2 . E Vs 

d eri v e d  fr o m  B M S C  fr o m  p ati e nts  wit h  A M L  or  M y el o d ys pl asti c  s y n dr o m es  ( M D S)  h a d  a 

si g nifi c a nt  i n cr e as e  i n mi R -7 9 7 7 ,  w hi c h  w as  s u bs e q u e ntl y  li n k e d  t o  i n hi biti o n  of  n or m al 

h e m at o p oi esis  vi a  i n a cti v ati o n  of  t h e  Hi p p o/ Y a p  p at h w a y  i n  t h e  B M S C 3 9 4, 3 9 5 .  M or e o v er, 

e x os o m es d eri v e d fr o m B M S Cs fr o m A M L p ati e nts w er e e nri c h e d f or c yt o ki n es, i n cl u di n g T G F -

β 1,  a n d  mi R N As  s u c h  as mi R -1 5 5  a n d mi R -3 7 5 ;  f a ct ors  pr e vi o usl y  ass o ci at e d  wit h  i n cr e as e d 

A M L ris k 3 9 6 . T h us, H M E Vs c a n f a cilit at e a n d pr o m ot e c o m m u ni c ati o n n e e d e d f or pr olif er ati o n 

a n d s ur vi v al of H M  (Fi g . 1. 1 0 ). F urt h er m or e, b y alt eri n g E Vs r el e as e d b y B M S C, t h e m et ast ati c 

ni c h e a n d pr olif er ati o n si g n als c a n b e m o d ul at e d dir e ctl y, or i n dir e ctl y.  

 

1. 4. 7 E Vs i n a n gi o g e n esis, m otilit y, a n d a d h esi o n  

E Vs pr o m ot e a n gi o g e n esis, a d h esi o n, a n d mi gr ati o n. A n gi o g e n esis d uri n g t h e f or m ati o n of n o n -

cir c ul ati n g t u m ors i n cr e as es v as c ul ari z ati o n ar o u n d t u m or c ells t o m ai nt ai n o x y g e n a n d n utri e nt 

a v ail a bilit y. Als o, c h a n g es t o c ell m otilit y a n d a d h esi o n alt er t h e a bilit y of t u m or c ells t o mi gr at e 

a n d a d h er e t o s e c o n d ar y sit es a n d c a n pr o m ot e t h e s pr e a d of H M c ells t o n aï v e sit es.  

E x os o m es  d eri v e d  fr o m  l e u k e mi as,  or  l y m p h o m as  c a n  tr a nsf er  pr o -a n gi o g e ni c  f a ct ors  t o 

e n d ot h eli al c ells. F or i nst a n c e, mi R -9 2 a , p a c k a g e d i n E Vs fr o m t h e C M L c ell li n e K 5 6 2, sti m ul at es 

mi gr ati o n  a n d  v as c ul ar  t u b e  f or m ati o n  of  h u m a n  v as c ul ar  e n d ot h eli al  c ells  ( H U V E Cs) 3 9 7 . 

E x os o m es d eri v e d fr o m K 5 6 2 c ells e x p os e d t o h y p o xi a c o nt ai n e d hi g h er l e v els of mi R -2 1 0 , w hi c h  
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Fi g.  1. 1 0 . S c h e m ati c  di a g r a m  s h o wi n g  E V -b as e d  c o m m u ni c ati o n  b et w e e n  B  c ell 

l y m p h o c yt es,  B-A L L  l y m p h o bl asts,  a n d st r o m al  c ells . B  c ell  l y m p h o c yt es  ( b ei g e),  B -A L L 

l y m p h o bl asts  ( br o w n),  a n d  str o m al  c ells  ( gre y)  r el e as e e x os o m es  vi a  m ulti v esi c ul ar 

b o di es  ( M V Bs) a n d m e m br a n e-b u d d e d  mi cr o v esi cl es  ( M Vs) i nt o t h e e xtr a c ell ul ar mili e u. D o n or 

c ells a n d t h eir r es p e cti v e E Vs ar e s h o w n i n t h e s a m e c ol or. All t hr e e c ell t y p es c a n t a k e u p a n d 

i n c or p or at e E Vs a n d E V c ar g o as r e pr es e nt e d b y t h e diff er e ntl y c ol or e d “ p at c h es ” i n e a c h c ell. 

Als o d e pi ct e d is t h e g e n er ati o n  of e x os o m es a n d M Vs. E x os o m es ori gi n at e as i ntr al u mi n al v esi cl es 

wit hi n pi n k/ p ur pl e/ gr e y c ol or e d M V B f oll o w e d b y f usi o n of t h e M V B wit h t h e pl as m a m e m br a n e 

r es ulti n g i n r el e as e of t h e e x os o m es i nt o t h e e xtr a c ell ul ar mili e u. M Vs ar e b u d d e d off th e pl as m a 

m e m br a n e f oll o w e d b y r el e as e i nt o t h e e xtr a c ell ul ar mili e u.  
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pr o m ot es a n gi o g e n esis, s u g g esti n g t h at diff er e nti al p a c k a gi n g of mi R N A b et w e e n n or m o xi c a n d 

h y p o xi c c ells c a n pr o m ot e a n gi o g e ni c a cti vit y i n e n d ot h eli al c ells 3 9 8 . Si mil arl y, e x os o m es s e cr et e d 

b y M M c ells c hr o ni c all y e x p os e d t o h y p o xi a ar e e nri c h e d i n o n c o g e ni c mi R -1 3 5 b , w hi c h i n hi bits 

e x pr essi o n of FI H -1, a n e n z y m e t h at i n hi bits HI F -1 ⍺  3 9 9 . I n t his w a y, e x os o m es fr o m h y p o xi c M M 

c a n i n cr e as e HI F -1 ⍺  a cti vit y a n d t h us, i n cr e as e v as c ul ar t u b e f or m ati o n. E Vs d eri v e d fr o m C M L c ell li n es 

c a n pr o m ot e e x pr essi o n of a n gi o g e ni c gr o wt h f a ct ors a n d c yt o ki n es, s u c h as V E G F a n d I L 8, t hr o u g h t h e 

a cti v ati o n of Sr c 4 0 0, 4 0 1 . Si mil arl y, E Vs r el e as e d b y t h e a c ut e pr o m y el o c yti c l e u k e mi a ( A P L) c ell 

li n e  N B 4,  r e pr es e nti n g  a  s u bt y p e  of  A M L,  ar e  t a k e n  u p  b y  H U V E C  c ells  w h er e  t h e y  pr o m ot e 

i n cr e as e d s ur vi v al a n d a n gi o g e ni c f u n cti o n of H U V E Cs, als o vi a sti m ul ati o n of V E G F a n d I L-8 

s e c r eti o n 4 0 2 . I nt er esti n gl y, u nli k e wit h C M L a n d B M S C 3 8 1 , t h er e w as n o tr a nsf er of t h e o n c o g e ni c 

f usi o n tr a ns cri pt, i n t his c as e P M L– R A R a 4 0 2 .  

E Vs h a v e b e e n s h o w n t o alt er mi gr at or y a n d a d h esi v e p ot e nti al i n b ot h e n d ot h eli al a n d l e u k e mi c 

c ells. E x os o m es fr o m M M -B M S C c a us e i n cr e as e d mi gr ati o n a n d a d h esi o n of M M c ells 3 9 3 . W hil e 

t h e pr e cis e m e c h a nis m r e m ai ns u n cl e ar, t his eff e ct is li k el y vi a C C L 2 p a c k a g e d i n t h e e x os o m es 

3 9 3 . E x os o m es d eri v e d fr o m t h e h u m a n C M L c ell li n e L A M A 8 4 c a us e d i n cr e as e d e x pr essi o n of 

t h e c ell a d h esi o n m ol e c ul es I C A M-1 a n d V C A M -1 as w ell as I L -8 i n H U V E Cs i n a d os e - a n d 

ti m e-d e p e n d e nt  m a n n er,  w hi c h  i n cr e as e d  t h e  m otilit y  a n d  sti m ul ati n g  t u b e  f or m ati o n of  t h e 

H U V E Cs 4 0 0 . I n c o ntr ast, l o n g-t er m ( 1 2 - 2 4 h) e x p os ur e of H U V E Cs t o C M L -d eri v e d e x os o m es 

c a us e d a r e d u cti o n i n C X C L 1 2 a n d V C A M -1 m R N A, vi a tr a nsf er of mi R -1 2 6  4 0 3 . T h e r e d u cti o n 

i n a d h esi v e pr o p erti es aft er l o n g er e x p os ur es c o ul d p ot e nti all y all o w mi gr ati o n of C M L c ells p ast 

t h e e n d ot h eli al l a y er i n r es p o ns e t o ot h er c h e m o ki n es. H o w e v er, f urt h er e vi d e n c e is r e q uir e d t o 

d et er mi n e if t his is i n d e e d t h e c as e.  

 



 6 6  

1. 4. 8 E Vs i n r esist a n c e t o c a n c er t h er a pi es  

R esist a n c e  t o  c h e m ot h er a pi es  c a n  b e  attri b ut e d  t o  a  v ari et y  of  m ol e c ul ar  c h a n g es  t h at  c a n  b e 

aff e ct e d b y E Vs 4 0 4 . F or e x a m pl e, t h e o v er e x pr essi o n of m ulti-dr u g r esist a nt pr ot ei n 1 ( M R P -1) 

a n d/ or  P -gl y c o pr ot ei n  ( P -g p)  h as  b e e n  pr o p os e d  t o  c o ntri b ut e  t o  r esist a n c e  a g ai nst 

c h e m ot h er a p e uti cs  i n  A M L 4 0 5, 4 0 6 .  M R P-1  e x pr essi n g  c ell  li n es  c a n  tr a nsf er  c h e m ot h er a p e uti c 

r esist a n c e i n vitr o vi a E Vs, m ost li k el y vi a t h e dir e ct tr a nsf er of M R P -1; h o w e v er, t h e tr a nsf er of 

mi R N A mi R -1 9 b  a n d mi R -2 0 a  is als o s u g g est e d t o c o ntri b ut e t o t h e o bs er v e d c h e m or esist a n c e 4 0 7 . 

M ulti -dr u g r esist a n c e ( M D R), m e di at e d b y o v er -e x pr essi o n of P -g p e n c o d e d b y t h e h u m a n M R D 1 

g e n e ( A C B C 1), c a n b e tr a nsf err e d fr o m r esist a nt T -A L L c ells t o s e nsiti v e c ells vi a mi cr o v esi cl es 

4 0 8 . As d es cri b e d a b o v e, tr a nsf er of G al-3 fr o m B M S C c a n als o pr o m ot e c h e m or esist a n c e of A L L 

t o vi n cristi n e 3 8 3 . T h us, tr a nsf er of pr ot ei ns a n d mi R N A c a n tr a nsf er a r esist a nt p h e n ot y p e a cr oss 

a p o p ul ati o n of c ells, w hi c h c a n i n cr e as e t h e r at e a p ati e nt a c q uir es c h e m ot h er a p e uti c r esist a n c e.  

Rit u xi m a b  is  a n  a nti -C D 2 0  a nti b o d y  us e d  t o  tr e at  s o m e  l y m p h o m as  a n d  C L L  b y  i n d u ci n g 

d estr u cti o n of C D 2 0 -e x pr essi n g c ells. Rit u xi m a b l e a ds t o c ell ul ar d estr u cti o n t hr o u g h n u m er o us 

m e c h a nis ms i n cl u di n g dir e ct i n d u cti o n of a p o pt osis, c o m pl e m e nt -d e p e n d e nt c yt o l ysis ( C D C), a n d 

a nti b o d y -d e p e n d e nt  c yt ot o xi cit y  ( A D C C).  E x os o m es  r el e as e d  fr o m  B  c ell  l y m p h o m a  c ells  c a n 

e x pr ess C D 2 0 a n d tr e at m e nt wit h Rit u xi m a b i n cr e as es t h e n u m b er of E Vs r el e as e d 4 0 9, 4 1 0 . E Vs 

e x pr essi n g C D 2 0 w er e f o u n d t o eff e cti v el y bi n d b ot h t h e a nti -C D 2 0 Rit u xi m a b a n d c o m pl e m e nt, 

t h us a cti n g as a d e c o y t o pr ot e ct c ells fr o m C D C. I nt er esti n gl y, i n hi biti o n of e x os o m e r el e as e, b y 

bl o c ki n g  t h e  f u n cti o n  of  t h e A T P -bi n di n g  c ass ett e  ( A B C)  tr a ns p ort pr ot ei n  A B C A 3  r est or e d 

Rit u xi m a b  s e nsiti vit y 4 0 9 .  T his  s u g g ests  t h at  m o d ul ati o n  of  e x os o m e  l e v els  c o ul d  u n d erli e  t h e 

t h er a p e uti c  r esist a n c e  s e e n  wit h  A B C A 3-e x pr essi n g  l y m p h o m as 4 1 1 .  It  is  p ossi bl e  t h at  E V-
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m e di at e d  s e q u estr ati o n  of  ot h er  m o n o cl o n al  a nti b o d y -m e di at e d  t h er a pi es  c o ul d  r e d u c e  t h eir 

effi c a c y, li k e t h e E V -m e di at e d e n h a n c e m e nt of i m m u n e e v asi o n d es cri b e d a b o v e.  

 

1. 4. 9  Cli ni c al a p pli c ati o ns f or E Vs i n H M  

As m e nti o n e d, E Vs h a v e disti n ct pr ot ei n a n d R N A pr ofil es t h at diff er si g nifi c a ntl y fr o m h e alt h y 

c o ntr ol E Vs a n d r efl e ct t h e c ell of ori gi n, as w ell as t h e a bilit y t o cr oss t h e B B B a n d t h e B C S F B 

4 1 2, 4 1 3 . E Vs r el e as e d fr o m c a n c er c ells i n a n y c o m p art m e nt i n t h e b o d y c o ul d li k el y b e d et e ct e d i n 

p eri p h er al bl o o d. As s u c h, E Vs h a v e b e e n st u di e d as e arl y d et e cti o n m e c h a nis m, f or d et e cti o n of 

M R D, f or d et e cti o n of r el a ps e, a n d f or m o nit ori n g tr e at m e nt r es p o ns e . T h e a b u n d a n c e of c a n c er 

d eri v e d  E Vs  m a y  b e  of  cli ni c al  b e n efit  b y  o v er c o mi n g  t h e  n e e d  t o  i d e ntif y  m ali g n a nt  c ells  f or 

c yt o g e n eti c or fl o w c yt o m etri c a n al ys es.  

I n cr e as e d E V pl as m a c o n c e ntr ati o n w as ass o ci at e d wit h m or e s e v er e dis e as e st at es i n C L L, W M, 

a n d  M M;  w h er e as  f e w er  E Vs  w er e  f o u n d  at  l at er  st a g es  i n  p ati e nts  wit h  m y el o d ys pl asti c 

s y n dr o m es 4 1 4 . Alt h o u g h t his i niti al st u d y e x a mi n e d a s m all n u m b er of p ati e nts, ot h er r e p orts h a v e 

als o f o u n d a n i n cr e as e d n u m b er of cir c ul ati n g E Vs i n p ati e nts wit h A M L, C L L, or M M c o m p ar e d 

t o  h e alt h y  c o ntr ols 3 6 5, 4 1 5 .  F or  H L,  t h er e  w er e  hi g h er  l e v els  of  E Vs  i n  cl assi c al  H L  p ati e nts 

c o m p ar e d t o h e alt h y c o ntr ols 4 1 6 . T h er ef or e, it is p ossi bl e t h at t ot al E V c o n c e ntr ati o n c o ul d b e us e d 

as a n i niti al i n di c at or of t u m or b ur d e n, w hi c h m a y b e of pr o g n osti c v al u e p arti c ul arl y as a m e as ur e 

of t h e r es p o ns e of dis e as e t o tr e at m e nt 4 1 7 . D et e cti n g t u m or b ur d e n usi n g E Vs i n p eri p h er al bl o o d 

c o ul d b y p ass t h e li mit ati o ns a n d ris ks of i n v asi v e s a m pli n g of b o n e m arr o w or ot h er tiss u es. It is 

p ossi bl e  t h at  E Vs  c o ul d  b e  i d e ntifi e d  e v e n  w h e n  t h e  pr es e n c e  of  m ali g n a nt  c ells  is  b el o w  t h e 

d et e cti o n  t hr es h ol d of c urr e ntl y us e d ass a ys a n d hist o p at h ol o gi c al t e c h ni q u es. 

T h e p ot e nti al di a g n osti c a p pli c ati o ns f or E Vs g o w ell b e y o n d c o n c e ntr ati o n of cir c ul ati n g E Vs as 

E Vs c a n p a c k a g e a cti o n a bl e m R N A tr a ns cri pts a n d/ or pr ot ei ns. T his c ell -s p e cifi c p a c k a gi n g c a n 
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pr o vi d e i m p ort a nt di a g n osti c a n d f u n cti o n al i nf or m ati o n a b o ut t h e H M. F or e x a m pl e, e x os o m es 

fr o m A M L c a n c o nt ai n tr a ns cri pts i m p ort a nt b ot h f or pr o g n osis ( e. g. F L T 3-I T D, N P M 1) a n d f or 

i d e ntif yi n g t ar g et e d tr e at m e nt ( e. g. F L T 3-I T D, I G F-I R, C X C R 4) 3 7 4 . Mi cr o v esi cl es is ol at e d fr o m 

B c ell pr e c urs or l e u k e mi a c ell li n es L A M A -8 7, R E H, S HI -1, T O M 1 a n d R S( 4: 1 1) c arr y t h e f usi o n 

tr a ns cri pt fr o m t h eir c ells of ori gi n 3 8 1 . I n diff us e l ar g e B c ell l y m p h o m a, s p e cifi c m ut ati o ns pr es e nt 

i n tr a ns cri pts fr o m f o ur o ut of fi v e diff er e nt c ell li n es w er e als o f o u n d i n t h e E Vs s e cr et e d fr o m 

t h es e c ells 4 1 8 . I n C M L, B C R-A B L f usi o n pr ot ei ns a n d R N A tr a ns cri pts c o ul d b e d et e ct e d i n E Vs, 

w hil e  M L L -A F 6  a n d  T E L -A M L 1  tr a ns cri pts  a n d  pr ot ei ns  w er e  d et e ct e d  i n  A M L  a n d  B -A L L 

mi cr o v esi cl es,  r es p e cti v el y 3 8 1 .  H o w e v er,  it  is  criti c al  t o  d et er mi n e  i n  w h at  H M  or  sit u ati o ns 

s p e cifi c f usi o n tr a ns cri pts ar e n ot p a c k a g e d i n E Vs t o li mit t his di a g n osti c str at e g y a p pr o pri at el y 

si n c e f als e n e g ati v es will o c c ur if f usi o n tr a ns cri pts ar e n ot p a c k a g e d i nt o E Vs.  

M ulti pl e mi R N A s p e ci es h a v e b e e n f o u n d t o disti n g uis h E Vs i n h e alt h y i n di vi d u als fr o m t h os e i n 

c a n c er p ati e nts. N ot a bl y, i n cr e as e d l e v els of mi R -1 5 5  i n E Vs h as b e e n f o u n d t o b e ass o ci at e d wit h 

A M L, C L L, a n d W M w h er e as E Vs fr o m p ati e nts wit h M D S a n d M M e x pr ess l o w l e v els of mi R -

1 5 5 3 6 5, 4 1 9 . I n M M, t h e mi R N As l et-7 b  a n d mi R -1 8  ar e si g nifi c a ntl y ass o ci at e d wit h pr o gr essi o n -

fr e e s ur vi v al a n d o v er all s ur vi v al, a n d ar e pr e di cti v e of pr o g n osis 4 2 0 . H L-r el at e d mi R N As pr es e nt 

i n  cir c ul ati n g  E Vs  i n cl u d e mi R -2 4 , mi R -1 5 5 , mi R -1 2 7 , l et 7,  w hi c h  c o ul d  b e  us e d  t o  m o nit or 

t h er a p y r es p o ns e a n d r el a ps e 4 1 6 . A d diti o n all y, a n E V-s p e cifi c m R N A pr ofil e f or C L L h as b e e n 

i d e ntifi e d, w hi c h c o ul d b e e x pl or e d f urt h er f or e arl y di a g n osis of C L L 4 2 1 . 

Wit h  r es p e ct  t o  E V  pr ot ei n  c ar g o,  s e v er al  t u m or -ass o ci at e d  pr ot ei ns  h a v e  b e e n  f o u n d  i n  E Vs. 

I niti al st u di es r e v e al e d t h at si g n at ur e pr ot ei ns r e pr es e nti n g B c ell n e o pl as ms ( C D 1 9), M M ( C D 3 8), 

m y el oi d  t u m ors,  ( C D 1 3)  a n d  H L  ( C D 3 0)  ar e  p a c k a g e d  i nt o  E Vs 4 1 4 .  Cl assi c al  H o d g ki n’s 

l y m p h o m a ( c H L) c ell li n es L 5 4 0, L 4 2 8, K M-H 2, a n d L 1 2 3 6 r el e as e E Vs t h at ar e p ositi v e f or t h e 
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c H L m ar k ers C D 3 0 a n d C D 1 4 7 4 2 2 . I n a d diti o n, C D 1 9+  a n d/ or C D 3 7 +  E Vs c orr el at e wit h hi g h 

t u m or b ur d e n i n C L L p ati e nts, s u g g esti n g t h at t h es e p arti c ul ar pr ot ei n bi o m ar k ers c o ul d b e us e d 

t o m o nit or tr e at m e nt s u c c ess i n C L L 3 6 5, 4 2 3, 4 2 4 . I n M M, C D 1 3 8+  mi cr o v esi cl es ar e ass o ci at e d wit h 

b ot h dis e as e p h as e a n d t h er a p e uti c r es p o ns e 4 2 5 . E Vs m a y t h e n pr o vi d e a s e nsiti v e a n d n o n-i n v asi v e 

m et h o d,  wit h  q ui c k  t ur n ar o u n d,  f or  c h ar a ct eri zi n g  H Ms  a n d  i d e ntif yi n g  pr ot ei n  t ar g ets  f or 

t h er a pi es, s u c h as Rit u xi m a b dis c uss e d a b o v e or Br e nt u xi m a b v e d oti n, a m o n o cl o n al a nti-C D 3 0 

dr u g c o nj u g at e 4 2 6 . 

E Vs h a v e als o b e e n s u g g est e d t o tr a c k s o m e l e u k e mi a -ass o ci at e d c o m pli c ati o ns. F or e x a m pl e, t h e 

pr o c o a g ul a nt a cti vit y of E Vs h as b e e n li n k e d t o v e n o us t hr o m b osis a n d diss e mi n at e d i ntr a v as c ul ar 

c o a g ul a nt, w hi c h ar e k n o w n c o m pli c ati o ns i n p ati e nts wit h H M 4 2 7, 4 2 8 . Tr e at m e nt of H U V E Cs wit h 

N B 4 -d eri v e d  E Vs  c a us e d  a n  i n cr e as e  i n  t h e  s urf a c e  e x pr essi o n  of  tiss u e  f a ct or,  w hi c h  is  n ot 

n or m all y e x pr ess e d b y t his c ells 4 0 2 . T his o bs er v ati o n m a y e x pl ai n t h e i n cr e as e i n c o a g ul ati o n s e e n 

i n A P L. A n i niti al st u d y of 5 3 p ati e nts wit h a c ut e l e u k e mi as s u c h as B-A L L, T -A L L, a n d A M L 

f o u n d t h at p ati e nts wit h t hr o m b oti c e v e nts h a d i n cr e as e d pr o c o a g ul a nt a cti vit y of E Vs m e as ur e d 

i n vitr o 4 2 7 . I n t his s m all st u d y, E V pr o c o a g ul a nt a cti vit y w as f o u n d t o b e a pr o misi n g pr e di cti v e 

m e as ur e f or h e m ost ati c c o m pli c ati o ns i n p ati e nts wit h a c ut e l e u k e mi as, w hi c h w as n ot pr e di ct a bl e 

i n t his p ati e nt c o h ort b as e d o n st a n d ar d l a b or at or y i nf or m ati o n 4 2 7 . 

T h e us e of E Vs f or tr e at m e nt of H M is als o a n i nt e nsi v e ar e a of i n v esti g ati o n wit h s p e cifi c i nt er ests 

i n E Vs as dr u g/ g e n e d eli v er y v e hi cl es, a n d f or i m m u n ot h er a p y or as c a n c er v a c ci n es. As dr u g/ g e n e 

d eli v er y v e hi cl es, E Vs ar e a pr o misi n g t o ol as t h eir c ar g o is n at ur all y pr ot e ct e d, t h eir s m all si z e 

r e d u c es cl e ar a n c e b y p h a g o c yt es, t h e y e x hi bit l o w i m m u n o g e ni cit y if g e n er at e d fr o m a ut ol o g o us 

s o ur c es, t h e y h a v e i n h er e nt tiss u e s p e cifi cit y, a n d t h e y c a n r e a dil y b e i n c or p or at e d i nt o t ar g et c ells 

4 2 9 – 4 3 1 . L o a d e d E Vs c a n b e g e n er at e d b y m o difi c ati o n of t h e p ar e nt c ell or b y dir e ct l o a di n g of t h e 
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E Vs 4 3 2 . A n u m b er of st u di es usi n g t his a p pr o a c h f or s oli d t u m ors h a v e b e e n d es cri b e d ( e. g. 4 3 3, 4 3 4 ). 

R e c e ntl y, t his str at e g y h as b e e n a p pli e d t o H M. T a ki n g a d v a nt a g e of t h e f a ct t h at C M L h as a hi g h 

e x pr essi o n  of  I L -1 3  r e c e pt or,  H E K 2 9 3 T  c ell -d eri v e d  e x os o m es  w er e  e n gi n e er e d  t o  e x pr ess 

r e c o m bi n a nt I L-1 3, a n d l o a d e d wit h B C R -A B L sil e n ci n g R N A 4 3 5 . T h es e E Vs w er e a bl e t o r e d u c e 

C M L pr olif er ati o n b ot h i n vitr o a n d i n vi v o 4 3 5 . I n a d diti o n, mi R -3 2 8 -l o a d e d e x os o m es r e d u c e d 

i m ati ni b-r esist a n c e i n C M L c ells i n vitr o 4 3 6 . Li p os o m es g e n er at e d wit h t h e s a m e li pi d c o m p ositi o n 

as E Vs h a v e b e e n l o a d e d wit h r e c o m bi n a nt A p o pt osis li g a n d 2/ T N F -r el at e d a p o pt osis-i n d u ci n g 

li g a n d  ( A p o 2/ T R AI L)  t o  i n cr e as e  t h e  effi c a c y  of  t h e  r e c o m bi n a nt  A p o 2/ T R AI L  pr ot ei n  i n 

t ar g eti n g l e u k e mi a a n d l y m p h o m a c ell li n es i n vitr o 4 3 7, 4 3 8 . 

E Vs c arr yi n g t u m or a nti g e ns ar e a bl e t o a cti v at e a n a nti -t u m or r es p o ns e a n d c o ul d h a v e utilit y i n 

i m m u n ot h er a p y  or  as  c a n c er  v a c ci n es 4 3 1, 4 3 9 .  H er e,  t u m or-s p e cifi c  pr ot ei n  a nti g e ns  or  t u m or -

g e n er at e d e x os o m es ar e i n c u b at e d wit h d e n driti c c ells ( D C), w hi c h r el e as e e x os o m es t h at c arr y 

t u m or  a nti g e ns  ass o ci at e d  wit h  M H C  a n d  c o-sti m ul at or y  m ol e c ul es.  I nj e cti o n  of  D C -d eri v e d 

e x os o m es  ( d e x os o m es),  c a n  i n  t ur n  pr o m ot e  a cti v ati o n  of  c yt ot o xi c  T  c ells  a n d  a  c yt ot o xi c 

a nti b o d y r es p o ns e 4 4 0 – 4 4 3 . I n t his w a y, t h e i m m u n e s yst e m is pri m e d t o t ar g et t h e c a n c er c ells. S o m e 

gr o u ps h a v e e x a mi n e d t h es e a p pr o a c h es i n H M. A n i n cr e as e d eff e ct of a nti -t u m or t o xi cit y w as 

s e e n wit h D C l o a di n g of t u m or -d eri v e d e x os o m es fr o m l e u k e mi a c ells i n vitr o 4 4 4, 4 4 5  a n d i n a m o us e 

m o d el  of  l e u k e mi a 4 4 5 . I n  a  s m all  cli ni c al  tri al  of  1 5  M M  p ati e nts,  i nj e cti o n  of  D C-d eri v e d 

e x os o m es l o a d e d wit h t u m or p e pti d es r es ult e d i n a cli ni c al r es p o ns e i n o n e -t hir d of p ati e nts4 4 6 . 

F or  all  t h es e  cli ni c al  a p pli c ati o ns,  m or e  e xt e nsi v e  st u di es  wit h  l ar g er  p ati e nt  c o h orts  a n d  wit h 

diff er e nt H M ar e n e e d e d t o d et er mi n e if a n y of t h es e m e as ur es c a n b e a p pli e d i n p ati e nts or if 

cli ni c all y  i m p ort a nt  b e n efits  c a n  b e  a c hi e v e d.  R e g ar dl ess,  t h e  e vi d e n c e  t o  d at e  s u g g ests  t h at 
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d et e cti o n of dis e as e s p e cifi c E Vs c o ul d b e m or e s e nsiti v e a n d l ess i n v asi v e t o i nf or m tr e at m e nt 

d e cisi o ns, tr a c k tr e at m e nt s u c c ess, di a g n os e M R D, pr e di ct c o m pli c ati o ns, a n d i m pr o v e tr e at m e nts.  

 

1. 4. 1 0  F ut ur e C o nsi d er ati o ns  

T h e i d e a t h at E Vs fr o m p ati e nts wit h H M m a y b e us e d as a di a g n osti c, pr o g n osti c, or t h er a p e uti c 

t o ol is c o nst a ntl y e v ol vi n g. Tr e at m e nt m o nit ori n g usi n g E Vs fr o m p eri p h er al bl o o d c o ul d o c c ur 

m or e fr e q u e ntl y a n d l ess i n v asi v el y t h a n bi o psi es of b o n e m arr o w, or l u m b ar p u n ct ur es. R e al -ti m e 

ass ess m e nt of dis e as e st at us c o ul d b e m a d e p ossi bl e usi n g t e c h ni q u es t h at e v al u at e s p e cifi c R N A 

a n d/ or pr ot ei n si g n at ur es of E Vs. I n a d diti o n, effi c a c y of t h er a p y c a n b e i m pr o v e d b as e d o n t h e 

d et e cti o n  of  t ar g et a bl e  pr ot ei ns i n  E Vs,  s u c h  as  C D 2 0 4 0 9, 4 1 4 , P D -L 1 3 6 2 ,  or  B C R-A B L 1 2 4 0 . 

M or e o v er,  t ar g et e d  r e d u cti o n  of  E V  s e cr eti o n  m a y  als o  r est or e  i m m u n ot h er a p y  effi c a c y 3 7 0, 4 0 9 . 

A n ot h er a p pr o a c h f or E V b as e d t h er a p e uti cs is t h e i n hi biti o n of E V r el e as e t o r e v ers e E V -m e di at e d 

alt er ati o ns t o t h e str o m al c ell e n vir o n m e nt a n d t o s u p pr ess E V -m e di at e d m e c h a nis ms f or e v a di n g 

i m m u n ol o gi c  s ur v eill a n c e.  T his  c o ul d  s u bs e q u e ntl y  pr o m ot e  n orm al  i m m u n e  c ell  f u n cti o n  a n d 

d e v el o p m e nt a n d i n hi biti o n of c a n c er c ell gr o wt h.  

H o w e v er,  t h e  l a c k  of  i n -d e pt h  u n d erst a n di n g  of  E V  r el e as e  a n d  u pt a k e  m e c h a nis ms  m a k es  it 

diffi c ult  t o  f ull y  o pti mi z e  str at e gi es  t h at  t ar g et  E Vs  dir e ctl y.  I n  a d diti o n,  t h e  si d e  eff e cts  of 

i n hi biti o n of E V r el e as e o n n or m al i m m u n e d e v el o p m e nt or a cti v ati o n ca n n ot b e pr e di ct e d, as t h e 

n or m al f u n cti o ns of E Vs i n i m m u n e s yst e m d e v el o p m e nt a n d a cti v ati o n ar e n ot f ull y u n d erst o o d. 

F urt h er m or e,  dir e ct  t ar g eti n g  of  e n d o g e n o us  E V  tr a ns cri pts  c o ul d  b e  e v e n  m or e  c h all e n gi n g  as 

t h er e is n o k n o w n m et h o d f or s el e cti v e m a ni p ul ati o n of E V c ar g o wit h o ut c o n c urr e nt eff e cts o n 

b yst a n d er c ells. F or a m or e c o m pr e h e nsi v e a n al ysis of t h e c h all e n g es i n usi n g E Vs as t h er a p e uti cs, 

w e s u g g est t h e r e c e nt o pi ni o n arti cl e b y B ur n o uf et al. 4 3 2 . 
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I n t h e s h ort t er m, it is criti c al t o d et er mi n e t h e pr e cis e r el ati o ns hi p of E Vs ( wit h r ef er e n c e b ot h t o 

t h eir  t ot al  c o n c e ntr ati o n  a n d  t o  t h eir  bi ol o gi c al  c h ar a ct eristi cs)  wit h  dis e as e  st a g e,  tr e at m e nt 

r es p o ns e,  r el a ps e,  a n d  M R D  i n  w ell  c o ntr oll e d  p ati e nt  p op ul ati o ns.  A d diti o n all y,  it  is  n ot  f ull y 

cl e ar if t h e l e v els of E Vs i n p eri p h er al bl o o d ar e a s e nsiti v e or s p e cifi c e n o u g h m e as ur e f or t h e 

d et e cti o n of c ells r esi di n g i n e xtr a m e d ull ar y s a n ct u ar y sit es, s u c h as t est es a n d C N S, w hi c h ar e 

pr ot e ct e d fr o m c h e m o t h er a p e uti cs or t ar g et e d t h er a pi es 2 2 0 .  

E Vs c a n aff e ct n or m al c ell ul ar f u n cti o n as w ell as dir e ctl y i m p a ct  pr o gr essi o n of H M t hr o u g h t h eir 

a bilit y  t o  p a c k a g e  a  v ast  arr a y  of  c ar g o.  H ar n essi n g  t h e  p o w er  of  E Vs  will r e q uir e  a  t h or o u g h 

d et a n gli n g  of  t h e  i ntri c at e  t hr e a ds  li n ki n g  E Vs  t o  s p e cifi c  f u n cti o ns  a n d/ or  t ar g et  c ells. 

N o n et h el ess, r e g ar dl ess of t h e c urr e nt li mit ati o ns, t h e p ot e nti al of E Vs i n i m pr o vi n g di a g n osis a n d 

tr e at m e nt s h o ul d e n c o ur a g e t h e r a pi d d e v el o p m ent a n d u n d erst a n di n g of t h es e s m all b ut p o w erf ul 

m ess a g es i n t h e di a g n osis, pr o g n osis, a n d tr e at m e nt of H M.  

 

1. 5  R es e a r c h h y p ot h es es a n d q u esti o ns  

R es e ar c h h y p ot h es es  

1.  S m all R N A tr a ns cri pts ( es p e ci all y mi R N A) fr o m pl as m a E Vs c o ul d f a cilit at e l ess i n v asi v e 

d et e cti o n of M R D i n p e di atri c B -A L L.    

2.  P e di atri c B -A L L l y m p h o bl asts p a c k a g e R N A tr a ns cri pts i nt o E Vs  usi n g s p e cifi c m otifs 

a n d m e c h a nis ms . 

3.  S a m pl e c oll e cti o n t u b e tr e at m e nts alt ers E V p h ysi c al pr o p erti es a n d c ar g o.  

R es e ar c h q u esti o ns  

1 . a. W h at is t h e mi R N A si g n at ur e of p e di atri c B-A L L ?  

b. W h at is t h e p ot e nti al of bl o o d E Vs ( p h ysi c al c h ar a ct eristi cs a n d bi o a cti v e c ar g o) f or 

m o nit ori n g p e di atri c B -A L L ?  
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2 . W h at is t h e c ar g o p a c k a gi n g  m e c h a nis m of R N A i nt o p e di atri c B -A L L E Vs ?  

3.  W h at ar e  t h e eff e cts of c oll e cti o n t u b e tr e at m e nt o n E V pr o p erti es ?  

 

1. 6  P u bli c ati o ns a risi n g f r o m d at a p r es e nt e d i n t his t h esis.  

T h e r es ults pr es e nt e d i n t his t h esis h a v e b e e n p u blis h e d as f oll o ws:  

1.  L o n gj o h n, M. N., H u ds o n, J. B. J., S mit h, N. C., Ris e, M., M o or e h e a d, P., & C hristi a n, S. 

L.  ( 2 0 2 0).  D e ci p h eri n g  t h e  m ess a g es  c arri e d  b y  e xtr a c ell ul ar  v e hi cl es  i n  h e m at ol o gi c al 

m ali g n a n ci es. Bl o o d  R e vi e ws. d oi:  1 0. 1 0 1 6/j. blr e. 2 0 2 0. 1 0 0 7 3 4.  T his  lit er at ur e  r e vi e w  is 

pr es e nt e d i n c h a pt er 1. T h e d at a pr es e nt e d i n t his c h a pt er is us e d u n d er c o p yri g ht li c e ns e 

fr o m p u blis h er Els e vi er, wit h t h e c o p yri g ht p er missi o n pr es e nt e d i n a p p e n di x A.  

A ut h or c o ntri b uti o ns: M N L  c o n c e pt u ali z e d a n d pr e p ar e d t h e m a n us cri pt wit h c o ntri b uti o ns a n d 

e dits b y J BJ H , M R, N C S , P M a n d S L C . All a ut h ors a p pr o v e d t h e fi n al m a n us cri pt.  

2.  L o n gj o h n,  M.  N.,  S q uir es,  W.  R.  B.,  &  S h erri  L.  C hristi a n  ( 2 0 2 1).  M et a -a n al ysis  of 

mi cr o R N A  pr ofili n g  d at a  d o es  n ot  r e v e al  a  c o ns e ns us  si g n at ur e  f or  B c ell  a c ut e 

l y m p h o bl asti c l e u k e mi a. G e n e. T his d at a is pr es e nt e d i n c h a pt er 3.  T h e d at a pr es e nt e d i n 

t his c h a pt er ar e us e d u n d er t h e Cr e ati v e C o m m o ns Attri b uti o n 4. 0 i nt er n ati o n al li c e ns e as 

sti p ul at e d b y G e n e. T h e f ull li c e ns e is pr es e nt e d i n a p p e n di x A.  

A ut h or c o ntri b uti o ns: M N L a n d S L C c o n c ei v e d a n d d esi g n e d t h e e x p eri m e nts a n d pr e p ar e d t h e 

m a n us cri pt. M N L a n d W R B S di d t h e d at a a n al ysis. All a ut h ors a p pr o v e d t h e fi n al m a n us cri pt.  

3.  M o d eli n e  N.  L o n gj o h n 1 ,  J o-A n n a  B.J.  H u ds o n 2 ,  P a ul  C.  M o or e h e a d2 ,  L o ur d es  P e n a-

C astill o 3, 4  Si mi  C h a c k o 5 ,  St e p h e n  L e wis5 ,  S h erri  L.  C hristi a n1 *  O n  b e h alf  of  t h e 

“ P R e cisi o n  O n c ol o g y  F or  Y o u n g  p e o p L E  ( P R O F Y L E)  pr o gr a m ” ( 2 0 23 ). E xtr a c ell ul ar 
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v esi cl e  s m all  R N A  c ar g o  dis cri mi n at es  n o n -c a n c er  d o n ors  fr o m  p e di atri c  B  c ell  a c ut e 

l y m p h o bl asti c l e u k e mi a p ati e nts  I n R e visi o n . T his d at a is pr es e nt e d i n c h a pt er  4.  

A ut h or  c o ntri b uti o ns: M N L  c o n c ei v e d  a n d  d esi g n e d  t h e  e x p eri m e nts ,  wit h c o ntri b uti o ns  fr o m 

J BJ H a n d P C M a n d o v ersi g ht fr o m S L C. M N L di d all e x p eri m e nts a n d d at a a n al ys es u n d er t h e 

s u p er visi o n  of  S L C wit h  i n p ut  fr o m L P C. S C  a n d  S L  p erf or m e d  R N A S e q.  M N L pr e p ar e d  t h e 

m a n us cri pt  a n d r e c ei v e d  i n p uts fr o m all c o-a ut h ors . All a ut h ors a p pr o v e d t h e fi n al m a n us cri pt.  

4.  M o d eli n e  N.  L o n gj o h n 1 ,  J o-A n n a  B.J.  H u ds o n 2 ,  P a ul  C.  M o or e h e a d2 ,  L o ur d es  P e n a-

C astill o 3, 4  Si mi  C h a c k o 5 ,  St e p h e n  L e wis5, 6, 7 ,  S h erri  L.  C hristi a n1 *  O n  b e h alf  of  t h e 

“ P R e cisi o n  O n c ol o g y  F or  Y o u n g  p e o p L E  ( P R O F Y L E)  pr o gr a m ” ( 2 0 23 ). S m all  R N A 

tr a ns cri pts ar e s el e cti v el y p a c k a g e d i nt o p e di atri c a c ut e l y m p h o bl asti c l e u k e mi a-d eri v e d 

e xtr a c ell ul ar v esi cl es .  I n Pr e p. T his d at a is pr es e nt e d i n c h a pt er  5.  

A ut h or  c o ntri b uti o ns: M N L  c o n c ei v e d  a n d  d esi g n e d  t h e e x p eri m e nts,  wit h  c o ntri b uti o ns  fr o m 

J BJ H a n d P C M a n d o v ersi g ht fr o m S L C. M N L di d all e x p eri m e nts a n d d at a a n al ys es u n d er t h e 

s u p er visi o n  of  S L C  wit h  i n p ut  fr o m  L P C.  S C  a n d  S L  p erf or m e d  R N A S e q.  M N L  pr e p ar e d  t h e 

m a n us cri pt a n d r e c ei v e d i n p uts fr o m all c o -a u t h ors. All a ut h ors a p pr o v e d t h e fi n al m a n us cri pt. 

C o -a ut h o rs hi p st at e m e nt  

I, M o d eli n e N L o n gj o h n, i n c oll a b or ati o n wit h m y s u p er vis or, Dr. S h erri C hristi a n c o n c e pt u ali z e d  

a n d d esi g n e d all e x p eri m e nts wit h c o ntri b uti o ns fr o m Drs. J o -A n n a H u ds o n a n d P a ul M o or e h e a d.  

I p erf or m e d, a n d a n al ys e d all e x p eri m e nts  pr es e nt e d h er ei n a n d wr ot e all p orti o ns of t his t h esis, 

u nl ess s p e cifi e d b el o w.  

K e y c o ntri b uti o ns t o this t h esis w er e m a d e b y c oll a b or at ors as o utli n e d b el o w.  
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I n c h a pt er 1, Drs. Ni c ol e S mit h, a n d J o -A n n a H u ds o n c o ntri b ut e d t w o s e cti o ns e a c h, w hil e Drs. 

M att h e w Ris e, a n d P a ul M o or e h e a d m a d e e dits a n d s u g g esti o ns .  

I n c h a pt er 2, tr a ns missi o n el e ctr o n mi cr os c o p y w as p erf or m e d b y St e p h a ni e T u c k er, w hil e fl o w 

c yt o m etr y  w as  p erf or m e d  wit h  tr ai ni n g  fr o m  Dr.  Ni c ol e  S mit h,  St e p h a ni e  T u c k er,  a n d  C hris 

C or k u m.  

I n  c h a pt er  3,  Will o w  R.  B.  S q uir es  p erf or m e d a n al ys es  i n  c yt os c a p e  a n d g e n er at e d c yt os c a p e  

fi g ur es. 

I n c h a pt er 4, Si mi C h a c k o a n d Dr. St e p h e n L e wis s e q u e n c e d t h e E V s m all R N A at t h e Atl a nti c 

c a n c er r es e ar c h i nstit ut e, M o n ct o n w hil e Dr. L. P e n a -C astill o f a cilit at e d t h e bi oi nf or m ati cs.  

I n c h a pt er 5, Si mi C h a c k o a n d Dr. St e p h e n L e wis s e q u e n c e d t h e E V s m all R N A at t h e Atl a nti c 

c a n c er r es e ar c h i nstit ut e, M o n ct o n w hil e Dr. L. P e n a -C astill o f a cilit at e d t h e bi oi nf or m ati cs.  

I n c h a pt er 6, M o h a m a d A. S. K h al e d us e d N T A  t o q u a ntif y t h e E Vs i n pl as m a a n d uri n e, p erf or m e d 

E V p ull d o w n fr o m pl as m a a n d uri n e a n d r a n t h e A gil e nt bi o a n al y z er t o q u a ntif y t h e R N A c o nt e nt 

of E Vs . 
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C h a pt e r 2: M et h o ds  

2. 1  B -A L L W et l a b m et h o ds  

T h e w et l a b m et h o ds ar e s u m m ari z e d t o gi v e a cl e ar u n d erst a n di n g of t h e e x p eri m e nts ( Fi g . 2. 1 ).  

  

Fi g . 2. 1 . S u m m a r y of w et l a b e x p e ri m e nts.  A. c ell li n e v ali d ati o n, E V is ol ati o n o pti mi z ati o n a n d 

E V c h ar a ct eri z ati o n t e c h ni q u es. B. P e di atri c B -A L L E V s m all R N A si g n at ur e a n d c ar g o p a c k a gi n g 

C. Eff e ct of pr es er v ati o n o n bi ofl ui d E Vs.  

  

A

B

C
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2. 1. 1  I m m ort aliz e d C ell li n es  

 

2. 1. 1 . 1 V ali d ati o n of c ell li n es  

T h e p e di atri c c ell li n es us e d as st u d y m o d els f or t his st u d y ar e C C R F -S B, R C H -A C V a n d U o C -

B 1 a n d B ur kitt’s l y m p h o m a c ell li n e R a m os ( T a bl e 2. 1 ).  

T a bl e 2. 1.  C ell li n e st u d y m o d els us e d f or t h e st u d y.  

 

 

2. 1. 1. 2  C ell li n e tiss u e c ult u r e  

C C R F -S B ( A T C C n o.: C C L -1 2 0, A T C C; M a n ass as, V A) w as o bt ai n e d fr o m t h e A m eri c a n T y p e 

C ult ur e c oll e cti o n ( A T C C). R C H -A C V ( D S M Z n o.: A C C 5 4 8, D S M Z, G er m a n y) w as o bt ai n e d 

fr o m t h e D S M Z –  G er m a n c oll e cti o n of mi cr o or g a nis ms a n d c ell c ult ur e, w hil e U o C -B 1 w as a 

ki n d gift fr o m t h e l a b or at or y of Dr. Willi a ms E v a ns fr o m St. J u d e’s C hil dr e n’s R es e ar c h H os pit al, 

M e m p his, T e n n ess e e, U S A. R a m os ( A T C C n o.: R A 1, A T C C; M a n ass as, V A) w as o bt ai n e d fr o m 

A T C C.  C C R F -S B,  R C H -A C V  a n d  U o C -B 1  w er e  m ai nt ai n e d  i n  R P MI  1 6 4 0  m e di a  ( Gi b c o, 

T h er m ofis h er,  C at.  #:  1 1 8 7 5 0 9 3)  s u p pl e m e nt e d  wit h  1 0 %  h e at -i n a cti v at e d  f et al  b o vi n e  s er u m 

( F B S,  T h er m ofis h er,  C at.  #:  1 6 0 0 0 0 4 4)  a n d  1 %  p e ni cilli n  a n d  str e pt o m y ci n  ( 5, 0 0 0  u/ m L, 

T h er m ofis h er  C at.  #:  1 5 0 7 0 0 6 3)  t o  g e n er at e  R P MI 1 6 4 0  c o m pl et e  m e di a.  R a m os  c ell  li n e  w as 

 

C ell li n e  Di s e a s e  P ati e nt  

C C R F -S B  B -A L L  1 1. 5 -y e ar -ol d m al e p ati e nt wit h n or m al k ar y ot y p e  

R C H -A C V  R el a ps e d B M B -
A L L  

8 -y e ar -ol d f e m al e p ati e nt, Pr e -B -A L L a k a C A L L A, h y p o di pl oi d k ar y ot y p e wit h t( 1; 1 9),  
T C F 3 -P B X 1 ( E 2 A -P B X) f usi o n  

U o C -B 1  B -A L L  1 5. 5 -y e ar -ol d f e m al e, wit h t( 1 7; 1 9) T C F 3 -H L F ( E 2 A -H L F) f usi o n  

R a m os  B ur kitt’s 
l y m p h o m a 

3 -y e ar -ol d m al e, wit h t( 8; 1 4) c -m y c/I g H  a n d T P 5 3 m ut ati o ns  
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c ult ur e d i n R P MI 1 6 4 0 c o m pl et e m e di a f urt h er s u p pl e m e nt e d wit h 1 % s o di u m p yr u v at e a n d 0. 1 % 

b -m er c a pt o et h a n ol. C ell li n es w er e c ult ur e d i n t h eir r es p e cti v e c o m pl et e m e di a at 3 7  ° C a n d 5 % 

C O 2  u ntil u p t o 7 0 % c o nfl u e n c y is r e a c h e d.  

 

2. 1. 1. 3  C ell c ult u r e mi c r o p h ot o g r a p h y  

C ells i n s us p e nsi o n (f or e a c h c ell li n e) ar e pl a c e d o n a c o v er sli p a n d vis u ali z e d u n d er a L ei c a D M 

I L I L E D mi cr os c o p e, ass o ci at e d wit h t h e i nfi nit y c a m er a a n d t h e I nfi nit y A n al ys e s oft w ar e (Fi g. 

2. 2 ).  

 

2. 1. 1. 4  Fl o w c yt o m et r y v ali d ati o n   

C ells (fr o m all f o ur c ell li n es) w er e h ar v est e d fr o m R P MI 1 6 4 0 c o m pl et e m e di a a n d w as h e d i n 

F A C S b uff er ( 1 x P h os p h at e b uff er e d s ali n e –  P B S s u p pl e m e nt e d wit h 1 % h e at -i n a cti v at e d f et al 

b o vi n e s er u m). W as h e d c ells w er e t h e n r es us p e n d e d wit h F A C S b uff er  a n d st ai n e d wit h 0. 1 2 5 µ g 

of  C D 1 0 -A P C  ( 1 7 -0 1 0 6 -4 2,  e Bi os ci e n c e),  0. 1 2 5  µ g  I g M -P E -C y 7  ( 3 1 4 5 3 1,  Bi ol e g e n d),  0. 5  µ g 

C D 7 9 a B V 2 4 1 ( 5 6 2 8 5 2, B D Bi os ci e n c es), 0. 2 5 µ g C D 1 9 -P E ( 1 2 -0 1 9 9 -4 2, e Bi os ci e n c e), 0. 2 5 µ g 

C D 2 0 -P E C F 5 9 4  ( 5 6 0 9 6 2,  B D  Bi os ci e n c es),  0. 1 2 5  µ g  P a x 5 -Al e x a  Fl u or  4 8 8  ( 5 6 2 8 1 6,  B D 

Bi os ci e n c es) a n d 0. 5 µ g T d T -B V 5 1 0 ( 5 6 5 2 2 9, B D Bi os ci e n c es),  or wit h 0. 2 5 µ g of C D 2 4 -P E 

( 1 2-0 2 4 2 -8 2;  e Bi os ci e n c e)  f or  3 0  mi ns  at  4 ° C.  T his  w as  f oll o w e d  b y  c ells  b ei n g  w as h e d  wit h 

F A C S  b uff er  a n d  a n al y z e d  b y  fl o w  c yt o m etr y  ( B e c k m a n  C o ult er  c yt ofl e x).  I n  s o m e  c as es,  F C 

r e c e pt ors  w er e  bl o c k e d  usi n g  S er o bl o c k  ( B U F 0 7 0 A,  Bi o-R a d) ,  a n d  cells  w er e  fi x e d  usi n g  I C 

fi x ati o n b uff er ( 0 0-8 2 2 2 -4 9, e Bi os ci e n c e). C ells w er e p er m e a bili z e d usi n g 1 X p er m e a bili z ati o n 

b uff er ( S a p o ni n b as e d) ( 0 0 -8 3 3 3 -5 6). F or a n al ysis a n d g ati n g str at e gi es, n e g ati v e ( n o -st ai ni n g), 
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is ot y p e a n d p ositi v e st ai ni n g c o ntr ols w er e us e d. F or e a c h a n al ysis, at l e ast 1 0, 0 0 0 e v e nts w er e 

c a pt ur e d. Fl o w c yt o m etr y o ut p ut is s h o w n i n Fi g. 2. 3, s u m m ari z e d i n T a bl e 2. 2 . 

 

Fi g.  2. 2.  C ell  mi cr o p h ot o gr a p h y  of  c ell  li n e  st u d y  m o d els.  Tiss u e  c ult ur e  dis h es  c o nt ai ni n g 

c ult ur e d c ells ar e pl a c e d u n d er mi cr os c o p e, a n d c ell  mi cr o p h ot o gr a p h y i m a g es w er e t a k e n usi n g 

mi cr os c o p e m a g nifi c ati o ns of x 1 0, x 2 0 a n d x 4 0.

C C R F - S B ( x 1 0) C C R F - S B ( x 2 0) C C R F - S B ( x 4 0)

R C H - A C V ( x 1 0) R C H - A C V ( x 2 0) R C H - A C V ( x 4 0)

U o C - B 1 ( x 2 0)U o C - B 1 ( x 1 0) U o C - B 1 ( x 4 0)

R A M O S ( x 2 0)R A M O S ( x 1 0) R A M O S ( x 4 0)



 8 0  

 

Fi g. 2. 3.  S a m pl e fl o w c yt o m et r y d at a s h o wi n g e x p r essi o n of k e y s u rf a c e a n d i nt r a c ell ul a r m a r k e rs of B c ells of diff e r e nt c ell 

li n es. ( A) R A M O S ( p ositi v e c o ntr ol) a n d ( B) p e di atri c B-A L L ( R C H -A C V ) w er e v ali d at e d usi n g e x pr essi o n of s urf a c e m ar k ers ( C D 1 0, 

C D 1 9, I g M, C D 2 0) a n d i ntr a c ell ul ar m ar k er ( C D 7 9 a) . 
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M a r k e r  

 

C D 1 0 -A P C  

 

C D 1 9 -P E  C D 2 0 -P E -

C F 5 9 4  

C D 7 9 a -

B V 4 2 1  

I g M -P E -

C y 7  

P A X 5 - Al e x a 

Fl u o r 4 8 8  

T d T -B V 5 1 0  

M a r k e r l o c ati o n  S urf a c e  S urf a c e  S urf a c e  I ntr a c ell ul ar S urf a c e  I ntr a c ell ul ar I ntr a c ell ul ar 

C yt ofl e x 

c h a n n el  

L as e r  

A P C  

6 3 8 n m  

P E  

4 8 8 n m  

E C D  

4 8 8 n m  

P B 4 5 0  

4 0 5 n m  

P C 7  

4 8 8 n m  

FI T C  

4 8 8 n m  

K O 5 2 5  

4 0 5 n m  

Fi x ati o n 

St a bilit y  

C ell Li n e  

St a bl e  N ot st a bl e  N ot st a bl e  St a bl e  St a bl e  St a bl e  St a bl e  

R A M O S  +  +  - +  +  +  - 

C C R F -S B  - +  +  +  +  + (l o w)  - 
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T a bl e 2. 2.  S u m m ar y B c ell i m m u n o p h e n ot y p e of c ell li n e st u d y m o d els.   

 

 

R C H -A C V  - +  - +  +  +  + (l o w)  

U o C -B 1  +  +  - +  +  +  + (l o w)  
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2. 1. 2  P e di atri c B -A L L  pri m ar y l y m p h o bl asts  

2. 1. 2. 1 P ati e nt s a m pl es a n d c h a r a ct e risti cs  

T his  st u d y  w as  a p pr o v e d  b y  t h e  I nstit uti o n al  R e vi e w  B o ar d  of  t h e  M e m ori al U ni v ersit y  of 

N e wf o u n dl a n d a n d L a br a d or ( H R E B # 2 0 1 8. 0 6 9)  ( A p p e n di x B 1). H u m a n pri m ar y b o n e m arr o w 

l y m p h o bl asts ( B M M C) w er e is ol at e d b y Fi c oll is ol ati o n fr o m b o n e m arr o w as pir at es c oll e ct e d i n 

E D T A t u b es o bt ai n e d fr o m t h e Britis h C ol u m bi a C hil dr e n’s H os pit al bi o b a n k, Britis h C ol u m bi a  

( H R E B  # H 1 3 -0 3 1 1 1) .  All  m et h o ds  w er e  c arri e d  o ut  a c c or di n g  t o  t h e  C a n a di a n  R es e ar c h  Tri-

C o u n cil  p oli c y  sti p ul ati o ns  o n  et hi c al  c o n d u ct  f or  r es e ar c h  i n v ol vi n g  h u m a ns 

(htt ps:// et hi cs. g c. c a/ e n g/ p oli c y -p oliti q u e _t c ps 2 -e pt c 2 _ 2 0 1 8. ht ml ).  D o n ors  di d  n ot  f ast.  S e e 

T a bl e  2. 3  f or d o n or i nf or m ati o n. 

 

2. 1. 2. 2 B -A L L l y m p h o bl ast tiss u e c ult u r e  

 

B -A L L  p ati e nt  l y m p h o bl asts  w er e  c ult ur e d  as  o pti mi z e d  b y  t h e  Br us er u d  gr o u p  wit h 

m o difi c a ti o ns4 4 7 .  Bri efl y,  B-A L L  p ati e nt  l y m p h o bl asts  w er e  r e vi v e d  fr o m  fr o z e n  vi als  a n d 

m ai nt ai n e d i n St e m S p a n T M  s er u m -fr e e e x p a nsi o n m e di u m II S F E M II ( St e m c ell t e c h n ol o gi es, C at. 

#: 0 9 6 5 5) s u p pl e m e nt e d wit h h u m a n r e c o m bi n a nt I L -3 ( St e m c ell t e c h n ol o g y, C at # 7 8 0 4 0. 1), st e m 

c ell f a ct or ( St e m c ell t e c h n ol o g y, C at # 7 8 0 6 2. 1) a n d Flt 3 -li g a n d ( Flt 3/ Fl k-2) ( St e m c ell t e c h n ol o g y, 

C at # 7 8 0 0 9. 1) a n d 1 % p e ni cilli n a n d str e pt o m y ci n ( 5, 0 0 0 u/ m L, T h er m ofis h er C at. #: 1 5 0 7 0 0 6 3) 

at  3 7  ° C  a n d  5 %  C O 2 .  C ell-c o n diti o n e d  m e di a  ( C C M)  w as  c oll e ct e d  b y  c e ntrif u g ati o n  as 

a p pr o pri at e f or t h e diff er e nt is ol ati o n m et h o ds o utli n e d b el o w.   
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T a bl e 2. 3 .  C h a r a ct e risti cs of p ati e nt o r n o n-c a n c e r d o n o r ( N C D) bl o o d pl as m a s a m pl es  

S a m pl e  G e n d er  A g e at 

c oll e cti o n 

( y e ars) 

D o n or di a g n osis  P B W B C 

C o u nt 

( x 1 0 ^ 9/ L) 

Pl as m a v ol u m e 

( µl) 

E V s m all R N A ( n g)  R e a d c o u nt  

N C D 1  M al e  2  S pi n al m us c ul ar atr o p h y  N A  1 0 0 0  7 6. 6 4  1. 2 5 E + 0 7  

N C D 2  M al e  9  A c ut e t o nsilitis  N A  1 0 0 0  7 2. 8 4  1. 1 1 E + 0 7  

N C D 3  M al e  3  S pi n al m us c ul ar atr o p h y  N A  1 0 0 0  2 9. 8 9  2. 0 3 E + 0 7  

N C D 4  M al e  1 7  E pil e ps y  N A  1 0 0 0  1 8. 8 9  2. 3 5 E + 0 7  

N C D 5  F e m al e  1 7  E pil e ps y  N A  1 0 0 0  1. 7 3  1. 5 4 E + 0 7  

N C D 6  F e m al e  1 2  S pi n al m us c ul ar atr o p h y  N A  1 0 0 0  0. 0 5  2. 9 4 E + 0 7  

2 0 2 1 P B 0 7 B _ E  

M al e  1 1  E T V 6 ::R U N X 1 p e di atri c B -

A L L  

N A  1 0 0 0  1 1 0. 1 5  9. 6 4 E + 0 6  

2 0 2 1 P B 0 8 B _ E  

M al e  9  E T V 6 ::R U N X 1 p e di atri c B -

A L L  

1. 2 0  4 8 0  2 2 7. 0 6  1. 3 9 E + 0 7  

2 0 2 1 P B 0 9 B _ E  

M al e  3  E T V 6 ::R U N X 1 p e di atri c B -

A L L  

2 4. 4 0  4 8 0  3 1 4. 0 2  8. 4 4 E + 0 6  
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2 0 2 1 P B 1 0 A _ E  

F e m al e  3  E T V 6 ::R U N X 1 p e di atri c B -

A L L  

1 6. 2 0  3 7 0  9. 2 8  9. 7 6 E + 0 6  

2 0 2 1 P B 1 2 B _ E  

M al e  2  E T V 6 ::R U N X 1 p e di atri c B -

A L L  

2. 2 0  4 6 0  2 0 4. 7 3  7. 1 1 E + 0 6  

2 0 2 1 P B 1 3 A _ p  

F e m al e  1 2  B C R ::A B L 1 li k e p e di atri c B -

A L L  

5 0 7  2 9 0  4 5 7. 2 2  1. 9 3 E + 0 7  

2 0 2 1 P B 1 4 B _ p  M al e  1 7  B C R ::A B L 1 p e di atri c B -A L L  3. 1 0  4 4 0  3 8. 2 5  8. 1 5 E + 0 6  

2 0 2 1 P B 1 5 A _ p  F e m al e  1 7  B C R ::A B L 1 p e di atri c B -A L L  4 9. 9 0  3 2 0  1. 5 6  1. 1 6 E + 0 7  
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2. 1. 3  H u m a n bi ofl ui d s a m pl es  

 

2. 1. 3. 1 Et hi cs St at e m e nt  

T h e p e di atri c B -A L L E V s m all R N A st u d y w as  a p pr o v e d b y t h e I nstit uti o n al R e vi e w B o ar d of t h e 

M e m ori al U ni v ersit y of N e wf o u n dl a n d a n d L a br a d or ( H R E B # 2 0 1 8. 0 6 9) a n d t h e r es e ar c h et hi cs 

b o ar d affili at e d wit h t h e pr o vi n c e of Britis h C ol u m bi a a n d U ni v ersit y of Britis h C ol u m bi a ( H R E B 

#  H 1 3 -0 3 1 1 1)  ( A p p e n di x B 1 a n d B 2). Writt e n i nf or m e d c o ns e nt w as o bt ai n e d fr o m all p arti ci p a nts 

b ef or e e nr oll m e nt. All m et h o ds w er e c arri e d o ut a c c or di n g t o t h e C a n a di a n R es e ar c h Tri -C o u n cil 

p oli c y  o n  et hi c al  c o n d u ct  f or  r es e ar c h  i n v ol vi n g  h u m a ns  ( htt ps:// et hi cs. g c. c a/ e n g/ p oli c y -

p oliti q u e _t c ps 2 -e pt c 2 _ 2 0 1 8. ht ml ). 

 

2. 1. 3. 2 P e di at ri c  B -A L L a n d N o n -c a n c e r d o n o r ( N C D) P a rti ci p a nts  

H u m a n  pl as m a  fr o m w h ol e  bl o o d  c oll e ct e d  i n  E D T A  t u b es  w as  o bt ai n e d  fr o m  t h e  Britis h 

C ol u m bi a C hil dr e n’s H os pit al bi o b a n k a n d t h e J a n e w a y c hil dr e n’s h os pit al, N e wf o u n dl a n d, a n d 

L a br a d or. W h ol e bl o o d w as pr o c ess e d wit hi n 1  h of c oll e cti o n b y c e ntrif u g ati o n at 5 0 0 0  ×  g f or 

1 5  mi n at 4  ° C t o s e p ar at e t h e pl as m a fr a cti o n.  T h e pl as m a fr a cti o ns w er e st or e d at -8 0 ° C u ntil 

us e d. B ef or e us e, fr o z e n pl as m a ali q u ots w er e sl o wl y t h a w e d o n i c e a n d tr e at e d f or us e as o utli n e d 

i n s u bs e q u e nt s e cti o ns. All m et h o ds w er e c arri e d o ut a c c or di n g to t h e sti p ul ati o ns of t h e C a n a di a n 

R es e ar c h  Tri -C o u n cil  p oli c y  o n  et hi c al  c o n d u ct  f or  r es e ar c h  i n v ol vi n g  h u m a ns 

(htt ps:// et hi cs. g c. c a/ e n g/ p oli c y -p oliti q u e _t c ps 2 -e pt c 2 _ 2 0 1 8. ht ml ).  D o n ors  di d  n ot  f ast.  S e e 

T a bl e  2. 3  f or d o n or i nf or m ati o n. 
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2. 1. 3. 3  St r e c k v e rs us n o n -St r e c k s a m pl e c oll e cti o n a n d p r o c essi n g   

P eri p h er al bl o o d w as c oll e ct e d at t h e U ni v ersit y of Britis h C ol u m bi a fr o m t hr e e d o n ors i n t w o s ets. 

T h e first s et w as c oll e ct e d i n Str e c k c o at e d c oll e cti o n c o nt ai n ers w hil e t h e s e c o n d s et w as c oll e ct e d 

i n n o n-Str e c k c o nt ai n ers ( E D T A c o at e d). T h e bl o o d w as pr o c ess e d t o d e pl et e bl o o d c ells, a n d t h e 

pl as m a w as st or e d at -8 0 o C at t h e B C h os pit al bi o b a n k u ntil tr a ns p ort t o t h e C hristi a n l a b w h er e 

pl as m a s a m pl es w er e st or e d at -8 0 o C.  

Uri n e w as c oll e ct e d i n t hr e e w a ys. Firstl y, f or uri n e E V c oll e cti o n o pti mi z ati o n, a d o n or c oll e ct e d 

uri n e  i n  st eril e  c o nt ai n er  at  R T  a n d  st or e d  at -8 0 o C  u ntil  us e.  F or  Str e c k  v ers us  n o n -Str e c k 

c o m p aris o n,  uri n e  w as  c oll e ct e d  fr o m  s e v e n  d o n ors  i n  t w o  s ets  of  c o nt ai n ers –  Str e c k  c o at e d 

c o nt ai n ers a n d n o n -Str e c k v ess els.  

 

2. 1 . 4 E V is ol ati o n o pti miz ati o n  

 

2. 1. 4 . 1 V esi cl e- f r e e m e di a g e n e r ati o n 

T w o  ali q u ots  of  R P MI 1 6 4 0  c o m pl et e  m e di a  w er e  pr e p ar e d  as  pr e vi o usl y  d es cri b e d 2 6 5 .  Bri efl y, 

2 0 % h e at -i n a cti v at e d F B S ( R P MI-2 0 %) w as c e ntrif u g e d at 1 0 0, 0 0 0  ×  g f or 1 8  h at 4  ° C i n a n S W -

2 8 r ot or ( B e c k m a n C o ult er, Br e a, C A) t o d e pl et e F B S d eri v e d v esi cl es, filt er e d t hr o u g h a 0. 2 2  µ m 

filt er a n d st or e d at 4  ° C. F B S-fr e e R P MI c o m pl et e m e di a w as pr e p ar e d usi n g all i n gr e di e nts e x c e pt 

F B S. V esi cl e -fr e e m e di a f or c ult uri n g w as pr e p ar e d b y mi xi n g v esi cl e-fr e e R P MI-2 0 % a n d F B S -

fr e e R P MI-c o m pl et e m e di a i n a 1: 1 r ati o.  
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2. 1. 4 . 2 C ell c o n diti o n e d m e di a c oll e cti o n 

C ell c o n diti o n e d m e di a ( C C M) w as c oll e ct e d as f oll o ws. C ells (fr o m e a c h c ell li n e) w a s h ar v est e d 

b y c e ntrif u g ati o n at 5 0 0 x g f or 5 mi ns at R T a n d r es us p e n d e d i n v esi cl e -fr e e m e di a at a r ati o of 1 

x 1 0 6  c ells / ml. C ells ar e c ult ur e d i n v esi cl e fr e e m e di a f or 2 4 h o urs, f oll o w e d b y c ell p ell eti n g 

( c e ntrif u g ati o n  at  5 0 0  x  g  f or  5  mi ns  at  R T)  a n d  a p o pt oti c  b o di es  a n d  d e bris  p ell eti n g 

( c e ntrif u g ati o n at 2, 0 0 0 x g f or 5 mi ns at R T). C C M is us e d f or E V is ol ati on a n d c h ar a ct eri z ati o n 

usi n g a p pr o pri at e m et h o ds.  

 

2. 1. 4 . 3 P ol y et h yl e n e gl y c ol-b as e d is ol ati o n ( E x o Q ui c k)  

C C M w as c e ntrif u g e d at 3 0 0 0 × g f or 1 5 mi n ut es t o r e m o v e c ells a n d c ell d e bris. C C M s u p er n at a nt 

w as t h e n i n c u b at e d wit h E x o Q ui c k T C pr e ci pit ati o n r e a g e nt ( S yst e m Bi os ci e n c es, P al o Alt o, C A) 

a n d  i n c u b at e d  i n  a n  u pri g ht  p ositi o n  f or  at  l e ast  1 2  h o urs  at  4  ° C .  P ost  i n c u b ati o n,  E x o Q ui c k-

T C/ C C M mi xt ur e w as c e ntrif u g e d at 1, 5 0 0 x g f or 3 0 mi ns at R T, f oll o w e d b y c e ntrif u g ati o n at 

1, 5 0 0 x g f or 5 mi ns t o g et ri d of a n y r esi d u al s u p er n at a nt. Mi cr os p h er e h e a ds w er e pr e p ar e d b y 

w as hi n g i n r es us p e nsi o n b uff er, b ef or e mi xi n g wit h t h e b ei g e/ w hit e E V p ell et at R T o n a n i n v erti n g 

s h a k er f or 1 5 mi n ut es. P urifi e d E Vs ar e s e p ar at e d fr o m t h e b e a ds b y c e ntrif u g ati o n ( 8 0 0 0 x g f or 

5  mi n ut es  at  R T).  T h e  E Vs w e r e  pr es e nt  i n  t h e  s u p er n at a nt,  w hi c h c o ul d  b e  st or e d  o n  i c e  f or 

i m m e di at e us e, or at -8 0 o  C u ntil r e a d y f or us e.  

 

2. 1. 4 . 4 P e pti d e affi nit y p r e ci pit ati o n ( V n 9 6) 

E Vs w e r e is ol at e d fr o m C C M as pr e vi o usl y o pti mi z e d2 7 0, 4 4 8 . C C M w as i n c u b at e d wit h 2 4 µl V n 9 6 

s ol uti o n  o v er ni g ht  at 4 o C. F or  p e di atri c  B -A L L  si g n at ur e  st u d y,  2 5 0 –  1 0 0 0  µl  pl as m a  w as 

i n c u b at e d  wit h  V n 9 6  as  d es cri b e d  a b o v e.  F or  Str e c k/ n o n-Str e c k  c o m p aris o n  st u d y,  E Vs  w er e 
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is ol at e d fr o m 1 ml pl as m a a n d 4 ml uri n e s a m pl es r es p e cti v el y. P ost i n c u b ati o n, E V w er e  p ell et e d 

b y c e ntrif u g ati o n at 1 0, 0 0 0 x g f or 1 0 mi ns at 4  o C, f oll o w e d b y w as hi n g t hri c e wit h 0. 1 μ m filt er e d 

1 x  P B S s u p pl e m e nt e d wit h P M S F. E V -V n 9 6 is st or e d as a p ell et at -8 0 o C u ntil us e.  

 

2. 1. 4. 5 Si z e e x cl usi o n c h r o m at o g r a p h y ( S E C)  

C C M w as c e ntrif u g e d at 5 0 0 x g t o p ell et c ells a n d 2, 0 0 0 x g t o p ell et a p o pt oti c v esi cl es a n d d e bris.  

I Z O N q E V 2 si z e e x cl usi o n c ol u m ns w er e r e m o v e d fr o m 4  ° C a n d 0. 1  µ m filt er e d 1 x  P B S  w as 

all o w e d t o r u n t hr o u g h t h e c ol u m n. C C M  w as o v erl ai d o n t h e c ol u m n, f oll o w e d b y el uti o n wit h 

0. 1 µ m filt er e d 1 x  P B S . T h e fl o w t hr o u g h w as c oll e ct e d i n 2 ml fr a cti o ns ( 1 6); fr a cti o ns 1 1 - 1 4 

w er e c o m bi n e d f or a n al ysis. T h e c ol u m n w as w as h e d t hr o u g h b y r u n ni n g 0. 1 µ m filt er e d 1 x  P B S . 

 

2. 1 . 5 E V c h ar a ct eriz ati o n  

2. 1. 5 . 1 N a n o p a rti cl e t r a c ki n g a n al ysis ( N T A) 

F or N T A, diff er e nt s o ur c e m at eri als w er e dil ut e d as o pti mi z e d, usi n g 0. 1 -μ m -filt er e d P B S . C C M 

w as dil ut e d 5 -f ol d, bl o o d pl as m a w as dil ut e d 1 0 0 0 -f ol d w hil e uri n e w as dil ut e d 5 -f ol d. Dil ut e d 

s a m pl es  w er e  i m m e di at el y  a n al y z e d  o n  a  N a n osi g ht  N S 3 0 0  wit h  s oft w ar e  v ersi o n  3. 4. 0 0 3 

( M al v er n; U K). Fi v e vi d e os of 6 0 s e c e a c h w er e a c q uir e d usi n g c a m er a l e v el 1 5 at a t e m p er at ur e 

of 2 5 o  C a n d s yri n g e p u m p s p e e d of 2 5 ml/s f or all s a m pl es, as w ell as a b a c k gr o u n d, 0. 1-μ m -

filt er e d P B S c o ntr ol. P ost -c a pt ur e vi d e os w er e a n al y z e d b y t h e N a n osi g ht N S 3 0 0 s oft w ar e v ersi o n 

3. 4 B uil d 3. 4. 0 0 3. Q ui nt u pli c at e vi d e os p er s a m pl e w er e a n al y z e d usi n g a d et e cti o n t hr es h ol d of 

1 0  t o  o bt ai n  t h e  m e a n  di a m et er,  m o d e  di a m et er  a n d  m e a n  n u m b er  of  p arti cl es/ ml.  T h e  m e a n 

n u m b er of p arti cl es/ ml p er b at c h w as us e d t o esti m at e t h e ori gi n al c o n c e ntr ati o n.  
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2. 1. 5 . 2 W est e r n bl ot a n al ysis 

C ell p ell ets w er e l ys e d i n R a di oi m m u n o pr e ci pit ati o n ass a y ( RI P A) l ysis b uff er ( 2 0 m M Tris, p H 

8, 1 3 7 m M N a Cl, 1 0 % gl y c er ol, 1 % Trit o n X -1 0 0 a n d 2 m M E D T A ) at a c o n c e ntr ati o n of 1 x 1 0 6  

c ells/ 1 0 0 µl 1 x RI P A l ysis b uff er s u p pl e m e nt e d wit h 2  μ g/ m L a pr oti ni n ( Si g m a Al dri c h, St. L o uis, 

M O,  U S A),  1 %  p h os p h at as e  i n hi bit or  c o c kt ail  ( Si g m a  Al dri c h,  St.  L o uis,  M O,  U S A),  1  m M 

s o di u m  ort h o v a n a d at e  ( N e w  E n gl a n d  Bi ol a bs,  I ps wi c h,  M A,  U S A)  a n d  1  m M  P M S F  ( Si g m a 

Al dri c h, St. L o uis, M O, U S A). C ell l ysis s a m pl es w er e t h e n i n c u b at e d o n i c e f or 1 0 mi ns, f oll o w e d 

b y c e ntrif u g ati o n at 1 7, 0 0 0 ×  g  at 4 ° C f or 1 0 mi n. T h e s u p er n at a nt w as c oll e ct e d a n d st or e d at -8 0 

° C u ntil f urt h er us e.  V n 9 6 -E V p ell ets is ol at e d as d es cri b e d a b o v e w er e r es us p e n d e d i n 0. 1 µ M 

filt er e d 1 × P B S a n d mi x e d wit h 5x  L a e m mli s a m pl e b uff er ( 3 0 0 m M Tris b uff er p H 6. 8, 5 0 % ( v/ v) 

gl y c er ol,  2 5 % b -m er c a pt o et h a n ol,  0. 0 5 %  ( w/ v)  Br o m o p h e n ol  bl u e,  1 0 %  ( w/ v)  s o di u m  d o d e c yl 

s ul p h at e) t o a fi n al c o n c e ntr ati o n of 1 x. Pr ot ei n l ys at es w er e s e p ar at e d u n d er r e d u ci n g c o n diti o ns 

f or all mar k ers e x c e pt C D 6 3. F or all m ar k ers e x c e pt C al n e xi n, 1 µ g f or c ell pr ot ei n l ys at es w er e 

l o a d e d, w hil e 0. 1 µ g w as l o a d e d f or C al n e xi n. F or E Vs, pr ot ei ns fr o m 3 x 1 0 6  c ell d eri v e d E Vs 

w er e l o a d e d. T h e pr ot ei ns w er e s e p ar at e d usi n g 1 0 % a n d 1 2 % S D S -P A G E as r e q uir e d. Pr ot ei ns 

o n  g els  w er e  tr a nsf err e d  o nt o  nitr o c ell ul os e  m e m br a n es,  f oll o w e d  b y  bl o c ki n g  wit h  5 %  ( w/ v) 

s ki m m e d mil k i n 0. 1 % T B S T ( 1 7. 5 3 g N a Cl, 4. 8 5 g Tris b as e, 0. 1 % T w e e n -2 0). Pri m ar y A bs w er e 

dil ut e d i n 5 % ( w/ v) s ki m m e d mil k i n T B S T as f oll o ws:  1: 1 0 0 0 H S P 9 0 a/ ß ( S a nt a Cr u z,  s c -1 3 1 1 9), 

1: 1 0 0 0 C D 8 1 ( S a nt a Cr u z, s c 1 6 6 0 2 9), 1: 1 0 0 0 H S C 7 0 ( S a nt a Cr u z, s c -7 2 9 8), 1: 5 0 0 C D 6 3 ( S a nt a 

Cr u z,  s c -5 2 7 5),  1: 5 0 0  Al b u mi n  ( C ell  Si g n ali n g  T e c h n ol o g y - c at  n o. 4 9 2 9),  1: 1 0, 0 0 0 

A p oli p o pr ot ei n B ( A b c a m, a b 1 3 9 4 0 1), 1: 1 0 0 0  A p oli p o pr ot ei n A ( S a nt a Cr u z s c -3 7 6 8 1 8), 1: 1 0 0 0 

C al n e xi n ( A b c a m, a b 2 2 5 9 5), 1: 1 0 0 0 B L N K ( C ell si g n ali n g t e c h n ol o gi es, 1 2 1 6 8), 1: 1 0 0 0 C D 4 1 

( C ell si g n ali n g t e c h n ol o gi es, C S T 1 3 8 0 7 5), a n d  1: 1 0 0 0 C D 2 3 5 ( S a nt a Cr u z, s c-5 9 1 8 2).  H S P 9 0, 
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H S C 7 0, A p o A, a n d C D 6 3 w er e d et e ct e d usi n g H R P -c o nj u g at e d g o at a nti -m o us e I g G ( S a nt a Cr u z -

1 3 1 1 9) w hil e A p o B, C D 4 1, C al n e xi n a n d Al b u mi n w er e d et e ct e d usi n g H R P -c o nj u g at e d m o us e 

a nti -r a b bit  I g G  ( S a nt a  Cr u z,  s c-2 3 5 7).  C D 2 3 5  w as  d et e ct e d  usi n g  g o at  a nti -r at  I gG -H R P  H R P 

c o nj u g at e d ( S a nt a Cr u z, s c -2 0 0 6). All s e c o n d ar y A bs w er e dil ut e d 1: 2 0 0 0 i n 5 % ( w/ v) s ki m m e d 

mil k i n T B S T. W est er n c h e mil u mi n es c e nt H R P s u bstr at e (I m m o bil o n E C L Ultr a W est er n H R P 

S u bstr at e) w as us e d f or d et e cti o n. W est er n bl ot i m a g e a c q uisiti o n w a s d o n e o n a g el d o c u m e nt ati o n 

s yst e m  ( Bi o -R a d,  H er c ul es,  C A),  f oll o w e d  b y  si m pl e  i m a g e  m a ni p ul ati o n  i n v ol vi n g  o nl y 

bri g ht n ess a n d c o ntr ast a dj ust m e nts of t h e e ntir e i m a g e.  

 

2. 1. 5 .3  T r a ns missi o n el e ct r o n mi c r os c o p y  

F or p e di atri c B -A L L c ell li n es, E V -V n 9 6 P ell ets w er e r es us p e n d e d i n 0. 1-μ m -filt er e d 1 x P B S a n d 

E Vs dis p ers e d fr o m V n 9 6 p e pti d e b y di g esti o n o v er ni g ht wit h 2 5  µ g pr ot ei n as e K e n z y m e ( Si g m a -

Al dri c h) 2 7 0  at 3 7  ° C. P ost di g esti o n, V n 9 6 -E V -pr ot ei n as e -K mi xt ur e w as c e ntrif u g e d at 1 7, 0 0 0  ×  g 

f or 1 5  mi n t o r e m o v e u n di g est e d m at eri al. F or p ati e nt l y m p h o bl ast C C M, 5 μ l of C C M w as us e d 

f or  T E M.  Dil ut e d  dis p ers e d  E Vs  w er e  pl a c e d  o n  f or m v ar-c ar b o n  el e ctr o n  mi cr os c o p e  gri ds 

( El e ctr o n Mi cr os c o p y s er vi c es, H atfi el d, P A, U S A) a n d all o w e d t o dr y f or u p t o 6 0  mi ns. Gri ds 

w er e  fl o at e d  s a m pl e -si d e  d o w n  i n  p yr o g e n -fr e e  w at er  f oll ow e d  b y  fi x ati o n  wit h  3. 7 % 

p ar af or m al d e h y d e  f or  1 5  mi n  a n d  t w o  w as h es  wit h  p yr o g e n -fr e e  w at er  b y sl o w  dr o p wis e 

a p pli c ati o n f or 6 0 s e c e a c h ti m e. Gri ds w er e t h e m c o ntr ast e d wit h 2 % ur a n yl a c et at e ( w/ v) f or 6 

mi ns, f oll o w e d b y o n e a d diti o n al w at er w as h as a b o v e. All s ol uti o ns w er e filt er e d usi n g 0. 1 -µ m 

s yri n g e  filt ers  ( 4 6 1 1;  P all  C or p;  P ort  W as hi n gt o n, N Y).  Dri e d  gri ds  w er e  t h e n  vi e w e d  usi n g  a 

T e c n ai S pirit tr a ns missi o n El e ctr o n Mi cr os c o p e ( T E M) o p er ati n g at 8 0 K V ( F EI; Hills b or o, O R).  
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2. 1. 6  R N A is ol ati o n a n d pr o c essi n g  

2. 1. 6 .1  T ot al s m all R N A is ol ati o n  

mir V a n a mi R N A is ol ati o n kit ( A m bi o n, Lif e T e c h n ol o gi es, C arls b a d, C A, U S A) w as us e d f or t ot al 

s m all R N A e xtr a cti o n f oll o wi n g t h e m a n uf a ct ur er’s i nstr u cti o ns. E V p ell et w as r es us p e n d e d i n 

el uti o n s ol uti o n f oll o w e d b y st e p wis e is ol ati o n. Fi n all y, 1 0 0 µl R N As e -fr e e w at er h e at e d t o 9 5 ° C 

i n a h e at bl o c k w as us e d t o el ut e t h e t ot al s m all R N A. T ot al s m all R N A i n w at er w as st or e d at - 

8 0 °  f or  l at er  us e.  T ot al  s m all  R N A  i n  w at er  w as  c o n c e ntr at e d  usi n g  t h e  S a v a nt  s p e e d  v a c u u m 

c e ntrif u g e c o n c e ntr at or ( T h er m o S ci e ntif i c, As h e vill e, N C) at 4 3 ° C f or 2 r o u n ds of 3 0 mi ns e a c h. 

1 µl  R N A  w as  t h e n  us e d  f or  q u a ntifi c ati o n  usi n g  t h e  A gil e nt  bi o a n al y z er  ( S a nt a  Cl ar a,  C A). 

C o n c e ntr at e d t ot al s m all R N A s a m pl es w er e t h e n s e nt t o t h e Atl a nti c C a n c er R es e ar c h I nstit ut e 

( M o n ct o n, N e w Br u ns wi c k, C a n a d a) f or li br ar y pr e p ar ati o n a n d s e q u e n ci n g. 

 

2. 1. 6 .2  R N A Q C  

T h e q u alit y a n d q u a ntit y of t h e R N A w er e ass ess e d usi n g t h e A gil e nt s m all R N A kit ( A gil e nt, 

5 0 6 7 -1 5 4 8, 5 0 6 7 -1 5 5 0 a n d 5 0 6 7 -1 5 4 9) a n d t h e H S R N A ass a y o n t h e fr a g m e nt A n al y z er ( A gil e nt, 

5 0 6 7 -5 5 7 6 a n d 5 0 6 7 -5 5 7 7) f or i nt e grit y a n d si z e distri b uti o n r es p e cti v el y.  

 

2. 1. 6 .3  Li b r a r y P r e p a r ati o n  

T h e li br ar y w as pr e p ar e d usi n g 1 0 n g R N A i n p ut or l ess a n d t h e N E X T F L E X S m all R N A -S e q Kit 

v 3  ( P er ki n  El m er,  N O V A -5 1 3 2 -2 4)  f oll o wi n g  t h e  m a n uf a ct ur er’s  i nstr u cti o ns.  First,  QI As e q 

mi R N A Li br ar y Q C S pi k e -I ns ( Qi a g e n, 3 3 1 5 3 5) w as dil ut e d 1/ 2 a n d t h e n a d d e d t o t h e s a m pl es 

r es ulti n g i n a fi n al dil uti o n of 1/ 4 2. N E X T F L E X 3’ 4 N a d e n yl at e d a d a pt ers w er e li g at e d t o s a m pl es 

usi n g a 1/ 4 a d a pt er dil uti o n a n d a 1 6 ° C o v er ni g ht i n c u b ati o n. T h e a d a pt or -li g at e d s a m pl es w er e 
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p urifi e d  wit h  N E X T F L E X  cl e a n u p  b e a ds,  a n d  e x c ess  a d a pt ers  w er e  i n a cti v at e d.  N e xt, 

N E X T F L E X  5’  4 N  a d a pt ers  w er e  a d d e d  t o  s a m pl es  usi n g  a  1/ 4  a d a pt er  dil uti o n  f oll o w e d  b y 

r e v ers e tr a ns cri pti o n first str a n d s y nt h esis. R e v ers e tr a ns cri b e d s a m pl es w er e s u bj e ct e d t o a b e a d 

cl e a n -u p wit h o ut a n y si z e s el e cti o n. F or t h e P C R e nri c h m e nt, a diff er e nt u ni q u e d u al i n d e x ( P er ki n 

El m er,  N O V A -5 1 3 2 -2 4)  w as  a d d e d  t o  e a c h  s a m pl e,  a n d  2 2  P C R  c y cl es  w er e  us e d.  A m plifi e d 

li br ari es w er e p urifi e d wit h o ut a n y si z e s el e cti o n i niti ally; h o w e v er, d u e t o hi g h m ol e c ul ar w ei g ht 

t e m pl at es, a fi n al si z e s el e cti o n w as p erf or m e d t o o bt ai n t h e fi n al li br ar y. T h e q u alit y of t h e li br ar y 

w as ass ess e d as f oll o ws; si z e distri b uti o n w as d et er mi n e d wit h t h e D 1 0 0 0 ass a y o n t h e T a p est ati o n 

( A gil e nt, 5 0 67 -5 5 8 2 a n d 5 0 6 7 -5 5 8 3). T h e K A P A Li br ar y Q u a ntifi c ati o n Kit ( R o c h e, K K 4 8 2 4) 

w as us e d t o e v al u at e t h e c o n c e ntr ati o n.  

 

2. 1. 6. 4 S m all R N A S e q u e n ci n g  

E q ui m ol ar a m o u nts of li br ari es w er e first s e q u e n c e d o n t h e i S e q 1 0 0 i nstr u m e nt (Ill u mi n a) usi n g 

si n gl e -e n d s e q u e n ci n g of 1 X 1 0 0 t o ass ess b ot h li br ar y a n d p o oli n g q u aliti es. Li br ari es’ i n p uts w er e 

r e b al a n c e d  f oll o wi n g  Ill u mi n a’s  r e c o m m e n d ati o ns  t o  e ns ur e  a n e q u al  r e pr es e nt ati o n  of  e a c h 

s a m pl e. Li br ari es w er e t h e n s e q u e n c e d usi n g t h e N o v as e q 6 0 0 0 i nstr u m e nt (Ill u mi n a). S a m pl es 

w er e l o a d e d o n a n S 1 fl o w c ell, a n d a si n gl e -e n d s e q u e n ci n g of 1 X 1 0 1 w as us e d.  

 

2. 1. 6. 5  c D N A s y nt h esis  

c D N A s y nt h esis w as p erf or m e d usi n g t h e mi cr o s cri pt mi R N A c D N A s y nt h esis kit ( 5 4 4 1 5, N or g e n 

Bi ot e k)  as  d es cri b e d  i n  t h eir  d at as h e et.  Bri efl y,  f or  e a c h  s a m pl e,  2 x  r e a cti o n  mi x,  mi cr os ci pt 

mi cr o R N A e n z y m e mi x, R N A t e m pl at e ( b et w e e n 2. 5 –  4 n g, d e p e n di n g o n t h e s a m pl e) w er e a d d e d 

t o a si n gl e n u cl e as e fr e e P C R t u b e. S a m pl e pr e p ar ati o n w as d o n e o n i c e, a n d t h e n tr a nsf err e d t o a 
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t h er m o c y cl er a n d c D N A s y nt h esi z e d usi n g t h e f oll o wi n g s etti n gs ( 3 7 o C f or 3 0 mi n ut es, 5 0 o C f or 

3 0  mi n ut es,  7 0 o C  f or  1 5  mi n ut es  f oll o w e d  b y  a  h ol d  at  4 o C).  S y nt h esi z e d  c D N A  w as  t h e n 

tr a nsf err e d t o st or a g e at -2 0 o C u ntil us e.  

 

2. 1. 6 .6  q P C R  

q P C R  w as  p erf or m e d  usi n g  A gil e nt  mi R N A  q P C R  m ast er mi x  ( 6 0 0 5 8 3,  A gil e nt  t e c h n ol o gi es) 

a c c or di n g t o t h e m a n uf a ct ur er’s g ui d e. Bri efl y, e a c h r e a cti o n c o nt ai n e d 1 2. 5 µ l 2 x mi R N A q P C R 

m ast er mi x, 1 µ l of 3. 1 2 5 µ M u ni v ers al r e v ers e pri m er a n d mi R N A -s p e cifi c r e v ers e pri m er a n d 

R N as e -fr e e w at er. T h e q u alit y of t h e pri m ers w as a c c ess e d usi n g t hr e e-f ol d 5-p oi nt st a n d ar d c ur v es 

of p o ol e d c D N A.  

 

2. 2  B -A L L d r y l a b m et h o ds  

2. 2. 1   mi R N As i n p e di atri c B -A L L c ells  

T h e  dr y  l a b  m et h o ds  ar e  s u m m ari z e d  t o  gi v e  a  cl e ar  u n d erst a n di n g  of  t h e  tr aj e ct or y  of  t h es e 

e x p eri m e nts ( Fi g . 2. 4 ). T h e m et h o ds ar e o utli n e d i n d et ail b el o w.  

 

2. 2. 1. 1  D at as et a n d st u d y i d e ntifi c ati o n  

 

T o  o bt ai n  r a w  mi R N A  pr ofili n g  d at a  f or  r e a n al ysis,  w e  s e ar c h e d  f or  ‘ mi R N As  of  B  c ell  a c ut e 

l y m p h o bl asti c  l e u k e mi a  ( B-A L L)’  i n  G e n e  e x pr essi o n  o m ni b us  ( G E O) 

htt ps:// w w w. n c bi. nl m. ni h. g o v/ g e o/  . W e als o s e ar c h e d f or t h e k e y w or ds ‘ mi R N As’, ‘ B c ell a c ut e 

l y m p h o bl asti c l e u k e mi a’ a n d ‘ B-A L L’ i n  E ur o p e a n Bi oi nf or m ati cs I nstit ut e ( E BI)/ arr a y e x pr ess 

htt ps:// w w w. e bi. a c. u k/ arr a y e x pr ess/ . G E O a n d arr a y e x pr ess/ E BI d at a b as e s e ar c h s h o w e d 1 9 2 a n d 
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1 9 0 r es ults r es p e cti v el y ( F i g. 2.5 A ). Usi n g Pr ef err e d R e p orti n g It e ms f or S yst e m ati c R e vi e ws a n d 

M et a -A n al ys es ( P RI S M A) crit eri a 4 4 9 , r es ults w er e filt er e d d o w n t o 3 1 a n d 2 4 r es ults, r es p e cti v el y 

(Fi g. 2. 5 A ). Fi n al i n cl usi o n d at as ets fr o m G E O a n d E BI w er e 5 a n d 4, wit h 4 d at as ets o v erl a p pi n g 

i n b ot h d at a b as es (Fi g. 2. 5 A ). F or m et a-a n al ysis of pr e vi o usl y p u blis h e d D E mi Rs, lit er at ur e wit h 

mi R N As i n B -A L L w er e s e ar c h e d f or i n N ati o n al C e nt er f or Bi ot e c h n ol o g y I nf or m ati o n ( N C BI) 

htt ps:// w w w. n c bi. nl m. ni h. g o v/ g ds/  usi n g  t h e  p hr as e  ‘ mi R N As  i n  B  c ell  a c ut e  l y m p h o bl asti c  

l e u k e mi a’. D at as ets f or r e-a n al ys es a n d m et a -a n al ysis w er e i n cl u d e d b as e d o n pr es e n c e of at l e ast 

3 h e alt h y c o ntr ol s (H C ), a n d o v er 1 0 p ati e nt B-A L L s a m pl es. D at as ets w h er e t h e p ati e nts w er e 

tr e at e d wit h c h e m ot h er a p e uti c dr u gs w er e e x cl u d e d. St u di es wit h o ut H C w er e als o e x cl u d e d.  
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Fi g. 2. 4 . E x p e ri m e nt al d esi g n f o r d r y l a b e x p e ri m e nts. S u m m ar y st e ps mi R N A bi oi nf or m ati cs -

b as e d  st u d y  (l eft)  a n d  d et ail e d  st e ps f or R N A S e q  d at a  pr o c essi n g, usi n g  t h e  mi R N A -s p e cifi c 

pl atf or m - S R N At o ol b o x ( mi d dl e ) f or a mi R N A-s p e cifi c si g n at ur e a n d t h e R N A a g n osti c pl atf or m 

–  D E S e q 2 f or R N A a g n osti c si g n at ur e (ri g ht).  
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Fi g.  2. 5 . E x p e ri m e nt al  d esi g n  f o r  bi oi nf o r m ati cs  st u d y,  a n d  m ai n  st e ps  f o r  st u d y  i d e ntifi c ati o n  a n d  i n cl usi o n.  F or  st u d y 

i d e ntifi c ati o n, d at as et a n d lit er at ur e s e ar c h w as d o n e i n G e n e e x pr essi o n o m ni b us ( G E O) a n d P u b M e d d at a b as es. Usi n g m ulti pl e r o u n ds 

of e x cl usi o ns, s e ar c h r es ults (f or r e a n al ysis –  l eft a n d m et a n al ys es –  ri g ht) w er e n arr o w e d t o t h e fi n al d at as et a n d lit er at ur e s a m pl es. ( B) 
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Aft er d at a c oll e cti o n, r a w d at a ( mi cr o arr a y a n d P C R pr ofil e d) d at a w as a n al y z e d  t o i d e ntif y diff er e nti all y e x pr ess e d mi R N A ( D E mi Rs) 

b et w e e n h e alt h y c o ntr ol a n d B -A L L.   
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2. 2. 1. 2   R e -a n al ys es of r a w d at a  

T h e fi v e mi cr o arr a y a n d P C R d at as ets a n al y z e d ar e d es cri b e d i n S u p p . fil e 3. 1  a n d a n al y z e d as 

s h o w n i n F i g. 2 .5 B . E a c h d at as et c o nt ai n e d h e alt h y a n d B-A L L b o n e m arr o w a n d/ or p eri p h er al 

bl o o d  s a m pl es  fr o m  p e di atri c  a n d  a d ult  p ati e nts.  R a w  d at a  w as  n or m ali z e d  usi n g  t h e  m et h o ds 

st at e d i n S u p p fil e 3. 1  usi n g t h e R st atisti c al p a c k a g e ( v 3. 6. 3). N or m ali z e d e x pr essi o n d at a w as 

t h e n fit t o a li n e ar m o d el usi n g Bi o c o n d u ct or t o ol LI M M A ( v 3. 2 8. 1 4). A n al ysis of diff er e nti al 

e x pr essi o n d at a b et w e e n diff er e nt gr o u ps ( H C v ers us B -A L L; H C v ers us B -A L L s u bt y p es) w er e 

p erf or m e d,  wit h  a  f als e  dis c o v er y  r at e  ( F D R)  of  5 %. V e n n  di a gr a ms  w er e  cr e at e d wit h 

htt p:// bi oi nf or m ati cs. ps b. u g e nt. b e/ w e bt o ols/ V e n n/  , V a n d e P e er L a b, G h e nt U ni v ersit y). Pri n ci p al 

c o m p o n e nt a n al ysis ( P C A) w as c al c ul at e d usi n g ‘ g g pl ot 2’ p a c k a g e ( v. 3. 3. 3). Z s c or es f or t ot al 

mi R N As  p er  d at as et  w er e  c al c ul at e d  usi n g  t h e  Bi o b as e  p a c k a g e  ( v  3. 1 2).  Hi er ar c hi c al  cl ust er 

a n al ysis usi n g m e di a n li n k a g e w as c o nstr u ct e d usi n g G E N E SI S s oft w ar e ( v 1. 8. 1) 4 5 0 .  

2. 2. 1. 3   M et a -a n al ysis of D E mi Rs  

Diff er e nti all y e x pr ess e d mi R N As ( D E mi Rs) fr o m 2 5 p a p ers ( S u p p fil e 3. 2, Fi g 2. 5 A ) pr ofil e d b y 

c D N A mi cr o arr a y, R N A -s e q or P C R w er e m a n u all y c ur at e d i nt o E x c el. D e mi R d at a w er e t h e n 

a n al y z e d b y V e n n di a gr a ms as w ell as cl ust er a n al ysis usi n g G E N E SI S s oft w ar e ( Fi g. 2. 5  B ).  

 

2. 2. 1. 4   I n Sili c o T a r g et p r e di cti o n a n d G e n e P at h w a y E n ri c h m e nt A n al ysis  

T h e  t o p  8  pr o misi n g  mi R N A  n a m es  a n d  m at ur e  s e q u e n c es  w er e  v erifi e d  usi n g  mi R b as e 

(htt p:// w w w. mir b as e. or g , M a n c h est er U ni v ersit y, r el e as e 2 2. 1). T h e p ut ati v e t ar g et g e n es of t h e 8 

pr o misi n g  mi R N As  w er e  pr e di ct e d  usi n g  mi R w al k  3. 0 4 5 1   a n d  mi R D B  6. 0 4 5 2 .  T h e  pr e di cti o n 

p ar a m et ers  us e d  p erf e ct  s e e d  c o m pl e m e nt arit y  a n d  hi g h  b as e -p air  st a bilit y,  t o  mi ni mi z e  f als e 

p ositi v es. T ot al t ar g ets i d e ntifi e d fr o m mi R w al k a n d mi R D B f or e a c h mi R N A ar e s h o w n i n S u p p . 
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fil e 3. 3.  T h e t o p 2 5 m R N A t ar g ets c o m m o n t o b ot h a n al ys es ar e s h o w n i n  S u p p fil e 3. 4  a n d w er e 

c h os e n f or f urt h er a n al ys es.  

G e n e p at h w a y  a n al ysis  w as  c arri e d  o ut  usi n g  Cl u e G o  pl u gi n  f or  C yst os c a p e  s oft w ar e  ( v  3. 8. 2 

N ati o n al R es o ur c es f or N et w or k Bi ol o g y) 4 5 3   t o i d e ntif y si g nifi c a ntl y e nri c h e d bi ol o gi c al pr o c ess es 

( B P) a n d K y ot o e n c y cl o p e di a of g e n es a n d g e n o m es ( K E G G), R e a ct o m e a n d wi ki p at h w a ys.  

 

2. 2. 2  P e di atri c B -A L L E V S m all R N A  

2. 2. 2. 1  D at a P r o c essi n g  

R a w r e a ds fr o m R N A S e q w er e pr o c ess e d usi n g Ill u mi n a's b as es p a c e s e q u e n c e d o w nl o a d er h u b ( v 

2. 2. 1. 6, htt ps:// b as es p a c e.ill u mi n a. c o m/ d as h b o ar d , a c c ess e d o n A pril 2 2, 2 0 2 2), w hi c h r u ns o n t h e 

Ill u mi n a  s e q u e n c e  h u b  pl atf or m  2 0 1 7.  N e xt,  a d a pte r  s e q u e n c es  w er e  r e m o v e d  a n d  si z e  filt er e d 

usi n g C ut a d a pt ( v 4. 0) 4 5 4 , f oll o w e d b y Q C usi n g F ast Q C ( v 0. 1 1. 9)4 5 5  a n d M ulti Q C ( v 1. 1 3. 1 0) 4 5 6 . 

Ali g n m e nt t o a r ef er e n c e g e n o m e w as c o n d u ct e d wit h B o wti e 2 ( v 2. 4. 5) 4 5 7 , f oll o w e d b y i n d e xi n g 

usi n g S a mt o ols ( v 1. 1 6. 1) 4 5 8  a n d vi e wi n g b y I nt e gr ati v e g e n o m e vi e w er ( v 2. 1 3. 0) 4 5 9 .  

Usi n g f e at ur e c o u nt d at a, a stri n g e nt filt er crit eri o n w as a p pli e d as f oll o ws –  s a m pl es wit h r e a ds i n 

8/ 8 p e di atri c B -A L L s a m pl es, a n d s a m pl es wit h r e a ds i n 6/ 6 N C D s a m pl es w er e d eli n e at e d. B as e d 

o n t his stri n g e nt crit eri o n, t h e list of tr a ns cri pts w as e xt r a ct e d a n d r a n t hr o u g h t h e G h e nt V e n n 

di a gr a m p a c k a g e d htt ps:// bi oi nf or m ati cs. ps b. u g e nt. b e/ w e bt o ols/ V e n n/.  

A  mi R N A -s p e cifi c  B -A L L  E V  si g n at ur e  (si g nifi c a ntl y  diff er e nti all y  p a c k a g e d  mi R N As 

( D P Mi Rs) b et w e e n N C D a n d B-A L L) w as i d e ntifi e d usi n g s R N At o ol b o x 4 6 0  ( a c c ess e d D e c e m b er 

2 0 2 2).  Wit hi n  t h e  s R N At o ol b o x  a n al ysis, fi v e  pi p eli n es  w er e  us e d:  D E S e q,  D E S e q 2,  N OI S e q, 

E d g e R a n d T -t est. F or t h e R N A a g n osti c a n al ysis of diff er e nti all y p a c k a g e d R N As ( D P R N As), 
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r e a d  c o u nts  w er e  o bt ai n e d  wit h  f e at ur e C o u nts  ( v 2. 0 4)4 6 1  i n  R St u di o  ( v 2 0 2 2. 0 2. 3).  R  st atisti c al 

e n vir o n m e nt ( v 3. 4. 1) w as us e d t o c al c ul at e t h e diff er e n c e b et w e e n t h e n or m ali z e d r e a d c o u nts of 

R N A  wit h  t h e  “r el ati v e  l o g  e x pr essi o n ”  ( R L E)  n or m ali z ati o n  m et h o d  of  Bi o c o n d u ct or  p a c k a g e 

D E S E q 2 ( v 1. 3 6. 0) 4 6 2 . St atisti c all y si g nifi c a nt diff er e nti al p a c k a gi n g ( D P) w as d et er mi n e d usi n g 

t h e f als e dis c o v er y r at e c orr e cti o n ( F D R) at a c ut-off of 0. 0 5 or l o w er, as i n di c at e d. T h e R N A S e q 

d at a  h a v e  b e e n  d e p osit e d  i n  t h e  N C BI  G e n e  E x pr essi o n  O m ni b us  ( G E O)  u n d er  t h e  a c c e ssi o n 

n u m b er G S E 2 3 9 4 6 1  a n d G S E 2 3 9 4 6 7.  

T o  i d e ntif y  e x cl usi v e  tr a ns cri pts,  f e at ur e  c o u nt  d at a,  a  stri n g e nt  crit eri o n  w as  us e d  w h er e 

tr a ns cri pts wit h r a w c o u nts pr es e nt i n 8/ 8 c ells ( pri m ar y l y m p h o bl asts a n d i m m ort ali z e d c ell li n es) 

or  i n  8/ 8  E Vs  w er e  e xtr a ct e d.  A  V e n n  usi n g  t h e G h e nt  V e n n  di a gr a m  t o ol 

(htt ps:// bi oi nf or m ati cs. ps b. u g e nt. b e/ w e bt o ols/ V e n n/ ) w as  c arri e d  o ut,  t o  i d e ntif y  c ell  a n d  E V 

e x cl usi v e tr a ns cri pts. P air wis e a n d m ulti -gr o u p diff er e nti al e x pr essi o n a n al ys es w er e p erf or m e d 

usi n g t h e R st atisti c al e n vir o n m e nt ( v 3. 4. 1). P ri n ci p al c o m p o n e nt a n al ysis ( P C A), a n d M A pl ots 

w er e g e n er at e d usi n g D E S e q 2 ( v 3. 1 6) a n d g g pl ot 2 ( v 3. 4. 0). U ns u p er vis e d h i er ar c hi c al cl ust eri n g 

w as p erf or m e d o n z s c or es usi n g t h e G E N E SI S s oft w ar e ( v 1. 8. 1) 4 6 3 .  

T o i d e ntif y t h e p att er n of g e n es li n k e d t o t h e p a c k a g e d g e n es a n d ass o ci at e d t h e m es, g e n e o nt ol o g y 

( G O) a n d K y ot o e n c y cl o p e di a of g e n es a n d g e n o m es ( K E G G) w er e a n al y z e d usi n g C yt os c a p e 4 6 4  

a n d R Bi o c o n d u ct or p a c k a g es ( cl ust er Pr ofil er 4 6 5 , ti d y gr a p h, t w e e nr, p at h vi e w4 6 6 , e nri c h pl ot a n d 

g g pl o t2).  

T o  c o m p ar e  t h e  a b u n d a n c e  of  t R N A -a nti c o d o ns  t o  t h e  t ot al  t R N As  i n  t h e  g e n o m e,  t h e  list  of 

p a c k a g e d t R N A g e n es w er e a n n ot at e d a n d c o m p ar e d t o t h e g e n o m e t R N A list o bt ai n e d fr o m t h e 

L o w e  l a b’s  t R N A  d at a b as e.  T his  w as  a c c ess e d  fr o m 
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htt p:// gtr n a d b. u cs c. e d u/ g e n o m es/ e u k ar y ot a/ Hs a pi 1 9/ Hs a pi 1 9 -ps e u d o -g e n e -list. ht ml  o n  J u n e  3 0, 

2 0 2 3, wit h t h e t ot al list d o w nl o a d e d.   

2. 2. 2. 2  P ost s e q u e n ci n g a n al ysis  

R N A tr a ns cri pts fr o m t h e R N A a g n osti c pi p eli n e w er e usi n g E ns e m bl Bi o m art 4 6 7  i nt o c o di n g R N A 

( m R N A) a n d n o n-c o di n g R N A ( mi R N A, t R N A, l n c R N A, s n o R N A, s n R N A) a n d u n cl assifi e d n o n -

c o di n g R N As usi n g N C BI ( htt ps:// w w w. n c bi. nl m. ni h. g o v  a c c ess e d o n D e c e m b er 2, 2 0 2 2), H U G O 

g e n e n o m e n cl at ur e c o m mitt e e ( htt ps:// w w w. g e n e n a m es. or g  a c c ess e d o n D e c e m b er 2, 2 0 2 2) a n d 

R N A c e ntr al ( htt ps://r n a c e ntr al. or g/  a c c ess e d o n D e c e m b er 2, 2 0 2 2).  

P air wis e a n d m ulti -gr o u p diff er e nti al e x pr essi o n a n al ys es w er e p erf or m e d usi n g t h e R st atisti c al 

e n vir o n m e nt  ( v 3. 4. 1).  F or  R N A S e q  d at a  e x pl or ati o n  a n d  q u alit y  c h e c k,  pl ot  c o u nts,  pri n ci p al 

c o m p o n e nt a n al ysis ( P C A), a n d v ol c a n o pl ots w er e g e n er at e d usi n g D E S e q 2 ( v 3. 1 6) a n d g g pl ot 2 

( v 3. 4. 0).  T o  i d e ntif y  t h e  p att er n  of  g e n es  li n k e d  t o  t h e  i d e ntifi e d  D P R N As  a n d  e x cl usi v el y 

p a c k a g e d  g e n es,  g e n e  s et  e nri c h m e nt  a n al ysis  ( G S E A)  a n d  p at h w a y  a n al ys es  w er e  p erf or m e d 

usi n g  cl ust er pr ofil er  ( v 4. 6. 2) 4 6 5 ,  ti d y gr a p h  ( v 1. 2. 2),  t w e e nr  ( v 2. 0. 2),  p at h vi e w  ( v 1. 4 6. 1)4 6 8 , 

e nri c h pl ot ( v 1. 1 8. 0) a n d g g pl ot 2( v 3. 4. 0). U ns u p er vis e d hi er ar c hi c al cl ust eri n g w as p erf or m e d o n 

z s c or es of r e a d c o u nts t h at w er e r e g ul ari z e d l o g arit h mi c tr a nsf or m ati o n (rl o g) b y t h e D E S E q 2 

pl atf or m, usi n g t h e G E N E SI S s oft w ar e ( v 1. 8. 1) 4 6 3 . G e n e o nt ol o g y ( G O) a n d K y ot o e n c y cl o p e di a 

of g e n es a n d g e n o m es ( K E G G) a n al ys es w er e c arri e d o ut usi n g C yt os c a p e 4 6 4 . 

T o  i d e ntif y  t h e  p ot e nti al  c o m p etiti v e  e n d o g e n o us  R N A  n et w or ks,  t h e  mi R N A: m R N A, 

mi R N A:l n c R N A  a n d  mi R N A:l n c R N A  i nt er a cti o ns  of  a n n ot at e d  R N A  s u bt y p es  w er e  i d e ntifi e d 

usi n g  mi R c o d e  ( htt p:// w w w. mir c o d e. or g  a c c ess e d  o n  D e c e m b er  9,  2 0 2 2),  mi R w al k 

(htt p:// mir w al k. u m m. u ni -h ei d el b er g. d e  a c c ess e d  o n  D e c e m b er  9,  2 0 2 2),  t ar g ets c a n 

(htt ps:// w w w.t ar g ets c a n. or g/ v ert _ 8 0/  a c c ess e d  o n  D e c e m b er  9,  2 0 2 2),    l n c R RIs e ar c h 
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(htt p://rt o ols. c br c.j p/ L n c R RIs e ar c h/   a c c ess e d o n D e c e m b er 1 2 -1 8, 2 0 2 2). c e R N A n et w or ks w er e 

c o nstr u ct e d usi n g C yt os c a p e 4 6 4 , a n d t h e c o n n e cti n g R N A e xtr a ct e d i nt o a t a bl e.  

2. 2. 2. 3  I n -sili c o t a r g et g e n e p r e di cti o n  

T ar g et g e n e pr e di cti o ns f or D P mi Rs w er e c arri e d o ut usi n g t ar g et g e n e pr e di cti o n s oft w ar e mi R D B 

v ersi o n  6. 0 4 5 2, 4 6 9  a n d  T ar g et  s c a n  v ersi o n  8. 0 4 7 0 .  mi R D B  pr e di cts  t ar g ets  b as e d  o n  t h e  mi R D B 

Mi R T ar g et al g orit h m, w hi c h pr e di cts t ar g ets b as e d o n 3’ U T R a n d s e e d s e q u e n c e m at c h. Pr e di ct e d 

t ar g ets w er e r a n k e d, i n cl u di n g usi n g t ar g et pr e di cti o n s c or es. T h e pr e di ct e d t ar g ets b et w e e n b ot h 

s oft w ar e w er e c o m p ar e d, a n d o nl y t h os e i d e ntifi e d usi n g b ot h w er e t a k e n as t ar g ets.  

 

2. 2. 2 .4  R N A  p a c k a gi n g m otifs  

R N A  m otifs o v err e pr es e nt e d  i n  E V  e nri c h e d,  c ell  e nri c h e d,  E V  e x cl usi v e  a n d  c ell  e x cl usi v e 

si g n at ur es w er e i d e ntifi e d usi n g M E M E S uit e ( v ersi o n 5. 5. 1) 4 7 1 . T o i d e ntif y m otif sit e distri b uti o n, 

a n ‘ a n y n u m b er of r e p e ats’ ( a nr) m o d el w as us e d t o i d e ntif y m otif sit e distri b uti o n R N As, wit h a 

m otif c o u nt of 5 0. A n E -v al u e c ut -off of < 0. 0 5 w as us e d f or d et er mi ni n g si g nifi c a n c e.  
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C h a pt e r 3: M et a -a n al ysis of mi c r o R N A p r ofili n g d at a d o es n ot r e v e al a c o ns e ns us si g n at u r e 

f o r B c ell a c ut e l y m p h o bl asti c l e u k e mi a. 

 

3. 1 I nt r o d u cti o n  

Gl o b all y, a c ut e l y m p h o bl asti c l e u k e mi a ( A L L) is t h e m ost pr e v al e nt p e di atri c c a n c er a n d is t h e 

m ai n  c a us e  of  c hil d h o o d  c a n c er  ass o ci at e d  d e at h s 4 7 2 .  A L L  is  a  cl o n al  dis e as e  of  B  a n d  T 

l y m p h o c yt es  ( B  a n d  T  c ells),  c h ar a ct eri z e d  b y  arr est  i n  c ell  d e v el o p m e nt  a n d  a c c u m ul ati o n  of 

l y m p h o bl asts1 5 4 . T y pi c all y, 8 0 % of A L L aris es i n i m m at ur e B l y m p h o c yt es ( B-A L L), w hil e t h e 

r e m ai n d er  aris e  i n  i m m at ur e  T  c ells  ( T-A L L)  or  ot h er  st a g es  of  B  c ell  d e v el o p m e nt 4 7 3 .  A L L 

s y m pt o ms  t e n d  t o  b e  n o ns p e cifi c,  t h us  a  m ulti -pr o n g e d  a p pr o a c h  t h at  c o m bi n es  c yt o g e n eti c 

a n al ysis, fl o w c yt o m etr y b as e d i m m u n o p h e n ot y pi n g a n d p ol y m er as e c h ai n r e a cti o n is t a k e n  f or 

di a g n osti cs 1 5 4 .  

I n B-A L L, n o n -f u n cti o n al l y m p h o bl asts a c c u m ul at e i n t h e b o n e m arr o w a n d e v e nt u all y mi gr at e 

i nt o bl o o d cir c ul ati o n w h er e t h e y cr o w d o ut ot h er c ells. Cl assifi c ati o n of B-A L L is b as e d o n t h e 

e x pr essi o n of B c ell m ar k ers, s u c h as C D 1 0, C D 1 9, C D 2 0, C D 2 2, C D 3 4, H L A -D R, a n d C D 7 9 a, 

t h at ar e li n k e d t o t h e st a g e of B c ell d e v el o p m e nt w h e n gr o wt h arr est o c c urs1 5 8 . T h us, b as e d o n 

c ell ul ar  m ar k ers,  B -A L L  is  s u bt y p e d  i nt o  pr o -B -A L L,  e arl y  pr e -B -A L L,  pr e -B -A L L  ( c o m m o n 

a c ut e l y m p h o bl asti c l e u k e mi a [ C A L L A] a n d n o n -C A L L A) a n d m at ur e B -A L L. Ot h er p ar a m et ers 

f or cl assifi c ati o n i n cl u d e a g e of p ati e nt, i niti al l e u k o c yt e c o u nt a n d c yt o g e n eti cs2 1 2 .  

T h e g o al of t his st u d y is t o i d e ntif y c o ns e ns us mi R N A tr a ns cri pts t h at diff er b et w e e n h e alt h y a n d 

B -A L L  p ati e nts .  B e c a us e  of  t h e  i m p ort a nt  r ol e  of  mi R N As  i n  r e g ul ati n g  g e n e  e x pr essi o n,  a 

c o ns e ns us mi R N A si g n at ur e of B -A L L c o ul d dri v e  t h e fi el d f or w ar d t o w ar ds h ar n essi n g mi R N As 

f or  B-A L L  di a g n osti cs  a n d  t h er a p e uti cs. C o ns e ns us  mi R N A  si g n at ur es  h a v e  b e e n  i d e ntifi e d  i n 
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ot h er dis e as es s u c h as mi R -3 3 1 a n d mi R -1 9 5  disti n g uis h es l o c al a n d m et ast ati c br e ast c a n c er 4 7 4 , 

mi R -1 5 b,  mi R -2 7 b,  mi R -3 2,  mi R -1 3 0 a  a m o n gst  ot h ers  i n  c er vi c al  c a n c er 4 7 5  ,  mi R-1 5 a -5 p  i n 

C L L 4 7 6  a n d mi R -2 9 b -1/ mi R -2 9 a i n A M L. S o m e of t h es e mi R N As h a v e n o w b e e n t est e d i n cli ni c al  

tri als t o g a u g e  t h eir f e asiti bilit y f or dis e as e m o nit ori n g. T h er ef or e, fi n di n g a ntis e ns e  mi R N As t h at 

disti n g uis h  p e di atri c  B -A L L  fr o m  c o ntr ols  is a n  i m p ort a nt  q u esti o n  t o a ns w er .  T o  i d e ntif y  a 

si g n at ur e of diff er e nti all y e x pr ess e d mi R N As ( D E mi Rs) i n B -A L L, w e i d e ntifi e d d at as ets t h at w e 

us e d  f or  r e a n al ysis  of  t h e  r a w  d at a  as  w ell  as  i d e ntif yi n g  p u bli c ati o ns  us e d  f or  m et a -a n al ysis. 

S ur prisi n gl y, w e f o u n d t h at t h er e ar e  n o c o ns e ns us D E mi Rs b et w e e n h e alt h y c o ntr ol ( H C) a n d B -

A L L pr ofil e d, t h us f ar. H o w e v er, w e i d e ntifi e d 8 pr o misi n g D E mi Rs fr o m t h e m et a -a n al ysis f o u n d 

t o c h a n g e i n t h e s a m e dir e cti o n i n m ulti pl e pl atf or ms a n d st u di es, w hi c h ar e k n o w n b e i m p ort a nt 

i n B c ell d e v el o p m e nt. T h es e 8 D E mi Rs c o ul d p ot e nti all y f or m t h e b asis f or a d diti o n al st u di es o n 

mi R N A i n B -A L L.  

 

3. 2 R es ults  

 

3. 2. 1 C o m p aris o n of h e alt h y v ers us dis e as e mi R N A pr ofil es r e v e al e d mi R N A e x pr essi o n 

p att er ns.  

T h e o bj e cti v e of t his st u d y w as t o i d e ntif y a p ut ati v e mi R N A si g n at ur e of B -A L L, w hi c h c o ul d b e 

v ali d at e d as a bi o m ar k er f or b ett er tr a c ki n g of dis e as e pr o gr essi o n a n d r es p o ns e t o t h er a p y. T o d o 

t his,  w e  p erf or m e d  a  t w o-pr o n g e d  s yst e m ati c  a n al ysis  of  t h e  m i R N A  l a n ds c a p e  i n  B-A L L:  a 

r e a n al ysis of B-A L L mi R N A pr ofil e r a w d at a a n d a m et a -a n al ysis of D E mi Rs i d e ntifi e d i n t h e 

lit er at ur e.  
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F or t h e r e a n al ysis e x p eri m e nts, fi v e d at as ets ( G S E 3 1 3 7 6, G S E 2 3 0 2 4, G S E 2 5 6 4, G S E 5 9 1 9 9 a n d 

G S E 5 6 4 8 4)  p ass e d  t h e  e x cl usi o n  a n d  i n cl usi o n  crit eri a.  G S E 3 1 3 7 6  a n d  G S E 2 3 0 2 4  c o nt ai n e d 

s a m pl es fr o m diff er e nt B -A L L s u bt y p es (s u bt y p e d s a m pl es) w hil e t h e r est di d n ot c o nt ai n s u bt y p e 

i nf or m ati o n. Of all 5 s a m pl es, G S E 5 9 1 9 9 a n d G S E 5 6 4 8 4 c o nt ai n e d t h e f e w est n u m b er of p ati e nt 

s a m pl es. B as e d o n t h e f or m at of t h e d at a a n d pl atf or m, e a c h d at as et w as n or m ali z e d as f oll o ws: 

G S E 3 1 3 7 6, G S E 2 3 0 2 4 a n d G S E 2 5 6 4 w er e n or m ali z e d usi n g q u a ntil e n or m ali z ati o n, G S E 5 9 1 9 9 

w as n or m ali z e d usi n g pri nt ti p l o ess a n d s c al e n or m ali z ati o n, a n d G S E 5 6 4 8 4 w as n or m ali z e d usi n g 

b et w e e n arr a y a n d q u a ntil e n or m ali z ati o n ( S u p p fi g.  3 . 1). B o x pl ots aft er n or m ali z ati o n of e a c h 

d at as et is s h o w n i n S u p p fi g.  3 . 2. V ol c a n o pl ots w hi c h dis pl a y u nst a n d ar di z e d si g n al as l o g 2f ol d -

c h a n g e (l o g F C) a g ai nst n ois e a dj ust e d/st a n d ar di z e d si g n al (i. e., p -v al u e) ar e s h o w n i n Fi g. 3. 1 A . 

F urt h er,  pri n ci p al  c o m p o n e nt  a n al ysis  ( P C A)  pl ots  ar e  s h o w n  i n Fi g.  3. 1 B .  Alt h o u g h  t h e 

n or m ali z ati o n w as s u c c essf ul, t h e n u m b er of g e n es t h at p ass e d t h e st atisti c al a n d l o g F C t hr es h ol ds 

w er e  v ari a bl e  b et w e e n  d at as ets. I n  a d diti o n,  P C A  a n al ysis  r e v e al e d  t h at  o nl y  3  d at as ets 

( G S E 2 3 0 2 4, G S E 2 5 6 4 a n d G S E 5 9 1 9 9) r es ol v e d H C fr o m B-A L L ( Fi g 3. 1 B ). 

F urt h er m or e ,  D E mi Rs  a n al ysis  w as  d o n e  i n  t w o  s ets.  T h e  first  s et  i n cl u d e d  all  d at as ets  a n d 

c o m p ar e d H C t o u ns u bt y p e d B -A L L a n d i d e ntifi e d D E mi Rs wit hi n e a c h d at as et ( Fi g. 3. 2 A ). T h er e 

w er e n o D E mi Rs c o m m o n t o all 5 n o n -s u bt y p e d d at as ets , h o w e v er 8 D E mi Rs w er e c o m m o n t o 

3/ 5 d at as ets ( G S E 2 3 0 2 4, G S E 3 1 3 7 6 a n d G S E 2 5 6 4) ( S u p p fi g, 3. 6 ). Hi er ar c hi c al cl ust er a n al ysis 

of Z -s c or es w as t h e n p erf or m e d t o s e e if a n y e x pr essi o n p att er ns b e c a m e a p p ar e nt ( Fi g. 3. 2 B ). 

H o w e v er, t h e hi er ar c hi c al cl ust er of mi R N As a cr oss all fi v e d at as ets s h o w e d n o cl e ar si g n at ur e 

wit h r es p e ct t o dis e as e st at e. I nst e a d, t h e s a m pl es m ai nl y cl ust er e d b y d at as et as c a n b e s e e n b y 

t h e c ol or-c o d e d  
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Fi g . 3. 1. Diff e r e nti all y e x p r ess e d mi R N As ( D E mi Rs) r e -a n al ysis.    

( A) Wit hi n e a c h d at as et, st atisti c al si g nifi c a n c e ( L o g P v al u es) of s a m pl es v ers us f ol d c h a n g e ( F C) w er e pl ott e d o n V ol c a n o pl ots.  (B ) 

F or e a c h d at as et, pri n ci p al c o m p o n e nt a n al ys es w er e g e n er at e d. T h e s a m pl es w er e c ol or -c o d e d b y s a m pl e t y p e ( h e alt h y v ers us B -A L L). 

N ot e t h at t h e c ol or -c o di n g is d at as et s p e cifi c.   
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s a m pl e n a m es, w hi c h gr o u p e d t o g et h er, w hil e H C gr o u p e d s e p ar at el y fr o m B -A L L as s h o w n b y 

t h e c ol or e d b ar. T h e s e c o n d a n al ysis i n cl u d e d o nl y t h e t w o d at as ets w h er e B -A L L w as s u bt y p e d. 

F or  t h es e  d at as ets  ( G S E 3 1 3 7 6  a n d  G S E 2 3 0 2 4),  e a c h  s p e cifi c  s u bt y p e  w as  c o m p ar e d  t o  H C 

( H y p er di pl oi d y,  T C F 3::P B X 1,  B C R ::A B L,  E T V 6 ::R U N X 1  ( T E L ::A M L 1),  Hi g h  Mi ni m al 

r esi d u al dis e as e-M R D a n d K M T 2 A r e arr a n g e d) a n d D E mi Rs c o m m o n t o b ot h c o m p aris o ns w er e 

i d e ntifi e d  (Fi g.  3. 2 A ).  H er e,  w e  f o u n d  1 2  D E mi Rs  c o m m o n  t o  b ot h  d at as ets.  T h e  hi er ar c hi c al 

cl ust er  b as e d  o n  Z -s c or es  of  t h es e  1 2  mi R N As  ( mi R -1 8 1 b/ c/ d,  mi R -2 7 a,  mi R -3 4 a,  mi R -1 3 0 b, 

mi R -1 3 4, mi R -1 4 3, mi R -1 4 5, mi R -2 2 3, mi R -5 9 3 a n d mi R -6 5 0) ar e s h o w n i n Fi g. 3. 2 C . A g ai n, 

t h e d at a cl ust er e d b y d at as et a n d n ot b y dis e as e st at e as s e e n b y c o m p ari n g t h e c ol or-c o d e d s a m pl e 

n a m es ( d at as ets) t o t h e c ol or -c o d e d b ar ( dis e as e st at e). N e xt, w e a n al y z e d t h e l o g F C of t h e 1 2 

D E mi Rs t o c o m p ar e t h e c h a n g e i n e x pr essi o n f o u n d wit hi n e a c h d at as et. W e f o u n d t h at t h er e w as 

a c o nfli cti n g c h a n g e i n t h e dir e cti o n  of e x pr essi o n i n 1 0 mi R N As b et w e e n t h e d at as ets w h er e a 

g e n e t h at w as i n cr e as e d i n o n e d at as et w as d e cr e as e d i n t h e ot h er d at as et ( Fi g. 3. 2 D ). T w o mi R N As 

( mi R-5 9 3  a n d  mi R -6 5 0)  s h o w e d  a n  i n cr e as e  i n  b ot h  d at as ets;  h o w e v er,  t h e y  di d  n ot  a gr e e  i n 

m a g nit u d e of c h a n g e. O v er all, w e w er e u n a bl e t o d efi n e a cl e ar si g n at ur e t h at diff er e nti at e d H C 

fr o m B-A L L wit h t h e r e a n al ysis  of t h es e d at as ets.  

 

3. 2. 2 M et a -a n al ysis of D E mi Rs s h o w c o nfli cti n g e x pr essi o n p att er ns f or s o m e mi R N As.  

T w e nt y -fi v e p u blis h e d st u di es w er e mi n e d f or D e mi R d at a ( S u p pl e m e nt ar y fil e 3. 1). W e f o u n d 

t h at  mi R N A  pr ofili n g  w as  d o n e  usi n g  t hr e e  m ai n m et h o ds:  c D N A  mi cr o arr a ys  ( 3 2. 5 %),  R N A 

s e q u e n ci n g ( R N A -S e q) ( 7. 5 %) a n d p ol y m er as e c h ai n r e a cti o n ( P C R) ( 6 0 %). Wit hi n pl atf or m  
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Fi g . 3. 2. R e a n al ysis i d e ntifi e d o v e rl a p pi n g mi R N As a n d D E mi Rs ( b et w e e n d at as ets) s h o w n o cl e a r c o ns e ns us si g n at u r e.  

( A) D E mi Rs f or fi v e d at as ets w er e a n al y z e d b y V e n n di a gr a m, wit h D E mi Rs f or n o n-s u bt y p e d d at as ets i n a fi v e -w a y V e n n a n d D E mi Rs 

f or s u bt y p e d d at as ets i n a t w o-w a y V e n n. ( B) O v erl a p pi n g mi R N As a cr oss all fi v e d at as ets w er e i d e ntifi e d a n d e x pr essi o n d at a c o n v ert e d 

t o  Z-s c or es.  Z -S c or es  of  o v erl a p pi n g  mi R N As  w er e  a n al y z e d  b y  u ns u p er vis e d  hi er ar c hi c al  cl ust eri n g.  ( C)  F or  s u bt y p e d  d at as ets 

( G S E 3 1 3 7 6 a n d G S E 2 3 0 2 4), V e n n di a gr a m a n al ysis (s e e p a n el A a b o v e) i d e ntifi e d 1 2 o v erl a p pi n g mi R N As, w hi c h w er e a n al y z e d b y 

u ns u p er vis e d a v er a g e li n k a g e hi er ar c hi c al cl ust er a n al ysis. ( D) F ol d c h a n g e ( F C) of t h e 1 2 D E mi Rs o v erl a p pi n g b et w e e n t w o s u b t y p e d 

d at as ets w er e a n al y z e d b y u ns u p er vis e d a v er a g e li n k a g e hi er ar c hi c al cl ust er a n al ysis.  
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c o m p aris o n b et w e e n u pr e g ul at e d a n d d o w nr e g ul at e d D E mi Rs s h o w e d t h at 1 2 D E mi Rs o v erl a p p e d 

wit h  mi R N A  c h a n gi n g  i n  b ot h  dir e cti o ns  f or  mi cr o arr a y,  0  f or  R N A S e q  a n d  2 4  f or  P C R  ( Fi g. 

3. 3 A ). A cr oss pl atf or m c o m p aris o n of D E mi Rs u pr e g ul at e d i n e a c h of t h e 3 pl atf or ms s h o w e d a n 

o v erl a p of 2 8 D E mi Rs t h at w er e u pr e g ul at e d i n b ot h mi cr o arr a y a n d P C R, 5 i n b ot h mi cr o arr a y 

a n d R N A S e q, n o n e i n R N A S e q a n d P C R, a n d 6 w er e u pr e g ul at e d i n all t hr e e pl a tf or ms (Fi g. 3. 3 B ). 

F or  d o w nr e g ul at e d  D E mi Rs,  1 9  w er e  d o w nr e g ul at e d  i n  b ot h  mi cr o arr a y  a n d  P C R,  2  i n  b ot h 

mi cr o arr a y a n d R N A S e q, a n d 3 i n R N A S e q a n d P C R, a n d 4 d o w nr e g ul at e d i n all t hr e e pl atf or ms 

(Fi g. 3. 3 B ). O v er all, t h e m et a-a n al ysis s h o w e d t h at wit hi n mi cr o arr a ys a n d P C R, s o m e D E mi Rs 

h a v e c o ntr a di ct or y e x pr essi o n i n t h at t h e y ar e b ot h u pr e g ul at e d a n d d o w nr e g ul at e d i n t h e s a m e 

st u d y.  H o w e v er,  R N A S e q  s h o w e d  D E mi R  e x pr essi o n  c h a n gi n g  i n  o n e  dir e cti o n  o nl y,  u p,  or 

d o w nr e g ul at e d. Hi er ar c hi c al cl ust er a n al ysis of t h e D E mi R m et a d at a als o r e v e al e d c o nfli cti n g d at a  

(Fi g. 3. 3 B ). S o m e DE mi Rs w er e u pr e g ul at e d i n s o m e st u di es a n d d o w nr e g ul at e d i n ot h ers. T his 

c o nfli cti n g  d at a  w as  o bs er v e d  i n  mi cr o arr a y  a n d  P C R  b as e d  pr ofili n g,  w hil e  R N A S e q  s h o w e d 

e x pr essi o n e x cl usi v el y i n o n e dir e cti o n or t h e ot h er. F urt h er m or e, t h er e w er e n o D E mi Rs i d e ntifi e d 

i n all t h e 2 5 st u di es a n al y z e d. W e o bs er v e d t h at D E mi Rs s u c h as mi R-2 2 2, mi R -2 2 3 a n d mi R -7 0 8 

w er e  pr es e nt  i n  at  l e ast  3 6 %  ( 9/ 2 5)  of  t h e  st u di es  e x a mi n e d  ( Fi g.  3. 3 C  a n d S u p p  fil e  3. 3) . 

H o w e v er,  t h es e  mi R N As  s h o w e d  e x pr essi o n  c h a n g es  i n  b ot h  dir e cti o ns.  Ot h ers  w hi c h  s h o w e d 

e x pr essi o n i n b ot h dir e cti o ns b ut w er e pr es e nt i n a l o w er n u m b er of st u di es i n cl u d e l et -7 e ( 1 6 %), 

mi R -3 4 a ( 2 4 %), mi R -1 0 0 ( 2 0 %), mi R -2 7 a ( 1 6 %)  a n d mi R -1 5 0 ( 1 2 %) ( Fi g. 3. 3 C ). O v er all, t h er e 

w as n o cl e ar mi R N A c o ns e ns us of D E mi Rs fr o m t his m et a -a n al ysis.  

 W e n e xt l o o k e d at D E mi Rs i d e ntifi e d i n at l e ast 1 5 % ( > 4/ 2 5) of all t h e st u di es ( Fi g. 3. 3 D ). B as e d 

o n t his c ut -off, w e i d e ntifi e d D E mi Rs t h at s h o w e d c o nsist e nt e x pr essi o n c h a n g e i n o n e dir e cti o n  
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Fi g . 3. 3. M et a -a n al ysis  of  diff e r e nti all y  e x p r ess e d  mi R N As  ( D E mi Rs)  f r o m  p u blis h e d  p a p e rs  s h o w  a  l a c k  of  c o nsist e n c y  of 

D E mi Rs a c r oss m ulti pl e pl atf o r ms.   

( A) 2-w a y V e n n di a gr a ms c o m p ari n g u pr e g ul at e d t o d o w nr e g ul at e d D E mi Rs i d e ntifi e d fr o m mi cr o arr a y, R N A S e q a n d P C R a n al ys es, 

r es p e cti v el y. ( B) 3-w a y V e n n di a gr a ms c o m p ari n g u pr e g ul at e d D E mi Rs i d e ntifi e d fr o m mi cr o arr a y, R N A S e q a n d P C R t e c h ni q u es. ( C) 

Hi er ar c hi c al cl ust er a n al ysis o f all D E mi Rs w er e or g a ni z e d b as e d o n st u d y a n d pr ofili n g t e c h ni q u e. H ori z o nt al y ell o w b ars r e pr es e nt 

d o w nr e g ul at e d D E mi Rs, lil a c b ars r e pr es e nt u pr e g ul at e d D E mi Rs, a n d bl a c k r o ws i n di c at e D E mi Rs n ot r e p ort e d.  ( D) A s u bs et of t h e 

hi er ar c hi c al cl ust er (fr o m  p a n el C) is s h o w n, wit h pr o misi n g D E mi Rs i n di c at e d.  
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 (Fi g. 3. 3 D ). W e h a v e c all e d t h es e pr o misi n g D E mi Rs. T h es e i n cl u d e mi R-1 8 1 b ( 3 2 %), mi R -1 2 8 b 

( 2 0 %), mi R-1 8 1 a ( 3 2 %), mi R -1 2 8 ( 2 4 %), mi R -1 2 8 a ( 1 6 %), mi R -1 8 1 c ( 1 6 %), mi R -1 5 5 ( 2 0 %), 

mi R -1 4 2 -3 p ( 1 6 %) a n d mi R -4 5 1 ( 1 6 %). T h es e ar e als o list e d i n T a bl e 3. 1 . 

 

3. 2. 3 T ar g et pr e di cti o n i d e ntifi es m R N A t ar g ets.  

T o i d e ntif y p ot e nti al m R N A t ar g ets of pr o misi n g D E mi Rs, t h e 8 D E mi Rs w er e a n al y z e d usi n g 

mi R w al k  a n d  mi R D B  d at a b as es.  W e i d e ntifi e d  t h e  m R N A  t ar g ets  t h at  w er e  i d e ntifi e d  b y  b ot h 

mi R w al k a n d mi R D B t o r e d u c e t h e pr o b a bilit y of f als e p ositi v es. T h er e w er e b et w e e n 1 a n d 1 9 1 

o v erl a p pi n g m R N A t ar g ets i d e ntifi e d f or t h es e 8 D E mi Rs ( T a bl e 3. 1 ). Of t h e o v erl a p pi n g m R N A 

t ar g ets, t h e t o p r a n k e d 2 5 ( b as e d o n mi R w al k r a n ki n g) w er e s el e ct e d f or p at h w a y a n d n et w or k 

a n al ys es  ( S u p p  fil e  3. 4 ). Bi ol o gi c al  pr o c ess es  a n d  p at h w a y  n et w or ks  w er e  g e n er at e d  f or  e a c h  

mi R N A  t ar g et  s et  ( Fi g.  3. 4 ),  s u m m ari z e d  i n Fi g . 3. 5 . O v er all,  t h e  t o p  p ut ati v e  t ar g ets  of  t h e  8 

pr o misi n g mi R N As i d e ntifi e d i n t his st u d y ar e ass o ci at e d wit h a r a n g e of bi ol o gi c al pr o c ess es a n d 

p at h w a ys  i n cl u di n g  B  c ell  si g n ali n g,  st e m  c ell  diff er e nti ati o n,  n e ur o n al  c ell  d e v el o p m e nt  a n d 

a cti vit y,  c ell  c yt os k el et o n  a n d  r e m o d eli n g  c ell  m et a b o li c  a cti vit y,  g e n e  r e g ul ati o n,  i n n at e  a n d 

a d a pti v e i m m u n e c ell a cti vit y.  T h e n ot a bl e bi ol o gi c al a n d g e n e p at h w a ys of mi R -1 2 8 -1 -5 p ( S u p p . 

fil e  3.5 )  t ar g ets  i n cl u d e d  n e g ati v e  r e g ul at or  of  I-k B  p h os p h or yl ati o n,  v olt a g e -g at e d  c hl ori d e 

c h a n n el, n e ur otr a ns mitt er r e c e pt or l o c ali z ati o n, m et h yl e n et etr a h y dr of ol at e r e d u ct as e a cti vit y, D -

s eri n e bi os y nt h eti c pr o c ess es, n e p hri n f a mil y i nt er a cti o ns, e n z y m ati c d e gr a d ati o n of d o p a mi n e b y 

C O M T,  m a n n os e  t y p e  O -gl y c a n  bi os y nt h esis  a n d  R U N X 2  tr a ns cri pti o n  f a ct or  a cti vit y.  m R N A 

t ar g ets of mi R-1 2 8 -2 -5 p ( S u p p . fil e 3.6 ) w er e f o u n d t o b e i n v ol v e d i n T a n d B c ell pri m ar y  

 



 1 1 5  

T a bl e 3. 1. T o p p r o misi n g g e n es f r o m m et a n al ysis a n d r e -a n al ysis . C ol u m ns s h o w t h e list of mi R N As, t h eir e x pr essi o n p att er n, t h e 

n a m e of t h e m at ur e tr a ns cri pt, t h e n u m b er of pr e di ct e d t ar g ets ( mi R b as e a n d mi R w al k pr e di cti o n t o ols) a n d t h e o v erl a p pi n g t ar g ets.  

  

 

mi R N A  E x pr essi o n  

M at ur e 

tr a ns cri pts 

( mi R b as e) 

# of t ar g ets 

( mi R w al k) 

# of t ar g ets 

( mi R D B) 

# of o v erl a p pi n g 

t ar g ets ( mi R w al k vs 

mi R D B)  

1  hs a -mi R -1 2 8  U pr e g ul at e d  d ef u n ct  - - - 

2  

hs a -mi R -1 2 8 a  U pr e g ul at e d  

hs a -mi R -1 2 8 -1 -

5 p  2 1 7 5  1 8 9  3 7  

3  

hs a -mi R -1 2 8 b  U pr e g ul at e d  

hs a -mi R -1 2 8 -2 -

5 p  1 9 8 4  1 8 0  4 2  

4  hs a -mi R -1 4 2 -3 p  U pr e g ul at e d  hs a -mi R -1 4 2 -3 p  7 8 4  7 3 9  5 9  

5  hs a -mi R -1 5 5  U pr e g ul at e d  hs a -mi R -1 5 5 -5 p  4 8 3  7 0 1  4 4  

6  hs a -mi R -1 8 1 a  U pr e g ul at e d  hs a -mi R -1 8 1 a -5 p  6 2 1  1 4 0 8  1 1 8  
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7  h s a -mi R -1 8 1 b  U pr e g ul at e d  hs a -mi R -1 8 1 b -5 p  1 3 0 7  1 4 0 8  1 9 1  

8  hs a -mi R -1 8 1 c  U pr e g ul at e d  hs a -mi R -1 8 1 c -5 p  5 5 6  1 4 0 9  9 2  

9  hs a -mi R -4 5 1  D o w nr e g ul at e d  hs a -mi R -4 5 1 a  3 4 4  4 0  1  
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mi R- 1 2 8- 1

mi R- 1 5 5

mi R- 1 8 1 c

mi R- 1 8 1 a

mi R- 4 5 1 a

mi R- 1 2 8- 2 mi R- 1 4 2

mi R- 1 8 1 b
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Fi g . 3. 4. N et w o r k a n al ys es of bi ol o gi c al p r o c ess es a n d g e n e p at h w a ys.   

N et w or k  a n al ys es  f or  m R N A  t ar g ets  f or  8  pr o misi n g  mi R N As  t h at  r e pr es e nt  b ot h  bi ol o gi c al 

pr o c ess a n d g e n eti c p at h w a y n et w or k. F or e a c h mi R N A, tri a n gl es i n di c at e p at h w a ys a n d cir cl es 

i n di c at e bi ol o gi c al pr o c ess es w hil e t h e c ol or e d l a b el f or e a c h n o d e i n di c ates t h e o v er all pr o c ess. 
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Fi g . 3. 5.  I nt e r a cti o n b et w e e n mi R N A p r e di ct e d t a r g ets.  T h e pr e di ct e d t ar g ets f or mi R -1 5 5 -5 p a n d mi R -1 8 1 a -5 p i nt er a ct, w hil e mi R -

1 8 1 a -5 p  a n d  mi R -1 8 1 b -5 p  t ar g ets  i nt er a ct.  mi R -1 8 1 b -5 p  a n d  mi R -1 8 1 c -5 p  t ar g ets  i nt er a ct,  w hil e  mi R -1 8 1 c -5 p  t ar g ets  i nt er a ct  wit h 

mi R -1 4 2 -3 p. Fi n all y, mi R -1 2 8 -1 -5 p a n d mi R -1 2 8 -2 -5 p t ar g ets i nt er a ct.  

 

R P S 6 K B 1

ZI C 2

H E C A

SI D T 1

A B H D 1 5

S M Y D 5

I P M K

R A B 3I P

A M E R 2

O T U D 4

E P H A 2

C L C N 7

F G D 4

N F A T 5

mi R - 1 8 1 a - 5 p
Z N F 1 8 2

F B X L 5

SI R T 6

C T D S P L

O O S P 2

V W A 8

C 6 o rf 6 2

C L H C 1

L R T O M T

N R 6 A 1

U S P 1 5

V A V 3

T H R B

N FI C
S U G P 2

E T S 1

A S P H

C Y B 5 6 1 D 1

T H E M 4

C D C 4 2 E P 1

A R H G A P 3 5

G S E 1

S E M A 4 G

M A R V E L D 3

S L C 3 5 F 1

L R R C 4 B

mi R - 1 2 8 - 1 - 5 p

C L A S P 1

RI M K L B

R E L A

S H 3 P X D 2 A

D P P 6

C P D

K P N A 1

U Q C R 1 1

C A M K 2 A

C 1 9 o rf 2 5

T O M 1 L 1

mi R - 1 8 1 b - 5 p

F 1 1 R

S L C 3 0 A 8

P R R T 1

C E P 9 7

I S P D

S L C 4 A 8

D C L K 1

H 2 A F B 1

C D O N

A D R A 1 A

F B X O 3 3

S P A T A 1 2

P L E K H G 4 B

R N F 2 1 7

P A L M 2

Z N F 5 6 1

Z F P 3 0

mi R - 1 2 8 - 2 - 5 p

O S B P L 3

M E F 2 A

C 8 orf 4 4- S G K 3

A RI D 3 B

N T 5 M

Z N F 3 7 A

F A M 1 0 2 B

D P Y 1 9 L 1

S O X 6

I Q S E C 2

Z F P 9 0

P H C 3

F A M 1 3 5 A

H E R C 4

P L X N A 1

D D X 3 X

RI O X 2

A R L 5 B

I M P 4

SI R P A

mi R - 1 8 1 c - 5 p

M A R K 1

G A B R A 1

P T C H 1

S H 2 D 7

Z N F 2 6 8

Y O D 1

D E N N D 1 B

S L C 9 A 8

T M E M 2 2 9 B

K L F 6

A R H G E F 7

M Y L K

T A N C 2

N C K 2

R P S 6 K A 6
M E C P 2

K L F 3

A F G 1 L

G R K 5

C 2 o rf 6 9

R A B 3 G A P 1

R C 3 H 2

S R S F 1 1

M T H F R

Y W H A B

L M N T D 1

S P 1

mi R - 1 4 2 - 3 p

R C A N 2

O S B P L 8

R A B 3 C

A R H G A P 1 8

KI A A 1 5 4 9

A R H G E F 4

R E L

L R R N 1

A B L 2

T B C 1 D 2 5

HI V E P 3

Z N F 1 8 9

U N C 5 A

A P O L 6

P V A L B

S P 7

A C S L 4

S L C 1 0 A 7

P C S K 1

P R T G

D A B 2I P
E L A V L 3

C P E B 4

C T T N B P 2 N L

E X O C 5

EI F 5 A 2

C D H 8

V A M P 1

R A B 3 0

R A L G A P A 2

C A 1 3

mi R - 1 5 5 - 5 p

HI C 1

G A T C

K L H L 5
Z F P 8 2

A G F G 1

W N T 9 B

B A C H 2

S R R

KI A A 1 5 4 9 L

C A P RI N 2

P T E N

N O V A 1

T S N A R E 1

M P RI P

LI G 4

T M E M 1 3 2 B

P L A U

A SI C 2

P E X 1 0

B 3 G A T 1
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a d a pti v e  i m m u n e  r es p o ns es,  A R F  pr ot ei n  si g n al  tr a ns d u cti o n,  r e g ul ati o n  of  t oll -li k e  r e c e pt or  4 

si g n ali n g, as w ell as ps e u d o p o di u m or g a ni z ati o n. Ot h er mi R -1 2 8 -2 -5 p t ar g ets i n cl u d e p osts y n a pti c 

s p e ci ali z ati o n  ass e m bl y,  e n z y m ati c  d e gr a d ati o n  of  d o p a mi n e  b y  C O M T,  t er mi n ati o n  of  R N A 

P ol y m er as e  III  tr a ns cri pti o n,  n ot o c h or d  c ell  diff er e nti ati o n,  ps e u d o p o di u m  or g a ni z ati o n  a n d 

tr a ns cri pti o n  f a ct or  S U M o yl ati o n.  mi R-1 5 5 -5 p (S u p p . fil e  3.6 )  t ar g ets  i n cl u d e  r e g ul at ors  of 

mi R N A  m et a b oli c  pr o c ess,  T  c ell  c yt o ki n e pr o d u cti o n,  a cti n  c yt os k el et o n  r e or g a ni z ati o n,  R a c 

g u a n yl -n u cl e oti d e  e x c h a n g e  f a ct or  a cti vit y,  s m o ot h  m us cl e  d e v el o p m e nt,  a n d  T -h el p er  2  c ell 

c yt o ki n e pr o d u cti o n. Ot h er t ar g ets of mi R -1 5 5 -5 p ar e i n v ol v e d i n pr ot ei n C -li n k e d gl y c os yl ati o n, 

p ositi v e  r e g ul ati o n  of  n e ur otr a ns mitt er  s e cr eti o n,  p ol y a mi n e  h o m e ost asis  a n d  u bi q ui n ol -

c yt o c hr o m e -c r e d u ct as e a cti vit y. mi R -1 4 2 -3 p ( S u p p fil e 3. 7 ) t ar g ets w er e r e g ul at ors of tr a ns p ort er 

a cti vit y i n cl u di n g m et al i o n pr ot ei n a nti p ort, n u cl ei c a ci ds tr a ns m e m br a n e tr a ns p ort a n d zi n c a n d 

m et al i o n tr a ns m e m br a n e tr a ns p ort. mi R -1 4 2 -3 p t ar g ets als o i n cl u d e d r e g ul at ors of c oll e cti n g d u ct 

d e v el o p m e nt,  f e m al e  c o urts hi p  b e h a vi or,  n e g ati v e  r e g ul ati o n  of  c ar di o m y o c yt e  diff er e nti ati o n, 

C yt o c hr o m e c el e ctr o n tr a ns p ort, c al ci u m d e p e n d e nt pr ot ei n ki n as e a cti vit y a n d C D 2 8 -d e p e n d e nt 

PI 3 K/ A kt  si g n ali n g.  mi R -1 8 1 a -5 p  ( S u p p . fil e  3.9 )  t ar g ets  i n cl u d e  t h os e  i n v ol v e d  i n  n er v o us 

s yst e m pr o c ess es, r e g ul ati o n of mi cr ot u b ul e c yt os k el et o n, p ositi v e r e g ul ati o n of n e ur otr a ns mitt er 

s e cr eti o n,  a n d  i ns uli n  pr o c essi n g.  Ot h er  mi R -1 8 1 a -5 p  t ar g ets  i n cl u d e  pl as mi n o g e n  a cti v ati o n, 

hist o n e  d e m et h yl as e  a cti vit y,  S U M O yl ati o n  of  D N A  m et h yl ati o n,  m a n n os e  t y p e  O -gl y c a n 

bi os y nt h esis,  c at e c h ol -c o nt ai ni n g  c o m p o u n d  bi os y nt h esis,  n etri n  r e c e pt or  a cti vit y  a n d  p ositi v e 

r e g ul ati o n of d e n driti c s pi n e m or p h o ge n esis. mi R -1 8 1 b -5 p ( S u p p . fil e 3. 10 ) r e g ul at es m T O R C 1-

m e di at e d  si g n ali n g,  p h os p h oli pi d  tr a nsf er  a cti vit y,  s u p pr essi o n  of  p h a g os o m al  m at ur ati o n, 

c a n o ni c al N F -K B p at h w a y, a n d c a n c er i m m u n ot h er a p y t o P D -1 bl o c k a d e. I n a d diti o n, p e p ti d e-

as p art at e  b et a -di o x y g e n as e  a cti vit y,  gl y c o pr ot ei n  tr a ns p ort,  R S K  a cti v ati o n,  s u p pr essi o n  of 
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p h a g os o m al  m at ur ati o n,  i n cr eti n  bi os y nt h esis  a n d  hist o n e  d e u bi q uiti n ati o n  ar e  t ar g ets  of  mi R -

1 8 1 b -5 p.  mi R -1 8 1 c -5 p  ( S u p p . fil e  3. 11 )  r e g ul at es  m T O R C 1-m e di at e d  si g n alli n g  t ar g ets, 

p ositi v el y  r e g ul at es  pr ot ei n  a ut o p h os p h or yl ati o n,  f att y -a c yl -C o A  m et a b oli c  pr o c ess, 

tr a ns cri pti o n al  r e g ul ati o n  of  pl uri p ot e nt  st e m  c ells,  a n d  i n osit ol-1, 4, 5  tri p h os p h at e  6 -ki n as e 

a cti vit y.  F urt h er m or e,  e m br y o ni c  b o d y  m or p h o g e n esis,  r es p o ns e  t o  lit hi u m  i o n,  mit oti c  s pi n dl e 

ass e m bl y  r e g ul ati o n,  n e g ati v e  r e g ul ati o n  of  c yt o pl as mi c  tr a ns l ati o n  a n d  gl ut a m at e/ gl ut a mi n e 

m et a b olis m ar e t ar g ets of mi R -1 8 1 c -5 p. mi R -4 5 1 a ( S u p p . fil e 3. 1 2) p ositi v el y r e g ul at es pr o c ess es 

i n v ol v e d i n m y o bl ast f or m ati o n, p ositi v e r e g ul ati o n of tr a nsf or mi n g gr o wt h f a ct or b et a pr o d u cti o n, 

r e g ul ati o n of c ar di a c m us cl e pr olif er ati o n a n d a cti v ati o n of A P-1 f a mil y of tr a ns cri pti o n f a ct ors.  

  

3. 3 Dis c ussi o n  

T h e o bj e cti v e of t his st u d y w as t o i d e ntif y a p ut ati v e mi R N A si g n at ur e of B -A L L, w hi c h c o ul d b e 

v ali d at e d as a bi o m ar k er f or b ett er tr a c ki n g of dis e as e pr o gr essi o n a n d r es p o ns e t o t h er a p y. T o d o 

t his,  w e  p erf or m e d  a  t w o-pr o n g e d  s yst e m ati c  a n al ysis  of  t h e  mi R N A  l a n ds c a p e  i n  B -A L L:  a 

r e a n al ysis of B-A L L mi R N A pr ofil e r a w d at a a n d a m et a-a n al ysis of D E mi Rs i d e ntifi e d i n t h e 

lit er at ur e. S p e cifi c all y, f or t h e r e a n al ysis a p pr o a c h, w e i d e ntifi e d 5 d at as ets, wit h e x pr essi o n d at a 

of o v er 5 0 0 disti n ct mi R N As i n 2 0 0 B -A L L p ati e nt a n d c orr es p o n di n g h e alt h y c o ntr ol s a m pl es. 

C o n c u rr e ntl y, w e i d e ntifi e d 2 5 p u blis h e d p a p ers wit h o v er 1 0 0 D E mi Rs b et w e e n B-A L L p ati e nt 

a n d H C s a m pl es. T h o u g h o ur r es ults s h o w e d n o cl e ar mi R N A c o ns e ns us si g n at ur e i n B -A L L, w e 

i d e ntifi e d  8  pr o misi n g  mi R N As  fr o m  t h e  m et a-a n al ysis  w h os e  pr e di ct e d  m R N A  t ar g et s  m a y 

p ot e nti all y b e r el e v a nt c o m p o n e nts of B C R si g n ali n g p at h w a ys i n B c ells.  

U ns u p er vis e d  hi er ar c hi c al  cl ust eri n g  of  all  mi R N As  a cr oss  all  pl atf or ms  s h o w e d  t h at  mi R N As 

cl ust er e d b y pl atf or m or d at as et, r at h er t h a n b y dis e as e st at e. T his s u g g ests t h at pl atf or ms h a v e a 
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str o n g er eff e ct o n mi R N A pr ofili n g t h a n s a m pl es. T his str o n g pl atf or m eff e ct m a y b e d u e t o R N A 

is ol ati o n m et h o d, si mil ar t o w h at w as f o u n d i n a pr e vi o us st u d y s h o wi n g t h at t h e di v ersit y of R N A 

is ol ati o n kits is p ot e nti all y a l ar g e s o ur c e of v ari a bilit y b etw e e n mi R N A pr ofili n g d at as ets 4 7 7 . I n 

a d diti o n,  R N A  is ol ati o n  t e c h ni q u es  m a y  b e  bi as e d  t o w ar ds  e nri c hi n g  f or  s p e cifi c  mi R N As 4 7 8 . 

V ari a bilit y i n mi R N A d et e cti o n a cr oss pl atf or ms m a y als o b e li n k e d t o pr ofili n g pl atf or ms l a c ki n g 

s uffi ci e nt  s e nsiti vit y  t o  s h o w  mi R N A  c o n c e ntr ati o ns  at  l o w  l e v els,  i n  t ur n  s k e wi n g  st atisti c al 

diff er e n c es i n e x pr essi o n 4 7 9 . F urt h er m or e, diff er e nt l a b or at or y pr o c e d ur es, d esi g n a n d m a n uf a ct ur e 

of  arr a ys,  h ar d w ar e  d et e cti o n,  al g orit h ms  f or  e xtr a cti o n  of  i nt e nsit y  si g n als  a n d  bi oi nf or m ati cs 

a n al ys es c o ul d f urt h er e x a c er b at e t h es e i nt er -pl atf or m mi R N A si g n ali n g dis cr e p a n ci es 4 7 9 . T h us, 

t h es e a n al ys es cl e arl y d e m o nstr at e t h e n e e d f or t h e d e v el o p m e nt of st a n d ar di z e d s a m pl e is ol ati o n 

pr o c e d ur es t o all o w f or m e a ni n gf ul c o m p aris o n a n d i nt e gr ati o n of d at a fr o m i n d e p e n d e nt st u di es .  

I n  o ur  r e a n al ysis  c o h ort,  H C,  a n d B -A L L  s a m pl es  b ot h  e x pr ess  mi R N As  k n o w n  t o  r e g ul at e 

diff er e nt B c ell s u bs ets d uri n g d e v el o p m e nt, diff er e nti ati o n, a n d a cti v ati o n. Of t h e > 7 0 0 mi R N As 

pr ofil e d a cr oss 5 d at as ets i n H C a n d B -A L L s a m pl es, l ess t h a n 2 0 0 mi R N As w er e diff er e nti all y 

e x pr ess e d b et w e e n b ot h st at es. A p ut ati v e si g n at ur e of 1 2 D E mi Rs fr o m t his a p pr o a c h w er e mi R -

1 3 0 b, mi R -1 8 1 b, mi R -1 8 1 c, mi R -1 8 1 d, mi R -3 4 a, mi R -1 4 3, mi R -1 4 5, mi R -2 2 3, mi R -1 3 4, mi R -

2 7 a, mi R -5 9 3, mi R -6 5 0 ( H C v ers us B -A L L s u bt y p es). H o w e v er,  t h es e D E mi Rs w er e n ot c o m m o n 

t o all 5 d at as ets, a n d/ or w er e e x pr ess e d i n diff er e nt dir e cti o ns ( u p i n o n e a n d d o w n i n t h e ot h er). 

T h er ef or e, t h es e D E mi Rs d o n ot f or m a si g n at ur e f or B -A L L. A n ot h er 8 D E mi Rs w er e c o m m o n 

t o 3/ 5 d at as ets –  mi R - 2 2, l et -7 d, mi R -1 9 5, mi R -2 2 3, mi R -1 3 0 b, mi R -2 4, mi R -1 8 6 a n d mi R -3 4 a.  

T h es e g e n es w hi c h all h a v e k n o w n li n ks t o n or m al h e m at o p oi esis a n d t ar g eti n g c a n c er ass o ci at e d 

g e n es i n diff er e nt dis e as e. T h er ef or e, t h es e D E mi Rs ar e s h o wi n g t o b e pr o misi n g i n B -A L L, b ut 

n ot p o w er e d e n o u g h t o b e str o n gl y c o nsi d er e d as si g n at ur es.  
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M et a -a n al ysis of D E mi Rs pr ofil e d b y mi cr o arr a ys, R N A S e q, a n d P C R s h o w e d t h at s o m e mi R N As 

w er e u pr e g ul at e d i n s o m e st u di es a n d d o w nr e g ul at e d i n ot h ers, w hil e ot h ers w er e b ot h u pr e g ul at e d 

a n d d o w nr e g ul at e d i n t h e s a m e st u d y. A p ot e nti al s o ur c e f or t his dis cr e p a n c y c o ul d b e t h e hi g hl y 

h et er o g e n o us n at ur e of B -A L L as t h er e ar e m a n y s u bt y p es of B -A L L, as pr e vi o usl y d es cri b e d. 

O n e a d diti o n al l a y er of B -A L L dis e as e h et er o g e n eit y is t h e a g e - a n d s e x -ass o ci at e d diff er e n c e i n 

eti ol o g y, cli ni c al pr es e nt ati o n, r es p o ns e  t o t h er a p y4 8 0 . F or i nst a n c e, p e di atri c B-A L L, w hi c h is t h e 

m ost  pr e v al e nt  l e u k e mi a  i n  c hil dr e n,  diff ers  si g nifi c a ntl y  fr o m  a d ult  B -A L L.  P e di atri c  B -A L L 

p ati e nt  s a m pl es  h a v e  b e e n  s h o w n  t o  h a v e  si g nifi c a nt  h et er o g e n eit y  i n  m or p h ol o g y, 

i m m u n o p h e n ot y p e, g e n eti c a b err ati o ns a n d t h er a p e uti c r es p o ns e 4 8 1 . F urt h er m or e, B-A L L c o nt ai ns 

m ulti pl e c o e xisti n g B -A L L s u b cl o n es, w hi c h ar e i m m u n o p h e n ot y pi c all y h et er o g e n o us l e u k e mi a 

p o p ul ati o ns  wit h  bi m o d al  or  br o a d  e x pr essi o n  of  s urf a c e  m ar k ers 4 8 1 .  A c c or di n gl y,  mi R N A 

e x pr essi o n l e v els m a y v ar y b et w e e n s u bt y p es, a n d a g e gr o u ps, w hi c h m a k es pr ofili n g of mi R N A 

i n  B-A L L  wit h o ut  pr o p er  s u bt y pi n g  gi v e  ris e  t o  c o nfli cti n g  r es ults 4 8 2, 4 8 3 .  F or  i nst a n c e,  i n  o ur 

r e a n al ysis c o h ort, t h er e w as m or e dis cr e p a n c y i n o ur n o n-s u bt y p e d B -A L L d at as ets ( G S E 5 8 1 9 9, 

G S E 2 5 6 4 a n d G S E 5 6 5 8 4) t h a n b et w e e n t h e s u bt y p e d d at as ets ( G S E 3 1 3 7 6 a n d G S E 2 3 0 2 4). Of 

t h e m et a n al ysis c o h ort, 1 6 % ( 4/ 2 5) p a p ers w er e n o n-s u bt y p e d, w hi c h s h o w e d b ot h d o w n - a n d u p -

r e g ul ati o n of t h e s a m e g e n es. F or t h e s u bt y p e d d at as ets, s o m e mi R N As m a y b e c h a n g e d i n o n e 

dir e cti o n i n o n e s u bt y p e a n d i n a n ot h er i n a diff er e nt s u bt y p e. T a k e n t o g et h er, mi R N A pr ofili n g 

of B -A L L s h o ul d b e a p pr o a c h e d i n a s u bt y p e s p e cifi c m a n n er, at t h e v er y l e ast t o i m pr o v e t h e 

a bilit y  t o  eff e cti v el y  c h ar a ct eri z e  a n d  c o m p ar e  i n  a  m a n n er  t h at  a c k n o wl e d g es  t h e  s u bt y p e 

h et er o g e n eit y.  

A k e y c o nsi d er ati o n f or i m m u n o p h e n ot y pi n g B -A L L mi R N As is t h e t y p e of c o ntr ols us e d. T h e 

c orr e ct c o ntr ols f or pr ofili n g B -A L L mi R N As s h o ul d b e C D 1 9 e nri c h e d c ells ( B c ells), r at h er t h a n 
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t ot al  P B M Cs.  T his  is  b e c a us e  i n  p eri p h er al  bl o o d  a n d  b o n e  m arr o w,  B  c ells  c o nstit ut e  a  s m all 

p er c e nt a g e of t h e t ot al P B M Cs ( 5 -1 0 %) 4 8 4 . T h er ef or e, if t h e c o ntr ols ar e n ot B c ell e nri c h e d, t his 

c o ul d  s k e w  t h e  b al a n c e  of  D E mi Rs  b et w e e n  d at as ets.  T his  is  a n ot h er  li mit ati o n  of  t h e  st u di es 

pr ofil e d h er e.  

B -A L L ori gi n at es fr o m n or m al B c ells, w hi c h u n d er g o tr a nsf or m ati o n i nt o l y m p h o bl asts t h at ar e 

p h e n o c o pi es of diff er e nt st a g es of B -c ell d e v el o p m e nt 4 8 5 . C o ns e q u e ntl y, t h e i d e ntifi e d pr o misi n g 

D E mi Rs fr o m t h e m et a -a n al ysis r e g ul at e s p e cifi c B c ell d e v el o p m e nt r el e v a nt g e n es. F or i nst a n c e, 

mi R -1 4 2  a n d  mi R -1 2 8 -2  r e g ul at e  B  c ell  d e v el o p m e nt  at  t h e  pr e  pr o -,  pr e-,  pr o-,  i m m at ur e  a n d 

cir c ul ati n g st a g es wit h mi R -1 2 8 -2 t ar g eti n g M A L T 1, E R K a n d M A P K ass o ci at e d si g n ali n g 4 8 6, 4 8 7 . 

S o m e of t h e pr o misi n g D E mi Rs ar e m e m b ers of t h e mi R -1 8 1 f a mil y ( mi R-1 8 1 -a 1/ b 1, mi R -1 8 1 -

a 2/ b 2 a n d mi R -1 8 1 -c/ d cl ust ers) 4 8 8 . T h e mi R-1 8 1 f a mil y ar e e x pr ess e d i n h e m at o p oi eti c c ells, wit h 

d y n a mi c  c h a n g es  t o  t h eir  e x pr essi o n;  b ei n g  hi g h  i n  t h e  e arl y  B -c ell  st a g e,  a n d  d e cli ni n g 

pr o gr essi v el y 4 8 9 .  F urt h er m or e, t h e mi R-1 8 1 f a mil y a n d mi R -1 5 5 r e g ul at es g er mi n al c e ntr e B -c ell 

diff er e nti ati o n, vi a t ar g eti n g of a cti v ati o n -i n d u c e d c yti di n e d e a mi n as e a n d pr o m ot es g e n er ati o n of 

c hr o m os o m al c -m y c/I g H tr a nsl o c ati o ns, w hi c h ar e i m p ort a nt i n l e u k e mi a o ns et i n cl u di n g i n a r ar e 

B -A L L s u bt y p e c all e d B ur kitt -t y p e A L L6 1 . I n a d diti o n, t hr e e of 1 2 D E mi Rs fr o m t h e r e a n al ysis 

c o h ort  ( mi R -1 8 1 b  a n d  mi R -1 8 1 c)  w er e  als o  p art  of  t h e  pr o misi n g  D E mi Rs.  W hil e  t his  m a y 

str e n gt h e n t h e c as e f or t h eir p ot e nti al as p ut ati v e mi R N A si g n at ur es of B -A L L, t h eir e x pr essi o n 

l e v els w er e c o ntr a dict or y i n t h e G S E 3 1 3 7 6 v ers us G S E 2 3 0 2 4 d at as et ( Fi g . 3 D ). 

mi R N A t ar g et i d e ntifi c ati o n is a first st e p t o el u ci d ati n g mi R N A f u n cti o ns i n diff er e nt r el e v a nt 

si g n alli n g  p at h w a ys 4 9 0 .  T h e i n-sili c o  t ar g et  pr e di cti o n  i d e ntifi e d  h u n dr e ds  of  p ut ati v e  t ar g ets, 

w hi c h  s h o w e d  disti n ct  p att er ns  w h e n  f urt h er  n arr o w e d  d o w n.  S o m e  of  t h es e  p att er ns  h a v e 

pr e vi o usl y b e e n s h o w n i n B -A L L. F or i nst a n c e, N F -k B, a tr a ns cri pti o n f a ct or r e g ul at e d b y I -k B, 
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a t ar g et of mi R -1 2 8 -1 -5 p, is c o nstit uti v el y a cti v at e d i n p e di atri c B -A L L, irr es p e cti v e of s u bt y p e 

a n d  f a cilit at es  a b n or m al  B  c ell  pr olif er ati o n 4 9 1 .  F urt h er m or e,  l oss  of  I-k B  p h os p h or yl ati o n 

r e g ul ati o n, i d e ntifi e d as a t ar g et n et w or k of mi R-1 2 8 -1 -5 p i n o ur st u d y, is r el e v a nt as a h all m ar k 

of c a n c er 4 9 2 .  N F-k B si g n alli n g, als o a t ar g et of mi R -1 8 1 b -5 p, is u pr e g ul at e d i n p e di atri c B -A L L, 

w hi c h  alt ers  t h e  a cti o n  of  C C C T C -bi n di n g  f a ct or  ( C T C F),  a    c a n di d at e  t u m o ur  s u p pr ess or 4 9 3 . 

F urt h er m or e, t oll -li k e r e c e pt or 4 si g n alli n g, a t ar g et of mi R-1 2 8 -2 -5 p, w as i d e ntifi e d as n e c ess ar y 

i n dri vi n g B-A L L i m m u n e r es p o ns es i n p e di atri c B -A L L c ell li n es 4 9 4 . A n ot h er t ar g et n et w or k of 

mi R -1 2 8 -2 -5 p is tr a ns cri pti o n f a ct or S U M O yl ati o n. S U M O yl ati o n of I k ar os, a tr a ns cri pti o n f a ct or 

a n d  t u m o ur  s u p pr ess or  k n o w n  t o  b e  i m p ort a nt  i n  l y m p h o c yt e  d e v el o p m e nt,  w as  s h o w n  t o  b e 

a b u n d a nt i n B -A L L b ut a bs e nt i n h e alt h y p eri p h er al bl o o d l e u k o c yt es 4 9 5 .  

C ell tr a ns p ort er n et w or ks t h at w er e f o u n d t o b e t ar g et e d b y mi R -1 4 2 -3 p m a y pl a y a r ol e i n B -A L L 

p at h o g e n esis. F or i nst a n c e, zi n c i o n h o m e ost asis, w hi c h is ess e nti al f or i m m u n e c ell f u n cti o n, is 

r e g ul at e d b y tr a ns p ort ers, w hi c h, w h e n d ysr e g ul at e d  f a cilit ates B -A L L p at h o g e n esis a n d a cts as a 

m e di at or  of  s e v er al  p at h w a ys,  i n cl u di n g  i m m u n e  c ell  h o m e ost asis 4 9 6 .    Als o,  pr ot ei n  ki n as e  C 

( P K C), a s u p erf a mil y of s eri n e/t hr e o ni n e ki n as es, a n ot h er t ar g et of mi R-1 4 2 -3 p, is i m pli c at e d i n 

t h e alt er ati o n of h e m at o p oi eti c st e m c ell ( H S C) m at ur ati o n4 9 7 . S p e cifi c all y, t h e o v er e x pr essi o n of 

P K C -α  s u p pr ess e d t h e e x pr essi o n of mit o c h o n dri al pr ot ei n p h os p h at as e A ( P P A) a cti vit y i n t h e B -

A L L  c ell  li n e  R E H  b y  p artl y  t ar g eti n g  t h e  e x pr essi o n  of  B cl 2  a n d  s u bs e q u e ntl y  m e di ati n g 

c h e m or esist a n c e 4 9 8 .  T G F-b et a  si g n alli n g,  a  t ar g et  of  mi R -1 5 5 -5 p,  i n hi bits  t h e  gr o wt h  of  pr e -B -

A L L c ell li n e B LI N, w hi c h i d e ntifi e d T G F -B as a p ot e nti al a nti -gr o wt h c yt o ki n e f or B -A L L 4 9 9 . 

P h os p h ati d yli n osit ol 3 -ki n as e/ Pr ot ei n Ki n as e B ( PI 3 K/ A kt si g n alli n g), a n ot h er t ar g et of mi R -1 5 5 -

5 p, is li n k e d t o str o m al c ell -m e di at e d s ur vi v al of A L L c ells 5 0 0 . mi R-1 8 1 c -5 p t ar g ets i n osit ol -1, 4, 5 
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tri p h os p h at e-6  ki n as e  w hi c h  p h os p h or yl at es  a n d  r e g ul at es  I P 3  t o  I P4  a n d  pl a ys  a  r ol e  i n  C a 2 +  

h o m e ost asis/si g n alli n g w hi c h is ess e nti al f or n or m al B c ell r es p o ns es 5 0 1 .  

A t ar g et of mi R -1 8 1 a -5 p is E R K/ M A P K si g n alli n g, wit h n e g ati v e r e g ul ati o n of E R K c orr el ati n g 

wit h pr e -B c ell tr a nsf or m ati o n, w hil e p at h w a y a cti v ati o n d u e t o p oi nt m ut ati o ns is als o a h all m ar k 

of  B -A L L 5 0 2 .  m T O R C 1  si g n alli n g,  a  t ar g et  of  mi R-1 8 1 b -5 p  a n d  mi R -1 8 1 c -5 p,  is  a  si g n alli n g 

c o m pl e x ass o ci at e d wit h t h e M a m m ali a n/ m e c h a nisti c t ar g et of r a p a m y ci n ( m T O R), a c o ns er v e d 

s eri n e/t hr e o ni n e ki n as e t h at is d er e g ul at e d i n B -A L L, t h us m a ki n g it a t h er a p e uti c c a n di d at e f or B -

A L L 5 0 3 .  Fi n all y,  t h e  A P-1  f a mil y  of  tr a ns cri pti o n  f a ct ors,    w hi c h  ar e  t ar g ets  of  mi R -4 5 1 a,  ar e 

i d e ntifi e d  as  a  cr u ci al  f a ct or  i n  l e u k e mi a  d e v el o p m e nt  a n d  ass o ci at e d  wit h  gl u c o c orti c oi d 

r esist a n c e5 0 4 . 

T h e  n et w or k  a n al ys es  s h o w e d  a n  e nri c h m e nt  of  i n n at e  i m m u n e  a n d  B  c ell  r e c e pt or  ass o ci at e d 

si g n ali n g p at h w a ys. T his s u g g ests t h at t h e pr o misi n g D E mi Rs i n B -A L L t ar g et a n d d ysr e g ul at e 

si g n ali n g a n d bi ol o gi c al p at h w a ys r el e v a nt f or n or m al B c ell f u n cti o n, w hi c h s oli difi es t h e r ol e of 

mi R N As as dri v ers of e arl y h e m at o p oi eti c diff er e nti ati o n. T his f urt h er s u g g ests t h at t h es e D E mi Rs 

m a y b e s u it a bl e c a n di d at es f or f urt h er r es e ar c h o n mi R N A i n B-A L L m o nit ori n g, di a g n osis, or 

pr o gr essi o n. A d diti o n all y, t h er e is als o a pr e p o n d er a n c e of n e ur o n al c ell, st e m c ell, tr a ns cri pti o n 

r e g ul ati o n, f att y a ci d m et a b olis m a n d c ell c yt os k el et o n r e m o d eli n g r el e v ant bi ol o gi c al pr o c ess es 

a n d g e n e p at h w a ys. T h es e a d diti o n al pr o c ess es a n d bi ol o gi c al p at h w a ys h a v e n ot pr e vi o usl y b e e n 

s h o w n  or  ass o ci at e d  wit h  t h es e  mi R N As,  a n d  q u esti o ns  r e m ai n  as  t o  t h e  li n k  b et w e e n  t h es e 

mi R N As a n d t h eir t ar g ets i n B -A L L. O v er all, t h e pr e di ct e d i nt er a cti o ns b et w e e n t h es e 8 pr o misi n g 

mi R N As c a n n ot b e us e d t o dr a w a cti o n a bl e c o n cl usi o ns a n d n e e d t o b e i n v esti g at e d f urt h er t o f ull y 

d et er mi n e t h e a ct u al r ol es of t h es e mi R N As i n B -A L L o ns et a n d pr o gr essi o n.  
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3. 4 C o n cl usi o n  

 T o  r e c o n cil e  t h e  m yri a d  d at a  pr ofili n g  of  mi R N A  i n  B -A L L  a n d  i d e ntif y  a n  a cti o n a bl e 

mi R N A si g n at ur e, t his st u d y s o u g ht t o d efi n e a si g n at ur e of D E mi Rs fr o m r e a n al ysis of mi cr o arr a y 

d at a a n d m et a -a n al ysis of t h e p u blis h e d lit er at ur e. O v er all, d es pit e t h e a b u n d a n c e of i nf or m ati o n 

o n D E mi Rs, t h er e is n o cl e ar c o ns e ns us si g n at ur e D E mi Rs f or B -A L L . H o w e v er, w e f o u n d 8 g e n es 

t h at  ar e  pr o misi n g  D E mi Rs  c o m m o n  t o  all  5  r e a n al ysis  d at as ets.  T h es e  pr o misi n g  g e n es  h a v e 

k n o w n pr o -c a n c er a n d pr o -l e u k e mi a li n ks w hi c h m a ke t h e m si g nifi c a nt . T h us, t o m o v e t h e fi el d 

f or w ar d, a c o m bi n ati o n of bi ol o gi c al a n d t e c h ni c al v ari a bl es n e e d t o b e st a n d ar di z e d, t o e ns ur e 

t h at D E mi Rs c a n b e pr ofil e d wit h l ess l a b-t o-l a b a n d i nt er-pl atf or m/t e c h ni q u e v ari ati o ns.   
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C h a pt e r 4: E xt r a c ell ul a r v esi cl e s m all R N A c a r g o dis c ri mi n at es n o n -c a n c e r d o n o rs f r o m 

p e di at ri c B c ell a c ut e l y m p h o bl asti c l e u k e mi a p ati e nts.  

 

4. 1  I nt r o d u cti o n  

B -c ell  a c ut e  l y m p h o bl asti c  l e u k e mi a  ( B -A L L)  is  t h e  m ost  pr e v al e nt  p e di atri c  m ali g n a n c y  i n 

C a n a d a a n d w orl d wi d e, w hi c h, t o g et h er wit h T -c ell a c ut e l y m p h o bl asti c l e u k e mi a, m a k e u p 7 5 –  

8 0 % of all n e w p e di atri c c a n c ers, c o ntr asti n g wit h 2 0 % of all a d ult l e u k e mi as 2 4 0, 5 0 5 . I n B-A L L, 

d e v el o pi n g B c ells at diff er e nt st a g es e n c o u nt er d e v el o p m e nt arr est, l e a di n g t o a b n or m al gr o wt h 

a n d s ur vi v al 1 7 2 . Cl o n al pr olif er ati o n of gr o wt h-arr est e d B c ells, c all e d l y m p h o bl asts, i n t h e b o n e 

m arr o w ( B M) is s o o n f oll o w e d b y e xtr a m e d ull ar y mi gr ati o n a n d l y m p h o bl asts cir c ul ati n g i n t h e 

bl o o d, w hi c h cr o w d o ut h e alt h y c ells 1 5 9, 1 7 3 . O v er all, c hr o m os o m al c h a n g es a n d m ol e c ul ar c h a n g es 

i n B c ell g e n e e x pr essi o n a n d r e g ul ati o n l e a ds t o c h a n g es i n B c ell d e v el o p m e nt pr o c ess es, r e pl a c e 

n or m al  B  l y m p h o c yt es  wit h  l y m p h o bl asts  i n  t h e  B M  a n d  e xtr a m e d ull ar y  sit es.  D u e  t o  cl o n al 

e x p a nsi o n, t h e a b u n d a n c e of l y m p h o bl asts c o m pr o mis es t h e l y m p h o c yt e p o p ul ati o n at t h e i m m u n e 

sit es, l e a di n g t o i m p air e d i m m u n e f u n cti o n.  

I n  B-A L L,  s p e cifi c  g e n eti c  a b err ati o ns  at  diff er e nt  st a g es  of  B  c ell  d e v el o p m e nt  f a cilit at e  ris k 

str atifi c ati o n  a n d  pr o g n osis.  T h er e  ar e  t w o  gr o u ps  of  c o m m o n  B -A L L -ass o ci at e d  g e n eti c 

a b n or m aliti es. T h e first is n u m eri c al a b n or m aliti es ( H y p er di pl oi d y a n d h y p o di pl oi d y) wit h l oss or 

g ai n  of  c hr o m os o m es.  I n  t h e  s e c o n d  gr o u p,  str u ct ur al  a b n or m aliti es  (s u c h  as E 2 A/ T C F ::P B X 1 , 

m y el oi d/l y m p h oi d  or  mi x e d -li n e a g e  l e u k e mi a  [ M L L]  r e arr a n g e m e nts,  als o  k n o w n  as  K M T 2 A, 

B C R ::A B L 1  [ P h-p ositi v e],  P h -li k e  a n d E T V 6 ::R U N X 1 )  c o ntai n  tr a nsl o c ati o ns  t h at  e n c o d e 

c hi m eri c  pr ot ei ns  or  m o v e  a  g e n e  cl os e  t o  a  str o n g  tr a ns cri pti o n al  pr o m ot er  r es ulti n g  i n  g e n e 

o v er e x pr essi o n 1 6 0 – 1 6 2 .  Of  t h es e  c yt o g e n eti c  s u bt y p es,  t h e  m ost  f a v o ur a bl e  (l o w-ris k)  a n d  m ost 
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pr e v al e nt  s u bt y p es  f or  p e di atri c  A L L  ar e  E T V 6 ::R U N X 1  a n d  H y p er di pl oi d y,  w hil e  hi g h -ris k 

s u bt y p es s u c h as  P h -li k e a n d K M T 2 A h a v e t h e w orst o ut c o m e a n d a l o w pr e v al e n c e i n p e di atri c 

p ati e nts 5 0 6 . I n a d diti o n t o c yt o g e n eti c s u bt y p e-b as e d ris k str atifi c ati o n, ot h er pr o g n osti c f a ct ors 

i n cl u d e  p ati e nt  a g e,  c e ntr al  n er v o us  s yst e m  ( C N S)  i n v ol v e m e nt  a n d  r es p o ns e  t o 

i n d u cti o n/ c o ns oli d ati o n t h er a p y 1 5 4 .  

T h e c ur e r at es a n d s ur vi v al o ut c o m es, es p e ci all y f or p e di atri c A L L, h a v e i m pr o v e d tr e m e n d o usl y, 

l ar g el y d u e t o m ol e c ul ar g e n eti cs, i m pr o v e d t esti n g f or m e as ur a bl e r esi d u al dis e as e ( M R D), ris k-

b as e d  tr e at m e nt  r e gi m e ns,  n e w  t ar g et e d  a g e nts  a n d  all o g e n ei c  h e m at o p oi eti c  st e m  c ell 

tr a ns pl a nt ati o n ( H C T) 1 5 4, 5 0 7 . T his h as l e d t o 5-y e ar o v er all s ur vi v al ( O S) r at es of 5 6 % f or i nf a nts, 

8 9 % f or c hil dr e n, 6 1 % f or a d ol es c e nts a n d y o u n g a d ults, a n d 2 0 –  4 0 % f or a d ult p ati e nts 5 0 7 – 5 1 1 . 

D es pit e t h e i nt e ns e c h e m ot h er a p y r e gi m e ns, i n cl u di n g C N S pr o p h yl a xis, a p pr o xi m at el y 2 0 % of 

B -A L L  p ati e nts  s uff er  a  r el a ps e 5 1 2 .  C urr e ntl y,  t h e  str o n g est  i n d e p e n d e nt  pr o g n osti c  f a ct or  of 

p e di atri c B -A L L r el a ps e is M R D, w hi c h is l o w -l e v el dis e as e t h at is i n di c ati v e of dis e as e b ur d e n 

a n d  is  u n d et e ct a bl e  b y  c o n v e nti o n al  c yt o m or p h ol o g y 5 1 3 .  M R D  d et e cti o n  p ost-i niti al  tr e at m e nt 

c orr el at es  wit h  p o or er  r el a ps e -fr e e  s ur vi v al  ( R F S)  a n d  O S 5 1 4, 5 1 5 .  S p e cifi c all y,  MR D  p ositi vit y 

d uri n g  st a n d ar d  c h e m ot h er a p y,  es p e ci all y  aft er  t h e e n d  of  c o ns oli d ati o n,  is  ass o ci at e d  wit h  a n 

i n cr e as e d  ris k  of  r el a ps e;  t h us,  e arl y  d et e cti o n  w o ul d  e n a bl e  s al v a g e  tr e at m e nt  t o  b e  i niti at e d 

e arli er, w hi c h c o ul d p ossi bl y i m pr o v e tr e at m e nt r es ults  5 1 3, 5 1 6 . C o n v e nti o n al m et h o ds f or d et e cti n g 

M R D i n v ol v e i n v asi v e b o n e m arr o w as pir at es f oll o w e d b y p ol y m er as e c h ai n r e a cti o n ( P C R) a n d 

fl o w  c yt o m etr y-b as e d  d et e cti o n  of  a b n or m al  l y m p h o bl asts.  H o w e v er,  l ess  i n v asi v e  m et h o ds  t o 

o bt ai n s a m pl es t o tr a c k t h er a p y r es p o n s e a n d M R D c o ul d i m pr o v e t h e fr e q u e n c y of m o nit ori n g of 

dis e as e b ur d e n a n d e n a bl e r e al -ti m e cli ni c al d e cisi o n-m a ki n g.  
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E xtr a c ell ul ar  v esi cl es  ( E Vs)  ar e  m e m br a n e -e n cl os e d  n a n o p arti cl es  r el e as e d  b y  all  li vi n g  c ells 

t est e d t o d at e 2 4 6, 5 1 7 . B as e d o n t h e si z e a n d m o d e of bi o g e n esis, E Vs ar e cl assifi e d i nt o t hr e e m ai n 

gr o u ps, w hi c h si g nifi c a ntl y o v erl a p i n si z e a n d c o m p ositi o n. E x os o m es ar e 3 0 -1 5 0 n m -si z e d E Vs 

pr o d u c e d vi a t h e e n d o c yti c p at h w a y 5 1 8 . Mi cr o v esi cl es ar e 10 0 -1 0 0 0 n m -si z e d v esi cl es t h at ar e 

f or m e d vi a t h e o ut w ar d b u d di n g of t h e pl as m a m e m br a n e ( P M) 5 1 7, 5 1 9 . A p o pt oti c b o di es ar e 1 0 0 0-

5 0 0 0 n m -si z e d p arti cl es pr o d u c e d d uri n g t h e fi n al st a g es of a p o pt osis. D uri n g E V bi o g e n esis, c ell -

d eri v e d  bi o m ol e c ul es  ar e  s h uttl e d  i nt o  t h e  E Vs,  r es ulti n g  i n  bi o a cti v e  c ar g o  ( pr ot ei ns,  li pi ds, 

m et a b olit es a n d n u cl ei c a ci ds), wi t h c ar g o c o nt e nt b ei n g r e pr es e nt ati v e of t h e ori gi n ati n g c ell 2 4 6 . 

T h us, a u ni q u e a n d i m p ort a nt c h ar a ct eristi c of E Vs is t h eir c ar g o, w hi c h aff e cts ot h er as p e cts of 

E V bi ol o g y, es p e ci all y t h eir f u n cti o n. F or i nst a n c e, E V s urf a c e pr ot ei n c ar g o c a n a ct as li g a n ds t o 

i nt er a ct wit h r e c e pt ors o n ot h er c ells a n d f a cilit at e t heir u pt a k e a n d d o w nstr e a m eff e cts 2 4 6, 2 7 6 . I n 

a d diti o n, E V mi R N A c o nt e nt, es p e ci all y w h e n E Vs ar e t a k e n u p b y ot h er c ells, c a n sti m ul at e ot h er 

f u n cti o ns i n t h e r e ci pi e nt 5 2 0 . H e n c e, e x a mi ni n g t h e c ar g o pr ofil e of E Vs c a n b e i nf or m ati v e a b o ut 

t h e p h ysi ol o gi c al or p at h ol o gi c al st at e of t h e ori gi n ati n g c ell or t h e f u n cti o n of t h e E Vs.  

N u cl ei c a ci ds t h at c a n b e p a c k a g e d i nt o E Vs i n cl u d e m R N A a n d mi cr o R N A ( mi R N A) 2 9 3, 5 2 1 ,  l o n g 

n o n -c o di n g  R N A  (l n c R N A) 5 2 2 ,  as  w ell  as  ri b os o m al  R N A  (r R N A)2 9 3, 5 2 3 .  E Vs  h a v e  als o  b e e n 

r e p ort e d t o c arr y g e n o mi c D N A ( g D N A) a n d mit o c h o n dri al D N A ( mt D N A); h o w e v er, t his h as 

r e c e ntl y b e e n c h all e n g e d 4 1 2, 5 2 4, 5 2 5 . T h e n u cl ei c a ci d pr ofil e of c a n c er p ati e nt E Vs h as b e e n us e d t o 

i d e ntif y si g n at ur es t h at disti n g uis h t h e m fr o m n o n-c a n c er d o n ors ( N C D). S p e cifi c all y, E V R N A 

si g n at ur es  h a v e  b e e n  i d e ntifi e d  f or  c a n c ers  i n cl u di n g  p a n cr e ati c  c a n c er 5 2 6 ,    o v ari a n  c a n c er 5 2 7 , 

cl e ar  c ell  r e n al  c ar ci n o m a 5 2 8  a n d  br e ast  c a n c er 5 2 9 ,  a c ut e  m y el oi d  l e u k e mi a 5 3 0 ,  a n d  c hr o ni c 

l y m p h o c yti c l e u k e mi a 3 6 5, 4 2 1 . T o t h e b est of o ur k n o wl e d g e, t h e s m all R N A E V c o nt e nt of p e di atri c 

B -A L L h as n ot b e e n r e p ort e d.  
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E Vs h ol d t h e pr o mis e f or filli n g i n t h e g a ps a b o ut p e di atri c B -A L L a eti ol o g y a n d f or l ess i n v asi v e 

m o nit ori n g  of  dis e as e  pr o gr essi o n.  S p e cifi c all y,  B -A L L  E V  p h ysi c al  c h ar a ct eristi cs  (si z e  a n d 

c o n c e ntr ati o n) a n d bi ol o gi c al pr o p erti es, es p e ci all y R N A c o nt e nt , h a v e s h o w n pr o mis e i n ot h er 

dis e as es, i n cl u di n g l e u k e mi a. I n p e di atri c B -A L L p ati e nts, t h e m ost r el e v a nt bi ofl ui ds t h at c arr y 

cli ni c all y  a cti o n a bl e  bi o m ar k ers  ar e  p eri p h er al  bl o o d  ( P B)  pl as m a,  b o n e  m arr o w  as pir at e  a n d 

c er e br os pi n al fl ui d. I n p e di atri c B -A L L P B pl as m a, t h e si z e a n d c o n c e ntr ati o n of E Vs h a v e n ot 

pr e vi o usl y b e e n m e as ur e d, es p e ci all y i n c o m p aris o n t o a g e -a p pr o pri at e N C D. F urt h er m or e, R N A 

tr a ns cri pt t y p es s u c h as mi R N A a n d m R N As, w hi c h h a v e b e e n pr e vi o usl y li n k e d t o p e di atri c B-

A L L,  h a v e  n ot  b e e n  cl e arl y  e x pl or e d  i n  p e di atri c  B -A L L  E Vs.  T h er ef or e,  w e  h a v e  e x pl or e d 

p e di atri c  B -A L L  E Vs  ( n  =  6) at  di a g n osis ,  i n  c o m p aris o n  t o  N C D  E Vs ( n  =  6),  as  a  pr o of-of -

pri n ci p al st u d y t o d et er mi n e if E Vs c o ul d b e a s o ur c e f or e asil y a c c essi bl e bi o m ar k ers.  

 

4. 2  R es ults  

4. 2. 1 P e di atri c B -A L L pl as m a c o nt ai ns m or e e xtr a c ell ul ar v esi cl es t h a n N C D.  

N a n o p arti cl e tr a c ki n g a n al ysis ( N T A) w as us e d t o pr ofil e e xtr a c ell ul ar v esi cl es ( E Vs) i n p e di atri c 

B -A L L a n d N C D p eri p h er al bl o o d pl as m a. E V di a m et er f or b ot h B -A L L a n d N C D is 7 5 –  1 2 0 n m 

( a v er a g e) (Fi g 4. 1 A, B a n d Fi g S 1 ). A c o m p aris o n of t h e m e a n a n d m o d e di a m et ers ( p e di atri c B-

A L L v ers us N C D) s h o w e d t h at t h er e is n o st atisti c all y si g nifi c a nt diff er e n c e b et w e e n N C D a n d 

p e di atri c  B -A L L  E V  si z es  ( Fi g.  4. 1 A,  B ).  A  c o m p aris o n  of  t h e  E V  c o n c e ntr ati o n  ( n u m b er  of 

p arti cl es/ ml) of t h e N C D s a m pl es s h o w e d t h at N C D E V c o n c e ntr ati o ns ar e al m ost u nif or m ( Fi g 

4. 1 C ).  I n  c o ntr ast,  B-A L L  E V  c o n c e ntr ati o ns  s h o w e d  hi g h  s a m pl e -t o-s a m pl e  v ari a bilit y, 

s u g g esti n g t h at t h e p e di atri c B -A L L s a m pl es ar e hi g hl y h et er o g e n o us ( Fi g 4. 1 C ). P e di atri c B-A L L 

p eri p h er al bl o o d pl as m a h as a hi g h er E V c o n c e ntr ati o n t h a n N C D ( Fi g. 4. 1 C ). 



 1 3 2  

 

 

 

Fi g. 4. 1 . C h a r a ct e ri z ati o n of E Vs i n n o n -c a n c e r d o n o rs ( N C D) a n d p e di at ri c B -A L L bl o o d 

pl as m a usi n g n a n o p a rti cl e t r a c ki n g a n al ysis s h o w e d a hi g h e r E V c o n c e nt r ati o n i n B -A L L.  

( A) M e a n di a m et er, ( B) m o d e di a m et er, a n d ( C) c o n c e ntr ati o n of pl as m a fr o m N C D a n d p e di atri c 

B -A L L pl as m a. St atisti c al si g nifi c a n c e d et er mi n e d b y t-t est (* p < 0. 0 5) . 
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4. 2. 2 V n 9 6 is ol at es a m or e c o m pr e h e nsi v e E V p o p ul ati o n t h a n S E C or E x o Q ui c k  

I n  t h e  a bs e n c e  of  a  g ol d  st a n d ar d  E V  is ol ati o n  t e c h ni q u e  t h at  is  cli ni c all y  a m e n a bl e  f or  E V 

a n al ysis, w e first e v al u at e d c o m m er ci all y a v ail a bl e E V is ol ati o n t e c h ni q u es t o i d e ntif y t h e b est 

m et h o d f or o ur st u d y. F or o ur p ur p os es, t h e crit eri a f or cli ni c al a m e n a bilit y i n cl u d e h a vi n g a n e as y 

pr ot o c ol wit h a p pli c a bilit y i n t h e cli ni c, c o m p ati bilit y wit h s m all v ol u m es (t y pi c all y < 5 ml), g o o d 

E V yi el d, l o w c o -is ol ati o n of c o nt a mi n ati n g pr ot ei ns, a n d n ot r e q uiri n g a n y s p e ci ali z e d e q ui p m e nt. 

Usi n g  a v ail a bl e  lit er at ur e  a n d  pr e vi o us  e x p eri e n c e  i n  o ur  l a b,  w e  i d e ntifi e d  si z e  e x cl usi o n 

c hr o m at o gr a p h y ( S E C) a n d p ol y et h yl e n e gl y c ol ( P E G) p ol y m er -b as e d E x o Q ui c k as i n cr e asi n gl y 

p o p ul ar is ol ati o n t e c h ni q u es s uit a bl e f or o ur p ur p os es 5 3 1 . W e als o i d e ntifi e d t h e s y nt h eti c p e pti d e 

V n 9 6 as a p pr o pri at e f or o ur p ur p os es d u e t o t h e e as e of us e a n d pr e vi o us e x p eri e n c e 2 7 0, 3 5 1 . 

First, w e is ol at e d E Vs fr o m t h e c o n diti o n e d c ult ur e m e di a ( C C M) of p e di atri c B -A L L c ell li n es 

R C H -A C V a n d U o C -B 1, f oll o w e d b y W est er n bl ot a n al ysis t o c h ar a ct eri z e t h e E Vs. W e pr o b e d 

f or  E V-s p e cifi c  m ar k ers - t etr as p a ni ns  C D 6 3  a n d  C D 8 1  a n d  h e at  s h o c k  pr ot ei ns  H S C 7 0  a n d 

H S P 9 0;  B  c ell  m ar k er  B L N K;  a n d  t h e  c o nt a mi n ati o n  m ar k er  C al n e xi n  ( e n d o pl as mi c  r eti c ul u m 

m ar k er).  T h e  r es ults  s h o w e d  t h at  all  t hr e e  is ol ati o n  m et h o ds  is ol at e  E Vs  f r o m  C C M  b ut  wit h 

diff er e nt c ar g o ( S u p p. fi g. 4. 2 A -C ). S p e cifi c all y, E x o Q ui c k (S u p p. fi g. 4. 2 A ) a n d S E C (S u p pl. 

fi g. 4. 2 B) is ol at e E V s u b p o p ul ati o ns fr o m p e di atri c B-A L L C C M t h at ar e e nri c h e d f or C D 6 3 or 

C D 8 1, r es p e cti v el y. I n c o ntr ast, V n 9 6 is ol at es a m or e  c o m pr e h e nsi v e E V p o p ul ati o n, as s h o w n b y 

t h e i n cl usi o n of m ulti pl e E V m ar k ers, i n cl u di n g C D 6 3, C D 8 1, H S P 7 0 a n d H S P 9 0 (S u p pl. fi g. 

4. 2 C ). E Vs w er e als o is ol at e d fr o m h e alt h y d o n or pl as m a a n d pr o b e d f or t h e a b o v e-d es cri b e d E V 

m ar k ers, as w ell as pl at el et a cti v ati o n m ar k er C D 4 1 a n d m ar k ers of c o nt a mi n ati o n f or pl as m a: 

Al b u mi n,  A p oli p o pr ot ei ns  A  ( Hi g h -d e nsit y  li p o pr ot ei n),  A p oli p o pr ot ei n  B  ( l o w-d e nsit y 

li p o pr ot ei n) a n d C D 2 3 5 a ( Er yt hr o c yt es). E Vs is ol at e d fr o m pl as m a usi n g V n 9 6 s h o w e d a si mil ar 
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pr ot ei n  m ar k er  pr ofil e  as  t h e  V n 9 6 -is ol at e d  E Vs  fr o m  C C M,  wit h  a  l o w  si g n al  f or  pl as m a 

c o nt a mi n ati o n  m ar k ers  ( S u p p.  fi g. 4. 2 D ).  Fi n all y,  t h e  V n 9 6  is ol at e d  E Vs  h a v e  a  r o u n d 

m or p h ol o g y,  s h o wi n g  a  c h ar a ct eristi c  d o u bl e  m e m br a n e 4 1 7  (S u p p.  fi g.  4. 3 ).  T h er ef or e,  w e 

s el e ct e d V n 9 6 f or s u bs e q u e nt E V is ol ati o ns.  

 

4. 2. 3 N C D a n d p e di atri c B -A L L E Vs p a c k a g e diff er e nt t y p es of s m all R N A.  

W e n e xt p erf or m e d s m all R N A s e q u e n ci n g a n al ysis (s m all R N A -s e q) o n R N A e xtr a ct e d fr o m E Vs 

t h at w er e is ol at e d fr o m B-A L L pl as m a c o m p ar e d t o N C D pl as m a. s R N A D E -b as e d a n n ot ati o n of 

t h e o v er all R N A tr a ns cri pts pr es e nt i n N C D a n d p e di atri c B-A L L E Vs r e v e al e d t h at m a n y diff er e nt 

t y p es  of  R N A  tr a ns cri pts  ar e  p a c k a g e d  i nt o  E Vs  wit h  1 1. 3 %  +/- 7. 8 %  u n assi g n e d  ( Fi g.  4. 2 A ; 

u n assi g n e d n ot s h o w n). P a c k a g e d R N A tr a ns cri pts i n cl u d e mi R N As, l n c R N As, t R N As, m R N As, 

a n d s n R N As. T h e m ost a b u n d a nt t y p es of R N A tr a ns cri pts ar e mi R N As a n d fr a g m e nts of y R N As; 

h o w e v er, mi R N A m a d e u p a mi n orit y of t h e t ot al R N A a b u n d a n c e i n m ost c as es a n d o nl y b e c o m es 

a  m aj orit y  aft er  e x cl u di n g  t h e  u n assi g n e d  R N A  tr a ns cri pts.  W e  f o u n d  t h at  v ari a bl e  mi R N A 

tr a ns cri pt  distri b uti o n  b et w e e n  N C D a n d  p e di atri c  B -A L L  e xists  ( Fi g  4. 2 A ).  T h e  diff er e n c e  i n 

a b u n d a n c e is st atisti c all y si g nifi c a nt ( u n p air e d t -t est, p < 0. 0 5) f or l n c R N A, s e ns e m R N A, ot h er 

R N A, r R N A, s n o R N A, s n R N A, t R N A a n d y R N A, wit h o nl y y R N A d e cr e as e d i n B -A L L a n d all 

ot h er R N A s p e ci es s h o wi n g a n i n cr e as e. Cl os er i ns p e cti o n  of t h e R N A tr a ns cri pts s u g g ests t h at 

m a n y ar e fr a g m e nts, as is c o nsist e nt wit h t h e is ol ati o n of s m all R N A, w hi c h w as v erifi e d b y t h e 

a n al ysis o n t h e A gil e nt fr a g m e nt a n al y z er. S o m e e arli er p u bli c ati o ns r e p ort e d t h at mi R N As ar e t h e 

m ost a b u n d a nt R N A tr a ns cri pts i n E Vs 2 9 3, 5 3 2 ; h o w e v er, w e a n d ot h ers 5 2 6, 5 3 3  h a v e n ot r e pr o d u c e d 

t his fi n di n g w h e n u n assi g n e d tr a ns cri pts ar e c o nsi d er e d. 
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4. 2. 4 A mi R N A -s p e cifi c si g n at ur e d o es n ot cl e arl y disti n g uis h N C D fr o m p e di atri c B -A L L  

T h e diff er e nti all y p a c k a g e d mi R N As ( D P mi Rs) b et w e e n N C D a n d B -A L L E Vs w er e a n al y z e d  

usi n g  t h e  mi R N A -s p e cifi c  s R N A D E  pi p eli n e.  D P mi Rs  ( F D R < 0. 0 5)  t h at  w er e  wit h  all  fi v e 

pl atf or ms  w er e  a n al y z e d  b y  u ns u p er vis e d  hi er ar c hi c al  cl ust er  a n al ysis  ( Fi g  4. 2 B ).  mi R N As 

d o w nr e g ul at e d i n B -A L L E Vs i n cl u d e mi R -7 5 8 -3 p, mi R -3 3 5 -5 p, mi R -2 6 b -5 p, mi R -3 4 0 -3 p, a n d 

l et-7f -5 p, w hil e mi R N As s u c h as mi R -4 5 5 -3 p, mi R -1 2 8 -3 p, mi R -1 8 1 a -3 p, mi R -1 8 1 b -5 p a n d mi R -

1 2 4 6 ar e u pr e g ul at e d i n m ost B -A L L s a m pl es a n d d o w nr e g ul at e d i n 3 of  8 B -A L L p ati e nt s a m pl es.  

B ot h m at ur e a n d pr e c urs or mi R N As w er e d et e ct e d i n all s a m pl es ( T a bl e 4. 1 ); h o w e v er, a n al ysis 

of t h es e tr a ns cri pts di d n ot cl e arl y disti n g uis h N C D fr o m B -A L L s a m pl es ( Fi g 4. 2 B ). 

 

4. 2. 5 S a m pl e h et er o g e n eit y of pl as m a E Vs  

As t h er e w as a h et er o g e n o us mi xt ur e of s m all R N A s d et e ct e d, w e n e xt a n al y z e d t h e s m all R N A -

s e q d at a i n a n a g n osti c m a n n er (i. e., a n al ysis of all tr a ns cri pt t y p es). M A pl ots, a s c att er pl ot of 

a v er a g e  e x pr essi o n  si g n al  ( A -x  a xis)  a n d  l o g 2  f ol d  c h a n g e  ( M –  y  a xis)  s h o w e d  a  hi g h er 

distri b uti o n of p oi nts b el o w 0 o n t h e y -a xis, s u g g esti n g a hi g h er n u m b er of g e n es wit h d e cr e as e d 

p a c k a gi n g t h a n i n cr e as e d p a c k a gi n g ( Fi g 4. 3 A ). T h e pri n ci p al c o m p o n e nt a n al ysis s h o w e d t h at 

m ost N C D ( c o ntr ol) E Vs cl ust er e d cl os el y t o g et h er ( Fi g 4. 3 B ). I n c o ntr ast, B-A L L ( dis e as e) E V s 

t e n d e d  t o  h a v e  gr e at er  v ari a n c e  o n  t h e  P C A 2  a xis,  d e m o nstr ati n g  cl e ar  h et er o g e n eit y  b et w e e n 

p ati e nts.  

 

4. 2. 6 E V R N A tr a ns cri pts dis cri mi n at e  p e di atri c B -A L L fr o m N C D  

Aft er a n al y zi n g all R N A tr a ns cri pts d et e ct e d i n N C D a n d p e di atri c B -A L L E Vs, w e c o m p ar e d all  
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Fi g. 4. 2 . A mi R N A -s p e cifi c E V si g n at ur e d o es n ot disti n g uis h p e di atri c B -A L L fr o m n o n -c a n c er 

d o n ors  ( N C D).  R a w  s m all  R N A S e q  d at a  w as  a n al y z e d  usi n g  t h e  s R N A D E  pl atf or m  ( S R N A 

t o ol b o x). ( A) El e v e n R N A tr a ns cri pt s p e ci es gr o u ps p a c k a g e d i nt o N C D, a n d p e di atri c B -A L L 

pl as m a E Vs w er e i d e ntifi e d. ( B) U ns u p er vis e d hi er ar c hi c al cl ust er a n al ysis  usi n g t h e s R N A D E 

pl atf or m a n d i d e ntifi e d diff er e nti all y p a c k a g e d mi R N A si g n at ur es ( F D R  < 0. 0 5 . 

 



 1 3 8  

 

tr a ns cri pts i n N C D t o t h os e d et e ct e d i n B -A L L. W e f o u n d t h at 7 7 3 8 tr a ns cri pts w er e pr es e nt i n  b ot h st at es 

(Fi g. 4. 4 A ). W e e x pl or e d t h es e tr a ns cri pts f urt h er t o d et er mi n e if t h e y ar e diff er e nti all y p a c k a g e d 

i n B-A L L E Vs c o m p ar e d t o N C D E Vs. Usi n g D E S E q 2, w e i d e ntifi e d diff er e nti all y p a c k a g e d s m all 

R N A ( D P R N A) t h at i n cl u d es m R N As, l n c R N As, t R N A, s n R N As, a n d s n o R N As ( Fi g. 4. 4 B ). A 

g e n e si g n at ur e w as cl e ar w h e n t h e t o p D P R N As ( F D R < 0. 0 0 0 1) w er e vi e w e d usi n g u ns u p er vis e d 

hi er ar c hi c al  cl ust eri n g  a n al ysis  ( Fi g.  4. 4 B ).  T h e  cl ust er e d  tr a ns cri pts  i n cl u d e  l n c R N As  a n d 

m R N As wit h o nl y o n e mi R N A tr a ns cri pt ( mi R -4 6 4 5) m a ki n g t h e c ut -off. E T V 6 ::R U N X 1 a n d P h -

li k e s a m pl es w er e f o u n d i n b ot h B-A L L cl ust ers.  

W e pr e vi o usl y i d e ntifi e d 8 pr o misi n g g e n es t h at w er e diff er e nti all y e x pr ess e d i n B -A L L c o m p ar e d 

t o h e alt h y c ells, wit h t h e pr e mis e t h at t h es e g e n es c o ul d b e e x pl or e d i n E Vs. T h es e g e n es –  mi R -

1 2 8 -1, mi R -1 2 8 -2, mi R -1 4 2 -3 p, mi R -1 5 5, mi R -1 8 1 a/ b/ c a n d mi R -4 5 1 a . T h es e mi R N As all h a v e 

k n o w n li n ks t o h e m at o p oi esis at p h ysi ol o gi c al c o n diti o ns, as w ell as l e u k e mi a i n cl u di n g B -A L L. 

T h es e mi R N As w er e d et e ct e d i n n or m al a n d p e di atri c B -A L L pl as m a E Vs. H o w e v er, b as e d o n o ur 

a n al ys es, w e di d n ot fi n d t h e m as p art of s m al l E V si g n at ur es t h at dis cri mi n at e p e di atri c B-A L L 

fr o m N C D.  

N e xt, w e m a n u all y a n n ot at e d a n d di vi d e d t h e D P R N A si g n at ur e ( F D R < 0. 0 5) i nt o diff er e nt t y p es 

of R N A tr a ns cri pts, f oll o w e d b y u ns u p er vis e d hi er ar c hi c al cl ust er a n al ysis. T h e m R N A fr a g m e nts -

b as e d si g n at ur es i n cl u d e d R N A fr o m i ntr o ni c r e gi o ns s u c h as N E P R O, E H D 2, a n d R F X 1 a n d fr o m  

e x o ns s u c h as W D R 3 1, N B P F 1 0, N B P F 1 4, N B P F 1 9, N B P F 2 0 a n d H L A -B, as w ell as t h e mi R N A 

mi R -4 6 4 5.  F or  t h e  cl ust er  of  diff er e nti all y  p a c k a g e d  m R N As  ( D P m R N As),  N C D  a n d  B -A L L  

f or m e d t w o cl e ar i n d e p e n d e nt cl ust ers (Fi g. 4. 4 C ). All N C D s a m pl es e x c e pt N C D 6 w er e v er y  
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T a bl e 4. 1. T ot al d et e ct e d mi R N A t r a ns c ri pts  

S a m pl e  I D S e x  A g e at 

c oll e cti o n 

( y e ars) 

D o n or di a g n osis  S o ur c e  P B W B C 

C o u nt 

( x 1 0 ^ 9/ L) 

Pl as m a 

v ol u m e 

( µl) 

E V s m all 

R N A ( n g)  

R e a d c o u nt  

N C D 1  

M al e  

2  S pi n al m us c ul ar atr o p h y  B C C H 

Bi o b a n k  

N A a  1 0 0 0  7 6. 6 4  1. 2 5 E + 0 7  

N C D 2  

M al e  

9  A c ut e t o nsilitis  B C C H 

Bi o b a n k  

N A  1 0 0 0  7 2. 8 4  1. 1 1 E + 0 7  

N C D 3  

M al e  

3  S pi n al m us c ul ar atr o p h y  B C C H 

Bi o b a n k  

N A  1 0 0 0  2 9. 8 9  2. 0 3 E + 0 7  

N C D 4  

M al e  

1 7  E pil e ps y  B C C H 

Bi o b a n k  

N A  1 0 0 0  1 8. 8 9  2. 3 5 E + 0 7  

N C D 5  

F e m al e  

1 7  E pil e ps y  B C C H 

Bi o b a n k  

N A  1 0 0 0  1. 7 3  1. 5 4 E + 0 7  
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N C D 6  

F e m al e  

1 2  S pi n al m us c ul ar atr o p h y  B C C H 

Bi o b a n k  

N A  1 0 0 0  0. 0 5  2. 9 4 E + 0 7  

2 0 2 1 P B 0 7 B _ E  

M al e  1 1  E T V 6 ::R U N X 1 p e di atri c B -

A L L  

J a n e w a y  N A  1 0 0 0  1 1 0. 1 5  9. 6 4 E + 0 6  

2 0 2 1 P B 0 8 B _ E  

M al e  9  E T V 6 ::R U N X 1 p e di atri c B -

A L L  

B C C H 

Bi o b a n k  

1. 2 0  4 8 0  2 2 7. 0 6  1. 3 9 E + 0 7  

2 0 2 1 P B 0 9 B _ E  

M al e  3  E T V 6 ::R U N X 1 p e di atri c B -

A L L  

B C C H 

Bi o b a n k  

2 4. 4 0  4 8 0  3 1 4. 0 2  8. 4 4 E + 0 6  

2 0 2 1 P B 1 0 A _ E  

F e m al e  3  E T V 6 ::R U N X 1 p e di atri c B -

A L L  

B C C H 

Bi o b a n k  

1 6. 2 0  3 7 0  9. 2 8  9. 7 6 E + 0 6  

2 0 2 1 P B 1 2 B _ E  

M al e  2  E T V 6 ::R U N X 1 p e di atri c B -

A L L  

B C C H 

Bi o b a n k  

2. 2 0  4 6 0  2 0 4. 7 3  7. 1 1 E + 0 6  

2 0 2 1 P B 1 3 A _ p  

F e m al e  1 2  B C R ::A B L 1 li k e p e di atri c 

B -A L L  

B C C H 

Bi o b a n k  

5 0 7  2 9 0  4 5 7. 2 2  1. 9 3 E + 0 7  
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2 0 2 1 P B 1 4 B _ p  

M al e  1 7  B C R ::A B L 1 li k e p e di atri c 

B -A L L  

B C C H 

Bi o b a n k  

3. 1 0  4 4 0  3 8. 2 5  8. 1 5 E + 0 6  

2 0 2 1 P B 1 5 A _ p  

F e m al e  1 7  B C R ::A B L 1  li k e p e di atri c 

B -A L L  

B C C H 

Bi o b a n k  

4 9. 9 0  3 2 0  1. 5 6  1. 1 6 E + 0 7  

 

a N A - n ot a v ail a bl e  
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Fi g. 4. 3 . R N A S e q d at a e x pl o r ati o n.  ( A) P C A pl ots s h o wi n g cl ust ers of s a m pl es b as e d o n t h eir 

si mil ariti es. Pri n ci p al c o m p o n e nt 1 ( P C 1) is s h o w n o n t h e x -a xis a n d P C 2 o n t h e y -a xis. T h e l e g e n d 

is s h o w n o n t h e ri g ht –  pi n k cir cl e –  N C D a n d gr e e n cir cl e –  B -A L L s a m pl es.  ( B) V ol c a n o pl ot 

cr e at e d usi n g t h e D E S e q 2 pl atf or m i n R s h o ws o v er all p att er n  of diff er e nti al p a c k a gi n g. Bl a c k 

r e pr es e nt R N A tr a ns cri pts t h at ar e n ot si g nifi c a ntl y diff er e nt, bl u e cir cl es ar e tr a ns cri pts t h at ar e 

si g nifi c a ntl y  diff er e nti all y  p a c k a g e d  ( F D R  < 0. 0 5)  a n d  r e d  cir cl es  ar e  tr a ns cri pts  si g nifi c a ntl y 

diff er e nti all y  p a c k a g e d  ( F D R  < 0. 0 5)  a n d  a bs ol ut e  l o g  f ol d -c h a n g e  > 2.  ( C)  U ns u p er vis e d 

hi er ar c hi c al cl ust er a n al ysis of D P R N A ( F D R < 0. 0 0 0 1).  
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Fi g. 4. 4.  A n al ysis of s m all R N A usi n g D E S e q 2 disti n g uis h es p e di at ri c B -A L L f r o m N C D. All 

D P R N As  w er e  m a n u all y  c at e g ori z e d  a n d  u n d er w e nt  u ns u p er vis e d  hi er ar c hi c al  cl ust er  a n al ysis 

b as e d o n Z -s c or es. ( A) V e n n di a gr a m s h o wi n g c o m p aris o n of s a m pl es wit h r e a ds i n 8/ 8 p e di atri c 

B -A L L s a m pl es a n d 6/ 6 N C D, ( B) u ns u p er vis e d hi er ar c hi c al cl ust er f or  R N A a g n osti c si g n at ur e 

( p a dj < 0. 0 0 0 1), ( C) u ns u p er vis e d hi er ar c hi c al cl ust er f or m R N A, ( D) u ns u p er vis e d hi er ar c hi c al 

cl ust er f or l n c R N A. Li g ht bl u e s q u ar es ar e f or N C D,  a n d d ar k bl u e s q u ar es  ar e  f or p e di atri c B-

A L L.  
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si mil ar. C o n v ers el y, t h e B -A L L cl a d e s h o w e d f o ur s u b cl a d es. G e n es wit h i n cr e as e d p a c k a gi n g i n 

N C D E Vs i n cl u d e M E D 1 2 L, MI D N, A S Z 1, a n d I G H m R N A w hil e g e n es t h at ar e i n cr e as e d i n B -

A L L i n cl u d e N B P F -1 0, -1 4, -1 9 a n d 2 0, a n d H L A -B a n d -C ( Fi g. 4. 4 C ). l n c R N A fr a g m e nts i n t h e 

si g n at ur e i n cl u d e d l o n g i nt er g e ni c r e gi o ns (li n cs) s u c h as LI N C 0 1 5 2 1 a n d LI N C 0 2 2 3 7, a ntis e ns e 

r e gi o ns  s u c h  as  Z N F 4 3 6-A S 1  a n d  di v er g e nt  tr a ns cri pts  s u c h  as  S H 3 T C 2 -D T.  T h e  cl ust er  of 

l n c R N As s h o w e d t w o m ai n cl a d es b y s a m pl e, a g ai n wit h N C D cl u st eri n g a w a y fr o m B -A L L ( Fi g 

4. 4 D ).  D P S pli c e os o m al  R N A,  D Ps n R N A,  D P mi R,  D Pt R N A,  a n d  u n cl ass e d  R N As  d o  n ot 

dis cri mi n at e  N C D  fr o m  p e di atri c  B -A L L  ( S u p p.  Fi g  4. 4 ).  O v er all,  t h e  D P R N A  s u bt y p es  h a v e 

diff er e nt p ot e nti als f or dis cri mi n ati n g B -A L L fr o m N C D; h o w e v er, t h e t ot al s m all R N A si g n at ur e 

is v er y cl e arl y dis cri mi n at or y b et w e e n N C D a n d p e di atri c B-A L L ( Fi g. 4. 4 B ). 

W e n e xt i d e ntifi e d g e n es e x cl usi v e t o 8/ 8 B -A L L s a m pl es a n d f o u n d t h at 6 5 7 R N A tr a ns cri pts 

h a v e r e a ds i n all B -A L L s a m pl es , b ut n ot pr es e nt i n 6/ 6 N C D ( Fi g 5 A a n d S u p p fil e 1). Si mil arl y, 

5 5 5 1 R N A tr a ns cri pts ar e e x cl usi v e t o all N C D s a m pl es ( 6/ 6) ( Fi g 4. 4 A a n d  S u p p fil e 1 ). E a c h 

gr o u p's  t o p  1 0 0  R N A  tr a ns cri pts,  s ort e d  b y  a v er a g e  e x pr essi o n,  w er e  gr o u p e d  a n d  Z -s c or es 

c al c ul at e d f or hi er ar c hi c al cl ust er a n al ysis. As  e x p e ct e d, t h e B -A L L e x cl usi v e a n d N C D e x cl usi v e  

tr a ns cri pts s h o w a cl e ar dis cri mi n at or y p att er n b et w e e n B-A L L a n d N C D ( Fi g 4. 5 ). T h us, t w o s ets 

of dis cri mi n at or y E V R N A si g n at ur es w er e i d e ntifi e d. O n e is a si g n at ur e i n di c ati v e of t h e n or m al 

c o ntr ol d o n or R N A pr ofil e, w h er e as t h e s e c o n d si g n at ur e c o nsists of p e di atri c B -A L L e x cl usi v e 

R N As ( pr es e nt i n all 8 of o ur p e di atri c B -A L L s a m pl es) t h at r e pr es e nt t h e dis e as e st at e.  
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Fi g.  4. 5.  A n al ysis  of  s m all  R N A  e x cl usi v e  t o  B -A L L  a n d  N C D  is  hi g hl y  dis c ri mi n at o r y. 

U ns u p er vis e d hi er ar c hi c al cl ust er of t h e z s c or es of r el ati v e l o g tr a nsf or m ati o n of t o p 1 0 0 R N As 

e x cl usi v e t o p e di atri c B -A L L a n d N C D s a m pl es r es p e cti v el y.  Li g ht bl u e s q u ar es ar e f or N C D, a n d 

d ar k bl u e s q u ar es is f or p e di atri c B -A L L.  

 



 1 4 6  

4. 2. 7 B ot h fr a g m e nts a n d w h ol e tr a ns cri pts ar e p a c k a g e d i nt o E Vs  

Diff er e nt s m all R N A s p e ci es a n d r e gi o ns w er e f o u n d t o b e p a c k a g e d i nt o t h e E Vs. O nl y e x o ni c 

r e gi o ns  ar e  p a c k a g e d  i nt o  E Vs  f or  s o m e  g e n es,  f or  e x a m pl e,  D P m R N A  M C M 7  ( Fi g  4. 6 A ). 

U n e x p e ct e dl y, t h e i ntr o ns of ot h er g e n es w er e f o u n d t o b e p a c k a g e d i nt o E Vs, s u c h as D Pl n c R N A  

P R R 3 9 -A S 1 ( Fi g 4. 6 B ). M A L A T 1, a l n c R N A of 8 7 7 9 n u cl e oti d es, h a d m ulti pl e fr a g m e nts of t h e 

si n gl e e x o n g e n e p a c k a g e d i nt o E Vs ( Fi g 4. 6 C ), a n d m ulti pl e mi R N A g e n es o n a si n gl e e x o n ar e 

p a c k a g e d i nt o E Vs ( Fi g 4. 6 D ). T his d at a s u g g ests t h at f ull tr a ns cri pts of s o m e R N A s u bt y p es s u c h 

as  mi R N A  ar e  p a c k a g e d  i nt o  E Vs.  H o w e v er,  t h e  p ot e nti al  t h at  w h ol e  tr a ns cri pts  ar e  p a c k a g e d 

n e e ds t o b e e x pl or e d f urt h er b ef or e m or e c o n cr et e c o n cl usi o ns c a n b e r e a c h e d.  

 

4. 2. 8 G e n e s et e nri c h m e nt a n al ysis ( G S E A) s h o ws t h at E Vs p a c k a g e g e n e s ets t h at n e g ati v el y 

r e g ul at e t h e c ell c y cl e.  

Usi n g G S E A, w e f o u n d t h at g e n e s ets wit hi n t h e f ull si g n at ur e ( e x cl usi v e t o B -A L L a n d D P R N As) 

ar e pr ef er e nti all y p a c k a g e d i nt o E Vs ( a cti v at e d ). T his g e n e s et i n cl u d es n e g ati v e r e g ul ati o n of c ell 

c y cl e pr o c ess es, c h e c k p oi nt si g n alli n g, r es p o ns e t o str ess, a n d c ell ul ar a n d bi ol o gi c al pr o c ess es 

(Fi g.  4. 7 A ).  T h e  g e n es  ass o ci at e d  wit h  t h e  i d e ntifi e d  g e n e  s ets  ar e  s h o w n  i n  r el ati o n  t o  t h e 

ass o ci at e d  g e n e  s ets  ( Fi g.  4. 7 B ).  T his  ill ustr at es  t h at  m a n y  of  t h e  g e n es  ar e  ass o ci at e d  wit h 

pr o c ess es r el at e d wit h t h e o v er ar c hi n g t h e m e of n e g ati v e r e g ul ati o n of c ell c y cl e ( Fi g 4. 7 B ). G e n es 

s u c h as C L S P N a n d B U B 1 ar e li n k e d t o n e g ati v e r e g ul ati o n of c ell p h as e tr a nsiti o n, w hil e MI R -

1 9 3 A is li n k e d t o n e g ati v e r e g ul ati o n of mit oti c c ell c y cl e p h as e tr a nsiti o n. R e pr es e nt ati v e pl ots of  

s p e cifi c g e n e s ets e x e m plif y t h e hi g h e nri c h m e nt s c or es f or “ n e g ati v e r e g ul ati o n of c ell c y cl e ” a n d  

“ n e g ati v e r e g ul ati o n of mit oti c c ell c y cl e p h as e tr a nsiti o n ” ( Fi g. 4. 7 C, D).  T h es e d at a s u g g est t h at  
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Fi g . 4. 6.  Vis u ali z ati o n of R N A -s e q d at a f r o m s el e ct e d D P R N As usi n g a n i nt e g r ati v e g e n o m e 

vi e w e r  (I G V)  s h o w e d  diff e r e nt  R N A  p a c k a gi n g  p att e r ns .  ( A)  A  r e pr es e nt ati v e  m R N A 

tr a ns cri pt, M C M 7, wit h ei g ht e x o ns a n d ei g ht i ntr o ni c r e gi o ns is s h o w n. T h e bl a c k b o x hi g hli g hts 

diff er e nti al  p a c k a gi n g  of  e x o n  2,  wit h  l o w er  l e v els  i n  B -A L L.  ( B)  A  r e pr es e nt ati v e  l n c R N A 

tr a ns cri pt, P R R 2 9-A S 1, c o nt ai ns fi v e e x o ns a n d f o ur i ntr o ns . T h e bl a c k b o x hi g hli g hts a tr a ns cri pt 

fr o m i ntr o ni c r e gi o n t w o as b ei n g diff er e nti all y p a c k a g e d b et w e e n B -A L L a n d N C D, wit h hi g h er 

l e v els i n B-A L L. ( C) A r e pr es e nt ati v e l n c R N A tr a ns cri pt, M A L A T 1, is s h o w n wit h a si n gl e e x o n. 

T h e bl a c k b o x hi g hli g hts t h e  m ulti pl e f r a g m e nts of M A L A T 1 l n c R N A w hi c h ar e  diff er e nti all y  

p a c k a g e d b et w e e n  B -A L L a n d  N C D  E Vs . ( D) S e v er al r e pr es e nt ati v e mi R N As (fr o m l eft t o ri g ht: 

mi R -1 7,  mi R -1 8 A,  mi R -1 9 A,  mi R -2 0 A,  a n d  mi R -1 9 B 1) ar e  e n c o d e d  o n  a  si n gl e  c o nti n u o us 

c o di n g r e gi o n o n c hr o m os o m e 1 3  a n d  ar e p a c k a g e d i nt o N C D a n d B -A L L at r el ati v el y t h e s a m e 

l e v els. K e y: F or e a c h p a n el, th e t o p t o ol b ar s h o ws t h e s p e cifi c l o c ati o n a d dr ess of t h e tr a ns cri pt 

a n d it’s r el ati v e  p ositi o n  o n a c hr o m os o m e.  T h e  t o p  p orti o n  of  e a c h  tr a c k  s h o ws  t h e  r el ati v e 

a b u n d a n c e i n l o g s c al e w hil e t h e l o w er p orti o n of e a c h tr a c k s h o w t h e s p e cifi c fr a g m e nt s e q u e n c e d . 

Wit hi n e a c h p a n el, t h e t o p s e cti o n is a n o n -c a n c er d o n or ( N C D, of e a c h p a n el) a n d  t h e b ott o m 

s e cti o n is a  p e di atri c B -A L L p ati e nt s a m pl e.  
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Fi g . 4. 7. G e n e s et e n ri c h m e nt a n al ysis ( G S E A) s h o ws t h at t r a ns c ri pts t h at n e g ati v el y r e g ul at e t h e c ell c y cl e a r e e n ri c h e d i n B -

A L L E Vs  ( A) E nri c h e d a n d s u p pr ess e d p at h w a ys, wit h t h e g e n e r ati os s h o w n o n t h e x-a xis a n d t h e ass o ci at e d bi ol o gi c al pr o c ess o n t h e 

y -a xis. T h e l eft-h a n d  si d e of t h e pl ot s h o ws g e n e s ets t h at ar e o v err e pr es e nt e d i n B -A L L E Vs ( a cti v at e d p at h w a ys) a n d ri g ht -h a n d si d e 

of t h e pl ot s h o ws g e n es s ets t h at ar e e x cl u d e d fr o m B -A L L E Vs (s u p pr ess e d p at h w a ys). ( B) e nri c h e d g e n e s ets a n d k n o w n ass o ci at e d 

R N A s p e ci es ( or a n g e cir cl es –  m R N As or mi R N A, y ell o w cir cl es –  g e n e s ets) ( C, D) E nri c h m e nt pl ots w h er e  t h e u p p er h alf is t h e r a n k e d 

list m etri c, s h o wi n g t h e r a n ki n g of t h e g e n e s et i n t h e list, a n d t h e l o w er h alf is t h e r u n ni n g e nri c h m e nt s c or e, i n cl u di n g th e p ositi o n i n 

t h e r a n k e d list of g e n es. A t ot al of 6 0 5 g e n es w as a n n ot at e d a n d a n al y z e d. 
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t h e  pl as m a  E Vs  i n  B-A L L  m a y  pr ef er e nti all y  p a c k a g e  tr a ns cri pts  t h at  i m p e d e  pr olif er ati o n, 

c o nsist e nt wit h a r ol e f or E Vs i n t h e r e m o v al of u n w a nt e d tr a ns cri pts.  

 

4. 2. 9 G O a n d K E G G p at h w a ys of e x cl usi v e si g n at ur e . 

T h e  G O  a n d  K E G G  a n al ysis  of  t h e  t o p  2 0 0  N C D -e x cl usi v e  E V  R N As  s h o w e d  k e y  pr o c ess es 

i n cl u di n g  s e m a p h ori n  bi n di n g, i nt er c ell ul ar  bri d g e,  i nt erl e u ki n  1 7-pr o d u cti o n  a n d  r e g ul ati o n  of 

T O R C 1  si g n ali n g  ( Fi g  4. 8 A,  S u p p  Fil e  4. 1 ).  Ot h er  p at h w a ys  i n cl u d e  pr ot ei n  m at ur ati o n 

r e g ul ati o n,  hist o n e  H 3-K 9  a n d  n e ur o m us c ul ar  j u n cti o n  d e v el o p m e nt.  C o n v ers el y,  t h e  t o p  2 0 0 

p e di atri c B -A L L -e x cl usi v e E V R N As s h o w e d p at h w a ys s u c h as t u m or -n e cr osis f a ct or m e di at e d 

si g n ali n g,  c h oli n e  m et a b olis m  i n  c a n c er,  i n osit ol  p h os p h at e  m et a b oli c  pr o c ess,  pl at el et  al p h a 

gr a n ul e l u m e n pr o c ess es a n d pr ot ei n d e a c et yl ati o n ( Fi g 4. 8 B, S u p p Fil e 4. 2 ).  

 

4. 2. 1 0 C o m p etiti v e e n d o g e n o us R N A ( c e R N A) a n al ysis s h o ws mi R N A: m R N A p airs.  

T o i d e ntif y t h e c e R N A n et w or k ass o ci at e d wit h t h e t ot al D P R N A si g n at ur e, w e i d e ntifi e d mi R N A: 

l n c R N A  a n d mi R N A:  l n c R N A  i nt er a cti o ns  usi n g  l n c R RIs e ar c h  a n d  t ar g ets c a n.  W e  i d e ntifi e d 

mi R N A:  m R N A  i nt er a cti o ns  usi n g  mi R c o d e  a n d  mi R w al k.  W e  f o u n d l n c R N A:  m R N A,  p airs 

i nst e a d of mi R N A: l n c R N A: m R N A tri pli c at es (T a bl e 4. 3 ). T his is n ot t ot all y u n e x p e ct e d, as t h e 

c e R N A fi el d is c urr e ntl y i n its i nf a n c y, es p e ci all y i n p e di atri c B -A L L, a n d t h e i nt er a cti o n n et w or ks 

ar e b as e d o n w h at h as b e e n pr e vi o usl y p u blis h e d.  

T h e  t ar g ets  of  t h e  4  D P mi R N As  fr o m  t h e  R N A  a g n osti c  pi p eli n e  w er e  pr e di ct e d  usi n g  t w o 

diff er e nt pl atf or ms a n d o v erl a p pi n g t ar g et m R N A b et w e e n b ot h pl atf or ms us e d f or vis u ali z ati o n 

of mi R N A: m R N A i nt er a cti o n n et w or ks ( S u p p Fil e 4. 3 a n d 4. 4 ). Pr e di ct e d m R N A t ar g ets w er e  
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Fi g . 4. 8.  F u n cti o ns e n ri c h e d i n N C D E Vs r e p r es e nt m ulti pl e c ell t y p es w hil e f u n cti o ns i n B -

A L L  E Vs  a r e r el at e d t o c a n c e r m et a b olis m.  G e n e o nt ol o g y ( G O) a n d K y ot o e n c y cl o p e di a of 

g e n es a n d g e n o m es ( K E G G) of e x cl usi v e R N A g e n es. ( A) T o p 1 0 0 R N A tr a ns cri pts e x cl usi v e t o 

6/ 6 N C D s a m pl es. ( B) T o p 1 0 0 R N A tr a ns cri pts e x cl usi v e t o 8/ 8 p e di atri c B -A L L s a m pl es. T h e 

n et w or ks w er e vis u ali z e d usi n g C yt os c a p e.  
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c o m p ar e d t o D P m R N As ( Fi g 4. 9 ), s h o wi n g t h at t h er e ar e 1 4 8 D P m R N As, a n d 1 9 9 9 m R N A t ar g ets, of 

w hi c h 1 4 m R N A ar e o v erl a p pi n g b et w e e n t h e pr e di ct e d m R N As a n d p a c k a g e d m R N As. T h es e 1 4 m R N As 

ar e A T P 1 0 A, R N F 2 1 7, M B N L 3, M E D 1 2 L, C D H 7, MI P O L 1, N F Y B, A F F 1, S L C 1 5 A 1, M A GI 2, 

K C N H 5,  X G,  C D C 3 4,  K S R 2.    O v er all,  o ur  d at a  s u g g ests  t h at  t h e  diff er e nt  R N A  tr a ns cri pts 

diff er e nti all y p a c k a g e d i nt o p e di atri c B -A L L E Vs i nt er a ct wit h e a c h ot h er i n v ar yi n g w a ys t h at ar e 

n ot y et f ull y u n d erst o o d.  

 

4. 3  Dis c ussi o n  

I n t his pil ot st u d y, w e f o u n d t h at p e di atri c B-A L L p eri p h er al bl o o d pl as m a E Vs h a v e a si mil ar si z e 

pr ofil e t o N C D p eri p h er al bl o o d E Vs, wit h b ot h s a m pl e gr o u ps h a vi n g si mil ar m e a n a n d m o d e E V 

di a m et er. T his a v er a g e si z e r a n g e s u g g ests t h at t h e E Vs i n b ot h gr o u ps of s a m pl es c o ul d b e l ar g er 

e x os o m es a n d s m all er mi cr o v esi cl es. Wit h r ef er e n c e t o E V n u m b ers, t h e o v er all c o n c e ntr at i o n of  

E Vs  w as  hi g h er  i n  p e di atri c  B -A L L  t h a n  N C D  pl as m a.  T his  fi n di n g  ali g ns  wit h w h at  h as  

pr e vi o usl y b e e n dis c o v er e d i n ot h er c a n c ers 5 3 4 – 5 3 8 , i n cl u di n g i n A M L 4 1 5  a n d C L L 4 2 4 . W e t h e n 

us e d  t h e  cli ni c all y  a m e n a bl e  V n 9 6  s y nt h eti c  p e pti d e  t o  is ol at e  E Vs  fr o m  pl as m a  s a m pl es  a n d 

s u bs e q u e ntl y, i d e ntifi e d a si g n at ur e of E V s m all R N As t h at is e x cl usi v e t o N C D a n d B -A L L, as 

w ell as R N A s e q u e n c es t h at ar e diff er e nti all y p a c k a g e d. T h e s m all R N As f o u n d i n B -A L L E Vs 

t e n d t o b e o v err e pr es e nt e d wit h g e n es t h at n e g ati v el y r e g ul at e t h e c ell c y cl e, s u g g esti n g t h at E Vs 

m a y b e us e d t o dis c ar d R N A s e q u e n c es t h at ar e i n hi bit or y t o B -A L L gr o wt h a n d pr o gr essi o n ”. I n 

c o ntr ast,  N C D  E Vs  h a v e  a  mi x  of  dif f er e nt  tr a ns cri pts  t h at  a p p e ar  t o  ori gi n at e  fr o m  m ulti pl e 

or g a ns, i n cl u di n g t h e c e ntr al n er v o us s yst e m, m us cl e, pl at el ets, a n d e pit h eli al c ells.  

C o nsist e nt wit h o ur N T A fi n di n gs, t h e B o yi a d zis gr o u p q u a ntifi e d e xtr a c ell ul ar v esi cl es ( b y  
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Fi g . 4. 9.  mi R N A a n d t h eir t ar g ets ar e p a c k a g e d i nt o E Vs, as s h o w n i n t h e V e n n di a gr a m s h o wi n g 

m R N A t ar g ets of diff er e nti all y p a c k a g e d mi R N A a n d m R N A c ar g o of E Vs.  
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pr ot ei n  c o nt e nt)  of  s er a  fr o m  n or m al  c o ntr ols  a n d  A M L  p ati e nts,  a n d  f o u n d  a  hi g h er  E V  

c o n c e ntr ati o n i n A M L E Vs t h a n n or m al c o ntr ols 4 1 5 . F urt h er m or e, t ar g et e d pr ot ei n pr ofili n g of 

l e u k e mi a-ass o ci at e d  a nti g e ns  C D 3 4  a n d  C D 1 1 7  i n  A M L  E Vs  v ers us  c o ntr ol  E Vs  s h o w e d 

diff er e nti al r e pr es e nt ati o n of t h es e m ar k ers, w hi c h w er e hi g h er i n A M L t h a n c o ntr ols 4 1 5 . Usi n g a 

diff er e nt  c o h ort  of  d o n ors  a n d  s a m pl es,  t h e  B o yi a d zis  gr o u p  us e d  T G F -ß 1  l e v els  t o  tr a c k  E V 

c o n c e ntr ati o n, a n d  f o u n d t h at A M L E V b ur d e n is r e d u c e d p ost-c h e m ot h er a p y i n d u cti o n, i n cr e as e d 

d uri n g c o ns oli d ati o n, a n d n or m ali z e d d uri n g c o m pl et e r e missi o n, s u g g esti n g t h at A M L E Vs r efl e ct 

l e u k e mi a b ur d e n 3 7 2 . Si mil arl y, i n B-c ell C L L, t h e E V c o n c e ntr ati o n w as hi g h er i n p ati e nt bl o o d 

pl as m a t h a n i n n or m al c o ntr ols 3 6 5 . F urt h er m or e, C L L E V c o n c e ntr ati o n is r e d u c e d p ost-t h er a p y 

4 2 4 .  T h us,  pl as m a  E V  c o n c e ntr ati o n  m a y  b e  a  s urr o g at e  m ar k er  f or  m o nit ori n g  B-A L L  dis e as e 

pr o gr essi o n a n d r es p o ns e t o t h er a p y; h o w e v er, t his fi n di n g will r e q uir e v ali d ati o n i n a l ar g er c o h ort 

of s a m pl es t h at i n cl u d es p ost -tr e at m e nt s a m pl es. 

A  k e y  as p e ct  of  E V  bi ol o g y  t h at  d et er mi n es  t h eir  f u n cti o n alit y  is  t h eir  c ar g o.  S p e cifi c all y,  E V 

R N A c ar g o h as b e e n s h o w n t o b e v er y i m p ort a nt f or o v er all E V f u n cti o n alit y a n d i nt er a cti o ns wit h 

r e ci pi e nt c ells a n d e n vir o n m e nts 5 3 9 . F urt h er m or e, E V c ar g o h as b e e n s h o w n t o f a cilit at e c a n c er 

pr o gr essi o n  a n d  dis e as e  a eti ol o g y 5 4 0 .  T h er ef or e,  w e  d e ci d e d  t o  e x a mi n e  t h e  s m all  R N A  c ar g o 

pr ofil e of p e di atri c B -A L L E Vs, as a wi n d o w i nt o t h e dis e as e. T o i d e ntif y t h e R N A pr ofil e a n d 

si g n at ur e, w e us e d t h e s R N A D E pl atf or m ( c o m pr e h e nsi v el y c all e d s R N At o ol b o x) t o a n n ot at e t h e 

R N A  tr a ns cri pts  d et e ct e d  i n  t h e  pl as m a  E Vs.  I nt er esti n gl y,  b ot h  m at ur e  a n d  pr e c urs or  mi R N A 

( pr e-mi R N A) tr a ns cri pts w er e d et e ct e d. W hil e m at ur e mi R N As h a v e b e e n wi d el y r e p ort e d t o b e 

p a c k a g e d i nt o E Vs i n diff er e nt bi ofl ui ds a n d dis e as es, i n cl u di n g a c ut e m y el oi d l e u k e mi a 3 7 6 , pr e-

mi R N As  h a v e  r ar el y  b e e n  r e p ort e d.  H o w e v er,  t u m o ur -d eri v e d  mi cr o v esi cl es  ( T M Vs)  is ol at e d 

fr o m L O X m el a n o m a c ells c arr y pr e-mi R N As s u c h as pr e -mi R -2 1, pr e -mi R -2 7, pr e -mi R -1 0 0 a n d 
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pr e -mi R -1 5 1 5 4 1 . Ot h er tr a ns cri pt t y p es t h at w e als o i d e ntifi e d as p a c k a g e d i nt o E Vs i n cl u d e d n o n-

c o di n g R N As ( n c R N A) s u c h as s n R N A, s n o R N As, Y R N As a n d l n c R N A. T h e disti n cti o n b et w e e n 

i nt a ct  v ers us  fr a g m e nt e d  w as  d et er mi n e d  b as e d  o n  I G V  vis u ali z ati o n  of  t h e  R N A  tr a ns cri pts, 

w h er e  w e  o bs er v e d  e vi d e n c e  f or  b ot h.  mir V a n a  is ol at es  t ot al  s m all  R N A  ( < 2 0 0  nt),  b ut  R N A 

tr a ns cri pt  t y p es  s u c h  as  l n c R N As  a n d  t R N As  ar e  > 2 0 0 nt.  T h us,  t h e  d at a  s u g g ests t h at  b ot h 

fr a g m e nt e d a n d i nt a ct m R N As, t R N As, a n d l n c R N As ar e p a c k a g e d i n E Vs. T h e k e y o bs er v ati o n 

t h at fr a g m e nt e d m R N A s e e ms t o b e t h e l ar g est c o m p o n e nt of o ur E V R N A  c ar g o h as o p e n e d t h e 

d o or t o m or e q u esti o ns. W hil e it is n ot cl e arl y k n o w n if t his l ar g e a m o u nt of m R N A fr a g m e nts is 

r el e v a nt  or  n ot,  t h er e  m a y  b e  a  f e w  e x pl a n ati o ns.  T his  t h es e  m R N A  m a y  b e  a  b y pr o d u ct  of 

i n cr e as e d  g e n e  e x pr essi o n  i n  l e u k e mi a  c ells,  as  p art  of  a  m e c h a nis m  f or  m ai nt ai ni n g  c ell 

pr olif er ati o n  a n d  s ur vi v al.  C o n v ers el y,  t h es e  l ar g e  n u m b er  of  fr a g m e nts  m a y  b e  s p e cifi c all y 

p a c k a g e d i nt o E Vs f or l e u k e mi a r el e v a nt p ur p os es s u c h as w ast e dis p os al, s h uttli n g o ut a nti -c a n c er 

R N A  or s h uttli n g pr o -c a n c e r g e n es t o dist al l o c ati o ns t o cr e at e a l e u k e mi a p er missi v e e n vir o n m e nt 

f or i n v asi o n of e xtr a m e d ull ar y sit es. T h es e s p e c ul ati o ns w o ul d h a v e t o b e t est e d o ut i n s u bs e q u e nt 

st u di es.  

W hil e t his is t h e first ti m e t h at th es e br o a d r a n g e of E V R N A c ar g o  h as b e e n r e p ort e d i n p e di atri c 

B -A L L, ot h er r es e ar c h gr o u ps h a v e pr e vi o usl y i d e ntifi e d si mil ar R N A s p e ci es as p art of E V c ar g o 

i n h e alt h y a n d dis e as e d c ells 5 2 2, 5 4 2 – 5 4 4 . D u e t o t h e oft e n-pi v ot al r ol e of diff er e nt R N A tr a ns cri pts 

i n  p h ysi ol o gi c al  c o n diti o ns,  diff er e nti al  e x pr essi o n  of  R N A  tr a ns cri pts  i n  s p e cifi c  tiss u es  is 

i m pli c at e d  i n  t h e  a eti ol o g y  of  m a n y  dis e as es.  Diff er e nti al  e x pr essi o n  of  m R N A,  l n c R N As5 4 5 , 

mi R N As 5 4 6 , s n o R N A5 4 7 , a n d cir c R N As 5 4 8  h a v e b e e n i d e ntifi e d i n p e di atri c B -A L L c ells. B e c a us e 

R N As h a v e b e e n s h o w n e xt e nsi v el y t o b e p a c k a g e d fr o m c ells i nt o E Vs, it is pl a usi bl e t h at s o m e 

diff er e nti all y  e x pr ess e d  R N A  tr a ns cri pts  i n  p e di atri c  B -A L L  c o ul d  b e  p a c k a g e d  i nt o  E Vs; 
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h o w e v er, diff er e nti al e x pr essi o n i n c ells d o es n ot a ut o m ati c all y i m pl y diff er e nti al p a c k a gi n g i nt o 

E Vs.  

T h e mi R N As i n t h e mi R N A -s p e cifi c si g n at ur e w e i d e ntifi e d usi n g t h e s R N A D E pl atf or m i n cl u d e 

mi R -4 5 5 -3 p, mi R -4 8 3 -5 p, mi R -2 5 -5 p, mi R -1 2 8 -3 p, mi R -3 2 0 b a n d -c, a n d mi R -4 4 8 5 -3 p, w hi c h 

w e f o u n d ar e g e n er all y u pr e g ul at e d i n p e di atri c B -A L L E Vs i n r el ati o n t o N C D E Vs; h o w e v er, 

a n al ysis usi n g t his pl atf or m di d n ot s h o w a cl e ar mi R N A -b as e d dis cri mi n ati o n b et w e e n N C D a n d 

B -A L L. D P mi Rs m a y a ct as t u m or s u p pr ess ors ( T S mi Rs) or o n c o g e n es ( o n c o mi Rs). F or i nst a n c e, 

mi R -4 5 5 -3 p f u n cti o ns as a t u m or s u p pr ess or i n p a n cr e ati c c a n c er 5 4 9 , ost e os ar c o m a 5 5 0 , a n d n o n-

s m all c ell l u n g c a n c er 5 5 1 ; mi R-4 8 3 -5 p is d o w nr e g ul at e d i n o v ari a n c a n c er c ells a n d pl as m a 5 5 2 , 

w hil e mi R -2 5 is u pr e g ul at e d i n A M L c ell li n es a n d p ati e nt pl as m a 5 5 3, 5 5 4 ; mi R-1 2 8 -3 p h as b e e n 

i d e ntifi e d pr e vi o usl y as a p ot e nti al bi o m ar k er f or A L L M R D 5 5 5  a n d as a n o n c o mi R i n T -A L L 5 5 6 ; 

mi R -3 2 0 b w as f o u n d diff er e nti all y e x pr ess e d i n C M L 5 5 7 , w hil e mi R-3 2 0 c w as i d e ntifi e d i n C L L 

as a p 5 3 ass o ci at e d g e n e 5 5 8 ; mi R-4 4 8 5 is ass o ci at e d wit h m y el o d ys pl asti c s y n dr o m e 5 5 9 .; h o w e v er, 

w h et h er t h es e mi R N As a ct as t u m or s u p pr ess ors or o n c o mi Rs i n t h e p e di atri c B -A L L c o nt e xt is 

y et t o b e d et er mi n e d. Ot h er D P R N As i d e ntifi e d usi n g t h e s R N A D E pl atf or m. s u c h as mi R -1 2 8 -3 p 

5 6 0, 5 6 1 , mi R-2 4 5 6 2 , a n d mi R-1 8 1 b -5 p 5 6 3 . h a v e pr e vi o usl y b e e n i d e ntifi e d t o b e u pr e g ul at e d i n A L L. 

T h e r est of t h e D P mi Rs h a v e y et t o b e li n k e d t o p e di atri c B -A L L; h o w e v er, i n pr e vi o us st u di es, 

mi R -4 8 3 -5 p h as b e e n f o u n d u pr e g ul at e d i n C L L bl o o d pl as m a 5 6 4  a n d c hr o ni c m y el oi d l e u k e mi a 

( C M L) c ells 5 6 5 . Hi g h mi R-2 5 pr e di cts a f a v o ur a bl e o ut c o m e i n a c ut e m y el oi d l e u k e mi a A M L 5 5 3 , 

w hil e hi g h mi R -1 2 4 6 disti n g uis h es c o ntr ol d o n or s a m pl es fr o m A M L p ati e nt s a m pl es 3 7 6 . S o m e 

D P mi Rs,  s u c h  as  mi R -4 6 6 5 -5 p,  mi R -7 5 8 -3 p  a n d  mi R -7 4 4 -3 p,  h a v e  b e e n  s h o w n  t o  b e 

d o w nr e g ul at e d i n l e u k e mi a 5 6 6 . mi R-3 6 0 5 -3 p is u pr e g ul at e d i n l e u k e mi a ( A L L a n d C M L) pl as m a 

s a m pl es  as  c ell -fr e e  R N A  ( cf R N A) 5 6 7 ,  w hil e  t h e  ot h ers  h a v e  n ot  b e e n  pr e vi o usl y  f o u n d  i n 
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l e u k e mi a.  I n  t his  pr es e nt  st u d y,  t h e  t y p es  of  D P mi Rs  i d e ntifi e d  b y  o ur  a n al ysis  s u g g est  t h at 

p e di atri c B -A L L c ells m a y dis c ar d a nti -t u m o ur mi R N A b y p a c k a gi n g t h e m i nt o E Vs, a m e c h a nis m 

t o eli mi n at e r e g ul at or y tr a ns cri pts t h at c o ul d pr e v e nt dis e as e pr o gr essi o n.    

T h e E V R N A s e q u e n c es t h at ar e e x cl usi v e t o all N C D s a m pl es i n cl u d e mi R 1 2 1 3 6, a r e g ul at or of 

tr a nsl ati o n 5 6 8 , N O C 2 L, a r e g ul at or of hist o n e a c et yltr a nsf er as e a cti vit y 5 6 9  a n d P E R M 1, a r e g ul at or 

of  mit o c h o n dri al  c o nt e nt  a n d  o xi d ati v e  f u n cti o n 5 7 0 .  I n  a d diti o n,  l n c R N A  LI N C 0 1 1 3 4  dir e ctl y 

bi n ds c hr o m ati n w hi c h dir e ctl y bi n ds t h e pr o m ot er of A K TI SI, i n t ur n l e a di n g t o a cti v ati o n of t h e 

N F K B  si g n alli n g  p at h w a y 5 7 1 .  A n ot h er  pr e v al e nt  l n c R N A,  LI N C 0 1 7 1 4,  is  k n o w n  t o  s u p pr ess 

pr olif er ati o n, mi gr ati o n a n d i n v asi o n i n c h ol a n gi o c ar ci n o m a ( C C A) c ells 5 7 2 . C o m bi n e d, N C D-

e x cl usi v e E V R N A tr a ns cri pts a p p e ar t o b e ass o ci at e d wit h g e n eri c a n d v ari e d c ell t y p es. T his 

s u g g ests t h at i n n or m al c y, bl o o d c ells a n d c ells wit h a c c ess t o t h e bl o o dstr e a m s e cr et e E Vs a n d 

c o ntri b ut e  t o  t h e  t ot al  pl as m a  E V  r e p ert oir e.  C o n v ers el y,  t h e  E V  R N As  e x cl usi v e  t o  B -A L L 

s a m pl es i n cl u d e C 3, a c o m pl e m e nt pr ot ei n, w hi c h is a s er u m eff e ct or of i n n at e i m m u nit y. Hi g h C 3 

l e v els i n di c at e i nfl a m m ati o n, w hi c h m a y b e ass o ci at e d wit h m a n y h e m at ol o gi c al m ali g n a n ci es 5 7 3 . 

Ot h er t o p g e n es i n cl u d e O D A D 4, w hi c h is ass o ci at e d wit h A L L 5 7 4 , LI N C 0 2 5 6 8, w hi c h is li n k e d 

t o s q u a m o us c ar ci n o m a 5 7 5  a n d M R P S 3 1, w hi c h is a dri v er of c ar ci n o m a 5 7 6 . T a k e n t o g et h er, m a n y 

of t h e B -A L L e x cl usi v e E V R N A tr a ns cri pts ar e ass o ci at e d wit h dis e as e, i n cl u di n g h e m at ol o gi c al 

m ali g n a n ci es a n d i m m u n e a cti v ati o n.  

A d diti o n all y, s o m e of t h e D P m R N A i n o ur si g n at ur e ar e k n o w n t o pl a y a cti v e r ol es i n l e u k e mi a 

a n d ot h er c a n c ers. m R N As s u c h as t h e LI N 7 A is diff er e nti all y e x pr ess e d i n m ost s a m pl es a n d is 

k n o w n t o b e u pr e g ul at e d i n A M L 5 7 7 , a n d P D E 7 A, w hi c h is u pr e g ul at e d i n m ost B-A L L s a m pl es 

i n o ur st u d y, is k n o w n t o b e u pr e g ul at e d i n C L L a n d is ass o ci at e d wit h el e v at e d c A M P l e v els 5 7 8 . 

S o m e k n o w n l e u k e mi a -ass o ci at e d tr a ns cri pts s u c h as D U X 4 5 7 9 , I G H 5 8 0 , N F Y B 5 8 1  a n d M E D 1 2 L 
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5 8 2  ar e n ot a bl y diff er e nti all y p a c k a g e d i nt o p e di atri c B -A L L, wit h D U X 4 b ei n g u pr e g ul at e d a n d 

I G H, N F Y B, a n d M E D 1 2 L b ei n g d o w nr e g ul at e d i n p e di atri c B-A L L E Vs. S o m e of t h e m R N As 

wit h hi g h er l e v els i n p e di atri c B -A L L E Vs ar e k n o w n t o b e pr o -t u m ori g e ni c. F or i nst a n c e, M C M 7, 

a m ar k er of a hi g h pr olif er ati o n r at e i n c a n c er, is u pr e g ul at e d i n p e di atri c B -A L L E Vs 5 8 3 . C D C 3 4, 

w hi c h is u pr e g ul at e d i n p e di atri c B -A L L E Vs, is k n o w n t o f a cilit at e l u n g c a n c er pr o gr essi o n 5 8 4 , 

w hil e N U F 2, w hi c h is u pr e g ul at e d i n t h e E Vs of 6 of  8 p e di atri c B -A L L s a m pl es i n t his st u d y, is 

k n o w n  t o  f a cilit at e  t h e  pr o gr essi o n  of  l u n g  a d e n o c ar ci n o m a 5 8 5 .  Fi n all y,  H L A-B  a n d -C  ar e 

s u g g est e d t o b e i n v ol v e d i n t u m ori g e n esis of diff er e nt n o n -l e u k e mi a c a n c er t y p es 5 8 6 .  P ot e nti all y, 

t h es e pr o-t u m ori g e ni c m R N As m a y b e i n cr e asi n gl y p a c k a g e d fr o m t h e l y m p h o bl asts i n t h e b o n e 

m arr o w i nt o p e di atri c B -A L L E Vs b e c a us e of t h eir o v err e pr es e nt ati o n i n B -A L L l y m p h o bl asts.  

W e f o u n d t h at t h e D P mi Rs i d e ntifi e d usi n g t h e R N A a g n osti c D E S E q 2 pl atf or m v ari e d fr o m t h e 

D P mi Rs  i d e ntifi e d  usi n g  t h e  mi R N A -s p e cifi c  pl atf or m  s R N A D E.  T his  m a y  b e  b e c a us e  of 

diff er e n c es  i n  t h e  g e n e  c o u nt  d at a,  as  e a c h  pl atf or m  us es  a  diff er e nt  al g orit h m  f o r  c o u nt  d at a 

pr o c essi n g,  w hi c h  m a y  s k e w  t h e  t ot al  c o u nts  i n  t h e  mi R N A  s p e cifi c  v ers us  R N A  a g n osti c 

pl atf or ms. T h e D P mi Rs fr o m t h e R N A a g n osti c pl atf or m ar e mi R -1 9 3 A, w hi c h is hi g h er i n E Vs 

fr o m m ost of t h e p e di atri c B-A L L s a m pl es, a n d mi R -4 6 4 5, mi R -3 1 4 3, a n d l et 7I, w hi c h ar e l o w er 

i n E Vs fr o m p e di atri c B-A L L s a m pl es. mi R -1 9 3 A is u pr e g ul at e d i n p e di atri c B -A L L p ati e nt bl o o d 

pl as m a 5 8 7 ; mi R-3 1 4 3 is f o u n d t o b e d o w nr e g ul at e d i n tri pl e n e g ati v e br e ast c a n c er 5 8 8  a n d is li n k e d 

t o  B-A L L 5 8 9, 5 9 0 ;  mi R-l et 7I  is  ass o ci at e d  wit h  l ar y n x  a n d  h y p o p h ar y n x  c a n c er 5 9 1  a n d  c hr o ni c 

m y el o g e n o us l e u k e mi a 5 9 2 . T a k e n t o g et h er, t h e D P mi Rs i d e ntifi e d fr o m t h e t w o diff er e nt pl atf or ms 

(s R N A D E  a n d  D E S E q 2)  w er e  n ot  c o n gr u e nt  or  dis cri mi n at or y  e n o u g h  f or  o ur  p ur p os es  b ut 

m at c h e d pr e vi o usl y k n o w n li n ks t o diff er e nt c a n c ers a n d i n s o m e c as es, s o m e t y p es of l e u k e mi as, 

i ncl u di n g B -A L L.   
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Li n c R N As, w hi c h c h ar a ct eristi c all y d o n ot o v erl a p wit h pr ot ei n -c o di n g tr a ns cri pts, gi v e ris e t o 

i nt er g e ni c l o n g n o n-c o di n g tr a ns cri pts 5 9 3 . S o f ar, n o n e of t h e li n c R N As w e i d e ntifi e d i n t his st u d y 

ar e  c urr e ntl y  k n o w n  t o  b e  i n v ol v e d  wit h  p e di atri c  B -A L L  or  l e u k e mi a;  h o w e v er,  s o m e  of  t h e 

li n c R N As  ar e  li n k e d  t o  ot h er  c a n c ers.  F or  i nst a n c e,  li n c 0 0 4 9 9  is  k n o w n  t o  b e  diff er e nti all y 

m et h yl at e d  i n  g li o bl ast o m a 5 9 4 ,  w hil e  li n c 0 0 8 8 6  is  ass o ci at e d  wit h  f err o pt osis  i n  gli o m a 5 9 5 . 

F urt h er m or e,  li n c 0 1 4 4 6  is  hi g h er  i n  gli o bl ast o m a  t h a n  i n  h e alt h y  d o n or  c ells 5 9 6 .  Li n c 0 1 5 2 1  is 

ass o ci at e d wit h s ar c o m a 5 9 7 . Li n c 0 2 3 2 5 is p art of a l n c R N A si g n at ur e f or h e a d a n d n e c k s q u a m o us 

c ell c ar ci n o m a 5 9 8 . Li n c 0 2 7 5 5 is ass o ci at e d wit h c ol or e ct al c a n c er as a pr e di ct or of m et ast asis 5 9 9 . 

T h o u g h a l ot is n ot k n o w n a b o ut t h es e li n c R N As i n p e di atri c B -A L L, t h e y m a y b e p ot e nti al t ar g ets 

f or f oll o w-u p. T a k e n t o g et h er, t h es e D Pl n c R N As m a y n e e d t o b e st u di e d f urt h er t o as c ert ai n t h eir 

r el e v a n c e or l a c k t h er e of, i n p e di atri c B-A L L.  

W e f urt h er e x pl or e d t h e si g nifi c a n c e of t h e e x cl usi v el y p a c k a g e d a n d diff er e nti all y p a c k a g e d R N A 

i n B-A L L bi ol o g y usi n g G S E A. T h e g e n e s ets a cti v at e d/ e nri c h e d i n cl u d e n e g ati v e r e g ul ati o n of 

c ell  c y cl e  c h e c k p oi nt  si g n alli n g.  It  is  c urr e ntl y  k n o w n  t h at  d ysr e g ul ati o n  of  t h e  c ell  c y cl e  is  a 

h all m ar k  of  B -A L L 6 0 0 .  T h e  u n c o ntr oll e d  c ell  pr olif er ati o n  t h at  r es ults  fr o m  c ell  c y cl e 

d ysr e g ul ati o n c o ul d l e a d t o l e u k e m o g e n esis 6 0 1 . Ot h er g e n e s ets a cti v at e d/ e nri c h e d i n p e di atri c B-

A L L  E Vs  ar e  p h a g o c yti c  v esi cl e,  ki n et o c h or e,  a n d  c o n d e ns e d  c hr o m os o m e  c e ntr o m eri c  r e gi o n 

a n d  or g a n ell e  i n n er  m e m br a n e.  O v er all,  c ell  c y cl e  a n d  m e m br a n e -ass o ci at e d  g e n e  s ets  ar e 

a cti v at e d  ( e nri c h e d).  C o n v e rs el y,  g e n e  s ets  s u c h  as  m e m br a n e  t u b ul ati o n,  RI S C  c o m pl e x, 

o xi d or e d u ct as e a cti vit y, a n d li g a n d -g at e d c ati o n a cti vit y ar e s u p pr ess e d (r e d u c e d). T h e G S E A is 

c o nsist e nt  wit h  t h e  h y p ot h esis  t h at  p a c k a gi n g  a nti -t u m o ur  g e n es  i nt o  E Vs  m a y  dri v e  a n 

o v er a cti v ati o n  of  pr o -c a n c er  p at h w a ys  a n d  pr o c ess es  t o  f a cilit at e  c a n c er  t u m ori g e n esis. 

Alt er n ati v el y, t h e r es ults of t h e G S E A m a y i n di c at e i n cr e as e d e x pr essi o n of t h e D P R N As i n c ells, 
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l e a di n g t o i n cr e as e d p a c k a gi n g of t h es e R N As i nt o E Vs. G e n e s ets t h at ar e e x cl u d e d fr o m B-A L L 

E Vs ar e ass o ci at e d wit h o xi d or e d u ct as e a cti vit y, or g a n ell e a n d pl as m a m e m br a n e or g a ni z ati o n, 

r e g ul ati o n  of  tr a ns cri pti o n,  a n d  si g n al  tr a ns d u cti o n.  D e v el o pi n g  B  c ells,  w hi c h  st art  as 

h e m at o p oi eti c st e m c ells ( H S Cs), n e e d c ell ul ar r e d o x h o m e ost asis t o m ai nt ai n a d y n a mi c b al a n c e 

n e e d e d f or t h eir n or m al pr olif er ati o n 6 0 2, 6 0 3 , w hi c h b e gi ns i n t h e b o n e m arr o w ( B M) 6 0 4 . T h e B M 

ni c h e is h y p o xi c a n d g e n er at es r e a cti v e o x y g e n s p e ci es ( R O S) l e v els t h at ar e l o w er t h a n i n n or m al 

tiss u es,  m e a ni n g  t h at  t h e  B M  ni c h e  is  hi g hl y  s e nsiti v e  t o  c h a n g es  i n  o xi d ati v e  str ess  li n k e d  t o 

o xi d or e d u ct as e a cti vit y 6 0 5 . C h a n g es i n o xi d or e d u ct as e l e v els c a n l e a d t o alt er ati o n of R O S l e v els, 

w hi c h c a n aff e ct t h e H S Cs, i n cl u di n g d e v el o pi n g B c ells 6 0 6 . F urt h er m or e, m o d er at e R O S a cts as 

a s e c o n d m ess e n g er t h at, i n t ur n, r e g ul at es c ell pr olif er ati o n, w hil e hi g h R O S l e v els ar e li n k e d t o 

l e u k e mi c  tr a nsf or m ati o n 6 0 7, 6 0 8 .  T h us,  r et e nti o n  of  t h es e  tr a ns cri pts  i n  t h e  c ell,  as  e vi d e n c e d  b y 

r e d u c e d p a c k a gi n g i n E Vs, m a y pr o m ot e t h e a d a pt ati o n of t h e c ells t o t h e B M mi cr o e n vir o n m e nt. 

T a k e n t o g et h er , t h e G S E A s h o w t h e m es t h at ali g n wit h c urr e nt k n o wl e d g e a b o ut p e di atri c B-A L L 

o ns et,  s u c h  as  li g a n d -g at e d  c ati o n  c h a n n el  a cti vit y,  c ell  c y cl e  r e g ul ati o n  a n d  c ell  c y cl e  p h as e 

tr a nsiti o n 6 0 9, 6 1 0 . 

I n a d diti o n, s o m e of t h e p at h w a ys ass o ci at e d wit h p e di atri c B -A L L e x cl usi v e g e n es s u c h as ‘t u m or 

n e cr osis f a ct or m e di at e d si g n ali n g p at h w a y’ a n d ‘ c h oli n e m et a b olis m i n c a n c er’ m a y s u g g est t h at 

t h er e ar e c a n c er dri v er g e n es p a c k a g e d i nt o E Vs. C o n v ers el y, p ass e n g er dri v er g e n es m a y als o b e 

pr es e nt, as e vi d e n c e d b y p at h w a ys s u c h as ‘ n e g ati v e r e g ul ati o n of e pit h eli al c ell a p o pt oti c pr o c ess’ 

a n d ‘s ulf ur c o m p o u n d tr a ns p ort’. T his  s u p p orts c urr e nt k n o wl e d g e  a b o ut c a n c er,  t h at dri v er g e n es 

–  g e n es w hi c h  w h e n  m ut at e d  c o nf er c a n c er  c ells  wit h  si g nifi c a nt  gr o wt h  a d v a nt a g e,  w hil e 

p ass e n g er g e n es h a v e n e utr al i m p a cts o n c a n c er c ell gr o wt h 6 1 1 . S p e cifi c all y, B -A L L r el e v a nt dri v er 

g e n es s u c h as E T V 6, P A X 5, A T F 7I P, I K Z F 1, F L T 3, S E T D 2 a n d R B 1 ( as s h o w n b y U e n o a n d 
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c oll e a g u es) 6 1 2  w er e i d e ntifi e d as p a c k a g e d i nt o p e di atri c B -A L L E Vs. Ot h er R N A tr a ns cri pts m a y 

b e p e di atri c B -A L L p ass e n g er g e n es, t h o u g h t his is n ot cl e arl y k n o w n.  T h er ef or e, w e c a n s ur mis e 

t h at t h e diff er e nti all y p a c k a g e d a n d e x cl usi vit y si g n at ur e g e n es i n p e di atri c B-A L L E Vs ar e R N A 

tr a ns cri pts t h at r efl e ct t h e g e n eti c c h a n g es t h at dri v e B-A L L pr o gr essi o n . A d diti o n all y, t h e n o n-

dri v er g e n es m a y b e  p assi v e p ass e n g ers t h at ar e i n cr e as e d i n l e u k e mi a c ell ass o ci at e d i n cr e as e d 

bi os y nt h esis  a n d ar e t h us p a c k a g e d i nt o E Vs .    

Pr e di ct e d mi R N A: m R N A  a n d l n c R N A: m R N A i nt er a cti o ns s u g g est t h at t h e p a c k a gi n g of g e n es 

i nt o E Vs is n o n-r a n d o m a n d c o or di n at e d i n a w a y t h at is n ot y et f ull y u n d erst o o d. F or i nst a n c e, 1 4 

of t h e m R N As p a c k a g e d i nt o p e di atri c B -A L L E Vs ar e pr e di ct e d t ar g ets of t h e D P mi Rs fr o m t h e 

R N A a g n osti c si g n at ur e. L et 7I t ar g ets C D C 3 4, w hil e mi R -1 9 3 A  t ar g ets S L C 1 5 A 1 a n d K S R2.  F or 

e x a m pl e, L et 7I is l o w er i n B -A L L E Vs, w hil e its t ar g et m R N A C D C 3 4 is hi g h er i n B -A L L E Vs. 

T his s u g g ests t h at t h e hi g h er l e v els of C D C 3 4 p a c k a g e d i nt o B -A L L E Vs m a y b e d u e t o l o w er 

l e v els of L et 7I t h at ar e pr es e nt i n t h e pr o d u ci n g c ells. F or mi R-1 9 3 A, w hi c h is u pr e g ul at e d i n 3 of 

8 B -A L L E V s a m pl es b ut d o w nr e g ul at e d i n 5 of 8 B -A L L p ati e nts a n d all N C D, its t ar g et m R N As 

S L 1 5 A 1 a n d K S R 2 ar e o v er e x p r ess e d i n 4 of 8 p e di atri c B -A L L p ati e nt E Vs (f or S L 1 5 A 1) a n d 3 

of  8 p e di atri c B -A L L p ati e nt E Vs (f or K S R 2) a n d d o w nr e g ul at e d i n all N C D E Vs. I n t his c as e, it 

c o ul d  b e  a  c as e  of  m ai nt ai ni n g  h o m e ost ati c  l e v els  of  t h e  m R N A  b y  i n cr e asi n g  mi R N A  l e v els. 

F urt h er m or e, mi R -3 1 4 3 a n d its t ar g ets M B N L 3, A T P 1 0 A, N F Y B, A F F 1, a n d X G; a n d mi R -4 6 4 5 

a n d its t ar g ets M E D 1 2 L a n d N F Y B, C D H 7, M A GI 2, MI P O L 1, K S R 2, K C N H 5 a n d A F F 1 ar e all 

diff er e nti all y p a c k a g e d. W hil e mi R -3 1 4 3 a n d mi R -4 6 4 5 h a v e si mil ar p att er ns (l o w er i n B -A L L 

E Vs),  t h eir  t ar g ets  tr e n d  diff er e ntl y.  MI P O L 1,  M A G 1 2,  A F F 1 ,  a n d  K S R 2  ar e  hi g h er  i n  4  of  8 

p e di atri c B -A L L p ati e nts c o m p ar e d t o N C D, w hil e C D H 7 a n d X G ar e hi g h er i n 5 of 8 B -A L L 

p ati e nts c o m p ar e d t o N C D. Ot h er t ar g ets A T P 1 0 A, M B N L 3, M E D 1 2 L ar e l o w er i n 7 of 8 B -A L L 
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p ati e nts c o m p ar e d t o all N C D, w hil e N F Y B is l o w er i n all B -A L L p ati e nts c o m p ar e d t o N C D. 

T h er ef or e, t h e D P mi Rs a n d t h eir t ar g et D P m R N As tr e n d wit h o ut cl e ar c o nsist e nt p att er ns. T a k e n 

t o g et h er,  t h e  D P mi R  a n d  t ar g et  D P m R N A  p a c k a gi n g  i nt o  p e di atri c  B-A L L  E Vs s u g g ests  t h e 

p a c k a gi n g of g e n es i m p ort a nt i n dis e as e o ns et a n d pr o gr essi o n.  

T h e i m pli c ati o n of E V  R N A  c ar g o wit h s u c h di v ersit y is f ar r e a c hi n g f or dis e as e a eti ol o g y.  O ur 

K E G G, G S E A a n d c e R N A a n al ysis s u g g ests t h at t h es e E V R N A c ar g os ar e n ot r a n d o m a n d m a y 

b e ass o ci at e d wit h as p e cts of l e u k e mi a o ns et a n d pr o gr essi o n. L e u k e mi a o ns et a n d pr o gr essi o n is 

hi g hl y li n k e d t o t h e t u m or mi cr o e n vir o n m e nt w hi c h c o nt ai ns str o m a a n d n o n -str o m a c ells , wit h 

E Vs p ot e nti all y a cti n g as c o n d uits f or tr a nsf er of R N A a n d pr ot ei n c ar g o t o r e ci pi e nt c ells w h er e 

pr o -c a n c er c h a n g es c a n b e m a d e . J o h ns o n a n d c oll e a g u es s h o w e d t h at A L L d eri v e d E Vs w h e n 

t a k e n u p b y n or m al str o m al c ells alt er e d n or m o xi c m et a b olis m l e a di n g t o d e cr e as e d mit o c h o n dri al 

r es pir ati o n  a n d  i n cr e as e d  e xtr a c ell ul ar  a ci difi c ati o n  li n k e d  t o  l a ct at e  pr o d u cti o n –  a  r e v ers e 

W ar b ur g eff e ct 3 8 2, 6 1 3 . T h e s p e cifi c c ar g o is A L L d eri v e d E V t h at m e di at es t his c h a n g e u p o n u pt a k e 

b y str o m al c ells is c urr e ntl y u n k n o w n. H o w e v er, i n C L L, it w as s h o w n t h at C L L d eri v e d E Vs ar e 

t a k e n u p b y str o m al c ells, r es ulti n g i n tr a nsf er of mi R-2 0 2 -3 p w hi c h m o d ul at es  S uf u  e x pr essi o n , 

l e a di n g t o r e pr o gr a mmi n g t h e  str o m al c ells p h e n ot y pi c 6 1 4 . F urt h er m or e, C L L d eri v e d E Vs tr a nsf er 

p h os p h o -r e c e pt or t yr osi n e ki n as e A xl t o B M S Cs, w hi c h a cti v at e A K T/ m T O R/ P 7 0 S 6 K/ h y p o xi a-

i n d u ci bl e f a ct or-1 al p h a a xis r es ulti n g i n t h e pr o d u cti o n of v as c ul ar gr o wt h f a ct or, a s ur vi v al f a ct or 

f or C L L B c ells3 8 4 .  H u a n a n d c oll e a g u es s h o w e d t h at u pt a k e of A M L d eri v e d E Vs b y str o m al c ells 

r es ult e d i n tr a nsf er of C X C R 4 m R N A, w hi c h  is s u g g est e d t o r e pr o gr am t h e mi cr o e n vir o n m e nt t o 

b e  m or e  p er v asi v e  t o  i n v asi o n  of  t h e  B M  b y  A M L 3 7 4 .  I n  a d diti o n,  F L T 3  a n d  C X C R 4  w as 

tr a nsf err e d  fr o m  A M L  d eri v e d  E Vs  t o  str o m al  c ells3 7 7 .  C hr o ni c  m y el o g e n o us  l e u k e mi a  ( C M L) 

d eri v e d E Vs tr a nsf er a m p hir e g uli n t o B M str o m al c ells u p o n E V u pt a k e l e a di n g t o a cti v ati o n of 
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e pi d er m al gr o wt h f a ct ors si g n ali n g a n d i n cr e as e i n e x pr essi o n of S N AI L a n d its t ar g ets M M P 9 

a n d I L 8 3 8 0 . T h er ef or e, it c a n b e s ur mis e d t h at p e di atri c B-A L L E Vs m a y b e a cti n g al o n g t h e li n es 

of tr a nsf erri n g c ar g o t o r e ci pi e nts i n a m a n n er t h at f a cilit at es dis e as e pr o gr essi o n. H o w e v er, t h e 

s p e cifi cs of h o w t his m e c h a nis m w or ks will n e e d t o b e e x pl or e d i n f oll o w -u p st u di es.  

B -A L L  is  g e n er all y  a  h et er o g e n o us  dis e as e,  wit h  i m m u n o p h e n ot y pi c all y  h et er o g e n o us  c ell 

p o p ul ati o ns  a n d  disti n ct  s u b p o p ul ati o ns  h a vi n g  br o a d  e x pr essi o n  of  B -A L L  h all m ar k  m ar k ers 

c o e xisti n g at o n c e. F or i nst a n c e, t h e pr es e n c e of m ulti pl e dis e as e s u b cl o n es ar e r e p ort e d i n B -A L L, 

e v e n as e arl y as at di a g n osis 6 1 5 .  T h er ef or e, i nt er pr et ati o ns of o ur r es ults c a n n ot o nl y b e vi e w e d i n 

t h e li g ht of p e di atri c B-A L L s u bt y p es, as e a c h p ati e nt s a m pl e c o nt ai ns c o ntri b uti o ns fr o m m ulti pl e 

B -A L L s u b cl o n es.  

D es pit e o ur b est eff orts, t h er e ar e a f e w li mit ati o ns of t his st u d y. T h e first li mit ati o n is t h e t y p e of 

c o ntr ol s a m pl es. W hil e it w o ul d b e pr ef er a bl e t o g et h e alt h y a g e a n d s e x m at c h e d d o n ors as h e alt h y 

c o ntr ols, it is r ar e t o fi n d h e alt h y c hil dr e n b e c o mi n g s a m pl e d o n ors f or a n y bi ofl ui d. I n t h e f a c e of 

t h at, w e r es ort e d t o a g e m at c h e d d o n ors w h o di d n ot h a v e p e di atri c l e u k e mi a, h e n c e n o n-c a n c er 

d o n ors.  T h es e  d o n ors  h a d  a  r a n g e  of  n o n -c a n c er  r el at e d  dis or d ers  s u c h  as  t o nsilitis.  T h us,  it  is 

p ossi bl e t h at t h e y ar e a sli g ht d e vi ati o n fr o m c o m pl et el y h e alt h y b ut w er e s uffi ci e nt si n c e t h e y 

w er e n ot l e u k e mi a p ati e nts. T h e  s e c o n d li mit ati o n t h e s m all s a m pl e si z e ( 6 n o n c a n c er d o n ors a n d 

8 p e di atri c B -A L L p ati e nts ( 5 E T V 6 ::R U N X 1 s u bt y p e a n d 3 B C R :: AB L -li k e s u bt y p e), w hi c h 

m a y aff e ct st atisti c al si g nifi c a n c e. T h e s ol uti o n t o d et er mi n e if t his st u d y w as s uffi ci e ntl y p o w er e d, 

w as t o c o n d u ct a p o w er a n al ysis. At t h e ti m e of d esi g ni n g t h e e x p eri m e nts, w e att e m pt e d t o r u n 

p o w er  a n al ysis  f or  R N A -S e q  o n  E Vs  s a m pl es  usi n g  t h e  m et h o d  p ost ul at e d  b y  W u  a n d 

c oll e a g u es 6 1 6 . H o w e v er, w e w er e li mit e d b y t h e d esi g n of t h e t o ol, w hi c h is n ot y et d esi g n e d t o 
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i n p ut  c ust o m  e x p eri m e nt al  d et ails.  H o w e v er,  t his  is  a  pr o of-of -c o n c e pt,  w hi c h  will  b e  f urt h er 

v ali d at e d usi n g a l ar g er v ali d ati o n c o h ort.  

 

4. 4  C o n cl usi o n  

E Vs pl a y a r ol e i n s h uttli n g si g n alli n g m e di at ors b et w e e n c ells. I n t his st u d y, a n al ysis of t h e s m all 

R N A c ar g o of p e di atri c B -A L L E Vs s u g g ests t h at p a c k a gi n g of t his c ar g o is n ot r a n d o m a n d m a y 

b e  i n v ol v e d  i n  as p e cts  of  dis e as e  o ns et  a n d  pr o gr essi o n.  W e  a ls o  s h o w e d  t h e  pr es e n c e  of  a 

si g n at ur e e x cl usi v e t o all t h e N C D s a m pl es ( n or m al c y), a n d a dis e as e -ass o ci at e d si g n at ur e t h at is 

e x cl usi v e t o all B -A L L s a m pl es. P e di atri c B -A L L E V c o n c e ntr ati o n is als o a p ot e nti al bi o m ar k er 

f or p e di atri c B-A L L, wit h i n cr e as e d E V l e v els t h at m a y pr e c e d e t h e i n cr e as e of c ells i n cir c ul ati o n. 

I n t his w a y, E V c o n c e ntr ati o n c o ul d b e a l ess i n v asi v e s urr o g at e bi o m ar k er f or m o nit ori n g dis e as e 

b ur d e n,  t h er a p y  r es p o ns e,  a n d  e v e n  e arl y  d et e cti o n  of  M R D.  T h e  p ot e nti al  f or  usi n g  t h e  g e n e  

si g n at ur e f or eit h er d et e cti o n of dis e as e b ur d e n or r el a ps e m o nit ori n g or usi n g E V c o n c e ntr ati o n 

as a bi o m ar k er will n e e d t o b e t est e d usi n g a l ar g er v ali d ati o n c o h ort. M o vi n g f or w ar d, a st u d y t o 

v ali d at e/ e x pl or e t h e fi n di n gs fr o m t his st u d y, usi n g a l ar g er p ati e nt c o h ort, wit h s a m pl es c oll e ct e d 

l o n git u di n all y a n d cr oss-s e cti o n all y  will b e t h e n e xt dir e cti o n . T his will all o w f or e x pl ori n g t h e 

r es ults s h o w n h er e t o f a cilit at e str o n g er c o n cl usi o ns b as e d o n t h e d at a.  
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C h a pt e r  5: S m all  R N A  t r a ns c ri pts  a r e  s el e cti v el y  p a c k a g e d  i nt o  p e di at ri c  a c ut e 

l y m p h o bl asti c l e u k e mi a-d e ri v e d e xt r a c ell ul a r v esi cl es.  

 

5. 1  I nt r o d u cti o n  

Gl o b all y, l e u k e mi a is t h e m ost pr e v al e nt p e di atri c c a n c er, a c c o u nti n g f or o n e -t hir d of p e di atri c 

c a n c er  di a g n os es  i n  C a n a d a 6 1 7 .  A c ut e  l y m p h o bl asti c  l e u k e mi a  ( A L L)  is  a  l e u k e mi a  of  a b err a nt 

i m m at ur e l y m p h o c yt es c all e d l y m p h o bl asts w hi c h diff er si g nifi c a ntl y fr o m n or m al m at uri n g B-

c ell  pr e c urs ors  a n d  pr olif er at e  wit hi n  t h e  b o n e  m arr o w,  s pr e a di n g  t o  bl o o d  a n d  e xtr a m e d ull ar y 

sit es 2 1 2 .  A L L  is  t h e  s e c o n d  m ost  c o m m o n  t y p e  of  a c ut e  l e u k e mi a  i n  a d ults  a n d  aff e cts  8 0 %  of 

c hil dr e n,  wit h  8 0 %  of  A L L  c as es  arisi n g  fr o m  B  c ell  li n e a g e  ( B -A L L) 2 1 2, 5 0 5 .  H e n c e  B-A L L 

r e pr es e nts a si g nifi c a nt gl o b al c a n c er b ur d e n.  

E xtr a c ell ul ar v esi cl es ( E Vs) ar e li pi d m e m br a n e -e n cl os e d n a n o p arti cl es c o nt ai ni n g n u cl ei c a ci d 

a n d pr ot ei n c ar g o a n d ar e u bi q uit o usl y r el e as e d b y all c ells t est e d t o d at e 2 4 6 . E Vs ar e cl assifi e d 

b as e d o n t h eir si z e a n d m et h o d of bi o g e n esis i nt o t hr e e s u bt y p es ( e x os o m es, mi cr o v esi cl es a n d 

a p o pt oti c b o di es). It h as b e e n s h o w n t h at c a n c er c ells c a n s e cr et e u p t o 1 0 4  E Vs p er c ell 4 2 4, 5 3 5  t h at 

c a n  r e g ul at e  g e n e  e x pr essi o n  i n  r e ci pi e nt  c ells  i n  a  pr o -o n c o g e ni c  m a n n er 6 1 8 .  N ot a bl y,  B-A L L 

bl asts  r el e as e  a  p o p ul ati o n  of  E Vs  t h at  c a n  r e pr o gr a m  t h e  b o n e  m arr o w  mi cr o e n vir o n m e nt 3 8 2 , 

f a cilit at e c ell-c ell c o m m u ni c ati o n 3 8 2, 6 1 3 , e x p e dit e t h e tr a nsf er of pr o-c a n c er c ar g o 6 1 9 , a n d p ossi bl y 

pl a y a r ol e i n dr u g r esist a n c e 6 2 0 . F urt h er m or e, E Vs ar e st a bl e u n d er v ari o us st or a g e c o n diti o ns 6 2 1 , 

c a n cr oss t h e bl o o d -br ai n b arri er ( B B B) 1 7  a n d ar e a b u n d a ntl y d et e ct a bl e i n all t est e d b o d y fl ui ds, 

i n cl u di n g  bl o o d,  uri n e,  a n d  c er e br os pi n al  fl ui d2 4 4 .  P u blis h e d  st u di es  o n  c hr o ni c  a n d  a c ut e 

m y el o g e n o us  l e u k e mi a,  h a v e  d e m o nstr at e d  a n  i n cr e as e  i n  l e u k e mi a -s p e cifi c  E Vs,  w hi c h  c arr y 

dis e as e -s p e cifi c  pr ot ei n  a n d  R N A  m ar k ers 6 2 4 – 6 2 7 .  F urt h er m or e,  w e  h a v e  o bs er v e d  a n  o v er all 
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i n cr e as e i n t h e p arti cl e n u m b er of E Vs i n t h e pl as m a of p e di atri c B-A L L v ers us n o n -c a n c er d o n or 

( N C D) s a m pl es ( u n p u blis h e d o bs er v ati o ns). 

T h e  n u cl ei c  a ci d  c ar g o  of  E Vs  is  disti n ct  fr o m  t h at  of  t h e  ori gi n ati n g  c ell,  w hil e  b ei n g 

r e pr es e nt ati v e of a s u bs et of t h e ori gi n ati n g c ell’s n u cl ei c a ci d r e p ert oir e 6 2 8 . A v ari et y of n u cl ei c 

a ci ds h a v e b e e n s h o w n t o b e p a c k a g e d i nt o E Vs i n cl u di n g m ess e n g er R N A ( m R N A), l o n g n o n -

c o di n g  R N A  (l n c R N A)  a n d  mi cr o R N A  ( mi R N A) 6 2 8 .  E Vs  ar e  p arti c ul arl y  e nri c h e d  i n  mi R N A, 

w h er e  a  s u bs et  of  c ell ul ar  mi R N A  is  p a c k a g e d  i nt o  E Vs 5 2 2, 6 2 9, 6 3 0 .  T h e  c ell ul ar  m e c h a nis ms 

u n d er pi n ni n g  t h e  p a c k a gi n g  of  mi R N A  a n d  ot h er  R N A  bi ot y p es  i nt o  E Vs  is  still  n ot  f ull y 

u n d erst o o d.  

T h er e  ar e  t w o  g e n er al  pr o c ess es  i n v ol v e d  i n  t h e  p a c k a gi n g  of  mi R N As  i nt o  E Vs:  l o a di n g  a n d 

s orti n g.  L o a di n g  is  t h e  r e cr uit m e nt  of  mi R N As  t o  t h e  sit e  of  E V  bi o g e n esis,  r es ulti n g  i n  t h e 

mi R N As b ei n g c o nstit uti v el y i n cl u d e d i n t h e E Vs 6 3 1 . C o n v ers el y, s orti n g is a n a cti v e pr o c ess i n 

w hi c h mi R N As ar e s el e cti v el y i n c or p or at e d i nt o E Vs 6 3 1 . It is n o w k n o w n t h at b ot h pr o c ess es o c c ur 

i n t a n d e m3 8 0, 6 3 1, 6 3 2 . L o a d e d mi R N As m a y b e t h os e at t h e s a m e l e v el i n ori gi n ati n g c ells a n d E Vs, 

w hil e s ort e d mi R N As will b e at diff er e nt l e v els i n c ells a n d E Vs (l o w i n c ells a n d hi g h i n E Vs or 

vi c e  v ers a ).  F or  t h e  l n c R N As,  a  s el e cti v e  p a c k a gi n g  m e c h a nis m  t h at  m a y  d e p e n d  o n  a cti v e  or 

p assi v e pr o c ess es h as b e e n el u ci d at e d i n c ol or e ct al 6 3 3  a n d pr ost at e c a n c er 6 3 4 . R e ci pi e nt c ells c a n 

t a k e u p t h e l n c R N As-c o nt ai ni n g E Vs, w h er e t h e l n c R N As c h a n g e t h e r e ci pi e nt c ells' p h e n ot y p e t o 

f a cilit at e c ell pr olif er ati o n, m et ast asis, a n gi o g e n esis a n d i m m u n os u p pr essi o n 6 2 8 . Diff er e nt st u di es 

h a v e  r e p ort e d  l n c R N A  fr a g m e nts 6 3 5, 6 3 6 ,  f ull  l e n gt h6 2 8, 6 3 7  or  b ot h 6 3 3, 6 3 8, 6 3 9  w er e  d et e ct e d i n  E Vs. 

t R N As, c all e d 5’t R N A h al v es b e c a us e t h e y i n cl u d e t h e a nti c o d o n l o o p6 4 0 , ar e als o f o u n d i n E Vs. 

T h e p a c k a gi n g  p att er n  of  t R N A  fr a g m e nts  p oi nts  t o w ar ds  c o n c e ntr ati o n -d e p e n d e nt  s el e cti v e 

p a c k a gi n g 6 4 1 . s n o R N A w as r e p ort e d t o b e f o u n d i n t h e E Vs is ol at e d fr o m pl as m a of Al z h ei m er's 
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dis e as e p ati e nts a n d c o g niti v el y n or m al c o ntr ols 6 4 2  a n d t h e p eri p h er al bl o o d of astr o n a uts 6 4 3 . N ot 

m u c h is k n o w n a b o ut h o w s n o R N As ar e p a c k a g e d i nt o E Vs or if t h e y ar e diff er e nti all y p a c k a g e d 

i nt o c a n c er c ell d eri v e d E Vs. s n R N As ar e p a c k a g e d i nt o t h e E Vs of m ali g n a nt m el a n o m a c ell li n es 

A 3 7 5, M M L -1 a n d S K -M E L 6 4 4 .  

S el e cti v e or n o n -s el e cti v e s orti n g c a n o c c ur i n a c ell c o nt e xt -s p e cifi c m a n n er 2 9 7, 6 4 5 . T h es e c o nt e xt 

s p e cifi c p a c k a gi n g p att er ns is d e p e n d e nt u p o n f o ur m ai n m e c h a nis ms, as o utli n e d b el o w.  T h e first 

m e c h a nis m is R N A bi n di n g pr ot ei n ( R B P) -d e p e n d e nt. St u di es h a v e i d e ntifi e d c ell -s p e cifi c s e e d 

s e q u e n c e m otifs wit hi n t h e s e q u e n c e of E V -p a c k a g e d mi R N A, w hi c h ar e r e c o g ni z e d b y s p e cifi c 

R B Ps f or s el e cti v e s orti n g i nt o E Vs 1 3 1, 2 9 5, 2 9 8, 6 4 6 – 6 5 1 . T h e first t y p e of R B P d e p e n d e nt p at h w a y is 

t h e  mi R N A  m otif  a n d  S U M O yl at e d  h et er o g e n o us  n u cl e ar  n u cl e o pr ot ei ns  ( h n R N Ps)-d e p e n d e nt 

p at h w a y 6 5 2 .  I n  T  l y m p h o c yt es,  ‘ G G A G’  s e e d  s e q u e n c e-c o nt ai ni n g  mi R N As  ar e  r e c o g ni z e d  b y 

R B P h et er o g e n o us n u cl e ar ri b o n u cl e o pr ot ei n A 2 B 1 ( h n R N P A 2 B 1) i n a S U M O yl ati o n -d e p e n d e nt 

m a n n er a n d s el e cti v el y s ort e d i nt o E Vs 6 4 7 . I n n o nt u m ori g e ni c m o us e h e p at o c yt es, E V-e nri c h e d 

mi R N As c o nt ai n e d ‘ G G C U’ e xtr a -s e e d m otifs t h at ar e r e c o g ni z e d b y R B P s y n a pt ot a g mi n -bi n di n g 

c yt o pl as mi c R N A -i nt er a cti n g pr ot ei n ( S Y N C RI P)6 4 8 . H u m a n e m br y o ni c ki d n e y c ells ( H E K 2 9 3 T) 

d eri v e d E Vs w er e e nri c h e d i n mi R 2 2 3 a n d mi R 1 4 4, w hi c h w er e r e c o g ni z e d b y Y b o x pr ot ei n I 

( Y B X 1) 2 9 8, 6 5 1 .  T h e  s e c o n d  m e c h a nis m  is  t h e  mi R N A  3’ -e n d  s e q u e n c e -d e p e n d e nt  p at h w a y 6 5 2 . 

S p e cifi c all y, i n l y m p h o bl ast oi d B c ell, B ur kitt’s L y m p h o m a, diff us e l ar g e B -c ell l y m p h o m a a n d 

h u m a n uri n e -d eri v e d E Vs, E V -e nri c h e d mi R N As w er e uri d yl at e d at t h e 3’ e n d, w hil e c ell r et ai n e d 

mi R N As w er e a d e n yl at e d at t h e 3’ e n d 6 5 3 . I n a d diti o n, br e ast c a n c er c ell ( M D A-M B -2 3 1) d eri v e d 

E Vs w er e e nri c h e d i n mi R 1 2 2, w hi c h c o nt ai n e d a 3’ e n d ‘ U U U’ s e q u e n c e a n d/ or U C G A m otifs 

r e c o g ni z e d b y t h e L u p us L a pr ot ei n2 9 8 . A t hir d m e c h a nis m f or mi R N A s orti n g is mi R N A i n d u c e d 

sil e n ci n g c o m pl e x ( mi RI S C) -r el at e d p at h w a y6 5 2 . Ar g o n a ut pr ot ei ns s u c h as A g o 2 ar e i n v ol v e d i n 
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t h e  RI S C  c o m pl e x  a n d  i n  mi R N A  s orti n g  i nt o  E Vs  f or  s o m e  c ell  t y p es  b ut  n ot  i n  ot h ers6 4 9, 6 5 1 . 

Fi n all y, s orti n g of mi R N As c a n d e p e n d o n t h e n e utr al s p hi n g o m y eli n as e 2 ( n S M as e) -d e p e n d e nt 

p at h w a y,  vi a  t h e  s y nt h esis  of  c er a mi d e 6 5 2 .  S p e cifi c all y,  it  w as  dis c o v er e d  b y  K os a k a  a n d 

c oll e a g u es  a n d  Mitt el br u n n  a n d  c oll e a g u es  t h at  i n hi biti o n  of d e  n o v o c er a mi d e  s y nt h esis  vi a 

n S M as e i n hi biti o n r es ult e d i n t h e r e d u cti o n of mi R N As c arri e d i n e x os o m es  6 5 4, 6 5 5 .  

A d diti o n all y, i n t h e st u di es w h er e R N A s orti n g m e c h a nis ms w er e i d e ntifi e d, t h er e s e e m e d t o b e 

a n o v erl a p of m e c h a nis ms. F or i nst a n c e, A g o 2 is b ot h a n R B P a n d a mi RI S C ass o ci at e d pr ot ei n, 

w hi c h  m e a ns  s o m e  c ells  m a y  utili z e  m ulti pl e  m e c h a nis ms  s y n er gisti c all y.  Fi n all y,  it  s h o ul d  b e 

n ot e d t h at R B Ps ( H N R N Ps, A g o 2, Y B X 1, M E X 3 C, M V P a n d L a pr ot ei n) a n d m e m br a n e pr ot ei ns 

( C a v e oli n-1  a n d  n S M As e 2)  ar e  i n v ol v e d  i n  mi R N A  s orti n g  i nt o  E Vs  fr o m  diff er e nt  c ell 

t y p es6 5 6, 6 5 7 . C urr e ntl y, it is n ot k n o w n w h et h er i d e ntifi e d p a c k a gi n g m e c h a nis ms ar e c ell-s p e cifi c, 

or if t h e m otifs ar e r e c o g ni z e d e x cl usi v el y b y s p e cifi c R B Ps or b y a h ost of R B Ps.  

F or  t h e  ot h er  R N A  s p e ci es  w hi c h  h a v e  b e e n  s h o w n  t o  b e  p a c k a g e d  i nt o  E Vs,  t h e  p a c k a gi n g 

m e c h a nis ms  ar e  c urr e ntl y  u n d erst u di e d.  R N A  s p e ci es  s u c h  as  l n c R N As  ( > 2 0 0 nt),  s n R N A 

( ~ 1 5 0 nt), t R N A d eri v e d s m all R N As ( 3 0 –  4 5 nt t R N A h al v es, 1 4 -3 0 nt t R N A fr a g m e nts, 3 0 -3 5 

nt  5’ti R N As  a n d  4 0 –  4 5  nt  3’  ti R N As),  s n o R N A  ( 6 0 –  3 0 0 nt),  y R N As  ( ~ 1 2 0 nt),  a n d  m R N A 

( > 1 0 0 0 nt), h a v e b e e n s h o w n t o b e p a c k a g e d i nt o E Vs2 9 8, 6 3 2, 6 5 1, 6 5 8, 6 5 9 . H o w e v er, t o t h e b est of o ur 

k n o wl e d g e, t h e p a c k a gi n g of R N A i nt o p e di atri c B -A L L E Vs h as n ot b e e n e x pl or e d. H er e, w e 

s h o w f or t h e first ti m e t h at i n a d diti o n t o mi R N As, ot h er R N A tr a ns cri pts i n cl u di n g l n c R N As, 

m R N As , s n R N As a n d t R N As ar e l o a d e d a n d s ort e d i nt o p e di atri c B -A L L E Vs. S p e cifi c all y, w e 

e x pl or e  R N A  c ar g o  fr o m  b ot h  pri m ar y  p e di atri c  B -A L L  p ati e nt  l y m p h o bl asts ( n =  6 ) a n d 

i m m ort ali z e d c ell li n es ( n = 2) i nt o E Vs a n d s h o w t h at t h es e c ells l o a d ( n o n-s el e cti v el y) a n d s ort 

(s el e cti v e) m ulti pl e R N A bi ot y p es i nt o t h eir E Vs.  
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5. 2  R es ults  

 

5. 2. 1 P e di atri c B -A L L l y m p h o bl ast a n d c ell li n e E Vs h a v e si mil ar siz e a n d c o n c e ntr ati o n.  

W e first c h ar a ct eri z e d t h e E Vs s e cr et e d b y t h e c ell li n es a n d pri m ar y l y m p h o bl ast s. T h e pri m ar y 

l y m p h o bl asts  w er e  o bt ai n e d  fr o m E T V 6:: R U N X 1  a n d  B C R:: A B L -li k e  s u bt y p e  p ati e nts 

r es p e cti v e. T h e i m m ort ali z e d p e di atri c B-A L L c ell li n es ar e R C H -A C V a n d U o C -B 1. R C H -A C V 

c ells fr o m a n 8 -y e ar -ol d f e m al e wit h r el a ps e d B M pr e -B -A L L wit h h y p o di pl oi d k ar y ot y p e a n d 

T C F:: P B X 1  m ut ati o ns.  U o C -B 1  c el l  li n e  is  fr o m  a  1 5. 5-y e ar -ol d  f e m al e  wit h  T C F 3:: H L F 

tr a nsl o c ati o n. Usi n g T E M, w e f o u n d t h at B -A L L c ell li n es a n d pri m ar y l y m p h o bl asts s e cr et e r o u n d 

E Vs wit h a d o u bl e m e m br a n e ( Fi g 5. 1 A ). C o n c urr e ntl y, N T A a n al ysis s h o w e d t h e pr es e n c e of a 

s u bst a nti al  n u m b er  of  n a n o p arti cl es  t h at  is  si mil ar  b et w e e n  c ell  li n es  a n d  pri m ar y  l y m p h o bl ast 

c ult ur es  ( Fi g  5. 1 B).  T o  v ali d at e  t h at  V n 9 6 -b as e d  E V  is ol ati o n  is ol at e d  E Vs,  w e  d et e ct e d  t h e 

pr es e n c e  of  E V  m ar k ers  ( H S C 7 0,  H S P 9 0,  C D 6 3,  C D 8 1),  B  c ell -s p e cifi c  m ar k er  ( B L N K)  a n d 

p urit y m ar k er ( C al n e xi n) i n i m m ort ali z e d p e di atri c B -A L L c ell li n es a n d t h eir r es p e cti v e V n 9 6 -

is ol at e d E Vs (Fi g 5. 1 C ). W e f o u n d t h at V n 9 6 is ol at e d E Vs, w hi c h ar e H S C 7 0+ , H S P 9 0+ , C D 6 3+ , 

C D 8 1 + , B L N K+  a n d C al n e xi n -/l o w. 

 

5. 2. 2 Diff er e nt t y p es of R N A tr a ns cri pts ar e p a c k a g e d i nt o E Vs.  

Usi n g  s R N At o ol b o x,  diff er e nt  t y p es  of  R N A s p e ci es w er e  i d e ntifi e d  i n  c ell  li n es  a n d  pri m ar y 

l y m p h o bl asts c o m p ar e d t o is ol at e d E Vs. B et w e e n 1 0 –  4 0 % of t h e tr a ns cri pts w er e u n assi g n e d 

(S u p p . fi g. 5. 1). T h e m ost a b u n d a nt R N A s p e ci es of t h e c urr e ntl y assi g n e d tr a ns cri pts ar e n o n -

c o di n g R N As wit h littl e i nf or m ati o n ( ot h er R N A), s o t h e y c a n n ot b e pr o p erl y cl assifi e d ( Fi g 5. 2 A ).  
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Fi g. 5. 1 .  V n 9 6 -is ol at e d E Vs a n d c o n diti o n e d m e di a c o nt ai ns E Vs wit h t y pi c al c h a r a ct e risti cs 

( A)  Tr a ns missi o n  el e ctr o n  mi cr os c o p y  of  n e g ati v el y  st ai n e d  E Vs  fr o m  V n 9 6  p ull d o w ns  fr o m 

p e di atri c B -A L L c ell li n es ( R C H -A C V a n d U o C -B 1) a n d c ell c o n diti o n e d m e di a E Vs fr o m p ati e nt 

p eri p h er al  bl o o d  l y m p h o bl asts.  ( B)  N a n o p arti cl e  tr a c ki n g  a n al ysis  o n  E Vs  i n  c ell  c o n diti o n e d 

m e di a  of  R C H -A C V,  U o C -B 1  a n d  p ati e nt  p eri p h er al  bl o o d  l y m p h o bl asts.  ( C)  W est er n  bl ot 

a n al ysis of pr ot ei ns fr o m R C H -A C V a n d U o C -B 1 c ell l ys at es ( c ol u m ns 1 a n d 2), a n d V n 9 6 p ull 

d o w n E Vs ( c ol u m ns 3 a n d 4). T h e l o c ati o n of m ol e c ul ar w ei g ht m ar k ers is s h o w n o n t h e l eft.  
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Fi g. 5. 2 .  O v e r all t r a ns c ri pt s u b -t y p e a b u n d a n c e diff e rs i n E Vs c o m p a r e d t o t h e o ri gi n ati n g 

l y m p h o bl asts o r c ell li n es. ( A) S R N Ad e  a n al ysis of s m all R N A S e q d at a c o m p ari n g R N A s p e ci es 

i n c ells v ers us E Vs s h o w e d diff er e nti al pr es e n c e of R N A s p e ci es i n c ells a n d p a c k a g e d i nt o E Vs 

( U n p air e d t t est, P < 0. 0 5). ( B) pri n ci p al c o m p o n e nt a n al ysis of c ells ( pri m ar y l y m p h o bl asts a n d 

i m m ort ali z e d c ell li n es) (l y m, or a n g e) a n d l y m p h o bl ast E Vs (l y m E Vs, t e al).  
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O v er all,  t h e  n e xt  m ost  a b u n d a nt  s p e ci es  i n  d es c e n di n g  or d er  ar e  mi R N As,  t R N As,  s n o R N As,  

y R N As, r R N As, l n c R N As, s e ns e a n d a ntis e ns e m R N As, s n R N As, a n d l astl y n c R N As ( Fi g 5. 2 A ). 

Of  t h e  d et e ct e d  R N A  tr a ns cri pts,  mi R N As,  s n R N As,  r R N A,  n c R N As,  s n o R N As  a n d  l n c R N As  

tr a ns cri pts  ar e  m or e  a b u n d a nt  i n  c ells  t h a n  i n  E Vs.  C o n v ers el y,  s e ns e  a n d  a ntis e ns e  m R N As, 

t R N As, ot h er R N As, a n d y R N As ar e hi g h er i n E Vs t h a n i n c ells. Pri n ci p al c o m p o n e nt a n al ysis 

( P C A) s h o w e d t h at all E Vs cl ust er e d t o g et h er w hil e c ells di d n ot all cl ust er t o g et h er. T his s h o ws 

t h at  p e di atri c  B-A L L c ells  t e n d  t o  p a c k a g e  si mil ar R N A c ar g o i nt o t h eir  E Vs  m a ki n g  t h e  E Vs 

r el ati v el y si mil ar (Fi g 5. 2 B ). 

 

5. 2. 3 R N A tr a ns cri pt p a c k a gi n g m e c h a nis ms  

W e i d e ntifi e d 7 3 8 5 tr a ns cri pts t h at w er e pr es e nt i n all c ells (i. e. 8/ 8), a n d 8 8 3 4 pr es e nt i n all t h e 

E V s a m pl es ( Fi g. 5. 3 A ). Of t h es e R N As, 1 2 2 0 R N As w er e f o u n d t o b e c ell e x cl usi v e w hil e 2 6 6 9 

R N As w er e E V e x cl usi v e ( Fi g. 5. 3 A  a n d S u p p. fi l e 5. 1 ).  

F or s el e cti v e p a c k a gi n g, t h e t o p 1 0 0 c ell e x cl usi v e R N As a n d t o p 1 0 0 E V e x cl usi v e, b as e d o n 

a v er a g e e x pr essi o n, w er e p o ol e d a n d z s c or es c al c ul at e d. T h es e p o ol e d R N As w er e cl ust er e d usi n g 

u ns u p er vis e d hi er ar c hi c al cl ust eri n g ( Fi g. 5. 3 B ). All c ells, e x c e pt f or R C H-A C V, cl ust er e d cl os el y 

t o g et h er w hil e E Vs fr o m b ot h pri m ar y l y m p h o bl asts a n d c ell li n es cl ust er e d t o g et h er. 

Usi n g i nt e gr ati v e g e n o m e vi e w er (I G V), w e vis u ali z e d diff er e nt t y p es of R N A p a c k a gi n g fr o m 

l y m p h o bl asts i nt o E Vs. H 2 B C 7 (Fi g. 5. 4 A ) a n d mi R-6 7 2 4 -4 ( Fi g. 5. 4 B ) ar e e x a m pl es of a c ell 

e x cl usi v e  tr a ns cri pts  w hil e  T R A B D  h as  E V  e x cl usi v e  a n d  E V  e nri c h e d  fr a g m e nts  (Fi g.  5. 4 C ). 

LI N C 0 0 1 8 9 c o nt ai ns a n E V e nri c h e d fr a g m e nt fr o m a n i ntr o n ( Fi g. 5. 4 D ). I n a d diti o n, R N As s u c h 

as R N A 4 5 S N 1, R N A 5 -8 S N 1 a n d R N A 2 8 S N 1 ( Fi g 5. 4 E ) s e e m t o h a v e al m ost t h e f ull tr a ns cri pts  
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Fi g. 5. 3.  E x cl usi v el y s o rt e d R N As a r e dis c ri mi n at o r y b et w e e n c ells a n d E Vs  as s h o w n b y ( A) 

V e n n  di a gr a m  of  R N As  s h o wi n g  tr a ns cri pts  d et e ct e d  i n  all  c ells  ( pri m ar y  l y m p h o bl asts  a n d 

i m m ort ali z e d c ell li n es) a n d all E Vs d eri v e d fr o m t h es e c ells. ( B)  U ns u p er vis e d hi er ar c hi c al cl ust er 

of t h e t o p 1 0 0 c ell e x cl usi v e a n d 1 0 0 E V e x cl usi v e R N As b y a v er a g e e x pr essi o n l e v el.  
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Fi g. 5. 4.  F r a g m e nts of i nt r o ns a n d e x o ns as w ell as f ull l e n gt h R N As a r e p a c k a g e d i nt o E Vs 

o r r et ai n e d i n c ells. ( A) A n e x a m pl e of a p a c k a g e d fr a g m e nt is fr o m t h e si n gl e e x o n of H 2 B C 7 

m R N A, w hi c h is e x cl usi v e t o c ells. (B) A n e x a m pl e of a mi R N A ( mi R -6 7 2 4 -4) p a c k a g e d i n a c ell 

e x cl usi v e  m a n n er.  ( C)  A n  e x a m pl e  of  a  fr a g m e nt  fr o m  o n e  e x o n  of  t h e  m ulti -e x o ni c  m R N A 

( T R A B D), w hi c h is e x cl usi v e t o E Vs. ( D) Wit hi n t h e i ntr o n of LI N C 0 1 8 9 9, a fr a g m e nt is s h o w n 

t o b e pr es e nt i n c ells a n d E Vs, b ut hi g h er i n c ells t h a n E Vs ( E) T h r e e li n k e d r R N As ( R N A 4 5 S N 1, 

R N A 5 -8 S N 1 a n d R N A 2 8 S N 1) s e e m t o h a v e f ull -l e n gt h R N As p a c k a g e d i nt o E Vs.  
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p a c k a g e d  i nt o  E Vs,  i n  c o ntr ast  t o  ot h er  R N A  t y p es  s h o w n  pr e vi o usl y,  w hi c h  a p p e ar  t o  b e 

fr a g m e nts. 

 

5. 2. 4 N o n -s el e cti v el y  p a c k a g e d R N As ar e e nri c h e d i n c ell ul ar pr olif er ati o n a n d m et a b olis m.  

T h e  t o p  2 0 0  n o n -s el e cti v el y  p a c k a g e d  R N A  tr a ns cri pts  w er e  a n al y z e d  usi n g  G O  a n d  K E G G 

p at h w a ys  i n  C yt os c a p e  ( S u p p.  fi g.  5. 2 ).  T h e  n et w or k  a n al ys es  s h o w  t h at  t h e  n o n-s el e cti v el y 

p a c k a g e d  R N As  ar e  ass o ci at e d  wit h  p at h w a ys  s u c h  as  ‘ el e ctr o n  tr a ns p ort ati o n’,  ‘ a n c h or e d 

c o m p o n e nt of pl as m a m e m br a n e’, ‘ri b os o m e bi os y nt h esis i n e u k ar y ot es’, ‘ p ositi v e r e g ul ati o n of 

or g a n ell e ass e m bl y’,  a n d ‘ mit oti c sist er c hr o m ati d c o h esi o n’. T h es e ar e p at h w a ys ass o ci at e d wit h 

n or m al c ell ul ar bi ol o g y n e e d e d f or m ai nt ai ni n g p h ysi ol o g y  a n d di visi o n. F urt h er m or e, p at h w a ys 

s u c h  as  ‘ pr ot ei n  ki n as e  A  bi n di n g’,  a n d  ‘ o xi d ati v e  p h os p h or yl ati o n’  ar e  als o  ass o ci at e d  wit h 

m ai nt ai ni n g c ell p h ysi ol o g y i n e u k ar y oti c c ells i n cl u di n g B c ells. H o w e v er, s o m e of t h e p at h w a ys 

ar e n ot ass o ci at e d wit h B c el l p h ysi ol o g y dir e ctl y. T h es e i n cl u d e p at h w a ys f or ‘ c ar di a c m us cl e 

c o ntr a cti o n’,  ‘f ol at e  bi o g e n esis’,  ‘ c ol u m n ar/ c u b oi d al  e pit h eli al  c ell  d e v el o p m e nt’,  ‘ P ar ki ns o n 

dis e as e’, ‘ di a b eti c c ar di o m y o p at h y’, ‘ H u nti n gt o n dis e as e’ a n d ‘ pri o n dis e as e’. It is u n cl e ar w h at 

t h e ass o ci ati o n b et w e e n B c ells or B-A L L is wit h t h es e p at h w a ys.  

 

5. 2. 5 C ell  e x cl usi v e  tr a ns cri pts  s h o w e d  c ell  m ai nt e n a n c e  ass o ci at e d  g e n e  s ets  a n d  p at h w a y s 

w hil e E V e x cl usi v e tr a ns cri pts i n cl u d e p e di atri c B -A L L a n d i m m u n e ass o ci at e d g e n es.  

G O a n d K E G G n et w or k a n al ysis b y C yt os c a p e s h o w e d t h at t h e c ell e x cl usi v e R N As ar e ass o ci at e d 

wit h  g e n er al  c ell  m ai nt e n a n c e  g e n es  s u c h  as  f or  ‘ n e g ati v e  r e g ul ati o n  of  a cti n  fil a m e nt 

p ol y m eri z ati o n’, ‘ p ositi v e r e g ul ati o n of n u cl e o c yt o pl as mi c tr a ns p ort’, ‘ u bi q uiti n d e p e n d e nt E R A D 

p at h w a y’,  a n d  ‘ p h os p h oli pi d  s cr a m bl as e  a cti vit y’  ( Fi g.  5. 5 A ).  I n  a d diti o n, 

‘ a c et yl gl u c os a mi n yltr a nsf er as e a cti vit y’, ‘ c ell ul ar r es p o ns e t o zi n c ir o n’ a n d ‘s u bstr at e a d h esi o
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Fi g. 5. 5. G e n es i n v ol v e d i n c ell ul a r m et a b olis m r et ai n e d i n c ells w hil e g e n es i n v ol v e d i n i m m u n e f u n cti o n a r e p a c k a g e d i nt o E Vs. 

N et w o r k a n al ysis of g e n e o nt ol o g y ( G O) a n d K E G G p at h w a ys f or t o p 2 0 0 ( A) c ell e x cl usi v e a n d ( B) E V e x cl usi v e R N As. C ol o ur e d 

cir cl es a n d l a b els ar e t h e m ai n g e n e o nt ol o gi es, w hil e n o n -c ol o ur e d cir cl es a n d l a b els ar e s u bsi di ari es, ass o ci at e d wit h t h e m ai n g e n es.  
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d e p e n di n g  o n  c ell  s pr e a di n g’  p at h w a ys  ar e  als o  i d e ntifi e d.  T h es e  p at h w a ys  s u g g ests  t h at  c ell 

e x cl usi v e  R N A  tr a ns cri pts  ar e  c or e  tr a ns cri pts  n e c ess ar y  f or  m ai nt ai ni n g  c ell  st at us  a n d 

p h ysi ol o g y.  F urt h er m or e,  t h er e  w as  a n  a b u n d a n c e  of  tr a ns cri pti o n  a n d  tr a nsl ati o n  ass o c i at e d 

p at h w a ys  s u c h  as  f or  ‘ n u cl e os o m e’,  ‘ H 4  hist o n e  a c et yltr a nsf er as e  c o m pl e x’  ‘ p ost -tr a nsl ati o n al 

pr ot ei n m o difi c ati o n’, ‘ c yt o pl as mi c s e q u estr ati o n of pr ot ei ns’, ‘r e g ul ati o n of pr ot ei n m at ur ati o n’, 

a n d  ‘ pr ot ei n  l o c ati o n  t o  c hr o m os o m e  c e ntr o m eri c  r e gi o n’.  T h es e  t h e m es  s u g g est  t h at  t h e  c ell 

e x cl usi v e R N As m a y als o b e li n k e d t o m ai nt ai ni n g c ell f u n cti o n vi a r e g ul ati o n of g e n e e x pr essi o n 

at  m ulti pl e  l e v els.  F urt h er m or e,  s o m e  si g n ali n g  p at h w a ys  w er e  i d e ntifi e d  s u c h  as  f or  ‘ n e g ati v e 

r e g ul ati o n  of  tr a nsf or mi n g  gr o wt h  f a ct or  b et a  r e c e pt or  si g n ali n g  p at h w a y’  a n d  ‘r e g ul ati o n  of 

i ns uli n r e c e pt or si g n ali n g p at h w a y’. T h es e ar e si g n ali n g p at h w a ys k n o w n t o b e cr u ci al f or B c ell 

d e v el o p m e nt , a n d h o m e ost asis.  Ot h er p at h w a ys s u c h as ‘ e m br y o ni c h e art t u b e m or p h o g e n esis’, 

‘ oo c yt e  m at ur ati o n’,  ‘s y n a ps e  m at ur ati o n’,  ‘ bl ast o c yst  m at ur ati o n’,  a n d  ‘ m e g a k ar y o c yt e 

diff er e nti ati o n’ ar e r el at e d t o c ell diff er e nti ati o n a n d d e v el o p m e nt.  

N et w or k a n al ysis of E V e x cl usi v e g e n es r e v e al e d k e y G O t er ms s u c h as ‘ m R N A 3’ U T R A U -ri c h 

r e gi o n  bi n di n g’,  ‘ c hr o m os o m e  c e ntr o m eri c  c or e  d o m ai n’,  ‘ n u cl e os o m e’  ‘ D N A  r e pli c ati o n -

d e p e n d e nt c hr o m ati n ass e m bl y’, a n d ‘ p ositi v e r e g ul ati o n of tr a ns cri pti o n b y R N A p o l y m er as e III’ 

(Fi g 5. 5 B ).  F urt h er m or e,  tr a ns cri pti o n  a n d  tr a nsl ati o n  ass o ci at e d  p at h w a ys  s u c h  as  ‘ p ositi v e 

r e g ul ati o n  of  tr a nsl ati o n’,  a n d  ‘ pr ot ei n  l o c ali z ati o n  t o  c hr o m os o m e  w er e  als o  i d e ntifi e d.  T his 

s u g g ests  t h at  E V  e x cl usi v e  tr a ns cri pts  c a n  aff e ct  g e n e  r e g ul ati o n.  F urt h er m or e,  ot h er  t er ms 

e x cl usi v e  t o  E Vs  ar e  i m m u n e  r es p o ns e -r el at e d  t er ms,  s u c h  as  ‘l e u k o c yt e  tr a ns  e n d ot h eli al 

mi gr ati o n’, ‘ n e g ati v e c h e m ot a xis’, ‘ er yt hr o c yt e h o m e ost asis’, ‘ p ositi v e r e g ul ati o n of r es p o ns e t o 

c yt o ki n e  sti m ul us’,  ‘ n e g ati v e  r e g ul ati o n  of  G P C R’,  ‘r e g ul ati o n  of  m a cr o p h a g e  a cti v ati o n’  a n d 

‘r e g ul ati o n of a b  T c ell diff er e nti ati o n’. T his s u g g ests t h at R N As ass o ci at e d wit h B c ell f u n cti o n 
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i n t h e a d a pti v e i m m u n e r es p o ns e ar e p a c k a g e d i nt o t h e E Vs. F urt h er m or e, p at h w a ys ass o ci at e d 

wit h i nf e cti o n i n cl u di n g ‘ b a ct eri al i n v asi o n of e pit h eli al c ells’, ‘ n e g ati v e r e g ul ati o n b y h ost of vir al 

pr o c ess’, ‘ vir al c ar ci n o g e n esis’, ‘s hi g ell osis’ a n d ‘ Y ersi n i a i nf e cti o n’ w er e als o i d e ntifi e d. Ot h er 

i m m u n e-ass o ci at e d p at h w a ys i n cl u d e ‘ n e g ati v e r e g ul ati o n of I L -6 pr o d u cti o n’, n e g ati v e r e g ul ati o n 

of  i nt erf er o n -g a m m a  pr o d u cti o n’,  a n d  ‘r e g ul ati o n  of  G  pr ot ei n -c o u pl e d  r e c e pt or  si g n ali n g 

p at h w a y’  a n d  ‘ T G F -b et a  si g n a li n g’.  T h es e  i m m u n e  a n d  i nf e cti o n-ass o ci at e d  p at h w a ys  f urt h er 

str e n gt h e n t h e p oi nt a b o ut i m m u n e s yst e m ass o ci at e d tr a ns cri pts b e e n p a c k a g e d i nt o p e di atri c B -

A L L i n a n e x cl usi v e m a n n er. F urt h er m or e, t h e ‘ M L L 1/ 2 c o m pl e x’ p at h w a y is a B c ell dis e as e 

s p e cifi c p at h w a y. T h us, g e n es t h at r e g ul at e t h e i m m u n e r es p o ns e i n g e n er al a n d p e di atri c B -A L L 

s p e cifi c all y ar e p a c k a g e d i nt o t h e E Vs.  

T h e g e n e s et e nri c h m e nt a n al ysis ( G S E A) f or c ell e x cl usi v e R N A tr a ns cri pts r e v e al e d a cti v ati o n 

of  G O  t er ms  i n cl u di n g  ‘s m all  ri b os o m al  s u b u nit’,  ‘ n u cl e os o m e  bi n di n g’,  ‘ pr es y n a ps e 

or g a ni z ati o n’,  ‘ el e ctr o n  tr a nsf er  a cti vit y’,  ‘ hist o n e  m et h yltr a nsf er as e  c o m pl e x’,  ‘ M L L 1/ 2 

c o m pl e x’, a n d ‘ A T P -d e p e n d e nt a cti vit y’ ( Fi g 5. 6 A ). Si mil ar t o t h e n et w or k a n al ysis, t his s u g g ests 

t h at  c ell  e x cl usi v e  R N A  a cti v at es  p at h w a ys  ass o ci at e d  wit h  c ell  c y cl e  m ai nt e n a n c e  a n d  g e n e 

e x pr essi o n. Als o, s o m e l e u k e mi a ass o ci at e d G O s u c h as M L L 1/ 2 c o m pl e x ar e a cti v at e d i n t h e c ell 

e x cl usi v e  R N A.  T h e  s u p pr ess e d  G O  i n cl u d e  ‘s n R N A  m et a b oli c  pr o c ess’,  ‘s k el et al  s yst e m 

d e v el o p m e nt’, ‘ R N A m et h yl ati o n’, ‘r es p o ns e t o h y p o xi a’, a n d ‘r e g ul ati o n of si g n ali n g r e c e pt or 

a cti vit y’ ( Fi g 5. 6 A ).  T his d at a s u g g ests t h at c ell e x cl usi v e R N A tr a ns cri pts ar e ass o ci at e d wit h 

r es p o ns e t o m et a b olis m, o x y g e n l e v els, a n d si g n ali n g. A cti v at e d p at h w a ys i n t h e G S E A a n al ysis  

i n cl u d e ‘ p yr u v at e m et a b olis m’, ‘ D N A r e pli c ati o n’, ‘ HI V-1 vir al lif e c y cl e’, ‘ c ar b o n m et a b olis m’, 

a n d ‘ c ell c y cl e’ (Fi g . 5. 6 B ). T h e c ell a cti v at e d p at h w a ys i n cl u d e s o m e si g n ali n g p at h w a ys
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Fi g. 5. 6. G e n e s et e n ri c h m e nt a n al ys es ( G S E A) s h o ws t h at c ells t e n d t o r et ai n g e n e r al c ell ul a r m ai nt e n a n c e a n d i m m u n e e v asi o n  

g e n e s ets w hil e i m m u n e r el at e d a n d a nti -p r olif e r ati o n g e n e s ets a r e p a c k a g e d i n E Vs. G S E A d ot pl ots f or 1 2 2 0 c ell e x cl usi v e R N As 

i n p utt e d i nt o pl ots f or ( A) G e n e o nt ol o g y ( G O) a n d ( B) G S E A K E G G p at h w a ys; a n d f or 2 6 6 9 E V e x cl usi v e R N A f or ( C) G e n e o nt ol o gy 

( G O) ( D) G S E A K E G G p at h w a ys.  
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ass o ci at e d  wit h  gr o wt h  a n d  d e v el o p m e nt  a n d  ass o ci at e d  wit h  t R N A  bi o g e n esis.  S u p pr ess e d 

p at h w a ys  i n cl u d e d  ‘ m or p hi n e  a d di cti o n’,  ‘ G A B A er gi c  s y n a ps e’  ‘r e ni n  s e cr eti o n’,  ‘s y n a pti c 

v esi cl e c y cl e’, ‘ c G M P -P K G si g n ali n g p at h w a y’, ‘ O -gl y c a n bi os y nt h esis’, ‘ P D -L 1 e x pr essi o n a n d 

P D -1  c h e c k p oi nt  p at h w a y  i n  c a n c er’  a n d  ‘ F o x O  si g n ali n g  p at h w a y’  ( Fi g . 5. 6 B ).  T h us,  w e  c a n 

s ur mis e  t h at  c ell  e x cl usi v e  p at h w a ys  ar e  ass o ci at e d  wit h  c ell  m ai nt e n a n c e  i n cl u di n g  c ell  c y cl e. 

A d diti o n all y, s u p pr essi o n of t h e P D -L 1/ P D -1 p at h w a ys als o  s h o w a n i m m u n e e v asi o n p h e n ot y p e 

i n t h e c ells. 

F or E V e x cl usi v e tr a ns cri pts, G S E A a n al ysis r e v e al e d i n cr e as es i n G O ass o ci at e d wit h ‘ k er ati n 

fil a m e nt’,  ‘ c ell-c ell  a d h esi o n’,  ‘i nt er m e di at e  fil a m e nt  c yt os k el et o n’,  ‘ c yt o ki n e  pr o d u cti o n  a n d 

r e g ul ati o n  of  pr o d u cti o n’,  ‘ p ositi v e  r e g ul ati o n  of  a n gi o g e n esis’  an d  ‘ c e ntri ol e’  ( Fi g . 5. 6 B ). 

T h er ef or e, w e c a n s ur mis e t h at g e n e s ets ass o ci at e d wit h c ell s h a p e a n d i nt er n al or g a ni z ati o n, as 

w ell as r e g ul ati n g c ell gr o wt h a n d a cti vit y ar e p a c k a g e d i n t o E Vs. C o n v ers el y, s u p pr ess e d G O 

li n k e d  t o  t h e  ‘tr a ns m e m br a n e  tr a ns p ort er  a cti vit y’,  ‘li g a n d-g at e d  c h a n n els’,  ‘s e ns or y  or g a n 

d e v el o p m e nt’, ‘ D N A g e o m etri c a n d c o nf or m ati o n c h a n g e’, a n d ‘ D N A c o nf o r m ati o n c h a n g e’ (Fi g . 

5. 6 C ).  T h e  s u p pr ess e d  p at h w a ys  s u g g ests  t h at  E V  e x cl usi v e  tr a ns cri pts =  s u p pr ess  p at h w a ys 

ass o ci at e d wit h i o n fl u x li n k e d t o pl as m a m e m br a n e d e v el o p m e nt a n d e pi g e n eti cs. T h e a cti v at e d 

p at h w a ys  i n cl u d e  ‘ pr ot e o gl y c a ns  i n  c a n c er’,  ‘ vir al  lif e  c y cl e –  HI V -1’,  ‘ n e ur o a cti v e  li g a n d -

r e c e pt or  i nt er a cti o n’, ‘ V E G F si g n ali n g  p at h w a y’,  ‘l e u k o c yt e  tr a ns e n d ot h eli al  mi gr ati o n’,  ‘ N -

gl y c a n  bi os y nt h esis’,  ‘ c yt o ki n e -c yt o ki n e  r e c e pt or  i nt er a cti o n’  a n d  ‘ c or o n a vir us  dis e as e’  ( Fi g 

5. 6 D ).  T h es e  a cti v at e d  p at h w a ys  s u g g est  t h at  E V  e x cl usi v e  R N A  tr a ns cri pts  a cti v at e  p at h w a ys 

ass o ci at e d  wit h  c a n c er  a n d  i m m u n e  a cti v ati o n,  si mil ar  t o  t h e  C yt os c a p e  n et w or k  a n al ysis.  T h e 

s u p pr ess e d p at h w a ys i n cl u d e h u m a n p a pill o m a vir us i nf e cti o n’, ‘ a p eli n si g n al i n g p at h w a y’, ‘ c ell 
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c y cl e’,  ‘ gr o wt h  h or m o n e  s y nt h esis,  s e cr eti o n  a n d  a cti o n’,  ‘ c h a g as  dis e as e’,  ‘ c al ci u m  si g n ali n g 

p at h w a y’, ‘ D N A r e pli c ati o n’, a n d ‘ c h oli n er gi c s y n a ps e’ ( Fi g 5. 6 D ).  

 

5. 2. 6 S e q u e n c e m otifs ar e s h ar e d wit hi n c ell e x cl usi v e a n d E V e x cl usi v e tr a ns cri pts.  

T h e i d e ntifi e d c ell e x cl usi v e tr a ns cri pts i n cl u d e d m R N As ( 7 5. 2 %), l n c R N As ( 1 0. 6 %) a n d n c R N As 

( 1 0. 2 %) (Fi g . 5. 7 A ). t R N As m a d e u p 1. 6 %, w hil e mi R N As, s n o N As, r R N A, pi R N A, ps e u d o g e n es 

a n d u n c h ar a ct eri z e d R N As m a d e u p < 1 % e a c h. All 1 2 2 0 e x cl usi v e R N As w er e r a n k e d b y f e at ur e 

c o u nt  a v er a g es  a n d  t h e  t o p  1 0 0  g e n es  w er e  e xtr a ct e d  a n d  a n n ot at e d  usi n g  N C BI  d at a b as e  f or 

t R N As a n d I G V R efs e q s e q u e n c es f or all ot h er bi ot y p es. Usi n g M E M E s uit e, w e i d e ntifi e d 1 8 

m otifs c o m m o n t o t h e 7 3 a n n ot at e d g e n es fr o m t h e t o p 1 0 0 g e n es, w hi c h p ass e d t h e E -v al u e c ut -

off E < 0. 0 5 ( Fi g . 5. 7 B  a n d S u p p. fi g. 5. 3 ). T h e wi dt h of t h e m otifs t h at p ass e d t h e c ut -off r a n g e 

b et w e e n  2 7  a n d  5 0  n u cl e oti d es  a n d  w er e  s h ar e d  b et w e e n  4  t o  1 2  tr a ns cri pts.  C o m m o n  s m all er 

m otifs wit hi n t h e l o n g er m otifs i n cl u d e d ‘ A A A’, ‘ G A G A’, a n d ‘ G G T T C’.  

T h e 2 6 6 9 E V e x cl usi v e R N As i n cl u d e d 7 9 % m R N As w hil e l n c R N As a n d n c R N As m a d e u p 1 0 % 

a n d 8. 9 %, r es p e cti v el y. t R N As m a d e u p 1. 2 %, w hil e mi R N As a n d u n c h ar a ct eri z e d R N As m a d e 

u p 1. 4 %. a n d 0. 3 %, r es p e cti v el y. Ps e u d o g e n es m a d e u p 0. 2 % w hil e pi R N A, s n R N A, s n o R N As 

e a c h c o ntri b ut e d 0. 0 4 % e a c h t o t h e t ot al n u m b er tr a ns cri pts ( Fi g . 5. 8 A ). As a b o v e, t h e 2 6 6 9 E V 

e x cl usi v e  R N As  w er e  r a n k e d a n d t h e  t o p  1 0 0  R N As  w er e  a n n ot at e d.  Usi n g  M E M E  s uit e,  w e 

i d e ntifi e d 7 m otifs t h at p ass e d t h e E-v al u e c ut -off of < 0. 0 5 t h at w er e b et w e e n 5 a n d 4 4 n u cl e oti d es 

(Fi g . 5. 8 B , S u p p.  fi g.  5. 3 ).  T h e  m ost  c o m m o n  m otif  w as  pr es e nt  i n  7 1  of  t h e  8 8  a n n ot at e d 

tr a ns cri pts ( 8 2 %) a n d c o nt ai n e d t h e r e v ers e c o m pl e m e nt of t h e ‘ G G A G ” p a c k a gi n g s e q u e n c e , a  

‘ G C C N C C’ m otif a n d a n o v err e pr es e nt ati o n of Cs. T h e s e c o n d m ost c o m m o n w as pr es e nt  
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Fi g . 5. 7.  C ell e x cl usi v e R N As s h a r e c ell i n cl usi o n a r y m otifs. ( A) Pi e c h art s h o wi n g diff er e nt 

R N A bi ot y p es f or all c ell e x cl usi v e R N As. ( B) C ell R N A i n cl usi o n ar y m otifs c o m m o n t o t o p 1 0 0 

c ell e x cl usi v e R N As (r a n k e d b y a v er a g e e x pr essi o n) ( E v al u e < 0. 0 5).  
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 Fi g . 5. 8.  E V e x cl usi v e R N As s h a r e E V p a c k a gi n g m otifs. ( A) Pi e c h art s h o wi n g diff er e nt R N A 

bi ot y p es  f or  all  E V  c ell  e x cl usi v e  R N As.  ( B)  E V  R N A  i n cl usi o n ar y  c o m m o n  t o  t o p  1 0 0  E V 

e nri c h e d R N As (r a n k e d b y a v er a g e e x pr essi o n) ( E v al u e < 0. 0 5).  
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i n 4 4 tr a ns cri pts ( 5 1 %) a n d i n cl u d e d a ‘ U U U’ p a c k a gi n g s e q u e n c e. T h e p a c k a gi n g s e q u e n c es fr o m 

t h e E Vs w er e g e n er all y s h ort er t h a n t h e c ell m otifs.  

T h e t w o gr o u ps of e x cl usi v e R N As ( c ell a n d E V e x cl usi v e) w er e i n di vi d u all y s u bt y p e d i nt o t h e 

diff er e nt R N A bi ot y p es, w hi c h w er e t h e n a n n ot at e d, a n d a n al y z e d b y M E M E s uit e. F or t h e c ell 

e x cl usi v e  g e n es,  5  mi R N As  w er e  a n n ot at e d,  a n d  6  m otifs  c o m m o n  t o  t h es e mi R N As  w er e 

i d e ntifi e d  (S u p p.  fi g.  5. 3 ),  n o n e  of  w hi c h  m et  t h e  E-v al u e  c ut -off  of  < 0. 0 5.  F or  c ell  e x cl usi v e 

l n c R N A, 7 5 l n c R N As w er e a n n ot at e d a n d 5 0 m otifs w er e i d e ntifi e d t o b e c o m m o n t o b et w e e n 2 - 

1 2 s e q u e n c es ( S u p p. fi g. 5. 3 ), n o n e of w hi c h m et t h e E-v al u e c ut -off of < 0. 0 5. T h er e w er e 2 0 c ell 

e x cl usi v e t R N A tr a ns cri pts wit h 1 6 m otifs, s h ar e d b et w e e n 2 –  2 0 R N A tr a ns cri pts ( S u p p. fi g. 

5. 3 ), b ut o nl y 2 m otifs p ass e d t h e E-V al u e c ut -off ( Fi g 5. 9 A ). All 2 0 s h ar e d t h e m ost c o m m o n 5 0 

n u cl e oti d e -l o n g m otif w hil e 1 3 s h ar e d t h e s e c o n d m ost c o m m o n 1 5 n u cl e oti d e-l o n g m otif. F or t h e 

E V e x cl usi v e t R N A, 3 0 t R N A s w er e a n n ot at e d ( S u p p. fi g. 5. 4 ) a n d fi v e m otifs p ass e d t h e E-v al u e 

c ut -off, s h ar e d b et w e e n 5 –  2 2 t R N As wit h 7 3 % of t h e t R N As s h ari n g t h e m ost c o m m o n m otif 

(Fi g 5. 9 B ). T h e m ost c o m m o n c ell-e x cl usi v e a n d E V -e x cl usi v e t R N A m otifs w er e n e arl y i d e nti c al 

s u g g esti n g t h at t his is a t R N A m otif a n d n ot a n i n cl usi o n ar y/ e x cl usi o n ar y m otif wit h r es p e ct t o E V 

p a c k a gi n g. F or t h e E V e x cl usi v e l n c R N As, 1 4 1 l n c R N As w er e i d e ntifi e d ( S u p p. fi g. 5. 4 ) a n d o nl y 

2 m otifs p ass e d t h e E -v al u e c ut -off wit h 1 7 % s h ari n g t h e m ost c o m m o n m otif, w hi c h w as t h e p ol y -

U m otif ( Fi g 5. 9 C ). 
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Fi g . 5. 9. R N A bi ot y p e s p e cifi c m otifs f o r ( A) f ull l e n gt h c ell e x cl usi v e t R N A ( B) f ull l e n gt h E V 

e x cl usi v e t R N A ( C) R N A S e q e xtr a ct e d fr a g m e nts f or E V e x cl usi v e l n c R N A. ( E v al u e < 0. 0 5).  
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5. 2. 7 Diff er e nt l n c R N A a n d t R N A fr a g m e nt s u bt y p es ar e p a c k a g e d i nt o E Vs.  

Of t h e diff er e nt t y p es of l n c R N As p a c k a g e d fr o m c ells t o E Vs, l o n g i nt er g e ni c n o n -c o di n g R N As 

( LI N Cs)  m a k e  u p  t h e  hi g h est  c o ntri b uti o n,  f oll o w e d  b y  a ntis e ns e  tr a ns cri b e d  ( A S),  u n cl ass e d 

l n c R N As,  di v er g e nt  tr a ns cri pts,  mi R N A-ass o ci at e d  h ost  g e n e  l n c R N A  ( H G) ,  a n d  i ntr o ni c 

l n c R N As b ei n g t h e l e ast a b u n d a nt (Fi g 5. 1 0 A,  S u p p. fi l e 5. 2 ).  

I nt er esti n gl y, t R N As w er e p a c k a g e d i nt o E Vs at a hi g h r at e wit h b ot h ess e nti al a n d n o n-ess e nti al 

a mi n o  a ci d a nti -c o d o n  t y p es  p a c k a g e d  ( Fi g . 5. 1 0 B , S u p p.  fi l e 5. 2 ).  Of  t h e  t R N A-a nti c o d o n 

fr a g m e nts i d e ntifi e d, t h e m ost pr e v al e nt a nti c o d o n w as f or V al ( n o n p ol ar), f oll o w e d b y Gl n ( p ol ar, 

u n c h ar g e d), Gl y ( n o n p ol ar), a n d L ys ( p ositi v el y c h ar g e d b asi c). I nt er esti n gl y, t R N A f or As p, His, 

a n d Tr p w er e n ot f o u n d t o b e p a c k a g e d. T h e t R N A’s i d e ntifi e d t o b e p a c k a g e d fr o m c ells t o E Vs 

w er e q u eri e d a g ai nst t h e t R N As i n t h e h u m a n g e n o m es.  Of t h e 5 9 6 t R N As i n t h e g e n o m e, 1 9. 2 % 

( 1 1 5) w er e f o u n d t o b e p a c k a g e d i nt o E Vs, w hil e 1 p ac k a g e d t R N A ( V al -C A C -1 -7) w as n ot f o u n d 

wit hi n t h e g e n o m e list. T h es e t R N A -a nti c o d o ns w er e n ot p a c k a g e d a c c or di n g t o t h e n u m b er of 

t R N As  f o u n d  i n  t h e  g e n o m e,  t h er ef or e,  a p p e ar  t o  b e  p a c k a g e d  i n  a  g e n e  s p e cifi c-m a n n er  ( Fi g . 

5. 1 0 B ).   

 

5. 3  Dis c ussi o ns  

I n  t his  st u d y,  w e f o u n d  t h at  m ulti pl e  R N A  s u bt y p es  ar e  p a c k a g e d  i nt o  p e di atri c  B-A L L  E Vs 

i n cl u di n g mi R N As, l n c R N As, m R N As, s n R N As a n d t R N As. P a c k a gi n g i n t his c o nt e xt is vi a a 

c o m bi n ati o n  of  R N A  l o a di n g  a n d  s orti n g  m e c h a nis ms.  F urt h er m or e,  t h e  s el e cti v el y  p a c k a g e d 

(s ort e d) R N A tr a ns cri pts h a v e m otifs  t h at ar e s h ar e d b et w e e n m a n y of t h e R N A s e q u e n c es. 

.   
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Fi g . 5. 1 0.  Diff e r e nt  t y p es  of  l n c R N A  a r e  p a c k a g e d  i n  E Vs  a n d  t R N A  a r e  diff e r e nti all y 

p a c k a g e d d e p e n di n g o n t h e a mi n o a ci d.  ( A). T h e n u m b er of p a c k a g e d tr a ns cri pts of t h e diff er e nt 

t y p es  of  l n c R N As  t h at  ar e  p a c k a g e d  i nt o  E Vs  ar e  s h o w n.  L o n g  i nt er g e ni c  n o n-c o di n g  R N A 

( LI N C),  di v er g e nt  tr a ns cri pts  ( D T),  a ntis e ns e  tr a ns cri pts  ( A T),  i ntr o ni c,  mi cr o R N A  h ost  g e n es 

( H G) a n d u n cl ass e d l n c R N As. ( B) T h e n u m b er of p a c k a g e d t R N A-a nti c o d o n tr a ns cri pts ar e s h o w n 

as c ol u m ns, wit h t h e t ot al n u m b er of t R N A g e n es i n t h e g e n o m e i n di c at e d b y t h e n u m b er a b o v e 

t h e c ol u m n.  
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N ot a bl y, w e i d e ntifi e d t h e p ol y -U m otif pr e vi o usl y d es cri b e d al o n g wit h a n o v el G C C N C C m otif 

i n p a c k a g e d tr a ns cri pts. 

Usi n g s R N A D E a n al ysis, r e a d c o u nts of c ells a n d t h eir E Vs s h o w e d t h at c o u nts fr o m i m m ort ali z e d 

c ell li n es a n d pri m ar y l y m p h o bl asts d o n ot diff er si g nifi c a ntl y. O v er all, c o u nts fr o m l y m p h o bl asts 

w er e all cl os e t o 1 x 1 0 7 . All c o u nts fr o m E Vs w er e > 1 x 1 07 . T his s u g g ests t h at s m all R N A S e q 

w as a bl e t o c a pt ur e a c o m pr e h e nsi v e pi ct ur e of R N A tr a ns cri pts c o m p ar a bl e b et w e e n c ells a n d 

E Vs. I nt er esti n gl y, diff er e nt t y p es of R N A tr a ns cri pts w er e p a c k a g e d i nt o t h e E Vs. T h e f a ct t h at 

at l e ast 1 0 % of t h e t ot al R N A ( d e p e n di n g o n t h e s a m pl e) c urr e ntl y n e e ds t o b e a n n ot at e d i nt o br o a d 

c at e g ori es  is  a  n ot e w ort h y  o bs er v ati o n.  T his  s u g g ests  t h at  t h e  f ull  i nt er pr et ati o n  of  o ur  d at a  is 

c urr e ntl y li mit e d b y t h e a n n ot ati o n g a p i n t h e fi el d. T h er ef or e, m or e w or k n e e ds t o b e d o n e w it hi n 

t h e R N A c o m m u nit y t o i n v esti g at e a n d v ali d at e R N A tr a ns cri pts. Als o, of all t h os e a n n ot at e d, at 

l e ast  1 0 %  ar e  n o n c o di n g  R N As  t h at  ar e  c urr e ntl y  u n cl assifi e d.  T his  is  i n  li n e  wit h  pr e vi o usl y 

p u blis h e d w or k b y ot h er gr o u ps usi n g diff er e nt st u d y m o d els.  F or i nst a n c e, r e c e ntl y, O’ Gr a d y a n d 

c o -w or k ers usi n g E Vs fr o m H U V E C c ells f o u n d at l e ast 1 0 % of R N A i n c ells a n d E Vs ar e cl ass e d 

as ot h er 6 3 2 . Als o i n 2 0 2 0, Z h a o a n d c oll e a g u es f o u n d > 1 0 % u n a n n ot at e d R N A p o p ul ati o n i n t h eir 

R N A S e q of s er u m E Vs fr o m h u m a ns, r ats a n d mi c e 6 6 0 .  

Of t h e a n n ot at e d a n d cl assifi e d tr a ns cri pts, t h e m ost a b u n d a nt R N A s p e ci es i n c ells a n d E Vs w er e 

mi R N A, m R N As (s e ns e a n d a ntis e ns e), t R N A f oll o w e d b y l n c R N As. T h es e R N A tr a ns cri pts w er e 

b ot h fr a g m e nts (f or l ar g er tr a ns cri pts li k e m R N A a n d l n c R N As) a n d f ull -l e n gt h mi R N As. m R N As, 

l n c R N As,  a n d  mi R N A  h a v e  pr e vi o usl y  b e e n  r e p ort e d  t o  b e  pr es e nt  i n  E Vs  fr o m  m o us e 

h y p ot h al a mi c n e ur o n al G T 1 -7 c ell li n es 6 6 1 ; s er u m fr o m m al e S pr a g u e D a wl e y r ats, m al e C 5 7 B L/ 6 

mi c e  a n d  h e alt h y  h u m a n  v ol u nt e ers 6 6 0 ;  s er u m  of  p ati e nts  wit h  c hr o ni c  h e p atitis  a n d  a c ut e-o n -

c hr o ni c  li v er  f ail ur e  c a us e d  b y  H B V 6 6 2 ;  h e alt h y  h u m a n  pl as m a5 2 2 ;  H E K 2 9 3 T,  N e ur o 2 a  a n d 
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h T E R T -M S C c ell li n es 5 3 2 ; a n d pl as m a of HI V-n e g ati v e a n d -p ositi v e d o n ors 6 6 3 . W e f o u n d a v er y 

l o w l e v el of ri b os o m al R N A tr a ns cri pts pr es e nt i n c ells a n d t h eir E Vs. T his w as si mil arl y s h o w n 

i n a  st u d y  b y  C h e n  a n d  C o -w or k ers w h er e  t h e y f o u n d  r R N A  i n  s er u m  E Vs  fr o m  p ati e nts  wit h 

c hr o ni c h e p atitis a n d a c ut e -o n -c hr o ni c li v er f ail ur e 6 6 2 . H u a n g a n d c oll e a g u es als o f o u n d r R N A i n 

E Vs fr o m h e alt h y h u m a n pl as m a 5 2 2 , w hil e Q u e k a n d c oll e a g u es f o u n d r R N A i n E Vs fr o m m o us e 

h y p ot h al a mi c n e ur o n al G T 1 -7 c ell li n es 6 6 1 . Pr e vi o usl y, usi n g a diff er e nt R N A is ol ati o n t e c h ni q u e 

, w e h a v e als o f o u n d r R N A pr es e nt i n E Vs3 5 1 .  

O ur fi n di n g t h at mi R N As ar e t h e m ost a b u n d a nt s m all R N A s p e ci es i n E Vs fr o m p e di atri c B -A L L 

l y m p h o bl ast  E Vs is  c o nsist e nt  wit h  ot h er  st u di es6 2 9, 6 6 4 .  H o w e v er,  a  f e w  p u bli c ati o ns  r e c e ntl y 

s h o w e d t h at t h e a b u n d a n c e of mi R N As i n E Vs is m u c h l ess t h a n pr e vi o usl y r e p ort e d, s p e cifi c all y 

st ati n g  t h at  mi R N As  m a k e  u p  o nl y  a  s m all  pr o p orti o n  of  E V  R N A  c ar g o  i n  B  c ell  li n es  a n d 

H E K 2 9 3 c ells 5 3 3  a n d fr o m a br o a d r a n g e of c a n c er c ells 6 6 5 . T a k e n t o g et h er, o ur d at a a n d r es ults 

fr o m p u blis h e d d at a cl e arl y s h o w t h at diff er e nt R N A bi ot y p es ar e p a c k a g e d i nt o E Vs wit h mi R N A 

n ot b ei n g t h e m aj orit y.  

T h e s R N A D E d at a, w hi c h all o w e d f or a n al ysis of mi R N A s p e cifi c all y, s h o w e d t h at b ot h m at ur e 

mi R N A a n d pr e c urs or mi R N A w er e p a c k a g e d fr o m c ells i nt o E Vs. Pr e -mi R N A w as pr e vi o usl y 

r e p ort e d t o b e p a c k a g e d i nt o E Vs fr o m h u m a n a n dr o g e n-i n d e p e n d e nt pr ost at e c a n c er P C 3 c ells 

6 6 6 ; i nt o L O X m el a n o m a c ells5 4 1 ; br e ast c a n c er c ells6 6 7 ; b o n e m arr o w-d eri v e d m a cr o p h a g es 6 6 8  a n d  

m es e n c h y m al  st e m  c ell  E Vs 6 6 9 .  T h e  p a c k a gi n g  of  pr e c urs or  mi R N As  b e gs  t h e  q u esti o n  a b o ut 

w h et h er t h e E V p a c k a g e d pr e -mi R N As ar e att a c h e d t o or d et a c h e d fr o m t h e RI S C c o m pl e x. It is 

p ossi bl e t h at c ells us e diff er e nt m e c h a nis ms f or l o a di n g a n d s orti n g pr e - a n d m at ur e mi R N As i nt o 

E Vs. It  h as b e e n s h o w n i n br e ast c a n c er c ell li n es M C F 1 0 A a n d M D A -M B -2 3 1 t h at c o m p o n e nts 

of t h e mi R N A bi o g e n esis p at h w a y, s u c h as RI S C pr ot ei ns, A G O 2, Di c er a n d T R B P, w er e d et e ct e d 
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i n  c a n c er  e x os o m es  b ut  n ot  n or m al  c ell  e x os o m es  ( n or m o x o m es)6 6 7 .  A d diti o n all y,  i n  L O X 

m el a n o m a c ells, t h e A R F 6 -E x p orti n -5 c o m pl e x s h uttl es pr e -mi R N A i nt o t u m o ur mi cr o v esi cl es 5 4 1 . 

T his s u g g ests t h at pr e -mi R N As c o ul d p ot e nti all y b e p a c k a g e d i nt o E Vs a n d pr o c ess e d wit hi n E Vs. 

O v er all, it r e m ai ns t o b e d et er mi n e d h o w pr e -mi R N A a n d mi R N A ar e p a c k a g e d i nt o B -A L L E Vs 

a n d w h et h er pr e -mi R N A is pr o c ess e d wit hi n t h e B -A L L E Vs.  

N o n -s el e cti v e p a c k a gi n g (l o a di n g) of R N As fr o m c ells a n d E Vs m a y b e a f or m of c o nstit uti v e 

p a c k a gi n g t h at is si m pl y c o n c e ntr ati o n d e p e n d e nt. A n o n -s el e cti v e m e c h a nis m h as pr e vi o usl y b e e n 

d es cri b e d i n M D A -M D -2 3 1 br e ast c a n c er c ell 2 9 8  a n d M C F -7, M C F -1 0, a n d M CI -H 1 2 9 9 br e ast 

c a n c er c ell li n es 6 4 5  a n d l u n g c ar ci n o m a c ell li n e A 5 4 9 6 7 0 . It is p ossi bl e t h at n o n-s el e cti v e p a c k a gi n g 

of R N A tr a ns cri pts m a y b e a r e g ul ar pr o c ess t h at is p art of n or m al p h ysi ol o g y. O ur fi n di n g t h at 

t h e n o n-s el e cti v el y p a c k a g e d tr a ns cri pts ar e ass o ci at e d wit h g e n es li n k e d wit h c ell ul ar m et a b olis m 

s u p p orts t his h y p ot h esis.  

S el e cti v e p a c k a gi n g i n v ol v es a n e x cl usi o n ar y or i n cl usi o n ar y m e c h a nis m w h er e R N A tr a ns cri pts 

ar e pr es e nt i n c ells b ut e x cl u d e d fr o m E Vs or vi c e v ers a . T his s el e cti v e R N A p a c k a gi n g m e c h a nis m 

ali g ns  wit h  pr e vi o usl y  p u blis h e d  w or k  i n  m uri n e  a n d  h u m a n  m ast  c ells 6 2 8 ,  o v ari a n  c a n c er6 7 1 , 

a nti g e n -pr es e nti n g c ells 6 5 5 , l u n g a d e n o c ar ci n o m a6 7 2  a n d gli o bl ast o m a 6 7 3 . S el e cti v e p a c k a gi n g ( E V 

or c ell e x cl usi v e) m a y b e a n a cti v e pr o c ess t h at m a y b e d e p e n d e nt o n s p e cifi c si g n als. O n e p ossi bl e 

si g n al is t h e pr es e n c e of s el e cti vit y m otifs wit hi n t h e p a c k a g e d R N A. T h es e m otifs c o ul d b e t h e 

li n k b et w e e n t h e R N A t o b e p a c k a g ed, t h e ass o ci ati n g R B Ps, a n d t h e p a c k a gi n g pr o c ess. Si mil ar 

p a c k a gi n g m otifs w er e f o u n d i n pri m ar y mi c e n e ur o ns a n d astr o c yt e s m all E Vs w hi c h w er e c all e d 

c or e E X O -m otifs ( U G U G( U/ C), C A U G a n d C N G G N G) a n d c or e -c ell m otifs s u c h as A G A A C, 

C A G U a n d A U A A t h at af f e ct e d R N A s orti n g i nt o E Vs or r et e nti o n i n c ells 2 9 5 . T h e O’ Gr a d y gr o u p 

als o i d e ntifi e d l ar g e m otifs, w hi c h c o nt ai n s m all er m otifs s u c h as t h e G G A G a n d C G C G C usi n g 
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t h e h u m a n u m bili c al v ei n e n d ot h eli al c ell li n e6 3 2 6 3 2 . Fi n all y, mi R N As p a c k a g e d fr o m pri m ar y a n d 

i m m ort ali z e d  n e ur o ns  a n d  astr o c yt es  i nt o  E Vs  s h ar e d  m otifs  s u c h  as  G U A C  a n d  C A C A C A6 7 4 . 

Usi n g M E M E s uit e, w e i d e ntifi e d > 2 0 n u cl e oti d e l o n g m otifs w hi c h ar e s h ar e d b y at l e ast 6/ 1 0 0 

( 6 %)  of  t h e  c ell  e x cl usi v e  R N A  tr a ns cri pts.  F urt h er m or e,  t h e  ‘ A A A’,  ‘ G A G A’,  a n d  ‘ G G T T C’ 

m otifs wit hi n t h e l ar g e m otifs di d n ot a p p e ar wit h t h e E V m otifs. Wit h r es p e ct t o E V e x cl usi v e 

R N A tr a ns cri pts, o n e m otif is s h ar e d b y 8 1 % of t h e t o p E V e x cl usi v e R N As, w hil e a n ot h er m otif 

is pr es e nt i n t h e t o p 5 0 %. T h e s e c o n d m ost c o m m o n m otif, w hi c h is 2 1 n u cl e oti d es, c o nt ai n t h e 

p ol y -U m otif pr e vi o usl y i d e ntifi e d t o b e pr es e nt i n E V -r et ai n e d mi R N A6 5 3  w hil e t h e m ost c o m m o n 

m otif c o nt ai n e d a n o v err e pr es e nt ati o n of Cs, a n d t h e ‘ G C C N C C’ m otif.  

O ur d at a s u g g ests t h at c ells r et ai n R N A tr a ns cri pts n e e d e d f or m ai nt ai ni n g t h eir p h ysi ol o g y a n d 

f or r e g ul ar m et a b olis m. A d diti o n all y, g e n es w er e f o u n d t h at ar e ass o ci at e d wit h e m br y o ni c h e art 

t u b e m or p h o g e n esis, m y el oi d c ell d e v el o p m e nt, s y n a ps e m at ur ati o n, bl ast o c yst f or m ati o n, st e m 

c ell  p o p ul ati o n  m ai nt e n a n c e  a n d  o o c yt e  m at ur ati o n  s u g g esti n g  t h at  t h e  c ells  als o  r et ai n  g e n es 

i m p ort a nt  f or  c ell ul ar  diff er e nti ati o n, w hi c h  m a y  b e ass o ci at e d  wit h  t h e  d e v el o p m e nt al  arr est 

e x p eri e n c e d i n B -A L L .  

W hil e s o m e si g n alli n g p at h w a ys w er e i d e ntifi e d i n t h e c ell e x cl usi v e tr a ns cri pts, t h er e w er e m or e 

si g n ali n g p at h w a ys ass o ci at e d wit h t h e E V e x cl usi v e tr a ns cri pts. Als o, t h e si g n ali n g p at h w a ys i n 

t h e c ell e x cl usi v e tr a ns cri pts w er e ass o ci at e d wit h c ell d e v el o p m e nt a n d h o m e ost asis, w hil e t h e 

si g n ali n g p at h w a ys i n t h e E V e x cl usi v e tr a ns cri pts ar e l ar g el y ass o ci at e d wit h dis e as e, i n cl u di n g 

B  c ell  l e u k e mi a.  S o m e  p at h w a ys  t h at  ar e  pr es e nt  i n  b ot h  c ell  e x cl usi v e  a n d  E V  e x cl usi v e 

tr a ns cri pts,  i n cl u d e  g e n e  e x pr essi on  (tr a ns cri pti o n  a n d  tr a nsl ati o n)  ass o ci at e d  p at h w a ys.  F or 

i nst a n c e, b ot h c ells a n d E Vs c arri e d R N A ass o ci at e d wit h c ell di visi o n ( e. g. n u cl e os o m e), w hi c h 
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m a y s u g g est t h at s o m e c ell di visi o n ass o ci at e d g e n es m a y b e r et ai n e d w hil e ot h ers will b e s h uttl e d 

o ut i nt o t h e E Vs.  

E V  e x cl usi v e  tr a ns cri pts  i n cl u d e  dis e as e  r el e v a nt  g e n es  s u c h  as  g e n es  f or  l e u k o c yt e  tr a ns 

e n d ot h eli al mi gr ati o n, T G F b  si g n ali n g p at h w a y, M L L 1/ 2 c o m pl e x, i nt erf er o n g a m m a p at h w a y, 

I L-6 pr o d u cti o n, a n d a b  T c ell pr o d u cti o n. A d diti o n all y, g e n es ass o ci at e d wit h g e n e e x pr essi o n 

a n d t h os e i n di c ati v e of i nf e cti o ns s u c h as Y esi ni a a n d S hi g ell osis ar e i d e ntifi e d i n t h e p at h w a y 

a n al ys es. F urt h er m or e, a n ot a bl e p at h w a y i n t h e E V e x cl usi v e c o h ort is t h e ‘ 3′‐ u ntr a nsl at e d r e gi o n 

( 3′ U T R) A U-ri c h r e gi o n bi n di n g’. T h e alt erati o n of t h e m R N A 3’ U T R A U ri c h r e gi o n t h at c o nt ai n 

A U‐ri c h el e m e nts ( A R Es) , is f o u n d t o b e li n k e d t o m R N A tr a ns cri pt i nst a bilit y, w hi c h is ass o ci at e d 

wit h c a n c er a n d dis e as e pr o gr essi o n 6 7 5 – 6 7 7 . S p e cifi c all y, m R N A 3’ U T R A U ri c h bi n di n g is li n k e d 

t o p e di atri c B-A L L. F or e x a m pl e, P A X 5, a tr a ns cri pti o n f a ct or t h at r e g ul at es B c ell d e v el o p m e nt, 

h as b e e n s h o w n t o h a v e pr e v al e nt 3′ U T R e diti n g e v e nts i n h e alt h y B l y m p h o c yt es  6 7 8 . H o w e v er, 

i n B c ell c a n c ers, t h e P A X 5  3′ U T R is s h ort e n e d, l e a di n g t o a n i n cr e as e i n o n c o g e ni c tr a nsl ati o n 

fr e q u e n c y,  w hi c h  is  i n  t ur n  ass o ci at e d  wit h  dis e as e  pr o gr essi o n 6 7 8 .  Si mil arl y, tr a ns e n d ot h eli al 

mi gr ati o n is i n cr e as e d i n B -A L L, es p e ci all y i n dis e as e a n d b o n e m arr o w r el a ps e 6 7 9 . F urt h er m or e, 

tr a ns e n d ot h eli al mi gr ati o n, i n a d diti o n t o c ell a d h esi o n is ass o ci at e d wit h l y m p h o bl asts i nfiltr ati o n 

i nt o ot h er or g a ns, i nfiltr ati o n of e xtr a m e d ull ar y tiss u es, a n d li n k e d t o r el a ps e6 7 9 . T h er ef or e, E Vs i n 

t his c o nt e xt m a y b e f u n cti o ni n g as v e hi cl es f or tr a ns p orti n g dis e as e-ass o ci at e d R N A t o ot h er B 

c ells or str o m al c ells t o pr o m ot e b yst a n d er eff e cts a n d dis e as e pr o gr essi o n.  

W e i d e ntifi e d diff er e nt t y p es of l n c R N As p a c k a g e d i nt o p e di atri c B -A L L E Vs. LI N Cs ar e t h e m ost 

p a c k a g e d  l n c R N As  f oll o w e d  b y  a ntis e ns e  tr a ns cri pts,  u n cl ass e d  l n c R N As,  di v er g e nt  tr a ns cri pt, 

w h er e as mi R N A h ost g e n es a n d i ntr o ni c l n c R N A ar e t h e l e ast p a c k a g e d.  T h e hi g h pr e v al e n c e of 

LI N Cs s u g g est t h at t h e y m a y b e pl a yi n g s p e cifi c r ol es. LI N C R N As e xists wit hi n t h e i ntr o ns of 
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c o di n g g e n es, w hi c h m e a ns t h e y c a n disr u pt g e n e f u n cti o n b y s e q u est eri n g t h e t ar g et g e n es 5 9 3, 6 8 0 . 

S o m e st u di es h a d pr e vi o usl y i d e ntifi e d l n c R N As as i m p ort a nt r e g ul at ors of l e u k e m o g e n esis i n B -

A L L,  i n cl u di n g  r e g ul ati n g  R N A: R N A  i nt er a cti o ns 6 8 1 – 6 8 6 .  T his  d et e cti o n  of  l n c R N A  fr a g m e nts, 

es p e ci all y of l n c R N As s u c h as A D O R A 2 A -A S 1 i n c hr o ni c m y el o g e n o us l e u k e mi a 6 8 7  a n d B A L R -

6 i n B -A L L 6 8 8 , m a y s u g g est a m e c h a nis m f or c ells t o a d v a n c e l e u k e mi a p at h ol o g y vi a E Vs.  

Fi n di n g  t R N A  a nti c o d o n  fr a g m e nts  w as  u n e x p e ct e d.  T his  n o v el  fi n di n g  r ais es  m or e  q u esti o ns 

a b o ut  t h e  t y p es  of  R N As  p a c k a g e d  i nt o  E Vs,  a n d  h o w  t his  m a y  b e  dri vi n g  dis e as e  o ns et a n d 

pr o gr essi o n . Li u a n d c o w or k ers f o u n d alt er ati o ns i n c o n c e ntr ati o ns of a mi n o a ci ds V al, T hr, a n d 

Gl u i n t h e s er u m of p e di atri c B -A L L p ati e nts as o p p os e d t o c o ntr ols 6 8 9 , all of w hi c h w e f o u n d t o 

b e hi g hl y p a c k a g e d i n B -A L L E Vs as t R N A a nti c o d o ns. T his m a y b e si g nifi c a nt b e c a us e it h as 

b e e n s h o w n t h at a mi n o a ci d str ess r es p o ns e g e n es l e a d t o t h e r el e as e of e n z y m es t h at m a y alt er 

s e nsiti vit y t o dr u gs s u c h as L -as p ar a gi n as e 6 9 0 . I n dis e as es s u c h as br e ast c a n c er, t R N A fr a g m e nts 

h a v e r e c e ntl y e m er g e d as a pr e di cti v e bi o m ar k ers f or Tr ast u z u m a b dr u g r esist a n c e 6 9 1 . T h er ef or e, 

p e di atri c B -A L L E V -ass o ci at e d t R N As m a y r e pr es e nt a n e w s o ur c e of bi o m ar k ers f or m o nit ori n g 

dis e as e o ns et a n d pr o gr essi o n.  

 

5. 4  C o n cl usi o n  

T h e a n al ysis of t h e s m all R N A c ar g o of p e di atri c B -A L L pri m ar y l y m p h o bl asts a n d i m m ort ali z e d 

c ell li n es is i m p ort a nt f or u n d erst a n di n g a n d e x pl ori n g t h e p ot e nti al of E Vs. T h e lit er at ur e l e d t o 

t h e h y p ot h esis t h at m ostl y mi R N As will b e p a c k a g e d i nt o t h e E Vs i n o ur st u d y. H o w e v er, s m all 

R N A S e q s h o w e d t h at i n a d diti o n t o m at ur e mi R N As, pr e c urs or mi R N As a n d fr a g m e nts of m R N A, 

l nc R N A,  t R N As,  s n R N As  a n d  s n o R N As  a n d  f ull -l e n gt h  tr a ns cri pts  of  s o m e  g e n es  w er e 

a b u n d a ntl y  p a c k a g e d  i nt o  E Vs.  P a c k a gi n g  i n  t his  c o nt e xt i n cl u d es  n o n-s el e cti v e  l o a di n g  a n d 
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s el e cti v e  s orti n g,  as  pr e vi o usl y  i d e ntifi e d  f or  ot h er  c ell  t y p es.  F urt h er m or e,  G O  a n d  p at h w a y 

a n al ysis  s u g g ests  t h at  E Vs  m a y  b e  i n v ol v e d  p a c k a gi n g  a n d  diss e mi n ati o n  of  dis e as e  s p e cifi c 

R N As. W e als o i d e ntifi e d m otifs s h ar e d b y c ell e x cl usi v e or E V e x cl usi v e tr a ns cri pts, w hi c h m a y 

h el p t o e n gi n e er E Vs t h at c arr y -o ut s p e cifi c f u n cti o ns u p o n d eli v er y t o r e ci pi e nt c ells.  
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C h a pt e r 6: T h e eff e ct of St r e c k p r es e r v ati v e t r e at m e nt of bl o o d c oll e cti o n t u b es o n E V 

c oll e cti o n  

 

6. 1  I nt r o d u cti o n  

Of all t h e p ot e nti al bi ofl ui d bi o m ar k ers as c a n di d at es f or li q ui d bi o ps y, E Vs ar e v er y pr o misi n g, 

i n  m a n y  w a ys  m or e  t h a n  t h e  ot h ers.  F or  i nst a n c e,  b e c a us e  t u m ors  s e cr et e  E Vs  r a pi dl y,  t u m or 

bi ofl ui ds c o nt ai n milli o ns of cir c ul ati n g E Vs 5 3 4 . F urt h er m or e, t u m or E Vs c arr y s p e cifi c bi o a cti v e 

c ar g o of D N A, m R N A, n c R N A a n d pr ot ei ns, s u g g esti n g t h at t u m or E Vs m a y off er i nsi g hts i nt o 

t u m or  bi o g e n esis,  us ef ul  f or  dis e as e  m o nit ori n g,  pr o g n osis  a n d  t h er a p e uti cs3 0 0 .  T h er ef or e, 

s a m pli n g bi ofl ui ds f or E V a n al ysis is e m er gi n g as t h e n e xt g e n er ati o n li q ui d bi o ps y a p pr o a c h .  

Bl o o d pl as m a a n d uri n e a r e t w o r e a dil y a v ail a bl e bi ofl ui ds, t h at c a n b e o bt ai n e d t hr o u g h mi ni m all y 

i n v asi v e s a m pli n g m et h o ds. H o w e v er, b e c a us e t h e E V fi el d is e m er g e nt, n ot m u c h is k n o w n a b o ut 

t h e  e x a ct  p ar a m et ers  f or  bl o o d  a n d  uri n e  c oll e cti o n  t h at  is  m ost  f e asi bl e  f or  E V  a n al ysis. 

C o ns e q u e ntl y,  t h e  eff e ct  of  pr e -a n al yti c al  pr o c essi n g  o n  bi ofl ui d  E Vs  is  n ot  w ell  st u di e d  or  a 

st a n d ar d  est a blis h e d.  F or  E V  c oll e cti o n,  pr e -a n al yti c al  pr o c ess es  i n cl u d e  t h e  dr a w/ c oll e cti o n 

pr o c ess, p ost c oll e cti o n h a n dli n g, c oll e cti o n sit e t o pr o c essi n g sit e tr a ns p ort, p ost dr a w/ c oll e cti o n 

pr o c essi n g ( c e ntrif u g ati o n t o d e pl et e c ells, or t h e l a c k t h er e of), p ost pr o c essi n g st or a g e (l o n g - or 

s h ort -t er m) a n d fi n all y E V is ol ati o n. T h es e st e ps ar e all p ot e nti al v ari a bl es t h at will n e e d t o b e 

st a n d ar di z e d, b ef or e E Vs c a n b e us e d as t h e bi o m ar k er of i nt er est f or li q ui d bi o ps y.  

O n e k e y v ari a bl e, w hi c h is t h e first i n t h e s eri es of pr e -a n al yti c al pr o c essi n g is s a m pl e c oll e cti o n. 

F or bl o o d c oll e cti o n f or di a g n osti cs, t u b es us e d ar e c ol or -c o d e d, b as e d o n t h e t y p e of a nti c o a g ul a nt 

c o ati n g  t h e  t u b e  ( a n d  t h e  m a n uf a ct ur er),  a n d  t h e  t y p e  of  d o w nstr e a m  a n al ysis 6 9 2 .  F or  bl o o d 

c oll e cti o n wit h t h e g o al of c oll e cti n g pl as m a, t h e a nti c o a g ul a nts  of c h oi c e ar e s o di u m citr at e a n d 



 2 0 1  

et h yl e n e  di a mi n e  t etr a  a c eti c  a ci d  ( E D T A) 6 9 3, 6 9 4 .    F or  pl as m a  gl u c os e  a n d  l a cti c  a ci d  t esti n g, 

p ot assi u m o x al at e is us e d as t h e a nti c o a g ul a nt, i n a d diti o n t o s o di u m fl u ori d e, a n a nti gl y c ol yti c 

a g e nt 6 9 5 . T h er e ar e als o t u b es w h er e n o a nti c o a g ul a nt is us e d, w hi c h all o ws t h e bl o o d t o cl ot.  

F or uri n e c oll e cti o n, t h e m ai n g ui d eli n es ar e t o pr e v e nt or r e d u c e c o nt a mi n ati o n b y  or g a nis ms fr o m 

t h e ur et hr a, s ki n, g e nit ali a a n d/ or f e c al fl or a, b y st ori n g s p e ci m e ns at t e m p er at ur es < 1 5o C, wit h a 

2 h wi n d o w fr o m c oll e cti o n t o pr o c essi n g 6 9 6 . W hil e t h e eff e ct of t h es e c oll e cti o n t u b es h a v e b e e n 

t est e d f or ot h er li q ui d bi o ps y bi o m ar k ers, n ot m u c h is k n o w n a b o ut t h eir eff e ct or l a c k of f or E Vs.  

T o f a cilit at e c oll e cti o n of bl o o d pl as m a a n d uri n e, a n e w c oll e cti o n t u b e c all e d Str e c k c ell -fr e e 

B C T ® ( Str e c k, U S A) w as d e v el o p e d f or t h e c oll e cti o n of c ell fr e e D N A. T h e b asis of Str e c k B C T 

is a pr o pri et ar y st a bili z ati o n b uff er, w hi c h st a bili z es bi ofl ui ds f or u p t o 1 4 d a ys p ost c oll e cti o n 

b et w e e n 6  ° C –  3 7  ° C 6 9 7 . T o d at e, t his t u b e h as n ot b e e n t est e d o n E Vs a n d t h eir c ar g o. T h er ef or e, 

t h e o bj e cti v e of t his st u d y w as t o c h ar a ct eri z e bl o o d a n d uri n e E Vs c oll e ct e d i n n o n-Str e c k v ers us 

Str e c k B C T; t o as c ert ai n if t h er e w er e diff er e n c es i n t h eir E V a m o u nts, c ar g o, a n d c o nt a mi n a nts.  

 

6. 2  R es ults  

6. 2. 1  S a m pl es c oll e ct e d i n E D T A a n d Str e c k c ell -fr e e B C T. 

T w o s ets of s a m pl es w er e c oll e ct e d fr o m p ati e nts: bl o o d pl as m a a n d uri n e. F or bl o o d, s a m pl es f or 

e a c h  d o n or  w er e  c oll e ct e d  i n  E D T A -c o at e d  or  Str e c k  B C T  c o nt ai n ers,  r es p e cti v el y.  F or  bl o o d 

pl as m a,  t hr e e d o n ors s u b mitt e d t h eir s a m pl es, w hil e f or uri n e, s e v e n d o n ors s u b mitt e d.  T h e d o n or 

s a m pl e d et ails ar e s h o w n i n T a bl e 6. l  f or pl as m a a n d T a bl e  6. 2  f or uri n e. 
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T a bl e 6. 1 . D et ails of pl as m a s a m pl es us e d  f o r st u d y

 

S a m pl e 

s et 

P ati e nt 

I D 

G e n d er  Cli ni c al 

Di a g n osis  

C oll e cti o n c o nt ai n er  V ol u m e 

( m L) 

S et 1  B B N -

1 8 9  

F e m al e  Ost e os ar c o m a  Et h yl e n e di a mi n et etr a a c eti c 

a ci d ( E D T A ) V a c ut ai n er  

0. 5 ( x 4)  

S et 1  B B N -

1 8 9  

F e m al e  Ost e os ar c o m a  Str e c k  bl o o d c oll e cti o n 

t u b e ( B C T) 

0. 5 ( x 4)  

S et 2  B B N -

1 9 1  

M al e  Ost e os ar c o m a  E D T A V a c ut ai n er  0. 6 ( x 4)  

S et 2  B B N -

1 9 1  

M al e  Ost e os ar c o m a  Str e c k B C T  0. 5 ( x 4)  

S et 3  B B N -

1 9 8  

N A  S pi n dl e c ell 

s ar c o m a  

E D T A V a c ut ai n er  0. 6 ( x 4)  

S et 3  B B N -

1 9 8  

N A  S pi n dl e c ell 

s ar c o m a  

Str e c k B C T  0. 5 ( x 4)  
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T a bl e 6. 2 . D et ails of u ri n e s a m pl es us e d  f o r st u d y.  

S a m pl e 

s et 

P ati e nt I D  A g e 

( yrs) 

Cli ni c al Di a g n osis  C oll e cti o n 

c o nt ai n er  

T u m o ur 

d et ails  

S et 1  S M -5 0 6 2  5 7  P o orl y diff er e nti at e d 

c ar ci n o m a  

N o n -Str e c k  ( N S) m et ast asis  

S et 1  S M -5 0 6 2  5 7  P o orl y diff er e nti at e d 

c ar ci n o m a  

Str e c k tr e at e d t u b e  m et ast asis  

S et 2  S M -5 0 7 0  6 4  L u n g a d e n o c ar ci n o m a  N S  tr e at e d t u b e m et ast asis  

S et 2  S M -5 0 7 0  6 4  L u n g a d e n o c ar ci n o m a  N S tr e at e d t u b e m et ast asis  

S et 3  S M -5 0 6 3  7 0  Gli o bl ast o m a  

I D H-wil dt y p e  

N o n -Str e c k tr e at e d 

t u b e 

pri m ar y  

S et 3  S M -5 0 6 3  7 0  Gli o bl ast o m a  

I D H-wil dt y p e  

Str e c k tr e at e d t u b e  pri m ar y  

S et 4  S M -5 0 6 5  3  R h a b d o m y os ar c o m a  N S  tr e at e d t u b e r e c urr e nt 

S et 4  S M -5 0 6 5  3  R h a b d o m y os ar c o m a  Str e c k tr e at e d t u b e  r e c urr e nt 

S et 5  S M -5 0 7 2  9  Ost e os ar c o m a  N S  tr e at e d t u b e m et ast asis  

S et 5  S M -5 0 7 2  9  Ost e os ar c o m a  Str e c k tr e at e d t u b e  m et ast asis  

S et 6  S M -5 0 6 7  5 6  Gli o bl ast o m a  N S  tr e at e d t u b e r e c urr e nt 
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I D H-wil dt y p e  

S et 6  S M -5 0 6 7  5 6  Gli o bl ast o m a  

I D H-wil dt y p e  

Str e c k tr e at e d t u b e R e c urr e nt  

S et 7  N A  N A  H e alt h y v ol u nt e er  N S  tr e at e d t u b e N A  

S et 7  N A  N A  H e alt h y v ol u nt e er  Str e c k tr e at e d t u b e  N A  
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6. 2. 2  C o m p aris o n of bl o o d pl as m a a n d uri n e E V m or p h ol o g y b et w e e n c oll e cti o n t u b es  

Usi n g tr a ns missi o n el e ctr o n mi cr os c o p y ( T E M), t h e m or p h ol o g y of E Vs i n uri n e c oll e ct e d i n n o n -

Str e c k v ers us Str e c k B C T is s h o w n ( Fi g . 6. 1 ). T h e s h a p e a n d t h e si z e of t h e E Vs is si mil ar b et w e e n 

n o n -Str e c k a n d Str e c k t u b e uri n e.  

Usi n g N a n o p arti cl e tr a c ki n g a n al ysis ( N T A), E V di a m et er a n d c o n c e ntr ati o n w er e q u a ntifi e d i n 

pl as m a a n d uri n e r es p e cti v el y. F or bl o o d pl as m a, t h e m o d e a n d m e a n di a m et er di d n ot c h a n g e 

si g nifi c a ntl y b et w e e n b ot h c oll e cti o n t u b es ( Fi g . 6. 2 A, B ).  H o w e v er, t h e c o n c e ntr ati o n di d c h a n g e, 

b ei n g hi g h er i n E D T A t u b es t h a n i n Str e c k B C T ( Fi g . 6. 2 C ), wit h t his diff er e n c e b ei n g  st atisti c all y 

si g nifi c a nt. T h e s a m e tr e n d ( hi g h er c o n c e ntr ati o n i n E D T A t u b e c oll e ct e d t h a n i n Str e c k B C T) w as 

s e e n  f or  l o g  tr a nsf or m e d  c o n c e ntr ati o n  b et w e e n  pl as m a  c oll e ct e d  usi n g  b ot h  c o nt ai n ers  ( Fi g . 

6. 2 D ), wit h t h e diff er e n c e b et w e e n b ot h c oll e cti o n t u b es b ei n g st atisti c all y si g nifi c a nt. 

I n uri n e, f or diff er e n c es i n m o d e di a m et er b et w e e n n o n-Str e c k a n d Str e c k  c oll e ct e d uri n e  (Fi g . 

6. 3 A, B , C ), 4/ 7 s a m pl es h a vi n g a hi g h er m o d e di a m et er i n n o n-Str e c k t h a n Str e c k a n d 3/ 7 h a vi n g 

a hi g h er m o d e di a m et er i n n o n -Str e c k t h a n i n Str e c k c o at e d t u b es. T his tr e n d i n t h e m o d e di a m et er 

w as als o s e e n wit h t h e m e a n di a m et er a n d c o n c e ntr ati o n. L o g tr a nsf or m e d c o n c e ntr ati o n f or uri n e 

c oll e ct e d i n b ot h t u b es s h o w e d t h at t h e diff er e n c es w er e n ot st atisti c all y si g nifi c a nt ( Fi g . 6. 3 D ). 
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Fi g . 6. 1 . Vis u ali z ati o n  of u ri n e E Vs c oll e ct e d i n b ot h c oll e cti o n t u b es.  T h e t o p r o w is t h e E Vs 

fr o m t h e E D T A t u b e, w hil e t h e b ott o m r o w is Str e c k B C T c oll e ct e d E Vs.  

Str e c k

E D T A

2 0 0 n m

2 0 0 n m
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Fi g . 6. 2 . Q u a ntifi c ati o n of E Vs i n bl o o d s a m pl es c oll e ct e d i n b ot h s a m pl e c oll e cti o n c o n diti o ns. T h e s a m pl es ar e s h o w n o n t h e X 

a xis f or e a c h hist o gr a m, w hil e t h e di a m et er ( A a n d B - n m) or t h e c o n c e ntr ati o n ( C –  p arti cl es/ ml) is s h o w n o n t h e Y a xis.  F or e a c h 

p ati e nt,  t h e  E D T A  v ers us  Str e c k  t u b e  s a m pl es  w er e  c o m p ar e d  f or  A.  m o d e  di a m et er  B.  m e a n  di a m et er  C.  c o n c e ntr ati o n.  D.  L o g 

tr a nsf or m e d  c o n c e ntr ati o n.  ( St ats  =  p air e d  t  t est,  p-v al u e  < 0. 0 5.  Diff er e n c e  n ot  st atisti c all y  si g nifi c a nt  f or  t h e  m o d e  a n d  m e a n,  b ut 

si g nifi c a nt f or t h e c o n c e ntr ati o n a n d l o g tr a nsf or m e d c o n c e ntr ati o n).  
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Fi g . 6. 3. Q u a ntifi c ati o n of E Vs i n u ri n e s a m pl es c oll e ct e d i n n o n -St r e c k v e rs us St r e c k c o at e d t u b es . F or e a c h s c att er pl ot, t h e 

p ati e nt  t y p e  is  s h o w n  o n  t h e  X  a xis,  w hil e  t h e  di a m et er  ( A  a n d  B - n m)  or  t h e  c o n c e ntr ati o n  ( C –  p arti cl es/ ml  a n d  l o g 1 0  ( E V 

c o n c e ntr ati o n)) is s h o w n o n t h e Y a xis.  ( St ats = p air e d t t est, p -v al u e < 0. 0 5. Diff er e n c e n ot st atisti c all y si g nifi c a nt) . Bl a c k cir cl es ar e 

dis e as e s a m pl es, w hil e tri a n gl es ar e h e alt h y s a m pl es.  
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Fi g . 6. 4 . Q u a ntifi c ati o n of pl as m a E V s m all R N A.  S a m pl e Bi o a n al y z er  o ut p ut f or pl as m a E V  

s m all R N A , s h o wi n g a n el e ctr o p h er o gr a m of E D T A c o nt ai n er c oll e ct e d pl as m a E V s m all R N A.  
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Fi g . 6. 5 . C o m p aris o n of t h e R N A i n pl as m a E Vs f or ( n = 3). E V A. mi R N A c o n c e ntr ati o n ( p g/ ul) B. t ot al s m all R N A c o n c e ntr ati o n 

( p g/ ul) C. t ot al mi R N A a m o u nt ( n g) D. t ot al s m all R N A a m o u nt ( n g). ( St ats = p air e d t t est, p-v al u e < 0. 0 5. Diff er e n c e n ot st atisti c all y 

si g nif i c a nt).  
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6. 2. 3  C o m p aris o n of diff er e n c es i n E V R N A c ar g o b et w e e n c oll e cti o n t u b es  

 

F or  b ot h  bl o o d  pl as m a  a n d  uri n e,  E V R N A  q u a ntifi c ati o n  usi n g  A gil e nt  f a cilit at e d  t h e 

d et er mi n ati o n  of  R N A  q u a ntit y,  us ef ul  f or d o w nstr e a m  st e ps. A  s a m pl e  bi o a n al y z er  o ut p ut 

s h o wi n g bl o o d pl as m a E V s m all R N A o ut p ut is s h o w n ( Fi g . 6. 4 ).  

F or  bl o o d  pl as m a,  t h e  c o n c e ntr ati o n  of  pl as m a  mi R N A  ( Fi g . 6. 5 A ),  a n d  t ot al  R N A  (Fi g  6. 5 B ) 

w er e s h o w n t o b e hi g h er i n E D T A -c o at e d t u b es t h a n t h e Str e c k B C T. T his tr e n d is c o nsist e nt f or 

t h e  t ot al  mi R N A  ( n g)  of  pl as m a  (Fi g . 6. 5 C )  a n d  t h e  bl o o d  pl as m a  E Vs  (Fi g . 6. 5 D ),  wit h  t h e 

diff er e n c e n ot b ei n g st atisti c all y si g nifi c a nt.  

F or uri n e, t h e mi R N A ( Fi g . 6. 6 A ) a n d s m all R N A (Fi g . 6. 6 B ) c o n c e ntr ati o n a n d t h e t ot al mi R N A 

(Fi g . 6. 6 C ) a n d s m all R N A (Fi g . 6. 6 D ) tr e n ds t o w ar ds b ei n g hi g h er i n n o n-Str e c k v ers us Str e c k 

tr e at e d  t u b es,  wit h  t h e  diff er e n c e b et w e e n  t u b es  n ot  b ei n g  st atisti c all y  si g nifi c a nt  e x c e pt  f or 

mi R N A c o n c e ntr ati o n ( Fi g . 6. 6 A ).    
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Fi g . 6. 6 . C o m p aris o n of t h e R N A i n uri n e E Vs f or ( n = 7). E V A. mi R N A c o n c e ntr ati o n ( p g/ ul) B. t ot al s m all R N A c o n c e ntr ati o n ( p g/ ul) 

C. t ot al mi R N A a m o u nt ( n g) D. t ot al s m all R N A a m o u nt ( n g). ( St ats = p air e d t t est, p -v al u e < 0. 0 5. Diff er e n c e n ot st atisti c all y si g nifi c a nt) 

Bl a c k cir cl es ar e dis e as e s a m pl es, w hil e tri a n gl es ar e h e alt h y s a m pl es.  
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6. 2. 4  C o m p aris o n of s p e cifi c E V R N A c o nt e nt  

T o d et er mi n e if E Vs fr o m b ot h c oll e cti o n t u b es h a v e si mil ar n o n -v esi c ul ar R N As, w e di d a s e ar c h 

f or k n o w n p ot e nti al E V c o nt a mi n ati n g mi R N A. N o n -v esi c ul ar mi R N A  i n t his c o nt e xt ar e mi R N As 

n ot  ass o ci at e d  wit h  t h e  E Vs  of  i nt er est  b ut  d eri v e d  fr o m  ot h er  s urr o u n di n g  c ells  or  tiss u es. 

F urt h er m or e, f or a c c ur at e i nt er pr et ati o n of li q ui d bi o ps y E V R N A d at a, t h e s p e cifi cit y of t h e E Vs 

(fr o m c a n c er c ells v ers us f n o n-c a n c e r c ells) c a n c o nf o u n d t h e d at a. F or i nst a n c e f or bl o o d, as t h e 

li q ui d bi o ps y b as e d st u di es a d v a n ce i n r e c e nt y e ars, t h e n e e d t o a v oi d c o nt a mi n ati o n of bl o o d E Vs 

wit h E Vs fr o m c o a g ul ati o n, pl at el ets or l ys e d bl o o d c ells h as l e d t o a pr ef er e n c e f or pl as m a 6 9 8 . 

St u di es h a v e s h o w n t h at t h e p ot e nti al c o nt a mi n ati o n of pl as m a E Vs wit h n o n -v esi c ul ar mi R N As 

is a c o n c er n, as it c o ul d i m p a ct t h e dir e cti o n a n d i nt er pr et ati o n of bi o m ar k er st u di es6 9 9 . Als o, t h e 

p ot e nti al of c o nt a mi n ati o n b y n o n -v esi c ul ar m ol e c ul es i n cl u di n g mi R N As is als o a p ossi bilit y wit h 

uri n e 7 0 0 .  Pr e-a n al yti c al  v ari a bl es  i n cl u di n g  bi ofl ui d  c oll e cti o n  c o ntri b ut e  t o  t h e  i ntr o d u cti o n  of 

n o n -v esi c ul ar c o nt a mi n a nts i nt o E V pr e p 7 0 1, 7 0 2 . T h er ef or e, it is i m p ort a nt t o as c ert ai n t h e eff e ct of 

Str e c k v ers us n o n -Str e c k c oll e cti o n t u b es o n E V is ol ati o n fr o m bl o o d pl as m a a n d uri n e.  

F or  pl as m a, w e i d e ntifi e d mi R N As k n o w n t o b e i n v ol v e d i n pl at el et a cti v ati o n ( mi R -1 2 6 a n d mi R - 

2 2 3), a n d a p ot e nti al n or m ali z er mi R N A (l et -7 b) 7 0 3, 7 0 4 . N e xt, w e d esi g n e d pri m ers t o d et e ct t h es e 

mi R N As i n E Vs fr o m pl as m a a n d v ali d at e d t h es e pri m ers ( T a bl e 6. 3, Fi g 6. 7 ); wit h s o m e pri m ers 

v ali d ati n g b ett er t h a n ot h ers. Fi n all y, w e r a n R T -q P C R r e a cti o ns f or t h e o n e pl as m a p air t h at h a d 

e n o u g h t ot al s m all R N A wit h t h e ot h er t w o b ei n g t o o l o w i n t h e Str e c k t u b e .  O ur R T-q P C R d at a 

s h o w e d t h at mi R -1 2 6 a n d mi R -2 2 3 l e v els ar e hi g h er i n E D T A -tr e at e d t h a n Str e c k B C T s a m pl es 

(T a bl e 6. 4 ). F urt h er m or e, t h e n or m ali z er mi R N A l e v els a p p e ar e d t o b e at a r el ati v el y hi g h er l e v el 

i n Str e c k B C T t h a n E D T A t u b es.    
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T a bl e 6. 3. P ri m e r effi ci e n ci es a n d R 2  f o r pl as m a E V mi R N As. 

 mi R N A  R 2  Effi ci e n c y ( %)  

1  hs a -l et-7 b  0. 9 9 6  9 7  

2  hs a -mi R -1 2 6  0. 9 0 6  3 6  

3  h as -mi R -2 2 3  0. 9 7 0 1  1 6  
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Fi g . 6. 7 . q P C R p ri m e r v ali d ati o n f o r pl as m a mi R N As. St a n d ar d c ur v e, m elt c ur v e a n d m elt 

p e a k f or A. mi R -1 2 6, B. mi R -2 2 3 a n d C. L et -7 b.  
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T a bl e 6. 4. q R T -P C R Ct v al u es f o r t h r e e mi R N As f r o m t h e o n e pl as m a s a m pl e p ai r. 

 E D T A  Str e c k  

mi R -1 2 6  2 8. 2 8  3 4. 7 2  

mi R -2 2 3  2 0. 8 3  2 7. 0 7  

L et 7 b  2 1. 3 1  1 8. 1 0  
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F or  uri n e,  w e  i d e ntifi e d  mi R N As  k n o w n  t o  b e  p a c k a g e d  i nt o  uri n e  E Vs,  s el e ct e d  b as e d  o n 

p u bli c ati o ns ( T a bl e 6. 5 ). W e als o d esi g n e d pri m ers t o d et e ct t h es e mi R N As i n E Vs fr o m uri n e a n d 

v ali d at e d t h e pri m ers s o m e of w hi c h v ali d at e d as s h o w n i n T a bl e 6. 6 , Fi g . 6. 8 . Fi n all y, w e r a n 

q R T -P C R r e a cti o ns f or all mi R N As e x c e pt mi R -1 0 b b e c a us e of t h e l o w R 2 v al u e d uri n g t h e pri m er 

v ali d ati o n, f or fi v e uri n e s a m pl e p airs w hi c h h a d e n o u g h t ot al s m all R N A f or c D N A s y nt h esis. 

O ur R T -q P C R d at a s h o w e d t h at all t est e d mi R N As ar e hi g h er i n n o n -Str e c k tr e at e d t h a n i n Str e c k 

tr e at e d t u b e c oll e ct e d uri n e (Fi g . 6. 9 ). 

 

6. 3  Dis c ussi o n  

F or pl as m a, b et w e e n t h e E D T A c o at e d a n d t h e Str e c k B C T t u b es, t h e m e a n a n d m o d e di a m et er of 

t h e E Vs w er e r el ati v el y si mil ar. H o w e v er, f or t h e c o n c e ntr ati o n, t h e E V c o nt e nts w er e hi g h er i n 

E D T A  t u b es  t h a n  i n  Str e c k  B C T.  T his  s u g g ests  t h at  t h e  Str e c k  B C T  pr es er v ati v e  d o e s  n ot 

a d v ers el y  aff e ct  E V  si z e  b ut  s e e ms  t o  h a v e  a  s m all  st atisti c all y  si g nifi c a nt eff e ct  o n  E V 

c o n c e ntr ati o n.  T h us,  w e  c a n  i nf er  t h at t h o u g h  Str e c k  B C T  a n d  E D T A  t u b es  h a v e  diff er e nt 

pr e a n al yti c al eff e cts o n pl as m a a n d uri n e E Vs, t h e eff e cts i n b ot h c as es m a y b e c o m p ar a bl e.  

F or  uri n e,  w e  d et er mi n e d  t h at  t h e  E V  m e a n  a n d  m o d e  di a m et er  di d  n ot  c h a n g e  si g nifi c a ntl y 

b et w e e n c oll e cti o n t u b es. T h es e di a m et ers w er e v ari a bl e , b ei n g hi g h er i n n o n -Str e c k c o nt ai n ers 

a n d vi c e v ers a f or ot h er d o n or p airs. F or t h e c o n c e ntr ati o n, t h e c o n c e ntr ati o n is hi g h er i n n o n -

Str e c k t u b es t h a n Str e c k t u b es i n 3/ 7 s a m pl es, t h e  diff er e n c e i n eit h er dir e cti o n is n ot st atisti c all y 

si g nifi c a nt. T his   
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T a bl e 6. 5 . T o p 5 s el e ct e d mi R N As f o r u ri n e E V q P C R.  

 mi R N A  F u n cti o n  R ef er e n c e  

1  

m i R-1 9 2 -5 p  

A b u n d a nt mi R N A c ell -fr e e i n uri n e. I n v ol v e d 

i n s u p pr essi o n, i niti ati o n, a n d pr o gr essi o n of 

ost e os ar c o m a b y t ar g eti n g U S P 1  

Z h o u  et al, 2 0 1 8 7 0 5  

 

2  

m i R-2 0 4 -5 p  

Uri n ar y e xtr a c ell ul ar v esi cl es mi R N A –  A 

n e w er a of pr ost at e c a n c er bi o m ar k ers  

J ai n et al, 2 0 2 3 7 0 6  

3  

m i R-1 8 1 a -5 p  

Pr o m ot es Ost e os ar c o m a Pr o gr essi o n vi a 

P T E N/ A K T P at h w a y. I m pr o v es M y o g e ni c 

C o m mit m e nt i n M uri n e F usi o n -N e g ati v e 

R h a b d o m y os ar c o m a  

S u n et al, 2 0 2 2 7 0 7  

 

4  

m i R-3 0 a -3 p  

S u p pr ess es t h e Gr o wt h a n d D e v el o p m e nt of 

L u n g A d e n o c ar ci n o m a C ells T hr o u g h 

M o d ul ati n g G O L M 1/J A K -S T A T Si g n ali n g. 

C orr el at e d wit h pr o gr essi o n a n d i m m u n e 

i nfiltr ati o n a n d a p ot e nti al t h er a p e uti c 

bi o m ar k er f or l u n g A d e n o c ar ci n o m a  

Ji a n g et al 2 0 2 2 7 0 8  

 

5  

mi R -1 0 b -5 p  

Pl a ys a pr o -t u m ori g e ni c r ol e i n ost e os ar c o m a 

c a n c er  

S h e e d y & M e d ar o v a, 

2 0 1 8 7 0 9  
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T a bl e 6. 6. P ri m e r effi ci e n ci es a n d R 2  f o r u ri n e E V mi R N As. 

 mi R N A  R 2  Effi ci e n c y ( %)  

1  hs a -mi R -1 8 1 a  0. 8 0 2  5 8  

2  hs a -mi R -3 0 a  0. 8 3 6 1  7 9  

3  hs a -mi R -2 0 4  0. 9 7 9 8  2 3  

4  hs a -mi R -1 0 b  0. 8 8 5 4  8 0  

5  hs a -mi R -1 9 2  0. 9 0 4  3 2  
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Fi g . 6. 8 . q P C R p ri m e r v ali d ati o n f o r u ri n e mi R N As.  St a n d ar d c ur v e a n d m elt p e a k f or A. mi R -

3 0 a, B. mi R -1 0 b , C. mi R -1 9 2 , D. mi R -2 0 4 , a n d E. mi R -1 8 1 a .  
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Fi g . 6. 9 . R el ati v e l e v els of u ri n e mi R N As.  S c att er pl ots of t h e d elt a c y cl e t hr es h ol d ( Ct) of t h e mi R N As i n uri n e f or A. mi R -2 0 4 B.  

mi R -1 8 1 a -5 p ( C. mi R -3 0 a ( D. a n d mi R -1 9 2 ( St ats = p air e d t t est, p -v al u e < 0. 0 5. Diff er e n c e n ot st atisti c all y si g nifi c a nt).  
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T his  d at a  s u g g ests  t h at  Str e c k  tr e at m e nt  of  uri n e  c oll e cti o n  t u b es  d o es  n ot  h a v e  cl e ar  a d v ers e 

eff e cts o n uri n e E V a n al ysis. F urt h er m or e, a c o m p aris o n of uri n e E V s h a p e b et w e e n n o n -Str e c k 

a n d  Str e c k  t u b es  s h o w e d  t h at  Str e c k  tr e at m e nt  d o es  n ot  alt er  uri n e  E V  s h a p e.  T a k e n  t o g et h er, 

Str e c k pr es er v ati v e d o es n ot e x ert a n y a d diti o n al pr e -a n al yti c al eff e cts o n uri n e E Vs.  

F or E V is ol ati o n, w e us e d t h e s y nt h eti c p e pti d e V n 9 6 w hi c h is n o w w ell est a blis h e d i n o ur l a b a n d 

ot h ers f or is ol ati o n of E Vs fr o m bl o o d pl as m a, w h er e it is k n o w n t h at v ol u m es l ess t h a n 1 ml c a n 

yi el d e n o u g h E Vs f or s o m e d o w nstr e a m a n al ysis. H o w e v er, f or ur i n e, t h e mi ni m u m uri n e v ol u m e 

t h at w o ul d yi el d e n o u g h E Vs f or d o w nstr e a m a n al ysis is n ot k n o w n. Usi n g t h e R N A c ar g o as o ur 

p ar a m et er, w e c o m p ar e d E V R N A a m o u nt fr o m 1. 2 5 ml, 2. 5 ml a n d 5 ml of uri n e ( d at a n ot s h o w n) 

a n d d et er mi n e d t h at v ol u m es as s m all as 2. 5 ml uri n e c a n yi el d a n R N A  a m o u nt t h at c a n b e us e d 

f or d o w nstr e a m a n al ys es s u c h as q P C R. T h us, f or t his st u d y, w e is ol at e d E Vs fr o m 4 ml uri n e.  

I n pr e p ar ati o n f or o ur R T-q P C R, w e att e m pt e d t o s y nt h esi z e c D N A fr o m t h e t ot al s m all R N A f or 

pl as m a d o n ors ( n = 3, 2 s ets of c oll e cti o n t u b es) a n d uri n e d o n ors ( n = 7, 2 s ets of c oll e cti o n t u b es). 

Wit h t h e st arti n g t ot al s m all R N A c ut -off of 2. 3 n g, w e f o u n d t h at f or pl as m a w e c o ul d s y nt h esi z e 

c D N A fr o m n = 1 d o n or a n d n = 5 d o n ors f or uri n e. I n all s a m pl es, t h e E D T A t u b e c oll e ct e d E Vs  f or 

uri n e  a n d  pl as m a  w er e  at  l e ast  2 x  hi g h er  t h a n  i n  Str e c k  t u b es.  B as e d  o n  t his  i nf or m ati o n,  w e 

r e c o m m e n d t h at f or pl as m a, Str e c k B C T c oll e cti o n w o ul d n e e d at l e ast 2 ml, t o yi el d e n o u g h E Vs 

wit h R N A e n o u g h f or R N A a n al ysis. F or uri n e, Str e c k tr e at e d t u b es  w o ul d n e e d a mi ni m u m of 

6 ml of uri n e t o yi el d e n o u g h E Vs f or R N A d o w nstr e a m a n al ysis.  

F or t h e q u a ntifi c ati o n of s p e cifi c mi R N As, t h e mi R N As w e f o c us e d o n ar e k n o w n t o b e ass o ci at e d 

wit h pl as m a a n d uri n e. F or pl as m a, t w o m ar k ers of pl at el et a cti v ati o n ( mi R -1 2 6 a n d mi R -2 2 3) 

w hi c h ar e s o m e of t h e hi g h est i n pl at el ets w er e c h os e n 7 1 0, 7 1 1 . T h e R T-q P C R d at a s h o w e d t h at mi R -

1 2 6 a n d mi R -2 2 3 ar e hi g h er i n E D T A t h a n Str e c k B C T t u b es. H o w e v er, t h e pl as m a h o us e k e e pi n g 
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mi R N A l et -7 b w as hi g h er i n Str e c k B C T t h a n E D T A t u b es. T his s u g g ests t h at t h er e is a hi g h er 

pl at el et a cti v ati o n i n E D T A c oll e cti o n t u b es all o wi n g r el e as e of E Vs b y a cti v at e d pl at el ets p ost 

bl o o d  c oll e cti o n.  H o w e v er,  t h e  Str e c k  pr es er v ati v e  s e e ms  t o  r e d u c e or  a m eli or at e  t his  p ost 

c oll e cti o n pl at el et a cti v ati o n a n d E V r el e as e, w hi c h is a n a d v a nt a g e of Str e c k pr es er v ati v e o v er 

E D T A a nti -c o a g ul a nt. F or uri n e, w e f o c us e d o n mi R N As w hi c h m a y b e ass o ci at e d wit h uri n ar y 

tr a ct ass o ci at e d c ells. O v er all, t h e d at a s h ow e d t h at mi R -2 0 4, mi R -1 8 1 a, mi R -3 0 a a n d mi R -1 9 2 

ar e hi g h er i n E D T A tr e at e d t u b e uri n e t h a n i n Str e c k tr e at e d t u b e uri n e.  

 

6. 4  C o n cl usi o n  

O v er all, Str e c k pr es er v ati v e s e e ms s af e f or pr es er vi n g pl as m a a n d uri n e E Vs. H o w e v er, it r e d u c es 

t h e  a m o u nt  of  R N A  c ar g o  i n  t h e  E Vs.  T his  m a y  b e  b e c a us e  of  i nt er a cti o ns  b et w e e n  t h e 

pr es er v ati v e,  t h e  q u e n c hi n g  a g e nt  a n d  p ot e nti all y  t h e  f or m al d e h y d e  r el e as e d  a n d  t h e  R N A  or 

pr ot ei ns o n t h e s urf a c e of t h e v esi cl es, w hi c h m a y aff e ct t h e E V l u mi n al R N A c o nt e nt. Al d e h y d es 

s u c h as f or m al d e h y d e ar e  a bl e t o r e a ct wit h a n u cl e o b as e t o c a us e n u cl ei c a ci d d e n at ur ati o n 7 1 2 . 

H o w e v er, b e c a us e t h e e x a ct c o m p ositi o n of t h e Str e c k b uff er is n ot k n o w n, w e ar e li mit e d i n o ur 

i nt er pr et ati o n of t h e m e a ni n g of o ur d at a. T h us, w e r e c o m m e n d t h at f or t h e p ur p os e of E V a n al ysis, 

bl o o d c oll e cti o n wit h Str e c k t u b es r e q uir es d o u bl e t h e a m o u nt n e e d e d f or E D T A t u b e c oll e cti o n. 

T his is als o a p pli c a bl e i n uri n e c oll e cti o n. W hil e usi n g n o n -Str e c k t u b e h as n o a d v ers e eff e ct o n 

E V  is ol ati o n,  t h e  p ot e nti al  f or  c o nt a mi n ati o n  wit h  n o n -v esi c ul ar  R N A  is  i n cr e as e d  w h e n  n o n -

Str e c k t u b es ar e us e d f or c oll e cti o n. T h er ef or e, w e r e c o m m e n d m ai nt ai ni n g t h e c urr e nt st at us q u o 

wit h  s a m pl e  c oll e cti o n  wit h  w ell  r es e ar c h e d  a n d  v ali d at e d  t u b es. Al th o u g h Str e c k  t u b es  c o ul d 

sl o wl y b e i n c or p or at e d i nt o us e, m or e r es e ar c h is n e e d e d t o a ns w er q u esti o ns s u c h as w h et h er t h e 

d e gr a d ati o n of R N A d u e t o Str e c k tr e at m e nt is u nif or m, or n ot.  
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C h a pt e r 7: Dis c ussi o n, n e xt di r e cti o ns, a n d si g nifi c a n c e  

 

7. 1  Dis c ussi o n  

T h e o v er all o bj e cti v e of t his st u d y w as t o e x pl or e t h e r ol e of mi R N As a n d e xtr a c ell ul ar v esi cl es i n 

s p e cifi c h u m a n dis e as es (s u c h as p e di atri c B -A L L a n d c ar ci n o m a) . T o a c hi e v e t his o bj e cti v e, w e 

i n v esti g at e d mi R N As i n c ells as w ell as i n E Vs ass o ci at e d wit h t w o h u m a n bi ofl ui ds, p eri p h er al 

bl o o d a n d uri n e. Firstl y, w e a n al y z e d t h e lit er at ur e t o i d e ntif y mi R N As t h at w er e dis cri mi n at or y 

f or p e di atri c B-A L L. H o w e v er, w e  ar e n ot a bl e t o fi n d a cl e ar dis cri mi n at or y si g n at ur e t h at mi g ht 

b e pr es e nt i n c ells a n d, t h er ef or e, i n E Vs. N e xt, w e is ol at e d a n d c h ar a ct eri z e d bl o o d pl as m a d eri v e d 

E Vs i n p e di atri c B -A L L, wit h t h e ai m of fi n di n g R N A pr ofil e t h at dis cri mi n at es p e di atri c B -A L L 

fr o m  n o n-dis e as e  c o ntr ols.  N e xt,  w e  pr ofil e d  t h e  E V  R N A  c ar g o  of  pri m ar y  p e di atri c  B -A L L 

l y m p h o bl asts  a n d  i m m ort ali z e d  p e di atri c  B-A L L  c ell  li n es,  wit h  t h e  ai m  of  e x pl ori n g  R N A 

p a c k a gi n g fr o m B -A L L c ells t o E Vs. T h e l ast ai m w as t o i n v esti g at e t h e eff e ct of pr e -a n al yti c al 

pr o c essi n g o n E V c h ar a ct eristi cs. S p e cifi c all y, w e ai m e d t o c o m p ar e t h e eff e ct of c oll e cti o n t u b e 

pr e -tr e at m e nt wit h Str e c k pr es er v ati v e v ers us E D T A a nti c o a g ul a nt o n E V c h ar a ct eristi cs.  

T o  i d e ntif y  mi R N As t h at  w er e  dis cri mi n at or y  f or  p e di atri c  B-A L L  ( diff er e nti all y  e x pr ess e d 

mi R N As  ( D E mi Rs) ),  w e  p erf or m e d  a r e a n al ysis  of  fi v e  p u bli cl y  a v ail a bl e  mi R N A  d at as ets 

f oll o w e d  b y  a m et a -a n al ysis  of  pr e vi o usl y  i d e ntifi e d  D E mi Rs  fr o m  2 5  st u di es.  O v er all,  t h e  r e -

a n al ysis s h o w e d t h at t h e D E mi R d at a cl ust er e d b y pl atf or m a n d n ot b y dis e as e st at e. T h e  m et a -

a n al ysis  als o  di d  n ot  r e v e al  a  c o ns e ns us  mi R N A  si g n at ur e  as  t h er e  w er e  m a n y  mi R N As 

u pr e g ul at e d  i n  s o m e  st u di es  a n d  d o w nr e g ul at e d  i n  ot h ers.  H o w e v er,  ei g ht  pr o misi n g  mi R N As 

( mi R-1 8 1 b,  mi R -1 2 8 b,  mi R -1 8 1 a,  mi R -1 2 8,  mi R -1 2 8 a,  mi R -1 8 1 c,  mi R -1 5 5,  mi R -1 4 2 -3 p,  a n d 

mi R -4 5 1) w er e i d e ntifi e d fr o m t h e  m et a -a n al ysis, w hi c h c o ul d b e t h e b asis of f ut ur e i n v esti g ati o ns. 
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T his st u d y r e v e al e d t h at st a n d ar di z ati o n of mi R N A is ol ati o n a n d a n al ysis is n e e d e d i n B -A L L t o 

e n a bl e cr oss -st u d y c o m p aris o ns a n d i d e ntif i c ati o n of a c o ns e ns us si g n at ur e.  

T o i d e ntif y a n R N A pr ofil e t h at dis cri mi n at es p e di atri c B -A L L fr o m n o n -dis e as e c o ntr ols, w e us e d 

p e di atri c B -A L L a n d N C D pl as m a. Usi n g N T A, w e f o u n d t h at B -A L L pl as m a c o nt ai ns m or e E Vs 

t h a n  N C D  pl as m a.  T h e n,  usi n g  a  s y nt h eti c  p e pti d e-b as e d  is ol ati o n  t e c h ni q u e  ( V n 9 6),  w hi c h  is 

cli ni c all y  a m e n a bl e  a n d  a bl e  t o  is ol at e  a  c o m pr e h e nsi v e  E V  p o p ul ati o n,  w e  is ol at e d  E Vs  fr o m 

N C D  a n d  p e di atri c  B -A L L  bl o o d  pl as m a,  f oll o w e d  b y  t ot al  s m all  R N A  is ol ati o n.  R N A -s e q 

a n al ysis of s m all R N As r e v e al e d a si g n at ur e of diff er e nti a ll y a n d e x cl usi v el y p a c k a g e d R N As t h at 

disti n g uis h N C D fr o m B -A L L. T h e pl as m a E Vs c o nt ai n e d a h et er o g e n o us mi xt ur e of mi R N As 

a n d fr a g m e nts of l n c R N A, t R N A a n d m R N A. Tr a ns cri pts p a c k a g e d i n B -A L L E Vs i n cl u d e d t h os e 

i n v ol v e d i n t h e n e g ati v e r e g ul ati o n of t h e c ell c y cl e, s u g g esti n g t h at B -A L L  c ells ar e  usi n g E Vs t o 

dis c ar d g e n es t h at c o ntr ol gr o wt h. I n c o ntr ast, N C D E Vs c arri e d g e n es r e pr es e nt ati v e of m ulti pl e 

or g a ns, i n cl u di n g br ai n, m us cl e, a n d e pit h eli al c ells. O v er all, t his si g n at ur e c o ul d p ot e nti all y b e 

u s e d t o m o nit or B -A L L dis e as e b ur d e n i n p e di atri c B -A L L p ati e nts usi n g bl o o d dr a ws i nst e a d of 

i n v asi v e b o n e m arr o w as pir at es. 

T o u n d erst a n d t h e m e c h a nis m of R N A p a c k a g e d fr o m c ells i nt o E Vs, w e c ult ur e d p e di atri c B -

A L L pri m ar y l y m p h o bl asts a n d i m m ort ali z e d c ell li n es fr o m w hi c h w e is ol at e d E Vs. B as e d o n 

tr a ns missi o n  el e ctr o n  mi cr os c o p y  a n d  n a n o p arti cl e  tr a c ki n g  a n al ys es,  w e  f o u n d t h e  E Vs  fr o m 

pri m ar y  l y m p h o bl asts  a n d  i m m ort ali z e d  c ell  li n es  t o  b e  si mil ar  i n  m or p h ol o g y  a n d  si z e  r a n g e. 

S e c o n dl y,  usi n g  s m all  R N A S e q,  w e  f o u n d  t h at  a  l ar g e  p orti o n  of  i d e ntifi e d  R N A  c ar g o  ar e 

c urr e ntl y  u n a n n ot at e d  or  u n c h ar a ct eri z e d.  Of  all  a n n ot at e d  R N A,  mi R N As  m a k e  u p  t h e  m aj or 

c at e g or y,  f oll o w e d  b y  m R N A,  l n c R N A  a n d  t R N A.  W e  als o  f o u n d  t h at  p e di atri c  B -A L L  c ells 

p a c k a g e R N As i nt o E Vs usi n g n o n -s el e cti v e (l o a di n g) a n d n o n -s el e cti v e (s orti n g) m e c h a nis ms. 
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T h e p a c k a g e d mi R N As w er e b ot h m at ur e a n d pr e c urs or mi R N As, w hil e t h e m R N As, l n c R N A a n d 

t R N As w er e fr a g m e nts a n d p ossi bl y f ull-l e n gt h tr a ns cri pts i n a f e w c as es. W e als o f o u n d m otifs 

s h ar e d b y a s u bs et of R N As e x cl usi v e t o c ells or E Vs. F urt h er m or e, w e f o u n d t h at s o m e of t h es e 

tr a ns cri pts ar e k n o w n t o b e li n k e d t o p e di atri c B-A L L dis e as e o ns et a n d pr o gr essi o n.  

A  c o m p aris o n  of  R N A  s p e ci es  p a c k a g e d  fr o m  p e di atri c  B -A L L  l y m p h o bl asts  i nt o  E Vs,  a n d 

diff er e nti all y p a c k a g e d R N A b et w e e n N C D a n d p e di atri c B -A L L ( Fi g 7. 1 ) s h o w e d t h at s o m e D P 

R N As i n B -A L L pl as m a E Vs w er e B c ell -d eri v e d. S p e cifi c all y, 4 9. 6 % of t h e pl as m a E Vs ( 4 8 1 ) 

ar e B c ell d eri v e d. T his is i n li n e wit h pr e vi o us k n o wl e d g e as  pl as m a c o nt ai ns a h et er o g e n o us mi x 

of c ells ( diff er e nt t y p es of l e u k o c yt es i n cl u di n g l y m p h o c yt es; er yt hr o c yt es a n d pl at el ets), all of 

w hi c h  s e cr et e  t h eir  E Vs  i nt o  bl o o d.  B as e d  o n  t his,  it  is  a  r e as o n a bl e  e x p e ct ati o n  t h at  pl as m a 

c o nt ai ns E Vs fr o m n u m er o us  c ell s o ur c es  i n cl u di n g B c ells. T his w as f o u n d b y r es e ar c h ers s u c h 

as M ull er a n d c oll e a g u es 7 1 3 . T h er ef or e, pl as m a diff er e nti all y p a c k a g e d E V si g n at ur e of p e di atri c  

B -A L L c o nsists of E Vs fr o m diff er e nt bl o o d c ells ; h o w e v er, a p pr o xi m at el y h alf is fr o m B -A L L  

c ells. T his m a y b e b e c a us e i n B -A L L a b n or m all y d e v el o p e d l y m p h o bl asts cr o w d -o ut  ot h er c ell 

t y p es, m a ki n g t h e m t h e m aj orit y of c ells , a n d t h us t h eir E Vs ar e hi g hl y a b u n d a nt i n pl as m a. T h e 

4 8 1 B  c ell  s p e cifi c  R N As  diff er e nti all y  p a c k a g e d  i n  pl as m a  E Vs  i n cl u d e  l n c R N As s u c h  as 

T A G A P -A S 1 ,  LI N C 0 14 4 6 ,  LI N C 02 7 5 5  a n d  S H 3 T C 2 -D T  a n d m R N As s u c h  as F A M 2 3 4 B , 

N F Y B , H L A -B , I G H, H D A C 9 a n d A T A D 5.  
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Fi g. 7. 1. B c ell s p e cifi c R N As p a c k a g e d i nt o pl as m a E Vs.  V e n n di a gr a m c o m p ari n g all R N As 

pr es e nt i n 8/ 8 l y m p h o bl ast E Vs a n d diff er e nti all y p a c k a g e d  ( p < 0. 0 5) a n d B-A L L e x cl usi v e  R N As 

i n pl as m a B-A L L E Vs.  
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Ot h ers  ar e  mi R N As  s u c h  as mi R -3 1 3 5 B, m R -3 7 6 C,  a n d  mi R -1 9 3 A;  a n d u n cl ass e d  R N A 

tr a ns cri pts s u c h as –  L O C 1 2 4 9 0 4 1 3 8, L O C 1 0 5 3 7 3 1 5 3 a n d L O C 1 0 5 3 7 2 0 4 7.  

Fi n all y, si n c e w e ar e i nt er est e d i n E Vs as a s o ur c e of bi o m ar k ers, w e w a nt e d t o a n al y z e k e y pr e -

a n al yti c al  v ari a bl es.  T h e  c o m p aris o n  b et w e e n n o n -Str e c k  tr e at m e nt a n d  Str e c k  r e a g e nt  s h o w e d 

t h at  t h e  E V  si z e di d  n ot  diff er  b et w e e n  c oll e cti o n  c o n diti o ns  f or  bl o o d  pl as m a  ( E D T A 

a nti c o a g ul a nt)  or  uri n e  s a m pl es ,  w hil e  t h e c o n c e ntr ati o n  di d  n ot  diff er  b et w e e n  c oll e cti o n 

c o n diti o ns f or uri n e b ut diff er e d f or bl o o d s a m pl es. B as e d o n t h e t ot al R N A a n d mi R N A a m o u nts 

o bt ai n e d fr o m t h e pl as m a ( 1 ml) a n d uri n e ( 4 ml) E Vs, t h er e w as  n o t e n o u g h m at eri al o bt ai n e d fr o m 

Str e c k  c oll e cti o n  t u b es  s a m pl es  t o  a d e q u at el y  ass ess  t h e  l e v el  of  all  pl at el et  a n d  n o n -uri n e 

ass o ci at e d R N A ori gi n all y i n cl u d e d i n o ur st u d y. H o w e v er, wit h t h e a v ail a bl e R N A a m o u nts, q R T -

P C R  a n al ysis  of  s el e ct e d  mi R N A  tr a ns c ri pts  s h o w e d  t h at  E D T A  t u b es  c o nt ai n e d  m or e  pl at el et 

a cti v ati o n ass o ci at e d mi R N As t h a n Str e c k c oll e ct e d s a m pl es. T h er e w er e r e d u c e d a m o u nts of E V 

mi R N A  a n d  t ot al  s m all  R N A  f or  uri n e  i n  Str e c k -c oll e ct e d  uri n e  c o m p ar e d  t o  E D T A  t u b es. 

T h er ef or e,  t hi s  r ais es  q u esti o ns  a b o ut  t h e  eff e ct  of  Str e c k  o n  bi ofl ui d  E Vs.  O v er all,  w e  c a n 

c a uti o usl y  c o n cl u d e  t h at  Str e c k  pr es er v ati v e  mi ni m all y  aff e cts  E V  c o n c e ntr ati o n,  a n d  pl at el et 

R N A pr es e n c e i n E Vs fr o m bl o o d pl as m a a n d uri n e. H o w e v er, m or e w or k n e e ds t o b e d o n e t o 

d et er mi n e if i n cr e asi n g t h e v ol u m e of pl as m a or uri n e will b e s uffi ci e nt t o all o w t h e us e of Str e c k 

t u b es. 

 

7. 2  F ut ur e  d ir e cti o ns  

7. 2. 1  E x pl ori n g E Vs as bi o m ar k ers f or m o nit ori n g p e di atri c B -A L L  

H a vi n g i d e ntifi e d a s m all R N A si g n at ur e of p e di atri c B -A L L bl o o d pl as m a, t h e n e xt st e ps will 

i n cl u d e v ali d ati n g t h e t o p g e n es ( c h os e n b as e d o n a dj ust e d p-v al u e < 0. 0 5 a n d f ol d c h a n g e i n e a c h 
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c at e g or y ).  T h e  t o p  g e n es  c a n  b e  e x p eri m e nt all y  v ali d at e d  usi n g  c o n v e nti o n al  q P C R;  or  di git al 

dr o pl et P C R ( d d P C R) w hi c h c a n all o w f or a bs ol ut e q u a ntifi c ati o n, d o es n ot r e q uir e st a n d ar d c ur v e, 

h as a hi g h er s e nsiti vit y a n d b ett er r esist a n c e t o P C R i n hi bit ors. Usi n g d d P C R w o ul d m a xi mi z e 

a v ail a bl e s a m pl es, w hi c h h as b e e n a li miti n g f a ct or i n o ur st u d y usi n g p e di atri c B -A L L p ati e nt 

pl as m a. T his v ali d ati o n is i m p ort a nt f or c orr el ati n g t h e R N A S e q d at a t o i n vi v o g e n e e x pr essi o n 

a n d p a c k a gi n g l e v els.  

N e xt, a cr oss -s e cti o n al st u d y c o ul d b e d o n e t o e x pl or e t h e p ot e nti al of p e di atri c B -A L L pl as m a 

E Vs as a l ess i n v asi v e w a y t o m o nit or M R D. P e di atri c p ati e nt s a m pl es s h o ul d b e c oll e ct e d fr o m 

p eri p h er al  bl o o d,  b o n e  m arr o w  a n d  c er e br os pi n al  fl ui d.  E Vs  fr o m  t h e s e  bi ofl ui ds  will  t h e n  b e 

q u a ntifi e d ( m o d e a n d m e di a n di a m et er a n d c o n c e ntr ati o n) f oll o w e d b y usi n g s m all R N A S e q a n d 

q P C R  f or E V s m all R N A c ar g o  a n al ysis. T h e c ar g o fr o m c o ntr ol t o dis e as e  will b e c o m p ar e d t o 

d et er mi n e if t h e E V s m all R N A si g n at ur e at s a n c t u ar y sit es ( B M a n d C N S) m at c h es t h e si g n at ur e 

i n p eri p h er al bl o o d. 

A d diti o n all y, a l o n git u di n al st u d y t h at i n v ol v es c oll e cti n g s a m pl es fr o m p e di atri c B -A L L p ati e nts 

at diff er e nt ti m e p oi nts ( di a g n osis, r e missi o n, first a n d s e c o n d r el a ps e) w o ul d b e v al u a bl e. T his 

st u d y w o ul d i n v esti g at e t h e p ot e nti al of E V si z e a n d c o n c e nt r ati o n f or m o nit ori n g dis e as e b ur d e n 

a n d p ati e nt r es p o ns e t o t h er a p y; as w ell as if t h e E V R N A si g n at ur e r efl e cts dis e as e b ur d e n i n a 

w a y  t h at  all o ws  it  t o  b e  us e d  as  a  bi o m ar k er.  E V  si z e  a n d  c o n c e ntr ati o n  c a n  b e  a n al y z e d 

l o n git u di n all y t o as c ert ai n if E V  si z e a n d c o n c e ntr ati o n c h a n g es l o n git u di n all y i n p e di atri c B -A L L. 

S m all R N A S e q, t ar g et e d s e q u e n ci n g, a n d q P C R or d d P C R w o ul d als o b e us e d t o a n al y z e E V s m all 

R N A c ar g o pr ofil e l o n git u di n all y.  

I n a d diti o n, it is i m p ort a nt t o d et er mi n e if t h es e si g n at ur es ar e E V is ol ati o n t e c h ni q u e d e p e n d e nt. 

F or  t his  p ur p os e,  ot h er  p o p ul ar  is ol ati o n  t e c h ni q u es  s u c h  as  P E G -b as e d  E x o Q ui c k,  S E C -b as e d 
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i Z O N c ol u m ns, a nti b o d y- a n d mi cr ofl ui di cs -b as e d t e c h ni q u e, c o ul d b e c o m p ar e d, f or E Vs i n P B. 

T h e E V R N A c ar g o pr ofil e s h o ul d b e c o m p ar e d usi n g R N A S e q a n d q P C R or d d P C R.  

I n a d diti o n t o t h es e o bj e cti v es, d uri n g E V is ol ati o n fr o m s a m pl es ( usi n g t h e mir V a n a o pti mi z e d 

pr ot o c ol fr o m o ur l a b), t h e or g a ni c l a y er of t h e R N A is ol ati o ns c a n b e k e pt a n d us e d f or pr ot ei n 

is ol ati o n. Alt er n ati v el y, R N A, D N A a n d pr ot ei n c a n si m ult a n e o usly b e is ol at e d usi n g kits s u c h as 

t h e R N A/ D N A/ Pr ot ei n p urifi c ati o n pl us kits ( N or g e n Bi ot e k C or p, c at # 4 7 7 0 0) or t h e N u cl e o S pi n 

Tri Pr e p ( T a k ar a Bi o, c at #: 7 4 0 9 6 6. 5 0). T h e D N A c a n b e us e d as a n alt er n at e i n p ut m at eri al f or 

q P C R,  w hil e  t h e  pr ot ei ns  c a n  b e  us e d  f or  m ass  s p e ctr o m etr y  a n al ysis.  T h e  m ass  s p e ctr o m etr y 

a n al ysis will b e us ef ul f or g etti n g t h e pr ot ei n si g n at ur e of p e di atri c B -A L L E Vs, w hi c h c o ul d h el p 

wit h i d e ntif yi n g pr ot ei ns t h at c o ul d i nt er a ct wit h t h e R N A c ar g o of E Vs.  

 

7. 2. 2  El u ci d ati n g t h e m e c h a nis m of R N A p a c k a gi n g i nt o E Vs.  

T h e n e xt st e p f or t h e R N A p a c k a gi n g st u di es w o ul d b e t o v ali d at e t h e p a c k a g e d R N A tr a ns cri pts 

usi n g q P C R or d d P C R. T h e n t h e mi R N A p a c k a gi n g m otifs s h o ul d b e v ali d at e d usi n g cr ossli n ki n g, 

li g ati o n a n d s e q u e n ci n g of h y bri ds ( C L A S H) t o i d e ntif y dir e ct mi R N A-t ar g et p airs7 1 4 . C L A S H 

will  all o w  f or  t h e  i d e ntifi c ati o n  of  w hi c h  m R N As  wit hi n  t h e  E Vs  i nt er a cts  wit h  t h e  mi R N As 

p a c k a g e d. N e xt, t h e R B Ps ass o ci at e d wit h t h e p a c k a g e d mi R N As c a n b e i d e ntifi e d usi n g e n h a n c e d 

cr ossli n ki n g a n d i m m u n o pr e ci pit ati o n ( e C LI P -s e q) 7 1 5  f or m a p pi n g t h e bi n di n g sit es of R B Ps o n 

t ar g et R N A.  

N e xt, m R N A, l n c R N A a n d t R N A p a c k a gi n g m e c h a nis ms will n e e d t o b e e x pl or e d, st arti n g b y 

d e v el o pi n g n e w t o ols t o st u d y t h e p a c k a gi n g m e c h a nis ms f or t h e R N A bi ot y p es. S p e cifi c all y f or 

m R N A, t h e first st e p w o ul d b e d et er mi ni n g if R B Ps ar e i m p ort a nt f or m R N A p a c k a gi n g i nt o E Vs. 

T his m a y b e d o n e b y m o dif yi n g pr e vi o usl y est a blis h e d c ell li n es us e d i n t h e c o urs e of t his t h esis, 
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b as e d o n a n R N A -c e ntri c v ers us pr ot ei n -c e ntri c a p pr o a c h 7 1 6 . A n R N A-c e ntri c a p pr o a c h st arts wit h 

t h e R N A c ar g o of i nt er est a n d us es t h at R N A t o st u d y t h e ass o ci at e d pr ot ei ns, usi n g m et h o ds s u c h 

as  R N A  bi oti n yl ati o n  f or  c o u pli n g  t o  str e pt a vi di n  w hi c h  will  all o w  f or  R N A  p ull d o w ns,  a n d 

pr ot ei n mi cr o arr a y, a hi g h -t hr ou g h p ut m et h o d f or l ar g e s c al e tr a c ki n g of pr ot ei n i nt er a cti o ns a n d 

f u n cti o ns. C o n v ers el y, pr ot ei n-c e ntri c a p pr o a c h st arts wit h a pr ot ei n of i nt er est a n d us es t o ols s u c h 

as C LI P -s e q a n d e C LI P -s e q a n d c h ar a ct eri z e t h e pr ot ei ns’ i nt er a cti o ns wit h R N A.   

A n  a d diti o n al  a p pr o a c h  t o  a ns w eri n g  w h et h er  R N A  tr a ns cri pts  ar e  all  fr a g m e nts  or  f ull -l e n gt h 

tr a ns cri pts will b e t o us e l o n g-r e a d s e q u e n ci n g usi n g t h e P a c Bi o s yst e m or mi m-t R N A S e q7 1 7 . 

 

7. 3  Si g nifi c a n c e  

Usi n g mi R N As as a n a n al yt e f or l ess i n v asi v e m o nit ori n g of dis e as es i n cl u di n g p e di atri c B -A L L, 

t h o u g h  pr o misi n g,  h as  n ot  a d v a n c e d  m u c h  d u e  t o  li mit ati o ns  i n  t h e  c urr e nt  a n al yti c al  t o ols 

a v ail a bl e. H o w e v er, w h e n e n c a ps ul at e d wit hi n E Vs, mi R N As, m R N As a n d ot h er R N A tr a ns cri pts 

ar e m or e pr ot e ct e d fr o m d e gr a d ati o n b y n u cl e as es t h a n n o n -v esi cl e ass o ci at e d c ell fr e e R N A 7 1 8, 7 1 9 . 

E V R N A c a n als o r e m ai n v er y st a bl e f or y e ars w h e n st or e d at t e m p er at ur es i n cl u di n g 4 o C, m a ki n g 

t h e m e asi er t o st or e a n d tr a ns p ort7 2 0 – 7 2 2 . T h er ef or e, t h e E V s m all R N A si g n at ur e of p e di atri c B-

A L L  pl as m a  r e pr es e nts  a  p ot e nti al  n e w  s o ur c e  of  bi o m ar k ers  f or  l ess  i n v asi v e  a n d  r e al -ti m e 

m o nit ori n g of dis e as e b ur d e n a n d p ati e nt t h er a p y r es p o ns e. T his is si g nifi c a nt f or p e di atri c B -A L L 

p ati e nts w h o u n d er g o m ulti pl e i n v asi v e pr o c e d ur es t o m o nit or dis e as e b ur d e n a n d tr a c k t h er a p y 

r es p o ns e.  T his  si g n at ur e  r e pr es e nts  t h e  f ut ur e  of  li q ui d  bi o ps y,  w hi c h  c a n  i m pr o v e  p ati e nt 

o ut c o m es, es p e ci all y f or p ati e nts w h o s uff er r el a ps e or t a k e l o n g er t o r e a c h r e mis si o n.  

F or  c a n c er,  e xtr a c ell ul ar  v esi cl e  s m all  R N A  si g n at ur e  s u p pli es  n e w  k n o wl e d g e  t h at  c o ul d 

p ot e nti all y l e a d t o t h e u p d at e of t h e f a m o us ‘ h all m ar ks of c a n c er’ r e vi e ws 7 2 3, 7 2 4 , w hi c h e x pl ai n e d 
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t h e  m ol e c ul ar  b as es  of  c a n c ers  b as e d  o n  t h e  m ol e c ul ar  pr ofil e,  a n d  s u bs e q u e nt  s o ur c e  of 

bi o m ar k ers. E Vs m a y b e t h e missi n g li n k t h at e x pl ai ns c ert ai n ‘ n ot f ull y e x pl ai n e d’ p h e n o m e n a i n 

c a n c er,  s u c h  as  dr u g  r esist a n c e,  p ar a n e o pl asti c  s y n dr o m es  of  t h e  n er v o u s  s yst e m,  u n e x pl ai n e d 

r el a ps e, s p o nt a n e o us c a n c er r e gr essi o n a n d as p e cts of m et ast asis. Cl os er t o h o m e is t h e p ot e nti al 

of usi n g p e di atri c B -A L L E Vs f or l ess i n v asi v e m o nit ori n g of p ati e nts. P ati e nts fr o m r ur al N L 

w o ul d n ot n e e d t o c o m e t o St. J o h n’s f or B M bi o ps y a n d s pi n al t a ps. I nst e a d, t h eir bl o o d pl as m a 

s a m pl es  c a n  b e  c oll e ct e d  i n  t h eir  l o c al  h e alt h  c e ntr e  a n d  s hi p p e d  t o  St.  J o h n’s  vi a  c ol d  c h ai n 

st or a g e.  T h e  s a m pl es  c a n  t h e n  b e  pr o c ess e d  at  t h e  J a n e w a y  di a g n osti c  l a b or at or y,  w h er e  t h es e 

fr o z e n s a m pl es c a n t h e n b e t h a w e d, a n d E Vs is ol at e d usi n g is ol ati o n t e c h ni q u es o pti mi z e d d uri n g 

m y P h.  D  w or k.  T h e  R N A  si g n at ur e  c a n  t h e n  b e  a n al y z e d  usi n g  q P C R  or  t ar g et e d  R N A -s e q. 

A d diti o n all y, t h e N T A t e c h ni q u e is si m pl e e n o u g h t h at it c a n b e i nt e gr at e d i nt o cli ni c al  pr a cti c e, 

wit h t h e E V q u a ntifi c ati o n d o n e o n t h e t h a w e d s a m pl es. T a k e n t o g et h er, t his st u d y c a n off er n e w 

s ol uti o ns t o t h e h e alt h c ar e pr o bl e m f or p e di atri c c a n c er p ati e nts i n N L a n d p ot e nti all y ot h er p arts 

of C a n a d a.  

T h e E V R N A c ar g o p a c k a gi n g h y p ot h esis g e n er at e d i n t his p a p er h as i m pli c ati o ns f or t h e E V fi el d, 

bi o c h e mistr y, a n d c a n c er. F or t h e E V fi el d, t his c ar g o p a c k a gi n g h y p ot h esis m a y fill t h e g a p a b o ut 

t h e u n k n o w ns i n t h e fi el d. K n o wi n g h o w R N A bi ot y p es a n d w hi ch o n e g ets p a c k a g e d all o ws us t o 

st u d y  dis e as e  p at h ol o g y  at  a  d e e p er  l e v el.  F urt h er m or e,  u n d erst a n di n g  p a c k a gi n g  m e c h a nis ms 

m a k es usi n g E Vs as c o n d uits t o d eli v er dr u gs a n d g e n es p ossi bl e. Wit h o ut a n o n -i m m u n o g e ni c 

d eli v er y v e ct or, t h e g e n e t h er a p y fi el d h as n ot a d v a n c e d as m u c h as it c o ul d h a v e. E V s r e pr es e nt a 

n o n -i m m u n o g e ni c p arti cl e t h at c o ul d p ot e nti all y b e l o a d e d wit h n u cl ei c m at eri al a n d t ar g et e d t o 

s p e cifi c sit es. T h er ef or e, k n o wi n g t h e p a c k a gi n g m e c h a nis m of R N A i nt o E Vs c a n b e l e v er a g e d 

u p o n f or e n gi n e eri n g or l o a di n g of E Vs wit h g e n eti c m at eri al (s u c h as R N A). E V l o a di n g wit h 
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R N A, c o u pl e d wit h k n o wl e d g e of E V u pt a k e a n d c ar g o d eli v er y i nt o r e ci pi e nts will f a cilit at e us e 

of E Vs as n o n -vir al v e ct ors f or g e n e t h er a p y. L o a di n g of E Vs wit h n u cl ei c a ci d, as g e n e t h er a p y 

v e ct ors is r e vi e w e d b y diff er e nt r es e ar c h gr o u ps 7 2 5, 7 2 6 . A n ot h er p ot e nti al a p pli c ati o n c o ul d b e t h e 

pri mi n g of e n vir o n m e nts, s u c h as t h e B M, s ki n, h e art a n d p a n cr e as, wit h d o n or E Vs, t o pr e v e nt 

a nti -gr aft i nfl a m m at or y r es p o ns es 7 2 7, 7 2 8 .  

T h e st u d y r e g ar di n g E D T A vs Str e c k bl o o d c oll e cti o n t u b es r ais e q u esti o ns a b o ut bl o o d c oll e cti o n 

f or cli ni c al a n d r es e ar c h p ur p os es, a n d t h e eff e ct t h at t h e Str e c k pr es er v ati v e m a y h a v e o n bi ofl ui d 

s a m pl es c oll e ct e d f or E V is ol ati o n p ur p os es. Wit h t his k n o wl e d g e, it m a y b e ti m e t o r et hi n k bl o o d 

c oll e cti o n i n cli ni cs f or di a g n osti cs, t h er a p e uti cs, pr o g n osti cs, a n d bi o b a n ki n g p ur p os es, if t h e pr e -

a n al yti c al pr o c ess es i n cl u di n g a nti c o a g ul ati o n a n d pl at el et a cti v ati o n pr e v e nti o n pr e -tr e at m e nt c a n 

aff e ct d o w nstr e a m us es i n cl u di n g E V is ol ati o n. O v er all, o ur st u d y wit h E Vs i n B -A L L a n d E Vs 

c oll e ct e d  i n v ari o us  pr e pr o c essi n g  c o nt ai n ers  c o ntri b ut es  vit al  k n o wl e d g e  t o  E V  r es e ar c h, 

bi o c h e mistr y, a n d c a n c er bi ol o g y.  
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1 0 3.  Fri e d m a n, R. C., F ar h, K. K. H., B ur g e, C. B. & B art el, D. P. M ost m a m m ali a n m R N As 
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ar e c o ns er v e d t ar g ets of mi cr o R N As. G e n o m e R es.  ( 2 0 0 9) d oi: 1 0. 1 1 0 1/ gr. 0 8 2 7 0 1. 1 0 8. 

1 0 4.  B art el, D. P. Mi cr o R N As: T ar g et R e c o g niti o n a n d R e g ul at or y F u n cti o ns. C ell  ( 2 0 0 9) 

d oi: 1 0. 1 0 1 6/j. c ell. 2 0 0 9. 0 1. 0 0 2.  

1 0 5.  I w as a ki, Y. W., Si o mi, M. C. & Si o mi, H. PI WI-i nt er a cti n g R N A: Its bi o g e n esis a n d 

f u n cti o ns. A n n u. R e v. Bi o c h e m.  8 4 , 4 0 5– 4 3 3 ( 2 0 1 5).  

1 0 6.  H a, H. et al.  A c o m pr e h e nsi v e a n al ysis of pi R N As fr o m a d ult h u m a n t estis a n d t h eir 

r el ati o ns hi p wit h g e n es a n d m o bil e el e m e nts. B M C G e n o mi cs  1 5 , ( 2 0 1 4). 

1 0 7.  W u, X. et al.  T h e Bi o g e n esis a n d F u n cti o ns of pi R N As i n H u m a n Dis e as es. M ol. T h er. - 

N u cl ei c A ci ds  2 1 , 1 0 8– 1 2 0 ( 2 0 2 0).  

1 0 8.  C ar o n e, D. M. et al.  A n e w cl ass of r etr o vir al a n d s at ellit e e n c o d e d s m all R N As e m a n at es 

fr o m m a m m ali a n c e ntr o m er es. C hr o m os o m a  1 1 8 , 1 1 3– 1 2 5 ( 2 0 0 9).  

1 0 9.  C ar o n e, D. M. et al.  H y p er m or p hi c e x pr essi o n of c e ntr o m eri c r etr o el e m e nt -e n c o d e d s m all 

R N As i m p airs C E N P -A l o a di n g. C hr o m os o m. R es.  2 1 , 4 9– 6 2 ( 2 0 1 3).  

1 1 0.  C a o, F. et al.  Di c er i n d e p e n d e nt s m all R N As ass o ci at e wit h t el o m eri c h et er o c hr o m ati n. 

R n a  1 5 , 1 2 7 4– 1 2 8 1 ( 2 0 0 9).  

1 1 1.  H ari, R. & P art h as ar at h y, S. Pr e di cti o n of c o di n g a n d n o n -c o di n g R N A. i n E n c y cl o p e di a 

of Bi oi nf or m ati cs a n d C o m p ut ati o n al Bi ol o g y: A B C of Bi oi nf or m ati cs  v ols 1 – 3 2 3 0 – 2 4 0 

( 2 0 1 8). 

1 1 2.  M a bi n, J. W., L e wis, P. W., Br o w, D. A. & D vi n g e, H. H u m a n s pli c e os o m al s n R N A 

s e q u e n c e v ari a nts g e n er at e v ari a nt s pli c e os o m es. R n a  2 7 , 1 1 8 6– 1 2 0 3 ( 2 0 2 1).  

1 1 3.  V al a d k h a n, S. & G u n a w ar d a n e, L. S. R ol e of s m all n u cl e ar R N As i n e u k ar y oti c g e n e 
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e x pr essi o n. Ess a ys Bi o c h e m.  5 4 , 7 9– 9 0 ( 2 0 1 3).  

1 1 4.  Est ell er, M. N o n -c o di n g R N As i n h u m a n dis e as e. N at. R e v. G e n et.  1 2 , 8 6 1– 8 7 4 ( 2 0 1 1).  

1 1 5.  Li a n g, J. et al.  S m all N u cl e ol ar R N As: I nsi g ht I nt o T h eir F u n cti o n i n C a n c er. Fr o nt. 

O n c ol.  9 , ( 2 0 1 9). 

1 1 6.  R ei c h o w, S. L., H a m m a, T., F err é -D’ A m ar é, A. R. & V ar a ni, G. T h e str u ct ur e a n d 

f u n cti o n of s m all n u cl e ol ar ri b o n u cl e o pr ot ei ns. N u cl ei c A ci ds R es.  3 5 , 1 4 5 2– 1 4 6 4 ( 2 0 0 7).  

1 1 7.  H u a n g, Z. h a o, D u, Y. pi n g, W e n, J. t a o, L u, B. f e n g & Z h a o, Y. s n o R N As: f u n cti o ns a n d 

m e c h a nis ms i n bi ol o gi c al pr o c ess es, a n d r ol es i n t u m or p at h o p h ysi ol o g y. C ell D e at h 

Dis c o v.  8 , ( 2 0 2 2). 

1 1 8.  F u, H. et al.  Str ess i n d u c es t R N A cl e a v a g e b y a n gi o g e ni n i n m a m m ali a n c ells. F E B S L ett.  

5 8 3 , 4 3 7– 4 4 2 ( 2 0 0 9).  

1 1 9.  T h o m ps o n, D. M. & P ar k er, R. Str essi n g O ut o v er t R N A Cl e a v a g e. C ell  1 3 8 , 2 1 5– 2 1 9 

( 2 0 0 9). 

1 2 0.  T h o m ps o n, D. M., L u, C., Gr e e n, P. J. & P ar k er, R. t R N A cl e a v a g e is a c o ns er v e d 

r es p o ns e t o o xi d ati v e str ess i n e u k ar y ot es. R n a  1 4 , 2 0 9 5– 2 1 0 3 ( 2 0 0 8).  

1 2 1.  T a o, E. W. et al.  A s p e cifi c t R N A h alf, 5’ti R N A -His -G T G, r es p o n ds t o h y p o xi a vi a t h e 

HI F 1 α/ A N G a xis a n d pr o m ot es c ol or e ct al c a n c er pr o gr essi o n b y r e g ul ati n g L A T S 2. J. 

E x p. Cli n. C a n c er R es.  4 0 , ( 2 0 2 1). 

1 2 2.  L e e, Y. S., S hi b at a, Y., M al h otr a, A. & D utt a, A. A n o v el cl ass of s m all R N As: t R N A -

d eri v e d R N A fr a g m e nts (t R Fs). G e n es D e v.  2 3 , 2 6 3 9– 2 6 4 9 ( 2 0 0 9).  

1 2 3.  Li, S., X u, Z. & S h e n g, J. t R N A -d eri v e d s m all R N A: A n o v el r e g ul at or y s m all n o n -c o di n g 
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R N A. G e n es ( B as el).  9 , ( 2 0 1 8). 

1 2 4.  S ai ki a, M. & H at z o gl o u, M. T h e m a n y virt u es of t R N A -d eri v e d str ess -i n d u c e d R N As 

(ti R N As): Dis c o v eri n g n o v el m e c h a nis ms of str ess r es p o ns e a n d eff e ct o n h u m a n h e alt h. 

J. Bi ol. C h e m.  2 9 0 , 2 9 7 6 1– 2 9 7 6 8 ( 2 0 1 5).  

1 2 5.  C a o, J., C o w a n, D. B. & W a n g, D. Z. t R N A -D eri v e d S m all R N As a n d T h eir P ot e nti al 

R ol es i n C ar di a c H y p ertr o p h y. Fr o nt. P h ar m a c ol.  1 1 , ( 2 0 2 0). 

1 2 6.  Ll or et -Lli n ar es, M., M a p e n d a n o, C. K., M artl e v, L. H., L y k k e -A n d ers e n, S. & J e ns e n, T. 

H. R el ati o ns hi ps b et w e e n P R O M P T a n d g e n e e x pr essi o n. R N A Bi ol.  1 3 , 6– 1 4 ( 2 0 1 6).  

1 2 7.  Pr e k er, P. et al.  P R O M ot er u Pstr e a m Tr a ns cri pts s h ar e c h ar a ct eristi cs wit h m R N As a n d 

ar e pr o d u c e d u pstr e a m of all t hr e e m aj or t y p es of m a m m ali a n pr o m ot ers. N u cl ei c A ci ds 

R es.  3 9 , 7 1 7 9– 7 1 9 3 ( 2 0 1 1).  

1 2 8.  Y u, D., M a, X., Z u o, Z., W a n g, H. & M e n g, Y. Cl assifi c ati o n of tr a ns cri pti o n b o u n d ar y -

ass o ci at e d R N As ( T B A Rs) i n a ni m als a n d pl a nts. Fr o nt. G e n et.  9 , ( 2 0 1 8). 

1 2 9.  Al -T o b as ei, R., P a n er u, B. & S al e m, M. G e n o m e -wi d e dis c o v er y of l o n g n o n -c o di n g 

R N As i n r ai n b o w tr o ut. P L o S O n e  1 1 , ( 2 0 1 6). 

1 3 0.  H u, S., W u, J., C h e n, L. & S h a n, G. Si g n als fr o m n o n c o di n g R N As: U n c o n v e nti o n al r ol es 

f or c o n v e nti o n al p ol III tr a ns cri pts. I nt. J. Bi o c h e m. C ell Bi ol. 4 4 , 1 8 4 7– 1 8 5 1 ( 2 0 1 2).  

1 3 1.  St at ell o, L., G u o, C. J., C h e n, L. L. & H u art e, M. G e n e r e g ul ati o n b y l o n g n o n -c o di n g 

R N As a n d its bi ol o gi c al f u n cti o ns. N at. R e v. M ol. C ell Bi ol.  2 2 , 9 6– 1 1 8 ( 2 0 2 1).  

1 3 2.  Si g o v a, A. A. et al.  Di v er g e nt tr a ns cri pti o n of l o n g n o n c o di n g R N A/ m R N A g e n e p airs i n 

e m br y o ni c st e m c ells. Pr o c. N atl. A c a d. S ci. U. S. A.  1 1 0 , 2 8 7 6– 2 8 8 1 ( 2 0 1 3).  
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1 3 3.  Z h a n g, X. et al.  M e c h a nis ms a n d f u n cti o ns of l o n g n o n -c o di n g R N As at m ulti pl e 

r e g ul at or y l e v els. I nt. J. M ol. S ci. 2 0 , ( 2 0 1 9). 

1 3 4.  D y k es, I. M. & E m a n u eli, C. Tr a ns cri pti o n al a n d P ost -tr a ns cri pti o n al G e n e R e g ul ati o n b y 

L o n g N o n -c o di n g R N A. G e n o mi cs, Pr ot e o mi cs Bi oi nf or m a.  1 5 , 1 7 7– 1 8 6 ( 2 0 1 7).  

1 3 5.  D erri e n, T. et al.  T h e G E N C O D E v 7 c at al o g of h u m a n l o n g n o n c o di n g R N As: A n al ysis of 

t h eir g e n e str u ct ur e, e v ol uti o n, a n d e x pr essi o n. G e n o m e R es.  2 2 , 1 7 7 5– 1 7 8 9 ( 2 0 1 2).  

1 3 6.  Ti a n, B. & M a nl e y, J. L. Alt er n ati v e p ol y a d e n yl ati o n of m R N A pr e c urs ors. N at. R e v. M ol. 

C ell Bi ol.  1 8 , 1 8– 3 0 ( 2 0 1 6).  

1 3 7.  G u o, C. J. et al.  Disti n ct Pr o c essi n g of l n c R N As C o ntri b ut es t o N o n -c o ns er v e d F u n cti o ns 

i n St e m C ells. C ell  1 8 1 , 6 2 1-6 3 6. e 2 2 ( 2 0 2 0).  

1 3 8.  S al m e n a, L., P olis e n o, L., T a y, Y., K ats, L. & P a n d olfi, P. P. A c e R N A h y p ot h esis: T h e 

r os ett a st o n e of a hi d d e n R N A l a n g u a g e ? C ell  1 4 6 , 3 5 3– 3 5 8 ( 2 0 1 1).  

1 3 9.  C es a n a, M. & D al e y, G. Q. D e ci p h eri n g t h e r ul es of c e R N A n et w or ks. Pr o c. N atl. A c a d. 

S ci. U. S. A.  1 1 0 , 7 1 1 2– 7 1 1 3 ( 2 0 1 3).  

1 4 0.  S e n, R., G h os al, S., D as, S., B alti, S. & C h a kr a b arti, J. C o m p eti n g e n d o g e n o us R N A: T h e 

k e y t o p osttr a ns cri pti o n al r e g ul ati o n. S ci. W orl d J.  2 0 1 4 , ( 2 0 1 4). 

1 4 1.  P olis e n o, L. et al.  A c o di n g -i n d e p e n d e nt f u n cti o n of g e n e a n d ps e u d o g e n e m R N As 

r e g ul at es t u m o ur bi ol o g y. N at ur e  4 6 5 , 1 0 3 3– 1 0 3 8 ( 2 0 1 0).  

1 4 2.  C es a n a, M. et al.  A L o n g N o n c o di n g R N A C o ntr ols M us cl e Diff er e nti ati o n b y 

F u n cti o ni n g as a C o m p eti n g E n d o g e n o us R N A. C ell  1 4 7 , 9 4 7 ( 2 0 1 1). 

1 4 3.  E b ert, M. S. & S h ar p, P. A. Mi cr o R N A s p o n g es: Pr o gr ess a n d p ossi biliti es. R n a  1 6 , 2 0 4 3–
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2 0 5 0 ( 2 0 1 0).  

1 4 4.  K a n g, J. et al.  S yst e m ati c A n al ysis of C o m p eti n g E n d o g e n o us R N A N et w or ks i n Diff us e 

L ar g e B -C ell L y m p h o m a a n d H o d g ki n’s L y m p h o m a. Fr o nt. G e n et.  1 1 , ( 2 0 2 0). 

1 4 5.  K art h a, R. V. & S u br a m a ni a n, S. C o m p eti n g e n d o g e n o us R N As ( c e R N As): N e w e ntr a nts 

t o t h e i ntri c a ci es of g e n e r e g ul ati o n. Fr o nt. G e n et.  5 , ( 2 0 1 4). 

1 4 6.  G h af o uri -F ar d, S., K h os h b a k ht, T., H uss e n, B. M., T a h eri, M. & J a m ali, E. T h e e m er gi n g 

r ol e n o n-c o di n g R N As i n B c ell -r el at e d dis or d ers. C a n c er C ell I nt.  2 2 , ( 2 0 2 2). 

1 4 7.  F er n a n d es, M., M ar q u es, H., T ei x eir a, A. L. & M e d eir os, R. C o m p etiti v e e n d o g e n o us 

R N A n et w or k i n v ol vi n g mi R N A a n d l n c R N A i n n o n -h o d g ki n l y m p h o m a: C urr e nt 

a d v a n c es a n d cli ni c al p ers p e cti v es. Bi o m e di ci n es  9 , ( 2 0 2 1). 

1 4 8.  X u, G. et al.  T h e e m er gi n g r ol es of n o n -c o di n g c o m p eti n g e n d o g e n o us R N A i n 

h e p at o c ell ul ar c ar ci n o m a. C a n c er C ell I nt.  2 0 , ( 2 0 2 0). 

1 4 9.  K u m ar, V., A b b as, A. K., Ast er, J. C. & P er ki ns, J. A. R o b bi ns a n d C otr a n P at h ol o gi c 

B asis of Dis e as e . ( Els e vi er I n c., 2 0 1 5). 

1 5 0.  H o d gs o n, C. Bl o o d c a n c er i n c a n a d a. F a cts a n d St ats. 2 0 1 6 . L e u k e mi a a n d L y m p h o m a 

S o ci et y of C a n a d a . 

1 5 1.  L e u k e mi a & L y m p h o m a S o ci et y. F a cts 2 0 1 8 -2 0 1 9: U P D A T E D D A T A O N B L O O D 

C A N C E R S . ( 2 0 1 9). 

1 5 2.  Br a y, F. et al.  Gl o b al c a n c er st atisti cs 2 0 1 8: G L O B O C A N esti m at es of i n ci d e n c e a n d 

m ort alit y w orl d wi d e f or 3 6 c a n c ers i n 1 8 5 c o u ntri es. C A. C a n c er J. Cli n.  6 8 , 3 9 4– 4 2 4 

( 2 0 1 8). 
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1 5 3.  Gri g or o p o ul os, N. F., P ett er, R., V a n ’t V e er, M. B., S c ott, M. a & F oll o ws, G. a. 

L e u k a e mi a u p d at e. P art 1: di a g n osis a n d m a n a g e m e nt. B M J  ( 2 0 1 3) 

d oi: 1 0. 1 1 3 6/ b mj.f 1 6 6 0.  

1 5 4.  Br o w n, P. A. et al.  A c ut e l y m p h o bl asti c l e u k e mi a, v ersi o n 2. 2 0 2 1. J N C C N J. N atl. 

C o m pr. C a n c er N et w.  1 9 , 1 0 7 9– 1 1 0 9 ( 2 0 2 1).  

1 5 5.  Fris h m a n -L e v y, L. & I zr a eli, S. A d v a n c es i n u n d erst a n di n g t h e p at h o g e n esis of C N S a c ut e 

l y m p h o bl asti c l e u k a e mi a a n d p ot e nti al f or t h er a p y. Br. J. H a e m at ol.  1 7 6 , 1 5 7– 1 6 7 ( 2 0 1 7).  

1 5 6.  D el Pri n ci p e, M. I. et al.  C e ntr al n er v o us s yst e m i n v ol v e m e nt i n a d ult a c ut e l y m p h o bl asti c 

l e u k e mi a: Di a g n osti c t o ols, pr o p h yl a xis, a n d t h er a p y. M e dit err. J. H e m at ol. I nf e ct. Dis.  6 , 

( 2 0 1 4). 

1 5 7.  L e n k, L., Als a d e q, A. & S c h e w e, D. M. I n v ol v e m e nt of t h e c e ntr al n er v o us s yst e m i n 

a c ut e l y m p h o bl asti c l e u k e mi a: o pi ni o ns o n m ol e c ul ar m e c h a nis ms a n d cli ni c al 

i m pli c ati o ns b as e d o n r e c e nt d at a. C a n c er M et ast asis R e v.  3 9 , 1 7 3– 1 8 7 ( 2 0 2 0).  

1 5 8.  D w or z a k, M. N. et al.  AI E O P -B F M C o ns e ns us G ui d eli n es 2 0 1 6 f or Fl o w C yt o m etri c 

I m m u n o p h e n ot y pi n g of P e di atri c A c ut e L y m p h o bl asti c L e u k e mi a. C yt o m. P art B Cli n. 

C yt o m.  9 4 , 8 2– 9 3 ( 2 0 1 8).  

1 5 9.  P ér e z -V er a, P., R e y es -L e ó n, A. & F u e nt es -P a n a n á, E. M. Si g n ali n g Pr ot ei ns a n d 

Tr a ns cri pti o n F a ct ors i n N or m al a n d M ali g n a nt E arl y B C ell D e v el o p m e nt. B o n e M arr o w 

R es.  2 0 1 1 , 1– 1 0 ( 2 0 1 1).  

1 6 0.  Crist, W. et al.  P o or pr o g n osis of c hil dr e n wit h pr e -B a c ut e l y m p h o bl asti c l e u k e mi a is 

ass o ci at e d wit h t h e t( 1; 1 9)( q 2 3; p 1 3): a P e di atri c O n c ol o g y Gr o u p st u d y. Bl o o d  ( 1 9 9 0) 
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d oi: 1 0. 1 1 8 2/ bl o o d. v 7 6. 1. 1 1 7. bl o o dj o ur n al 7 6 1 1 1 7.  

1 6 1.  W af a, A., As’ S a d, M., Li e hr, T., Alj a p a w e, A. & Al A c h k ar, W. C hil d h o o d pr e -B c ell 

a c ut e l y m p h o bl asti c l e u k e mi a wit h tr a nsl o c ati o n t( 1; 1 9)( q 2 1. 1; p 1 3. 3) a n d t w o a d diti o n al 

c hr o m os o m al a b err ati o ns i n v ol vi n g c hr o m os o m es 1, 6, a n d 1 3: A c as e r e p ort. J. M e d. 

C as e R e p.  ( 2 0 1 7) d oi: 1 0. 1 1 8 6/s 1 3 2 5 6-0 1 7 -1 2 5 1 -1.  

1 6 2.  F eli c e, M. S. et al.  Pr o g n osti c i m p a ct of t( 1; 1 9)/ T C F 3 -P B X 1 i n c hil d h o o d a c ut e 

l y m p h o bl asti c l e u k e mi a i n t h e c o nt e xt of B erli n-Fr a n kf urt -M ü nst er -b as e d pr ot o c ols. L e u k. 

L y m p h o m a  5 2 , 1 2 1 5– 1 2 2 1 ( 2 0 1 1).  

1 6 3.  U c k u n, F. M. et al.  Cli ni c al si g nifi c a n c e of tr a nsl o c ati o n t( 1; 1 9) i n c hil d h o o d a c ut e 

l y m p h o bl asti c l e u k e mi a i n t h e c o nt e xt of c o nt e m p or ar y t h er a pi es: A r e p ort fr o m t h e 

c hil dr e n’s c a n c er gr o u p. J. Cli n. O n c ol.  ( 1 9 9 8) d oi: 1 0. 1 2 0 0/J C O. 1 9 9 8. 1 6. 2. 5 2 7. 

1 6 4.  C hi n g -H o n P ui, W. E. E. Tr e at m e nt of a c ut e l y m p h o bl asti c l e u k e mi a. N E n gl J M e d .  

( 2 0 0 6). 

1 6 5.  I n a b a, T. et al.  R e v ers al of a p o pt osis b y t h e l e u k a e mi a -ass o ci at e d E 2 A -H L F c hi m a eri c 

tr a ns cri pti o n f a ct or. N at ur e  3 8 2 , 5 4 1– 5 4 4 ( 1 9 9 6).  

1 6 6.  H u n g er, S. P. T yr osi n e ki n as e i n hi bit or us e i n p e di atri c P hil a d el p hi a c hr o m os o m e -p ositi v e 

a c ut e l y m p h o bl asti c a n e mi a. H e m at ol o g y / t h e E d u c ati o n Pr o gr a m of t h e A m eri c a n 

S o ci et y of H e m at ol o g y. A m eri c a n S o ci et y of H e m at ol o g y. E d u c ati o n Pr o gr a m  ( 2 0 1 1) 

d oi: 1 0. 1 1 8 2/ as h e d u c ati o n -2 0 1 1. 1. 3 6 1.  

1 6 7.  R ai m o n di, S. C. et al.  R e ass ess m e nt of t h e Pr o g n osti c Si g nifi c a n c e of H y p o di pl oi d y i n 

P e di atri c P ati e nts wit h A c ut e L y m p h o bl asti c L e u k e mi a. C a n c er  ( 2 0 0 3) 
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d oi: 1 0. 1 0 0 2/ c n cr. 1 1 8 4 1.  

1 6 8.  S h urtl eff, S. A. et al.  T E L/ A M L 1 f usi o n r es ulti n g fr o m a cr y pti c t( 1 2; 2 1) is t h e m ost 

c o m m o n g e n eti c l esi o n i n p e di atri c A L L a n d d efi n es a s u b gr o u p of p ati e nts wit h a n 

e x c ell e nt pr o g n osis. L e u k e mi a  ( 1 9 9 5). 

1 6 9.  H e er e m a, N. A. et al.  Pr o g n osti c i m p a ct of tris o mi es of c hr o m os o m es a n d 5 a m o n g 

c hil dr e n wit h a c ut e l y m p h o bl asti c l e u k e mi a a n d hi g h h y p er di pl oi d y ( > 5 0 c hr o m os o m es). 

J. Cli n. O n c ol.  1 8 , 1 8 7 6– 1 8 8 7 ( 2 0 0 0).  

1 7 0.  H arris, R. L., H arris o n, C. J., M arti n e a u, M., T a yl or, K. E. & M o or m a n, A. V. Is tris o m y 5 

a disti n ct c yt o g e n eti c s u b gr o u p i n a c ut e l y m p h o bl asti c l e u k e mi a ? C a n c er G e n et. 

C yt o g e n et.  1 4 8 , 1 5 9– 1 6 2 ( 2 0 0 4).  

1 7 1.  L o o k, A. T. O n c o g e ni c tr a ns cri pti o n f a ct ors i n t h e h u m a n a c ut e l e u k e mi as. S ci e n c e ( 8 0 -. ). 

2 7 8 , 1 0 5 9– 1 0 6 4 ( 1 9 9 7).  

1 7 2.  S hi o z a w a, Y., P e d ers e n, E. A. & T ai c h m a n, R. S. G A S 6/ M er a xis r e g ul at es t h e h o mi n g 

a n d s ur vi v al of t h e E 2 A/ P B X 1 -p ositi v e B -c ell pr e c urs or a c ut e l y m p h o bl asti c l e u k e mi a i n 

t h e b o n e m arr o w ni c h e. E x p. H e m at ol.  ( 2 0 1 0) d oi: 1 0. 1 0 1 6/j. e x p h e m. 2 0 0 9. 1 1. 0 0 2. 

1 7 3.  Mr ó z e k, K., H ar p er, D. P. & A pl a n, P. D. C yt o g e n eti cs a n d M ol e c ul ar G e n eti cs of A c ut e 

L y m p h o bl asti c L e u k e mi a. H e m at ol o g y/ O n c ol o g y Cli ni cs of N ort h A m eri c a  ( 2 0 0 9) 

d oi: 1 0. 1 0 1 6/j. h o c. 2 0 0 9. 0 7. 0 0 1.  

1 7 4.  V a n D o n g e n, J. J. M. et al.  St a n d ar di z e d R T -P C R a n al ysis of f usi o n g e n e tr a ns cri pts fr o m 

c hr o m os o m e a b err ati o ns i n a c ut e l e u k e mi a f or d et e cti o n of mi ni m al r esi d u al dis e as e. 

R e p ort of t h e BI O M E D -1 C o n c ert e d A cti o n: I n v esti g ati o n of mi ni m al r esi d u al dis e as e i n 
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a c ut e l e u k e mi a. L e u k e mi a  ( 1 9 9 9) d oi: 1 0. 1 0 3 8/sj.l e u. 2 4 0 1 5 9 2. 

1 7 5.  J ai n, S. & A br a h a m, A. B C R -A B L 1 – li k e B-a c ut e l y m p h o bl asti c l e u k e mi a/l y m p h o m a: A 

c o m pr e h e nsi v e r e vi e w. Ar c h. P at h ol. L a b. M e d.  1 4 4 , 1 5 0– 1 5 5 ( 2 0 2 0).  

1 7 6.  M o or m a n, A. V. et al.  O ut c o m e h et er o g e n eit y i n c hil d h o o d hi g h -h y p er di pl oi d a c ut e 

l y m p h o bl asti c l e u k e mi a. Bl o o d  ( 2 0 0 3) d oi: 1 0. 1 1 8 2/ bl o o d-2 0 0 3 -0 4 -1 1 2 8.  

1 7 7.  S ut cliff e, M. J. et al.  Hi g h c o n c or d a n c e fr o m i n d e p e n d e nt st u di es b y t h e C hil dr e n’s 

C a n c er Gr o u p ( C C G) a n d P e di atri c O n c ol o g y Gr o u p ( P O G) ass o ci ati n g f a v or a bl e 

pr o g n osis wit h c o m bi n e d tris o mi es 4, 1 0, a n d 1 7 i n c hil dr e n wit h N CI St a n d ar d -Ris k B -

pr e c urs or A c ut e L y m p h o bl asti c L e u k . L e u k e mi a  ( 2 0 0 5) d oi: 1 0. 1 0 3 8/sj.l e u. 2 4 0 3 6 7 3. 

1 7 8.  Lillj e bj ör n, H. et al.  I d e ntifi c ati o n of E T V 6-R U N X 1 -li k e a n d D U X 4-r e arr a n g e d s u bt y p es 

i n p a e di atri c B-c ell pr e c urs or a c ut e l y m p h o bl asti c l e u k a e mi a. N at. C o m m u n.  7 , 1 1 7 9 0 

( 2 0 1 6). 

1 7 9.  C hi ar etti, S., Zi ni, G. & B ass a n, R. Di a g n osis a n d S u b cl assifi c ati o n of A c ut e 

L y m p h o bl asti c L e u k e mi a. Cit. M e dit err J H e m at ol I nf e ct Dis  6 , 2 0 1 4 0 7 3 ( 2 0 1 4). 

1 8 0.  Ar b er, D. A. et al.  T h e 2 0 1 6 r e visi o n t o t h e W orl d H e alt h Or g a ni z ati o n cl assifi c ati o n of 

m y el oi d n e o pl as ms a n d a c ut e l e u k e mi a. Bl o o d  ( 2 0 1 6) d oi: 1 0. 1 1 8 2/ bl o o d-2 0 1 6 -0 3 -

6 4 3 5 4 4.  

1 8 1.  Lillj e bj ör n, H. & Fi or et os, T. N e w o n c o g e ni c s u bt y p es i n p e di atri c B -c ell pr e c urs or a c ut e 

l y m p h o bl asti c l e u k e mi a. Bl o o d  1 3 0 , 1 3 9 5– 1 4 0 1 ( 2 0 1 7).  

1 8 2.  Br o w n, P. et al.  P e di atri c A c ut e L y m p h o bl asti c L e u k e mi a, V ersi o n 2. 2 0 2 0, N C C N 

Cli ni c al Pr a cti c e G ui d eli n es i n O n c ol o g y. J. N atl. C o m pr. C a n c er N et w.  1 8 , 8 1– 1 1 2 
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( 2 0 2 0). 

1 8 3.  P ui, C. H. et al.  I m pr o v e d o ut c o m e f or c hil dr e n wit h a c ut e l y m p h o bl asti c l e u k e mi a: 

R es ults of T ot al T h er a p y St u d y XIII B at St J u d e C hil dr e n’s R es e ar c h H os pit al. Bl o o d  

( 2 0 0 4) d oi: 1 0. 1 1 8 2/ bl o o d-2 0 0 4 -0 4 -1 6 1 6.  

1 8 4.  D u q u e -Af o ns o, J. et al.  E 2 A -P B X 1 r e m o d els o n c o g e ni c si g n ali n g n et w or ks i n B -c ell 

pr e c urs or a c ut e l y m p h oi d l e u k e mi a. C a n c er R es.  7 6 , 6 9 3 7– 6 9 4 9 ( 2 0 1 6).  

1 8 5.  H u, Y. et al.  E 2 A -P B XI e x hi bit e d a pr o misi n g pr o g n osis i n p e di atri c a c ut e l y m p h o bl asti c 

l e u k e mi a tr e at e d wit h t h e C C L G-A L L 2 0 0 8 pr ot o c ol. O n c o. T ar g ets. T h er.  9 , 7 2 1 9– 7 2 2 5 

( 2 0 1 6). 

1 8 6.  J u ar e z -V el a z q u e z, M. R. et al.  G e n eti c M ar k ers i n t h e Pr o g n osis of C hil d h o o d A c ut e 

L y m p h o bl asti c L e u k e mi a. i n Cli ni c al E pi d e mi ol o g y of A c ut e L y m p h o bl asti c L e u k e mi a - 

Fr o m t h e M ol e c ul es t o t h e Cli ni c  ( 2 0 1 3). d oi: 1 0. 5 7 7 2/ 5 4 2 8 8. 

1 8 7.  R a n d, V. et al.  G e n o mi c c h ar a ct eri z ati o n i m pli c at es i A M P 2 1 as a li k el y pri m ar y g e n eti c 

e v e nt i n c hil d h o o d B -c ell pr e c urs or a c ut e l y m p h o bl asti c l e u k e mi a. Bl o o d  1 1 7 , 6 8 4 8– 6 8 5 5 

( 2 0 1 1). 

1 8 8.  B h oj w a ni, D., Y a n g, J. J. & P ui, C. H. Bi ol o g y of c hil d h o o d a c ut e l y m p h o bl asti c 

l e u k e mi a. P e di atr. Cli n. N ort h A m.  6 2 , 4 7– 6 0 ( 2 0 1 5).  

1 8 9.  M o or m a n, A. V. et al.  Ris k -dir e ct e d tr e at m e nt i nt e nsifi c ati o n si g nifi c a ntl y r e d u c es t h e ris k 

of r el a ps e a m o n g c hil dr e n a n d a d ol es c e nts wit h a c ut e l y m p h o bl asti c l e u k e mi a a n d 

i ntr a c hr o m os o m al a m plifi c ati o n of c hr o m os o m e 2 1: A c o m p aris o n of t h e M R C A L L 9 7/ 9 9 

a n d U K A L L 2 0 0 3 tri als. J. Cli n. O n c ol.  ( 2 0 1 3) d oi: 1 0. 1 2 0 0/J C O. 2 0 1 3. 4 8. 9 3 7 7. 
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1 9 0.  P a ulss o n, K. et al.  T h e g e n o mi c l a n ds c a p e of hi g h h y p er di pl oi d c hil d h o o d a c ut e 

l y m p h o bl asti c l e u k e mi a. N at. G e n et.  ( 2 0 1 5) d oi: 1 0. 1 0 3 8/ n g. 3 3 0 1. 

1 9 1.  S e e g er, K. et al.  T E L -A M L 1 f usi o n tr a ns cri pt i n r el a ps e d c hil d h o o d a c ut e l y m p h o bl asti c 

l e u k e mi a. T h e B erli n-Fr a n kf urt -M ü nst er St u d y Gr o u p. Bl o o d  9 1 , 1 7 1 6– 2 2 ( 1 9 9 8).  

1 9 2.  Li u, Y. F. et al.  G e n o mi c Pr ofili n g of A d ult a n d P e di atri c B -c ell A c ut e L y m p h o bl asti c 

L e u k e mi a. E Bi o M e di ci n e  ( 2 0 1 6) d oi: 1 0. 1 0 1 6/j. e bi o m. 2 0 1 6. 0 4. 0 3 8. 

1 9 3.  Z h o u, Y. et al.  A d v a n c es i n t h e m ol e c ul ar p at h o bi ol o g y of B -l y m p h o bl asti c l e u k e mi a. 

H u m. P at h ol.  ( 2 0 1 2) d oi: 1 0. 1 0 1 6/j. h u m p at h. 2 0 1 2. 0 2. 0 0 4. 

1 9 4.  Z u c k er m a n, T. & R o w e, J. M. P at h o g e n esis a n d pr o g n osti c ati o n i n a c ut e l y m p h o bl asti c 

l e u k e mi a. F 1 0 0 0 Pri m e R e p.  ( 2 0 1 4) d oi: 1 0. 1 2 7 0 3/ P 6-5 9.  

1 9 5.  L e u k e mi a a n d L y m p h o m a S o ci et y. F a cts a n d st atisti cs: A b o ut bl o o d c a n c ers. T h e 

L e u k e mi a & L y m p h o m a S o ci et y of C a n a d a  1 – 1 9 htt ps:// w w w.lls c a n a d a. or g/ dis e as e -

i nf or m ati o n/f a cts-a n d -st atisti cs ( 2 0 1 8).  

1 9 6.  L us ki n, M. R. & D e A n g el o, D. J. C hi m eri c A nti g e n R e c e pt or T h er a p y i n A c ut e 

L y m p h o bl asti c L e u k e mi a Cli ni c al Pr a cti c e. C urr. H e m at ol. M ali g. R e p.  1 2 , 3 7 0– 3 7 9 

( 2 0 1 7). 

1 9 7.  D ör d el m a n n, M. et al.  Pr e d nis o n e r es p o ns e is t h e str o n g est pr e di ct or of tr e at m e nt o ut c o m e 

i n i nf a nt a c ut e l y m p h o bl asti c l e u k e mi a. Bl o o d  9 4 , 1 2 0 9– 1 2 1 7 ( 1 9 9 9).  

1 9 8.  S ei b el, N. L. Tr e at m e nt of a c ut e l y m p h o bl asti c l e u k e mi a i n c hil dr e n a n d a d ol es c e nts: 

p e a ks a n d pitf alls. H e m at ol o g y A m. S o c. H e m at ol. E d u c. Pr o gr a m  3 7 4 – 3 8 0 ( 2 0 0 8) 

d oi: 1 0. 1 1 8 2/ as h e d u c ati o n -2 0 0 8. 1. 3 7 4.  
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1 9 9.  W u, S. Y., S h ort, N. J., N asr, L., D a b aj a, B. S. & F a n g, P. Q. C e ntr al N er v o us S yst e m 

Pr o p h yl a xis a n d Tr e at m e nt i n A c ut e L e u k e mi as. C urr. Tr e at. O pti o ns O n c ol.  ( 2 0 2 2) 

d oi: 1 0. 1 0 0 7/s 1 1 8 6 4 -0 2 2 -0 1 0 3 2 -5.  

2 0 0.  I n a b a, H., Gr e a v es, M. & M ulli g h a n, C. G. A c ut e l y m p h o bl asti c l e u k a e mi a. T h e L a n c et  

( 2 0 1 3) d oi: 1 0. 1 0 1 6/ S 0 1 4 0-6 7 3 6( 1 2) 6 2 1 8 7 -4.  

2 0 1.  Tr u o n g, T. H. et al.  All o g e n ei c H e m at o p oi eti c St e m C ell Tr a ns pl a nt ati o n f or C hil dr e n 

Wit h A c ut e L y m p h o bl asti c L e u k e mi a: S hifti n g I n di c ati o ns i n t h e Er a of I m m u n ot h er a p y. 

Fr o nt. P e di atr.  9 , ( 2 0 2 1). 

2 0 2.  Q u d d us, F. F. et al.  Gl u c o c orti c oi d R e c e pt ors i n I m m u n ol o gi c al S u bt y p es of C hil d h o o d 

A c ut e L y m p h o c yti c L e u k e mi a C ells: A P e di atri c O n c ol o g y Gr o u p St u d y. C a n c er R es.  4 5 , 

6 4 8 2 – 6 4 8 6 ( 1 9 8 5).  

2 0 3.  Ts ai, S. Y. et al.  M ol e c ul ar i nt er a cti o ns of st er oi d h or m o n e r e c e pt or wit h its e n h a n c er 

el e m e nt: E vi d e n c e f or r e c e pt or di m er f or m ati o n. C ell  5 5 , 3 6 1– 3 6 9 ( 1 9 8 8).  

2 0 4.  R a y, A. & Pr ef o nt ai n e, K. E. P h ysi c al ass o ci ati o n a n d f u n cti o n al a nt a g o nis m b et w e e n t h e 

p 6 5 s u b u nit of tr a ns cri pti o n f a ct or N F -κ B a n d t h e gl u c o c orti c oi d r e c e pt or. Pr o c. N atl. 

A c a d. S ci. U. S. A.  9 1 , 7 5 2– 7 5 6 ( 1 9 9 4).  

2 0 5.  Tissi n g, W. J. E., M eij eri n k, J. P. P., d e n B o er, M. L. & Pi et ers, R. M ol e c ul ar 

d et er mi n a nts of gl u c o c orti c oi d s e nsiti vit y a n d r esist a n c e i n a c ut e l y m p h o bl asti c l e u k e mi a. 

L e u k e mi a  1 7 , 1 7– 2 5 ( 2 0 0 3).  

2 0 6.  Z h u a n g, Y. et al.  R e d u c e d D os e I nt e nsit y of D a u n or u bi ci n D uri n g R e missi o n I n d u cti o n 

f or L o w-Ris k P ati e nts Wit h A c ut e L y m p h o bl asti c L e u k e mi a: A R etr os p e cti v e C o h ort 
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St u d y of t h e C hi n es e C hil dr e n’s C a n c er Gr o u p. Fr o nt. O n c ol.  1 2 , ( 2 0 2 2). 

2 0 7.  B ass a n, R. & H o el z er, D. M o d er n t h er a p y of a c ut e l y m p h o bl asti c l e u k e mi a. J. Cli n. 

O n c ol.  2 9 , 5 3 2– 5 4 3 ( 2 0 1 1).  

2 0 8.  H u n g er, S. P. et al.  I m pr o v e d S ur vi v al f or C hil dr e n a n d A d ol es c e nts Wit h A c ut e 

L y m p h o bl asti c L e u k e mi a B et w e e n 1 9 9 0 a n d 2 0 0 5: A R e p ort Fr o m t h e C hil dr e n’s 

O n c ol o g y Gr o u p. J. Cli n. O n c ol.  2 0 1 2 , 2 0 7– 2 0 8 ( 2 0 1 2).  

2 0 9.  St a n ull a, M. & S c hr a p p e, M. Tr e at m e nt of C hil d h o o d A c ut e L y m p h o bl asti c L e u k e mi a. 

S e mi n. H e m at ol.  4 6 , 5 2– 6 3 ( 2 0 0 9).  

2 1 0.  P ui, C. H., R o bis o n, L. L. & L o o k, A. T. A c ut e l y m p h o bl asti c l e u k a e mi a. L a n c et  3 7 1 , 

1 0 3 0 – 1 0 4 3 ( 2 0 0 8).  

2 1 1.  Tri als, C. & N c c n, T. L e u k e mi a Tr e at m e nt R e gi m e ns: A c ut e L y m p h o bl asti c L e u k e mi a 

( A L L). C a n c er T h er a p y A d vis or  1 – 3 5 

htt ps:// w w w. c a n c ert h er a p y a d vis or. c o m/ h o m e/ c a n c er -t o pi cs/ h e m at ol o gi c-

c a n c ers/ h e m at ol o gi c -c a n c ers -tr e at m e nt-r e gi m e ns/l e u k e mi a-tr e at m e nt-r e gi m e ns-a c ut e -

l y m p h o bl asti c-l e u k e mi a-all/ ( 2 0 2 0).  

2 1 2.  T er willi g er, T. & A b d ul -H a y, M. A c ut e l y m p h o bl asti c l e u k e mi a: a c o m pr e h e nsi v e r e vi e w 

a n d 2 0 1 7 u p d at e. Bl o o d C a n c er J.  7 , 5 7 7 ( 2 0 1 7). 

2 1 3.  O’ Bri e n, S. et al.  O ut c o m e of a d ults wit h a c ut e l y m p h o c yti c l e u k e mi a aft er s e c o n d 

s al v a g e t h er a p y. C a n c er  1 1 3 , 3 1 8 6– 3 1 9 1 ( 2 0 0 8).  

2 1 4.  St a m, R. W. et al.  T ar g eti n g F L T 3 i n pri m ar y M L L -g e n e -r e arr a n g e d i nf a nt a c ut e 

l y m p h o bl asti c l e u k e mi a. Bl o o d  1 0 6 , 2 4 8 4– 2 4 9 0 ( 2 0 0 5).  
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2 1 5.  L o c k, R. et al.  I niti al t esti n g (st a g e 1) of t h e B H 3 mi m eti c A B T-2 6 3 b y t h e p e di atri c 

pr e cli ni c al t esti n g pr o gr a m. P e di atr. Bl o o d C a n c er  5 0 , 1 1 8 1– 1 1 8 9 ( 2 0 0 8).  

2 1 6.  Ki n as e, A. A. et al.  P e di atri c Pr e cli ni c al T esti n g Pr o gr a m ( P P T P ) e v al u ati o n of t h e 

A ur or a A Ki n as e I n hi bit or M L N 8 2 3 7. 8 2 3 7.  

2 1 7.  A b o u k a m e el, A. et al.  S u p eri or A nti -T u m or A cti vit y of t h e C D 1 9 -Dir e ct e d I m m u n ot o xi n, 

S A R 3 4 1 9 t o Rit u xi m a b i n N o n -H o d g ki n’s X e n o gr aft A ni m al M o d els: Pr e cli ni c al 

E v al u ati o n. Bl o o d  1 1 0 , 2 3 3 9– 2 3 3 9 ( 2 0 0 7).  

2 1 8.  Z h u k o vs k y, E. et al.  a n F c -E n gi n e er e d A nti -C D 1 9 M o n o cl o n al A nti b o d y wit h I n Vitr o 

a n d I n Vi v o Effi c a c y a g ai nst L y m p h o m a a n d L e u k e mi a X m A b 5 5 7 4 : c y n o m ol g us 

m o n k e y L e g e n d : C ell Tr a ns pl a nt.  6 , 5 5 7 4 ( 2 0 0 8). 

2 1 9.  M e n g x u a n, S., F e n, Z. & R u n mi n g, J. N o v el Tr e at m e nts f or P e di atri c R el a ps e d or 

R efr a ct or y A c ut e B -C ell Li n e a g e L y m p h o bl asti c L e u k e mi a: Pr e cisi o n M e di ci n e Er a. 

Fr o nt. P e di atr.  1 0 , ( 2 0 2 2). 

2 2 0.  C o o p er, S. L. & Br o w n, P. A. Tr e at m e nt of p e di atri c a c ut e l y m p h o bl asti c l e u k e mi a. 

P e di atri c Cli ni cs of N ort h A m eri c a  ( 2 0 1 5) d oi: 1 0. 1 0 1 6/j. p cl. 2 0 1 4. 0 9. 0 0 6. 

2 2 1.  L o c at elli, F., S c hr a p p e, M., B er n ar d o, M. E. & R ut ell a, S. H o w i tr e at r el a ps e d c hil d h o o d 

a c ut e l y m p h o bl asti c l e u k e mi a. Bl o o d  ( 2 0 1 2) d oi: 1 0. 1 1 8 2/ bl o o d-2 0 1 2 -0 2 -2 6 5 8 8 4.  

2 2 2.  Liss at, A. et al.  Ot h er ( N o n -c ns/t esti c ul ar) e xtr a m e d ull ar y l o c ali z ati o ns of c hil d h o o d 

r el a ps e d a c ut e l y m p h o bl asti c l e u k e mi a a n d l y m p h o bl asti c l y m p h o m a— a r e p ort fr o m t h e 

all -r e z st u d y gr o u p. J. Cli n. M e d.  1 0 , ( 2 0 2 1). 

2 2 3.  G a u di c h o n, J. et al.  M e c h a nis ms of e xtr a m e d ull ar y r el a ps e i n a c ut e l y m p h o bl asti c 
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l e u k e mi a: R e c o n cili n g bi ol o gi c al c o n c e pts a n d cli ni c al iss u es. Bl o o d R e v.  3 6 , 4 0– 5 6 

( 2 0 1 9). 

2 2 4.  Si ki c h, N., S o ul o dr e, C., S a d as o o k, N., Sl e e m a n, A. & V er h e y, J. Cit ati o n H e alt h Q u alit y 

O nt ari o. Mi ni m al r esi d u al dis e as e e v al u ati o n i n c hil d h o o d a c ut e l y m p h o bl asti c l e u k e mi a: 

a cli ni c al e vi d e n c e r e vi e w. O nt H e alt h T e c h n ol Ass ess S er . O nt ari o H e alt h T e c h n ol o g y 

Ass ess m e nt S eri es  v ol. 1 6 

htt ps:// w w w. h q o nt ari o. c a/ P ort als/ 0/ D o c u m e nts/ e vi d e n c e/r e p orts/ e b a -mr d -1 6 0 3 -e n. p df 
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wit h v ari a bl e eff e cts o n t h eir R N A a n d pr ot ei n c ar g o. S ci. R e p.  ( 2 0 1 7) 

d oi: 1 0. 1 0 3 8/s 4 1 5 9 8 -0 1 7 -0 8 0 9 4 -8.  

3 5 2.  S c hill er, M. et al.  D uri n g a p o pt osis H M G B 1 is tr a nsl o c at e d i nt o a p o pt oti c c ell -d eri v e d 

m e m br a n e o us v esi cl es. A ut oi m m u nit y  ( 2 0 1 3) d oi: 1 0. 3 1 0 9/ 0 8 9 1 6 9 3 4. 2 0 1 2. 7 5 0 3 0 2. 

3 5 3.  C ol e m a n, L. G. et al.  H M G B 1/I L -1 β c o m pl e x es i n pl as m a mi cr o v esi cl es m o d ul at e 

i m m u n e r es p o ns es t o b ur n i nj ur y. P L o S O n e  1 3 , e 0 1 9 5 3 3 5 ( 2 0 1 8). 

3 5 4.  B h at n a g ar, S. & S c h or e y, J. S. E x os o m es r el e as e d fr o m i nf e ct e d m a cr o p h a g es c o nt ai n 
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M y c o b a ct eri u m a vi u m gl y c o p e pti d oli pi ds a n d ar e pr oi nfl a m m at or y. J. Bi ol. C h e m.  ( 2 0 0 7) 

d oi: 1 0. 1 0 7 4/j b c. M 7 0 2 2 7 7 2 0 0.  

3 5 5.  O’ N eill, H. C. & Q u a h, B. J. C. E x os o m es s e cr et e d b y b a ct eri all y i nf e ct e d m a cr o p h a g es 

ar e pr oi nfl a m m at or y. S ci e n c e Si g n ali n g  ( 2 0 0 8) d oi: 1 0. 1 1 2 6/st k e. 1 6 p e 8. 

3 5 6.  G ass er, O. & S c hiff erli, J. A. A cti v at e d p ol y m or p h o n u cl e ar n e utr o p hils diss e mi n at e a nti -

i nfl a m m at or y mi cr o p arti cl es b y e ct o c yt osis. Bl o o d  1 0 4 , 2 5 4 3– 2 5 4 8 ( 2 0 0 4).  

3 5 7.  R a p os o, G. et al.  B l y m p h o c yt es s e cr et e a nti g e n -pr es e nti n g v esi cl es. J. E x p. M e d.  1 8 3 , 

1 1 6 1 – 7 2 ( 1 9 9 6).  

3 5 8.  T e o, B. H. D. & W o n g, S. H. M H C cl ass II -ass o ci at e d i n v ari a nt c h ai n (Ii) m o d ul at es 

d e n driti c c ells -d eri v e d mi cr o v esi cl es ( D C M V) -m e di at e d a cti v ati o n of mi cr o gli a. Bi o c h e m. 

Bi o p h ys. R es. C o m m u n.  4 0 0 , 6 7 3– 6 7 8 ( 2 0 1 0).  

3 5 9.  S z a b ó, G. T. et al.  Criti c al r ol e of e xtr a c ell ul ar v esi cl es i n m o d ul ati n g t h e c ell ul ar eff e cts 

of c yt o ki n es. C ell. M ol. Lif e S ci.  ( 2 0 1 4) d oi: 1 0. 1 0 0 7/s 0 0 0 1 8-0 1 4 -1 6 1 8 -z.  

3 6 0.  M a n č e k -K e b er, M. et al.  E xtr a c ell ul ar v esi cl e – m e di at e d tr a nsf er of c o nstit uti v el y a cti v e 

M y D 8 8 L 2 6 5 P e n g a g es M y D 8 8 wt a n d a cti v at es si g n ali n g. Bl o o d  1 3 1 , 1 7 2 0– 1 7 2 9 ( 2 0 1 8).  

3 6 1.  G ut z eit, C. et al.  E x os o m es D eri v e d fr o m B ur kitt’s L y m p h o m a C ell Li n es I n d u c e 

Pr olif er ati o n, Diff er e nti ati o n, a n d Cl ass -S wit c h R e c o m bi n ati o n i n B C ells. J. I m m u n ol.  

1 9 2 , 5 8 5 2– 6 2 ( 2 0 1 4).  

3 6 2.  H a d er k, F. et al.  T u m or -d eri v e d e x os o m es m o d ul at e P D -L 1 e x pr essi o n i n m o n o c yt es. S ci. 

I m m u n ol. ( 2 0 1 7) d oi: 1 0. 1 1 2 6/s cii m m u n ol. a a h 5 5 0 9. 

3 6 3.  L a n k ar, D. et al.  D y n a mi cs of m aj or hist o c o m p ati bilit y c o m pl e x cl ass II c o m p art m e nts 
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d uri n g B c ell r e c e pt or -m e di at e d c ell a cti v ati o n. J. E x p. M e d.  1 9 5 , 4 6 1– 7 2 ( 2 0 0 2).  

3 6 4.  Ri all a n d, P., L a n k ar, D., R a p os o, G., B o n n er ot, C. & H u b ert, P. B C R -b o u n d a nti g e n is 

t ar g et e d t o e x os o m es i n h u m a n f olli c ul ar l y m p h o m a B-c ells 1. Bi ol. C ell  ( 2 0 0 8) 

d oi: 1 0. 1 0 4 2/ b c 2 0 0 6 0 0 2 7.  

3 6 5.  Y e h, Y. -Y. et al.  C h ar a ct eri z ati o n of C L L e x os o m es r e v e als a disti n ct mi cr o R N A 

si g n at ur e a n d e n h a n c e d s e cr eti o n b y a cti v ati o n of B C R si g n ali n g. Bl o o d  1 2 5 , 3 2 9 7– 3 0 5 

( 2 0 1 5). 

3 6 6.  A yr e, D. C. et al.  D y n a mi c r e g ul ati o n of C D 2 4 e x pr essi o n a n d r el e as e of C D 2 4 -

c o nt ai ni n g mi cr o v esi cl es i n i m m at ur e B c ells i n r es p o ns e t o C D 2 4 e n g a g e m e nt. 

I m m u n ol o g y ( 2 0 1 5) d oi: 1 0. 1 1 1 1/i m m. 1 2 4 9 3. 

3 6 7.  C h a n, C. J., S m yt h, M. J. & M arti n et, L. M ol e c ul ar m e c h a nis ms of n at ur al kill er c ell 

a cti v ati o n i n r es p o ns e t o c ell ul ar str ess. C ell D e at h a n d Diff er e nti ati o n  ( 2 0 1 4) 

d oi: 1 0. 1 0 3 8/ c d d. 2 0 1 3. 2 6.  

3 6 8.  R a ul et, D. H. & G u err a, N. O n c o g e ni c str ess s e ns e d b y t h e i m m u n e s yst e m: r ol e of n at ur al 

kill er c ell r e c e pt ors. N at. R e v. I m m u n ol.  9 , 5 6 8– 5 8 0 ( 2 0 0 9).  

3 6 9.  P o g g e v o n Str a n d m a n n, E. et al.  H u m a n L e u k o c yt e A nti g e n -B -Ass o ci at e d Tr a ns cri pt 3 Is 

R el e as e d fr o m T u m or C ells a n d E n g a g es t h e N K p 3 0 R e c e pt or o n N at ur al Kill er C ells. 

I m m u nit y 2 7 , 9 6 5– 9 7 4 ( 2 0 0 7).  

3 7 0.  R ei n ers, K. S. et al.  S ol u bl e li g a n ds f or N K c ell r e c e pt ors pr o m ot e e v asi o n of c hr o ni c 

l y m p h o c yti c l e u k e mi a c ells fr o m N K c ell a nti-t u m or a cti vit y. Bl o o d  ( 2 0 1 3) 

d oi: 1 0. 1 1 8 2/ bl o o d -2 0 1 3 -0 1 -4 7 6 6 0 6.  
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3 7 1.  H e dl u n d, M., N a g a e v a, O., K ar gl, D., B ar a n o v, V. & Mi n c h e v a -Nilss o n, L. T h er m al - a n d 

o xi d ati v e str ess c a us es e n h a n c e d r el e as e of N K G 2 D li g a n d -b e ari n g i m m u n os u p pr essi v e 

e x os o m es i n l e u k e mi a/l y m p h o m a T a n d B c ells. P L o S O n e  6 , ( 2 0 1 1). 

3 7 2.  H o n g, C. -S., M ull er, L., W hit esi d e, T. L. & B o yi a d zis, M. Pl as m a e x os o m es as m ar k ers of 

t h er a p e uti c r es p o ns e i n p ati e nts wit h a c ut e m y el oi d l e u k e mi a. Fr o nt. I m m u n ol.  5 , 1 6 0 

( 2 0 1 4). 

3 7 3.  H o n g, C. S. et al.  Cir c ul ati n g e x os o m es c arr yi n g a n i m m u n os u p pr essi v e c ar g o i nt erf er e 

wit h c ell ul ar i m m u n ot h er a p y i n a c ut e m y el oi d l e u k e mi a. S ci. R e p.  ( 2 0 1 7) 

d oi: 1 0. 1 0 3 8/s 4 1 5 9 8 -0 1 7 -1 4 6 6 1 -w.  

3 7 4.  H u a n, J. et al.  R N A tr affi c ki n g b y a c ut e m y el o g e n o us l e u k e mi a e x os o m es. C a n c er R es.  

( 2 0 1 3) d oi: 1 0. 1 1 5 8/ 0 0 0 8-5 4 7 2. C A N -1 2 -2 1 8 4.  

3 7 5.  K u m ar, B. et al.  A c ut e m y el oi d l e u k e mi a tr a nsf or ms t h e b o n e m arr o w ni c h e i nt o a 

l e u k e mi a-p er missi v e mi cr o e n vir o n m e nt t hr o u g h e x os o m e s e cr eti o n. L e u k e mi a  ( 2 0 1 8) 

d oi: 1 0. 1 0 3 8/l e u. 2 0 1 7. 2 5 9.  

3 7 6.  H or ni c k, N. I. et al.  S er u m E x os o m e Mi cr o R N A as a mi ni m all y -i n v asi v e e arl y bi o m ar k er 

of A M L. S ci. R e p.  ( 2 0 1 5) d oi: 1 0. 1 0 3 8/sr e p 1 1 2 9 5. 

3 7 7.  H u a n, J. et al.  C o or di n at e r e g ul ati o n of r esi d u al b o n e m arr o w f u n cti o n b y p ar a cri n e 

tr affi c ki n g of A M L e x os o m es. L e u k e mi a  2 9 , 2 2 8 5– 9 5 ( 2 0 1 5).  

3 7 8.  Z h a o, C., D u, F., Z h a o, Y., W a n g, S. & Qi, L. A c ut e m y el oi d l e u k e mi a c ells s e cr et e 

mi cr o R N A -4 5 3 2 -c o nt ai ni n g e x os o m es t o m e di at e n or m al h e m at o p oi esis i n h e m at o p oi eti c 

st e m c ells b y a cti v ati n g t h e L D O C 1 -d e p e n d e nt S T A T 3 si g n ali n g p at h w a y. St e m C ell R es. 
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T h er.  1 0 , 3 8 4 ( 2 0 1 9). 

3 7 9.  C orr a d o, C. et al.  E x os o m e -m e di at e d cr osst al k b et w e e n c hr o ni c m y el o g e n o us l e u k e mi a 

c ells a n d h u m a n b o n e m arr o w str o m al c ells tri g g ers a n I nt erl e u ki n 8 -d e p e n d e nt s ur vi v al of 

l e u k e mi a c ells. C a n c er L ett.  ( 2 0 1 4) d oi: 1 0. 1 0 1 6/j. c a nl et. 2 0 1 4. 0 3. 0 0 9. 

3 8 0.  C orr a d o, C. et al.  C hr o ni c m y el o g e n o us l e u k a e mi a e x os o m es m o d ul at e b o n e m arr o w 

mi cr o e n vir o n m e nt t hr o u g h a cti v ati o n of e pi d er m al gr o wt h f a ct or r e c e pt or. J. C ell. M ol. 

M e d.  ( 2 0 1 6) d oi: 1 0. 1 1 1 1/j c m m. 1 2 8 7 3. 

3 8 1.  Mil a ni, G. et al.  E x pr essi o n Pr ofili n g of Cir c ul ati n g Mi cr o v esi cl es R e v e als I nt er c ell ul ar 

Tr a ns missi o n of O n c o g e ni c P at h w a ys. M ol. C a n c er R es.  ( 2 0 1 7) d oi: 1 0. 1 1 5 8/ 1 5 4 1-

7 7 8 6. M C R -1 6 -0 3 0 7.  

3 8 2.  J o h ns o n, S. M. et al.  M et a b oli c r e pr o gr a m mi n g of b o n e m arr o w str o m al c ells b y l e u k e mi c 

e xtr a c ell ul ar v esi cl es i n a c ut e l y m p h o bl asti c l e u k e mi a. Bl o o d  ( 2 0 1 6) d oi: 1 0. 1 1 8 2/ bl o o d-

2 0 1 5 -1 2 -6 8 8 0 5 1.  

3 8 3.  F ei, F. et al.  B -c ell pr e c urs or a c ut e l y m p h o bl asti c l e u k e mi a a n d str o m al c ells 

c o m m u ni c at e t hr o u g h G al e cti n -3. O n c ot ar g et  ( 2 0 1 5) d oi: 1 0. 1 8 6 3 2/ o n c ot ar g et. 3 4 0 9. 

3 8 4.  G h os h, A. K. et al.  Cir c ul ati n g mi cr o v esi cl es i n B -c ell c hr o ni c l y m p h o c yti c l e u k e mi a c a n 

sti m ul at e m arr o w str o m al c ells: I m pli c ati o ns f or dis e as e pr o gr essi o n. Bl o o d  ( 2 0 1 0) 

d oi: 1 0. 1 1 8 2/ bl o o d -2 0 0 9 -0 9 -2 4 2 7 1 9.  

3 8 5.  P a g g etti, J. et al.  E x os o m es r el e as e d b y c hr o ni c l y m p h o c yti c l e u k e mi a c ells i n d u c e t h e 

tr a nsiti o n of str o m al c ells i nt o c a n c er-ass o ci at e d fi br o bl asts. Bl o o d  ( 2 0 1 5) 

d oi: 1 0. 1 1 8 2/ bl o o d -2 0 1 4 -1 2 -6 1 8 0 2 5.  
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3 8 6.  El -S a g hir, J., N ass ar, F., T a wil, N. & El -S a b b a n, M. A T L -d eri v e d e x os o m es m o d ul at e 

m es e n c h y m al st e m c ells: P ot e nti al r ol e i n l e u k e mi a pr o gr essi o n. R etr o vir ol o g y  ( 2 0 1 6) 

d oi: 1 0. 1 1 8 6/s 1 2 9 7 7 -0 1 6 -0 3 0 7 -4.  

3 8 7.  T er p os, E., C hrist o ul as, D. & G a vri at o p o ul o u, M. Bi ol o g y a n d tr e at m e nt of m y el o m a 

r el at e d b o n e dis e as e. M et a b olis m.  8 0 , 8 0– 9 0 ( 2 0 1 8).  

3 8 8.  R ai m o n di, L. et al.  I n v ol v e m e nt of m ulti pl e m y el o m a c ell-d eri v e d e x os o m es i n ost e o cl ast 

diff er e nti ati o n. O n c ot ar g et  ( 2 0 1 5) d oi: 1 0. 1 8 6 3 2/ o n c ot ar g et. 3 8 3 0. 

3 8 9.  R ai m o n d o, S. et al.  M ulti pl e m y el o m a -d eri v e d e x os o m es ar e e nri c h e d of a m p hir e g uli n 

( A R E G) a n d a cti v at e t h e e pi d er m al gr o wt h f a ct or p at h w a y i n t h e b o n e mi cr o e n vir o n m e nt 

l e a di n g t o ost e o cl ast o g e n esis. J. H e m at ol. O n c ol.  ( 2 0 1 9) d oi: 1 0. 1 1 8 6/s 1 3 0 4 5-0 1 8 -0 6 8 9 -y.  

3 9 0.  Z h a n g, L. et al.  T u m or -d eri v e d e xtr a c ell ul ar v esi cl es i n hi bit ost e o g e n esis a n d e x a c er b at e 

m y el o m a b o n e dis e as e. T h er a n osti cs  9 , 1 9 6– 2 0 9 ( 2 0 1 9).  

3 9 1.  M ol o u di z ar g ari, M. et al.  T h e e m er gi n g r ol e of e x os o m es i n m ulti pl e m y el o m a. Bl o o d 

R e v.  3 8 , 1 0 0 5 9 5 ( 2 0 1 9). 

3 9 2.  W a n g, J. et al.  B o n e m arr o w str o m al c ell -d eri v e d e x os o m es as c o m m u ni c at ors i n dr u g 

r esist a n c e i n m ulti pl e m y el o m a c ells. Bl o o d  ( 2 0 1 4) d oi: 1 0. 1 1 8 2/ bl o o d-2 0 1 4 -0 3 -5 6 2 4 3 9.  

3 9 3.  R o c c ar o, A. M. et al.  B M m es e n c h y m al str o m al c ell – d eri v e d e x os o m es f a cilit at e m ulti pl e 

m y el o m a pr o gr essi o n. J. Cli n. I n v est.  1 2 3 , 1 5 4 2– 1 5 5 5 ( 2 0 1 3).  

3 9 4.  Y os hi d a, M. et al.  mi R -7 9 7 7 i n hi bits t h e Hi p p o -Y A P si g n ali n g p at h w a y i n b o n e m arr o w 

m es e n c h y m al str o m al c ells. P L o S O n e  1 4 , e 0 2 1 3 2 2 0 ( 2 0 1 9). 

3 9 5.  H ori g u c hi, H. et al.  E xtr a c ell ul ar v esi cl e mi R -7 9 7 7 is i n v ol v e d i n h e m at o p oi eti c 
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d ysf u n cti o n of m es e n c h y m al str o m al c ells vi a p ol y(r C) bi n di n g pr ot ei n 1 r e d u cti o n i n 

m y el oi d n e o pl as ms. H a e m at ol o gi c a  ( 2 0 1 6) d oi: 1 0. 3 3 2 4/ h a e m at ol. 2 0 1 5. 1 3 4 9 3 2. 

3 9 6.  Vi ol a, S. et al.  Alt er ati o ns i n a c ut e m y el oi d l e u k a e mi a b o n e m arr o w str o m al c ell e x os o m e 

c o nt e nt c oi n ci d e wit h g ai ns i n t yr osi n e ki n as e i n hi bit or r esist a n c e. Britis h J o ur n al of 

H a e m at ol o g y  ( 2 0 1 6) d oi: 1 0. 1 1 1 1/ bj h. 1 3 5 5 1. 

3 9 7.  U m e z u, T., O h y as hi ki, K., K ur o d a, M. & O h y as hi ki, J. H. L e u k e mi a c ell t o e n d ot h eli al 

c ell c o m m u ni c ati o n vi a e x os o m al mi R N As. O n c o g e n e  ( 2 0 1 3) d oi: 1 0. 1 0 3 8/ o n c. 2 0 1 2. 2 9 5. 

3 9 8.  T a d o k or o, H., U m e z u, T., O h y as hi ki, K., Hir a n o, T. & O h y as hi ki, J. H. E x os o m es d eri v e d 

fr o m h y p o xi c l e u k e mi a c ells e n h a n c e t u b e f or m ati o n i n e n d ot h eli al c ells. J. Bi ol. C h e m.  

( 2 0 1 3) d oi: 1 0. 1 0 7 4/j b c. M 1 1 3. 4 8 0 8 2 2. 

3 9 9.  U m e z u, T. et al.  E x os o m al mi R -1 3 5 b s h e d fr o m h y p o xi c m ulti pl e m y el o m a c ells 

e n h a n c es a n gi o g e n esis b y t ar g eti n g f a ct or -i n hi biti n g HI F-1. Bl o o d  1 2 4 , 3 7 4 8– 3 7 5 7 

( 2 0 1 4). 

4 0 0.  Mi n e o, M. et al.  E x os o m es r el e as e d b y K 5 6 2 c hr o ni c m y el oi d l e u k e mi a c ells pr o m ot e 

a n gi o g e n esis i n a sr c -d e p e n d e nt f as hi o n. A n gi o g e n esis  ( 2 0 1 2) d oi: 1 0. 1 0 0 7/s 1 0 4 5 6-0 1 1 -

9 2 4 1 -1.  

4 0 1.  T a v er n a, S. et al.  R ol e of e x os o m es r el e as e d b y c hr o ni c m y el o g e n o us l e u k e mi a c ells i n 

a n gi o g e n esis. I nt. J. C a n c er ( 2 0 1 2) d oi: 1 0. 1 0 0 2/ij c. 2 6 2 1 7. 

4 0 2.  F a n g, Y. et al.  P M L – R A R a m o d ul at es t h e v as c ul ar si g n at ur e of e xtr a c ell ul ar v esi cl es 

r el e as e d b y a c ut e pr o m y el o c yti c l e u k e mi a c ells. A n gi o g e n esis  ( 2 0 1 6) d oi: 1 0. 1 0 0 7/s 1 0 4 5 6-

0 1 5 -9 4 8 6 -1.  
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4 0 3.  T a v er n a, S. et al.  E x os o m al s h uttli n g of mi R -1 2 6 i n e n d ot h eli al c ells m o d ul at es a d h esi v e 

a n d mi gr at or y a biliti es of c hr o ni c m y el o g e n o us l e u k e mi a c ells. M ol. C a n c er  ( 2 0 1 4) 

d oi: 1 0. 1 1 8 6/ 1 4 7 6 -4 5 9 8 -1 3 -1 6 9.  

4 0 4.  N a m e e, N. M. & O’ Dris c oll, L. E xtr a c ell ul ar v esi cl es a n d a nti -c a n c er dr u g r esist a n c e. 

Bi o c hi m. Bi o p h ys. A ct a - R e v. C a n c er  1 8 7 0 , 1 2 3– 1 3 6 ( 2 0 1 8).  

4 0 5.  H e a d, D. et al.  Eff e ct of a g gr essi v e d a u n o m y ci n t h er a p y o n s ur vi v al i n a c ut e 

pr o m y el o c yti c l e u k e mi a. Bl o o d  8 6 , 1 7 1 7– 2 8 ( 1 9 9 5).  

4 0 6.  Fili pits, M. et al.  M ulti dr u g r esist a n c e -ass o ci at e d pr ot ei n i n a c ut e m y el oi d l e u k e mi a: N o 

i m p a ct o n tr e at m e nt o ut c o m e. Cli n. C a n c er R es.  3 , 1 4 1 9– 2 5 ( 1 9 9 7).  

4 0 7.  B o u v y, C. et al.  Tr a nsf er of m ulti dr u g r esist a n c e a m o n g a c ut e m y el oi d l e u k e mi a c ells vi a 

e xtr a c ell ul ar v esi cl es a n d t h eir mi cr o R N A c ar g o. L e u k R es  6 2 , 7 0– 7 6 ( 2 0 1 7).  

4 0 8.  B e b a w y, M. et al.  M e m br a n e mi cr o p arti cl es m e di at e tr a nsf er of P -gl y c o pr ot ei n t o dr u g 

s e nsiti v e c a n c er c ells. L e u k e mi a  2 3 , 1 6 4 3– 1 6 4 9 ( 2 0 0 9).  

4 0 9.  A u n g, T. et al.  E x os o m al e v asi o n of h u m or al i m m u n ot h er a p y i n a g gr essi v e B -c ell 

l y m p h o m a m o d ul at e d b y A T P-bi n di n g c ass ett e tr a ns p ort er A 3. Pr o c. N atl. A c a d. S ci.  1 0 8 , 

1 5 3 3 6 – 1 5 3 4 1 ( 2 0 1 1).  

4 1 0.  O ks v ol d, M. P. et al.  E x pr essi o n of B -C ell S urf a c e A nti g e ns i n S u b p o p ul ati o ns of 

E x os o m es R el e as e d Fr o m B -C ell L y m p h o m a C ells. Cli n. T h er.  3 6 , 8 4 7-8 6 2. e 1 ( 2 0 1 4).  

4 1 1.  C h a p u y, B. et al.  I ntr a c ell ul ar A B C tr a ns p ort er A 3 c o nf ers m ulti dr u g r esist a n c e i n 

l e u k e mi a c ells b y l ys os o m al dr u g s e q u estr ati o n. L e u k e mi a  2 2 , 1 5 7 6– 1 5 8 6 ( 2 0 0 8).  

4 1 2.  G ar cí a -R o m er o, N. et al.  D N A s e q u e n c es wit hi n gli o m a -d eri v e d e xtr a c ell ul ar v esi cl es c a n 
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cr oss t h e i nt a ct bl o o d -br ai n b arri er a n d b e d et e ct e d i n p eri p h er al bl o o d of p ati e nts. 

O n c ot ar g et  8 , 1 4 1 6– 1 4 2 8 ( 2 0 1 7).  

4 1 3.  B al us u, S. et al.  I d e ntifi c ati o n of a n o v el m e c h a nis m of bl o o d– br ai n c o m m u ni c ati o n 

d uri n g p eri p h er al i nfl a m m ati o n vi a c h or oi d pl e x us‐ d eri v e d e xtr a c ell ul ar v esi cl es. E M B O 

M ol. M e d.  ( 2 0 1 6) d oi: 1 0. 1 5 2 5 2/ e m m m. 2 0 1 6 0 6 2 7 1. 

4 1 4.  C ai v a n o, A. et al.  Hi g h s er u m l e v els of e xtr a c ell ul ar v esi cl es e x pr essi n g m ali g n a n c y -

r el at e d m ar k ers ar e r el e as e d i n p ati e nts wit h v ari o us t y p es of h e m at ol o gi c al n e o pl asti c 

dis or d ers. T u m or Bi ol.  3 6 , 9 7 3 9– 5 2 ( 2 0 1 5).  

4 1 5.  S z c z e p a ns ki, M. J., S z aj ni k, M., W els h, A., W hit esi d e, T. L. & B o yi a d zis, M. Bl ast -

d eri v e d mi cr o v esi cl es i n s er a fr o m p ati e nts wit h a c ut e m y el oi d l e u k e mi a s u p pr ess n at ur al 

kill er c ell f u n cti o n vi a m e m br a n e -ass o ci at e d tr a nsf or mi n g gr o wt h f a ct or -β 1. 

H a e m at ol o gi c a  9 6 , 1 3 0 2– 1 3 0 9 ( 2 0 1 1).  

4 1 6.  v a n Eij n d h o v e n, M. A. J. et al.  Pl as m a v esi cl e mi R N As f or t h er a p y r es p o ns e m o nit ori n g 

i n H o d g ki n l y m p h o m a p ati e nts. J CI I nsi g ht  ( 2 0 1 6) d oi: 1 0. 1 1 7 2/j ci.i nsi g ht. 8 9 6 3 1. 

4 1 7.  T h ér y, C. et al.  Mi ni m al i nf or m ati o n f or st u di es of e xtr a c ell ul ar v esi cl es 2 0 1 8 

( MI S E V 2 0 1 8): a p ositi o n st at e m e nt of t h e I nt er n ati o n al S o ci et y f or E xtr a c ell ul ar V esi cl es 

a n d u p d at e of t h e MI S E V 2 0 1 4 g ui d eli n es. J. E xtr a c ell. V esi cl es  7 , 1 5 3 5 7 5 0 ( 2 0 1 8). 

4 1 8.  R ut h erf or d, S. C. et al.  E xtr a c ell ul ar v esi cl es i n D L B C L pr o vi d e a b u n d a nt cl u es t o 

a b err a nt tr a ns cri pti o n al pr o gr a m mi n g a n d g e n o mi c alt er ati o ns. Bl o o d  ( 2 0 1 8) 

d oi: 1 0. 1 1 8 2/ bl o o d -2 0 1 7 -1 2 -8 2 1 8 4 3.  

4 1 9.  C ai v a n o, A. et al.  Mi cr o R N A -1 5 5 i n s er u m -d eri v e d e xtr a c ell ul ar v esi cl es as a p ot e nti al 
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bi o m ar k er f or h e m at ol o gi c m ali g n a n ci es - a s h ort r e p ort. C ell. O n c ol.  ( 2 0 1 7) 

d oi: 1 0. 1 0 0 7/s 1 3 4 0 2 -0 1 6 -0 3 0 0 -x.  

4 2 0.  M a ni er, S. et al.  Pr o g n osti c r ol e of cir c ul ati n g e x os o m al mi R N As i n m ulti pl e m y el o m a. 

Bl o o d  ( 2 0 1 7) d oi: 1 0. 1 1 8 2/ bl o o d-2 0 1 6 -0 9 -7 4 2 2 9 6.  

4 2 1.  R ei n ers, K. S. et al.  E xtr a c ell ul ar v esi cl es r el e as e d fr o m c hr o ni c l y m p h o c yti c l e u k e mi a 

c ells e x hi bit a dis e as e r el e v a nt m R N A si g n at ur e a n d tr a nsf er m R N A t o b yst a n d er c ells. 

H a e m at ol o gi c a  ( 2 0 1 7) d oi: 1 0. 3 3 2 4/ h a e m at ol. 2 0 1 6. 1 5 3 1 9 7. 

4 2 2.  H a ns e n, H. P. et al.  Pr otr usi o n -g ui d e d e xtr a c ell ul ar v esi cl es m e di at e C D 3 0 tr a ns -

si g n alli n g i n t h e mi cr o e n vir o n m e nt of H o d g ki n’s l y m p h o m a. J. P at h ol.  ( 2 0 1 4) 

d oi: 1 0. 1 0 0 2/ p at h. 4 3 0 6.  

4 2 3.  D e L u c a, L. et al.  C h ar a ct eri z ati o n a n d pr o g n osti c r el e v a n c e of cir c ul ati n g mi cr o v esi cl es 

i n c hr o ni c l y m p h o c yti c l e u k e mi a. L e u k. L y m p h o m a  ( 2 0 1 7) 

d oi: 1 0. 1 0 8 0/ 1 0 4 2 8 1 9 4. 2 0 1 6. 1 2 4 3 7 9 0.  

4 2 4.  B o ys e n, J. et al.  D y n a mi cs of mi cr o v esi cl e g e n er ati o n i n B -c ell c hr o ni c l y m p h o c yti c 

l e u k e mi a: I m pli c ati o n i n dis e as e pr o gr essi o n. L e u k e mi a  ( 2 0 1 7) d oi: 1 0. 1 0 3 8/l e u. 2 0 1 6. 2 1 7. 

4 2 5.  Kris h n a n, S. R. et al.  Is ol ati o n of H u m a n C D 1 3 8 + Mi cr o p arti cl es fr o m t h e Pl as m a of 

P ati e nts wit h M ulti pl e M y el o m a. N e o pl asi a  ( 2 0 1 6) d oi: 1 0. 1 0 1 6/j. n e o. 2 0 1 5. 1 1. 0 1 1. 

4 2 6.  Yi, J. H., Ki m, S. J. & Ki m, W. S. Br e nt u xi m a b v e d oti n: cli ni c al u p d at es a n d pr a cti c al 

g ui d a n c e. Bl o o d R es.  5 2 , 2 4 3 ( 2 0 1 7). 

4 2 7.  G h el d of, D. et al.  Pr o c o a g ul a nt a cti vit y of e xtr a c ell ul ar v esi cl es as a p ot e nti al bi o m ar k er 

f or ris k of t hr o m b osis a n d DI C i n p ati e nts wit h a c ut e l e u k a e mi a. J. T hr o m b. T hr o m b ol ysis  
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( 2 0 1 7) d oi: 1 0. 1 0 0 7/s 1 1 2 3 9-0 1 6 -1 4 7 1 -z.  

4 2 8.  G h el d of, D. et al.  T hr o m bi n g e n er ati o n ass a y a n d tr a ns missi o n el e ctr o n mi cr os c o p y: A 

us ef ul c o m bi n ati o n t o st u d y tiss u e f a ct or -b e ari n g mi cr o v esi cl es. J. E xtr a c ell. V esi cl es  2 , 

1 9 7 2 8 ( 2 0 1 3).  

4 2 9.  G ust afs o n, H. H., H olt -C as p er, D., Gr ai n g er, D. W. & G h a n d e h ari, H. N a n o p arti cl e 

u pt a k e: T h e p h a g o c yt e pr o bl e m. N a n o T o d a y  v ol. 1 0 4 8 7 – 5 1 0 ( 2 0 1 5).  

4 3 0.  H os hi n o, A. et al.  T u m o ur e x os o m e i nt e gri ns d et er mi n e or g a n otr o pi c m et ast asis. N at ur e  

( 2 0 1 5) d oi: 1 0. 1 0 3 8/ n at ur e 1 5 7 5 6. 

4 3 1.  C ai v a n o, A. et al.  E xtr a c ell ul ar v esi cl es i n h e m at ol o gi c al m ali g n a n ci es: Fr o m bi ol o g y t o 

t h er a p y. I nt er n ati o n al J o ur n al of M ol e c ul ar S ci e n c es ( 2 0 1 7) d oi: 1 0. 3 3 9 0/ij ms 1 8 0 6 1 1 8 3. 

4 3 2.  B ur n o uf, T., A gr a h ari, V. & A gr a h ari, V. E xtr a c ell ul ar V esi cl es As N a n o m e di ci n e: H o p es 

A n d H ur dl es I n Cli ni c al Tr a nsl ati o n. I nt. J. N a n o m e di ci n e V ol u m e 1 4 , 8 8 4 7– 8 8 5 9 ( 2 0 1 9).  

4 3 3.  Ti a n, Y. et al.  A d o x or u bi ci n d eli v er y pl atf or m usi n g e n gi n e er e d n at ur al m e m br a n e 

v esi cl e e x os o m es f or t ar g et e d t u m or t h er a p y. Bi o m at eri als  3 5 , 2 3 8 3– 2 3 9 0 ( 2 0 1 4).  

4 3 4.  Li a n g, G. et al.  E n gi n e er e d e x os o m es f or t ar g et e d c o -d eli v er y of mi R -2 1 i n hi bit or a n d 

c h e m ot h er a p e uti cs t o r e v ers e dr u g r esist a n c e i n c ol o n c a n c er. J. N a n o bi ot e c h n ol o g y  1 8 , 1 0 

( 2 0 2 0). 

4 3 5.  B ell a vi a, D. et al.  I nt erl e u ki n 3- r e c e pt or t ar g et e d e x os o m es i n hi bit i n vitr o a n d i n vi v o 

C hr o ni c M y el o g e n o us L e u k e mi a c ell gr o wt h. T h er a n osti cs  7 , 1 3 3 3– 1 3 4 5 ( 2 0 1 7).  

4 3 6.  D o n g, Y. et al.  T ar g et e d bl o c ki n g of mi R 3 2 8 l ys os o m al d e gr a d ati o n wit h al k ali z e d 

e x os o m es s e nsiti z es t h e c hr o ni c l e u k e mi a c ells t o i m ati ni b. A p pl. Mi cr o bi ol. Bi ot e c h n ol.  
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1 0 3 , 9 5 6 9– 9 5 8 2 ( 2 0 1 9).  

4 3 7.  D e Mi g u el, D. et al.  Li p os o m es d e c or at e d wit h A p o 2 L/ T R AI L o v er c o m e c h e m or esist a n c e 

of h u m a n h e m at ol o gi c t u m or c ells. M ol. P h ar m.  1 0 , 8 9 3– 9 0 4 ( 2 0 1 3).  

4 3 8.  D e Mi g u el, D., G all e g o -Ll e y d a, A., A n el, A. & M arti n e z -L ost a o, L. Li p os o m e -b o u n d 

T R AI L i n d u c es s u p eri or D R 5 cl ust eri n g a n d e n h a n c e d DI S C r e cr uit m e nt i n histi o c yti c 

l y m p h o m a U 9 3 7 c ells. L e u k. R es.  ( 2 0 1 5) d oi: 1 0. 1 0 1 6/j.l e u kr es. 2 0 1 5. 0 3. 0 1 9. 

4 3 9.  G e hr m a n n, U., N äsl u n d, T. I., Hilt br u n n er, S., L arss e n, P. & G a bri elss o n, S. H ar n essi n g 

t h e e x os o m e-i n d u c e d i m m u n e r es p o ns e f or c a n c er i m m u n ot h er a p y. S e mi n ars i n C a n c er 

Bi ol o g y  ( 2 0 1 4) d oi: 1 0. 1 0 1 6/j.s e m c a n c er. 2 0 1 4. 0 5. 0 0 3. 

4 4 0.  H a o, S., B ai, O., Y u a n, J., Q ur es hi, M. & Xi a n g, J. D e n driti c c ell -d eri v e d e x os o m es 

sti m ul at e str o n g er C D 8 + C T L r es p o ns es a n d a ntit u m or i m m u nit y t h a n t u m or c ell -d eri v e d 

e x os o m es. C ell. M ol. I m m u n ol.  3 , 2 0 5– 1 1 ( 2 0 0 6).  

4 4 1.  C oli n o, J. & S n a p p er, C. M. E x os o m es fr o m B o n e M arr o w D e n driti c C ells P uls e d wit h 

Di p ht h eri a T o x oi d Pr ef er e nti all y I n d u c e T y p e 1 A nti g e n -S p e cifi c I g G R es p o ns es i n N ai v e 

R e ci pi e nts i n t h e A bs e n c e of Fr e e A nti g e n. J. I m m u n ol.  1 7 7 , 3 7 5 7– 3 7 6 2 ( 2 0 0 6).  

4 4 2.  T h ér y, C. et al.  I n dir e ct a cti v ati o n of n aï v e C D 4 + T c ells b y d e n driti c c ell-d eri v e d 

e x os o m es. N at. I m m u n ol.  3 , 1 1 5 6– 1 1 6 2 ( 2 0 0 2).  

4 4 3.  Q a zi, K. R., G e hr m a n n, U., J or d ö, E. D., K arlss o n, M. C. I. & G a bri elss o n, S. A nti g e n -

l o a d e d e x os o m es al o n e i n d u c e T hl-t y p e m e m or y t hr o u g h a B c ell d e p e n d e nt m e c h a nis m. 

Bl o o d  ( 2 0 0 9) d oi: 1 0. 1 1 8 2/ bl o o d-2 0 0 8 -0 4 -1 5 3 5 3 6.  

4 4 4.  S h e n, C., H a o, S. G., Z h a o, C. X., Z h u, J. & W a n g, C. A ntil e u k a e mi a i m m u nit y: Eff e ct of 
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e x os o m es a g ai nst N B 4 a c ut e pr o m y el o c yti c l e u k a e mi a c ells. J. I nt. M e d. R es.  ( 2 0 1 1) 

d oi: 1 0. 1 1 7 7/ 1 4 7 3 2 3 0 0 1 1 0 3 9 0 0 3 0 5.  

4 4 5.  Y a o, Y. et al.  D e n driti c c ells p uls e d wit h l e u k e mi a c ell -d eri v e d e x os o m es m or e effi ci e ntl y 

i n d u c e a ntil e u k e mi c i m m u niti es. P L o S O n e  ( 2 0 1 4) d oi: 1 0. 1 3 7 1/j o ur n al. p o n e. 0 0 9 1 4 6 3. 

4 4 6.  Es c u di er, B. et al.  V a c ci n ati o n of m et ast ati c m el a n o m a p ati e nts wit h a ut ol o g o us d e n driti c 

c ell ( D C) d eri v e d -e x os o m es: R es ults of t h e first p h as e 1 cli ni c al tri al. J. Tr a nsl. M e d.  3 , 1 0 

( 2 0 0 5). 

4 4 7.  Br us er u d, Ø., Gl e nj e n, N., R y ni n g e n, A. & Ul v est a d, E. I n vitr o c ult ur e of h u m a n a c ut e 

l y m p h o bl asti c l e u k e mi a ( A L L) c ells i n s er u m-fr e e m e di a; a c o m p aris o n of n ati v e A L L 

bl asts, A L L c ell li n es a n d vir us -tr a nsf or m e d B c ell li n es. L e u k. R es.  2 7 , 4 5 5– 4 6 4 ( 2 0 0 3).  

4 4 8.  J o y, A. P. et al.  Pr ot e o m e pr ofili n g of e xtr a c ell ul ar v esi cl es c a pt ur e d wit h t h e affi nit y 

p e pti d e V n 9 6: c o m p aris o n of L a e m mli a n d T RI z ol © pr ot ei n -e xtr a cti o n m et h o ds. J. 

E xtr a c ell. V esi cl es  ( 2 0 1 8) d oi: 1 0. 1 0 8 0/ 2 0 0 1 3 0 7 8. 2 0 1 8. 1 4 3 8 7 2 7. 

4 4 9.  P a g e, M. J. et al.  T h e P RI S M A 2 0 2 0 st at e m e nt: A n u p d at e d g ui d eli n e f or r e p orti n g 

s yst e m ati c r e vi e ws. B M J  3 8 2 , ( 2 0 2 1). 

4 5 0.  Kr at z, A., T o mit a, M. & Kris h n a n, A. G e N E Si S: G e n e n et w or k e v ol uti o n si m ul ati o n 

s oft w ar e. B M C Bi oi nf or m ati cs  9 , ( 2 0 0 8). 

4 5 1.  D w e e p, H., Gr et z, N. & Sti c ht, C. Mi R W al k d at a b as e f or mi R N A -t ar g et i nt er a cti o ns. 

M et h o ds M ol. Bi ol.  1 1 8 2 , 2 8 9– 3 0 5 ( 2 0 1 4).  

4 5 2.  C h e n, Y. & W a n g, X. Mi R D B: A n o nli n e d at a b as e f or pr e di cti o n of f u n cti o n al mi cr o R N A 

t ar g ets. N u cl ei c A ci ds R es.  4 8 , D 1 2 7– D 1 3 1 ( 2 0 2 0).  
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4 5 3.  Bi n d e a, G. et al.  Cl u e G O: A C yt os c a p e pl u g -i n t o d e ci p h er f u n cti o n all y gr o u p e d g e n e 

o nt ol o g y a n d p at h w a y a n n ot ati o n n et w or ks. Bi oi nf or m ati cs  2 5 , 1 0 9 1– 1 0 9 3 ( 2 0 0 9).  

4 5 4.  M arti n, M. C ut a d a pt r e m o v es a d a pt er s e q u e n c es fr o m hi g h -t hr o u g h p ut s e q u e n ci n g r e a ds. 

E M B n et.j o ur n al  1 7 , 1 0 ( 2 0 1 1). 

4 5 5.  A n dr e ws, S. & ot h ers. F ast Q C: a q u alit y c o ntr ol t o ol f or hi g h t hr o u g h p ut s e q u e n c e d at a. 

Htt ps:// W w w. Bi oi nf or m ati cs. B a br a h a m. A c. U k/ Pr oj e cts/ F ast q c/  

htt p:// w w w. bi oi nf or m ati cs. b a br a h a m. a c. u k/ pr oj e cts/ ( 2 0 1 0).  

4 5 6.  E w els P hili p, M a g n uss o n M å ns, L u n di n S v er k er & K äll er M a x. M ulti Q C: s u m m ari z e 

a n al ysis r es ults f or m ulti pl e t o ols a n d s a m pl es i n a si n gl e r e p ort. Bi oi nf or m ati cs  3 2 , 3 0 4 7–

3 0 4 8 ( 2 0 1 6).  

4 5 7.  L a n g m e a d, B., Tr a p n ell, C., P o p, M. & S al z b er g, S. L. Ultr af ast a n d m e m or y -effi ci e nt 

ali g n m e nt of s h ort D N A s e q u e n c es t o t h e h u m a n g e n o m e. G e n o m e Bi ol.  1 0 , R 2 2 ( 2 0 0 9). 

4 5 8.  H e n g, L. et al.  T h e S e q u e n c e Ali g n m e nt/ M a p f or m at a n d S A Mt o ols. Bi oi nf or m ati cs  2 5 , 

2 0 7 8 – 2 0 7 9 ( 2 0 0 9).  

4 5 9.  R o bi ns o n, J. T. et al.  I nt e gr ati v e g e n o mi cs vi e w er. N at. Bi ot e c h n ol.  2 9 , 2 4– 2 6 ( 2 0 1 1).  

4 6 0.  R u e d a, A. et al.  S R N At o ol b o x: A n i nt e gr at e d c oll e cti o n of s m all R N A r es e ar c h t o ols. 

N u cl ei c A ci ds R es.  4 3 , W 4 6 7– W 4 7 3 ( 2 0 1 5).  

4 6 1.  Li a o, Y., S m yt h, G. K. & S hi, W. F e at ur e C o u nts: A n effi ci e nt g e n er al p ur p os e pr o gr a m 

f or assi g ni n g s e q u e n c e r e a ds t o g e n o mi c f e at ur es. Bi oi nf or m ati cs  3 0 , 9 2 3– 9 3 0 ( 2 0 1 4).  

4 6 2.  L o v e, M. I., H u b er, W. & A n d ers, S. M o d er at e d esti m ati o n of f ol d c h a n g e a n d dis p ersi o n 

f or R N A-s e q d at a wit h D E S e q 2. G e n o m e Bi ol.  ( 2 0 1 4) d oi: 1 0. 1 1 8 6/s 1 3 0 5 9-0 1 4 -0 5 5 0 -8.  
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4 6 3.  St ur n, A., Q u a c k e n b us h, J. & Tr aj a n os ki, Z. G e n esis: Cl ust er a n al ysis of mi cr o arr a y d at a. 

Bi oi nf or m ati cs  1 8 , 2 0 7– 2 0 8 ( 2 0 0 2).  

4 6 4.  S h a n n o n, P. et al.  C yt os c a p e: A s oft w ar e E n vir o n m e nt f or i nt e gr at e d m o d els of 

bi o m ol e c ul ar i nt er a cti o n n et w or ks. G e n o m e R es.  1 3 , 2 4 9 8– 2 5 0 4 ( 2 0 0 3).  

4 6 5.  Y u, G., W a n g, L. G., H a n, Y. & H e, Q. Y. Cl ust er Pr ofil er: A n R p a c k a g e f or c o m p ari n g 

bi ol o gi c al t h e m es a m o n g g e n e cl ust ers. O mi. A J. I nt e gr. Bi ol.  1 6 , 2 8 4– 2 8 7 ( 2 0 1 2).  

4 6 6.  L u o, W eij u n, B. & C or y. “ P at h vi e w: a n R/ Bi o c o n d u ct or p a c k a g e f or p at h w a y -b as e d d at a 

i nt e gr ati o n a n d vis u ali z ati o n. ” Bi oi nf or m ati cs  2 9 , 1 8 3 0– 1 8 3 1 ( 2 0 1 3).  

4 6 7.  C u n ni n g h a m, F. et al.  E ns e m bl 2 0 2 2. N u cl ei c A ci ds R es.  5 0 , D 9 8 8– D 9 9 5 ( 2 0 2 2).  

4 6 8.  Wi c k h a m, H. g g pl ot 2: El e g a nt Gr a p hi cs f or D at a A n al ysis - B o o kr e vi e w. J. St at. S oft w.  

3 5 , 1– 3 ( 2 0 1 0).  

4 6 9.  Li u, W. & W a n g, X. Pr e di cti o n of f u n cti o n al mi cr o R N A t ar g ets b y i nt e gr ati v e m o d eli n g 

of mi cr o R N A bi n di n g a n d t ar g et e x pr essi o n d at a. G e n o m e Bi ol.  ( 2 0 1 9) 

d oi: 1 0. 1 1 8 6/s 1 3 0 5 9 -0 1 9 -1 6 2 9 -z.  

4 7 0.  A g ar w al, V., B ell, G. W., N a m, J. W. & B art el, D. P. Pr e di cti n g eff e cti v e mi cr o R N A 
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 2 8 9  

Pr e v.  2 1 , 1 4 8 7– 1 4 9 4 ( 2 0 2 0).  

4 7 3.  G a y n o n, P. S. et al.  L o n g -t er m r es ults of t h e c hil dr e n’s c a n c er gr o u p st u di es f or c hil d h o o d 
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M et h o ds f or e x R N A Is ol ati o n. C ell  1 7 7 , 4 4 6-4 6 2. e 1 6 ( 2 0 1 9).  
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v ol. 3 6 1 2 2 6 – 1 2 3 2 ( 2 0 1 6).  

4 8 3.  H u e n, K., Li z arr a g a, D., K o g ut, K., Es k e n a zi, B. & H oll a n d, N. A g e -r el at e d diff er e n c es i n 
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pr o g e nit or B c ells. O n c ot ar g et  7 , 1 7 5 2 0– 1 7 5 3 1 ( 2 0 1 6).  

4 8 7.  Kr a m er, N. J. et al.  Alt er e d l y m p h o p oi esis a n d i m m u n o d efi ci e n c y i n mi R -1 4 2 n ull mi c e. 
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1 2 8 ( 2 0 1 5).  

5 0 3.  L e e, J. H. S., V o, T. T. & Fr u m a n, D. A. T ar g eti n g m T O R f or t h e tr e at m e nt of B c ell 
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O n c o g e n e  3 2 , 3 0 3 9– 3 0 4 8 ( 2 0 1 3).  

5 0 5.  Es p ar z a, S. D. & S a k a m ot o, K. M. T o pi cs i n p e di atri c l e u k e mi a - A c ut e l y m p h o bl asti c 
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5 0 6.  S c h ult z, K. R. et al.  Ris k - a n d r es p o ns e -b as e d cl assifi c ati o n of c hil d h o o d B -pr e c urs or 

a c ut e l y m p h o bl asti c l e u k e mi a: A c o m bi n e d a n al ysis of pr o g n osti c m ar k ers fr o m t h e 

P e di atri c O n c ol o g y Gr o u p ( P O G) a n d C hil dr e n’s C a n c er Gr o u p ( C C G). Bl o o d  1 0 9 , 9 2 6–

9 3 5 ( 2 0 0 7).  
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a c ut e l y m p h o bl asti c l e u k e mi a fr o m t h e 1 9 8 0s t o t h e e arl y 2 1st c e nt ur y. Bl o o d  1 1 3 , 1 4 0 8–
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vi n cristi n e, d o x or u bi ci n, a n d d e x a m et h as o n e ( H y p er -C V A D), a d os e -i nt e nsi v e r e gi m e n, i n 

a d ult a c ut e l y m p h o c yti c l e u k e mi a. C a n c er  1 0 1 , 2 7 8 8– 2 8 0 1 ( 2 0 0 4).  
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i nt e nsi v e c h e m ot h er a p y: P o g ( p e di atri c o n c ol o g y gr o u p) st u d y 9 4 1 1 ( SI M A L 9). J. 
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a n d i m pli c ati o ns f or c orr e ct cli ni c al i nt er pr et ati o n. H e m at ol o g y  ( 2 0 1 7) 

d oi: 1 0. 1 1 8 2/ as h e d u c ati o n -2 0 1 7. 1. 1 3.  
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H a e m at ol o gi c a  1 0 4 , 2 0 2 8– 2 0 3 9 ( 2 0 1 9).  

5 1 5.  B err y, D. A. et al.  Ass o ci ati o n of mi ni m al r esi d u al dis e as e wit h cli ni c al o ut c o m e i n 

p e di atri c a n d a d ult a c ut e l y m p h o bl asti c l e u k e mi a: A m et a -a n al ysis. J A M A O n c ol.  3 , 
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bi o m ar k ers f or r e n al dis e as e. Ki d n e y I nt.  7 8 , 1 9 1– 1 9 9 ( 2 0 1 0).  
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7 2 3.  H a n a h a n, D. & W ei n b er g, R. A. T h e h all m ar ks of c a n c er. C ell  1 0 0 , 5 7– 7 0 ( 2 0 0 0).  

7 2 4.  H a n a h a n, D. & W ei n b er g, R. A. H all m ar ks of C a n c er: T h e N e xt G e n er ati o n. C ell  1 4 4 , 

6 4 6 – 6 7 4 ( 2 0 1 1).  

7 2 5.  M u n a g al a, R. et al.  E x os o m e -m e di at e d d eli v er y of R N A a n d D N A f or g e n e t h er a p y. 

C a n c er L ett.  5 0 5 , 5 8– 7 2 ( 2 0 2 1).  

7 2 6.  A h m a di, S. E. et al.  Vir al v e ct ors a n d e xtr a c ell ul ar v esi cl es: i n n at e d eli v er y s yst e ms 

utili z e d i n C RI S P R/ C as -m e di at e d c a n c er t h er a p y. C a n c er G e n e T h er.  ( 2 0 2 3) 

d oi: 1 0. 1 0 3 8/s 4 1 4 1 7 -0 2 3 -0 0 5 9 7 -z.  

7 2 7.  C ollis o n, L. W. et al.  I L-3 5 -m e di at e d i n d u cti o n of a p ot e nt r e g ul at or y T c ell p o p ul ati o n. 

N at. I m m u n ol.  1 1 , 1 0 9 3– 1 1 0 1 ( 2 0 1 0).  

7 2 8.  S ulli v a n, J. A. et al.  Tr e g -C ell -D eri v e d I L -3 5 -C o at e d E xtr a c ell ul ar V esi cl es Pr o m ot e 

I nf e cti o us T ol er a n c e. C ell R e p.  3 0 , 1 0 3 9-1 0 5 1. e 5 ( 2 0 2 0).  

 

 

A p p e n di c e s 

 

A p p e n di x A: C o p y ri g ht li c e ns es   

Li c e ns e f or L o n gj o h n et al, 2 0 1 9  –  Bl o o d R e vi e ws  

Li c e ns e f or L o n gj o h n et al, 2 0 2 2 –  G e n e  

Fr o m: T h o m as R e xs o n Y es u d oss  



 3 1 9  

D at e: T u es d a y, J ul y 1 1, 2 0 2 3 0 3: 5 5 P M G M T  

D e ar M o d eli n e L o n gj o h n,  

T h a n k y o u f or c o nt a cti n g us.  

As a n Els e vi er j o ur n al a ut h or, y o u r et ai n t h e ri g ht t o I n cl u d e t h e arti cl e i n a t h esis or diss ert ati o n 

( pr o vi d e d t h at t his is n ot t o b e p u blis h e d c o m m er ci all y) w h et h er i n f ull or i n p art, s u bj e ct t o pr o p er 

a c k n o wl e d g m e nt;  s e e  htt ps:// w w w. els e vi er. c o m/ a b o ut / p oli ci es/ c o p yri g ht  f or  m or e  i nf or m ati o n. 

As t his is a r et ai n e d ri g ht, n o writt e n p er missi o n fr o m Els e vi er is n e c ess ar y.  

As  o utli n e d  i n  o ur  p er missi o ns  li c e ns es,  t his  e xt e n ds  t o  t h e  p osti n g  t o  y o ur  u ni v ersit y’s  di git al 

r e p osit or y of t h e t h esis pr o vi d e d t h at if y o u i n cl u d e t h e p u blis h e d j o ur n al arti cl e ( PJ A) v ersi o n, it 

is e m b e d d e d i n y o ur t h esis o nl y a n d n ot s e p ar at el y d o w nlo a d a bl e.  

T h a n k y o u.  

Ki n d r e g ar ds,  

T h o m as R e xs o n Y es u d oss  

C o p yri g hts S p e ci alist  

E L S E VI E R | H C M - H e alt h C o nt e nt M a n a g e m e nt  
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A p p e n di x B: C o d es a n d s c ri pts f o r bi oi nf o r m ati cs  

B 1:  Et hi cs a p pr o v al f or p e di atri c B -A L L E V s m all R N A si g n at ur e  a n d p a c k a gi n g  st u d y  

 

 

 

Fr o m : j. h u d s o n j. h u d s o n @ m u n. c a
S u bj e ct : F w d: H R E B - A p pr o v al of Et hi c s R e n e w al 5 8 7 7 8 2

D at e : M a y 2 4, 2 0 2 3 at 9: 3 2 A M
T o : S h erri C hri sti a n s h erri @ m u n. c a

T hi s w a s t h e e m ail c o n fir m ati o n of a p pr o v al a n d t h e n i u p d at e t h e f all f or t h e n e xt a d diti o n al y e ar

C h e er s,
J o- A n n a

---------- F or w ar d e d m e s s a g e ---------
Fr o m: < a d mi ni str at or @ hr e a. c a >
D at e: W e d, S e p 2 8, 2 0 2 2 at 8: 5 3  A M
S u bj e ct: H R E B - A p pr o v al of Et hi c s R e n e w al 5 8 7 7 8 2
T o: H u d s o n J o- A n n a( Pri n ci p al I n v e sti g at or) < j. h u d s o n @ m u n. c a>
C c: M o or e h e a d P a ul( S u p er vi s or) < p a ul. m o or e h e a d @ e a st er n h e alt h. c a >, < a d mi ni str at or @ hr e a. c a >

R e s e ar c h er P ort al Fil e #: 2 0 1 9 0 0 5 3 

D e ar Dr. J o- A n n a H u d s o n: 

T hi s e- m ail s er v e s a s n otifi c ati o n t h at y o ur et hi c s r e n e w al f or st u d y H R E B #
2 0 1 8. 0 6 9 – C h ar a ct eri zi n g e xtr a c ell ul ar v e si cl e s i n a c ut e l y m p h o bl a sti c l e u k e mi a –
h a s b e e n a p pr o v e d . Pl e a s e l o g i n t o t h e R e s e ar c h er P ort al t o vi e w t h e a p pr o v e d
e v e nt. 

Et hi c s a p pr o v al f or t hi s pr oj e ct h a s b e e n gr a nt e d f or a p eri o d of t w el v e m o nt h s
eff e cti v e fr o m S e pt e m b er 1 8, 2 0 2 2  t o S e pt e m b er 1 8, 2 0 2 3 . 

Pl e a s e n ot e, it i s t h e r e s p o n si bilit y of t h e Pri n ci p al I n v e sti g at or ( PI) t o e n s ur e t h at
t h e Et hi c s R e n e w al f or m i s s u b mitt e d pri or t o t h e r e n e w al d at e e a c h y e ar. T h o u g h
t h e R e s e ar c h Et hi c s Offi c e m a k e s e v er y eff ort t o r e mi n d t h e PI of t hi s r e s p o n si bilit y,
t h e PI m a y n ot r e c ei v e a r e mi n d er. T h e Et hi c s R e n e w al f or m c a n b e f o u n d o n t h e
R e s e ar c h er P ort al a s a n “ E v e nt”. 

T h e et hi c s r e n e w al [ will b e r e p ort e d] t o t h e H e alt h R e s e ar c h Et hi c s B o ar d at t h eir
m e eti n g d at e d O ct o b er 6, 2 0 2 2 . 

T h a n k y o u, 

R e s e ar c h Et hi c s Offi c e 

( e) i nf o @ hr e a. c a
(t) 7 0 9- 7 7 7- 6 9 7 4
(f) 7 0 9- 7 7 7- 8 7 7 6
( w) w w w. hr e a. c a
Offi c e H o ur s: 8: 3 0 a. m. – 4: 3 0 p. m. ( N L TI M E) M o n d a y- Fri d a y

T hi s e m ail i s i nt e n d e d a s a pri v at e c o m m u ni c ati o n f or t h e s ol e u s e of t h e pri m ar y a d dr e s s e e a n d t h o s e
i n di vi d u al s c o pi e d i n t h e ori gi n al m e s s a g e. If y o u ar e n ot a n i nt e n d e d r e ci pi e nt of t hi s m e s s a g e y o u ar e
h er e b y n otifi e d t h at c o p yi n g, f or w ar di n g or ot h er di s s e mi n ati o n or di stri b uti o n of t hi s c o m m u ni c ati o n b y
a n y m e a n s i s pr o hi bit e d. If y o u b eli e v e t h at y o u h a v e r e c ei v e d t hi s m e s s a g e i n err or pl e a s e n otif y t h e
ori gi n al s e n d er i m m e di at el y.  
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B 2:  Et hi cs a p pr o v al f or eff e ct of st or a g e c o n diti o ns o n E V is ol ati o n st u d y  

  

Fr o m : a d mi ni str at or @ hr e a. c a
S u bj e ct : H R E B - A p pr o v al of Et hi c s R e n e w al 2 0 2 2 2 3 5 0

D at e : J a n u ar y 1 0, 2 0 2 3 at 8: 3 9 P M
T o : C hri sti a n S h erri L y n n( Pri n ci p al I n v e sti g at or) s h erri @ m u n. c a
C c : P u g h Tr e v or( E xt er n al C o- PI) tr e v or. p u g h @ ut or o nt o. c a, a d mi ni str at or @ hr e a. c a

R e s e ar c h er P ort al Fil e #: 2 0 2 2 2 3 5 0 

D e ar Dr. S h erri L y n n C hri sti a n: 

T hi s e- m ail s er v e s a s n otifi c ati o n t h at y o ur et hi c s r e n e w al f or st u d y H R E B #
2 0 2 2. 0 0 5 – A s s e s si n g st or a g e c o n diti o n s f or e xtr a c ell ul ar v e si cl e i s ol ati o n fr o m
uri n e a n d pl a s m a – h a s b e e n a p pr o v e d . Pl e a s e l o g i n t o t h e R e s e ar c h er P ort al t o
vi e w t h e a p pr o v e d e v e nt. 

Et hi c s a p pr o v al f or t hi s pr oj e ct h a s b e e n gr a nt e d f or a p eri o d of t w el v e m o nt h s
eff e cti v e fr o m J a n u ar y 2 5, 2 0 2 3 t o J a n u ar y 2 5, 2 0 2 4.

Pl e a s e n ot e, it i s t h e r e s p o n si bilit y of t h e Pri n ci p al I n v e sti g at or ( PI) t o e n s ur e t h at
t h e Et hi c s R e n e w al f or m i s s u b mitt e d pri or t o t h e r e n e w al d at e e a c h y e ar. T h o u g h
t h e R e s e ar c h Et hi c s Offi c e m a k e s e v er y eff ort t o r e mi n d t h e PI of t hi s r e s p o n si bilit y,
t h e PI m a y n ot r e c ei v e a r e mi n d er. T h e Et hi c s R e n e w al f or m c a n b e f o u n d o n t h e
R e s e ar c h er P ort al a s a n “ E v e nt”. 

T h e et hi c s r e n e w al will b e r e p ort e d  t o t h e H e alt h R e s e ar c h Et hi c s B o ar d at t h eir
m e eti n g d at e d J a n u ar y 2 4, 2 0 2 3

T h a n k y o u, 

R e s e ar c h Et hi c s Offi c e 

( e) i nf o @ hr e a. c a
(t) 7 0 9- 7 7 7- 6 9 7 4
(f) 7 0 9- 7 7 7- 8 7 7 6
( w) w w w. hr e a. c a
Offi c e H o ur s: 8: 3 0 a. m. – 4: 3 0 p. m. ( N L TI M E) M o n d a y- Fri d a y

T hi s e m ail i s i nt e n d e d a s a pri v at e c o m m u ni c ati o n f or t h e s ol e u s e of t h e pri m ar y a d dr e s s e e a n d t h o s e
i n di vi d u al s c o pi e d i n t h e ori gi n al m e s s a g e. If y o u ar e n ot a n i nt e n d e d r e ci pi e nt of t hi s m e s s a g e y o u ar e
h er e b y n otifi e d t h at c o p yi n g, f or w ar di n g or ot h er di s s e mi n ati o n or di stri b uti o n of t hi s c o m m u ni c ati o n b y
a n y m e a n s i s pr o hi bit e d. If y o u b eli e v e t h at y o u h a v e r e c ei v e d t hi s m e s s a g e i n err or pl e a s e n otif y t h e
ori gi n al s e n d er i m m e di at el y.  
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A p p e n di x C : C o d es a n d s c ri pts f o r bi oi nf o r m ati cs 

C 1 :  C o d es a n d s cri pts f or c h a pt er 3  

 

#   Diff er e nti al e x pr essi o n a n al ysis usi n g z -s c or es wit h li m m a  

s et w d()  

g et w d()  

 

# S cri pt f or n or m ali zi n g a n d D E a n al ysis of mi R N A r a w d at a #s o ur c e: Li m m a Us er's g ui d e (l ast 

r e visi o n 1 2/ 0 6/ 2 0 2 0) 

li br ar y( oli g o) 

li br ar y(li m m a) 

 

# T o e x pl or e t h e list of G E O s a m pl e ( G S M), G E O s eri es ( G S E) (list of G S M fil es t h at t h at m a k e 

u p a si n gl e e x p eri m e nt)  

gs e < - g et G E O( " G S E 5 6 4 8 9 ", G S E M atri x = T R U E)  

s h o w( gs e)  

 

# D o w nl o a d  r a w d at a fr o m G E O d at a b as e i nt o w d 

fil e P at hs = g et G E O S u p p Fil es( " G S E 5 6 4 8 9 ") 

fil e P at hs 

# B e c a us e t h es e h a v e alr e a d y b e e n s et u p a n d o pti mis e d , d o n't r u n li n es 1 0-1 6. st art fr o m li n e 1 9  

# S et W D t o t h e ' G S E 5 6 4 8 9 _ R A W 2' f ol d er  
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# R e a d i n t h e r a w fil es  

#t ar g et.t xt fil e d es cri b es  t h e d esi g n of t h e e x p eri m e nt ( d e n ot es s p e cifi c fil es f or t h e d at a t h e y 

r e pr es e nt) 

t ar g ets <- r e a d T ar g ets( " G S E 5 6 4 8 9t ar g et 7 e.t xt ", r o w. n a m es = " N a m e ") # or n a m e of t ar g ets fil e #  

t ar g ets #t o s h o w t ar g et fil e c o m p o n e nts 

f e bit <- list( E = " V A L U E ") 

ot h er = c( "I D _ R E F ")  

x < - r e a d. m ai m a g es(t ar g ets, s o ur c e = " g e n eri c ", c ol u m ns =f e bit, a n n ot ati o n = ot h er, gr e e n. o nl y = T)  

di m( x)  

x # N ot e: X is a n o bj e ct of cl ass " E List R a w "  

# R e pl a c e N A wit h 0  

s u m m ar y( x)  

x $ E[is. n a( x $ E)] < - 0  

x  

b o x pl ot( x $ E)  

# Q u alit y c o ntr ol of u n n or m ali z e d d at a  

pl ot M D( x $ E)  

 

# N or m ali z e b et w e e n arr a ys  

y < - n or m ali z e B et w e e n Arr a ys( x)  

y # N ot e: y is a n o bj e ct of cl ass " E List "  

 

# R e pl a c e N A wit h 0  
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s u m m ar y( y)  

y $ E[is. n a( y $ E)] < - 0  

y  

 

# pl ot b o x pl ot  

b o x pl ot(l o g 2( y $ E), r a n g e = 0, yl a b = "l o g 2 i nt e nsit y ") #l o g 2 tr a nsf or m o nl y if t h at w as n ot d o n e b y 

pr e vi o us c o d es  

 

# M D pl ot p ost n or m  

pl ot M D( y $ E)  

 

# M D S pl ot t o s h o w b at c h eff e ct  

# M ulti di m e nsi o n al s c ali n g ( M D S) is a m e a ns of vis u ali zi n g t h e l e v el of si mil arit y of i n di vi d u al 

c as es of a d at as et. M D S is us e d t o tr a nsl at e "i nf or m ati o n a b o ut t h e p air wis e ' dist a n c es' a m o n g a 

s et of n o bj e cts or i n di vi d u als " i nt o a c o nfi g ur ati o n of n p oi n ts m a p p e d i nt o a n a bstr a ct C art esi a n 

s p a c e.  

pl ot M D S( y $ E)  

y # N ot e: y is a n o bj e ct of cl ass " E List "  

 

# Diff er e nti al g e n e e x pr essi o n a n al ysis  

#sti p ul at e m o d el m atri x  
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d esi g n < - 

m o d el. m atri x( ~ 0 +f a ct or( c( 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1

, 1, 1, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0))) 

h e a d( d esi g n)  

 

#sti p ul at e c ol u m n n a m es  

c ol n a m es( d esi g n) < - c( " H C ", " A L L ")  

d esi g n  

 

# At t his p oi nt, c h a n g e t h e W D t o t h e ' Z -s c or es' f ol d er  

writ e. cs v( y, fil e = "f or zs c or es. cs v ")  

Zs c or es 5 6 4 < - r e a d. cs v( "f or zs c or es. cs v ", h e a d er = T) 

Zs c or es 5 6 4  

 

c ol n a m es( Zs c or es 5 6 4)  

r o w. n a m es( Zs c or es 5 6 4) 

 

# C al c ul at e Z.s c or es f or e a c h g e n e a cr oss t h e s a m pl es ( p er r o ws)  

# S c al e()  

t. Zs c or es 5 6 4 <- t( Zs c or es 5 6 4) 

writ e. cs v(t. Zs c or es 5 6 4, fil e = "t. Zs c or es 5 6 4. cs v ")  
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# O p e n cs v fil e i n e x c el, d el et e x a n d a d diti o n al c ol u m n 1 a n d r o ws 1 a n d 2, s a v e as cs v a n d r e a d 

i n 

t. Zs c or es 5 6 4 <- r e a d. cs v( "t. Zs c or es 5 6 4. 2. cs v ", h e a d er = F) 

t. Zs c or es 5 6 4 

 

# C al c ul at e Z s c or es a n d writ e i nt o cs v  

Z.s c or es. 5 6 4 < - s c al e(t. Zs c or es 5 6 4)  

writ e. cs v( Z.s c or es. 5 6 4, fil e = "f or zs c or es. 1. cs v ")  

 

# A d d c ol u m ns a n d r o ws a n d r e a d i n cs v i n t h e s a m e or d er as i n fil e fr o m li n e 8 2  

z.s c or es. 5 6 4 < - r e a d. cs v( "f or zs c or es. 2. cs v ") 

z.s c or es. 5 6 4  

Z.s c or es. 5 6 4 < - t( z.s c or es. 5 6 4) 

writ e. cs v( Z.s c or es. 5 6 4, fil e = " zs c or esf or h e at m a ps 5 6 4 8 9. cs v ")  

 

# V e n n di a gr a m  

li br ar y( " g d at a ") 

g e n e Lists < - r e a d. xls( " v e n ns a m pl e 1. xls x ", s h e et = 1, stri n gs As F a ct ors = F A L S E, h e a d er = T R U E)  

h e a d( g e n e Lists)  

t ail( g e n e Lists) 

g e n e L S < - l a p pl y( as.list( g e n e Lists), f u n cti o n( x) x[ x ! = " "]) 

r e m o v e E M P T Ystri n gs <- f u n cti o n( x) { 
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n e w V e ct or W Ostri n gs < - x[ x ! = " "]  

r et ur n( n e w V e ct or W Ostri n gs)  

g e n e L S 2 < - l a p pl y( as.list( g e n e Lists), r e m o v e E M P T Ystri n gs) 

 

# Y o u c a n pri nt t h e l ast 6 e ntri es of e a c h v e ct or st or e d i n y o ur list, as f oll o ws:  

l a p pl y( g e n e L S, t ail) 

l a p pl y( g e n e L S 2, t ail) # B ot h m et h o ds r et ur n t h e s a m e r es ults 

 

# W e c a n r e n a m e o ur list v e ct ors  

n a m es( g e n e L S) < - c( " C o n diti o n A ", " C o n diti o n B ")  

 

# N o w w e c a n pl ot a V e n n di a gr a m wit h t h e V e n n Di a gr a m R p a c k a g e, as f oll o ws:  

r e q uir e( " V e n n Di a gr a m ") 

 

V E N N. LI S T < - g e n e L S  

v e n n. pl ot < - v e n n. di a gr a m( V E N N. LI S T , N U L L, fill = c( " d ar k m a g e nt a ", " d ar k bl u e "), 

al p h a = c( 0. 5, 0. 5), c e x = 2, c at.f o ntf a c e = 4, c at e g or y. n a m es = c( " A ", " B "), m ai n = " R a n d o m G e n e 

Lists ")  

 

# T o pl ot t h e v e n n di a gr a m w e will us e t h e gri d. dr a w() f u n cti o n t o pl ot t h e v e n n di a gr a m  

gri d. dr a w( v e n n. pl ot)  

 

# T o g et t h e list of g e n e pr es e nt i n e a c h V e n n c o m p art m e nt w e c a n us e t h e g pl ots p a c k a g e  
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r e q uir e( " g pl ots ") 

a < - v e n n( V E N N. LI S T, s h o w. pl ot = F A L S E)  

 

# Y o u c a n i ns p e ct t h e c o nt e nts of t his o bj e ct wit h t h e str() f u n cti o n  

str( a)  

 

# B y i ns p e cti n g t h e str u ct ur e of t h e a o bj e ct cr e at e d,  

# y o u n oti c e t w o attri b ut es: 1) di m n a m es 2) i nt ers e cti o ns  

# W e c a n st or e t h e i nt ers e cti o ns i n a n e w o bj e ct n a m e d i nt ers  

i nt ers <- attr( a, "i nt ers e cti o ns ")  

 

# W e c a n s u m m ari z e t h e c o nt e nts of e a c h v e n n c o m p art m e nt, as f oll o ws:  

# i n 1) C o n diti o n A o nl y, 2) C o n diti o n B o nl y, 3) C o n diti o n A & C o n diti o n B  

l a p pl y(i nt ers, h e a d)  

 

# V ol c a n o pl ots  

r es <- r e a d.t a bl e( "r es ults.t xt ", h e a d er = T R U E) 

h e a d(r es)  

# M a k e a b asi c v ol c a n o pl ot  

wit h(r es, pl ot(l o g 2 F ol d C h a n g e, -l o g 1 0( p v al u e), p c h = 2 0, m ai n = " V ol c a n o pl ot ", xli m = c(-2. 5, 2)))  

# A d d c ol or e d p oi nts: r e d if p a dj < 0. 0 5, or a n g e of l o g 2 F C > 1, gr e e n if b ot h)  

wit h(s u bs et(r es, p a dj <. 0 5 ), p oi nts(l o g 2 F ol d C h a n g e, -l o g 1 0( p v al u e), p c h = 2 0, c ol = "r e d ")) 
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wit h(s u bs et(r es, a bs(l o g 2 F ol d C h a n g e) > 1), p oi nts(l o g 2 F ol d C h a n g e, -l o g 1 0( p v al u e), p c h = 2 0, 

c ol = " or a n g e "))  

wit h(s u bs et(r es, p a dj <. 0 5 & a bs(l o g 2 F ol d C h a n g e) > 1), p oi nts(l o g 2 F ol d C h a n g e, -l o g 1 0( p v al u e), 

p c h = 2 0, c ol = " gr e e n "))  

# L a b el p oi nts wit h t h e t e xt x y f u n cti o n fr o m t h e c ali br at e pl ot  

li br ar y( c ali br at e) 

wit h(s u bs et(r es, p a dj <. 0 5 & a bs(l o g 2 F ol d C h a n g e) > 1), t e xt x y(l o g 2 F ol d C h a n g e, -l o g 1 0( p v al u e), 

l a bs = G e n e, c e x =. 8)) 

 

r es <- r e a d.t a bl e( " 3 1 3. 3 _ 5 0. cs v ") 

h e a d( 3 1 3)   
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C 2 :  c o d es a n d s cri pts f or c h a pt er 4  

li br ar y(li m m a) 

li br ar y( D E S e q 2) 

li br ar y( Rs u br e a d) 

li br ar y(r e a d xl) 

li br ar y( p h e at m a p) 

li br ar y( g g pl ot 2) 

 

S et t h e w or ki n g dir e ct or y t o ‘ pl as m a D E S e q 2 N o v 2 8’  

s et w d( " ~/ D o c u m e nts/ pl as m a D E S e q 2 N o v 2 8 ")  

 

# Cr e at e n e w m atri x  

pl as _ 0 4 < - list.fil es( p att er n = ". b a m ") 

pl as _ 0 4  

 

pl as _ 0 4 _ c o u nts < - f e at ur e C o u nts(fil es = pl as _ 0 4, a n n ot. e xt = " G R C h 3 8 _l at est _ g e n o mi c. gff ",  

is G T F A n n ot ati o n Fil e = T R U E, G T F.f e at ur e T y p e = " g e n e ", G T F. attr T y p e = " g e n e ") 

writ e.t a bl e( x = d at a.fr a m e( pl as _ 0 4 _ c o u nts $ a n n ot ati o n[, c( " G e n eI D ")], pl as _ 0 4 _ c o u nts $ c o u nts, 

stri n gs As F a ct ors = F A L S E), fil e = " pl as _ 0 4J a n.t xt ", q u ot e = F A L S E, s e p = " \t ", r o w. n a m es = 

T R U E)  

O p e n t xt fil e i n e x c el f or m at  

D el et e c ol u m n 1  

A d d c ell i n c ol u m n 1 r o w 1 a n d t y p e G e n e I D i n n e w c ell  
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“ C o ntr ol H ” a n d r e pl a c e “ pl as m a _s ort e d. b a m ”, “ _s ort e d. b a m ”  wit h n ot hi n g.  

Hi g hli g ht r o w 1, “ c o ntr ol H ” a n d r e pl a c e “ X ” wit h n ot hi n g  

‘ C o ntr ol H ” a n d r e pl a c e “ H D ” wit h “ N C D ” 

‘ C o ntr ol H ” a n d a d d “-E ” t o “ 1 4 4 2 ”, “ 1 8 7 4 ”, “ 3 7 0 1 ”, “ 4 3 9 5 ” a n d “ B A L L 1 0 ”  

‘ C o ntr ol H ” a n d a d d “-p ” t o “ 3 3 9 9 ”, “ 4 3 5 3 ”, “ 4 8 9 4 ”  

S a v e as pl as _ 0 4 F e b. 1.t xt  

 

pl as _ 0 4 m atri x < - r e a d.t a bl e( " pl as _ 0 4 F e b. 1.t xt ", s e p = "\t ", h e a d er = T R U E) 

h e a d( pl as _ 0 4 m atri x)  

n _ pl as 0 4 g e n es < - a p pl y( pl as _ 0 4 m atri x[, 2: n c ol( pl as _ 0 4 m atri x)], 2, f u n cti o n( c)s u m( c! = 0))  

writ e.t a bl e( n _ pl as 0 4 g e n es, fil e = " n pl as 0 4 g e n es.t xt ", q u ot e = F, r o w. n a m es = T R U E, s e p = " \t ") 

filt _ pl as 0 4 g e n es <- a p pl y( pl as _ 0 4 m atri x[, 2: n c ol( pl as _ 0 4 m atri x)], 1, f u n cti o n( x)l e n gt h( x[ x > 2]) 

> = 2)  

pl as 0 4 _filt _ g e n es < - pl as _ 0 4 m atri x[filt _ pl as 0 4 g e n es,]  

h e a d( pl as 0 4 _filt _ g e n es[, 1: 5])  

writ e.t a bl e( pl as 0 4 _filt _ g e n es, fil e = " pl as 0 4 _filt _ g e n es 2.t xt ", q u ot e = F, r o w. n a m es = T R U E, s e p 

= " \t ") 

d esi g n < - r e a d _ e x c el( " e x p d es. xls x ") 

d esi g n < - n a. o mit( d esi g n)  

c ol D at a < - d esi g n  

c o u nt D at a < - pl as 0 4 _filt _ g e n es  

 

li br ar y(" d pl yr " ) 
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d ds < - D E S e q D at a S et Fr o m M atri x( c o u nt D at a, c ol D at a, d esi g n = ~ C o n diti o n, ti d y = T R U E)  

d ds  

r es ults N a m es( d ds) 

c h ar a ct er( 0)  

n or m < - rl o g( d ds, bli n d = F A L S E) 

h e a d( ass a y( n or m), 3)  

n or m _ m atri x < - ass a y( n or m)  

n or m _ df < - d at a.fr a m e( G e n e =r o w n a m es( n or m _ m atri x), n or m _ m atri x)  

writ e.t a bl e( n or m _ df, " all pl as _J a n 1 3 D E S e q 2 rl o g. cs v ", q u ot e = F, r o w. n a m es = F A L S E, s e p = 

" \t ") 

d ds 2 < - esti m at e Si z e F a ct ors( d ds)  

d ds 2  

df 2 < - bi n d _r o ws( as _ d at a _fr a m e( ass a y( n or m)[, 1 :2 ]) % > % m ut at e(tr a nsf or m ati o n = "rl o g " )) 

df 2 < - bi n d _r o ws( as _ti b bl e( ass a y( n or m)[, 1 :2 ]) % > % m ut at e(tr a nsf or m ati o n = "rl o g " )) 

c ol n a m es( df 2)[ 1: 2] < - c( " x ", " y ")  

l vls <- c( "rl o g ")  

df 2 $tr a nsf or m ati o n < - f a ct or( df 2 $tr a nsf or m ati o n, l e v els =l vls) 

vs d < - vst( d ds, bli n d = F A L S E ) 

h e a d( ass a y( vs d), 3 ) 

df 3 < - bi n d _r o ws( as _ti b bl e( ass a y( n or m)[, 1: 2]) % > % m ut at e(tr a nsf or m ati o n = "rl o g "),   

as _ d at a _fr a m e( ass a y( vs d)[, 1: 2]) % > % m ut at e(tr a nsf or m ati o n = " vst "))  

c ol n a m es( df 3)[ 1 :2 ] <- c( " x " , " y " ) 

l vls <- c( " vst " , "rl o g " ) 
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df 3 $tr a nsf or m ati o n < - f a ct or( df3 $tr a nsf or m ati o n, l e v els =l vls)  

g g pl ot( df 3, a es( x = x, y = y)) + g e o m _ h e x( bi ns = 8 0 ) +  c o or d _fi x e d() + f a c et _ gri d( . ~ 

tr a nsf or m ati o n)  

s a m pl e Dists < - dist(t( ass a y( vs d)))  

s a m pl e Dists  

 

li br ar y(" p h e at m a p " ) 

li br ar y(" R C ol or Br e w er " ) 

s a m pl e Dist M atri x < - as. m atri x( s a m pl e Dists )  

r o w n a m es(s a m pl e Dist M atri x) <- p ast e( vs d $ S a m pl e, vs d $ C o n diti o n, s e p = " - " )  

c ol n a m es(s a m pl e Dist M atri x) < - N U L L  

c ol ors < - c ol or R a m p P al ett e( r e v( br e w er. p al( 9, " Bl u es ")) )( 2 5 5)  

p h e at m a p(s a m pl e Dist M atri x, cl ust eri n g _ dist a n c e _r o ws = s a m pl e Dists, cl ust eri n g _ dist a n c e _ c ols = 

s a m pl e Dists, c ol = c ol ors)  

 

# P C A  

pl ot P C A( vs d, i nt gr o u p = “ C o n diti o n ”)  

pl ot P C A( vs d, i nt gr o u p = c( “s a m pl e ” , “ c o n diti o n ” )) 

 

li br ar y(ti d y v ers e) 

d e g < - D E S e q( d ds)  

r es <- r es ults( d e g) 

h e a d(r es ults( d e g, ti d y = T R U E))  
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s u m m ar y(r es)  

r es <- r es[ or d er(r es $ p a dj),] 

h e a d(r es)  

l o g 2 f ol d c h a n g e ( M L E): C o n diti o n Dis e as e vs c o ntr ol  

Wal d t est p -v al u e: C o n diti o n Dis e as e vs c o ntr ol  

D at a Fr a m e wit h 6 r o ws a n d 6 c ol u m ns  

writ e.t a bl e(r es, fil e = " pl as 1 3J a n _ D P R N A. cs v ", q u ot e = F, s e p = " \t ", r o w. n a m es = T R U E) 

 

# T o r e m o v e N A fr o m p a dj  

d e g 2 < - D E S e q( d e g, mi n R e pli c at es F or R e pl a c e =I nf)  

r es 3 <- r es ults( d e g, c o o ks C ut off = F A L S E, i n d e p e n d e nt Filt eri n g = F A L S E) 

writ e.t a bl e(r es 3,fil e = " pl as 1 3 _J a n D P R N A. cs v ", q u ot e = F, s e p = " \t ", r o w. n a m es = F A L S E) 

r es 4 <- r es ults( d e g,ti d y = T R U E) 

m er g e d _r es 4 < - m er g e( n or m _ df,r es 4, b y. x = " G e n e ", b y. y = "r o w ")  

 

# M A pl ot  

li br ar y(" a p e gl m " ) 

pl ot M A(r es)  

p ar( mfr o w = c( 2, 3))  

 

li br ar y( G Of u n c R) 

I n p ut _ G e n es <-r e a d. d eli m 2( " pl as _ 0 4 F e b. 1.t xt ", h e a d er = T) 

G o _ E nri c h _ O ut < - g o _ e nri c h(I n p ut _ G e n es)  
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li br ar y( cl ust er Pr ofil er) 

s e ar c h _ k e g g _ or g a nis m(' hs a', b y =' k e g g _ c o d e')  

hs a < - s e ar c h _ k e g g _ or g a nis m(' H o m o s a pi e ns', b y ='s ci e ntifi c _ n a m e')  

di m( hs a)  

d at a( g e n e List, p a c k a g e = " D O S E ")  

g e n e < - n a m es( g e n e List)[ a bs( g e n e List) > 2]  

k k < - e nri c h K E G G( g e n e         = g e n e, or g a nis m     = ' hs a', p v al u e C ut off = 0. 0 5)  

h e a d( k k)  

k k 2 < - gs e K E G G( g e n e List     = g e n e List, or g a nis m     = ' hs a', mi n G S Si z e    = 1 2 0, p v al u e C ut off = 

0. 0 5, v er b os e      = F A L S E)  

h e a d( k k 2)  

m k k < - e nri c h M K E G G( g e n e = g e n e, or g a nis m = ' hs a', p v al u e C ut off = 1, q v al u e C ut off = 1)  

h e a d( m k k)  

m k k 2 < - gs e M K E G G( g e n e List = g e n e List, or g a nis m = ' hs a', p v al u e C ut off = 1)  

h e a d( m k k 2)  

 

g et _ w p _ or g a nis ms()  

d at a( g e n e List, p a c k a g e = " D O S E ")  

g e n e < - n a m es( g e n e List)[ a bs( g e n e List) > 2]  

e nri c h W P( g e n e, or g a nis m = " H o m o s a pi e ns ")  

gs e W P( g e n e List, or g a nis m = " H o m o s a pi e ns ")  

 

# Vol c a n o pl ot  



 3 3 7  

p ar( mfr o w = c( 1, 1))  

> wit h(r es, pl ot(l o g 2 F ol d C h a n g e, -l o g 1 0( p v al u e), p c h = 2 0, m ai n = " Vol c a n o pl ot ", xli m = c(-5, 5)))  

> wit h(s u bs et(r es, p a dj <. 0 5 ), p oi nts(l o g 2 F ol d C h a n g e, -l o g 1 0( p v al u e), p c h = 2 0, c ol = " bl u e ")) 

> wit h(s u bs et(r es, p a dj <. 0 5 & a bs(l o g 2 F ol d C h a n g e) > 2), p oi nts(l o g 2 F ol d C h a n g e, -l o g 1 0( p v al u e), 

p c h = 2 0, c ol = "r e d "))  

 

# Z s c or es  

Cr e ati n g Z s c or es fr o m rl o g d at a  

li br ar y( e d g e R) 

li br ar y( g g pl ot 2) 

li br ar y(li m m a) 

 

Cr e at e 2 v ersi o ns of t h e s a m e e x c el s pr e a ds h e et  

V 1 = n or m al, wit h c ol u m n a n d r o w n a m es  

V 2 = f or z s c or es c al c ul ati o n, usi n g S c al e() f u n cti o n i n R  

Us e t h e D E R N A l o gs - pl as N o v 2 8. 2. D E R N A  

V 1 = rl o g pl as N o v 2 8. D E R N A. v 1 ( e x c el a n d t xt)  

V 2 = rl o g pl as N o v 2 8. D E R N A. v 2 (t xt, b ut w or k o n it i n e x c el)  

Us e V 2  

Pl asrl o g < - r e a d.t a bl e( "rl o g pl as N o v 2 8. D E R N A v 2.t xt ”, s e p = "\t ", h e a d er = F A L S E) 

cl us < - t(s c al e(t( Pl asrl o g))) 

Writ e o ut i n e x c el  

writ e.t a bl e( cl us, fil e = "rl o g pl as N o v 2 8f or zs c or es.t xt ", q u ot e = F, r o w. n a m es = F A L S E, s e p = " \t ") 
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O p e n t h e t xt fil e V 1, c o p y t h e c ol u m n a n d r o w n a m es  

O p e n t h e t xt fil e V 2, i ns ert a n e w c ol u m n 1 a n d r o w 1 a n d p ast e t h e n a m es c o pi e d fr o m V 1.  

S a v e t his n e w fi n al v ersi o n as "rl o g pl as N o v 2 8f or zs c or es. 2.t xt " a n d us e i n g e n esis  

Cr e at e a n e w v ersi o n of t h e a b o v e fil e, a n d m o dif y it, p utti n g N C Ds t o t h e l eft of B -A L L 

s a m pl es. S a v e as rl o g pl as N o v 2 8f or zs c or es V 2.t xt  

 

G S E A  

li br ar y( cl ust er Pr ofil er) 

li br ar y(ti d y gr a p h) 

li br ar y(t w e e nr) 

li br ar y( p at h vi e w) 

li br ar y( e nri c h pl ot) 

li br ar y( g g pl ot 2) 

or g a nis m = " or g. Hs. e g. d b "  

li br ar y( or g a nis m, c h ar a ct er. o nl y = T R U E) 

s et w d( " ~/ D o c u m e nts/s ort e d b a m fil es pl as m a ")  

df = r e a d. cs v( " Pl as 1 3 _J a n. D P R N A -G S E A 2. cs v ", h e a d er = T R U E)  

ori gi n al _ g e n e _list < - df $l o g 2 F ol d C h a n g e  

n a m es( ori gi n al _ g e n e _list) < - df $ G e n e.I D  

g e n e _list < - n a. o mit( ori gi n al _ g e n e _list)  

g e n e _list = s ort( g e n e _list, d e cr e asi n g = T R U E)  

k e yt y p es( or g. Hs. e g. d b)  
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gs e < - gs e G O( g e n e List = g e n e _list, o nt = " A L L ", k e y T y p e = " A LI A S ", n P er m = 1 0 0 0 0, 

mi n G S Si z e = 3, m a x G S Si z e = 8 0 0, p v al u e C ut off = 0. 0 5, v er b os e = T R U E, Or g D b = or g a nis m, 

p A dj ust M et h o d = " n o n e ")  

 

d ot pl ot( gs e, s h o w C at e g or y = 1 0, s plit = ".si g n ") + f a c et _ gri d(. ~.si g n)  
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C 3 :  c o d es a n d s cri pts f or c h a pt er 5  

 

li br ar y( D E S e q 2) 

li br ar y(li m m a) 

li br ar y( Rs u br e a d) 

 

# Cr e at e m atri x  

l y m <- list.fil es( p att er n = ". b a m ") 

l y m 

 

l y m _ c o u nts <- f e at ur e C o u nts(fil es = l y m, a n n ot. e xt = " G R C h 3 8 _l at est _ g e n o mi c. gff ",  

is G T F A n n ot ati o n Fil e = T R U E, G T F.f e at ur e T y p e = " g e n e ", G T F. attr T y p e = " g e n e ") 

 

 writ e.t a bl e( x = d at a.fr a m e(l y m _ c o u nts $ a n n ot ati o n[, c( " G e n eI D ")], l y m _ c o u nts $ c o u nts, 

stri n gs As F a ct ors = F A L S E), fil e = "l y m J ul 1.t xt ", q u ot e = F A L S E, s e p = " \t ", r o w. n a m es = 

T R U E)  

 

O p e n t xt fil e i n e x c el f or m at  

“ C o ntr ol H ” a n d r e pl a c e “ bt 2 _ ” wit h n ot hi n g, a n d “ _s ort e d. b a m ” wit h n ot hi n g  

 

N a m e of d o c u m e nt m o difi e d = l y m J ul 1. xls x  

 

li br ar y(r e a d xl) 
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l y m _ D E <- r e a d.t a bl e( "l y m J ul 1. 2.t xt ", s e p = "\t ", h e a d er = T R U E) 

h e a d(l y m _ D E)  

 

n _l y m g e n es < - a p pl y(l y m _ D E[, 2: n c ol(l y m _ D E)], 2, f u n cti o n( c)s u m( c! = 0))  

writ e.t a bl e( n _l y m g e n es, fil e = "l y m n g e n es.t xt ", q u ot e = F, r o w. n a m es = T R U E, s e p = " \t ") 

l y mfilt _ g e n es <- a p pl y(l y m _ D E[, 2: n c ol(l y m _ D E)], 1, f u n cti o n( x)l e n gt h( x[ x > 2]) > = 2)  

l y m _filt _ g e n es <- l y m _ D E[l y mfilt _ g e n es,] 

h e a d(l y m _filt _ g e n es[, 1: 5])  

 

writ e.t a bl e(l y m _filt _ g e n es, fil e = "l y m _filt _ g e n es.t xt ", q u ot e = F, r o w. n a m es = T R U E, s e p = " \t ") 

d esi g n < - r e a d.t a bl e( " e x p er d esi g nl y m.t xt ", s e p = "\t ", h e a d er = T) 

 

c o u nt D at a < - l y m _filt _ g e n es 

d esi g n < - r e a d _ e x c el( " e x p er d esi g nl y m. xls x ") 

                                                         

d esi g n < - n a. o mit( d esi g n)  

c ol D at a < - d esi g n  

 

d ds < - D E S e q D at a S et Fr o m M atri x( c o u nt D at a, c ol D at a, d esi g n = ~ Tr e at m e nt, ti d y = T R U E)  

n or m < - rl o g( d ds, bli n d = F A L S E) 

n or m _ m atri x < - ass a y( n or m)  

n or m _ df < - d at a.fr a m e( G e n e =r o w n a m es( n or m _ m atri x), n or m _ m atri x)  
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writ e.t a bl e( n or m _ df, "l y m J ul 1 D E S e q 2 rl o g. cs v ", q u ot e = F, r o w. n a m es = F A L S E, s e p = " \t ") 

d e g < - D E S e q( d ds)  

r es <- r es ults( d e g,ti d y = T R U E) 

m er g e d _r es < - m er g e( n or m _ df,r es, b y. x = " G e n e ", b y. y = "r o w ")  

writ e.t a bl e( m er g e d _r es,fil e = "l y m J ul 1. D E R N A. cs v ", q u ot e = F, s e p = " \t ", r o w. n a m es = F A L S E) 

p df( "l y m J ul 1 M A pl ot. p df ")  

pl ot M A( d e g, yli m = c( -5, 5))  

d e v. off()  

p df( "l y m J ul 1 p c a. p df ")  

pl ot P C A( n or m, i nt gr o u p = c( " Tr e at m e nt "))  

d e v. off()  

 

li br ar y( " p h e at m a p ") 

nt d < - n or m Tr a nsf or m( d e g)  

s el e ct < - or d er(r o w M e a ns( c o u nts( d e g, n or m ali z e d = T R U E)), d e cr e asi n g = T R U E)[ 1: 2 5]  

df < - as. d at a.fr a m e( c ol D at a( d e g)[, c( " Tr e at m e nt ", " S a m pl e ")])  

p h e at m a p( ass a y( n or m)[s el e ct,], cl ust er _r o ws = F A L S E, s h o w _r o w n a m es = F A L S E, 

cl ust er _ c ols = T R U E, a n n ot ati o n _ c ol = df)  

d e v. off()  

 

# G S E A  

li br ar y( cl ust er Pr ofil er) 

li br ar y(ti d y gr a p h) 



 3 4 3  

li br ar y(t w e e nr) 

li br ar y( p at h vi e w) 

li br ar y( e nri c h pl ot) 

li br ar y( g g pl ot 2) 

# w e us e g g pl ot 2 t o a d d x a xis l a b els ( e x: ri d g e pl ot)  

li br ar y( g g pl ot 2) 

# S E T T H E D E SI R E D O R G A NI S M H E R E  

or g a nis m = " or g. Hs. e g. d b "  

Bi o c M a n a g er::i nst all( or g a nis m, c h ar a ct er. o nl y = T R U E)  

li br ar y( or g a nis m, c h ar a ct er. o nl y = T R U E) 

s et w d( "/ Us ers/ m nl/ D o c u m e nts/s ort e d b a m fil es l y m/ M a y 3 0t h a n al ysis ")  

 

# r e a di n g i n d at a fr o m d es e q 2  

df = r e a d. cs v( " gs e a c ell + E V e x cl usi v e _j u n 2 9. cs v ", h e a d er = T R U E)  

# w e w a nt t h e l o g 2 f ol d c h a n g e  

ori gi n al _ g e n e _list < - df $l o g 2 F ol d C h a n g e  

# n a m e t h e v e ct or  

n a m es( ori gi n al _ g e n e _list) < - df $ X  

# o mit a n y N A v al u es  
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" n c bi -g e n ei d ")  

d ot pl ot( k k 2, s h o w C at e g or y = 1 0, titl e = " E nri c h e d P at h w a ys " , s plit = ".si g n ") + 
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S u p pl e m e nt al fi l es a n d fi g u r e s 

S u p pl e m e nt ar y fi g ur es  a n d fil es f or mi R N A si g n at ur e of p e di atri c B -A L L ( C h a pt er 3)  

 

 

S u p p. fi g . 3. 1.  A v e r a g e li n k a g e hi e r a r c hi c al cl ust e rs f o r m et a -a n al ysis of s ci e ntifi c a rti cl es 

a r r a n g e d  b y A. mi cr o arr a y, B. p ol y m er as e c h ai n r e a cti o n, C. R N A S e q u e n ci n g a n al ys es, D. All 

t hr e e  pl atf or ms  m er g e d.  H ori z o nt al  b ars  w er e  c ol or-c o d e d:  y ell o w  b ars  w er e  d o w nr e g ul at e d 

D E mi Rs, p ur pl e b ars w er e u pr e g ul at e d D E mi Rs w hil e bl a c k b ars w er e D E mi Rs n ot s h o w n i n t h e 
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S u p p. T a bl e 1 . T a bl e s h o wi n g G E O I D, P MI D, t y p e of R N A a n al ysis, mi R N A a n al ysis pl atf or m, B -A L L s u bt y p es ( w h e n pr es e nt), 

tiss u e s o ur c e of s a m pl es, n u m b er of c o ntr ols a n d p ati e nts a n d n or m ali z ati o n t e c h ni q u es f or r e a n al ysis c o h ort d at as ets. 

G E O 

D at as et  P MI D  

R N A 

a n al ysis  Pl atf o r m  B -A L L S u bt y p es  

A g e  of 

p ati e nt  Tiss u e  C o nt r ols  P ati e nts  N o r m ali z ati o n  

G S E 3 1 3 7 6  2 3 8 8 8 9 9 6  mi cr o arr a y  

G P L 8 2 2 7 

A gil e nt -0 1 9 1 1 8 

H u m a n  mi R N A 

Mi cr o arr a y  2. 0 

G 4 4 7 0 B 

( mi R N A  I D 

v ersi o n)  

H y p er di pl oi d y 

( 1 2),  T( 9; 2 2)  ( 1 2), 

T( 1 2; 2 1)( 1 4), 

T( 1; 1 9)( 5),  Hi g h 

M R D  ( 9) - 

i n cl u d e d.    

{ T( 1; 1)( P 3 4)( 1), 

T( 1 6; 2 1)( 1) -

e x cl u d e d  

a d ult  a n d  

p e di atri c  B M  1 3  6 5  q u a ntil e  

G S E 2 3 0 2 4  2 1 2 4 2 1 8 6  R T -P C R  

G P L 1 0 7 0 8 
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Bi os yst e ms 

1 0  M L L,  1 4  T E L -

A M L 1,  1 0  B C R -

A B L,  9  E 2 A -
P e di atri c  B M  7  7 0  q u a ntil e  
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T a q M a n 
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Er as m us  M C -

S o p hi a 
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H os pit al 

C ust o m 

T a q M a n Arr a y  

P B X 1,  1 3  h y p er 

di pl oi d,  1 4 

u n cl assifi e d  B -

A L L  

G S E 2 5 6 4  1 5 9 4 4 7 0 8  mi cr o arr a y  

G P L 1 9 8 6  a n d 

G P L 1 9 8 7  B e a d -

b as e d 

mi cr o R N A 

pr ofili n g 
B -A L L  P e di atri c  B -A L L  6  8 0  q u a ntil e  



 3 5 0  

pl atf or m 

v ersi o ns 1 a n d 2  

G S E 5 9 1 9 9  3 2 1 2 8 5 5 8  mi cr o arr a y  

G P L 1 7 1 0 7 

E xi q o n 

mi R C U R Y 

L N A 

mi cr o R N A 

Arr a y  B -A L L  

a d ult  a n d 

p e di atri c  

n or m al 

bl o o d  5  5  

Pri nt  ti p  l o ess 

a n d s c al e  

G S E 5 6 4 8 9  2 4 9 5 5 3 7 1  mi cr o arr a y  

G P L 1 4 1 3 2 F e bit 

H o m o  S a pi e ns 

mi R b as e 1 5. 0  B -A L L  P e di atri c  

P B  a n d 

B M  1 4  3 4  

arr a y  a n d 

q u a ntil e  

 

  



 3 5 1  

S u p p.  T a bl e  2 .  T a bl e  s h o wi n g  list  of  s ci e ntifi c  p a p ers  us e d  f or  m et a -a n al ysis,  wit h  r o ws  s h o wi n g  arti cl e,  P MI D,  p ati e nt  a g e 

cl assifi c ati o n, c yt o g e n eti c s u bt y p e ( w h e n k n o w n) a n d m ol e c ul ar s u bt y p es ( w h e n k n o w n) a n d t h e R N A a n al ys es pl atf or ms.  

 

A rti cl e  P MI D  

A d ult vs. 

p e di at ri c  

P B  vs. 

B M  

C yt o g e n eti c 

S u bt y p es  

M ol e c ul a r 

S u bt y p es  

R N A A n al ysis pl atf or m  

1  

Mi  et  al, 

2 0 0 7  1 8 0 5 6 8 0 5   

P B  a n d 

B M   

i n e  t( 4; 1 1)/M L L -

A F 4 (M L L -A F F 1 ) 

a n d t w o 

t( 1 1; 1 9)( q 2 3; p 1 3. 3)/ 

M L L -E N L (M L L -

M L L T 1 )]  a n d  s e v e n 

A L L  c ell  li n es  [i. e., 

t w o t( 4; 1 1) a n d fi v e 

M L L -E N L  

Mi cr o arr a y  



 3 5 2  

2  

J u  et  al, 

2 0 0 9  1 9 2 0 6 0 0 4  p e di atri c  B M  

C D 1 9 + 

C D 2 2 +/ - 

( Pr e-B)  - 

Mi cr o arr a y  

3  

S c h ott e  et 

al, 2 0 0 9  1 8 9 2 3 4 4 1  p e di atri c  

P B  a n d 

B M  

C D 1 9 +  Pr e -

B ( 5 7)  

M L L  r e arr a n g e d 

a n d  B  Ot h er ( 1 9), 

h y p er di pl oi d y  ( 1 0), 

E T V 6 ::R U N X 1 

( 1 0),  B C R:: AB L 

( 1 0),  E 2 A::P B X 1 

( 8) 

 

4  

D e  Oli vi er a 

et al, 2 0 1 2  2 2 0 9 9 0 5 3  p e di atri c  B M  

Pr o -B  ( 1 0), 

C A L L A/ Pr e -

B ( 9 8),   

 

5  D u y u  et  al, 

2 0 1 4  2 4 9 5 5 3 7 1  p e di atri c  

P B  a n d 

B M      

Mi cr o arr a y  



 3 5 3  

6  Z h a n g et al, 

2 0 0 9 A  1 9 9 1 5 7 1 5  p e di atri c  B M      

Mi cr o arr a y  

7  Z h a n g et al, 

2 0 0 9 B  1 9 7 2 4 6 4 5  

a g e  n ot 

st at e d  B M      

 

8  

M os a k h a ni 

et al, 2 0 1 7  2 9 0 6 8 8 6 7  p e di atri c  B M   

B C R ::A B L 1( 1), 

M L L ( 2), d el 9 p ( 6), 

E T V 6 ::R U N X 1 

( 2 0),  Tris o m y  ( 3), 

H y p er di pl oi d  ( 2 0), 

B ot h er ( 2 0)  

Mi cr o arr a y  

9  N a b h a n  et 

al, 2 0 1 7  2 8 7 3 2 7 3 7  p e di atri c  P B   Pr e -B ( 2 3). B ( 5)  

 

1 0  F ul ci  et  al, 

2 0 0 9  1 9 7 6 0 6 0 5  a d ult    

B C R ::A B L 1  ( 1 7), 

T C F ::P B X 1  ( 4), 

Mi cr o arr a y  



 3 5 4  

M L L  ( 7),  N o 

m ut ati o ns ( 1 5)  

1 1  

S c h ott e  et 

al, 2 0 1 1  2 1 2 4 2 1 8 6  p e di atri c  

P B M Cs, 

7 n or m al 

B M   

M L L  ( 1 0), 

E T V 6 ::R U N X 1 

( 1 4),  B C R::A B L 1 

( 1 0),  T C F::P B X 1 

( 9),  h y p er di pl oi d 

( 1 3), B Ot h er ( 1 4) 

 

1 2  

N e m es et al, 

2 0 1 5  2 5 3 8 8 1 0 3  p e di atri c   

prr e -B  ( 1 5) 

n or m al  B 

c ells  = 

C D 1 9 +   

Mi cr o arr a y  

1 3  

Y a n  et  al, 

2 0 1 3  2 3 8 8 8 9 9 6  p e di atri c  P B   

E T V 6 ::R U N X 1 

( 1 5),  B C R::A Bl 1 

( 1 2),  T C F::P B X 1 

 



 3 5 5  

( 4),  H y p er di pl oi d 

( 1 2), B Ot h er ( 2 0) 

1 4  

H a n  et  al, 

2 0 1 1  2 1 9 2 6 4 1 5  p e di atri c  B M  

pr e -B  ( 1 1), 

pr o -B, 

C A L L A   

 

1 5  A vi g a d  et 

al, 2 0 1 6  2 6 6 8 4 4 1 4  p e di atri c  B M      

 

1 6  

Pi at o p o ul o u 

et al, 2 0 1 8  2 9 5 5 6 7 2 1  p e di atri c  B M  

C D 1 9 + 

C D 2 0 +, 

C D 2 2 +, 

C D 2 4 +, 

C D 1 0 +, 

C D 3 4 +, 

C D 3 8 +, 

Hi g h  h y p er di pl oi d 

( y es  =  2 2,  n o = 1 0 2, 

u n k n o w n  =  1), 

h y p o di pl oi d y ( y es = 

4,  n o  =  1 2 0, 

u n k n o w n  = 1), 

E T V 6 ::R U N X 1 ( N o 

=  9 3,  y es  =  3 1, 

Mi cr o arr a y  



 3 5 6  

C D 5 8 +, 

C D 1 1 a,  

u n k n o w n  =  1), 

B C R ::A B L 1  ( n o  = 

1 2 2,  y es  =  2, 

u n k n w o n = 1)  

1 7  S w ell e m  et 

al, 2 0 1 6  2 6 8 5 7 2 7 9  p e di atri c   pr e -B ( 3 2)   

Mi cr o arr a y  

1 8  S w ell a m  et 

al, 2 0 1 8  2 9 4 6 0 1 9 2  p e di atri c  P B  pr e -B ( 2 5)  - 

Mi cr o arr a y  

1 9  N air  et  al, 

2 0 2 0 *  3 2 5 3 1 4 8 5  p e di atri c  

P B  a n d 

B M   P h -n e g ati v e ( 2 4)  

 

2 0  

R z e pi el  et 

al, 2 0 1 9  3 1 7 2 7 0 9 1  p e di atri c  

P B    ( at 

di a g n osis, 

d a ys 8, 1 5 

a n d  3 3) 

a n d  B M 

pr e -B  ( 2 8 d e 

n o v o, 5 at 1st 

r el a ps e)  

( n ot e; 

s a m pl es 

d e  n o v o  = 

h y p er di pl oi d y  ( 3), 

E T V 6 ::R U N X 1  ( 6), 

n o k n o w n m ut ati o ns 

( 6) 

 



 3 5 7  

( at 

di a g n osis 

d a ys  1 5 

a n d 3 3)  

c oll e ct e d  at 

diff er e nt 

ti m e p oi nts) 

2 1  Z a n ett e  et 

al, 2 0 0 2  

1 7 9 3 4 6 3 9  p e di atri c  P B  a n d 

B M  

Pr o -B  , 

C A L L A,  

-  

2 2  L u n a -

A g uirr e  et 

al, 2 0 1 5  

2 6 4 0 6 5 7 2  a d ult 

( 1 1)  vs 

p e di atri c 

( 1 9) 

P B  E arl y  Pr e  B 

( 1),  C A L L A 

( 1 3),  Pr e-B 

( 1 1),  B-A L L 

( 1 4) 

- Mi cr o arr a y  

2 3  V ali oll a hi et 

al, 2 0 1 8  

3 0 7 1 2 2 4 6  a d ult  B M  C D 3 4 +, 

C D 3 8 - = 

L S C, 

B C R -A B L  Mi cr o arr a y  



 3 5 8  

C D 3 4 +, 

C D 3 8 + = L P  

2 4  Li  et  al, 

2 0 1 3  

2 3 6 1 1 2 2 1  p e di atri c  B M  C A L L A 

( Pr e-B)  = 

C D 1 0 +,  n o 

s urf a c e  or 

c yt o pl as mi c 

I g 

B C R -A B L,  M L L -

A F 4  a n d  n o n -

s u bt y p e d  

 

2 5  Ni n o mi y a et 

al, 2 0 1 2  

2 2 4 5 6 2 3 8  p e di atri c  P B  a n d 

B M  

  B C R -A B L 1 +, B C R -

A B L - 

Mi cr o arr a y  

 



 3 5 9  

S u p pl e m e nt ar y fi g ur es f or E V -b as e d R N A si g n at ur e of p e di atri c B -A L L ( C h a pt er 4)  

 

S u p p. fi g. 4. 1. S a m pl e N T A d at a f or N C D a n d p e di atri c B -A L L s a m pl es, s h o wi n g hist o gr a m –  

t y pi c al o ut p ut of N S 3 0 0 r u n. 

 

  



 3 6 0  

 

S u p p . fi g 4. 2. W est er n bl ot i m a g e c o m p ari n g E V is ol ati o n t e c h ni q u es.  

  



 3 6 1  

 

 

S u p p. fi g. 4. 3.  Tr a ns missi o n el e ctr o n mi cr os c o p y ( T E M) i m a g es of p e di atri c B -A L L c ell li n e E Vs 

fr o m C C R F-S B c ell li n e (t o p) a n d U o C -B 1 ( b ott o m) is ol at e d wit h V n 9 6. 

  



 3 6 2  

 

S u p p. fi g. 4. 4.  U ns u p er vis e d hi er ar c hi c al cl ust er of s m all R N A E V cl ust ers t h at ar e n ot cl e arl y 

dis cri mi n at or y.



 3 6 3  

 

S u p pl e m e nt ar y fi g ur es f or R N A s orti n g m e c h a nis ms i n p e di atri c B -A L L ( c h a pt er 5)  

 

  

 

S u p p. fi g 5. 1.  R N A tr a ns cri pt t y p es i n c ell a n d E V s a m pl es.  

 

 



 3 6 4  

 

 

S u p p.  fi g . 5. 2.  G e n e  o nt ol o g y  ( G O)  a n d  K y ot o  e n c y cl o p e di a  of  g e n e  a n d  g e n o m es  ( K E G G)  p at h w a ys  f or  t o p  2 0 0  n o n -s el e cti v el y 

p a c k a g e d R N As, b as e d o n a v er a g e r a w c o u nts.  


