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Abstrart:

Lynch Syndrome is an autosomal dominant condition causing predisposition to
various canecers, primarily colorectal cancer (CRCY. This sy ndrome is caused by
mutations in DNA mismatch repair (MMR) genes. MMR mutations have been previously
identitied in the Newfoundland population and the provinee of Newfoundland and
Labrador has one of the highest i+ standardised rates of CRC in € 1ada. The
Newfoundland Colorectal Cancer Registry (NFCCR) is a population-based registry of
CRC cases in Newfoundland from 1999-2003. Patients from the N CR were screened
for MMR mutations. 3 pathogenic mutations were identified in 740 cases in the
NFCCR. This corresponds to an incidence of Lynch Syndrome of 1.8%5 of CRC cases in
the NFCCR. In addition, all published literature concerning Lynch Syndrome was
reviewed to construct and maintain a web-based public catalogue of MMR mutations as a
resource for determining the pathogenicity of any variants identified in this and futare

works.
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Chapter 1

1.1 Introduction:

L. 1.1 Colorectal Cancer:

Colorectal cancer (CRC) 15 the third most common cancer in Canada with an
estimated incidence of 20,800 cases (13.8%q of all cancer cases) for 2007 (Cancer
Canada). Ttis the leading cause of cancer death in non-smokers and is second m lethality
only to lung cancer, with an estimated 8,500 deaths (12.2% of"all cancer dcaths) for 2007
(Cancer Canada). In the Canadian population, the overall lifetime risk of developing
CRC is approximately 6% (Cancer Canada). Itis estimated that upwards ot 20% of all
CRC's have a familial component without a clear genetic cause, while around 2-6% are
thought to be hereditary (Kemp ez /., 2004). The most common syndromes known to
cause hereditary CRC are: Familial Adenomatous Polyposis (FAP), Lynch Syndrome
(LS) or Hereditary Non-Polyposis Colorectal Cancer (THINPCC) and MYH-associated
polyposis (MAP): a fourth, Familial Colorectal Cancer Type X, has recently been

suggested (Lindor er al., 2005).

/.12 1e ' Cancer Syndr

D Familial dden T oS

Familial Adenomatous Polyposis (FAP) 1s inherited in an autosomal dominant
pattern. The signature clinical feature of FAP is hundreds or thousar — of polyps

devele  ngin the late teens or carly twenties. . oveloping this large number of pol |




mereases an mdividual’s hifeume tisk off CRC to a near certamty. AP is avery rare
discase which accounts tor approxmmately 170 of all CRC, but has a penetrance of nearly
100% 0 (Bisgaard er «f., 1994). Germline mutations in the tumour suppressor gene
adenomatous polvposis coli (1PC) account for FAP. Depending on the location of the
germline mutation in A PC, another phenoty pe ot Attenuated Familial Adenomatous

Poly posis (AFAP) may oceur. /4 AP is a less severe version of FAP, with fewer polyps
(10-100s) and a later age of CRC onset. Mutations causing AFAP arce generally localised
¥

u
kL

to the 83" or exon Y regions of APC. They do not down regi te the APC protein to the

same degree as FAP mutations henee the atienuated phenotype (Sicber et al., 2006).

1.1.2.2 MYl-associated polyposis:

MY [-associated polyposis (MAP) presents with tens to hundreds of polyps and 1s
inherited in an autosomal recessive pattern (Al-Tassan et «f., 2002). M/ accounts for
less than 1% of all CRC. A diagnosis of MAP must first exclude FAP, that is, there must
be a negative A4 PC mutation result, because of the chnical similarity ot a large number of
polyps. Some MAP CRC paticnts have been reported with few or no polyps, which can
overlap with a Lynch Syndrome phenot o (War e al., 2004). MAP is caused by
mutations in the MYH (MutY Homologue) gene. Oxidative damage to DNA can cause the
formation of 8-hydroxyguanine (8-Oxo(r) from guanine, which pairs with adenine
instead of cytosine. Subsequent DNA replication results in the replacement of 8-OxoG
with thymine (Figure 1.1). The MYH protemn forms a trimer with two additional proteins

to formacor  ¢x which is responsible for " » removal of adenine that is parred with
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Figure 1.1: GO repair system in prokaryotes: Graphical representation of the 8-

hydroxygua: ic (GO) repair system in prokaryotes. These three proteins prevent 8-
hydroxyguanine from integrating into DNA post-replication. In normal f ction, MutY
removes adenine nucleotides mispaired with 8-hydroxyguanine, MutT removes a
phosphate group from 8-Oxo-dGTP, preventing it from being used in DNA synthesis,
while MutM excises 8-OxoG from the synthesised DNA strand.

(www.mun.ca/biochem/courses/4103/figures/Griftiths/G19-36¢.jpg)



S-OxoGe Mutations in MY disrupt this removal resulting in the pairing of 8-OxoG with
AL and man accumulation of mutations due to G -1 transversions which, if they oceur in

critical regions ot particular genes, may result in carcinoma.

[ L2 03 Lynch Svadrome:

Lynch Syndrome (LS) or Hereditary Non-Polyposts Colorecetal Cancer (HNPC(O)
is another autosomal dominant condition that inercases an individual’s ifetime risk of
developing CRC, as well as a range of extracolonic cancers. Lynch Syndrome is the most
common inherited colon cancer syndrome and is thought to account for anywhere trom 2-
5% of all CRC. LS patients have been reported to have a lifetime risk of 78% for
developing CRC. This is likely to be a very rough estimate as difterent mutations have
varying penetrance and may cause different cancers, depending which gene i1s mutated. [t
has been noted previously that mutations is ML/ 1 result in CRC, while mutations in
MSI12 are associated with more extra-colonic tumours (Vasen ef «f., 2001, Bandipalliam
of uf., 2004). Colon and rectal cancers are the primary cancers in this syndrome but there
1s also increased risk of developn - many extra-colonic tumours including
cndometrial uterine, gastric. small bowel, pancreas, h »-biliary, ovarian, kidncey,
urcter, brain and lymphoma (Lynch ef o/, 1993). Particularly s° ificant in females is the
43% lifetime risk of developing endometrial cancer. Overall, including colorectal,
endometrial and the other extracolonic cancers, there is a cumi ative 90% lifetime risk of
cancer (Aarnio er al., 19935). Mutations in any one of at least four mismatch repair

(MMR) genes are responsible for this syndrome: MLITT (Ml Flomologue 1), VST



(VS Homologue 2. MSHO (NS Homologue 6) and PYIS? (Postmeiotic Segregation

mercascd 2,

112401 lidd Colorecta” * A ¥

Fan aal Colorectal Cancer Type X has been used o sertbe some families who
match the most stringent familial eriteria for Lynch Syndrome, but lack the signs ot a
MNMIR defeet such as microsatellite instability (see below) or a MMR gene mutation.
These apparent LS families are also noted to have a lower incidence of cancer than LS
families, fewer extra-colonic wmours and a later age of onset (Lindor ¢t al., 2005, Woods

ct al.. 2006).

[1.1.2.5 Other Colorectal = ¢ % wdrones:

Two other rare cancer syndromes, Muir-Torre and Turcot, can also be caused by
mutations in the MMR genes. Muir-Torre Syndrome is an autosomal dominant condition
which was 1o orted independently by Muir ¢z «/. in 19¢. and  Hrre 1 1968, The
syndrome presents with the same cancers as Lynch Syndrome but v h e litional
scbaccous cancers of the skin. Muir-Torre Syndrome is caused by mutations in the MMR
genes MST2 or ML Teis usually classified as a sub-type of - yneh Syndrome instead
ot a separate discase. “Turcot Syndrome” was first described by Turcot ef af. in 1959 and
is not really a syndrome. but the combination of polyposis or colon cancer and brain
tumour. This combination can occur due to mutations in APC ML or MSII2, or

homovsy gous or compound heteroz Hus mutations in P77 (De Vos et al., 20049).




“Turcot Syndrome™ is generally characterised by a milder polyposis than FAP. but with
cancer of the central nervous system in addition to CRC. This can oceur inone person in
an FAP or Lynch Svndrome family.

Another genetic mahignaney syndrome that can be caused by MMR mutations 1s
Neurofibromatosis Tyvpe T ONFIYL NFD s an autosomal dominant condition usually
caused by inhertting a mutation in the M/ gene and is generally characterised by
multiple ¢ rau lat spots and tibromatous tumours of the skin, with a wide range of
other manifestations (OMIM 162200). It has been shown that homozygous ML
mutations (Ricciardone er al., 1999 Wang ¢f «l., 1999) and homovzygous MS/12
mutations (Whiteside er af., 2002) can both cause de novo cases of NF1L in children. One
study has shown that paticnts who are MMR deficient duc t¢ omozygous MLIT]
mutations have somatic mutations the in V7 gene causing an NF[-like phenotype

(Wang ¢r al., 2003).

[0 3 History of Lynch Svyine  me:

In 1913, Warthin published a paper on several families he described as “cancer
traternities™ which he had tollowed since 1895, In his paper. he deseribed a Cancer
Family G which had a high incidence of carcinoma ot the colon, endometrium and
stomach (Wa  nn er el 1913). Warthin revisited “Family G in 1925 and gav ¢ an update
on the cancer incidence in an expanded family tree. He stated that the fanilial

susceptibility for gastro-intestinal cancer i males and the “gencrative organs™ in females

was inherited ina recessive patte - (Warthin eral . 107 7). In 1936 “Fanuily G was

-0-




v estigated again by Hauser and Weller and they published an extended family trece.
[hey contirmed the presence of the familial susceptibility in the family. and the primary
icidence of astro-intestinal and endometrial cancer. They also stated that no concelusion
concerning the mheritance pattern could be made at that time (Hauser er «l., 1936),

In 1966 Lynch ¢r «l. published a paper entitled “Tereditary Factors in Cancer:
Study of Two Large Midwestern Kindreds™. They idenufied two tamilies in the United
States that sutfered from what Lynch described as a “cancer family syndrome™ that had a
similar phenotype to Warthin®s Family G. Lynch was unsure at the time what the specific
cause might be, but postulated that there might be an autosomal de mant inheritance. In
1967, Lynch er al. described 6 more “cancer families™ including Warthin's Family G. In
this paper, the specific phenotype of Lynch Syndrome was becoming clearer. For the first
time, Lynch commented on how colon cancer was the primary cancer seen in the
syndrome but also described the carly i ot onset and the occurrence of specific
extracolonic tumours. Lynch ef ¢/ examined “Family (7 again in detail in 1970, Cancer
of the colon, endometrium, and stomach were reported o pre minate, but there was
also mercased incidence of leukemia and of sarcomas, which were not present in Lynch's
“cancer family syndrome™. Lynch suggested that maodifier genes might i uence
development ot additional cancers in the syndrome (Lynch er al., 1970).

In 2000, a subject from "Fanuly (67 was screened for mutations in mismatch
repair genes. An S22 mutation, ¢.646-3T -G was found that alters the splice aceeptor
site for exon 4. This change results ina protein that has 8 amino acids inserted between

codons 215 and 216 making it functionally inactive (Yan ¢r «f, 2000). “Family G was

|



remyestigated m 2005 and predictive mutation testing was performed for all willing
members of Warthin™s “Cancer Famuly 7La hittle over 110 vears after Warthin tirst
imvestigated this family (Douglas ¢r af., 2003),

[ L4 Lynch Sy 7 2 Risk Criteria:

[ 1A dmsecrdam Criteria:

[n 1990, the International Collaborative Group on HNPCC (ICG-HNPCC) met in
Amsterdam, Holland to develop criteria for classifying whether a family was at high risk
for Lynch Syndrome. Due to the Tocation of the meeting, these criteria become
popularised as the “Anmsterdam Criteria™ (ACH. The requirements of the ACT arce as
follows: three family members (one of whom is a first-degree relative ot the other two)
in two or more successive generations must have had colorectal cancer and at least one
case of colorectal cancer should be diagnosed under the age of S0, Inac  tion to this, the
diagnosis of Fanulial Adenomatous Polyposis or Attenuated FAP must be excluded
(Vasen ¢z al., 1990). In 1990, the s responsible for Lynch Syndrome were unknown,
so these criteria were primarily used for selecting families tor linkage analysis. They
were specific, but not sensitive and excluded a number of tamilics with Lynch Syndrome
that had a high incidence of extracolonic tumours. In 1999, the [CG-... . PCC met again in
Holland to create a moditied ACI, which they dubbed the Amsterdam Criteria I or
ACH. They moditied the ACT keeping the same basice requirements as betore, but now
included extracolonic tumours (endometrium, stomach. small bowel, renal pehvis, ovary,
brain and hepato-biliary) in the Lynceh Syndrome spectrum instead « - only CRC. The new

criteria are used to pre-sereen tamilies for genomic sequencing of MMR genes which is




an expensive and thime consuming process (Vasen o al.. 1999).

[ 142 Bethesda Criteria:

The ACTHand ACTHT eriteria are uscful for classitying families, but additional
guidelines exist for selection of individuals who may be at risk for Lynch Syndrome.,
These are termed the "Bethesda Criteria™ and were developed in 1997 (Rodriguez-Bigas
cf al 1997y and moditicd to the “Revised Bethesda Criteria™ in 2004 (Umar ¢ al., 2004).
Persons who meet the Bethesda Criteria (BC) are recommended to be sereened for
classical molecular features of Lynch Syndrome such as microsatellite instability and
deficieney of MMR proteins in their tumour cells prior to genomic mutation testing.
Using the BC allows for screening to become more efficient in two ways. First, only
sclected cancer patients that meet BC would be pre-screenced for characteristics of Lynch
Syndrome, thus saving time and money through not testing non-MMR deficient casces.
Secor Uy, only those persons who both meet the BC and show features of Lynch
Syndrome would be tested by the more expensive mutation screening, giving a second
tevel of control. The complete Bethesda and Revised Bethesda guidelines are listed in

Appendix 1.

1443 e and Cancer Modi”™ ' Amsterdam Criteriy:

The ACTH have been modified follow ing study of the Newtoundland population to
identity heritable forms of cancer with a later age of onset and more variable extracolonie

tumours. In these new eriteria, the age of cancer 1s moditied to under 60. Also. the range




of cancers  ted m ACH have been expanded to include the Revised Bethesda Criterna
cancers. These new ertterta are referred to as Age and Cancer Moditied Amsterdam
Criteria (ACNAC) (Woods er af., 2005). Since the MMR genes have been identified,
these eriteria are useful for selection of patients tor mutation testing, as well as to identily
Imkage analysis for new genes that may be responsible for cancer syndromes outside of

the mismatch repair pathway.

LS Mismatch Repair Par'

Mutations in the mismateh repair (MMR) genes are responsible for Lynch
Syndrome. Mutations in these genes leave an individual with only once functional copy of
a particular MMR gence, thus with no second copy if it is somatically mutation, making
DNA mismatch repair vulnerable. MMR is responsible for the post-replicative
identification and repair of nusmatched bases or small inscrtions/deletions. While a
single copy of a MMR gene is sutficient to maintain normal cellular DNA repair,
individuals with a sole functional copy leave a cell susceptible to accumulating mutations
if this 1s inactivated. These mutations are not specific, but can affect genes that cither
inhibit ccll proliteration in their normal ¢ | ety (tumour suppressi o1 mes that can
induce cellular proliferation (¢ our inducing) thus increasing a person’s risk of
developing cancer. To date. there four MMR genes that Lynch Syndrome causing
mutations: ML MST2, MSTH6, and PMS2. ML and MSI{2 combined account for

approximately 809, of known Lynch Syndrome mutations (Woods e af., 2007).

-10-




[ L6 Mismuatch Repair Genes:

The MST2 genc is located on chromosome 2p22-21 and was the first gene known
to cause Laynch Syndrome when mutated (Fishel, er af. 1993 Leach, er af. 1993,
Peltomaki. er al. 1993). The MST/2 gene spans 16 exons which producesa 3,145 base
transeript that encodes a 934 amino actd protein. MS/{6 was first reported as a unknown
MMR protein in 1992 by Hughes and Jiracny and later name  GTBP or G T mismatch
Binding Protein (Palombo ¢r ¢/, 1995). 1t was mapped to 2p16 and also causes Lynch
Syndrome when mutated (Papadopoulos er al., 1995). The MSIT6 gene spans 10 exons
which produces a 4,255 basce transcript that encodes a 1360 amino acid protein. The
protein product ot MS772 forms a heterodimer with the protein product of AISH6 or
MSI13 1o torm the MUTSa (Drummond er al., 1994) or MUTSP (Palombo er al., 1996)
complexes respectively. The dimerization domains of MSH2 are in the middle of the
protein and at the C-terminus (Bandipalliam, 2007). MUTSa scans DNA for mismatched
bases as well as nall insertions or deletions while MUTSP scans for DNA loops caused
by insertions or deletions (Palombo, ¢ al., 1996). When these complexes detect a
mismatch, insertion or delcetion, they recruit additional protetns such as ML, PMS2
and EXO! to first excise and then repair the error. Vanations in the £YOT7 gene do not
appear to cause Lynch Syndrome (Thompson er al.. 2004).

The MLITT gene is located on chromosome 3p21-23 and was the sccond gene
discovered o cause Lynch Syndrome when mutated (Bronner e ¢f. 1994 Papadopoulos
et al 1994y, The ML gene spans 19 exons that produces a 2 24 base transeript that

encodes a 756 amino acid protem. The MU protem forms a heterodimer with the

11-




protein product of V82 to form the MUTLe complex. The PMS2 binding domain is
located at the C-terminus of the MLHT protein (Bandipalliam, 2007). The PAMS2 gene is
located on chromosome 7p22 and is also responsible for Lynch Syndrome when mutated
(Nicolardes ¢t af.. 1995). It spans 1S exons which produce a 2,802 base  anscript
encoding an 862 amino acid prote - The MLHT protein alsa rms a heterodimer with
the ML protein to tform MUTLS (Cannavo ¢f «f.. 2003). Some variants in the M/1/113
gene seem to be associated with a weak tamthial cancer risk but not Lynch Syndrome
(Liw et al.. 2003). Either the MUTLo or MUTLS complex is responsible for recognising
MUTSa/MUTSB bound to mismatches. MUTLa'MUTLS then recruits the EXOL protein

to excise the error and allow DNA polymerase to fill in the gap.

[ 1.7 Molecular Character ™ = " oneh Syadrome:

[.1.7. 1 Microsatellite Ins:

Microsatellite Instability (MSI) 1s a hallmark feature of Lynch Syndrome. MSI
involves either the shortening or Iengthening of short tandem repeats of DNA. called
microsatellites. These microsatellites which can be cither mononucleotide repeats, di-,
tri-, tetra-, penta- ete. When the MMR pathway is compromised, these repetitive elements
accumulate insertions or deletions that would normally be repaired. Whether these
repeats are microsatellite stable (MSS). or display instability (MSI) can be determined
via amplification of the repeat in both normal and tumour DNA and comparing the
refative sizes. Specific microsatellites can be amplified and examined to deteet expansion

or contraction. This detects whether or not the MMR pathway is functional. This is a



simple and efficient system to examine the MMR pathway, but gives no indication of
which gene might be impaired or how. While MST is associated with Lynch Syadrome it
can also be seen in sporadic colorectal cancer. A proportion (< 13°) of older patients with
sporadic CRC will display MSIin twumour DNAL This MSIis conn mly duc to the
cpigenetic inactivation of the V2711 gene through hypermethylation of ¢ promoter
(Cunningham er a/., 1998) or may rarely occur because of two somatic mutations of the
ML MST 2 MSTI6, or PAIS? genes. Hypermethylation of the A/LHT promoter is a
causc of tri seriptional silencit — and the incidence of methylation increases with age
(Cunningham er af., 1998). A recent study has also shown that MS/2 can be inactivated

by promoter hypermethylation, and this change can be inherited (Chan ¢t «f., 2007).

[.1.7.2 I istochemistry:

Detecting the protein products of MMR genes is another usetul way (o assess
MNMR pathway tunction. Immunohistochemistry (IHC) is used to stain cells for the
protein products of specific genes. This is done by staining sections of tumour tissuc with
monoclonal antibodies directed against a particular protein. For Lynch S* frome these
proteins are MLHT, MSH2, MSH6 and PMS2. Negative THC means that — »re was no
protein product detected in the tumour tissue. This means the gene is inactivated or not
producing the correct protein in the tumour, cither by germline and-or somatic mutation
or epigentic silencing, The absenee of a MMR protein in tumour tissues means that this
gene has been inactivated. though the exact mechanism is not clear from HC alone.

THC and MST status are key molecular markers for sere ng CRC tamilies for



LS. These tests can be used as mdependent risk criteria, but are more uscful in paraliel.
They provide information about the underlying genctic cause of a tumour. MSI status
provides information on the status of the MMR pathway. while IHC provides information
as to which gene or genes are inactivated. giving direction to mutational studies.
Information from both of these key LS markers was used substant 1y as screening

criteria m thesis” work.
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1.2 Objectives:

The objectives of this thesis™ work were twotold. First, to determine the
proportion of CRC in the New foundland population resulting from germline mutations
of the primary MMR penes: MS772 and M1 Germhine mutations i these two genes
would indicate the prevalence of Lynch Syndrome in New foundland. By using a
New foundland-based CRC registry, a population based approach can be used that would
identify familics in the general population outside of those known high risk families. This
will allow a better indication of the incidence of LS in the population. The second
objective was to catalogue and compile all variants in the MMR genes MSH2, MLITE,
and MS716 that have been published in the literature. There were no comprehensive and
current databasces of variants of LS at the time of this undertaking. = is database was
developed to provide an invaluable resource for this thesis” work as well as for other

rescarchers of Lynch Syndrome.




Chapter 2

2.0 Population Based ““-y of L.ynch Syndrome in

Newfoundland

2.1 Introduction:

Newfoundland and Labrador has the highest age-standardised rate of colorectal
cancer of all Canadian provinees for males (82 100,000) and second hig st for females
(51 100.,000). This incidence is reported as an underestimate for Newfoundland and
Labrador duc to undercounting (Cancer Canada). Several Lynch Syndrome MMR
mutations have been previously detected in the Newtoundland population. These include
two large deletions in the MS712 gene, one being a deletion of Exon 8
(¢.1277- 1386 +2dcel. p.Lys427 GInd62 >GlylsX4) (Woods er al., 2005), and the second
a deletion of exons 4 to 16 (¢.646-? 2802 +del) (Woods er al.. 2005). There is also a
mutation which disrupts the intron S splice aceeptor stte of MSIF2, ¢ 942+3AT (ak.a.
the "Family C mutation™), feadit  to incorrect splicing out of ¢xon S via post-
transcriptional modification (p.Val265 GlIn31ddcel) (Green er al.. 2002). A promoter
mutation in ML, ¢.-42C>T, leadin _ o an approximate 33%0 cfficiency in gene
transcription has also been reported in the Newtoundland population (Green ef al., 2003).
In addition there are many families that display the clinical characteristics of Lynch
Syndrome in which MMR mutations have not been tound. giving rise to the possibility of
novel heredit - cancer syndrome genes outside of the MMR pathway.

The istand of Newtoundland presents an ideal environment for the study of
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genctic discases. The current population of New foundland is approximately 503,000

o stats gov nbea). The island was populated by 20.000-30.000 scttlers mainly from

South-West ngland and South-East Ircland between the years of 1760-1820 (Manion 1,
1977). This makes the genctie structure of the population yvery homogenous. Scttlers
came to Newtoundland primarily tor the occupation of fishing, and because of this,
founded many small “outport™ communities all along the island’s coast where travel was
Himited until the 20" century. Duc to the small number of settlers, carriers of MMR
mutations who settled in Newfoundland have enriched the Newtoundland population
with Lynch Syndrome via a founder cffect. A founder etfect is wh - a small number of
initial scttlers with a decreased amount of genctic variation from the original population
form a new population, Icading to an enrichment of particular alleles in the new
population. This limited number of settlers in Newtoundland has also created a limited
pool of modificr genes acting on LS as well. This homogenous population, enriched in
mutations, may allow study ot how mu ions behave with specitic moditicrs, and how
these may act to alter phenotype.

[t has been proposed that the high colorectal cancer incidence in Newfoundland is
caused by a high frequency of Lynch Syndrome duc to a population enriched in founder
MMR :nc mutations. This hypothesis was tested by exaniming cancer patients who
were diagnosed with colorectal cancer in Newfoundland for the five year period of 1999-
2003 and determining MMR mutation status for those tulfilling high risk criteria for
Lynch Syndrome. AL CRC patients in Newfoundland during this period were chigible to

be entered into the New foundlund Colorectal Cancer Registry (NFCCR). The NFCCR
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was then used toidentify (detatls reviewed i the Materials and Methods section) those
subjects who hay ¢ characteristics ol Eynch Syndrome. and should ¢ tested tor MMR
mutations. Identification of positive MMR mutation status, indicating Lynch Syndrome,
will allow for enhanced clinical care in patients found to be carriers, as well as
potentially affected family members.

With a known family mutation, it is casier to sereen nily members through
genetic testing. Ttis no longer required to perform expensive exon by exon sequencing of
multiple genes scarching for an unknown mutation, or to offer expensive clinical
screening to all family members. When subjects are found to be carriers, specific and
intensificd preventative clinical screening at younger ages than the  2neral population
should allow for carlier detection and treatment of carriers. Family men  ers who were
previously “at-risk™, but who receive negative genetie test results, will be given prece of
mind, as well as ceasing any unneeessary screening other than the general population
recommendations.

Another possible benefit of this project is the exclusion of high risk criteria
familics from being Lynch Syndrome tamilies. Ifit is known that a family is not a carrier
of an MMR gene mutation and still mects ACT risk criteria, these families would then be
tdeal candidates in screening for novel genes responsible tor Familial Colorectal Cancer

Type X.
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2.2 Materials and Methods:

220 Subjects:

Rescarch subjects included in the New foundland Colorectc Cancer Registry
(NFCCR) were those die 1o0sed under the age ot 75 with primary CRC 1 the provinee of
New foundland and Labrador during the period of 1999-2003. Subjects alive at time of
contact gave informed consent, and those previously deccased were consented by proxy.
Subjects were asked to provide a blood sample from which genomic DNA was extracted.
Also, DNA was extracted from paraffin-cmbedded tissue samples of patients” colon
tumour and normal mucosa for MSI testing. THC staining of tumour tissuce was performed
to determine expression of MLITT, MSH2 and MSHG6 proteins. Promoter
hypermethylation causing epigenctic silencing of AL T was also determined in selected
cases. Family histories were obtained and families or subjects were classified by the
Amsterdam Criteria or Revised Bethesda Criteria. Subjects who had blood DNA
available before June 30™, 2005, 1d met screening criteria, were all tested for mutations

in A/LH T and MSIH 2.

a A m . v

A hicrarchal molecular testing scheme was employed to triage st jects for
mutation testing (Sce Figures 2.2 and 2.3 in the results section). In bricf. testing for
genomic rearrangements via Multiplex Ligation-dependant Probe Ampl cation (MLPA),
a relatively inexpensive and quick test, was performed first. This was pertormed on
subjects who met tanuly criteria of cither ACL ACIH or the highest category ot Bethesda:
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(ntermediate TANTD Appendix 1) and had tamours which were MSThigh (MSIin at
least 2 of S microsatellite markers tested). or THC deficient for MLHT. MSH2 and or
MSHGO. Samples which did not show large genomic rearrangements were then tested
according to the following criteriaz subjects whose tumours were 1HC deficient tor
MSHZ, or were ACT or ACH, were all tested for a common splice variant in
Newfoundland. ¢.94243AT (referred o as the “Family C mutation), via sequencing.
This is the 1 st common Lyneh Syndrome mutation in the published literature and a
tounder mutation in Newtoundland (Froggatt ¢r al.. 1999; Woods er ul., 2007). It alters
the splice aceeptor site for exon S of MSH?2 resulting in the in-frame deletion of exon S
(p.Val265_Gln3lddel) in the MSH2 protein. Samples that were negative via MLPA and
“Family €™ testing underwent further testing, Samples that were THC deticient for cither
MSH2 or? 1. or fulfilled the ACT or ACII eriteria were sequenced exon by exon in
cither MLH | or MSH2 from polymerase chain reaction (PCR) products (Mullis ¢t
al.,1986). These two genes account for greater than 909, of all variants in LS (Woods ¢t
al.. 2007). Subjects whose tumours were deficient in MLITT by THC werce only sequenced

tf there was no hypermethylation of the AL/ ] promoters.

2. 2.8 Multipley " “yation Dependent P ""“cation:

MLPA is a relatively new procedure developed by Microbiology Rescarch Centre
Holland (MRC-Holland) which detects genomic deletions or duplications. In brief, this
system works by having two probes tor cach genomic exon, which are ligated together

when anncaled to genomic DNAL The ligated probes are then amplified by luorescent
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dye-labelled primers. Comparison of amounts of higated and amplified probe in test
samples. relative 1o normal controls (imtact genomie individuals with no deletions or
duplications, theretore two copies of cach exon). makes it possible to detect deletions or
duplications of entire exons. Upon probe amplification ot an exon iere will be
approximately S0% of amplified product (ligated probe) per deletion, o approximately
[50%0 of the amplified product per exon per duplication as compared to a control with
two copies of cach gene.

An MLPA kit was available for all exons of MLH/7 and M! 2. Exonic
rearrangements in MS/12 and ML are tairly common (Woods ¢t al., 2007). They are
less common in 8776 and there are no data concerning large deletions duplications in
PMS2, ML, and MS/13. Duce to the low cost of the test (815 per patient), as well as the
case and speed of the procedure, MLPA was used as the initial mutation screening test.
Samples were always tested under the same reaction conditions with at least five
controls. All samples and controls from cach reaction were analysed via the Beckman
CIEQ-8000 Genetie Analysis System (Beckman Coulter Canada, Inc., 6755 Mississauga
Road. Suite 600, Mississauga, Ontario, L5N 7Y2). Any samples that showed a deletion or

duplication via MLPA were repeated for confirmation.

224 MLPA Reaction Cc 7

Samples to be tested by MLPA (Figure 2.1) were amphified according to the

manufacturer’s protocol, available from aow v mlpacom Ina Eppendort Mastercyceler

Gradient thermoceyeler (Eppendort, 6670 Campobello Road Mississauga, Ontario, LN







2LR). 100ng of genomic DN was diluted with 5l of TE butter, denatured at 98°C for 3
minutes, and then cooled 10 23°CO AL 23 C0 LS phof SALSA Probe mix and MILPA
butter were added. and mixed vigorously by pipetting at least 10 times. Samples were
then incubated at 90°C for T minute. and the probes were hyvbridised at 60°C tor 16 hours.
For the ligation reaction, the temperature was reduced to 54°C and 32 pl of “Ligase-65"
mix was added and mixed by pipetung, incubated at S4°C 1S minutes for ligation, and
then heated for 5 minutes at 98°C o inactivate the ligase. “Ligase-65" mix was made
fresh within an hour of use, stored onice and consisted of 3 plof™ 1gasc-65" buffer A, 3
pl ol ligase bufter B, 25 pl ofdeionised water and 1l of Ligase-65 mixed by pipetting.

Following ligation, “PCR Protocol Two™ (v milpa.comn) was followed to amplity the

ligated probes with fluorescently labelled primers. For “PCR Protocol Two™, 4 pl of 10X
SALSA PCR buffer, 20 ul detonised water, and 1O pl ot MLPA ligation reaction were
mixed, and then put into the thermocycler and held at 60°C. While at 60°C, 10 ul
Polymerase mix was added, and the PCR conditions were as follows: 30 cycles of 30
seconds at 95°C, 30 scconds at 60°C, 60 scconds at 72°C, followed by a 20 minute
incubation at 72°C. Polymerase mix was madce fresh within an hour before use, stored on
ice and consisted of 2 pl of SALSA PCR-Primers. 2 pl of SALSA  wzyme Dilution

butter, 3.5 pl of deionised water, and 0.5 pl of SALSA Polymerasce.

22 S VLPA Fragment Anc'vis:

After completion of the PCR reaction, 0.7 pl of the PCR reaction, 0.5 ul of the

Beckman D1-labelled 60-600bp molecular weight marker and 40 4 of Beckman Sample




[ oading Solution (SES) were mined and loaded into the CEQ-8000 svstem for tragment
analvsis, Settings for the fragment analvsis were as follows: captllary temperature of
S0°Cdenaturation of 907°C for 90 seconds. injection tme of 2.0 KV for 60 scconds and
runtime of 60 nunutes at 4.8 KV,

Lach test run was analvsed by the CEQ-8000 fragment analysis software
according to the following sctitngs: peaks -3 were include  size standard-600
(Beckman nr. 608095); and a slope threshold of 1. These settings — cluded all of the
correct peaks for dosage analysis, but also included size standard peaks, as well as
background and shoulder peaks. A filter was applied to the analysed data whereby dyes
D1, D2 and D3 (which were not probe specific) were excluded, peak arcas less than 5000
Relative Fluorescence Units (RFU) were excluded, and peak sizes less than 125nt were
cxcluded. This filter eliminates ambiguous peaks, but cach cleetre | 1erc  am was still
manually reviewed to include some probe peaks less than SO00RFU, and to climmate

noise peaks greater than SOOORFU due to variations in peak size.

Y A TN

2. os¢  Analysis:

Data including peak size and height were then copied into - [ixeel spread sheet
developed by recommendations fromthe © -~ 'an website, The website provided
a template. which was then modified to be applicable for the HNPCC-1(MLI ] and

MST2) kit

Firstly. tor cach of the normal controls and test samples the peak area for cach

XN




probe was added to give the total arca. Each probe arca was divided by the totl to give
the refative traction for cach probe of the total arca. For normal ¢ trols. this relative

fraction was then averaged tor cach probe over all the normal controls.

Next. cach relative probe arca tor both normals and test samples was divided by
the average relative fraction for the normal controls. The average of cach relative fraction
was then taken for cach test and control sample. Finally, cach relative fraction was
divided by the average relative fraction to give the final result. Output was generated in
an excel spreadshecet colour coordinated by dosage.

The final output of analysis was colour-coded for case of identification: yellow
for normal relative dosage, if within )% of 1.00 (>0.80-=1.20); dosages within 20-30°,
of 1.00 were intermediate results and were coded pink if less than 1.00 (>0.70-~0.80).
and light blue if 20-30%% greater than 1.00 (*-1.20-< 1.30). Output for relative dosage of
<.70%0 or >130% is indicative of cither a deletion or a duplication relative to the control,
and displayed as red if =0.70+ 1dark ucif >1.30. MLPA data for cach gene was then

rccorded in a spreadshecet labelled by DNA number.

2270 Sequencin for Metation Detection:

D27 PTP Ny

Polymerase chain reaction (PCR)Y (Mullis ¢ ¢/, 1986) was — ¢d to amplify all
exons and flanking intronic sequences ot MMR genes ML and MSH?2. PCR products

were then puritied for genomic sequencing in a Beckman CEQ 8000 Genetie Analysis



System. Primers were ordered from Operonga division of Qiagen (QIAGEN Inc., 2800
Argentia Road, Unit 7, Mississauga, Ontarto, LSN 81.2). PCR reactions were performed
ina Biome P thermoeyceler (Biometra GmblL L L Rudolt=Wisscll-Strafie 30, 37079
Goettingen, Germany).

[he reaction conditions for ML and VST 2 primers were as tollows: 95°C for 2
minutes, 35 cycles of denaturation at 95°C tor 30 scconds, anncaling at S5°C for 30
sceonds and clongation at 72°C for I minute. Then a final clongation at 72°C for §
minutes.

Concentrations used for the PC - reactions were optimized  or the PlatiniumTagq
polymerase kit from Invitrogen (Invitrogen Canada Inc., 2270 Industrial St.. Burlington,
Ontario, L7P 1A 1). Final concentrations per 25ulL. reactions were as follows: | X Buffer
solution (10X stock provided by the manutacturer, with 20mM MgCl,), 0.6uM of cach
primer, 0.2mM of cach deoxynucleotide triphosphate (ANTPs) and 0.7 nits of Taq
polymerase. Reaction products w - stored at 4°C until they were analysed via
clectrophoresis on a 2% agarose gel stained with cthidium bromide vist  ised under UV

light for PCR product verification. Primer sequences are summarized Appendix 2.

2.2.7.2PCR Product Puriti

To facilitate clean up for sequencing reactions, the PCR reactions were puritied
by I'xo Nuclease [ (Exol) and Shrimp Alkaline Phosphatasce (SAP) to digest excess

primer and dephosphorvlate surplus free nucleotides respectively. In the thermoceycler.
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Tl of PCR product was mcubated with 7.5ul detonised water, 0. 3ul 1U pl. of SAP
and 0. 3pl of 10U pl. Exol. Reaction conditons were 30 minutes at 37°C followed by a

10 munute mactivaton step at SOUC.

R

3 Sequenct, 1

Lach amplicon was sequenced in both the reverse an - forward directions.
Sequencing reactions were set up using 14 the recommended sequencing reagents to
conserve reagents while still giving reliable results. Reactions were made to the following
spectfications: Sequencing buffer, 0.325pMol of primer, TpL of purified PCR product,
and Tpl of DTCS Quick Start Mix with final volume of 20uL. Thermocycler conditions
were as follows: 30 cyeles of 96°C for 20 sceconds, S0°C for 20 seconds, and 60°C for 4
minutes. The sequencing reaction was stopped by the addition of Spl. of freshly prepared
stop solution. The stop solution had a final concentration of 1.5M Sodium Acctate,
S0mM Sodium EDTA at pH 8.0 and 4ug of glycogen and was prepared less than an hour

betore use.

2.2 7 4 Sequencir Ry

After the addition of stop solution, the entire volume of the reaction was mixed
with 60pl o' 95%, ethanol that had been stored at -20°C, iverted 5 times and mixed by
vortex before being centrifuged at 4°C and 3000g for 40 minutes. Following this spin.

sample plates were inverted. and cthanol decanted. Samples were  en washed by the
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addition of 200l of 700 cthanol that had been stored at -20°Coi d spunat 4°C and
3000¢ for S minutes. This wash step was repeated twice. Following the second washing,
the sample  late was left inverted and centrituged again at 300rpm to remove any excess
cthanol. Samples were lett to drvin a desiceator for approximately 15 minutes. Samples
were then resuspended in 30pl of SLS. and covered in minceral o1l for analysis in the

Beckman CEQ-8000 Genetic Analysis System,

2.2.7.5 Sequence Analysis:

The run conditions for analysis of sequence fragments was the LFR-b default
program in the CEQ-8000 software. This program consisted of capillary temperature of
57°C, denaturation of 90°C for 120 sceonds, injection at 2.0 KV for 1§ seconds and
runtime of 60 minutes at 6.0 KV. Sequence data were exported ar - analysed on a remote
workstation. The analysis settings were moditied from the default as follows: PCR
product option was sclected, heterozygote detection was enabled, and a reference
scquence was included in the analysis.

Forward and reverse sequences for cach exon, as well as tor the reference
sequence, were reviewed and manually compiled using the Beckman CEQ-8000 Genetic
Analysis System software. Sequence data were then recorded in a spreadshect coded by

DNA number.
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2.3 Results:

There were 779 patients in the NFCCR as of June 30™, 2005 (end date of this
thesis™ work) and 568 (73%0) had genomic DNA available from blood extraction. OF
these, 336 (94%0) where intact for MLTTT, MSH2 and MSHO proteins by THC, and 32
(6" ) showed a deficiency of at Icast one MMR protein. This can be broken down to 16
[THC deticient for ML (50%a ot all T ), 6 THC dehcient for MSH2 (1996) and 15 THC
deficient for MSHO (47°0). The numbers add up to greater than 100%e due to the fact that
many of the samples deficient for MSHO protein were defictent i one of the other
MMR proteins as well. Ofthe 15 THC deficient for MSHG6, only 10 of these were
deficient for MSH6 alone. Three samples were deficient addition: vy for MSI2 and two
deficient additionally for ML The complete breakdown of sar  les can be seen in

Figure 2.3.

2.3.1 MSH?:

In total, 115 subjects (F7 are 2.2) who had available genomic DNA met criteria
(ACT ACILINTT or THC negative for MLIT or MSH2 or were MSThig  for testing via
MLPA. None of these samples showed 7 duplications or deletions in MSH 2 (Figure
22).

There were 22 subjects who met eriteria (ACHACIH or [TIC nega ¢ for MSI12)
for testing for the common New foundland “Family €7 mutation. Of these subjects, 4

were positive for the mutation (Figure 2.2).
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There were 14 subjects who met eriteria (ACTACTH or THC negative for MSH?2)
for complete sequencing of MS/12. Eleven polvimorphisms where found. but no
pathogenic mutations. A list of polvmorphisms and “Family C™ mutations found is

summarised in Table 2.1,

232 ML

In total, 118 subjeets (7 are 2.2) who had avatlable gene ic DNA met criteria
(ACTACEINTI or IHC negative for MLHT or MSH2 or were MST high) tor testing via

MLPA Nonc of these samples showed any duplications or deletions in MLi{ 1 (Figure

[ 3]

2).

There were 15 subjects who met criteria (ACIACH or THC negative for ML)
for complete sequencing of MLI 1. Seven polymorphisms where found, but no

pathogenic mutations. A listof  lym _ 1isms found is s in ..blc 2.2.
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2.4 Discussion:

Al Tour samples from subjects thatwere at high family i (e. ACT or AC2),
and were THC deticient for MSH2 were found to carry the VS772 muily C7 mutation,
One ot these subject’s tumour was MSTow but sull THC negative for MSH2. The other
three samples were all MSThigh. It should be noted  that all tour subjects who were
positive for the “Family C7 mutation came from familics who were known from the
genceties ¢lin - to segregate this mutation.,

Samples that were deficient for the MLH | protein (16) can be broken down into
thosc that displayed hypermethylation of the MLI{1 promoter (9) and thosce that did not
(7) (Figure 2.3). Only samples that were not hypermethylated were sequenced. The
hypermethy ion status was determined by Dr. Roger Green's lab (Roger Green,
Personal Communication). Promoter hypermethylation cannot be «  ily determined o be
cither mono-allelie (benign) or bi-allehie (inactivating the gene). It was assumed at the
time that any samples that were notofh familial risk and displayed methylation were
bi-allclic. All of the samiples that were deficient for MLHIT and not meth:  ited were MSI
high (7). One sample was from an indivi al with family AClHand ! S1-H risk status but
no nutation could be identified in the subject.

Of the 10 MSHO6-only deficient samples, three were MSI high and seven were
MSHow, or! 35S (Figure 2.3). There were no subjects from high o fan  ies among the
MSI high samples, but there were two of intermediate risk as defined by the Revised
Bethesda Criteria. One of these samples was shown to contaim an 3/5//6 mutation that
wis found by another rescarcher working on the san - samples. The  S7/6 mutation was
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dentificd ina subject who was negative for the MSHO protein, MST high and Bethesda |
(See Appendix 1), This mutation was the duplication of an adenine base at position 3514
i exon 6 (¢35 H4dupA) which caused a frameshift resulting in a premature stop tive
codons downstream (p.Arg!972Evs1sXS5) (Amanda Dohey, Personal Communication).
This mutation has been previously deseribed in two unrelate fam - es as pathogenice
(Wipnen ez al., 1999, Plaschke et al.. 2004). No other mutations were identified in the
other nine MSHO negative samples.

There were several samples in the NFCCR that were MSI high but [HTIC intact.
Since the completion of this thesis™ work THC has been performed for the PMS2 protein
on these samples, and those deticient were then sequenced tor PAS2 mutations by Dr. A,
de la Chapelle of the University of Ohio. Subscequently, two PAS2 mutations were
identified in three subjects (Ban Younghusband, Personal Comnm  cation).
Investigations into the MY/1 gene responsible for MY/ /-associated polyposis (MAP)
undertaken after the completion of this thesis® work adentified the MY/ mutations. Two
of these subjects were microsatellite stable, while the other had no  IST data available.
There were 18 other subjects that were heterozygous for known mutations in MY/
(Roger Green, Ban Younghusband, Steve Gallinger, Personal Communication). In
addition to this MWS776 mutation, four more “Family C™ mutations, and one deletion of
exon cight of MS/2 (¢ 1277-7 13861 7del p.Lys427 GInd62 -Gly fsX4), a known
founder mutation in the Newtoundland population, two mutations have been identitied in
PAS2 and three subjects have been identified as homozygotes for know deleterious

MY mutations.
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Based upon the results of this study. it appears that CRC caused by Lynch
Syndrome mutations in the New foundland population correlates with a recent USA
population based study that tfound the total incidence of Lynch Syndrome was 2.2% of
CRC. This was reported as the highest incidence found ina USA population (Hampel et
al..2005). With the two PMS2 mutation carriers identified, the 38776 mutation, plus the
nine /85712 mutations found, the frequency of Lynch Syndrome in e NFCCR is 1.8% of
the 740 subjects with genomic DNA available. No mutations were found in the seven
samples which were THC deficient tor MLITT and not methylated. The majority (16 of
23) of samples sequenced that displayed HIC deficiency tfor MLE - MSH2 or MSH16

contained polymorphisms, regardless of family history or MSI sta

There are several reasons for not finding a greater number of my itions in both
the NFCCR and the Newtoundland population in general. First and most important is that
this study s¢ cted people for MMR mutation testing only from in - rmation in the
NFCCR databasc. This registry only includes individuals that had CRC in a specific time
mterval and agreed to participate in the study. The registry excludes those who declined
to participate in the study, and also cxcludes those patients with Lynch Syndrome who
may only have had cxtra-colonic tt Hurs. Endometrial cancers are more common than
CRC in some kindreds and these would not have been included in the NFCCR
(Quehenberger ef al., 2005 Stuckless e af., 2006). Also, patients who agreed to
participate but subscquently died or were too sick to provide a blood sample limited
testing again. These are factors which cannot be overcome, and hopefully only exclude a

very small percentage of Lynch Syndre - mutation ¢ s in the Newtoundland
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population.

A scecond explanation for the lower than expected number of mutations identitied
is that there may be intronic mutations that activate eryptic splice sites—at were not
sequenced due to distanee from the mtron exon boundary. A nove intronic varant,
1739046 T, was tound in M/S7/2 in a subject who was a “Family C™ mutation carner.
It is possible that this varant was introduced via recombination or a spontancous event

feH

onto the sar : chromosome as the “Family O mutation in this particular family branch.
This s likely a polymorphism, as previous evidencee has shown that two mutations in
MSTI2 can cause a phenotype of NET (Whiteside ez al., 2002), while this patient showed
only a LS phenotype. If both variants were inactivating the samie allele the NF1
phenotype would not be present as well. Tt must be noted that this variant is possibly
pathogenic, but doubttul. Another novel intronic variant was found in MLH T,
¢.677+72G T, whose significance is sull unknown. This subject’s tumour was THC
deficient for MLHT, MST high, and not methylated. This subject v 5 of Bethesda 1 nisk
status indicating colorectal cancer under the age of 50. Both of these intronic variants are
far from the splice sites but may activate eryptic splice sites. Futu - rescarch in the form
of expressic and functional studies. are needed before these varie - can be confidently
classified as polymorphisms.

Thirdly. there may be an upstream promoter mutation that would have been
missed in routine sequencing. There has previously been an MLH T promoter mutation
detected in the Newtoundland population by Green ez ¢f. (2003). Sincee this particular

mutation was knowne it was screened for in all samples that were sequenced tor MLH
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but was not identified in any subjects.

Fourthly, THC staining that did not correspond with MST data was repeated and
some samples were reclassified. 1 the correet THC status was known at the time of this
thesis™ work, more samples may have been included, and the number of mutations
identilicd may have increased. It must be noted however that ongoing testing of samples
from the NFCCR using the updated information has identified no other mutations besides
the MS776 mutation previously mentioned in this thesis (Amanda Dohey, Personal

Communication)

Due to these reasons, I suspeet @ incidence of Lynch Syndrome in the
New toundland population is higher than 1.8% making this study an underestimate of
Lynch Syndrome in the Newfoundland  opulation. For example, there were 7 samples
that were ML deficient, MSI high, did not display hypermethyl:  on and in which no
mutation could be identified. There were also two samples which were deficient for
MSHO6 prot: 1, MSI h™  and no mutation found. These samples indicate a mismatch
repair deficiency of a currently unknown cause, and may include it onice variants
affecting splicing which may be missed by cxonic sequencing. If 1 itations could be
identified in these 9 samples h™ 71risk inaddition to the 12 mutations found, the
incidence of Lynch Syndrome in NFCCR would increase 1o 3.9%.

As well as Lynch Syndrome, it 1s possible that there are other cancer syndromes
causing the increased CRC seen in the New foundland population. The t ¢ subjects
homozy gous tor /Y77 mutations indicated that at Ieast some of this CRC burden is

caused by MAP. All samples with genomic DNA in the NFCCR were tested for common
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VY mutations via an allele specific PCR teste Sumples that conta »d avarnant were
then sereened by Denaturing High Performance Liquid Chromatograpy (DHPLCO), a
technique which compares migration rates o DNA through a gel o [deteets variations.
I'hose samples which displayed variants were then sequenced to idenufy the DNA
change. The possibility cannot be excluded that there are nove genes causing CRC n
Amsterdam Criteria tamilies via Familial Colorectal Cancer Type X (Lindor er af., 2005).
These would have been missed entirely by this study.

[n the future, samples from this study which are negative for MSH2 ML
MSH6 and PMS2 mutations, at high family risk, and have tumours — at arc MSS may be
useful in genome wide scan studies for detection of novel CRC causing genes. While the
high prevalence of CRC in Newtoundland is possibly the result diet and/or a population
collection of  odifying alleles or low penetrance mutations acting together in addition to
Lynch Syndrome, there may be novel genes responsible for Familial Colorectal Cancer
Type X phenotype. There have been 15 cases in the NFCCR classitied as ACTor ACI
and without MMR deficiency (MSS) indicating Familial Colorectal  ancer Type X

(Gireen et af., 2007).

2.4 Mutarion or Polymorphism?

A recurring issue with the DNA sequencing data generated from this project was
that a significant number of variants identified were of unknown eftect. Variants that
were found could not casily be interpreted as pathogenic or benign. Often, no other
Family members were available for segregation analysis. Fach variant was scarched tor in
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the Trterature individually and 1t s very likely that some data were aissed. The only
functioning MMR variant database at the tme, was hosted by the aternational Society
for Hereditary Gastrointestinal Tumours (InSIGHT) on their web ¢, This database
includes submitted data only. lackin — the majority of variant information concerning IS
in the published literature. Therefore, it was decided to construct a databasce of all

published MMR variants as part ol this thesis.
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Chapter 3

3.0 Mismatch Repair Variant D~*~Yase

3.1 Introduction:

During mutation screening, nuissense and other changes were found which could
not be casily classified as cither pathogenic or polymorphic. Each of these unclassified
variants (UVs) required a scarch in the Lynch Syndrome variants database from

W insiehi-grovs g or an extensive review of the published literature if the genomic

variant was not listed in the database. The InSiGHT databasc is a compilation of
submissions of variant data only. While it contains numerous unpublished variants in
addition to those published, the submission-only nature of the database means it is largely
incomplete. A review by the Human Genome Organisation Socicty (HUGO) was
completed in 2002 on MMR genes ML T and MSH?2 (Mitchell er al, 2002). This study
reviewed all papers published up to and including December 31 2001 and contained all
published variants to this date as well as all the unpublished variants in the InSiGHT
databasc. Upon scarching for another da »ase or review which was both current and
comprehensive, it was found there was nonc.

To provide a resource for ourselves and for other Lynch Syndrome rescarchers,
the task of constructing a complete, current and comprehensive Lyn: Syndrome variant
database was undertaken. For the purpose of this thesis, a vanant is defined as a genomic

alteration reported in the it ure which is ditferent trom the reference sequence from



ensembl for cach gene. The database was to consist ot all variants published in the
mismatch repair genes ML MST2 and MST/6 which were estimated to account for 93-
100% of all known Lynch Syndrome variants, Exvery paper that was published on cach off
these genes was reviewed, and any paper that was found to contain or possibly contain a
variant was catalogued and collected for reference and further review (so as not to miss
any potential data). From this catalogue, a variant database was developed with an

accompanying website allowing online access.

For the purposes of this thesis, mutation is defined as a genomic change from the
reference sequence, know to cause LS. A variation'variant is defined as a genomic
change from the reference sequence of unknown or unclear signiticance. A
polymorphi is defined as a genomic change trom the reference sequence which is not

associated with any cftect.






could possibly contain data of human MMR variants were then combined into a new
reference listin which cach paper was cither downloaded in PDEF - yrmat or acquired ina
hard copy. numbered and asstgned a unique reference 1D number in Reference Manager.
Izach paper was then reviewed fully for variants. A small pereentage (~6%0) of papers
were in a language other than Lnglish. Some of these listed the vartants in proper
nomenclature and were able to be transeribed directly into the database. Others required
the assistance of forcign language translators who volunteered their time.

For cach variant reported, the nucleotide number, codon, and base was confirmed

against the published sequence at w with any deviations noted in the
database. Sccondly, the putative protein change, if applicable was checked against the
published sequence and any crrors noted. After errors were noted, the variant was

recorded in the database according to the most recent and updated nomce lature available

online at: hup: wwaweenor i hoedu.au mdi mumomen . This no anclature is

compiled and maintained by the Human Genome Variation Society (HGVS) and 1s
updated regularly. Due to the cor  ant change in the nomencel  ire, there are frequent
differences in the published literature and the TIGVS recommendations depending on the
publication date. Previously correct nomenclature was updated to the current standard
and not noted in the database. as the majority of references before the year 2000 use
nomenclature that is outdated and equivocal. Fortunately. most ree  : publications use
current nomenclature which is important for maintaining a standard for comparison of

current and tuture reterences.



3.3 Results:

PubMeced was scarched for publications by cach of the alternate names tor the three
major MMR genes. Ttwas found that some ot the older names for cach ot the genes did
not yield any results, so they were omitted trom future searches. The numbers presented
here are current up to June 277, 2007, For MS/12, only the scarch terms /8772 and
ST were used yielding 2217 abstracts, for ML, only the scarch terms ML/ and
ML were used yielding 2394 abstracts. For MS//6 it was four hat in addition to
MSH6 and hMSH6, the original name of the gene, GTBP also yie  :d results, requiring

the inclusion of this scarch term. For AST/6 there were 753 abstracts.

In total, 1306 papers have been identified which contained mutation information
and were reviewed thoroughly for MMR mutations. This includes 579 for ML T, S59 for
MSH 2 and 198 for MSH6. There were 942 unique variants tor VL1, 924 unique for
MSH?2 and 281 unique tor MSH6. The current updated version of the database is available
online at: hip:_ww ' min ariants, a sereenshot of the home page 1s seen in
Figure 3.1, Genomie variant classification and distribution is sumr - rised in Figures 3.2-
3.9. Since 2005, the database hi - been updated and maitained with the  lition of

variants from P
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3.3.1 Exonic Distribution of Unique Variants by Gene:

A “unique variant” was defined as a singular gecnomic DNA deviation from the
reference sequence. Regardless of how many times it had been reported, it is recorded
once in these figures. The distribution of unique variants in MLH showed a skewed
distribution. Exon 12 had the highest number of variants with 58 unique variants reported
while exon 16 had the second largest report of unique variants at 54. Variants in exons 7
and 15 were rare with 25 and 22 unique variants respectively (Figure 3.2). When
comparing the distribution of unique variants and the size of the exons (Figure 3.3), it is
noted that exon 7 had the most reported variants for its size (58.14 variants/100 bascs),
while exon 4 had the sccond highest (55.41 variants/100 bascs). Intronic variants were

common, with introns &, 9, 13 and 15 most frequently containing variants.

MSH?2 displayed the most vanants in exon 3 with 84 unique cntries. Exon 12 had
the next highest number of variants with 66, followed by exon 13 v h 62 (Figure 3.4).
When comparing the number of unique variants for the size of the exon, it is scen that
cxon 11 shows by far the most changes with 53.06 variants per 100 bases, while the final
cxon in MSH2, cxon 16, has the lcast variants at 6.32 variants per 100 bases (Figure
3.5). Overall, the distribution of variants was more rcgular than thc - of MLH T when
comparing unique variants her 100 bases of exon. In gencral, intronic variants were

fewer in MSH?2 as compared with MLH /.

Variants in MSH6 showed an expected skewed distribution of unique variants in
exon 4 duce to its large relative size. Exon 4 has 112 individual variants, while the next

most heterc  nous .on, exon 5, only contained 27 unique variants (. .gurc 3.6). This can

-48-



be explained by the relatively large size of exon 4 which has 264:  p when compared to
the other exons which range from 82bp to 473bp in size. The next largest exon, exon I,
only has 473bp. When comparing unique variants per 100bp, exon 4 is not found to be

more frequently changed (Figure 3.7).

3.3.2 Distribution of Unique V-1 * " Type:

Differences between the types of variants scen in cach of the different gences is
apparent as well. Missense changes were slightly more common in MSH6 and MLH/
accounting for 27% and 24% of unique variants respectively, and only 17% of MSH?2.
Nonsense changes were evenly distributed among all three g 2s with 11% in MSH6, 7%
in MLH [ and 10% in MSH?2. Inscrtions and dcletions were slightly more common in
MSH6 (37%) than MLHI (22%) and MSH?2 (25%). Silent variations only accounted for
9% of MSH2 and of MLH/ changes, yet were responsible for 21% of all MSH6 changcs.
Unique variants that affected proper splicing were common in MLHI, accounting for 13%
of variants, but were less common in MSH?2 at only 6%, and very rarc in MSH6,
accounting for only 2%. Large genomic rearrar ments (deletion or duplication of onc or
more ¢xons) were very common in MSH?2 (33%) and MLHT (25%) but were virtually

absent from MSH6 (2%). This is all summarised in Figures 3.8-3.10.

Upon cxamination of the percentage of transitions versus transversions for the
three MMR genes, it was found that transitions (purine to purinc o1 yrimidine to
pyrimidinc changes) outnumbered transversions (purine to pyrimidine, or pyrinudine to

purinc changes) for all thrce genes, as expected. While there are twice as many possible
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transversion changes duc to the greater number of bases that can be substituted,
transitions are generally more commonly found in genes. This is duc to scveral reasons,
including transition changes gencerally resulting in more conserved amino acid changes
duc to wobble in the genetic code allowing for silent mutations which are less likely to
disrupt function, C—>T transitions occurring frequently in methylated CpG islands
concentrated in promoter regions, and differential DNA repair systems which repair
transversions more readily than transitions (Strachan and Read, 2004). The results arc
summariscd as follows: for MLH I the brecakdown was 54% transitions and 46%
transversions; for MSH2, the breakdown was 55% transitions and 45% transversions; for

MSHG6, the breakdown was 60% transitions and 40% transversions.
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Figure 3.8: Unique Germline MLH1 Variants Breakdown by Type: Graphical

representation of the breakdown of unique MLH1 variants as a percent of total, by type of

variation.
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Figure 3.9: Unique Germline MSH2 Variants Breakdown by Type: Graphical

representation of the breakdown of unique MSH2 variants as a percent of total, by type of

variation.






3.4 Discussion:

There were a number of variants that were [requent in the database. For example
the New toundland “Family CTmutation i MST2 (¢ 9421 3A T, p.Val265 Gindlddel)
has been reported in over 70 publications and this mutation has been previously reported
to oceur frequently de novo (Desai et af., 2000). Ttis almost certar that some of these
entrics are from cither the same family reported multiple times, or altiple seemingly
distinet fam s sharing a common, but unknown, founder Itis in ssible to determine
from the literature what pereentage of reported mutations are unique occurrences or the
descendants of a single event.

Large genomic rearrangements are reported to be more common in ALS//2] but
there are similar unique changes between ML (33% of unique n ations tor MLH T
and MST12(25% of unique mutations for MS712). The rarity of large genomic
rearrangements in MSH6 (2% of unique mutations tor 1/5716) could be duc to the fact that
it 1s less common for MSH6 to under > genomie rearrangement, or probably duc to
minimal testing done on MSH6 regarding rearrangements. Now that there is an MLPA kit
available for testing of all exons of MST/6. the reported incide ¢ of genomic
rearrangements in MS//6 may increase.

The number of intronic variants reported is most definitely under obseryed due to
the fact that full introns are not normally sequenced. Introns are generally massive
compared to the coding regions of genes, and since they are not expressed, variants in
these regions are unlikely to be pathe  nie. Intronic variants that interfere with splicing
arc notable exceptions to this. but most splicing mutations oce - at the sp e site
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consensts sequences bordering exons, which are alwayvs sequenced due to therr proximity

to the exon.

During the construction of the MMR vanant database, it was noted that a
significant number of the reported alterations in the published literature were in error. This
was more common in older papers (prior to 2000), but many recer papers carried
significant errors as well. Mistakes in nucleotide and codon numbering in the paper
compared to the correct reference were the most common, Other ¢ imon errors included
incorrect numbering of new stop codons gencerated by trameshifts or amino acid changes
m misscnse mutations, All of these mistakes were the result of hur - n error and are
recorded in the comments section of the database tor cach error. Previously correct
nomenclature was modificd to the current standard, and was not noted in the database.
Occasionally, gene names were mixed up and while a particular variant was labelled as
being in one gene, exanmination of the data showed the variant to actually be in another
gene. Errors in the published literature were somer cs.butr y  dressed in errata
published after the initial publication.

Errors in peer reviewed publications imply they were missed by the original
authors and reviewers as well as by publication editors. This points to the need for
reviewers and writers of manuscripts to get back to basies and to ¢k simple data
output. Well-published authors in Lynch Syndrome were no exceeption to committing
nomenclature errors. The literature review for this database highhghts the importance of
carcfully checking and correcting varant and mutation information during the publication

process. These errors should have been corrected betore the paper was even submitted. let
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alone published. Correspondence authors were sometimes contacted if the error was

cry ptic, but few responded.

The variant database has become a very popular tool since  has been available
online. The site has reeetved many positive emails {rom rescarchers around the globe and
has had over 13,000 visits during its Tifctime. There are links to the database on the
InSIGHT group’s website (in addition to their own databasce), as well as the HGVS list of
human varia  databases. The database will be maintained and updated monthly for new
variants and current nomenclature by the lab of Dr. Ban Younghusband and Dr. Michacl
Woods. Itappears that this new MMR database will be the principal resource for
rescarchers and clinicians who require information concerning published Lynch Syndrome

variants.
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“hapter 4

4.1 Conclusions

The overall incidence of Lynch Syndrome found in this stu - of the NFCCR was
[.8% of colorectal cancer cases. A 1.8%0 incidence rate concurs with previous studies
placing estimated incidence of Lynch Syndrome between 2-6% of CRC. There were
several subjects whose tumours had molecular characteristies of LS (MS1 and/or THC
negative for MMR protein) but in which no deleterious mutation could be identified. In
addition, this study only examined in incidence of LS in CRC, ¢xcluding extra-colonic
tumours that are frequently associated and sometimes more prevalent in LS. Duc to these
factors the author believes the reported 1.8% incidence LS found i this study is an

underestimate of the true incidence of LS in the province.

The MMR variant database developed and usced in this study proved to be an
invaluable resource. Tt allowed the rapid identification and review « - all previously
published literature concerning LS variants. Scarching the database for variants identified
in this work, particularly intronic variants of unknown signiticance, allowed casy access
to previous mvest. tions into pi — enieity. This allowed for the efticient fabelling of
variants as polymorphisms, or pathogenic mutations. The initial cr - ion of the database
was labour-intensive and time-consuming but once established and the expertise

devcloped. maintaining and updating was very efficient.
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Appendix 1: Bethecda and Pevise” Bethesda
Criteria

Bethesda Criteria (Rodriguez-Bigas ¢t al., 1997):

Any one ofthese conditions may be met:
I Individuals with cancer in tamilies that meet the Amsterdam Criteria

2. Individuals with two HNPCC-related cancers, including synchr ous and metachronous
colorectal cancers or associated extrace mic cancers™®

3. Individuals with colorectal cancer and a first-degree relative wi - colorectal cancer
andyor HNPCC-related extracolonic cancer and or a colorect:  adenoma; one of the
cancers diag osed at age <45y, and the adenoma diagnosed at age ~40 y

4. Individuals with colorectal cancer or endometrial cancer diagne  d atage <45 y

5. Individuals with right-sided colorectal cancer with an undifferentiated pattern
(sohdreribriform) on histopathology diagnosed at age 45 y+

6. Individuals with signet-ring-cell-type colorectal cancer diagnosed at .+ <45 yi

7. Individuals with adenomas diagnosed at age 40y

*Fndometrial, ovarian, gastric, hepatobiliary, or small-bowel cancer or transitional cell carcinoma ot the

renal pelvis orureter.

TSolid enbritorm detined as poorly ditferentated or unditferentiated carcinoma composed of irregular, solid

sheets of Large cosinophtilic celts and containmimg small gland-hke spaces.

Composad of 50" signet ning cells.
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R~ *ed Bethesda 7* "de™ 7 al., 2004)

Tumors fre individuals should be tested for MSTin the follow ing situations:

[. Colorectal cancer diagnosed in a patient who is less than 50 yvears of

[

ag

2. Presence of synchronous, metachronous colorectal, or other HNPCC associated

tumors.* regardless of age.

3. Colorectal cancer with the MSI-HT histology$ diagnosed in a patient who is Iess than
60 years of ¥

4. Colorect  cancer diagnosed in one or more first-degree relatives with an HINPCC-
related  tumor, with one of the cancers being diagnosed under age 50 years.

5. Colorect:  cancer diagnosed in two or more first- or sccor  de v tives with
HNPCC-related tumors, regardless of age.

*Hereditary nonpolyposis colorectal cancer (HNPCC )-related tumors include ¢ rect endometriad,
stomach. ovarian, pancreas, urcter and renal pelvis,biliary tract, and brain (usie - ghioblastoma as scen in
Furcot syndrome) tumors, schaceous  and adenomas and keratacanthomas in Muir Torre syndrome, and

carcinoma of the small bowel.

TMNI-H microsatellite instability high in tumors refers to changes in two or more of the five National

Cancer Institute-recommended panels of microsatellite markers.

YPresence ol tumor mfiltrating lymphocytes, Crohn's-like lymphocytic reaction, mucinous, signet-ring

differentiation, or medullary growth pattern.

§There was no consensus among the Workshop participants on whether to inele  the age critenia in
curdeline 3 above: participants voted to keep less than 60 years of age in the guidelines.
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