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Abstract

this study was 10 investi heat

shock protein Hsp27 plays in neurite initiation and growth, through its regulation of the

. The present investigat i i at dorsal

root ganglion (DRG) neurons to study the behavior of neurite initiation and extension.

ofaneurite

cues. To trigy in the these cues must

‘components, such as actin, twbulin and neurofilament light chain (NF-L), can be modified

though interaction with other cellular proteins, including Hsp27. Hsp27 is regulated

through i

" interact with

Hsp27

formed the basis. that Hsp27
plays a role in neurite growth.

In Chapter 2 I showed that Hsp27 was present and colocalized with actin and

twbulin in lamellipodia, filopodia, focal contacts, neurite shaft, branch points and growth
cones during the stages of neurite formation and growth. The use of upstream p38

MAPK. inhibit Hsp27 in

aberrant neurite growth. Further study of the effects of the p38 MAPK inhibitors in

Chapter § indicated they increased F

ctin levels n the neuron, suggesting a link between

Hsp27 phosphorylation and actin dynamics in neurite growth.



Chapter 3 confirmed the importance of the presence, and protei

level of Hsp27 in

e
)

Hsp27 protein levels in the DRG neurons, resulting in decreased neurite growth and

ltered Aliematively, ion of Hsp27, resulted in increased
neurite growth.
» i Hsp27 in Chapter 4;
rodent 27 constructs serine 15,
ly
ly H ion state of
Hsp27 plays a role in neuri fically, consttuti ion of ither
site was inhibitory to neurite growth,
Y i that H e
regulation of i isms have not been

fully elucidated in neurons.
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CHAPTER 1 INTRODUCTION

L1 Hsp27 in neurite regeneration

»: ly and indirectly interacts with the

for

The ints 3
namel d lation of
in stages of neurite initat Hea Shock Proteins

(HSPs), the role of Hsp27 in survival, and interactions between Hsp27 and the actin,

‘microtubule and neurofilament cytoskeleton that may be involved in neurite growth.

111 Regeneration

In order to regain function following axon injury, regeneration of an operational

connection is necessary. Thr red in thi i st
survive, t wi its original targe, and the
axon must inated and form functional Both the survival
ofthe injured s ability to f i it ability to

extend and grow precisely to

rvate its target. The extension and regrowth of the

the tip of th d

‘uidance

during development and regeneration (reviewed in Huber et al, 2003). Growth cones are




ptor For exampl ignal to

y ‘growth factors

NGF, BDNF, and

laminin, collagen and fibronectin (Teng and Tang, 2006; Tucker and Mearow, 2008).

Compounds that i inhibit iggered

1., 1994) ., 2000;
GrandPre et al., 2000), and the oligodendrocyte-myelin glycoprotein (OMgp)Liu et al.,
2006)) and the component of the ECM, chondroitin sulfate proteoglycans (Caflerty et al.,
2007; Galtrey and Faweett, 2007). Whether a particular environment is permissive or
non-permissive for growth wil depend upon the sum of the intracellular signaling

des that are acth ithin the cell. Tn N do

not regenerate to any in

appropriate growth

promoting factors, resulting in a retraction bulb instead of a growth cone at the tip of the:

1 2007, peripl tem (PNS),

. relatiy 2004

Fuand Gordon, 1997; Stoll et al., 2002).

The PNS the

Sy T A s i p



PNS axons, the PNS i

o
matix laminin, collagen and . 1997;
20025 etal., 1996; Vogel 1., 2001; Vogelezang
et
LLLLL I vitro models of axonal growth or regeneration
PNS neurons ina
hasled to i study the growth
ehavior of neurite nitation and extension in both CN i Inmany
model. onis required as10 elicit eurite
growth. iy i i by stimulating

neurons with soluble |

in (Kohno ctal., 2005). This approach is particularly useful in

lion (DRG) 1 t0agiven
neurotrophin (Tucker et al,, 2006), and where neurotrophins are not required for survival

of the mature neurons in culture.

1.1.1.2 Dorsal Root Ganglion neurons

CNS vi i “The cell body, i . puts

of the spi in the spinal

3



e or visceral 1999)

(Figure 1.1). i phology iffcult to

determine which neuronal process is the axon and which is the dendrite when using in

vitro cultures, and for this reason the process is usually called a neurite and will be

ferred h peripheral branch of the

ietal,

: Erturk et al,, 2007).

cells

hology, trophic requirements, and
‘modalities (Averill et al., 1995; Gavazzi et al., 1999; Ishil

etal., 2005; Petruska et

al,, 2000; Priestley et al,, 2002). In practice neurons of the DRG are classified into three

primary categories: (1) Large and medium diameter neurons, tha typically have large
‘myelinated axons. These neurons are identified by their expression of neurofilament
heavy chain (Averill et al, 1995; Ishikawa et al,, 2005; Priestley et al., 2002; Tucker et
al., 2006), and also express the p75 neurotrophin receptor and TrkC, although the

presence of TrkA and TrkB receptors are also reported (Averill et al., 1995; Ishikawa et

al., 2005; Priestley et al,, 2002). These neurons are therefore able t0 respond to NT-3,

NGF and BONF which correspondingly bind to TrkC, TrkA, and Trk B. (2) Peptidergic

neurons, consisting of both unmyelinated neurons with a small cell diameter, and cells

um cell small myeli ce

express high levels of both the p75 neurotrophin receptor and TrA, and therefore

respond preferentially to NGF (Averill et al., 1995; Ishikawa et al,, 2005; Priestey et al.,

2002). (3) Non-pepidergic neurons




Location of the DRG neuron

Figure |

The Dorsal Root Ganglion. located peripheral to the spinal cord, contains the
of the dorsal root ganglion neurons. Dorsal root ganglion neurons put out a single axon
that bifurcates and sends one process centrally through the dorsal root of the spinal cord

0 send signals to the brain, and the other process is sent peripherally to innervate cither

the skin, muscle or visceral organs. Erturk ctal., 2007),
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characteized by their abilty to b i . have pri

1., 1995; Ishikawa
etal, 2005; Priestley et al., 2002). These neurons are reported not to express the p75 or
“Trk receptors and are therefore unresponsive to NG, NT3 and BDNF, however they do

express the RET receptor and do respond to GDNF (Bennett et al., 1998; Kashiba etal,,

2001; Molliver et al,, 1997). The different expression of neurotrophin receptors within

DRG neurons to be

ally with diffe

neurotrophins. Addi

ally, because adult DRG

hins for survival, EC] ch

laminin, may be used to stimulate neurite growth from the DRG neurons as an entire.

group, i neurotrophin signali .

populations.

112 The role of the cytoskeleton in neurite growth
Since Ramon y Cajal first observed the growth cone in sections of embryonic:
spinal cord stained with silver chromate (Cajal, 1890), scientists have becn intrigucd by,

the shape of neurons and the actions of their growth cones. In the early 20™ century it was.

i filament described by Cajal ibil network arose:

in the cell body and extended into the neurite (Cajal, 1928). It has since been

Cajal's 3

eytoskeleton, consists of actin filaments, microtubules, and intermediate filaments, and

that

initiation and growth patteming including extension, branching, and growth cone tuming,



extracellular envi i ind

transformed i

‘morphological changes. In addition to cytoskeletal rearrangement these processes require

thesi stoskeletal ite of growth

for incorporation into the growing structure.

1121 Neurite structure

‘and the distal tip of the growing neurite referred to as the growth cone (Figure 1.2). The

ite shaft s the maj the length of th s primarily used for

transport.

parallel

in the shaft and influence the diameter and conduction velocity of the neurite. Actin

ly

i the physical location of in the

. s : .
structure of the nerite.

“The growth cone consists of three domains: the peripheral domain, the transition
‘domain and the central domain (Figure 1.2). The peripheral domain is an actin rich

] . S ——




Figure 1.2: Structure of the neurite

‘The neurite consists of two structural domains, the neurite shaft and the growth cone.

Within bundled the neurite, these
bundles splay as they enter the central domain of the neurite. Neurofilaments are also

found in the shaft and influence the diameter and conduction velocity of the neurite.

i cell surtounds the

peripheral domain,

is actin rich and contains actin filaments in lamellipodium and filopodia. The transition

domainis the interface between the peripheral and central domains, the acin filaments in

region limit how far microtubules from the central domain penetrate into the

peripheral domain.






po lng envi probing. the

interface between the peripheral and central domains. Proteins in this region induce the

formation of an actin rich from and
Timits ho f ipheral domain. Th 1d
I Microtubules in th

in 3

instead they are splayed apart and even form loops during periods of growth cone pausing

(Dent and Gertler, 2003; Dent and Kalil, 2001; Pak et al, 2008).

LL2LL Actin in the neurite

of i pe of the.
imparts flexibil allowing

PN 1 " o

structure of o . The s a highly motile

structure whose growth can be specifically regulated i order to find its way 10 8

particular location in the body. Within the cell, actin exists in two states

filaments, also known as

" ~actin), and these

higher order act i  filopodia. The fine and

directional movements of the growth cone are due o the regulation of actin via actin

Actin bindi in il bly, bundle or




, attach actin d the
ECM, or act as actin motor proteins.

Actin filaments are bi-helical polymers of actin monomers that assemble

the polymer. Acti i ina

specific orientation leading to the filaments being a polar tructure (Choo and Bray.
1978). The polarity of the actin filament results n the ends of an actin filament

‘polymerizing at different rates; the rapidly growing end i the barbed end and the slower
‘growing end, and the end with the greatest depolymerization,is the pointed end. In vitro

eract with ides, ATP or ADP,

of monomers at the barbed end and their removal at the pointed end

igure 1.3) (Kom

al., 1987). A variety of actin binding proteins regulate actin filament assembly by

talyzi /ADP e Geaeti formation of new actin

Figure 1.4) and to stabiliz il filaments in

order to pr inhibi Figure 1.5).

Additionally plants, fungi and sponges have created a series of toxins as self defence.

‘mechanisms that bind to actn in similar ways as actin binding proteins, when purified

in the study of actin fil ics (Table 1.1).

Even when under steady state conditions actin filaments are dynamic and undergo

fate of ization at

the barbed end i i Jting in the

filament maint




Actin filament structure and treadmilling

ATP or ADP, ina

‘manner that ition of monomers at at

(orange) and

ally

remains bound to the ADP and is slowly released, after release the ADP bound actin has

finity for its neighbori its and is easily dissociated from the

pointed end (Kom ctaal., 1987).






Figure 1.4: Nucleation

flament

other and

tightly and Cooper etal.

1983; Frieden, 1983; Tobacman and Korn, 1983). Actin binding proteins act as actin

nucleators and facili a trimer of actin subunits, and istin

overcoming the rate-Jimiting step inactin filament growth. Formin induces the formation

of i i G Eck,

2007), whereas the Arp2/3 complex is thought o require a pre-existing filament from
which a new branch can be initiated, and therefore creates highly branched actin

networks (Mullins ctal, 1998).
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Figure 1.5: Regulation of actin filament levels

evels of
in

P it

bind
1999), ilaments, and
2006; Ono, 2007),
2006).
however
pointed i i and Sept,
2008)
y i filament,
flaments. Actin
r Tropomyosin
that
promotes fi " prevent coflin from b
2002)
in filament by
Additionally ENA/VAS recognized
actin
actin al,

2002).






‘Table 1.1: Drugs that can alter actin flament polymerization

Orug Binding Action Result
Phalodn
a1, 1975)
Criochatasin
promotes the depolymerization ofactin | 1987)
flaments
Sasplakinoide
alidin) _| Forer, 2008)
Tatrunculin A ibitactin

polymeization

et
flament dynamics (Wakatsoki et a1, 2001)




s a et flux of subu
through the filament (Theriot, 1997; Wegner, 1976). In migrating cells and growth cones

the cells haness actin filament treadmilling to obtain forward protrusion of actin

structures.

the ECM and traction

forces to be transmitted to the substrat, resulting in local stopping of treadmilling and
continued polymerization resulting in forward progression of the actn filament (Figure

1.6) (Bard etal., 2008). Acti ins, such as ankyrins, vinculin, talin, a-

that ink act

filaments to the p: beane by

binding to integral membrane proteins, play an important role in the formation of the

in d Baines, 2001;

lark and
Brugee, 1995).

Invitro actin igher order h as the mesh

like gel in lamellipodium, and the linear bundles in filopodia. These higher order

ot igure 1.7) and to ECM in

order to assist in protrusion as described by the molecular clutch model.

Lamellipodi il igrat in growth
cones and consist of actin filaments,
with their faci

towards the interior of the cell or neurite (Figure 1.8). The branched network is achieved

by actin binding proteins clamping filaments together at right angles, and by new



Figure 1.6: The molecular elutch model of actin based protrusion

A. Actin o illing the rate of subunit
resulting in the filament maintainis length, s anet flux of

subunits moving through the flament. Retrograde flow of the actin filament result in the

actin filament ing stati i the cell. B.

the actin filament

¥ physi ipling the ECM to the actin f i forced to

i izati in

forward ion of the actin ).







Figure 1.7 : Proteins that bundle and crosslink actin filaments

Actin bindi in filaments, such as f in binding

ST parallel

bundles (Jawhari et al., 2003). These parallel bundiles that can strengthen the cell as actin

tibs, and form protrusions into th pace as filopodia
found in growth cones.
Actin binding proteins that result in the formation of an actin filamen g, such as

filamin, have two actin binding domain that are connected by a bent linkage resulting in

formation of a loose gel by sticking filaments together at roughly right angles (Tseng et
al., 2004). Crosslinking of actin filaments into non parallel branched arrays is important

in the formation of| heet like protrusion illed with

of actin present at the leading edge of motile cells and in growth cones.
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Figure 1.

tructure of Lamellipodium and Filopodia
Lamellipodium are protrusive veil lke structures, composed of a branched network of

actin filaments that undergo’subr ‘

depolymerization at their pointed ends. In order to achieve and maintain the branched

network new fil

filaments by the .. The depth of the actin is strictly

regulated by | into cap new filaments, limiting thei length, and by coflin

aiding in depolymerization at the filament pointed end.

Filopodia are thin finger I ions filled with actin il

i into linear bundles. The actn filaments within filopodia elongate with the

assistance of Ena/VASP, 0 protrude into the ECM. (Figure adapted from Figure 3

Matila and Lappalainen, 2008).



Lamelipodia
X




filaments being nucleated by the Arp2/3 complex as branches off existing actin filaments.

In length of the acti in filament length is

regulated i » it idsin
depolymerization at the filament pointed end.
Filopodia are thin finger like protrusions that probe the extracellula environment.

“The protrusions arc illed with tight linear bundles of actin flaments, with their barbed

pointing 18). Exploratory

promoted by a dynamic actin i a

filament flow, and

(Mallavarapu and Mitchison, 1999). Filopodial formation is thought to be initiated by

setof d actin filaments of the Arp2/3 nucleated

network or formin nucleated actin filaments (Mattila and Lappalainen, 2008). The

these activity of the molecular
motor myosin-X (see Figure 1.9 for more on actin molecular motors) (Bohil et al., 2006;
Tokuo et al,, 2007). The force for membrane deformation during filopodial clongation is

m ion of the the bundled actin

filaments or by I-bar proteins that bind o the membrane to favor s deformation. The

actin Ena/VASP, and are cross linked by fascin

1o form a tff filopodia actin bundle (Matila and Lappalainen, 2008) (Figure 1.8)

ignaling pathways will result in favoring the formation of one actin siructure

s diffring i o i binding proeins ina

location. The action of actin bi




Figure 1.9: Actin molecular motor myosin

Myosins are a large family of motor proteins that walk along an actin filamentin

adirected fashion, besides their involvement in muscle contraction they are involved in
The
of one or two motor ins that bind (o the actin filament and long itin an

ATP dependant manner (Richards and Cavalier-Smith, 2005). The tail of the myosin is

implicated in binding to cargo or other structures in the cell



Tail Domain

Motor Head Domain



athy hospholipid

par ignals. For example,

actin filaments, as well as

pointed end of the structure. - Proteins th Ived

ereating and regulating A3, capping

protein, cofilin, and gelsolin) are activated and recruited to regions of lamellipodium

formation are

excluded (Bamburg et al., 1999; Korobova and Svit

ina, 2008; Mejillano et al, 2004). Tn
contrast, the formation of flopodia requires recruitment of proteins that prevent capping
and branching and facilitate of actin filament clongation and bundling, and thus

Eny/VASP and fascin are vated in ites of filopodial formation (Fig

1.8) (Cohan ctal

2001; Korobova and Svitkina, 2008). Therefore by regulating proteins
involved in capping, bundling, and filament elongation signaling wil regulate the actin
ilament architecture of the cell.

Activation of small Rho-GTPases by growth factor and

(egrin receptors arc

possible. ignal to i fium and filopodia
f both can mediate Racl ivation (Eti i Hall,
2002; Hall, 1998; Price et al., 1998), and Racl activation signals formation of

the formation of d

Hall, 199:

 Steffen ct al, 2004).



112,12 Tubulin in the neurite

Microtubul al part of gives the
dynamic instability plays an important role in
ind retraction. Additionally i tracks on which

‘motor proteins transport cargo from the cell body required for neurite growth

‘maintenance, and signaling to the neurite tip and back.

Microtubul of

of

thirteen dimers (Figure 1.10) (Amos, 2000; Luduena, 1998). The microtubule is Siff and

difficult 10 bend due to all of found between the

it. Due to the arrangement of @/ subunits the resulting structure is polarized resulting in

the end of the mit i A

and the other end with

h that

the plus end is dynamic and increases and decreases n length, while the minus end is

in length unless it is stabil i and Mitchison, 1997). Each
@ or p monomer has one binding site for GTP, although only the GTP binding site on the
fi-monomer is n a position where nucleotides may be exchanged and therefore may be

found with GTP or GDP bound (figure 1.10) (reviewed in Wade, 2007)

Free GTP incorpy L L

bound GTP is hydrolyzed into a GDP molecule shortly after incorporation. This delay in

GTP hydrolysis results in a GTP cap exi the distal tp of



Figure 1.10: Microtubule Structure
A. Tubulin di i i B-tubulin
subunit (grey), each @ or  subunit has one binding site for GTP. The GTP bound to the

t i i the interface between th isan
tegral part of the @/ tubuli i inding site on the p-
monomer i in a posi i hanged be

found with GTP or GDP hound (reviewed in (Wade, 2007)). B. The /f-tubulin

heterodimers are arranged lengthwise in a lincar array of alterating a and  subunits o

form a protofilament. Hydrolysis of the f-tubulin bound GTP to GDP results ina
. . ] .

protofilament. C. Microtubul

assembled into long ameter of 25nm,

inthe end of

‘where  subunits with the

D1 Is th

wbule. E. Free GTP

its bound GTP i into after

incorporation, the delay in GTP hydrolysis results in a stable GTP cap existing on the tip

F i faster than GTP
drolysis the GTP cap i growth i . G.
When G faster i the result i the loss
of the mi p. The loss of
from the GDP b the tp of the mi ing the bonds
tofilament, It

hundred times faster than when the GTP cap s present.






“The GTP cap favors growth by promoting a stabilized microtubule structure.(reviewed in

Wade, 2007). faster
GTP capis lost i s Tost with it. GDP bound -
tbulin i ip of the

the GTP cap s

rapid depolymerization is referred to as catastrophe. The difference in

[P and GDP capped tbulin resul

‘arowth, where there is a GTP cap in place, and periods of rapid disassembly. During

retraction.
Microtubules are nucleated in vitro, at  single microtubule-organizing center

W require the

formation of a y-tubulin ring complesx, upon which plus end growth with o/ tubulin

Innon imarily

the centrosome, however thi is not the case in neuronal cells as no one microtubule

the entire length of the axon, instead

short Fmicrotubules. In inthe
same direction with the plus end pointing towards the axon terminus, however in

dendrites the microtubules are arranged in a mixed polarity arrangement.

“The functions of a and regulated by post-

cations. Although many of the specific functions of tubulin post-



translational modification have to still be elucidated, i play

1o the filament, Kinesin family of motor

proteins whi the cell body ite tip

Jation and i I

has been incorporated into the microtubule resulting in high levels of acetylation at minus

end of the mit 1993), and is

therefore an indicator

tubules, and

P

promotes bindi i i i d facilitat

dissociation at the distal end (Bulinski, 2007; Dompierre et al., 2007; Reed et al., 2006).

two types of microtubul
binding proteins to bi d pl ! ization and
(Erck et al., 2005). i inresults in the C-terminal
d result
in i the family of ki
he addition of  tyrosine o the C-
terminal
ligase (T'TL) Weber, 2003).
+TIPS binds oy
microtubules. Mi yrosinated at their plus end and sparsel




al., 1993), p

Tyrosinated
‘microtubules tend (o be new labile microtubules.

Both in C-termiy

1 tails can ion, the addition

he protein. ‘This modification is
prevalent in neuronal cells and is involved with the binding of kinesin family protein

2007). Additionally fic b tubulin can be

1 ional signif this

‘modification remains to be elucidated.

the actions of

gulating mi ics as well as

‘molecular motors to traffic cargo along microtubules. Many of the MAPs are regulated

tivated in respor i d result in

t, and control of the

the

regulated by mi iated proteins

[ el a i in subunits, (2)

plus end ide walls of

‘microtubules.

depends to promote




into microtubules (Belmont et al,, 1996; Jourdain et al., 1997; Sobel, 1991;

ittmann et
al. 2004). By i i dimers,stathmin lowers
i
addition of subunits i i ing. i hydrolysis
will it addit p will be lost and
2006).
P it proteins that
p i i of functions. Their
i a-tubulin
Many +TIPS . and have
different and For exampl
K

2006), while kinesin 13 family members promote catastrophe (Moores and Milligan,

2006). Cytoplasmic linker proteins (CLIPs) act as microtubule rescue factor and convert

2002), while both
cu i LASP) and Ji (APC) act 0 prevent
the

005; Lansbergen and Akl 2006). Many +
least 2 wbuli i d therefore may p ization of short

oligomers (Slep and Vale, 2007). Additionally an important function of +TIPS is to link
the microtubule to structures within the cell, some +TIPS such as APC and CLASPS are:

he cell

< y bound factors



and can achi delivery of

(Etienne-Manneville et al., 2005; Moseley ctal., 2007; Tsvetkov etal., 2007).
Microtubule associated proteins that bind along the side walls of microtubules

‘may act to stabilize, bundle or sever the microtubule in response to- signals from kinases

1o perform various functi i in bind to mi them;
proteins may either i or

the shorter mit be stabilized and may be used
hort mi ile (Yu etal., 2008).

that promote
their sides to stabilize them were the first identified microtubule associated proteins and
were named MAPs. The function of MAPs can be regulated by phosphorylation and
dephosphorylation by protein kinases and phosphatases. Within the MAPS, two major
protein families exist: the MAP1 and the MAP2/tau protein families. MAPIA and
MAPIB are primarily expressed in neurons where they bind to microtubules to stabilize
them. Additionally they have an actin binding domain and are believed to be a link

the actin filament and mi (Goold and

Gordon-Weeks, 2005). “The MAP2/tau family of proteins bind to microtubules to
stabilize them and also play an additional function in the organization of microtubule

bundles. MAP2/tau proteins have two microtubule binding si

es connected by a linker

that projects away from the microtubule (Dehmelt and Halpain, 2005). This allows for

the length of the i

closely the MAPS are packed together (Chen et al., 1992).




proteins bind

from ATP hydrolysis to move along i the cell to the

other. Ty i proteins exist: the kinesin superfamily of proteins

(KIFs) and dyneins, both of which

d Takemura, 2004). 1

rance h great lengths

be transported very fat in the form of an action potental the cel still needs the physical
transport of molecules. For example many compounds that are synthesized in the cell

body need - the axon t

d po > d

stress signaling back to the cell body. The importance of microtubule motor proteins and

by the fact that in «
disease (Zhao et al., 2001).

Two speeds of axonal transport have been observed within the neuron, fast axonal

transport is associated with for

is associated with the axonal cytoskeleton and

Intially it was believed that different mots
different speeds of transport, however more recent findings (Roy et al., 20005 Wang and

Brown, 2001; Wang tal, 2000) suggest that the same proteins are involved in both fast

port and i 3
but thatslow transport i a esult ofintermittent pausing and bidirectional movement of

transported elements.



KIFs transport cargo anterogradely (lowards the axon tp) in axons by moving

1993).

e, and duc to

they are able to walk along the microtubule in a hand over hand fashion. Cargo is bound

toKIFs y i KIFIA has

a PH domain that permits it to bind directly to liposomes via PI4SP2 phospholipids
(reviewed in (Guzik and Goldstein, 2004). The domain of kinesin to which the cargo

be important n directing the cargos transport,

tional kinesin light chain por 2 ©

conventional ki po in Hirokawa

and Takemura, 2004)).

ds the cell body i their minus end

(reviewed in Hirokawa and Takemura, 2004)). Dyneins are comprised of a multisubunit

complex of heavy chains, light chains and motor domains. Binding sites within these
domains permit the transport of specific cargo; for example the light chain is able to bind
10 neurotrophin receptors Trk A, B and C and is reported to be involved in the retrograde

ransport of NGF and Trk (0 the cell body (Yano et ., 2001). Cytoplasmic dynein

the large protein complex dynactin, which medi f

cargoes i processivi d Takemura,

2004).



L1213 Intermediate flaments in the neurite

Intermediate

wpe o hen duri jewed in
(Godsel et al., 2008)). Intermediate filaments are flexible, ropelike fibers of around 10

nm in diamete s “intermediate™

1.,2000). i id

dynamic scaffolding to

forms of: pr gulation of intermediate

proteins, i dthe

positioning of organelles within the cell (Toivola et al., 2005). In neurons type 111

intermediate d vimen stages of
neurite outgrowth (Cochard and Paulin, 1984; Troy et al., 1990).I n PCI2 cells peripherin
expression is increased when neurite outgrowth is induced by NGF, and injured
peripheral neurons show increased peripherin during axonal regeneration, suggesting a

role for peripherin ati i . 1988;

Alettaetal.. 1989; Leonard et al., 1988; Oblinger etal., 1989). Type IV intermediate:

filaments, are expressed P

i inant of axon caliber and i . 2003)

Neurofilaments are the most predominant type of intermediate filament found

the neuron and function o support the axonal sructure and are regulated by signaling

in an increase in the di the axon

neurons. ppe ithi may act




R . .

(Coulard-Despres et al,, 1998).

M) and the heavy chain
(NF-H). Not all three neurofilament proteins are required to be expressed i the cell at

the same time. NF-H i

h as hi buti igh levels in large

neuron (Liu et al., 2004).
‘The neurofilament proteins all share the same three domain structure with the rest

of the intermediate filaments consi

2 of a variable N-terminal head domain, a

conserved central rod domain, and a variable C-terminal tail. The C-terminal tail for NF-

L is much shorter than that of NF-M and NF-H and does not contain any phosphorylation

sites. Historicall thought o be d only of the three

led from NF-L,

‘with NF-M and NF-H co-assembling onto the core NF-L backbone with the NF-M and

NF-H C-terminal tail domai i from
1984; Hi d Hirokawa, 1988). However
is colocalized and i o the

neurofilament (Yuan et al., 2003). This is not surprising as a-intemexin was previously




ind is also a type IV intermediate

the neurofilament proteins.

a-helical rod

domain, contai i al for assembly into the coiled

coil dimer (Wong and Cleveland, 1990). Two coiled-coil dimers associate in an anti-

parallel i ked

together forming the 10nm rope like filament (Heins and Acbi, 1994; Herrmann et a

2000). P I modification of the fects th

fon into the ilament as well as the packing of neurofilaments together.
Phosphorylation of the neurofilament proteins head domain influences

neurofilament assembly (Dong et al., 1993; Sihag and

on, 1991) and plays a crif

role of i from assembling y (Lee etal., 1988;

Stemberger and Sternberger, 1983). Phosphorylation of ser44 of the NF-M head domai

SersS in the NF-L head domain, blocks fil iy id

results in s Fiumelli et al., 2008; Hi W Hirokawa, 1990;
Nakamura et al,, 2000).

“The packing of neurofilament proteins into the neurofilament s regulatd by the

NF-M and NF-H at multip quences in their C-terminal tail.

C-terminal ail phosphorylation occurs within the axon and is triggered by Schwann cell

signaling in myelinated axons (de Waegh et al., 1992). Neurofilaments are transported in

the axon by *slow transport” as the neurofilament tail becomes more phosphorylated, the

speed of it transport its integr



asa stable structure (Ackerley et al., 2003; Shea et al,, 2003; Yabe et al., 2000). One

possible mechanism for

SRR 2 .

kinesin resulting in it no longer being transported (Jung et al., 2005; Yabe ct al, 2000).

neurofilament proteins i proper

growth of myeli . 1996; Sanchez
ctal., 2000). This is supported by the observation that loss of myelination results in
decreased regional accumulation of NF's (Sanchez et al,, 2000). It s hypothesized that

the i ing fror i the

electrostatic repulsion between filaments and is thus able to regulate axonal diameter and

thereby regulate axon caliber (Garcia et al., 2003).

by glycosylation of

serine or threonine residues. Glycosylation of residues in NF-M and NF-H C-terminal

tails prevent i i from repulsive to
associative, leading to the close packing of neurofilaments observed in the Nodes of

Ranvier (Dong et al., 1993; Nixon, 1993).

1122 Neurite

iation and Growth Patterning

1 Neurite Initiation

During. ancuron,

the round cell symmetry and transformation of the non-polar sphere to a polar cell

capable of it i occur




the isolation

in removal of s
again being ith spherical symmetry.
i i polar cell from
Iva and Dott, 2002). ist on how
supposes
presence of a ligand formation of a
i from which
ymmetry and that the pr a from this area (da
Silva and Dot, 2002). i i i that
cell types, i during the
proteins with PDZ
1999). Proteins with PDZ
and linkage i o the cell pos
may be

‘microdomains (da Silva and Dott, 2002).

Both theories of

resultin i ites. Potential ligands are sugge

‘matrix

collagen, laminin, and the slit family of proteins or diffusible molecules such as fibroblast



growth factor, i factor-p (TGF-§) and
Tessier-Lavigne, 2000; da Silva and Doti, 2002; Joester and Faissner, 2001; Labelle and

Leclerc, 2000; Rauvala and Peng, 1997; Tucker et al., 2001). Among possible receptors

grins, as

through the use of gers. Additonally studies in

Xenopus, and C. elegans indicate that mutating or knocking out integrin receptors have:

1997; 1 1995).
Due variations i in grown and the
variety of diff ts likely
‘mediated through many di i varying i

"

binding proteins and microtubule associated proteins are likely to be similar. Growth

binding
proteins to i instability and sge of round cell
symmetry, i rowth will
enhance actin i inhibit breaching of
Silva and Dotd, 2002)).
Many i regulation of in
d i i i in neurite

ftion, where first lamellipodium surround the cell followed by the lamellipodium

segmenting to form a neurite, as essential for neurite initation (da Silva and Dott, 2002;

Dehmelt and Halpain, 2004). However, while recent studies still implicate the actin




for neurite

007). In addi ia formation, dynamic

microtubules is also an essential ingredient for neurite initiation (Dent et a., 2007).

Microtubules are suspected to contact, and

ign along the actin bundles n filopodia that

fold i

i the pos several microtubul

acti ing i i . The actin-

possibly a structural ate inthe formation of a

neurite shaft. The need for a link between actin and microtubules in neurite initiation is

supported i i ich i able to bundle

bules as well a to i in

(which i i interact

Gordon-Weeks, 2004). Besides their

i ibules play roles i i ials 10 the

nerite initiation, providi ites, and by

important signaling proteins to localize and regulate their actvity.

11222 Neurite Elongation

Neurites a - process (Figure:

N i w: Cali

(Aplysia californica) (Goldberg and Burmeister, 1986), chicken (Gallus gallus) DRG

‘neurons (Bray and Chapman, 1985), rodent sympath




Figure 1.11: Three Steps in Neurite Elong:

A. Protrusion: a net increase in actin filament forming lamellipodium and filopodia in the
rowth cone. resulting in an enlarged peripheral domain. B. Engorgement: microtubulcs

elongate and invade the central domain, and transitional domain. Pione

ng
microtubules enter the peripheral domain and interacting with filopodia in the dircction of

neurite growth. €. Consolidation: some actin filaments in the growth cone that are not in

of actin ilaments at the

the direetion of growth depolymerize. additionally the majori
proximal part of the growth cone depolymerize to allow the membrane to shrink around

the bundle of microtubules to form the neurite shaft, (Dent and Gertler, 2003).



prowsson enprgmmens comision



. 1988) and i (Kalil, 1996).

enlarges in a part izt i in
i lopodia. During 2) the microtubules
a
converting i in i it in, during
is ph become invested with Brownian motion as well

as direeted microtubule based transport. The final step of the elongation is the

shape

po i e idati the majority

ofactin

Jaments n the proximal part of the growth cone depolymerize allowing the

1l roquire regulatod adj "

lamelipodium and filopodia higher order actin

. . ) B | -

protrusion of actin structures is the molecular clutch model (Bard et al,, 2008). This

the ability of its neurite over a eal
there t0 be a direct interaction with the substrate. /i vivo this would be the ECM, the

composition of which depends on the location in the body, PNS versus CNS. ECM

called i iancotti and Ruoslahti,

i, 2004). Integrins



receptors are found i filopodia tips i

EC
i L
2007). ECM
of i p
ytoplasmic tails (Giancott, 2003). Th ins link
y

remodeling and neurite growth (Giancotti and Ruoslahi, 1999).

filaments and their higher order structures in the proximal area of the growth cone

‘and due to the specific location involved may be achieved throught regulation or

recruitment of ins involved i i site. This step
highlights the i i it
Tongation and that finding i is required for

‘growth (Gallo et al., 2002).

y <

elongation of ite may actually i actin
structures present (Letourneau et al, 1987; Marsh and Letourneau, 1984). However the

growth that result nd

network might ion as barri id microtubul

extension in order to regulate the direction of growth.



11223 Growth cone turning

vivo is a requirement f llow a precise path
leading to itstarget. G in response to
ir growth cone.

‘mediated, such as laminin or MAG, or soluble factors such as NGF or semaphorin.

ing in changes in I
alignment of actin filaments to turn the growth cone (Figure 1.12) (Gallo and Letoumneau,
2004; Luo, 2002; Turney and Bridgman, 2005). The requirement for regulation of the

actin cytoskeleton for turning is supported by the findings that depletion of actin

al, 1987; Marsh and

Letoumeau, 1984), ion of asi in binding p
supportcither an attractive or a repulsive tum (Song and Poo, 1999). Cues that induce

attraction and turni them i i the side of

the growth cone the tuming is occurring towards. The increase in actin bundles promotes

interactions wi d their +TIP proteins leadi
in dissolution of act loss of
2004). 1
likely relies on the regulation of multiple actin bindis through multiple:
affont ot ol b N "

between actin filaments and microtubules.



Figure 1.12: Growth cone turning:

ic presence of attractive or
Tocati
A
 actin filament
tin i B. A gradient
of attractive cues facili tuming toward the i

cues (green). The attractive gradient results in increased polymerization and formation of

gh i well as mi shown with
yellow i high attractive cues,
Tower levels of attract I i actin
ilaments and armowhead). C. A gradient of repuls s in
wih from high levels of the repulsi . The repulsive

gradient acts in the opposite manner of the attractive gradient resulting in

actin

amowhead) at arcas with high repulsive cues, and polymerization and stabilization of the

cytoskeleton in areas of low repulsive cues (yellow arrow). (Adapted from Figure 1 -

Kalil and Dent, 2005)



A.No Gradient B. Attractive Gradient C.Repulsive Gradient

“"




.4 Neurite Branching

Neurite
may splitto hes (Figure 1.13) or from the
middle of a neurit i I branching (Figure 1.14)

Gertler, 2003).

including following nervous system injury leading to functional recovery as well as

(Kornack and Giger, 2005). In many CNS pathways, interstital axon branches rather than

o i jertler, 2003). Both

interstitial branching and iting requirc ion of actin

filaments (Dent and Kalil, 2001), and the format

n of a filopodia(Luo, 2002).
‘Additionally microtubules must be unbundled, and fragmented into short microtubules
lengths that can probe both actin filament accumulations and filopodia (O'Connor and

Bentley, 1993). The importance of the presence of multiple short fragmented

‘microtubules i pression of
results in an ing (Yu etal,, 2008).
In both growth cone spliting and intersttial branching from the axon shat,

elongation of the new branch occurs in the same method by which neurites clongate, and
microtubules invade and remain in branches favored for further growth but withdraw

branching involve the reorganization of the microtubule array ino a more labile form

ind fragmented,




Figure 1.13. Neurite Branching by Growth Cone Splitting

(  formation of actin filament i filopodia required

branching readily occurs. Microtubules (blue) are found tightly bundled in the neurite

shaft and splay apart s they enter the central egion of the growth cone. In paused

‘rowth cones microtubules form loops in the central egion (A). During the trani

from their loops, fragment

(B) and these new fragments contact with actin filaments to explore new directions of

‘growth (B,C) (Dent and Gertler, 2003). Mi

otwbule fragments engage with actin

filament bundles in flopodia, creating a scaffold for other microtubules to align along (D,

E). “The ali i d the actin

h ing in the







Figure 1.14: Interstitial Branching of Neurites

Under normal conditions actin filamer en) and in the neurite

shaft exist in a stable state (A). Cues that trigger branching result in unbundling of

. and thei ion, as well as the. ion of the actin

eytoskeleton (B.C) (Dent and Gertler, 2003). The short fragmented microtubules

colocalized with actin filament accumulations to explore new directions of growth(D,E

(Komack and Giger, 20

Exploring microtubules align along the actin filament

bundles of a scaffold for other microtubules to align along (F, G). The

aligned microtubules are bundled and the actin filaments proximate to the neurite shaft
depolymerize so that the membranc can shrink around the microtubule bundles resulting

in consolidation of the new neurite branch (H). (Dent et al.,2003).
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eletal architectu lecul
actin igh ic mi i in
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where it s appli
113 Hsp27
1.13.1 Heat Shock/ Stress Response
Cell d a variety of

response is the heat shock or stress response and involves the induction of molecular

luding a set i heat

(Hightower, 1991). Thi

variety of i ition, oxidans, h heat, or chemicals such

alcohols,transition metal ions, and peroxide (Hightower, 1991). Heat shock results in the

alteration of i . where.
intermediate i fo

and the actin cytoskeleton s reorganized (Glass et al, 1985; lida et al., 1986; Welch and
Suhan, 1985). A flen sufficient &

d provi i ally lethal insults;

referred : Quigney et al., 2003),




L1311 Induction of Stress Response

proteins is primaril level of trnseription although there s some

( Nudler, 2008). In higher
cukaryotes the stress response is primarily mediated by heat shock transcription factors

(HSFs). «

element within thir promoter region. - Mammals express three distinet HSF proteins that

pos v ing in the formation
of a trimer (Dai et al., 2007; Sarge et al, 1993; Westwood and Wu, 1993). The trimer
has a high aliniy for its conjugate DNA sequence, the heat shock element, and uponts
translocation to the nucleus it binds to the heat shock element portion of the heat shock

promoter and activates gene transeription (Taylor and Benjamin, 2005; Torkiss and

Calderwood, 2005)

Hsp27 has been shown to play a role at the level of translation in facilitating the \

Hsp27 plays a role n the

inhibition of translation of mRNAS that are not part of the tress response. Hsp27 is

suspected to inhibit translation by binding to eIF4G initiation factor and to facilitate:

location of cap-init ta et al, 2000). shock ‘

response Hsp27 stimulates the recovery of RNA splicing as well as RNA and protein

synthesis (Carper et al., 1997; Marin-Vinader etal., 2006).



13,12 Heat Shock Proteins

“The family of proteins k heat shock prote s

conserved classes of HSP’s Hsp100, Hsp90, Hsp70, Hsp60, and the small heat shock

prote im et al., 1998). The name in' is a bit of

‘as many proteins in the small heat shock protein family are not upregulated by

temperature, and as mentioned previously those that are induced by heat can also be

a vari  physical st However the name *heat
shock protein’ has ts roots in the discovery of the heat shock response over 45 years ago

‘when Fermuccio Ritossa at the genctics institute in Pa

was looking at nucl
synthesis in the salivary gland puff of Drosophilia. When one of Ritossa’ co-workers

increased the temperature of the incubator in which Ritossa kept his tissue Ritossa

observed a unique pufling pattern that required RNA but ot protein synthesis (Ritossa,
1962; Ritossa, 1996). Tt was not known at the time of Ritossa’s discovery that the puffs

corresponded o active sites of increased transeription and transl

n, though it was laer

found that heat shock resulted in the production of a specific set of RNA's transcribed

genesi heat shock.
correspondingly the synthesis of  set of proteins (Tissieres et a., 1974). The proteins

were identified on the basis of their sizes when run on a poly acrylamide gel

example the protein with a
molecular weight of 27 kDa was named heat shock protein 27 (Hsp27), although Hsp27

i also refrred 1o as Hsp25 (Ingolia and Craig, 1982). New guidelines have been

proposed for HSP nomenclature, (Kampinga et al., 2009) under which Hsp27 is referred



© is thesis i ige of Hsp27. The st

s ity of the Hsps to act as

‘molecular chaperones and prevent protein aggregation. Cell survival is also increased by

HSP:

death pathways, while others play roles as regulators of cell metabolism (Calderwood and

iocca, 2008).

113121 Small Heat Shock Proteins
“The family of small heat shock proteins (sHSPs) in mammals contains ten

‘members that have been identified based on the presence of common structural domains

and not thei dvity or ability to exhil Taylor
and Benjamin, 2005). Many members of the sHSPs have been shown to act as ATP

independent molecular chaperones to counteract the formation of aberrantly folded

port of proteins, cytoskeletal

hitcet i homeostasis, and prot
against spontaneous o stimulated cell death (Arrigo, 2007). Several members are
induced by HSF1 activation in respanse to stress, while others like HspB2 are not

(Suzuki etal., 1998).

pr common

been able pp interactions of some

of the small heat shock protei of the class. St

will be discussed further i section 1.1.

i the context of the structure of Hsp27. The



form invitro,

‘consisting of 12 to 24 sHSP subunits (Haslbeck ct al., 2005; Shi ctal., 2006; White etal.,

2006). Th been implicated in playing diverse roles in
passively stabilizi ATP dependant
per ing or degr

etal., 1997; Haslbeck etal, 2005).

1132 Hsp2? Structure

Much of whs

is known about the structure of Hsp27 has been obtai

‘confirmed through comparison of its sequence to that of other sHSPs. si

SPs have been

for, most

form large dynamic oligomers, which affects their ability to erystali

(Bovaetal.,

2000). The crystal structure of three sHSPs have been determined to date and has

revealed that ol SHSPs f It of multiple i in the -

crystallin domain, stabilized in some cases, by iteraction with the hydrophobic
sequences of the NH terminal (Kim et ., 1998; Koteiche and MeHaourab, 2002; van
Montfortetal,2001b).

Under ions Hsp27 fo consi

gof

app ly24 i 700 kDa (Lambert ctal.,

1999). Deleti mutation

interactions at the NH terminus, as well as the phosphoryl

jon state of the protein, are

involved in the stability of the oligomeric structure (Kim ct ., 1998; Lambert et al.,



1999; Rogalla et al., 1999; van Montfort et al, 2001b). The phosphorylation state, as

‘well as oligomeric structure, of Hsp27 have been implicated in regulating its protein

and through sabilzation of the actin filament cytoskeleton.

1132.1 Hsp2? Domains

Hsp27
domains; a WD/EPF motif in the N-terminal region, a common C-terminal a-crystallin

domain with a ich fold, flexible C-

(Figure 1.15A) (Arvigo, 2007; Chavez Zobel et al., 2005; Haslbeck et al., 2005; Theriault
etal., 2004).

Hsp27 cont A proline, phenylalanine rich

region containing a WD/EPF domain (Theriault et al., 2004). In Hsp27 the N-terminal
phosphorylation site Ser1 5, diretly precedes the WDPF domain. It has been found that
Hsp27 requires s N-terminal region surrounding the WI/EPF motifin order to form
oligomers larger than dimers (Lambert et al, 199; Theriault et al, 2004). A model based
on the structure of wheat Hsp16.5 suggests that the WI/EPF motif mediates

intramolecular interacti ic surface that the

folded a-crystallin domain. This model proposes that phosphorylation of the Ser86

(Ser86 in rat, Ser90 in hamster, Ser$2 in

Hsp27 igomerization of Hsp27 into dimers

(Lambert et al., 1999; Lavoie et a., 1995; Theriault et al., 2004).



Figure 1

‘The structure and phosphorylation of Hsp27
A Hsp27 is comprised of 3 domains, a WI/EPF domain, a conserved a-crystallin
domain and a non conserved flexible C-terminal domain. B. Rat Hsp27 is

phosphorylated at two serines (Serl 5 and Ser86) by MKK2. C. Pharmacological
inhibition of P38 MAPK activity upstream of Hsp27 result in inhibition of MKK2

activation and thereby inhibiton of Hsp27 phosphorylation. D, Large oligomers form

H ‘Ser86 of Hsp

the oligomers into di Serl$ results of

dissociation of the dimers into monomers (F).
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Even though i for the
the sHsps, with the exception of a few conserved positions, the structure it folds into, a

compact fold, i im etal., 1998;

Van Montfort et al., 2001a; van Montfort et al., 2001b). The f-sheet sandwich consists

of 2 layers, one of 3 and the other of § anti-parallel p-strands, that are connected by a

short i i their p-sheets to form

a intersubunit composite f-sheet (Van Montfort et al., 2001a; van Montfort et al., 2001b).

The i he highl why shsps

dimerize with themselves but also why many of the SHSPs are able to form at least weak

hetero dimers with of the sHsp class. Th in of sHSPs
that tobe structural integity of the

protein, and implicated in a variety of inherited di h

Mutation of ine i in resulted

taract disease (Litt et al., 1998), and a similar mutation i lin was found in

autosomal dominant desmin related myopathy (Vicart et al, 1998). Both mutations in

A erystallin and aB i Herations in the

the proteins, as well as the formation of large oligomers over 1000 kDa that collapsed

1999; Chavez Zobel etal.,

2003; Kumar et al., 1999; Pemg et al., 1999b). A similar mutation in Chinese hamster

Hsp27 into dimers, as well dally agercgat

inthe cells indicating the importance of the conserved arginine and the a-crystallin



domain i Hsp27 and other sHsp di ind of the

structural integrity of the resulting oligomer (Chavez Zobel et al., 2005).

Th domain of Hsp27

variabiliy with Hsp27 found within
ukaryotic organisms and in bacteria. While the function of the C-terminal tail emains

10 be clucidated, the crystal structures of two of the sHsps indicate that it is involved in

zation of the oligomers (Kim ctal., 1998; Van Montfort et al., 2001a; van Montfort

etal., 2001b).

11322 Hsp27 Phosphorylation

Hsp27 s phosphorylated on 3 serines i the human Hsp27 (Ser

. Ser78, Sers2)
and 2 serines in the rodent Hsp27 (SerlS, and Ser86 in rat, Ser90 in hamster, Ser$2 in
mouse) by MAPKAP kinase-2 (MKK2) at both stes in many cell types; MKK2 s
‘generally thought o be activated by p3SMAPK (Huot etal, 1995; Landry et al., 1992;
Mehlen and Arrigo, 1994). I smooth muscle and other cell types, other kinases such as
MAP kinase-activated protein kinase 3 (MK3) (McLaughlin et a., 1996), MAP kinase-
activated protein kinase 5 (MKS) (New et al., 1998), protein kinase C delta (PKC5)

(Maizels et al., 1998). protein kinase D (PKD) (Doppler et al., 2005), have been

implicated Hsp27, although
have ot becn determined. Hsp2 has aso been shown to be phosphorylated on
threonine 143 by cyclic guanosine monophosphate (cGMP)-dependant protein kinase in

platelets. FThrl43 ination with ion of the serine




stimulation of actin polymerization necessary for platelet aggregation (Butt et al,, 2001).

Phosphorylation of Hsp27 affects its act

ina manner that depends on the cell

oligomers of Hsp27

form from unphosphorylated Hsp27, and that phosphorylation of Hsp27 results in

1994). Specifially,

Sers6 of rat Hsp27 i i Hsp27 into dimers, and

Serl results in dissoci dimers i e

al,, 1994; Lambert et al., 1999). Besides being involved in oligomerization, the

phosphorylation state of Hsp27 has also been implicated in the chaperone a

ty of
Hsp27 as well being involved in the inhibition of apoptosis, and inhibition of actin
polymerization (Bruey et al., 2000a; Brucy et al., 2000b; Landry and Huot, 1999; Rogalla
etal, 1999).

“The phosphorylation of Hsp27 can be studied in vitro using upstream

inhi

tors of Hsp27 ion, as well as recombinant Hsp27

proteins. C i i MAPK inhibitors (¢.g.,

act upstream of Hsp27 to inhibit the actvity of p38 MAPK, resulting in inhibition of

dherchy Hsp2? on (de Graauw et al.,

2005; During et al., 2007). Many studies have taken advantage of recombinant DNA

Hsp27 with ion sites. Mutation of

P ple, rodent

: g . S o acid or glutamic aci s



Hep27

Hsp27DD) (Bruey et al., 2000a; Kubisch ctal., 2004; Lambert et al., 1999; Theriault et

al,, 2004).

Hsp27 functions in numerous ways to promote survival in the face of

In the face of stress the ive actions of Hsp27 have been

S I B B "
‘apoptotic signaling abilities and its abili i eytoskeleton.
with and stabil ive forms of proteins,

and are not part of the final assembly of the protin (Ellis, 1987), butare involved in

protein folding and assembly, transport, di ind the

unfolding of proteins (Saibil, 2008). In the carly 1990, Hsp27 was defined as a

o ATP al, 1993),

of Hsp2? ivity has been L and

oligomers of Hsp27 i i il they are
pr for refolding by ATP- fed by the ubiquitin

proteasome pathway (Ehmsperger et al., 1997; Huot etal., 1997; Perng ctal., 1999%;

Theriault et al., 2004). i of

the role of Hsp27 don and F apoptosis, highl fact




that Hsp27 functi ival by a variety of i

‘and Arrigo, 2002; Sun and MacRac, 2005).

high levels of
p 2y production within the cel . 2007).

Hsp27 idaty ing the levels

of reacti i i with the

level of Hsp27 expression (Firdaus et al, 2006; Mehlen et al., 1996a; Preville ctal.

1999; Rogalla et al, 1999). Hsp27 increases the resistance of cells against oxidative

stress (caused by i diating an

increase in the level of, and by upholding the level of,the reduced form of glutathione in
the cell (Mehlen et al, 19961). Hsp27-mediated increase and maintenance of glutathione

levels are directly responsible for protection of cell morphology, eytoskeletal

it d mi dal by reducing I
protein oxidation, and actin flament disruption (Paul and Arrigo, 2000; Preville et al,

1998; Previle et al., 1999). The phosphorylation state of Hsp27 has been suggested o

play arole n gl

Hsp27 may be impor is activi 1999).

Hsp27 has also been implicated in protecting the cell from oxidative stress by

thods i i ing activity. Hsp27 may act to inhibit the




the formation of hydroxyl radicals that oxidize proteins (Arrigo et al., 2005).

Isp27 may play a role in e fleran
by the p i ies which
leading o Hsp27 which

reorganization and resistance to cell death (Huot et al., 1997; Huot et al., 1996; Vigilanza
etal,, 2008).
Apoptosis is a form of programmed cell death by which unwanted cells are

eliminated from the body. Within the developing nervous system nerve cells are

equal the,

number of targets. The survival of only neurons that have innervated targets oceurs via

s cells that do
, or that do these signals,
is. Hsp27 functions to inhibit i variety of mechanisms
tochondrial promoting

activity of pro-survival enzymes like Akt (Dodge et al,, 2006; Mearow et al., 2002)
Increase in Hsp27 levels increase the resitance of the cellsto several pro-apoptotic
agents (Concannon et al,, 2003; Mehlen et al, 1996b), and correspondingly decreasing
Hsp27 expression sensitizes cels to apoptosis (Bausero et al,, 2006; Kamada ct al 2007;

Paul etal., 2002; Rocehi et al., 2006).



L1331 Hsp27 and survival in neurons

Hsp27 ive role i nd i i be

distnt fi

(Franklin et al,, 2005; Latchman, 2005)). Hsp27 is consttutively expressed in

dult et

al., 1997). However in DRG sensory neurons, constitutive expression of Hsp27 is

minimal in i adults i

1.,2006). Neonatal DRG

factor (NGF) for their survival, is wit ient NGF (Dodge et

al.,2006; Lewis et al., 1999). Overexpression of exogenous Hsp27, as well as

Hsp27 by amil tects both neonatal DRG neurons and

PCI2 cells against NGF withdrawal-induced cell y increasing Akt activation and

1., 2006; Mearow et al., 2002). In response to

‘growth factor activation, Akt generates a survival signal by acting on the BAD/ Bel-2

its

spoptotic family

from BAD) can bi inhibit pro-apoptotic proteins and

irectly regulate the activity of caspases (Khor et al,2004). Hsp27 modulates Akt

activity, with the Hsp27 and for the anti-apopt

activity of Akt (Konishi et al, 1997; Rane et al,, 2003). Active Aktalso

death i ing.

eytochrome ¢ from mitochondria (Garrido et al., 1999; Paul etal, 2002).



1134 Hsp27 and Neurite Growth

In order for a neurite o undergo successful growth patterning, the actin and

pecifically it asto

facilitate their extension, branching, and turning. Additionally transport o cellular cargo

from the cell body. ite tip and back again, is required
o . as well from the
the cell body. Hsp27isa be involved in neurite
1 d sigral
termedi Ived in regulating d Q)i

‘neuronal cell migration, which occurs via a similar process to neurite growth, and (3) ts
involvement in neurofilament assembly and role in transport within the cell have been

highlighted by recent studies that mutations in Hsp27 are associated with peripheral

neuropathies, in particular the axonal form of C! iscase (CMT) and
distal hereditary motor neuropathy (dHMN) (Ackerley et al,, 2006; Evgrafov et al., 2004;
Trobi et al., 2004b).

Hsp27 interacts with several species of intermediate filaments, including glial

fibrillay acidic protein (GFAP), vimentin, nestin and NF-L, and dircctly and indirectly

ate acti i through s i ith tau, 14-3-3 protein,
the Arp2/3 complex and RhoA (Ackerley et al., 2006; Benndorf and Welsh, 2004;
Evgrafov et al., 2004; Hargis et al, 2004; Hino et al.,2000; Ja et al,, 2009; Kindas-

Mugge et al., 2002; Lee etal., 2005;

ing and MacRae, 1997; Perng et al., 1999; Tezel

etal., 1999). The ability of Hsp27 to modulate the actin cytoskeleton, as well as to bind



laces Hsp27 i i ion of the actin and microtubule

cytoskeletons in a manner to direct neurite growth.

11341

Hsp27 plays a role in regulating the actin filament cytoskeleton though direct

interactions with actin, as well as by modulating the actvities of actin binding proteins

Hsp27 and actin are important for many

cell functions, includis i hil

ytosis, cell division, cell survival, cell migration and

differentiation, cell adhesi focal adh d

(Brophy et al., 1998; Doshi et al., 2009; Hong etal., 2009; Jia et al, 2009; Jog etal.,
2007; Lee etal., 2007; Lee et al., 2008; Piotrowicz t al., 1998; Schneider ctal, 1998).

Additionally Hsp27 colocalizes with a

filaments in cardiac (Lutsch et al., 1997),

al, 1994), al., 1991; Ibitayo etal.,

1999). i i igrati

Hsp27 in neurite:

growth. The involvement of Hsp27 in neurite growth is also supported by the

Hsp27 in is which i for cell membrane o be added to
the growing neurite during neurite extension.

Hsp27 i directly with o

actin fil tate and

oligomerization of Hsp27 (Figure 1.16). A critical region in Hsp27 for its interaction.



Figure 1.16:

rect interactions of Hsp27 and actin

Hsp27 and acin interact b i on state of

Hsp27. the finding that monomeric

Hsp27 binds to actin.

Hsp27 (purple) binds 1o actin monomers (green) (A), or binds to the barbed end of actin

®) the ich Hsp27 binds actn s

their i in filament and thercby

preventing monomer addition(B). Phosphorylation of Hsp27 by MKK2 results in i

dissociati i, resul ization(C, D). Control of the binding

of Hsp27 to actin by may regulate actin

facilitating the transfer of monomers from pointed end depolymerization to sites of

A0 1210 the barl

protens from bin i the

actin filament (B, D)






with identi i this site was found to be

o st 6 et S . o

inthe presence of an actin nucleating factor (Wieske et al., 2001)

ports di action of Hsp27. Hsp27 was originally
characterized s a barbed end capping protein (Figure 1.16 C), although recent reports
suggest that Hsp27 imy

actin filament assembly by sequestering actin monomers
(Figure 1.16 A), rather than by capping actin filaments (During et a., 2007; Miron et al.,

1991; Pichon et al., 2004). Both of these models for Hsp27-based inhil

ion of actin

il P i 0 Hsp27is

able to inhibit actin filament polymerization (Benndorf et a., 1994; During et al. 2007).

In the actin-capping model, Hsp27 was thought to cap actin filaments as a

and i in dissociation from the

actin il i al, 1994; Guay etal,

1997; Landry and Huot, 1999; Lavoie ct

. 1995; Miron et al., 1991). The actin

Hsp27 bind

resulting in an i i ind a subs in actin filament

levels. ion Hsp27 has b fate from the actin

‘monomers (During et al, 2007). The sequestering of G-actin by Hsp27 may also control

actin nucleation by acting similarly to thym

in 1o prevent rimers ofactn from

» ly associaty i filaments. thymosin

and F- i i 5 CP have

been shown to be involved in higher order actin structure formation in other celltypes,



1 idates, along with Hsp27, for beis i ion of these.

in Cooper L 2008; Le

;2001

; Pak etal., iil 1.,2004).

Part of Hsp2's protective role in stressed cells has been attributed o its direct

resulting in increased actn filament stability.

caused by heat, ATP depletion, cisplatin, hydrogen peroxide, cholecystokini

. Hsp27 increases the stability of the actin o
protect the cell (Lavoie et al., 1993b; Lee et al,, 2007; Schafer et al., 1999; Van Why et

al., 2003; Vigilanza et al., 2008). Protection of the actin

lament cytoskeleton by Hsp27

is dependent on the ability of Hsp27 to bind to denatured actin filaments, preventing their

egation and facilitating reformation (Pi 1.,2005). As with other roles.

that Hsp27 plays in the cell,

possible that Hip27 employs different methods of
protecting the eytoskeleton during different types and intensities of sresses.

Hsp27 also regulates the actin filament eytoskeleton in a manner independent of

ility to bind dircetly to actin, in bir through its

interactions with 14-3-3

involvement in cell ignaling pathways, possibly through

protein, the Am2/3 complex or RhoA, whose actvities have been implicated in the

y of higher order actin structures in growth cones required for neurite growth

(Figure 1.17) (Gehler et al., 2004; Jia et al,, 2009; Loudon et al.,2006). An indirect role
for Hip27 i regulating actin filament dynamics is supported by the finding that the

Hip2? i Hep27E

i in HeLa cells but

not n braiy ing et al,, 2007). The di Tects of Hsp27 on actin



igure 1.17: The indirect effects of Hsp27 on the actin cytoskeleton

Hsp27
0 actin, ing actin bindi through cell s Hsp27 has
been implicated in focal adhesions,respor

filaments to the ECM for cell attachment and actin based protrusion. Additionally Hsp27

implicated in interacting with RhoA and facilitating the interactions of RhoA

and ROCK required for signaling, phosphorylated Hsp27 has been found to bind to 14-

3 protein, and its binding is suspected to inhibit 14-3-3 cofilin interactions, e




Y
/@%



in actin

filament polymerization.

Phosphorylated Hsp27 binds 14-3-3 protein in fibroblasts (Vertii et al,, 2006). A

lar interaction has been seen in another small heat shock protein,

where following it PKA, inds 10 14-3-3.

14-3-3, resulting in the

its catalysis of actin
Ithas been hypothesized that Hp27 interacts with 14-3-3, in a manner similar o Hsp20,

and that bi

of pHsp27 to 14-3-3 results in the activation of cofilin and actin filament

depolymerization (Gacstel, 2006).

RhoA i 10 regulate the acti through

" K (RhoA ki 1., 1997; Hall,
1998). Hsp27 interacts with RhoA (in smooth muscle), and is key in the formation of a

I d ROCK, and sign

f ROCK

activation, and is essential

the regulation of RhoA activation as well as downstream

signaling (Patil and Bitar, 2006; Patil et al., 2004a:

atl et al,, 2004b)
“The Arp2/3 complex nucleates branches off of existing actin filaments, and aiding

hight i Lamellipod

are found in the motile structures of migrating cells and in growth cones. A recent study

has implicated Hsp27 as a direct binding partner for ArpCla (Jia et al, 2009), a




Arp2/3 compl i i 27 in neurite

growth.

Cell migration is a highly coordinated multistep process, and is similar to neurite.

fthe actin by

‘many of the in bindi ins (reviewed i i lier, 2008)).

Hsp27 is requi igration in a variety of cell types . smooth
‘muscle, SW480 cells (human colon cancer cellline), neutrophils and fibroblasts (Doshi t
al., 2009 Jog et al., 2007; Landry and Huot, 1999; Nomura et al., 2007; Pichon etal,

2004)

Hsp27 is found at the ipodium in

‘migrating cells and i displaced from this location by cytochalasin D treatment,

2

of actin filaments at the leading edge (Pichon et al, 2004). This role for Hsp27 is

supported by the i in cells th press Hsp27 or capping

proteins from the gelsolin family (Cunningham et al., 1991 Piotrowicz et al., 1998). Itis

of Hsp27 e

upstream intermediates i cell signaling pathways, specifcally p38 MAPK, which is

the leading edge. leading

cdge MKK: 27 resulting

followed by rapid dephosphorylation resulting in Hsp2 interacting with actin barbed

ends (Pichon et al., 2004).



Focal i the cell

required for acti protrusion in neurit 2006). Hsp27
h for playing a role i focal
adhesions i 1 . 2005; st,2001; Lee

etal., 2008; Schncider ctal., 1998) (Figure 1.17). The formation of focal adhesions

Pl indii ECM the integri rgoes a

a complex of signaling and ad

proteins, including FAK (Focal adhesion kinase) toits cytoplasmic tails. These signaling

sptor proteins link the integri i timulat

(Figure 1.17) (Giancotti i and Ruoslaht, 1999). In

binding of the ECM to the i

in ligand-induced i

and attachment sites at the cell surface called focal adhesions.
Hsp27 has been suggested to play a role in linking the actin cytoskeleton to the

focal adhesion i I cells, and can alter focal adhesions vi

. 1998), Hsp27 in

increasing FAK activai

Hsp27 links integrins wi i etal., 2008).

Hsp27 in focal adhesion formation i further supported by the fnding that ibroblasts

Hsp27 i where as cells with low

levels of Hsp27 do not form as strong attachments (Hirano et al., 2004).



Hsp27 may play roles in neurite growth via ts various direct

e . ’ . .

that through regulat tin filaments in

specific locations within th Hsp27 may

for growth. The i Hsp27 i jons, and
it le for Hsp27 Inaddition o its

role in modulating theactin ytoskeleton Hsp27 has also been implicated in binding to

by bi i wellas tay

(Hino ctal., 2000; Mehlen et al., 1996b; Shimura et al., 2004). Stbilization of

necessary it  additional

engagement of microtubules along actin filament bundies results in their stabilization and

bundling and i i ate i ion of a neurite, as
well as in neuri +2007). These findings implicate Hsp27 as
atibly paying maay les .

‘microtubule and microfilament cytoskeleton.

2 Hsp27 and Peripheral Neuropathies

R dies have shown that ions in small heat shock proteins

and Hsp22 fated with peripheral neuropathies.
in Hsp27 have been found that lead to axonal form of CMT (CMT2) or dHMN (Table

12) (Evgrafov et

004; Irobi et

. 2004b). Tnterestingly mutations in the NF-L. gene



‘Table 1.2: Mutations in Hsp27 implicated in Peripheral Neuropathies
Resulting
Amino | Domain
Nucleotide | Acid of
Change | Mutation | m Diagnosis
aaystali
37951 | Ramw | domain__| ot |
acrstli
aocoT | suse domain__| GHMN & CMT2 | atered NF-Lassembly,
a06c>1 | msew | domain | cwr2
aaystalin
as2eo1 | misu domain__| gt
nsoluble agaregates in body, dirupted axonal
 terminal ransport, no mutant Hsp2? innevres, and
sascor [ een | e




(NEFL) results in CMT2 and. Hsp27

in cell ultures. Expression of the mutant NEFL gene results in alteations in the

1 le tal, 2004;
.2005), SI3SF Hsp27 altered

NE-L assembly, and the P182L Hsp27 i di sport within the

neurite and large i in the cell body ( 1, 2006). The

Tocation of the mutati ide insight into their alteraions of

function of Hsp27. The three mutations that result in alteration of amino acids 127, 135,
and 136, are located close o the conserved arginine, (arg140), involved in maintaining
the structural integrity of the protein. Mutation of Arg140 in Hsp27 results in the

Hsp27 oli dimers, and in the formation of

(Chavez Zobel et al, 2005). Mutation of the conserved arginine in other small heat shock

have been implicated in a variety of " csulting fr

structural instabili on of the affected Littetal
1998; Vicart et al., 1998).

Hsp27 resulting in peripheral thies further

pli for Hsp27 in neuri on,through i neurofilament

assembly as well as transport within the neurite (Ackerley et al., 2006).



Hypothesis and Objectives

1 i 927 plays a role in neurite
regeneration ofthe sensory DRG neurons? Specifically, I was interested in whether

Hsp27 i iati ion via it

‘and whether the phosphorylation of Hsp27 modifies its effects on the cytoskeleton and

thereby influences neurite nitiation and extension.

When I bega i very l i the

role of Hsp27 in neurons apart from it role in survival, and although interactions

between Hsp27 and had

in non-neuronal
cells, they had not been investigated in neurons
During the span of my rescarch, a study was published in Nature Genetics

(Evgrafov et al, 2004) reporting that mutations in human Hsp27 caused Charcot-Marie-

CMT2F) or distal heredi i . CMT2 forms

of the discase are a result of axonal neuropatl

s, that appear 1o be a result of defects in

that are involved i

regulating the eytoskeleton. As wellths study found that mutant Hsp27 had an effect on
neurofilament light (NF-L) assembly. These findings added support to my original
hypothesis that Hsp27 intcracts with cytoskeletal elements in neurons, and provided

impetus for my work.

"o study this hypothesis, four specific objectives were developed



Objective 1: ine if there is a ion between Hsp27

expression and DRG p!

elements, and the effect of Hsp27 phosphorylation on neurite growth. In

DRG I ind using

Py of Hsp27, pHsp27 and actin

and tubulin was assessed. In order to determine the role of Hsp27 phosphorylation in

neurite growth, i MAPK.

inhibitor to inhibit the upstream pathway that leads to the phosphorylation of Hp2:

subscquent experiments cells were stimulated with soluble laminin to induce neurite

growth. Efficacy of the pharmacological p38 MAPK inhibitor on inhibiting Hsp27

blotting, and neurite growth was assessed using

immunocytochemistry and confocal microscopy (Chapter 2).

Objective 2: To investigate the role of Hsp27 in neurite growth by observing

growth

Hsp27 protein levels and pressing

‘exogenous Hsp27. To study the impact of Hsp27 protein levels on neurite growth

dissociated DRG neurons. Hsp27 siRNA ora. e
‘exogenous Hsp27, and plated on polylysine. 24 h after plating, when the neurons had

down or lated Hsp27 levels, the neurons laminin for a further

24 h (Chapter 3).



Objective 3: To invest i Hsp27 ion in

Hsp27 with siRNA and pressing
Hsp27 ion mutants. Hsp27 for Hsp:
d the in (A, EE, AE,
EA, IRES e

Hsp27. Dissociated DRG neurons were electroporated with SIRNA and the Hsp27

lated

in for 24 h. Using i isey, confocal and

neurite was assessed (Chapler 4).

Objective 4: To identify if there i a link between Hsp27 phosphorylation and

Adult plated on laminin

P38 MAPK inhibitor to inhi

it the upstream pathway that leads to the phosphorylation of

Hsp27. Effect o the pharmacological p38 MAPK inhibitor on inhibiting Hsp27

the S15 and $86 blotting and F-actin/ G-

actin ratio were assessed using a commercial in vitro assay

. as well as by measuring

F-actin and G-actin levels though cell labeling and confocal microscopy (Chaper 5).
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Chapter 2

Hsp27 and axonal growth in adult sensory neurons in vitro

(Published in BMC Neuroscience 2005, 6:24)

21 Abstract

Background: Neuri i h fact i with
Jlecules like laminin.

activated by these stimuli Jements, such as actin, tbulin and

small heat shock protein Hsp27. Hsp2?7 interacts with actin and tubulin in non-neuronal
cells and while it has been suggested to play a role in the response of some neurons to

injury, there have been no direct studies of its contribution to axonal regeneration.

Results: | have inves it i ing cultures of

lult dorsal root gangli 5 laminin

loyi i analyses | ined localization
of Hsp27 at early and later stages of neurite growth. Our results show that Hsp27 is
colocalized with actin and tubulin in lamellopodia, filopodia, focal contacts, mature

. Disruption of the act inD

Its in aberrant neurite

culures resultsin an atypical growth pattern that may be atributable to an effect of

PHSp27 on the stabilty of the actin cytoskeleton



Conelusion: izati d

forms of Hsp27 with actin and tubulin in both very early and later stages of neurite

‘growth from cultured adult DRG neurons. The colocalization of Hsp27 and pHsp27 with

actin in ia and focal tages of neuri din
later st s that Hsp27 may play a
i the patteming
of this growth. Hsp27 has been reported to play a key role in modulating actin
i i inin Our results

suggest that this may also be the case in neurons and support a role for Hsp27 in neurite

outgrowth via its phosphorylation state-dependent interactions with actin.

22 Background

Tknow that f influence and ion of peripheral

axons. In additi [ i i growth factors),

in whi i eritcally important. Axonal

regencration does not occur o any great extent n the CNS, and while this is due (0

number of fact

appropriate i In the PN, on the other hand,

peripheral axons (both motor and sensory) generally regenerate quite well,

(ECM) molecules like laminin act through

cell

wih i (Tucker et al, 2005).




e

Actin, tubulin and intermedi partin growth

a and Doti, 2002; Dehmelt and Halpain, 2004; Dehmelt et al., 2003).

One class of molecules ki h

protein family, of which heat shock protein 27 is a member. Hsp27, in addition to its

s i i is and folding, i

elements (Charette et al., 2000; Guay et al., 1997; Huot et al., 1996; Lavoic et al, 1995).
Much of this work has been carried out using non-neural cells, particularly fibroblast and

. Part of in stressed cells has b buted to

its et

s as an actin-capping protein (Benndorf et al., 1994; Miron ct

. 1991). Hsp27

I contacts, play an

igration in endothelial
in Gerthoffer and Gunst, 2001). Rodent Hsp27 can be phosphorylated on 2 sites, Serl
and Ser 86, although human Hsp27 has 3 serine phosphorylation stes (S15, §78 and $82)

(Landry ctal, 1992; Mehlen and Arrigo, 1994). MAPKAP-K2, i

its activation by p38

MAPK, is reported to be the Hsp27 kinase, although there are reports that PKC a,8 and

‘eAMP-dependent kinase can also phosphorylate Hp27 (Bitar et al., 2002; Meier etal,,
2001). I terms of i pHsp27

. Ialso has a role n protecting actin
yoskeleton, although o



al., 1994; Guay etal., 1997; Lavoic etal, 1995). Monomeric and non phosphorylated

Hsp27 inhibit act ization in vitro,

b i izati dorfetal, 1994).
Prior reports and our own observations have suggested a role for Hsp27 in axonal

‘growth or regeneration, in addition o its role in promoting neuronal survival. Hsp27 is

jury in DRG neurons issoci viro ((Costigan

etal., 1998); Dodge and M s i have

shown increases in Hsp27 in Schwann cells and white matter columns (Murashov etal.,

Hsp27 might be i i response

10 injury and regeneration (Benn et al,, 2002; Costigan et al., 1998). Of direct elevance

role of Hsp27 in axonal growth are the recent reports indicating that Hsp27
e

ponsil il peripheral axonopathies
(Everafov etal., 2004; Irob et al.,2004b).

In vitro models have been widely used to study the growth behaviour of neurite

initiation and extensi

in both CNS and peripheral neurons. In many models,

neurotrophin stimulation is required for neurite growth, although in most of these models

hi I d for survival. i involves the

stimulation of with soluble lamini ix preparations

(e.2. Matrigel™), both of which elicit neurite i

ation (Slaughter et al., 1997; Tang and
Goldberg, 2000; Yu et al., 2001). This approach is particularly useful in mature DRG

‘neurons, where not all cells will respond to a given neurotrophin (for example, NGF).

oked, 1o be several general stages



that can be identified including the formation of lamellopodia, filopodia, and the eventual

emergence of i ilva and Dotti, 2002; Dehmelt

and Halpain, 2004). The
fully elucidated.
In our cultures of adult DRG neurons | have observed robust expression and

distribution of Hsp27 in dis

ated DRG neurons, paticulaly in neuriti networks and
growth cones. These observations, along with the reported ole of Hsp27 in modulating

the actin cytoskeleton in other cells types, led us to investigate the potential role of Hsp27

extension. pothesis was that Hsp27 i in neurons

» role in regulating or ity of the cell to initiate

and extend processes in response to the appropriate stimuli

In order to i neurite initiation and 1

loyed a lamini ion paradigm. qui

phit 3 fore neither NGF nor any other

neurotrophin was required to initiate growth in these experiments. Similar stimulation

(Slaughter ctal, 1997).



A

Neurons were dissociated and plated on poly-lysine coated 16-well slides and

18 h). Subsequently, ing medium was

removed and 50 ul of in laminin (40 pg/ml) was the

eells. C isted of mock sti land
laminin-free medium). Cells were fixed at 5, 15, 30 min and 1,6 and 24 h after

stimulation and subsequently processed for detection of actn, twbulin and Hsp27.

abserved and are summarized in Figure 2.1, One of the firststeps is the appearance of a

around only from a particular portion of

the cell body (A, 5 min). These lamellac are positively stained for actin (using
phatloidin). Within 15-30 min, small sprouts extend from the lamellae and there are clear
examples of focal contacts forming around the periphery of a lumellopodiur (B, C,
amows). At later time points (1-6 h) some of the sprouts have clongated into filopodia
and often have small growth cones associated with them (D, 1 ; E, 6 h). Subsequently,
neurites form and some are selected for extension by a process that s not well

characterized (F, 24 h),

232 Hsp27 colocalizes with actin and tubulin in the early stages of process

Based on our hypothesis that Hsp27 may play a role in process initiation or
neurite growth, | examined the localization of Hsp27 in neurons in various stages of

formati confocal microscopy. Here, examples




Figure 2.1: Laminin stimulation elici i formation in adult

Y polylysi i with laminin in

solution for S min, 15 min, 30 min, 1 h, 6 h, 24 h. After fixation, neurons were stained

‘microscopy. Panels A-F provide representative examples of the various stages of

lamellopodia formati and show d

1 growth. At

lamellopodia are formed (A- 5 min, B- 15 min, C- 30 min) with evidence of focal

the ia (B, C). In D (1 h) and E (6 h)

pr the around the ci the

neuron. Eventuall coalesce into one or

continue to extend (F- 24 b, arrow). Scale bar ~ 20 ym






of the dif defined i jous seci tamellopodia, focal

contacts, i ith laminin for 1 h or 6
h. In addition, because of the association of Hsp27 with actin and tubulin in non-neuronal
cells (Aquino etal., 1996; Kindas-Mugge et al., 2002; Liang and MacRac, 1997; Mounier
and Arrigo, 2002; Panasenko ctal., 2003; Pichon et al., 2004; Tessicr ctal., 2003;

Tomasovic et al., 1989), I also examined whether Hsp27 would colocalize with actin

and/or tubulin in neurons. Representative results are presente

in Figure 2.2, Figures
2.2 and D show actin (red) in contact points (arrows) located at the periphery of a

the neuron in A and around the circumfe the

famellum of the neuron in D. Figures 2.2B and 2.2E show the corresponding images for

Hsp27 (green). The merged images (Fig. 2.2, F) show that Hsp27 and actin appear 1o be
colocalized in focal ontacts,

In Figures GrL, the cells were costained with antibodies for Hsp27 (green) and

total twbulin (red). The neuron in Figure 2.2 and 2.21is b

ing to show progress

from the lamellar stage toward the formation of small filopodia (G-1, arrow). Tubulin

in the cortical area (G, Thereis
colocalization with Hsp27 in the cortical area (1, large arrowhead) and filopoia (1,
armow), although there are areas where there i ltle or no overlap with Hsp27 staining

(Ge1, small arrowhead). The neuron shown in Figure 2.2 and 2.21 displays a pattern that

was seen ly in several dif i ion of whulin and

Hsp27 at the cortical area (: d a 3

arrowhead).



tubuli

growth. Neurons were plated on polylysine and stimulated with laminin for 1-6 h.

were labelled i (red-A, D) or

tubulin (red ~ G, J) or Hsp27 (green
“B. E. H. K). Images were obtained with confocal microscopy and panels C. . I, L

represent the merged images of the single channel images. Note colocalization of Hsp27

and actin in the (A-C, arrow) and in focal inD-F
(@rrow). In panels G-, there is some colocalization of the staining for tubulin and Hsp27
inthe cortial region (large arrowhead) and in small processes emerging from the soma
(armow). In panels J-L, there is a more distinct colocalization of tbuin and Hsp27 in the
corical arca (arrow, J-L) as well as in an obvious process that seems to be wrapping

around the cell and finally extending (arrowhead, J-L). Scale bar — 20 .
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d tubulin at the early

233 Phosphorylated Hisp2? is also localized with acti
stages of process formation

Hsp27 can be phosphorylated on 2 sites of rat Hsp27 (serl 5 and ser 86), and this

is reported to be i in the role of Hp2? in it intersctions with

Arrigo, 2002).

5%, ABR), e
(as defined above) of process formation for pHsp27 and actin (Fig 2.3A and 2.3F) and.

ig 23G and 2.3L). Actin (A, D) and pHsp27 (B, E) show overlap

pHsp27 and twbulin
in the lamellopodium (arrow) and in focal contacts (arrow, D-F). However, this is not
complete, as noted by the exclusion of the pHsp27 from the leading edge of the
lamellopodium (arrow, B, C). Tubulin (Fig 2.3G,) and pHsp27 (Fig 23H.K) also
colocalize in focal contacts (arrow, G-1), emerging filopodia (arrow, J-L) and in the

cortical arca (small arrowhead, J-L)

234 ization of Hsp27 and in neurites and growth
cones atlater stages of neurite growth and extension
Ourinitial observations indicated that the majoriy of adult DRG neurons in
culture display robust expression of Hsp27, not nly i the cell bodics but throughout the
neurites when present. Hsp27 expression in sensory neuron cell bodics as well as
dendritic and axonal networks has been previously reported for in vivo expression (Benn
etal,, 2002; Costigan ctal., 1998; Plumier et al, 1997). In the present study, | further

and whulin.

examined this distribution, particularly in terms of co-expression with ac



Figure 2.3: pHsp27 izes with actin and tubulin iges of neurite

growth. i ith laminin for 1

Hsp2? (pHsp27") o

examine colocalization with actin or twbulin. A, D — rhodamine-phalloidin (red); B, E, H,
K~ pHsp27 (green); G, J ~ tubulin (red). The respective merged images are presented in

panels C, F, 1, L. Actin and pHsp27 appear (o be colocalized in the body of the

in A<C, but acti

There is also local

of pHsp27 and actin in focal contacts (D-F, arrows). pHsp27

amow), ina

and in processes emerging from the cell body (J-L, arrow). Scale bar —20 m.







in Ip i laminin-
coated slides and then fixed the cultures 24 h ater plating. 1 have previously reported that

‘when adult DRG neurons are cultured on surfaces coated with diluted growth factor-free

Matrigel, or laminin, a elatively high percentage of
amount of u i 1.,2003).
Figure 24AF i ined for acin (A,

(B) or Hsp27 (E) with the merged images displaying colocalization (C, F). The bottom
panels show staining for total tubulin (G, J), pHsp27 (H) and Hsp27 (K) and the

corresponding merged images in (1, L). As can be seen from the figures, Hsp27 s

the $ As with the early stages of

growth, tubulin strongly stains the cortical aspect of the cell soma as well as being

present throughout the processes. One interesting feature of the Hsp27 localization is the
P Hsp27 and pHsp27 ith actin (but apparently not
with tubulin) i role in the

pattem of neurite growth and branching. A previous publication reports beading of Hsp27

saining in dendrites of and

although there was litte discussion of the significance of this saining, other than to.

indicate that it was not associated with degenerating ibres (Plumier et a., 1997).
Talso noted that the Hsp27 and pHsp27 were strongly colocalized in growth

cones, further supporting an important role for Hsp27 not only in neurit initation but

. Figure 2. i inthe



Figure 2.4: Hsp27 continues and localized with

d In , neurons were plated on

laminin i 24 after plat hown in the images,
ic growth under itions. A-F: Neurons.

were labelled wi idin (A, D, red), and i for phsp27 (B,

green) and Hsp27 (E, green); C, F — merged images.

L Neurons were immunostained

for wbulin (G, gree

red), pHsp27 (H, red), Hsp27 (K, green); I, L - merged images.
Hsp27 and pHsp27 are expressed throughout the neuritic network, and there is
colocalization of these with actin (C, F) and less so with tubulin (I, L). Note the
accumulation of pHsp27 and Hsp27 at point of branching of neurites (arrowheads- B, C,

F, H, 1, K, L). The cortical colocs

fon of tubulin with pHsp27 and Hip27 i sl

evident at this stage of neurite growth (arrows - 1, L). Seale bar — 50 um.
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Figure 2.5: Co-localization of Hsp27 and tubulin

newrites. Growth cones f for Figure 2.4 were

observed to express both pHsp27 and Hsp27. pHsp27 (A) and Hip27 (C, E, red), shown
together with bulin (green-yellow) in the merged images (B, D, F), are present in
‘growth cones and filopodia extending from the growth cones (arrows). There s also an
accumulation in the core of growth cones and at points of neurite branching (arrowheads-
AF). Note that the tubulin staining does not completely overlap with pHsp27 or Hsp27,
particularly in some of the extending filopodia (B, arrow) and the core of the growth

cones in D, F (arrowheads). Scale bar = 10 um.
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pHsp2;

(A, B) and Hsp27 (C-} i cpanded growth

cones as well as i z . The inFi C, F resemble

the branch points noted in Figure 2.4, with an aceumulation of an Hsp27 core and

filopodia showing both Hsp27 and tubulin (merged images in D and F; tubulin, green and

Hsp27, red). Whil i . itis possible

that one role of Hsp27 is to st

ize the cytoskeleton at these points where branching

‘may oceur (see below).

235 Disruption of actin cytoskeleton with cytochalasin D results in aberrant

neurite growth

Hsp27 h Key role i yoskeletal

dynamics by acti in-cappi in. In order to Hsp27
1

integrity in D (CytD). Neurons Tamini a

CytD was added to the medium 3 h post-plating (2 M final concentration). Cultures
were fixed 24 h laer and examined for changes in neurite growth patterns and expression
of Hsp27 and actin or tubulin.

Representative examples of the effects of CytD on neurons are presented in
Figure 2.6. There was no discemible distinction between diffcrent sizes of neurons in

their response to CytD:; small, medium and large sized neurons displayed atypical process

formation. Compared i ig2.4),



Figure 2.6: Disruption of the

Neurons plated on LN were treated with cytochalasin D (2 mM, added 3 h after plating),

fixed 24 h later and st

ed for pHsp27 (B, H), Hsp27 (E, K), actn (A, D) or tubulin (G,
J). The respective merged images are presented in pancls C. F,  and L. The cytochalasin

D treatment resulted in vari ‘growth,

phenotype

elaboration of numerous processes or microspikes as scen in panels A-C, with obvious

accumulation of actin and pHsp27 especially at the tips of the microspikes (arrowheads);

PHSp27, but not actin, accumulates in the nucleus (B, C, arrow). Abnormal process
extension was also obscrved. In the neuron shown in D-F, some extension was observed
although there was now less colocalization of actin with the Hsp27 (arrowheads). Pancls

q

. show tubulin staining along with cither pHsp27 or Hsp27; the fibillar nature of the

ytoskeletal network is clearer n these cxamples (arows). Arrowheads point to atypical

radial banching in Fig 4. Scale bar

20 um.






with CyD ig 26) i

the cell body (A-C), as well as stunted and disorganized neurites (D-L). In the cell

displayed in Figure 2.6A.C,

(areen) in their t ple (D- neurites that

appear to have a disorganized intemal structure resultin in th lack of the normal adial

In 3t
against actn, rather than phallidin, in order 0 see tota acin. In the bottom panels of

Figure 2.6, i Gand J), pHsp27

(red, H) and Hsp27 (red, K) and the corresponding merged images (I, L). The

cytoskeleton is more apparent in these later examples, where the tubulin (and Hsp27)

nd

of i . In panels A-F, the
actin, 50 even thouugh CytD should disrupt the F-actin network, the antibody stilldetects

Geactin,

236 Inhibition of Hsp27 ion also results

Because of (Hsp27

cytoskeleton, | wished to determine the effects of inhibiting p38 MAPK. p38 MAPK

activity ion of MAPKAP-K2,
Hsp27 kinase (Huot et al., 1995; Larsen et al., 1997). Inhibition of p38MAPK activity has

been used to block phosphorylation of Hsp27 in the absence of direct inhibitors of

MAPKAP-K2. 1 acombination of available p38 MAPK




contribution of phosphorylated Hsp27 to neurite growth.

nting H.

phosphorylation. Using larger scale cultures, neurons were plated on LN~coated 12-well

plates and after 3 h the inhibitors were added; 24 h after B addition, cell lysates were

wred as described i iments, |

. membrane, nuclear and
cytoskeleton fractions i, the resulting probed with
pHsp27 %' and total Hsp27 antibodies. The results of a representative experiment

presented in Figure 7 show that inhibitors do indeed attenuate the phosphorylation of

Hsp27. Hsp27 is

eytoskeletal fractions, while the pHsp27 is associated primarily with the soluble fraction.

Hsp27, 1 then

lated th Jaminin-coated slides as  treated

the cultures with SB 3 h after pl

ing. fixed the cells 24 h later and carried out

pHsp27, H tin and tbulin as befc

Neurons treated with SB displayed clearly atypical neurite growth. The examples

neurite As with
the CytD treatment,there was no discernible distinction between different sizes of

‘neurons in their response to SB; small, medium and large sized neurons displayed

aberrant process formation. in Figure 28 A.C,

from the cell




38 MAPK inhibition blocks phosphorylation of Hsp27. Neurons plated

were exposed t0 p38 MAPK inhibitors, SB203580 and $B202190 (10 mM
ach). Cells were sampled at 24 h post SB addition, using cellular subfractionation (a5

described in the Methods). The resulting protein from cytosol, membrane, nucleus and

eytoskeleton fractions was electrophoresed and the blot subscquently probed for pHsp27
and Hsp27. Inhibition of p38 MAPK activity (laminin#SB) results in attenuation of the

Hsp27 phosphorylation.



Laminin Laminin +SB
+ - - - cytosol
- 4+ - - membrane
- -+ - nucleus
- cytoskeleton
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relatively fattened

Figure 2.8D,F is stained for tubulin (D), green) and Hsp27 (E, red), with the merged

sge (F) showi i In this
example, note that tubulin does not have complete overlap with Hsp27 staining,

particularly at the tips of the growth cones (

urowheads).

In addit lthough this was

again ized by fattened

Figure 2.9 presents such an example. This neuron has at least 7-8 processes extending

from the cell body, all of which show process expansion. In panels A-C, Hsp27 (red) can

clearly i i ing from the
) Areas of th fibrillar d overlap of Hsp27 and tubulin ar al
In Figure 2.90)F, larger magification of the arca y
in AC s shown. dloss
of i bierved in

Figure 2.4 or 2.5 with those in Figure 2.9).

These resul
i
Although (bascdon
nds block p38 MAPK activty, MAPKAP-K2 and the

subsequent inhibition of Hsp27 phosphorylation, it i possible that these compounds may

influences, y may be i ing



Figure 2.8: Aberrant neurite growth following inhibition of Hsp27 phosphorylation.
Neurons plated on laminin were treated with p38 MAPK inhibitors (SB203580 and

$B202190, 10 M cach, added 3 h after plating) and fxed 24 h latr. Representative

. with neurites wrapping
around the cell body, such as the example in panels A-C (arrowheads, A, tubulin, B,

Hsp27, C, merged imag). In another example, numerous processes were observed, but

large, . as shown in panel D-F (D,
tubulin, E, Hsp27, F, merged image). The fibrillar nature of the Hsp27 (E, arrows) and

tbulin (D, i colocalization with

apparent (F, arrows). Also note that there s not a complete overlap of Hsp27 and tubulin

atthe tps of the growth cones (F, arrowheads). Scale bar 20 m.






Figure 2.9: cones and of tubulin

and Hsp27. This figure shows another example of a neuron treated with the p38 MAPK.

hibi lined in Figure 8. Col Hsp27 (B, red) wi *
‘green)is apparent in the emerging processes (C, arrows), and in the flttened and splayed

h heads);

- i i ). loss
of microtubule bundiing s observed (arrowheads) along with the fbrilar nature of Hp27

‘and colocalization with tubulin (arrows); scale bar — 20 um.






i involving Hsp27.
Hsp27, 1
Ithough Thave used, the effects are
d ific for p38 MAPK inhibition, tional kinases.

24 Discussion

1 in adult 2 in response to
stimulation with the extracellular marix protein laminin. Our data show that Hsp27
with actin and tubulin i found at all stages of neurite

tion. Lamellopodia, flopodia, microspikes and focal contacts all displayed a

colocalization of Hsp27 and actin or tubulin. The f

mentous nature of the Hsp27 was

quite clear in neurites and i is that Hsp27 is

associating with cytoskeletal elements.

Our

NS neurons. ies of early

initial u
among different cel types and indeed events in neurons are very similar to those in

migratory fibroblasts (Bradke and Do, 1999; d

Iva and Dotti, 2002; Dehmelt et

2003). 1 from which small

and forth movements. At some point, one or more of these processes elongates, while the
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others remain stationary or retract. Al the stages described by DaSilva and Dotti (2002)

‘and Dehmelt and DRG.

neurons, suggesting that this process i intrinsic 10 all neurons.

Neurite protrusion requires the actin cytoskeleton, with lamellopodia being filled

with an actin meshwork
bundles with the rapidly growi i i
actin izes at the i podia,

recedes from the peripheral area (Dehmelt and Halpain, 2004; Gallo and Letourneau,
2004). This phenomenon influences growth cone advance and could likely play a role in
neurite initation as well. Microtubules may play a mechanical role n this since they
invade the actin cytoskeleton in lamellopodia of various cell types (da Silva and Dotti,

2002; Dehmelt and Halpain, 2004; Giallo and Letourneau, 2004).

. Hsp27 can act protein which

prevents ization of actin and Facti etal., 1994;
Miron etal, 1991). Phosphorylation of Hsp27 leads to the loss of s abilty to inhibit
actin polymerization, and thus increases the rate and extent of actin polymerization and
the formation of F-actin (Benndorf et al., 1994; Landry and Huot, 1995, 1999; Lavoic et
al., 1995; Miron etal, 1991). In addition to modulating the actin cytoskeleton, Hsp27

interacts with both ina depends

manner (Der Perng and Quinlan, 2004; Pemg et al., 1999a). Hsp27 has been inferred to

stabilize not only actin, but also neurofilament and microtubules (Mounier and Arrigo,

2002).



Hsp27 actin and stress fibre

formation (Benndorf et al., 1994; Guay ct

1997; Huot ctal,, 1998). Hsp27 is
phosphorylated on 3 serines in the human Hsp27 (S15, S78, 582) and 2 in the rodent
Hsp27 (515 i Hsp27

as large ol while upon ion Hsp27 dissociates in pec

including dimers and monomers (Lambert et al., 1999; Rouse etal., 1994). In cell free

assays, of Hsp27 blocked acti ization, while
ic form were
ineffective. Whil i p on structural studi e for
Hsp27 i the recent study has,
i I evidence that this s i 1., 2004).

Hsp27 phosphorylation is regulated by activity of the p3SMAPK pathway,
‘whereby p38 MAPK activation of MAP-kinase-activated protein-kinase 213 (MAPKAP-
K2) leads to the phosphorylation of Hsp27 (Larsen et ., 1997; Rouse et al., 1994).

However, PKC Kinase have also

Hsp27 in smooth muscle (But et al., 2001; Maizels et al., 1998). While the classical

stress-activated signalling pathway activation of p38 MAPK regulates Hsp27 after heat-

shock and other stresses,

s more likely thatactvation of p38 MAPK is downstream of
the Cde-42 and Rac activation of Pak1 with respect (o neurite initation and growth. For

example, laminin can lead to p38 MAPK activat

i and Hsp27 phosphorylation, as
previously reported for Schwann cells (Fragoso et al., 2003), and this s likely via Cde-42

and




Arigo, 2002). G Rac and Rho in regulating acti s in growth

inhibition of
substrates (Ellezam et al., 2002; Lehmann et al., 1999), the interactions of Hsp27 with

Rho observed in smooth muscle cells (Patl et al., 2004a; P

I ctal, 2004b; Wang and

Whethera

lar

interaction occurs in neurons or axons is not known.

Treatment e

bermant growth. N ted with Cyt D,

actin filaments at barbed end:

that elongate in a disorganized fashion (Bradke and Dotti, 1999: da Silva and Dotti, 2002;

Dehmelt and Halpain, 2004). Treatment of DRG neurons in our cultures resulted in

similar wih, partcularly at

from as 1 h after lami i t

h i isori (e Fig26).

Since Cyt actin il 1 Hep2? has

been suggested to do the same, | reasoned that if pHsp27 was important for normal

if Linhibited ion of Hsp27 1 might

observe similar effects on neurite nitiation. As shown in our results, attenuation of
Hsp27 phosphorylation using the p38MAPK inhibitors, does indeed result in atypical
‘growth pattens. At the early stages, results were similar to what I had observed with Cyt
D (data not shown), and at ater stages, neurite growth was again quite clearly aberrant

(Fig28,29).




extend in a disoriented fashi

cones. lack of

that would result in normal

Fig 24,25 with Fig 2.6 and 2.8) (Dehmelt and Halpain, 2004; Gallo and Letoumeau,

2004). 1 have inferred that effects of p38 MAPK inhibition on neurite growth were due to

inhi

the inhibition of Hsp27 phosphorylation. A fon of neurite initiation by SB
has been reported in PC12 cells (Kano et al., 2004); interestingly, in this study induction

of Hsp27 by heat shock is. Ho there may

eytoskeletal elements. Ackerley et al (2004) have reported that p38 MAPK also
phosphorylates neurofilaments in transfected COS cells, although they did not find any

effect of p38 MAPK inhibiti

i on neurofilament phosphorylation in cortical neurons.

There are relai ports of o of Hsp27 with eytoskeletal

actin. Hsp27 assocates with mi in HeLa cells (Hino etal.,
2000) and in CHO cells (Hargs et al., 2004). In the latter report, overexpression of
Hisp27 protects microtubules from heat shock and pH-induced collapse, although the
contribution of pHsp27 to this effect was not reported (Hargs et al., 2004).

pHsp27 also appears o be required for the migration of several cell types (Hedges
etal, 1999; Pichon et al., 2004; Piotrowicz et al,, 1998; Rousseau etal, 1997). A recent

study concluded that p38MAPK actvation and Hsp27 phosphorylaton played a key role

2

of the lamellopodia by promoting branch formation at the leading edge and stability at the



., 2004). ic leadi lamellopodia,

Hsp27 might gby
PISMAPK remains active and Hip27 i nd
ilamens.

Mutations of the small Hsp (Hsp22 and Hsp25/27) genes have been linked to

axonal Ch pathy (dHMN)
(Evgrafoy ctal., 2004; Irobi t al., 2004b). This appears to be related to the disruption of

the by th ion of

neurofilament 2 etal., 2004). 1 (Der

Pemg and Quinlan, 2004; Lee and Leavit, 2004) point to the importance of the small
heat shock proteins like Hsp27 in regulating or modulating the function of eytoskeletal

elements other than actin. However, the mechanisms underlying the function of Hsp27

and

ially

Our results suggest that Hsp27 i necessary for the initiation of neurite outgrowth

in DRG neurons. The data al: . [Hsp27 pl
i interactions of Hsp27 wit A

and hat mediate.
growth
25 Conclusion

Using Tobserved col

non-phosphorylated forms of Hsp27 with actin and tubulin in both very carly and later



stages of neurt from cultured adult DRG neurons. ization of Hsp27

and pHsp27 with actin i lamellopodia and focal contacts at early nerite initation

stages, and in processes, h later b
Hsp27 may play a role i dation and extension and potentially in the p
of this growth. Whil of act tis possible.
Hsp27 is i at ites of branching or
sprouting. Hsp27 play a key role |
in in non-neuronal suggest that
this may in neurons. D showed

aberrant neurite growth patters. Neurons treated with p38 MAPK inhibitors, which

inhibit Hsp27, also di of neurite

‘growth or failure of appropriate neurite extension. The similar results from the CytD and

inhibition of Hsp27 e for Hsp2? viaiits

phosphorylation state-dependent interactions with actin



Dorsal root ganglia (DRG) from young adult (5-6 wk) Sprague-Dawley rats

(Memorial University of Newfoundland Vivarium and Charles River Canada, Montreal,

Q)

previously (Jones et al., 2003; Mearow et al, 2002). Briefly, ganglia from all spinal

wimmed, and subsequently i 025%
collagenase for 45 min, followed by 0.25% trypsin for 20 min (Invitrogen/ Gibco BRL,

Burlington, Ont). Dissociated neurons were suspended in serum-free Neurobasal medium

NB, Invi 100 U penici B27 supplement
(Invitrogen), and 20 M cytosine arabinoside (modified NB). This suspension was then
layered on top of a 28% Percoll solution (Amersham Bioscience, Baie d'Urfe, QC) in 15

‘ml conical tubes, centrifuged at 400 g for 20 min at room temperature. Pellets were then

P ool

fresh tube,
previous suspension media and centrifuged (o remove any remaining Percoll. Neurons
were plated in Lab-Tek 16-well chamber slides (Nunc Intemational, Naperville, NC) for

neurite growth assessment or 12-well plates for Western blotting and incubated at 37°C,

03, Sides and 4 oL

1 pg/ml, BD Bioscience, Bedford, MA) or laminin, (LN, 20-40 ug/ml, Invitrogen) where

appropriate. no added

‘growth factors.




262 Immunocytochemistry

Neurons were fixed in 4% paraformaldehyde (pH 7-7.4) in PBS for 20 minutes,

ized with 0.1% Triton-X-100 and blocked

5% normal goat serum in PBS.
Antibodies used were as follows: Hsp27 (SPA-801, Stressgen Corp, Victoria, BC) and
phospho-Hsp27*"* (PAI-018, Affinity BioReagents, Golden, CO), total tubulin (Sigma-
Aldrich, St. Louis, MO),actin (Sigma- Aldrich). I should be noted that the Hsp27

antibody recognizes both d . while the

PHsp27 antibody only recognizes the phosphorylated form. I have also tested two other

PHSp27 antibodies [UBI 1., 2002)], but

Affinity Bioreagents Antibody to be better for immunostaining,

Cells were incubated with the primary antibodies at 4°C for 16-20 b, followed by

CorC ibodi Labs, West Grove,
PA) i Il i idin af
antibody incubation (Sigma-Aldrich). The cells were coverslipped with glycerol and

iged wi i using 7-st jing and image
stacking. Stacked digital images ported into Adobe » »

into the final composit figures.

263 Laminin stimulation and neurite growth initiation

Neurite in

ion was assessed in two ways. The first seris of experiments.

Jated on i ing fixed and

analyzed ite initiation and
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extension) at 24 h afer plating. In a second seris of experiments, the neurons were fist

stimulated with soluble laminin (20 jig/ml in basal medium). Following the addition of

the laminin solution, cells were then fixed at 5, 15, 30 min, 1 h, 6 h, and 24 h. Afler

fixation,

264 Inhibitor experiments

‘SB 203580 and SB 202190 (10 M, Calbiochem/EMD Biosciences, San Diego,

CA) were used to inhibit p38 MAPK activity, in order to assess the contribution of
it ibi 11 prior to laminin stimulation. For the 24,
hcultures, the inhil added 2-3 h after p cells on laminin-coated slides

and reained in the medium for the extent of the experiment (usually 24 h). Cytochalasin
D (2 M, Sigma) was also used in longer term experiments, and was added 3 h afier

plating and maintained in the medium for the extent of the experiment (24 h).

265 Immunoblotting

For plated in 12-well plates that

with I dependi i digm was

used (see above).

1.,2003; al.,2002). C carried

out i Extract, C

Biosci Dicgo, CA) to ic, membrane, nucle




fractions. This protocol i isolation

ipplied by in situ in the
i bsequent;
the BCA i icals, Rockford, IL.). Equivalent
amounts of protein (40 jg protci incach lane.
itrocellulose, the ined with Ponceau Red

and subsequently probed with the following antibodies: phospho-Hsp27*"* (PAI-016,

Affiity Bi Hsp27 (SPA-801, St I

ially, and visualized with ECL EN, Boston, X-

ray film (Cronex MRF Clear base, Agfa Corp, Greenville, SC). Developed films were

subsequently digit e

AlphaEase software. Digital images of the blots were used to make composite figures

with Adobe i v A
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Chapter 3
Heat Shock Protein 27 Is Involved in Neurite Extension and
Branching of Dorsal Root Ganglion Neurons I vitro
(Published in Journal of Neuroscience Research 2006, 84:716-723)

31 Abstract:

Alieration of i factors and extracellul

matrix protei for.

actin and twbulin can be modified through interaction with other cellular protins

including the small heat shock protein, Hsp27. Our previous work suggested that Hsp27

. potentially i i with actin.

To investigate the role of Hsp27 in neurite outgrowth of adult DRG neurons | have both

s Hsp2? Hsp27.

Downregulation of Hsp27 with Hsp27 siRNA resulted in a decrease of neuritic tree

In contrast ? Hsp27 in these neurons

resulted in an increase in neuriti t

¢ length and branching. Collectively these results
demonstrate that Hsp27 may play a ole in neuritc growth via modulation of the actin

eytoskeleton.




32 Introduction

through growth

resultin modulation of cytoskeletal elements (Giancotti and Tarone, 2003; Tonge et al.,

1997; Tucker et al., 2005). Regulation of the microtubule and microfilament

eytoskeleton s involved in neurite intiation and growth, with tabilty regulated via

control of

rates, as well as filament bundling (Dehmelt and Halpain, 2004, 2005; Lebrand et al,

2004). 2 ization and bundling of 1 ibules and

these proteins can play key roles in neurit initation, extension, and branching.

Heat Shock Protein 27 (Hsp27) is a member of the small heat shock protein family

(sHsp) by regulating
apoptosis and protein folding. Hsp27 interacts with different cytoskeletal lements
(Charette et al., 2000; Guay et al., 1997; Huot et al., 1996; Lavoie et al., 1993a; Lavoie et

al., 1995) and i i has

actin capping profein (Benndorf et al., 1994; Miron et ., 1991), although its exact role

i this process has not been elucidated. The role of Hsp27 in modulating the actin

Hsp27 i in, preventing the

actin filaments. i and dimeric Hsp27 appear

0 protect and stabilize actin filament

unclear (Guay et al., 1997; Huot et al., 1998; Mounier and Arrigo, 2002; Sun and



MacRac, 2005). Hsp27 can also interact with tubulin, tau and several species of

fbrillary acidic pr imentin, and

notably neurofilament light chain (NF-L) (Benndorf and Welsh, 2004; Perng ct al.,
1999a). Furthermore, missense mutations in sHsps including Hsp27 (HSPBI) and Hsp22

(HSPBS) are associated with peripheral neuropathies, in particular the axonal form of

iy i i i pathy (Everafov etal.,
2004; Irobi et al,, 2004a). Interestingly, mutations in both the neurofilament light chain
‘gene (VEFL) and Hsp27 result in similar phenotypes. Expression of the mutant NEFL

network with subs I

(Perez-Olle ctal,, 2004; Perez-Olle et al., 2005), while expression of two of the missense:

Hsp27 It in the formation of i ion and
disruption of neurofilaments, and disturbances in axonal transport (Ackerley et al., 2006;
Evgrafov etal., 2004). Thus, Hsp27 has been inferred to stabilize not only actin, but also
neurofilament and microtubules.

Prior reports and our own observations have suggested a role for Hsp27 in axonal
‘growth or regeneration, in addition to its role in promoting neuronal survival Benn et al.,
2002; Costigan et al., 1998; Murashov etal,, 2001b). Specifically I have suggested a role
for Hsp27 in neurite outgrowth viaits interaction with actin (Williams et al, 2005), with
the balance between actin stability and depolymerization being important for neurite

‘growth. This may occur by a mechanism similar o the role that Hsp27 plays in regulating

the.  necessary for

endothelial cell migration (Piotrowicz et al., 1998). Our previous study showed that
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Hsp27 i i i neurite.

initation in lamelli filopodia and

suggesting that Hsp27 plays a role in neurite growth. Our objective for the present study

was to investigate how the knockdown of Hsp27 protein itself by RNA interference

(RNAV pression of exogenous Hsp27,

influence neurite regener

33 Materials and Methods
331 Neuronal Cultures

Young adult Sprague-Dawley rats (5-6 wecks of age) dorsal oot ganglia (DRG)

| dissociated ibed and plated in serum

free Neurobasal (NB) supplemented

th AraC and B27 (Tucker et al., 2005). After

d and then p polylysine (PL, |
ng/ml, BD Bioscience, Bedford, MA) coated Lab-Tek 16-well chamber slides (Nunc

International, Naperville NC) for neurite growth assessment or laminin coated (LN 25

1e/mi) 12:well pltes for Wester blottng and incubated at 37°C, and 5% COy. The
neurons were cultured i s factors.
experiment ing the AM, d

then plated as noted above.



332 DNA constructs, siRNA constructs and transfection
“The plasmid pSVHa27 codes for hamster wild type Hsp27 (Ha27), and was
Obtained from Dr. J. Landry (FUniversite Laval). The plasmid pIRES2-EGFP-Ha27 was

HaHsp27 from pSVHa27 asa fragment

into pEGFPC2 (Clontech), and further subloning Hsp27 into pIRES2-EGFP (Clontech)
as an EcoRI (Invitrogen) fragment. The presence of Hsp27 and its orientation in the

construct was v

d by DNA sequencing. The Hsp27 siRNAs were synthesized
‘commercially (Dharmacon, Colorado, USA) and used at 2 uM. The target sequences for
silencing Hsp27 gene expression were: 5'UCA CUG GCA AGC ACG AAG A 3" and '

GAG UGG UCU CAG UGG UUC A 3"

Cells (1 x 10°) were transfected with plasmid

DNA (3 ji) or SIRNA A i ©
the manufacturers protocol (Rat Neuron Nucleofector kit, program G-13). After
transfection, the ells were washed with NB and centrifuged to remove any remaining,

transf

reagent. The efficiency of transfection of SIRNA was more than 60% as

assessed by transfection of 2 M Alexa Fluor labeled negative control SIRNA (Qiagen).

333 Laminin Stimulation

Transfected neurons were first plated on PL coated slides and allowed to stabil
for 12 h or 36 h before being stimulated with soluble LN (40 g/l in NB medium)
(Williams et al,, 2005). Following the addition of the soluble LN, cells were retumed to
the incubator and fixed at 6, 12, and 24 h ater stimulation for immunocytochemistry and

growth analyses.



334 Immunocytochemistry

Neurons were fixed in 4% formaldehyde (pH 7-7.4) in PBS for 20 minutes,

pe 0.1% Triton-X-100, ith 10% goat serum in PBS.
Antibodies used were as follows: Hsp27 (SPA-801, Stressgen Corp, Victoria, BC), total

tubulin (T9026, Sigma-Aldrich), and actin (A2066, Sigma-Aldrich). ~Cells were

incubated pri 4°Cfor 16:24 h, CyS-tagged

secondary antibodies (Jackson Immunorescarch Labs, West Grove, PA). In the case of

staining with tibodi i ith the first

antibody for 16-24 h, followed by Cy3- tagged secondary antibodies, then blocked again

with 10% goat serum in PBS i for 1624
b 32 or CyS tagged Controls used i in which only
used without primary antibodies and the
than that of the primary

confocal laser scanning microscopy using z-stage scanning and image stacking. Stacked

digita images were incorporated into v on into the final

composite figures.

335 Measurements of neurite growth

Note that o ing i Crubulin-

Hsp27 staining

the effectiveness of the knockdown compared to controls. Individual tracings of neurons.




for tubulin Neurolucida

L VT) traci i ibed (Jones ctal, 2003;
Tucker et al., 2005),

Only neurons for which I was able to unambiguously identify the associated neurites or

neuritic chosen

excluded from it st the

processes of nearby neurons and 3

the Neuroexplorer software package; here data of total neurite length, branch point and

Sholl analysis of intersection points were

ofinterscetion points of axons crossing 20 um concentric circles radi

e from the cell
body to give a measure of both claboration and extension of the neurites. Total neurite

length the cumulative it data are

measure of the number of branch points that the neurites of a ccl possesses, and the
measure of total ncurite length per branch point provides a measure as o how frequently
branching oceurs. Data were imported into a graphing and statistical analysis software
program (Prism 4, GraphPad Corp) for further analyses. Significance (P< 0.05) was

determined ired T-test. For

completely traced, with cells being pooled from five different plating cxperiments.

336 Immunoblotting

Neurons were plated in 12-well LN-coated plates, and subsequently processed

according to our established procedures (Jones et al.,2003). Afercelllysis and
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000 tpm, 5 min), protein

concentration using the BCA protein assay (Pierce Chemicals, Rockford, IL). Equivalent

amounts of protein (35 ug) were subjected to SDS-polyacrylamide gel electrophoresis

eq

‘membranes and stained with Ponceau red as an indicator of protein loading.

the protein of ing the membran in

3% powdered milk in TBS-T for I h and then incubated overnight with primary

Hsp27 (SPA-801, Stressgen), i Kinase.
(MAPK, Santa Cruz Biotech Victoria BC), actin (A2066, Sigma-Aldrich), total tubulin
(T9026, Sigma-Aldrich) or neurofilament light chain (NF-L, N5139 Sigma-Aldrich)
“The nitrocellulose membranes were then probed with HRP-conjugated secondary

‘antibodies (AP307P, AP308P; Chemicon,

femecula, CA) for 1 h at room temperature,
followed by visualization using an ECL method. Each experiment was repeated three

times, sub i and normali ) qual protein for

comparison. Statistical ing GraphPad Prism 4

(P<0.05) being determined using one-way ANOVA testing.

34 Results

341 Hsp27 siRNA resul

a decrease in Hsp27 protein expression in DRG
neurons.

I previously showed that Hsp27 was present colocalized with actin and tubulin at

the carlest stages of in lamelli filopodia, as



I le in To assess the

functions of Hsp27 in neurite growth and branching I silenced its expression by RNAL. 1

found that short i i ions of Hsp27 efficiently

pr Hsp27 24 i . Levels of an

unrelated protein, MAPK, as well as actin, tubulin and NF-L, were unaffected. A time

ptimal time of Hsp27 depression
after SIRNA treatment. Hsp27 levels were found to be significantly (P< 0.05) decreased

12 hafler transfection

Hsp27 si

NA and remained decreased over the 72 h time

course. Hsp27 levels in cells transfected with control scrambled SIRNA increased over

in Hsp27 under i the 72 h time
course s presumably in response to the cells being in culture (Fig. 3.1), and it is possible
that Hsp27 protein levels inidally ise as an injury response and subsequently further
increase as growth increases. The Hsp27 sIRNA is able to repress the induction of Hsp27
that oceurs after plating and continues to suppress this for up to 72 h. In call types that [
have examined, increasing Hsp27 often results in the detection of 2 bands, with the

bottom band potentially representing a small amount of non-phosphorylated Hsp27 or -

ified form of Hp27. 1 neurite growth
experiments 12 haftr the SIRNA treatment in order to ensure that Hsp27 expression had
been decreased prior to LN stimulation. - OF iterest i the observation that actn, tubulin

and NF-L 24 h (Fig. 3.1), atime |

significant neurite outgrowth, suggesting that Hsp27 induction is notsimply du o an



Figure 3.1: RNAI efficiently silences Hsp27 protein expression. Dissociated DRG

SIRNA in Hsp27 or

A. Protein from at12,24, 36,48, 60
and 72 h after plating, and for Hsp27, i
tubulin, and NF-L. B. Dej tation of western blot data.

represent the mean Hsp27 prot ents +/- S.EM.

relative to MAPK of 3 expe

#p<0.05, * *p<0.001. Note that lanes 3 and 9 had an increased amount of total protein

relative to the other lanes, as detected by ponceau red staining. Densitometric

quantitation of western blot data for actin, tubulin, and NF-L relative to MAPK showed
> i Hsp27

SIRNA and control siRNA conditions (supplementary data)




12h  24h 36h 48h 60h 72h

Control SIRNA  + - + - + - + - + - +
Hsp27 siRNA - + - + - + - + - + -

10.0

o N
o o

Ratio (OD Hsp27/ MAPK)
N
o

0.0
Hsp27SRNA -+ - *+ - + - + - + - +




injury response. Also note that the Hsp27 siRNA has no significant effect on actin,

tubulin or NF-L levels.

342 Silencing of Hsp27 expression via RNAI results in decreased neurite growth,
and branching.
Knowing that the Hsp27 SIRNA suppressed Hsp27 expression 12 h after

transfection, 1 sough to determine whether this decrease i expression would influcnce

Transfected pl PL-coated slides, and

12 h later stimulated with soluble LN. The cells were fixed a

ither 6 or 24 h following

for Hsp27 prior o analysis

of neurite growth. Neurite growth and branching were assessed as outlined in the

e

The p used for data anal

collect data ite length, branching poi Sholl analysis of intersection

points. Hsp27 SiRNA

observed in the representative images in Figure 3.2, where control and treated cells

in Figure 3.2 (A, C) display a greater amount of growth following LN stimulation for 6

and 24  than the Hsp27 siRNA-trated cells at the same time points (Fig. 328, D).

neurite g, both
affected by Hsp27 SIRNA. Although there is only a minor difference 6 h after LN

stimulation, the Hsp27 SIRNA
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Figure 3.2: Decreases in Hsp27 expression result in decreased neurite growth.
Neurites were transfected with either control SIRNA (A, C) or Hsp27 siRNA (B, D) and
subsequently fixed and immunostained for tubulin expression at 6 h (A, B) or 24 h (C, D)
after transfection. Control transfected wells display relatively higher levels of neurite

growth compared to the Hsp27 sIRNA treated cells. Scale bar = 50 um.






Figure 3.3: Silencing Hsp27 protein expression by siRNA results in a decrease in
neurite growth and branching. Neurons were transfected with either control or Hsp27
SIRNA and fixed at 6 and 24 h after LN stimulation. Neurite growth parameters were

analyzed i i buli lined A

24 after LN stimulation, Hsp27 siRNA-treated cells had significantly lower total neurite:

length B: eth of nerite per is
significantly greater for Hsp27 sIRNA-treated cells relative to control at 6 and 24 h after

LN stimulation. Neurite growth data s presented as the mean of § different plating

experiments +/- SEM *P<0.05, **P<0.001, ***P<0.0001. C.D: the number of

intersections indicating ne i ity Ce with Hsp27

SIRNA have

indicating

reltive to control. Data are prescnted as the mean of the number of intersection poi

20 pm rax

increments from the cell bod.



P per——




neurite length at 24 h compared to control (Fig. 3.3A). Because of previous data which

ted dal role for Hsp27 in (Williams et al., 2005) |
‘analyzed the relationship between total neurite length and the number of branch points.

As shown in Figure 3.3, analysis of the ratio of total neurite length to the total number of

branching poi that Hsp27 SIRNA significantly

greater length between branching points (Fig. 3.38). This indicates that the neurites of

the Hsp27 SIRNA treated cells are less branched relative to control cells (Fig. 3.3B) and

that length i 0.05) affected at the carly.

total neurite length. Th I ipported by the Sholl
analyses, which show that Hsp27 siRNA treatment resulted in decreased complexity of

neurite growth patterns (Fig. 3.3 C, D).

343 Hsp27 siRNA affects the colocalization of Hsp27 and actin in neurite shafts
and growth cones.
Our previous study (Williams et al., 2005) demonstrated that Hsp27 appeared to

colocalize with actin and tubulin in axon shafts, branching points and growth cones at all

stages of neurite growth. Consequently, | investigated the effects of SIRNA induced

Knock-down of Hsp27 structure. As before,transfected were
plated on PL-coated slides, and stimulated with soluble LN 12 h later. The cells were

fixed 24 h following LN for Hsp27,

Figure 3.4 shows representative examples of both control (Fig. 3.4 A-F) and Hsp27

SIRNA (Fig 34

L) treated cells displaying Hsp27 (Fig. 3.4 A, D, G, J) or actin




Figure 3,

: Hsp27 siRNA ization of Hisp27 in i

and growth cones 24 h after LN stimulation. (A-F) show representative control

scramble sil L) show Hsp27 neurons,

which have been stained for Hsp27 (A, D, G, ), actin (B, E, H, K) and merged images
(C.F, 1, L). Images (D, E, Fand J, K, L) are enlargements of the areas boxed in (A, B, C
and G, H, 1) respectively. Under Hsp27 iRNA conditions, Hsp27 staining is punctate,
and these puncta are often colocalized with actin (arrows Fig. 4 K-L). (A-C and G-I scale

bar =

5 um, D-F and J-L scale bar =10 jum)







(Fig. 3.4 B, E, H, K) along with the merged images. Figure 3.5 provides similar
examples of control (Fig. 3.5 A-F) and Hsp27 SIRNA (Fig. 3.5 G-L) sained for Hsp27

(Fig. 3.5 A, D, G, ) and total twbulin expression (Fig. 3.5 B, E, H, K) as well as the

Hsp27

ig34C, in (Fig 35 C, F) in ind growth cones.

In contrast Hsp27 staining in Hsp27-siRNA treated cells (Fig 3.4 1, L and Fig 3.5 1, L)

ith Interestingly, Hsp27 siRNA-

treated cels show punctate Hsp27 staining i the axon shaft and growth cones

p ing (Figure 3.4 1L indi ples of such
puncta. The anti-actin antibody that has been used for these experiments recognizes both
F and G actin preventing the determination of which form of actinis present n the

puncta. Hsp27 SIRNA treated cells levels

between Hsp27 and tubulin (Fig. 3.5 1, L). Unlike act

twbulin staining s not punctate

nor does it colocalize with the Hsp27 puncta i

icated by arrowheads (Fig. 3.5 K-L).

344 Overexpression of Hsp27 protein levels by transfection with pIRES2-EGFP-

Ha27 resul

increased neurite growth and branch

Hsp27 protein

branching. | then wished
Hsp27 might result in increased growth. Therefore | expressed exogenous Hsp27 in
DRG neurons by transfection with pIRES2-EGFP-Ha27 in order to look at the effect of

increased Hsp27 ters. The plasmid pIRES permits




fluences Hsp27 and tubulin colocalization in
neurites and results in punctate Hsp27 (arrowheads Fig5 K-L), which does not

wbul il *-

F) and Hsp27 siRNA transfected neurons (G-L) all have been stained and imaged for
Hsp27 (A, D, G, ) and tubulin (BEHK). Merged images are shown in (C.F,LL).
Images (D, E, F and J, K, L) are enlargements of the areas boxed in (A, B, C and G, H, 1)

respectively. (A-C and G-I scale bar-25 um, D-F and J-L scale bar =10 jum)






both Hsp27 i asingle

Hsp27 fusion protein. The cells were plated for 36 h after transfection, to allow

Hsp27 levels to ing st soluble LN for
12h. Figure 3.6 ith IRES2-EGFP-Ha27 display
increased Hsp27 expr pression (Fig. 3.6 B arrows).
nd process
g, 3.6 amowheads).
images five out of six EGH i X e

or stages of neurite initiation, such as lamellipodium and filopodia, while only one of the

five ig.3 ‘growth or initiation. The

observed increase in growth from Hsp27 overexpression in Figure 3.6 was confirmed by

quantitaive traci ined with tbuli ing EGFP (note

with Hsp27 for tracing). Cell withp

Ha2?, with LN for 12 h i

neurite length as well as a decrease in the ratio of neurite length per branch point relative

0 cells transfected with control vector IRES2-EGFP

ig. 3.7 A, B). These data

indicate that the overexpression of Hsp27 resulted in increased neurite growth as well as

i tree. The S ippor

‘complexity of neurite growth pattems




Figure 3. i Hsp27 i in pIRES2-

EGFP-Ha27 transfected neurons, 12 h after transfection. A. Hsp27 suining. B.
EGFP fluorescence C. merged images. Cells indicated by white arrows display increased

Hsp27 levels (A) and robust EGFP labeling (B). Cells with low or no EGFP expression

of Hsp27

expression. (Scale bar = 50 um)







Figure 3.

Expression of exogenous Hsp27 in DRG neurons

‘growth. A. Neurons were fixed and immunostained for tubulin at 12 h following LN

stimulation. T ined cells ths posi analyzed in both

the control (pIRES2-EGFP vector only) and plRI

-EGFP-Ha27 transfected conditions.

PIRES2-EGFP-Ha2?7 transfected neurons had a significant inercase in total neurite length

relative to control, B. The average length of neurite per branching point is significantly
PIRES2-EGFP-Ha27 at 12 h after
LN stimulation, *p<0.05. C. C Hsp27 have increased

branching and growth relative to control

ificantly affects
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35 Discussion
“This study highlights the importance of Hsp27 protein inthe regulation of growth
pattemning of the neuritc tree, ikely via influence over polymerization of cytoskeletal

elements, rather than controlling expression of these elements. 1 found that Hsp27

iRNA Hep27 levels,as well
after neurons are plated in culture. While most tudies of the interaction of small heat

recent studies provide new evidence that points to similar interactions of Hsp27 and other

I i i 1 etal,
2004; Tang etal., 2005).

Our previous data showed that Hsp27 was present atall stages of neurite initiation

nd growth with actin and tubulin in

2005). T s led

Hsp27 in neur ion and branchi ipulatng th

levels of Hsp27, growth
patteming of the neuritc trees. Wester blotting results illusrated that the Hsp27 SiRNA

He

SIRNA treated cells. These data demonstrated that a decrease of Hsp27 protein level did

ificantly alter the levels of acti

total tubulin or NE-L protein expression. While
our results suggest that Hsp27 s likely not involved in the regulation of actin, total

twbulin or NF-L protei

‘expression per se, it does not rule out the possit

could be involved i i i i for




a imil for

other cell types (Benndorf et al., 1994; Evgrafov et al,, 2004). In cel-free systems,

Hsp27 i zation of actin and

the assembly of F-actin (Benndorf t al., 1994; Miron et al., 1991). Phosphorylation of

Hsp27 its ability

 the formation of F-acti etal,

1994; Guay etal., 1997; Landry and Huot, 1999; Lavoic et al., 1995; Miron et al, 1991).

A peptic in Hsp27 (192-N106)

interaction with actin and a site that i responsible for the inhibition of actin

polymerization; when added to solutions of G-actin in the presence of an actin nuclcating

factor, al, 2001).
ingl d that this pep i the F-actin
binding izing factor cofilin, 1 inhibited

whereas the i duced

type Hsp27 (Wieske ctal., 2001). Protein phosphatases inhibitors and heat

Hsp27 Feactin disrup

(Loktionova and Kabakov, 1998), and the amount of membrane associated F-actin and

the presence of Hip2? (Piotrowicz et al,

1998). Thus it he ion of Hsp27 are

prereqy

“The role that the amount of Hsp27 present plays in neurite growth via conrol of

eytoskeletal ek



exogenous Hsp27 in DRG neurons. Analysis of the neurite growth of cells transfected

‘showed i i ‘branching, indicating
yis Hp required for neurite growth, but also suggests
that i ionship Hsp27

resulting amount of neurite growth

Hsp27 SIRNA treated cells showed an altered
Tocalization of Hsp27 and actin, with no apparent effect on tubulin. This specific
alteration of actin localization further supports the involvement of an interaction of
Hsp27 with actin in the alteration of neurite extension and branch patiening. The
punctate, colocalized staining of Hsp27 and actin in Hsp27-5iRNA treated cells may, in
part, be related to recent n vitro studics implying that part of the protective effect of

Hsp27 is o prevent the ageregation of denatured actin (Pivovarova et al,, 2005). Another

» y ol i i ities of Hsp27 and
may be present in the neuron under normal conditions, where they remain unseen due to

the normally high endl Tevels of Hsp27 i the cell. Non-fil in

been shown to stain as puncta within the cell (Grenklo et al., 2004), leading o the

possibility tha the decrease in Hsp27 proteinlevels ffects polymerization of actin

resulting in an increase in non-filamentous actn. Further biochemical studies of the

interacting partners of Hsp27 under control and Hsp27 SIRNA conditions are underway to
elucidate the components of these puncta.
I conclusion, our results support our hypothesis that Hsp27 plays a role in neurite

extension and branching. The exact mechanism under

& this role remains o be:
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elucidated though it is likely that modulation of the actin cytoskeleton dynamics is

important for these processes.
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Chapter 4
Hsp27 Phosphorylation is involved in neurite growth in
adult sensory neurons in vitro

4.1 Introduction

Neurite initiation and growth during development, as well as regeneration after
injury, is controlled by specific factors and extracellular matrix proteins (da Silva and
Dotti, 2002; Teng and Tang, 2006; Tonge et al., 1997; Tucker et al., 2008). Active
regions of the cell body and neurite use cell surface receptors to recognize extracellular

d transduce them, via int " . into physical rea

sing. i the

of responsible for niti

i, 2003; Huber et al., 2003; Li +1995). Actin,

tubulin and intermediate filaments all play a role in the growth process (da Silva and
Do, 2002; Dehmelt and Halpain, 2004; Dehmelt et al., 2003). The morphology and

via control of

dynamics of

actin binding proteins and proteins that affeet filament nitiat

abili 1 tion with other ilaments

and structures within the cell (Bear et al., 2002; Belmont et al., 1996; Bennett and Baines,
2001; Chen et al., 1992; Cooper and Sept, 2008; Dedova et al., 2006; Huang et al., 2006;
Jawhari et a., 2003; Komarova et al., 2002; Lansbergen and Akhmanova, 2006; Manna

etal., 2006; Ono, 2007; Ono and Ono, 2002; Pantaloni et al., 2001; Tseng et al., 2004;

Volkmann et al., 2001). Cytoskeletal binding proteins play key roles in neurite



extension and branching, and a change in structure of the neurite may result from

presence of a single bindi i Halpain,

2005; Ikegami et al., 2007; Korobova and Svitk

2008; Lebrand tal., 2004; Song and
Poo, 1999).

Heat shock protein 27 (Hsp27) s a member of the classof smal heat shock

o interact

well ival in the face of

mechanisms, including by stabil actin filament al. 1997;

Preville etal,, 1998; Vigilanza et al, 2008). Hsp2:

teracts with actin, tubulin, tau and
several species of intermediate filaments, including gilal fbrillary acidic protein (GFAP),
Vimentin, nestin and NF-L (Benndorf and Welsh, 2004; Jia et al.,2009; Pemng et al.,

19993). Mutations in Hsp27 ith peript

2004; Irobi etal., 2004b). Furthermore Hsp27 may play a key role in GDNF induced

neurite outgrowth (Hong et al., 2009).

The Hsp27 and actin i Hsy

playsa role in i i . though
direct interactions with actin, as well as by modulating the activities of actin binding
proteins though signaling pathways (Brophy et al., 1998; Jog et al,, 2007; Lee et al.,
2007; Lee et al., 2008; Piotrowicz et al., 1998; Schneider et al., 1998). Monomeric non-
phosphorylated Hsp27 may dircctly interact with actin preventing the polymerization of

tin filaments.



“The activity of Hsp27 depends upon its phosphorylation state as well as its
oligomerization, which is affected by interactions between its domains. Hsp27 is
phosphorylated on two serines in the rodent Hsp27 (Serl, and Ser86 in rat, Ser90 in

hamster, Ser82 in mouse) through the p38MAPK, MAPKAP kinase-2 (MKK2) pathway

(Huotetal, 1995; Landry et a., 1992; Mehlen and Arego, 1994). Additionally, Hsp27
contains three domains: a WI/EPF moifin the N-terminal region, a common C-erminal
aerystallin domain, and a non conserved flexible C-terminal tail (Arrigo, 2007; Chavez

Zobel et ., 2005; Haslbeck ctal,, 2005; Theriault et al,, 2004).

Hsp27 is present in dimers and

approximately bertetal., 1999). ies and mutation of

phosphorylation sites have shown that the WDPF domain, as well as the phosphorylation

state of the protein, are i the sability of 1
1998; Lambert et al., 1999; Rogalla et al., 1999; van Montfort et al,, 2001b). Interactions

between the WDP

F domain and the a-crystallin domain are required in order for the

protein o form ol

mers larger than dimers (Lambert et al., 1999; Theriault et al., 2004),

Phosphorylation of the serine 86 site disrupts this interaction resulting in the oligomer

issociating into dimers. Phosphorylation of the serine 15 site disrupts the interactions

between the dimers resulting in their dissociation into monomers.
Non-phosphorylated Hsp27 monomers have been demonstrated to be the only.
form of Hsp27 that s able to bind actin. Reports differ on the method of action of Hsp27

e in. Hap2? PITR

that Hsp27 impairs actin i bly by
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007; Miron et al.,

1991; Pichon ct al., 2004). Both of these models for Hsp27-based inhibition of actin

ipor Hsp27 is
ble 1o inhibit acti izati ., 1994; During et al, 2007).
Prior. ons in the Mearow le for Hsp27

in axon growth or regeneration in addition o its role in promoting neuronal survival,

Specifically | have suggested a role for Hsp27 in neurite outgrowth via its interaction
E
y Hsp27 ized with actin and

tubulin in lamellipodium, filopodia and focal contacts at the carlest stages of neurite
growth as wellas in mature neurites and growth cones (Williams et a,, 2005). Knock
‘down of endogenous Hsp27 protein by small iterfering RNA (SIRNA) resulted in

decreased neurit i i H i in

increased growth. f jcal inhibitors that i

P38 MAPK resulted in decreased Hsp27 phosphorylation and aberrant neurite growth.

e for Hsp27 in neuri protein level and
phosphorylation stae playing a role. Our objective n the present study was o

Hsp27 quantitatively

by Hsp27 inthe cell and at

‘and WDPF domain.



42 Materials and methods

421 Neuronal Cultures

Dorsal root ganglia (DRG) from young adult (5-6 weeks of age) Sprague-Dawley

University of

using modifications 1o techniques described previously (Tucker et al, 2005). Bricfly, in

accordance with University Animal Care guidelines, animals were decapitated, ganglia

from all spinal cord levels and incubated in 0 n
(Invitrogen, Burlington, Canada) for 45 min at 37°C and then incubated with 0.25%
rypsin (Invitrogen) for 20 min at 37°C, and then incubated with 0.2% soybean trypsin

inhibitor (Sigma Chemicals) for 5 min at 37°C. The ganglia were dissociated by a series

of s using poli pipet was washed
with serum fiee Neurobasal medium (NB, Invitrogen) and centrifuged at 500 g, before
being layered on top of  30% Percoll solution (GE healtheare, Baie d"Urfe, QC) in 15
mL conical tubes and centrifuged at 400 g for 20 min at room temperature. Pellets were
then carefully extracted with a sterile pasture pipette, placed in a fresh tube and
transfected using the AMAXA nucleoporation protocol (Lonza, Cologne Germany).

Transfected cells were suspended in serum frec modified NB, supplemented with 100 U

B27 supplement (Invitrogen), and 20 uM binoside

(Sigma, . Louis MO, USA) and plated on polylysine (PL; 1 ug/mL; BD Bioscience,
Bedford MA) — costed Lab-Tek 16-well chamber sides (Nune Intertional, Napervill,

L) for neurite growth assessment or PL coated 12-well plates for Western blotting and



incubated at 37 °C with 5% CO,. The neurons were cultured in serum-free NB with no

added growth factors.

422 DNA Constructs, siRNA Constructs and Cotransfection

‘The plasmids pSVHa27, pSVHa27-AA, pSVHa27-EE, pSVHa27-AE, pSVHa27-

EA, pSVIH; 3) coding for wild type and Isp27 were obained

from Dr. J. Landry (IUniverstite Laval). The plasmid pIRES2-EGFP-hat1sp27 coding

for wild type P27 was PSVHa27 as p

(Williams et al,, 2006). The plasmid pIRES2-EGFP-Hsp27-EE coding for Hsp2?, with
serine to glutamic acid mutations at serine amino acid sites 15 and 90, was made by

subcloning Hsp27-EE as a Hind 11l (Invitrogen, La Jolla, CA) fragment into pIRES2-

EGFP (Clonteh, Palo Alto, CA). The construct orientation was verified by Kpn |

d DNA sequencing. The plasmid: EGFP-Hsp27-AA,

PIRES

EGFP-Hsp27-AE, pIRES-EGFP-Hsp27-EA, pIRES-EGFP-Hsp27-A(5-23)
coding for mutant Hsp27 were made by subcloning the mutant Hsp27 from the pSV

vector as a Hind 11l fragment into.

IFPC2 (Clontech), and further directionally

subeloning the mutant Hsp27 into pIRE

2-EGFP as an Xho I (Invitrogen), Bam HI

(I

sgen) fragment. The constructs orientation and the sequence of Hsp27 were
verified by DNA sequencing.
The Hsp27 SiRNA was synthesized commercially (Dharmacon) and used at 2uM.

The target for silencing rat Hsp27 protei i 5" GAG UGG UCU

CAG UGG UUC A-Y',




Allcells (1 x 10% were cotransfected with plasmid DNA (3 ug) and Hsp27-

SIRNA, using the AM;

protocol (Rat Neuron G-13), and will in this

chapter by the name of the plasmid that was transfected. Afer transfection the cells were

washed with NB and centrifuged to remove any remaining transfection agent.

423 Laminin Stimulation

plated on PL-coated
stabilize ovenight (16 h) before being stimulated with soluble LN [40 ug/mL in NB
(Williams et al., 2005)]. Afier the addition of the soluble LN, cells were retumed to the
incubator and 24 h aftr stimulation, the cells werecollected for western blotting o the

cells were fixed for immunocytochemistry and growth analysis.

424 Immunocytochemistry and imaging

Neurons were fixed in 4% paraformaldehyde (pH 7-7.4) in PBS for 15 min,

ed with 0.1% Triton-X-100 and blocked with 10% normal goat serurm in PBS,

as follows: total tubuli . Hsp27 (1:500;
SPA-801; Stressgen Corp, Victoria, British Columbia). Cells were incubated with the

primary antibody at °C for 16-24 h, followed by Cy2 or CyS-tagged sccondary

antibodics (Jackson Immunorescarch, West Grove, PA). Phalloidin coupled to Alexa 568

(Molecular Probes/ Invitrogen, Carlshad, CA)) was used to label actin filaments, and was

. Control in which only



the addition of pr ibodies, and those

in whit ibodi i i that of the primary

antibody L ipped wi imaged with

confocal laser scanning microscopy using z-stage scanning and image stacking. Stacked

digital images were i into P ilation into the final

composite figures.

425 Measurement of Neurite Growth
Note that all growth measurements were obtained using images of tubulin stained

GFP-positive neurons. Individual tracings of neurons luorescently stained and imaged

for wbulin and GFP by confocal microscopy were carried out using Image J (version

1.38x; National Ins

itute of Health, USA), the NeuronJ plug-in (version 1.2.0; E.

2004)), and the Sholl Analysis plug-in (version 1.0, Gosh

Lab; University of Califor

San Diego, CA). Only neurons for which we were able to

y . i " o

20% of tracing because their

nearby d non-

neuronal cells. 100-150 cells were traced for each replica of each condition. Confocal

images o grayscale TIFF i ble of bei Imagel,
using Adobe Photoshop. Neur ing Neurond,
length, i ive length of duced, and an image of the

tracing was obtained for Sholl analysis using the “make snapsho button”. The Sholl



ug-i i ion points of neurites
crossing 2 um thick concentric circles radiating from the cell body every 10 m to give a

measure of| ion of the neurites. Data was i int

Prism 4; ) y:

et

ANOVA with a Dunnet posttest, and significance (P 0.05) was determined at

intersection points of the Sholl ana two-tailed T-test. For

100-250 neurons were completely traced with cels being pooled from 3 different plating

experiments.

426 Immunoblotting

Transfected neurons were plated in 12-well plates and subsequently processed
according to our established protocols (Jones et al., 2003). Aftr cellIysis and

10,000 rpm, 5 min), used to determine protein

concentration by using the BCA protein assay (Pierce Chemicals, Rockford, IL).

poly-acrylamide gel electrophoresis (10% acrylamide). Fractionated proteins were.

ind stained with ed

subsequently

indicator of protein loading, the protein of i
by blocking the membrane in 3% powdered milk in TBS-T for 1 h and then incubated

overnight with primary antibodies dirccted towards Hsp27 (SPA-801, Stressgen),

: Santa Cruz Bi CA), actin (A2066;



i), phospho-H15p27°" (PAL-016; Affinty Boreagent), and phospho-Hsp27"

(E118, Abcam). phospho-Hsp27"* reacts with phosphorylated S82 in human, $90 in

hamster, and S86 in rat. I h
horseradish peroxi i i ; AP30SP;
Chemicon, Temecula, CA) for 1 h at room temperature, followed by visualization via the
ECL method.
43 Results

In order to investi Hsp27

neuri

e growth we employed a cotransfection model where adult rat DRG neurons were
transfected with rat specific Hsp27-siRNA to silence endogenous Hsp27, as well as
PIRES2-EGFP containing either wild type and mutated hamster Hsp27 (haHsp27)
resulting in overexpression of the habisp27 (Williams et al 2006). The plasmid pIRES2-

EGFP permits both Hsp27 and enhanced green fluorescent protein (EGFP) to be.

translated from a ie mRN; i of plasmid

expression i P from the

production of a tagged Hsp27 fusion protein. In this model sIRNA dircted against rat

Hsp27 (Hsp nto the neuron with a

expression of wild type or mutated hamster Hsp27. Due to the two nucleotide differences

inthe 21 the SIRNA is

the Hsp27-siRNA H in levels




hablsp27. Thi

Hsp27.

1 i i Hsp27 effectively depr
rat Hsp27 protein levels in PC12 cells and DRGs reltive to control while not affecting
habsp27 expression in Chinese hamster ovary (CHO) cells (data not shown). When the

rat specific Hsp27-siRNA

type haHisp27 the endogenous rat Hsp27 protein levels were supressed while the

hal: 4.1). Thi

in the wester blot of

for the
exogenously expressed Hsp27 was observed below that of wild type Hsp27; endogenous
Hsp27 i this sample was markedly reduced compared to control. ‘The antibodies specific
for phosphorylated Hsp27 (ither S15 or $52) do not recognize mutated Hsp27 where

Jutarmic acid (E) or aspartic acid (A) has replaced JEA,

or AE) (Fig. 4.1). We also observed that Hsp27 mutants do not have equal transfection

efficienci ricular, the EE.

asany of

the other single or deletion mutans.

16-well slides and alk

18h). Subseq
medium containing soluble laminin (40 ug/mL) was added to the cells for 24 h, after

‘which slides were fixed and processed for detection of Hsp27, F-actin, and beta-tubulin.

g ined in



Figure 4.1: C rat Hsp27 siRNA 027,

 Hsp27 whil i »
SIRNA specific to rat Hip27 silences endogenous Hsp27 protein expression while not
affecting the over expression of wild type and mutant hamster Hsp27. Protein from the
neurons was collected and immunoblotted for Hsp27, Hsp27 %, and Hsp27 **

(recognizes $86 in rat and $90 in hamster), and Actin (loading controf),
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431 Hsp27

previ that the amount of neuri varies with the level
of Hsp27 present in the cel. When endogenous Hsp27 was depleted by SIRNA, cells

when

1 (Will 2006). We affeet

Hsp27 phosphorylation sites and deletion of the WDPF domain would have on neurite

growth. Using th i 1l conditions have the

endogenous Hsp27 decreased by SIRNA permitting us o look at the effects of the

hatisp27 mutat growth. i with

each of the constructs are pres

Consistent with our previous

observations, with SiRNA al

compared to cell d with hatlsp27. C

mutants Hsp27-EE, and Hsp27-

A displayed less growth than wild type Hsp27, but

growth similar to the sIRNA alone condition (I

g, 420, E, F). Cells transfected with

Hsp27-AA and layed growth more similar to the wild typ p

than 10 SIRNA (Fig 4.2 A, B, C.G), and cells transfected with Hsp27-AE displayed
growth somewhere in between that of the hat1sp27 and SIRNA conditions (Fig 4.2 F).

Quaniitative analysis of neurite ength is presented in Figure 4.3, When total

neurite lengt 4, th h ing hat1sp27, Hp27-

AA. Hsp27 AE and neurite i .05) gr

than that of cells wii lone (Fig. 4.3A),




Figure 4.2: The phosphorylation state of Hsp27 plays a role in neurite growth, while

the WDPF domai

not required for rescue of Hsp27-siRNA induced decreased

growth,

SIRNA Hsp27 ing for

3FP alone (A), or GFP and hatlsp27 (B), Hsp27-AA(C), Hsp27-AE (D), Hsp27-EE (

Hsp27-EA (F), . The

soluble laminin for 24 h and then fixed and immunostained and imaged for tubulin and

al

P expression. The cell i growth

the condition, and additionally are al shown at the same magai

cation. (Seale

bars = 50 jum)






Figure 43: i Hsp27

Hsp27-siRNA ining wild type
haHsp27 Neurite growth pa ing cells
i i bul lined in ials and Methods.

A. Compared iRNA al ith hattsp27,

Hsp27-AA, Hsp27-AE, or Hsp27-A(3-23) display significantly greater amounts of
‘growth (one way ANOVA, Dunnet post test with SiRNA as control; *P<.05, ** P<01).

F: Number of interseti Data are.

ted as the  the number of ion points in 10 um radial increments

from the cell body. B. C ing Hsp27-AA display significantly
points,indicating less branching or extension, relative to hasp27 at radial increments
from 30 um -70 m from the cell body, and significantly increased intersection points

relative to haHsp27 at radial increments 360 um and 410440 pm from the cell body,

ind h ing Hsp27-AA have a
the i y
c. C ing Hsp27-AE display signif less

at radial
increments from 160-170 pm from the cell body. D. Cells expressing Hsp27-EE display
significantly less intersections points, indicating less branching or extension relative to

haHsp27 at radial increments from 100-120 um, and 150-160 um from the cell body.

c play significantly less i indicating less

branching ion relat atra

from 30-250 ym from the
cell body. F. Cells expressing Hsp27-A(3-23) do not have Sholl intersection values that

from haHisp27. (Significance ined at intersection

points of the Sholl i iled T-test, *P<0.05).







Hsp27-EA and Hsp27-AE

s than cell

expressing hatlsp27. The cffect of Hsp27 mutations on neurite growth patterning was

igh Sholl analysis,

branching / complexity of

Although

with Hsp27-AA and

hatisp27 were similar, Sholl

10 ha:

that their differ. Relative

Hsp27-AA

with Sholl radii close o the soma, and signif

<0.05) less intersections

antly(P < 0.05) more intersections with

Sholl radii farther from the soma, indicating that ncurites from cells expressing Hsp27-

AA, extend farther from the cell and are less branched near the cell than neurites from

cells expressing hatsp27 (F

43B). Hsp27-AE expressing cell had fewer inerscctions

and therefore a &

hatip27 430). Cells
expressing either Hsp27-EE or Hsp27-EA, showed growth patterning and branching that

27 (Fig 4.3 D, E). Cells

expressing 1 growth <005)
different than th hatisp27 (Fig 4.3F). These the
expression and [Hsp27 plays a ole in

The igates this further.
432 tate of Hp27 alers Foactin in structures of the

growing neurite.
‘We previously reported a potential ole for Hsp27 in actin localization (Williams

ctal., 2006) and were interested in what role the phosphorylation state o presence of the

185



WDPF domain in Hsp27 plays in this process. In order to elucidate the effect of the

Hsp27 in localizati Tocation in th ind

ind compared thi i nd

wild type habisp27.

432.1 Endogenous Hsp27 and F-actin
In order to observe the localization of F-actin with the presence of endogenous

Hsp27

coated 16 well

soluble laminin and fixed 24 h later labeled with Alexa Fluor 555-Phalloidin, and images

of F-actin a vari were oblained focal microscopy.

that

cells at a variety of stages of neurite growth from one cell plating. F-actin stainin

DRG neurons at various stages of neurite growth is presented in Figure 4.4.

actin was
present in various structures of the DRG neuron including nascent processes, mature
neurites, growth cones, and the cell body. Condensed regions of F-actin were present in

the cell body, and possibly represent ites of focal

¥
arrow (Fig 4.4 A-C, EF). F-actin was also observed in filopodia (indicated by small

g 44 A-)), and at the

arrow, Fig 4.4F).



Figure 4.4: F-actin is present in structures of the growing neurite

DRG neurons were plated on polylysine, allowed to attach overnight and were then
stimulated with soluble laminin for 24 h. Following fixation, neurons were labeled with

Alexa Fluor 555-Phalloidin, and images were obtained with confocal microscopy. The

early stages of neurite shown at the same
magnification. (Scale bars =20 um). F-actin is present in the condensed inthe el

body, indicated by a small yellow arrow, at possible sites focal adhesions. F-actin s also

present in the filopodi t the edge of

arrow) in growing processcs.






4322 Overexpression of haHsp27

the location of

we used the cotransfection model described above and Hsp27 mutant constructs to.

determine wi i Hsp27 the WDPF

domain had izat izati Hsp27. We chose

o examine cells that were both in the early stages of neurite growth (Fi

ig4.5)as wellas

in cells with developed mature neurites (Fig 4.6). Additionally, the different

and cells from

and processed
together.

Expression of haisp27 appeared to colocalize with F-actin in the carly stages of
neurite growth (Fig 4.5 A-C) as well as in mature neuries (Fig 4.6 A-C). In the growth
‘cane, haHsp27 and F-actin colocalized in e distal tips of filopodia and nascent

processes, as well as i the cortex region of the nascent shaft, I contrast, in the central

region of the growth cone, haHsp27 was present at high levels and F-actin was detectable

atlowlevels (Fig 4.7 A-C).

4323 Overexpression of Hsp27-AA

Isp27-AA was high level overlaped
with F-actin in the filopodia and focal contacts in selected cells that were in the carly
stages of neurite growth (Fig 4.5. D-F) as evidenced by strong yellow regions in the

189



Figure 4.5: The effect of Hsp27 phosphorylation and the WDPF domain on Hsp27

and F-actin colocalization during early stages of growth

Cotransfected DRG Iylysi and ‘
were then stimulated with soluble laminin for 24 h. Following fixation, neurons were
labeled with Alexa Fluor 555-Phallidin (green- B, E, H, K, N, Q), and immunostained
with antibodies directed against Hsp27 (red — A, D, G, J, M, P). Images were obtained
with confocal microscopy and pancls C, . , L, O, R represent the merged images of

single channel images. ~ (Scale bars = 20 ym).



Hsp27-AA

Hsp27-AE
+SIRNA

Hsp27-EE

Hsp27-EA
+SIRNA

Hsp27-A(5-23)
+ SIRNA

......



Figure 4.6: The effect of Hsp27 phosphorylation and the WDPF domain on Hsp27

and F-actin colocalization in mature neurites.

‘Transfected DRG neurons were pl lylysine all ight and

were then stimulated with soluble laminin for 24 h. Following fixation, neurons were
labeled with Alexa Fluor 555-Phalloidin (green- B, E, H, K, N, Q), and immunostained

with anibodies directed against Hsp27 (red - A, D,

3, M, ). Images were oblained
with confocal microscopy and panels C, , 1, L, O, R represent the merged images of

single channel images. ~ (Scale bars =20 um).




HaHsp27
+SIRNA

Hsp27-AE
+SIRNA

Hsp27-EA



Figure 4.7: The phosphorylation state of Hsp27 alters the location of F-actin in the

growth cone.

ylysine, all ight and were

with soluble laminin for 24 h. Following f

ion, neurons were labeled with Alexa Fluor

555-Phalloidin (green- B, E, H, K, N, Q) and immunostained with anti

directed

against Hsp27 (red — A, D, G, J, M, P). Images of growth cones were obtained wi

el images via i Panels C, F, 1, L,

O, R represent the merged images of single channel images. Scale bars = 10 um.



HaHsp27
+siRNA

Hsp27-AE
+SIRNA

Hsp27-EE
+SIRNA

Hsp27-EA
+siRNA

Hsp27-A(5-23)
+SiRNA



in growth cones of mature neurites (Fig 4.6 D-F, and Fig 4.7 D-F),

Although ‘was not performed on i Al images within
one figure were vi ification. C
Hsp27-AA gions of yellow indicat ion of F-actin and

P27 withis growth p der other

‘conditions (Fig 4.5 (D-F), Fig 4.6 (D-F), Fig 4.7 (D-F)). This s consistent with

Hsp27 i ith actin possi

actin cytoskeleton (Pichon et al., 2004).

43.2.4 Overexpression of Hsp27-AE.

DRG neurons expressing Hsp27-AE displayed robust Hsp27 saining in the carly
stages of neurite initiation as well as into the mature neurites and growth cones (Fig 4.5
G, Fig 4.6 G, Fig 4.7 G). Although, as noted above, densitometry of thesc images was

not performed, from obscrving the images taken at the same PMT levels,it appeared that

the level of F-actin staining was lower i than

all other conditions (Fig 4.5 H, Fig 4.6 H, Fig 4.7 H). This suggests that the decrease in

altered growth i ncell

expressing Hsp27-AE.

4325 Overexpression of Hsp27-EE or Hsp27-EA

Cells expressing Hsp27-EE or Hsp27-EA displayed similar morphology in the

structure of their processes and their F-actin localization [Fig 4.5 (-0), Fig 4.6 (-0), Fig



47 (-0)]. Hsp27-EA or Hsp27-EE cells displayed large numbers of filopodia and
nascent processes stained for Hsp27 and contained F-actin in the early stages of neurite

‘growth (Fig 4.5 J-0) and also displayed podi P

in growth structures and neurite shafls of mature neurites [Fig 4.6 (1-0), Fig 4.7 (1-O)]

d extensi ing either Hsp27-EE

or Hsp2T-EA i of ia and

relative o all itions. The presence of d
that there s i inated filament

‘growth and may explain why Hsp27-EE and Hsp27-EA expressing cells have lower

neurite extension than cells expressing hasp27.

43.2.6 Overexpression of Hsp27-A(5-23)

Hsp27 and in

flopodia and the leading edge of lamellipodium in the early stages of neurite growth as

well as in the mature neurit

(Fig4.5 (P-R), Fig 4.6 (P-R) ). The localization of Hsp27

and F-actin in cells expressing Hsp27-A(5-23) was somewhat similar to that in haHsp27

Under. itions Hsp27 igh levels in th 1
region of the growth cone, while F-actin was present at high levels in the periphery of the
growth cone in the filopodia and lamellipodium as well as in the cortex of the neurite

shaft [Fig 4.6 (A-C, P-R), Fig 4.7 (A-C, P-R)]. However one notable difference between

the conditions was the presence of high levels of Hsp27 at the distal tips of filopodia and




Il i [Fig4.7(A-C) that was

not present in cells expressing Hsp27-A(5-23) [Fig 4.7 (P-R)].

Hsp27 Hsp27 in

approximately 40% of cells (Fig 4.8);these puncta ranged from minute o “ringed”

i in diameter. holl anal with vis
aggregates compared 1o cels without showed no difference in growth and growth

pattcming between the two populations (Fig 4.5).

44 Discussion

y ighiigh portance of Hsp27 ion inthe reg

of and likely via influence

eytoskeletal clements such as actin.

Hsp27 i and

rowth we used Hsp27 constructs with mutations i the phosphorylation sits,

Hsp27 p

Five i this study.

mutant has the WDPF domain as well as the Ser! 5 phosphorylatio sie deleted,allowis

me o look at whether the presence of this domain and phosphorylation site re involved

in neuritc growth. Hsp27-AA is unable to be phosphorylated at amino acids 15 or 90,

‘what i on Hsp27

b Hip27-EE glutamic

acid residues in place of i 1




Figure 4.8: When expressed in DRG neurons Hsp27-A(5-23) forms aggregates in

40% of cells

nsfected with siRNA Hsp27 and

for GFP and Hsp27-

and were then stimulated for 24 h. Following fixation neurons were labeled with Alexa

Fluor 55 i (red- E, F) and ined wi inst
Hsp27 (A-C; green D, F). Panel F represents the merged images of single channel
images D and . Hsp27 is present in ring-like aggregates in the cell body, neurites and

growth cones (yellow armow). (Seale bars = 20 )



Hsp27-45-23 Hsp27-A5-23
with aggregates  without aggregates,




phosphorylation plays in neurite growth. Hsp27-AE, and Hsp27-EA have one of their

ed
< SN

‘The Hsp27-EA and Hsp2' look

at the role that the indivi i ing in neuri by
Hsp27-AA,
and Hsp27-EE.
Hsp27

protein in the cell. Biochemi i i i i

that the phosphorylation mutants have an effect on Hsp27 oligomerization (Theriault et

al.,2004). 1t has been reported that Hsp27-EE and Hsp27-EA are present solely as

d igomers, while Hsp27-AE is

(Theriault et al.,
2004). Hsp27-A(5-23) is unable to form oligomers larger than dimers, and Hsp27-AA is

found in all the oligomeric sates, although

structures (Theriault et al., 2004).

Expression of the different Hsp27 mutants have distinct effects on their ability to

rescue Hsp27-5iRNA d d neuri c ing Hsp27-AA, where
15 Hsp27 i
haHisp27
However, ite arborizati Fhabisp27 and Hsp27-
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AA are different, possibly indicating aberrant growth pattemning due to the mutation. A
difference in the growth patterning of cells expressing Hsp27-AA is not surprising given

lts from the use of a

st ibitor of Hsp27 i ams et a., 2005).

Cells expressing Hsp27-AA also showed an altered localization of Hsp27 and F-act

th

Hsp27-AA di igh levels of Hsp27 and F-actin

of growth cones. This possibly represents high levels of Hsp27-AA, some of which

would i ic form ind to F-
‘monomeric nonphosphorylated Hsp27 binding actin (Pichon et a., 2004).

2 ) where the WDPF domai sis

Hsp27 i i ion and growth

10 hatisp27. P2

oligomers large than dimers (Theriault et al., 2004), indicating that the formation of large

ige reqy Hsp27 in neurite init d growth.
“This result in conjunction with those of cells expressing Hsp27-AA suggests that not only

is phosphorylation of the S15 site not required for neurite growth, but that the presence of

the S15 site i i i lthough it

ofthe S15 site plays ar ry role in neurite growth (see below),

Cells expressing Hsp27-EE o Hsp27-EA, where the Hsp27 S15 site has been

<0.05)less



hatl i ith Hsp27-5iRNA
alone. Additionally, Sholl analysis of Hsp27-EE or Hsp27-EA expressing cells also

dis imil Cells

transfected with Hsp27-EE or Hsp27-EA, displayed high levels of protrusion (flopodia

W nascent ) at carly stages of

for this excess of protrusion is

unknown and it is possible that phosphorylation at the S15 site of Hsp27 may play a role

of
protrusions. As the only two conditions thatfaled to result in growth greater than
Hsp27-5IRNA alone, it is ofinterest tha these mutants are also the only two of the five.
‘constructs used that are unable to form dimers or oigomers, and are thus expected 1o be
completely in a monomeric state.

Cells expressing Hsp27-AE fel in between the wild type conditions (haisp27)

and siRNA alone,

527, but sgaif -

than Hsp27-5iRNA alone. Cells transfected with Hsp27-AE also appear to have lower

Tevels of F-actin than cells expressing hasp27 and other Hsp27 mutations.

thatthe role that Hisp27 plays

or. i both (Table 1), The

Hsp27 dimerize and! i . Hsp27-

AE, i ®

of Hsp27-5iRNA alone, while Hsp27 mutants that were unable to form dimers or
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‘Table 4.1: The effect of Hsp27 phosphorylation mutants on neurite growth

i Amount of
Neurite
Growth
Hallsp27 Monomers, Neurite growih significantly
dimers and increased relative to SIRNA
oligomers
(Lambert et al.,
1999)
HspZTAA | large oligomers | +++++ | Neurite growth similar o hatlsp27
Hsp2T-AE, = Signifigantly less neurite growth
than cells transfected with haisp27,
similar growth to SIRNA
isp27-EE + Significantly less neurite growth
(Th than cels transfected with hatlsp27,
2004) similar growth to SIRNA
Hsp27-EA | Monomers + Neurite growth significantly fess
(Theriault et al., than haHsp27 and significantly
2004) greater than SIRNA
g T2 | Diers e S| Neurite growth simifar (o hatlsp27
(Therautetal,
2004)




‘Table 4.2: The effect of Hsp27 phosphorylation mutants on the localization of Hsp27

and F-actin
Mutant Oligomeric | Observations Possible Explanations
Size
Hallsp27 Monomers, | Fisp27 present in the
dimers and | central region of the
mers | growth cone, and at
fl(\pdu ps, F-actin
WSp2TAA | farge Strong colocalization | Consistent with non
oligomers | of F-actin and Hsp27 | phosphorylated Hsp27 having
in filopodia a direct interaction with actin

Hsp2T-AE | Dimersand | Appears to have low | Suggests a decrease in F-actin

monomers | F-actin levels ntybe ol fie e
altered growth

THsp27-EE | Monomers | High levels of S Bhaphoryion
filopodia and nascent may sabilz flopodis
processes with F-

Hsp27-EA | Monomers | High levels of ~ Dephosphoryitionis
filopodia and nascent required for retraction?
processes with F-actin

Hsp27-A(-23) | Dimers and | Hsp27 present in the | Suggests WDPF domain does

monomers | central region of the | not affect actn localization

wih cone, F-actin
present in periphery

(Hsp27 not a distal tips)




the S15 and ired for Hsp27

in the Hsp27-AA and

However, on of the S15 and
fect o the i Hsp27 in neurie growth, ion of the $15
Hsp27-EE and tohave
astronger inhil ion of the $90 i . One
forthis effect i that S15 may be involved in
abilizing the ing actn flament growth and
preventing on {this would account for an increase inpi

Hsp27-EE and Hsp27-EA (Table 4.2)), whil

phosphorylation at the $90 site may be
involved in destabilizing the cytoskeleton (accounting for the scemingly lower F-actin

levels with Hsp27-A). A shil

in the dynamic balance between polymerization and
depolymerization in the cell in either direction willaffect the control of neurite extension
and growth pattening that may account for the differences in growth scen in this study
with use of the Hisp27 phosphorylation mutants.

the firstto show th

sites have an influence on neurite growth parameters. Although many studies (in non-

1 direct and i

Hsp27 regulation of the - the specific



in each of these mechanisms has not been elucidated. With respect o the finding that

‘growth, under

Hsp27 is al state and i

environments. So while these results support the involvement of Hsp27 in neurite growth

inthis process, it is also.

Hsp27, i its localized activation and
deactivation. Through being dynamically regulated itself, Hsp2? is able to play a role in

‘modulating the dynamics of actin.




Chapter 5

Inhibition of p38 MAPK activity attenuates Hsp27

phosphorylation and increases the F-actin/G-actin rati

DRG neurons

Introduction:
A the i y
the neuron. ility of actin o form
" allowing it 1o respond

1o varying conditions. Within the cell, actin exists in two states:

monomers, also

[t Jobul G-actin) and actin ilaments, also ko

Bray, 1978). Act il

dynamics via regulat izati ization, stabilization, and

attachment of atin to other structures (Dent and Gertler, 2003; Mattila and Lappal
2008).
Heat shock protein 27 (Hsp27) is a member of the class of small heat shock

proteins and has been shown to interact

th different cytoskeletal elements, as well as to
promote survival in the face of environmental stress through numerous mechanisms,

including by stabilizing the actin filament cytoskeleton (Huot et al., 1997; Preville etal.,

1998; Vigilanza ct al, 2008). The interactions between Hsp27 and actin have been

extensively studied. Hsp27 plays a role in regulating the actin filament cytoskeleton

though direct interactions with actin as well as by modul of actin

g the ac



co o TR TR

ing protei ignali interactions of Hsp27 and actin are

important for many cell functions, including smooth muscle contraction, neutrophil

is, cell division, cell survival, cell migration, and cell attachment

via focal adhesions, and recently in GDNF induced neurite growth (Brophy et al., 1998;

Hong et al 2009; Jog et al, 2007; Lee et al,, 2007; Lee et al 2008; Piotrowicz et al,,

1998; Schneider et al., 1998). Additionally, Hsp27 colocalizes with actin filaments in

cardiac (Lutsch et al,, 1997), skeletal (Benndorf et al., 1994), and smooth muscle (Bitar et

al, 1991; Thitayo et al, 1999). |
The role that Hsp27 plays in regulating the actin cytoskeleton through both direct

and indircct mechanisms depends upon the phosphorylation state of Hsp27. Hsp27 is

phosphorylated on two serines in the rodent Hsp27 (Serl 5, and Ser86 in rat, Ser90 in

hamster, Ser82 in mouse) by MAPKAP kinase-2 (MKK2) at both sit

in many cell
types; MKK2 s generally thought to be activated by p38 MAPK (Huot et al., 1995;

Landry etal, 1992; Mehlen and Arrigo, 1994). In smooth muscle and other cell types,

other kinases such as MK (McLaughlin et al., 1996), MKS (New etal., 1998), PKC3

(Maizels et al., 1998), and PKD (Doppler et al, 2005), have been implicated i the
of Hsp2 ific st
determined.
Previous stud arole for Hsp27 i neuri via regulation

of the actin eytoskeleton (Williams et al, 2009; Williams et al., 2005, 2006). 1 have
shown that Hsp27 was present and colocalized with actin in lamellipodium, filopodia and ‘

focal the carlest stages of i neurites and

209



‘growth cones (Williams ctal, 2005). Knock down of endogenous Hsp27 protcin by

small i il i wellasan

altered localization of Hsp27 and actin ('

iams ct al,, 2006). Additionally we observed

that the phosphorylation state of Hsp27 was important for neurite growth (scc Ch 4). Use

of ical inhibitors that inhil ivity of p38 MAPK resulted in
decreased Hsp27 i similar
1.,2005). Transfection of neurons with mutant Hsp27

Hsp27-EE which

resulted in decreased ons, as igh levels of
of itation and
growth as well as in growth ind axon shafts of i . 2009).
le for Hsp27 in i ies, with the
phosphorylation state of Hsp27 being important. Our objective in the present study was.

1o investiga P inhibition of Hsp27

affected actin dynamics in the cell

52 Materials and Methods

521 Neuronal Cultures

Dorsal root from weeks of age) § ras

(Memorial University of

61,33, and4.2. Briefly, in

accordance with University Animal Care guidelines, animals were decapitated, gangl



were extracted from all spinal cord levels and incubated in 0.25% collagenase type Il

(Invitrogen, Burlington, Canad) for 45 min at 37°C and then incubated with 0.25%

20 min at 37°C, and then i

%
inhibitor for § min at 37°C. The ganglia were dissociated by a series of manual titrations

using polished Pasteur piy

es. The cell suspension was washed with serum free
Neurobasal medium (NB, Invitrogen) and centrifsged at 5 G, before being layered on top
of  30% Percoll solution (GE healtheare, Baie d"Urfe, QC) in 15 mL. conical tubes and
centrifuged at 400 g for 20 min at room temperature. Pellets were then carcfully

extracted with a steri laced in a fresh

AMAXA nucleoporation protocol (AMAXA/LONZA, Cologne, Germany). Transfected

in serum fiee modified NB, contai 100U

penicilln/ streptomycin, B27 i 420uM

(Sigma, St. Louis MO, USA) and plated on laminin (L

ug/mL) - coated Lab-Tek
16-well chamber slides (Nunc Intemational, Naperville, IL) for neurite growth
assessment or PL coated 12-well plates for Western blotting and G-actin/F-actin in vivo
assay kit and incubated at 37 °C with $% CO3. The neurons were cultured in serum-frec

NB with no added growth factors.

522 Inhibitor Experiments

‘SB 203580 and SB 202190 (10 uM Calbiochem/ EMD Biosciences, San Dicgo, CA)

MAPK activity, in order



Hsp27. Inhibi 2 IN

cote sids nd etained i the medium frthe extent of the expriment. |

523 Immunoblotting

plated in 12-well

J 1, 2003), and iously described.

Afier celllysis and 10,000 rpm, 5 min),

determine protein concentration by using the BCA protein assay (Pierce Chemicals,

Rockford, IL). Equivalent amounts of protein (50 ug) were subjected to sodium dodecyl

Fractionated
proteins sferred to  stained with
of protein loading. the protein of
in TBS-T for | h
andi ith pr ibodies di ds Hsp27 (SPA-801, |
Stressgen), mi o Santa Cruz B cA).
tin (A2066; Si 5 (PALOIG; a
7% (EN18, Abeam). 2 reacts in
human and S86 in at. The ni probed

'+ AP308P; Chemicon,

Temecula, CA) for | h at room temperature, followed by visualization via the ECL

method.



524 Geactin/ Factin In vivo Assay Kit

The F-actin /

Feactin in

Denver CO). The F and G

from cell lysates by differential centrifugation to separate the insoluble F-

in. The cellular in ratio s mai by

rc. in and G-actin levels are
analyzed by immunoblotting as detailed above.

525 Cell labeling and imaging

Neurons were fixed in 4% paraformaldehyde (pH 7-7.4) in PBS for 15 min,

permeabilized with 0.1% Triton-X-100 and blocked with 10% normal goat serum in PBS.

Cells were i for 2 h with Alexa 568-Phalloidi o Invitrogen) to

label actin in), and i 12371,
Molecular Probes! Invitrogen) o label G-actin. The cells were cover slipped with
glycerol and imaged with confocal laser scanning microscopy using z-stage scanning and
image stacking. Stacked digital images were incorporated into Adobe Photoshop for
compilation into the final composite figures. 20 cells were imaged for each of 3 replicas

of each condition,

526 Mean Grey Values of Labeled Cells

Confocal images of F-actin and G-actin sta inverted i

fl’s using Adobe Photoshop, and imported into Image J (version 1.38x; NIH, U

SA).

The Image) measurement function was used to determine the mean grey values for the

n



image. Mean grey values for F-actin stained cells were divided by mean grey values for

. and these values ity of F-actin/ G-

53 Results

!
modulating the actin cytoskeleton (Benndorf et al. 1994; But etal, 2001; Guay et al.,

1997; Lavoie et al. 1993a; Schafer et al., 1999; Vigilanza et al., 2008) we wished to

determine the effccts of inhibiting p38 MAPK, and thus inhibiting Hsp27
phosphorylation, on the actin cytoskeleton. p38 MAPK activation leads to the

phosphorylation and activation of MKK?2, that acts as an Hsp27 kinase (Huot et al.,

1995). 1 have previously shown that nhibition of p38MAPK actvity, using a
‘combination of p38 MAPK inhibitors (SB 203580 and SB202190), blocks the
phosphorylation of Hsp27 atthe Ser15 site, and resultsin aberrant growth (Williams et
al,, 200).

initially determined whether the inhibitors were effective in preventing Hsp27

phosphorylation at both the S15 and 86 sites. DRG neurons were plated on LN-coated

12 well pa 2 hthe SB inhibi 24 s . cell

Methods. p
with pHsp27°", pHsp27 (recognizes rat $86), and total Hsp27 antibodies. The results
presented in Figure 5.1 show that treatment with SB resulted in decreased

phosphorylation at both the S15 and S86 sites.



i blocks phosphorylation of Hsp27 at the S15 and

FigureS.1: p38 MAPK
86 sites. Adult DRG neurons were plated on laminin coated plates,allowed to attach
for 2 hand were reated with p38 MAPK inhibitors, SB203580 and SB 202190 (10 pm
cach). Cells were sampled at 24 h post SB addition, and protein was analyzed by western

blotting (A). Inhibition of p38 MAPK activity results in significantly decreased levels of

both $15 (B) and $86 (C) Gi the mean

+ SEM of relative densi of 4 blos from 2 experi m
percentages with the control value for ach experiment taken as 1. Significance was

tested using T-test, * p< 005,



A

Control

SB

S15/Hsp27

S86/Hsp27




the

Hsp27, actin filament

we used i i «

isolate the F-actin and G-actin populations withinthe cells. Neurons were plated on LN-
coated 12 well plates as for the previous experiment, and were treated with SB 2 h after
plating, and cell Iysates were collected 24 h later and prepared s described i the

Methods for the G-actin/ F-actin in vivo assay kit. Following electrophoresis, the

ing probed with actin and MAPK antibodies. The blots
display increased F-actin levels in conditions treated with SB relative to control (Fig

52A). De ric analysis of | the Factin G-

cells treated with SB s significantly greater than that in control cells (Fig 5.2 B).

Having determined that inhibition of p38 MAPK results in an alteration of the F-
actin / Gatin ratio i the neuron, we sought to confirm these results with cell taining.
Neurons were plated on LN coated 16 well slides, and were treated with SB 2 h afler
plating, and were fixed 24 h later and labeled for F-actin and G-actin as outlined in the

Methods. ‘The neurons were imaged using confocal

oscopy for visualization of F-

actin and Gactin (Fig 5.2 C). All images were obtained at the same magnification, and

all i (ex. F-actin) were obtained at the same PMTs to permit

comparison of the images. These images were converted into inverted grayscale images

using Adobe Photoshop and imported into Image) (o determine the mean grey values

densiti

of the images. Mean densities of the images were expressed as  ratio of the F-

10 the Geactin. The results supported the result from the in vivo G-actin / F-actin

7



Figure 5.2: p38 MAPK inhibition alters the F-actin to G-actin ratio within the DRG

neuron, resulting in increased F-ag

and decreased G-actin. Adult DRG neurons

. allowed to attach for 2

with p38 MAPK inhibitors, SB203580 and SB 202190 (10 um each). 24 h after SB.
addition cells were cither collected for analysis of their G-actin/ F-actin using an in vivo
assay kit (See Methods) (A, B),or fixed, permeabilized and treated with Alexa S68-
Phalloidin o label F-actin, and DeoxyRiboNuclease1 (DNAse 1) coupled to Alexa Fluor
48810 label G-actin (C). A: Treatment with SB resulted in an increase in F-actin levels.

B. is of the F-

resulted i i Factin/

MAPK (where individual F-actin and G-actin levels were normalized to MAPK levels)
Graphs represent the mean & SEM of relative densitometric data of 5 blots from 5
experiments; data are expressed as percentages with the control value for each
experiment taken as 1. C. Confocal images of cells with and without SB treatment, and

treated with Phalloidin-Alexa 568 and DNAse-Alexa Fluor 488 for visualization of F-

3 D. Confocal

images of F-acti in stai d to inverted

Adobe Photoshop, and imported into ImageJ. The Image) measurement funct

used to determine the mean grey values for the image. Mean grey values for F-actin

stained ivided by mean grey values for G-actin stai , and these values

p Foactin/ Gactin. Cells ith SB had a

significantly increased F-actin/ G-actin ratio than control cells. Inhibition of p38 MAPK

y results in si

cantly increased F-actin/ G-actin within DRG neurons. Graphs
represent the mean + SEM of mean grey values (F-actin/ G-actin) of 12 cells from 2

plating experiments. Significance was tested using T-test, * p<0.05.



G.actin
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\
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assay kit, as cells treated with SB had a significantly increased F-actin/ G-actin ratio of

mean grey values relative to control cells.

54 Discussion

“This study highlights the importance of p38 MAPK activity, possibly via its

Hsp27 actin
eytoskeleton. Results suggest that inhibition of Hsp27 phosphorylation alters the balance

of F-actin /

effects on the

inhibitor of Hsp27

inhibition of p38 MAPK. the
inhibitor was chosen empirically and is within the range of specific/selective cfccts on

P38 MAPK, itis possible that it may have other inhibitory influences, or that it may be

2 sp:

P38 MAPK control of the actin cytoskeleton via the regulation of Hsp27

Hsp27 plays a ol
in rogulating the actin flament cytoskeleton through dircet interaction with actin, as well

asby ing i i "

(During et al., 2007; Gehler et al., 2004; Loudon ct .

00

iron et ., 1991 Pichon

etal,, 2004). My previous studics have suggested a role for Hsp27 and Hsp27

ia regulation of the acti iams,

2009; Williams et al., 2009; 2006).




‘Two mechanisms for direct Hsp27-based inhibition of acti filament assembly

Hsp27

proti that Hsp27 impairs aci y

by cappi 2007; Miron et al.,
1991; Pichon t al., 2004). Both of these mechanisms support a phosphorylation
dependant intraction for Hsp27 with actin, suggesting that only nonphosphorylated
Hisp27 monomers are able to bind 10 actin o inhibit actin filament polymerization

(Benndorf et

. 1994; During et al., 2007; Guay et al., 1997; Landry and Huot, 1999;
Lavoie etal,, 1995; Miron etal., 1991).

Th i that Hsp27 regul

ina mechanism

interactions of Hsp27 and actin, that show decreased F-actin (Miron ct al, 1991), our

results show that the p38 MAPK inf

tor SB203580 teatment led to decreased Hsp27

long with inereased F-actin. The

ole Hsp27 plays in regulating the actin ilament cytoskeleton independent of its abilty to

dircetly bind to actin via regulating actin binding proteins through its involvement in cell

Hsp27 he interact with 14-3-3 protein and RhoA,

both of which are i i i ics (G al,
2004; Loudon et al., 2006).

Phosphorylated Hsp27 binds 14-3-3 protein in fibroblasts, and inhil

Hsp27 ion with the p38 MAPK

(Verti etal., 2006). It has been hypothesized that the interaction of pHsp27 and 14-3-3

m



protein prevents the binding of 14-3-3 and pCofilin; binding of pHsp27 to 14-3-3 results

o ion and activation of cofi ‘promotes actin filament

2006). This possible indi >

supports ings that SB ilization of the
cytoskeleton and increased F-actin levels.

An Hsp27 lating acti furth

supported by the finding that the Hsp27 phosphorylation mutant, Hsp27EE, inhibits actin

in Hel.: i ,2007). The different

effects of Hsp27

presence of cell ific actin bi  signali

could influence actin filament polymerization.
‘These results show that upstream pharmacological inhibition of Hsp27

the cells resulting in an increase in F-actin,

m




Chapter 6
Discussion and Summary
6.1 Research outcomes
‘The main goal of my research was to determine what role Hsp27 played in neurite

‘growth ofthe sensory DRG neurons. This investigation stemmed from previous work in

in survival of DRG neurons. It is clear that

the Mearow lab looking at the role of Hsp2:
Hsp27 can play a protective role in neurons and that it effects may be unique from those.
of Hsp70 and other HSPs (Reviewed in Franklin et al,, 2005; Latchman, 2005; Stcler ct
al,,2008). The protective effects of Hsp27 have been attributed to ts actions as a
chaperone, its abiliy to inhibit apoptosis, and its ability o stabilize the actn cytoskeleton
(Huot et al., 1997; Mounier and Arrigo, 2002; Perng et al., 1999a; Sun and MacRac,
2005; Theriault et al., 2004). The role of Hsp27 in modulating the actin eytoskeleton has

been extensively studied in non-neuronal cells and interactions of Hsp27 and actin have

important for many cell functions, i muscle
contracton, neutrophil chemotaxis and exccytosis,cell divsion, cel survival,cell

igration, and cell attachment via focal adhesions (Brophy et a., 1998; Jog et al., 2007;

1998; Schneider et al, 1998). In

Lee ctal,, 2007; Lee et al., 2008; Piotrowi

the

cultures of di DRG neurons | expression of Hsp2.

neurites and growth cones. The combination of the location of Hsp27 in neurites and

th long with Hsp27 i ing led

2y



27 was involved in neurit regulation of the actin
eytoskeleton.

Besides its interactions with actin,

i also clear that Hsp27 can interact with

tubulin, ies of i  vimentin,

nestin and neurofilaments (NF) (Benndorf and Welsh, 2004;

etal., 2009; Peng etal.,
1999a; Shimura et al., 2004). Furth

Hsp22, and Hsp8

neuropathies in part form of Chs ie-Tooth di d distal

hereditary motor neuropathy (Evgrafov et al., 2004; Irobi et al., 2004b; Zhai etal., 2007).
Interestingly, mutations in both NF-L and Hsp27 resultin similar phenotypes.

Expression of the mutant NF-L causes a disrupted neurofilament network with

. 2004; . 2005)
‘two of the mi i lts in the formation of
NF: axonal

transport (Ackerley et al, 2006; Evgrafov etal., 2004; Zhai et al., 2007). Thus Hsp27
has been i

which we hypot pos Hsp27 in

As obvious from a

in i have placed
my findings in 3 separate categories: (1) The effects of the presence or absence of Hsp27
in neurite initiation and growth; (2) The role that phosphorylation of Hsp27 plays in

neurite growth, (3) The effect of Hsp27 on the cytoskeleton.



611 The Effects of ‘Hsp27 in neurite initiation and

growth.

Exposure of DRG neurons to LN, cither through plating on LN or stimulation

with soluble L formation and , compared

plated ona isiy (Tucker et al., 2006).

with LN peri in
pansion and neuri Initially 3

referred 10 as a lamellipodium, appears either around the whole soma or a portion thereof.
“The lamellipodium is filled with an actin meshwork and its formation i driven by actin
polymerization; | observed the lamellipodium to sain positive for actn. Small sprouts

are then seen to extend from the lamellae as

spodia or nascent processes. These

cs i ites with the ium and filopodi

remaining as leading growth cones, o retract. Based on the hypothesis that Hsp27 may
play a ole in process initation or neurite growth we examined the localization of Hsp27

in vari ess formai i confocal

‘microscopy. My data shows that Hsp27 and pHsp27*'* appear to colocalize with actin
and tubulin in structures found atall stages of neurite initiation including lamellipodium,
filopodia, focal contacts, neurite shafls, branch points and growth cones (Note that I will

be discussing the possible role for phosphorylation of Hsp27 in more detail n section

6.1.2 below). The fil ¢ of Hsp27 was clear in the neurites and growth
Hsp27
Given the vast literature i for Hsp27 in sabilizing
25



eytoskeleton, it is possil Hsp27 i il

at potential sites of branching or sprouting.
Hsp27

f neurit ind suggested that Hsp27 tin a location

ing with the
neuronal eytoskeleton (Williams et al,, 2005). To assess further the role of Hsp27 in this

. " ——— A oo

Hsp27 effectively depressed Hsp27 protein i tin, twhulin, and

NF-L were unaflected. Depletion of Hsp27 protein levels by siRNA resulted in the

I

control SIRNA, indicating that the presence of Hsp27 plays a positve role i neurite

1.,2006). 2 we were

posed with the question of how the SIRNA affected neurite in

. We went back and

counted ith and without growth ion and were able

10 show that, not only did the sil in Hsp27 protein
decreased neurite growth, but that it also resulted in fewer cells initiating neurites (Figure

6.1

Hsp27 protein ively affected

neurite growth and branct

18 we transfected the neurons with a construct 10 express
exogenous Hsp27 to look at the effect of increased Hsp27 on these growth parameters.

Data from these experiments indicated that the overexpression of Hsp27 resulted in

wellas itc tree. Togy




Figure 6.1: Silencing Hsp27 expression by siRNA results in a decrease in neurite

initiation. Neurons were transfected with either control or Hsp27 SIRNA, plated in 16
wellslides coated with PL, allowed to fix overnight and stimulated with LN. 24 h after

LN stimulation cells were fixed and immunostained with Hsp27 and wbulin. The

with growth g the number of cells

immunostained with tubulin, with and without neurites. Cels treated with SIRNA had

Tess cells ite gr i i

condition) .




% Cells with and without growth

= notraceable growth = % growth >2d




indicate that Hsp27 plays a role in neurite initiation, extension and

that is dependent on the level of Hsp27 present in the neuron.
As described earlier the DRG s made up of a heterogeneous population of cels,

‘which can be crudely classified based on cell body diameter, and on their ability to bind

the IB4 lectin. Recent studies from the Mearow lab (Tucker et al., 2008) have shown that

d10 LN on diffe initiate.

neurite growth, with small diameter peptidergic neurons taking longer (o put out

large and medium di In order to address

periments

first looked at whether Hsp27 levels differed between cell populations. Using slices of

DRG's I observed that although Hsp27 levels vary from neuron to neuron, thei

specific correlation with neurons from a particular population having higher or lower
Hsp27 than the others (Figure 6.2). 1 next used Image J to determine the size of cell soma

used in neurite i ined that

condition was approximately 20%, and that when neurite length was analyzed by size, the

1 55 than 21 um) displaye larger cells in the same

Its correspond to previous data, given that cells were

stimulated for 24 h with LN and at that time period there is a difference in growth
between small and large cells in the absence of added neurotrophins (e.&., Tucker et al,
2005, 2006, 2008; Tucker and Mearow, 2008). This data suggests that Hsp27 is not

having a cell population-specific effect.

29



Figure 6.2: Expression of Hsp27 in adult DRG cryosections. DRGs were extracted

from adult rat, frozen in liquid nitrogen and scctioned into 10 um thick sections. DRG

neurons can i i of their size and th they express/ bind
to. Large neurons stain positive for NF200 (A,D), while small cells bind the 1B4 fectin
(B). Hsp27 expression is not uniform throughout al cells of the DRG (E-F), however the
level of expression is not dependant on the size of the cell, and therefore the category
which the cellfalls into, both large and smaller cells have high and low levels of Hsp27

(D-F). Seale =50 nm.







igure 6.3: Neurite growth is affected by different populations of DRG neurons.

‘The DRG is made

basis of cell body diameter and the abiliy of the cel o bind the lectin 1B4. Non-

lectin B4 and have cell

unmyelinated axons (Averill ctal, 1995; Ishikawa ct al., 2005; Priestley et al., 2002). In

iy with Hsp27 and Tubul 1134 positive
cells the el bodies of DRG neurons were stained with B4 and NF200 were traced. It
‘was found that 1B4 positive cells al had a smaller diameter than 21 um, and so the traced

cells i cells with a di 21m and cells

iRNA

a diameter greater than 21 um. DRG neurons were transfected with Hsp27-

ora control scramble-siRNA, plated on polylysine, allowed ight then

stimulated with soluble laminin for 24 h. Following fixation, neurons were

immunostained with antibodies directed against Hsp27 and Tubulin and imaged using

confocal microscopy. Neurite initation and growth were assessed by the tubulin stained
cellsbeing individually traced using Image J o obtain cell body size and the length of

neurites. Under both control and siRNA conditions the small cells have decreased neurite

10 that of the large transfected cell onally the larg cells
have les growth than large control cels, and the small sIRNA cells have fess growth than

the control smal cells. Signifigance was tested using T-test *p<0.05.
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igure 6.4: ClustalW alignment of rat and hamster Hsp27

Clustal W alignment of rat Hsp27 (accession number NM_031970.3) and hamster Hsp27

(aceession number X51747). The Hsp27 siRNA construct has been individually aligned

against Hip2? es and indi i

are not complementary between the SIRNA constructs and the hamster sequence. Hsp27

i sequences, the WDPF
domain i outlined in orange, the alpha-crystalin in blue and the phosphorylatable serines

indicated in green,



612 on of Hsp27 plays in

1 st that Hsp27

plays in neurite growth. Initally through pharmacological inhibition of upstream p38

MAPK I was able to attenuate the phosphorylation of Hsp27 at the S15 and S86 sites.

MAPK activity nd

activation of MKK2, whi

acts as an Hsp27 kinase (Huot et al., 1995; Larsen et al.,

1997). In addition to the attenuation of Hsp27 phosphorylation, use of p38 MAPK

I eytochalasin D,

for Hsp27 in neuri the actin
eytoskeleton.

“To elucidate further the role of Hsp27 phosphorylation in neurite growth,

speci individual sites in Hsp27, 1 used mutant Hsp27

constructs and a co-transfection model where adult rat DRG neurons were transfected

th rat specific Hsp27-5iRNA Hsp27 protein levels, as well as a

pe or mutated P27 resulting in

overexpression of the hamster Hip27 (Figure 6.4). In order o investigate the role of

ccif Tused sp had the S15 and $90

$86site i ion si Alanine (A) o

Glutamic Acid (E) to

5). In adds

al i ids 5-23 (Hsp: hat results i the

removal of the WDPF domain, as wel as the S15 phosphorylation site. This domain, as
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Figure 6.5

Diagram of wild type, phosphoryl

ion mutants, and deletion mutant
hamster Hsp27. The WDPF domain is outlined in orange, the alpha crystallin in blue
‘and the phosphorylatable serines indicated in green. For the Hsp27 phosphorylation

mutants, where the serine site has tated t lanine, the site

is shown in brown, and where the serine site has been mutated to a glutamic acid

mimicking constitutive phosphorylation the site s shown in bluc.
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as well the protein,

stability of the oligomeric structure. As previously deseribed and illustrated in Figure

66, the Hsp27 mutant «

he Hsp27 exists

but

into dimers,

SIS sit, results i i Figure 6.6)

Thypothesized yiated Hsp27
(Hsp27-AA) would result in aberrant growth similar to treatment with SB203580.

Hsp27-AA did resultinan altered growth patterning relative to control conditions,

although this patterning as

. and was able to i ion 10 the level of wild

type Hsp27. The difference in growth patteming between cells reated with S 203580
and those expressing Hsp27-AA may be accounted for by considering low levels of
endogenaus wild type Hsp27 being present in cells expressing Hsp27-AA or aliematively
the SB i affecting other protins (c.g., NF) phosphorylated by p38. Expression of

Hsp27-A5-23 was able to rescue total neurit

tension and growth patteming to the
extent of wild type Hsp27, indicating that ot only s phosphorylation of the S15 site not
required for neurite growth, but tha the physical presence of the phosphorylation site and
WDPF doman i also not required. This also suggests that the abilty of Hsp27 subunits

o form large oligomers s not required for neurite growth, but does suggest that the

ability of Hsp27 to form i for.



Figure 6.6: Hsp27 phosphorylation mutants affect oligomerizaton. A. Hsp27 is

PIMAPK, p Kinase 2
(MKK2) pathway. Init Hep27is di
is able to form i Hsp27

phosphorylation of the serine 15 site. B. The Hsp27-AA mutant, cannot be

as and is unable to

dissociate ia in resy K2
signaling. C. The Hsp27-EE mutant, contains glutamic acid amino acids in place of its

Glut id i mimics

in Hsp27-EE being preferentially found D. ‘

serine 90 site and forms.

Hsp27-AE ~ mimies Hsp27 that s phsophoylated only o
dimers. E. Hsp27-EA mimics Hsp27 that is phosphorylated at s serine 15 ste and is

preferentially found F. is missing the entire WDPF

‘domain including the serine 15 site. Interactions between the WDPF domain and the a-

ired fation of Hsp27 dime d







he S15 site (Hsp27-EE or Hsp:

Fthe SIRNA i ion of Hsp27
y that of SIRNA alone, but si ly less that wild type Hsp27.
These studies indi ion of cit or §90 site s inhibitory
 with the S15 site having a-

613 The effect of Hsp27 on the cytoskeleton.

As was outlined earlier Hsp27 has been found to interact with different

eytoskeletal clements (Benndorf and Welsh, 2004; Charette et al.,2000; Evgrafov et al.,
2004; Guay etal, 1997 Huot et al., 1996; Lavoie et a., 19933 Lavoic et al., 1995; Pemg

etal., 1999a). I was primarily interested in it interacti

s with actin, tubulin and

o

Hsp27 has been shown to play a role in regulatin the actin cytoskeleton of non-

both direct binding to acti

Gehleretal., 2004; Jia et al., 2009; Loudon
etal., 2006; Miron et al., 1991; Pichon et al., 2004; Verti et al, 2006). Our results
suggest a ole for both o these mechanisms being involved in Hsp27 regulating or

interacting with the actin cytoskeleton of neuronal cells

Hsp27 1

igat Ti

attenuation of Hsp27 phosphorylation via upstream pharmacological inhibition of p3§



MAPK resulted i imil D treatment

Using a commercially av:

bie kit and protocol, I isolated F-actin and G-actin fractions

from the cell

in cells treated
B, hibition of Hsp27 ¥
actin/G-actin in the neuron. Given that an increase in F-actin with attenuation of Hsp27

phosphorylation s contrary to dircet binding results seen in non-neuronal cells, |

y

Rho, although i

Tnext sought o determine the effect of the Hsp27 phosphorylation mutants on the

the i fthe mutant
constructs it was not practical to carry out the biochemical studies in order (0 observe

any effects on protein signaling or changes in the F-actin/ G-actin rato. | was, however,

F-actin and Hsp2 i

Iabeling. Tobserved that

927 (Hsp: izat Feactin

in flopodia and fe

pport a direct binding mechanism for actin
and Hsp27 in neurons where non-phosphorylated Hsp27 binds to actin (o cap it (Lavoie et

al., 1993b; Pichon et al., 2004). Additionally Hsp27 with a constitutively phosphorylated

ol i d larg

levels of filopodia and




protrusion ified, its
presence may explain why Hsp27-EE and Hsp27-EA expressing cells have lower neurite

extension than cells expressing HaHsp27. Cells transfected with Hsp27-AE display

Tower amounts of F-acti ing Hsp27 wild type
One possible explanation is that phosphorylation of S15 may be involved in stabilizing
. {bly by inceasing
degradation), i involved i
Keleton, and that the i S15sit of the $90
site, such that where there i ing,
function izing function.

results in an increase in F-actin and membrane protrusion, that is necessary for neurite

iitiation and growth. It i possil i ion sites act through

d that

has not yet
phosphorylation specific antibodies has been poor until ecently. However, overall, these.

Hsp27 i

involved in cgulation of

the actin eytoskeleton.

rted | was

Temployed the

following techniques without any success: immunoprecipitation of both Hsp27 and a

GST- pull down using a GST:Hsp27 construct, or treatment of cells with gluteraldehyde

(for. linki ipitati These




results might indicate that f there is a dircct interaction between Hsp27 and actin in
neurons that it is transient and/or not very strong.
1 was also intercsted in whether Hip27 interacted with tubulin in the neuron, and

although inital colocalization studies suggested that Hsp27 colocalized with tubulin in

neuronal he stages of s initi Twas unable to
find any further support for the interactions between Hsp27 and tubulin using the

‘methods noted above. When Hsp27 location was altered by Hsp27 SIRNA induced

Hsp27 protci or expression of Hsp27 the toal
wbulin local thin the cell i Addionally depletion
O Hsp27 protein levels i the level of i .

by ing, and

immunoprecipitation of Hsp27 was unable to pull down tbulin (data not shown).
Studies have shown interactions between Hsp27 and NF-L, with recent
developments suggesting a rolc for Hsp27 in NF-L stabilization (Ackerley et al., 2006;
Evgrafov et al 2004; Zhai et al., 2007). My results showed that depletion of Hsp27
protein by SIRNA did not significantly alter NF-L protein expression within the DRG
neuron, and additionally did not alter the ability of NF-L to bind to tself or NF-200
(Figure 6.7). These results suggest that Hsp2 s not required for formation of the

neurofilament structures in neurite initiation and growth in DRG neurons.



Figure 6.7: Immunoprecipitation of Hsp27, NF-L and NF-200.
Neurons were transfected with ither control o Hsp27 SIRNA, plated in 12 well plates

coated with PL, allowed to fix overnight and stimulated with soluble LN. 24 h after LN

timulat i cted and protein levels were quantified by BCA protein
assay, and subjected to Immunoprecipitation. Briefly, 100 ug of protein were pre-cleared

by being incubated with 30 L. of agarose A and G beads. The supematant was washed

with pre-ysis bufer and incubated with § uL. of antibody for 6 h. Three antibodics were
used Hsp27, NF-L, and NF-200. After 6 h, 30 uL of agarose A/G beads was added and
the mix was rotated at 4°C overnight (~16 h). The supernatant was removed and

discarded and the pellets were washed with Iysis buffer. ‘The remaining pellet was boiled

with I

. and immunoblot

ing buffer and subjected to SDS PA i along with

samples of the protein used i i The control

Hsp27 protein levels were decreased under the Hsp27-siRNA condition, and that NF-L

and protein levels by the Hsp27-siRNA.
withthe Hsp27 antibody was unable o pull down any visible amount of Hsp2? under
SIRNA conditions, but was able o pull down Hp27 in control conditins. The Hsp27

IRNA

antibody was unable to co-immunoprecipitate NF-L or NF-200. Under both the
and control conditions the NF-L antibody, pulled down NF-L and NF-200 proein,
Conversely the NF-200 antibody pulled down the NF-200 and NF-L protein under both

SIRNA and control conditions as well. This indicates that Hsp27 does not have strong.

NF-L or NF-200. Additionally depletion of Hsp27 protein by sIRNA

does not affect the ability of NF-L and NF-200 to interact.
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62 Future Directions
Although I have demonstrated that Hsp27 plays a role in neurite nitiation and

‘growth, and that this s dependent on the level of Hsp27 and its phosphorylation state,

questions still emai i efflects. 1 will bricfly

discuss five

of work that I see as being important to advance this arca.

m1 Hsp27 play: it intiati h
be ion of th o1 these

be through indircet signal well as though the ability of
Hsp27 © actin. My data from inhibition of
Hep27 i Hsp2? ects actin dy
through an indirect fully the mechanisms

behind the effect of Hsp27 on neurite growth, the signaling pathways that are involved in

this process must b clucidated. These pathways may be studied by wesiem blotting of

Hsp27 ion mutants, although in order for this
ciencies of th s must be
improved. the Isp2
mutants into DRG ing the AMAXA
with the majority of the mutants having a
less than 20%. A recent modification of the AMAXA system

which allows for small cell numbers to be transfected, as well as a more robust EGFP-

IRE It higher efliciencies. In addit




ransfection mechanism, such as use of  lentivirus, would permit the ffect of Hsp27

o be studied. Additi tion

efficicncies would permit the use of a commercial it to identify an impact on F-actin / G

actin ratos.

(@) The studies in chapter 4 demonstrate the imporance of phosphoryl

n of particular

Hsp27 phosphorylation

s in neurite growth. Further analysis of the role that

dividual playing in this id ificd with the use of single

phosphorylation site mutations (SA, AS, SE, ES). Such studies would also benefit from

nt sponsible for the

phosphorylation of Hsp27 at different sites.

(3) Studies using the Hsp27 phosphorylation mutants in chapter 4, suggest tha Hsp27

Phosphorylation alters neurite growth

regulation of the actin eytoskeleton. If this
interaction is due to Hp27 having an effet on the stabilization or destabilzation of the
actn eytoskeleton, an intresting study would be whether trcatment of the cells with
‘compounds to promote or inhibit actin polymerization, such as jasplakinolide - cell
membrane permeable promoter of actn filament polymerization (Bubb et al, 1994),

latrunculin A

inds actin monomers — preventing their addition to the actin filament
(Morton et al., 2000), or cytochalasin D - binds the barbed end of actin filaments
promoting the depolymerization of actin filaments (Cooper, 1987 ), would reverse the

rowth effects of the Hsp27 phosphorylation mutants.



@ Hsp27 isks i i ith actin

although I ing biochemiy interaction

between Hsp27 and actin, it is possible that an n vivo technique such as FRET could be

between Hsp27, actin and possil ¥ elements.

for i interactic ied and

Id assistin eluci Hsp27

(5) Mutations in Hsp27 have been identified in CMT and dHMN, one of which is

involved in stabilization of the NFL network (Zhai et al., 2007).

expression of wiltype Hsp27 and mutant (CMT) NFL diminishes the ageregation of the

mutant NFL. These studies i »:

other than actn in neurite growth processes. The present study clearly demonstrates the

importance of Hsp27

in levels and in neurite gr

processes. It scems asif the study of Hsp27 in this process has only just begun and it is

is for further

understanding the nteractions of Hsp27 with acti

as well as the process of neurite
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