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SUMMARY

Lynch syndrome (LS, previously known as hereditary non-polyposis colorectal cancer, HNPCC)
is an inherited cancer predisposition syndrome caused by DNA mismatch repair (MMR) malfunction.
MMR mechanism is a post-replicative repair pathway. The mismatch in the DNA is recognised and
bound by MutSa, heterodimer of the proteins MSH2 and MSH6, or less often by MutSp
(MSH2+MSH3), after which the recruitment of MutLa (MLH1+PMS2) heterodimer initiates the repair
process. Up to 90% of LS causing mutations are found in MLHI, MSH2 and MSHG6 genes, whereas
PMS?2 has been suggested to be only a low-risk LS susceptibility gene due to small number of families
segregating a disease causing PMS2 mutation. Cancer predisposition in Lynch syndrome is inherited
dominantly through one defective MMR gene allele and tumorigenesis starts only after the loss of the
second allele, giving rise most commonly to early-onset colorectal and endometrial cancers, and more
rarely cancers of the uterine, stomach, urinary tract, ovary, small intestine or bile tract. The risk of
developing colorectal cancer is higher in MLH] and MSH?2 mutation carriers than in MSH6 and PMS?2
mutation carriers. However, the risk of developing endometrial cancer seems to be the highest in MSH6
mutation carriers. Early diagnosis of LS families and MMR gene mutation carriers is extremely
important, since risk-reducing clinical surveillance and prophylactic surgeries have been shown to
reduce cancer-related mortality. LS diagnosis is generally based on cancer history of the family and on
tumour studies, followed by genetic testing to determine a predisposing mutation. However, the atypical
clinical phenotypes such as late age at onset, lower penetrance and different tumour spectrums associated
with MSH6 and PMS?2 families, as well as the increasing number of variants of uncertain significance
(VUS) found in sequencing, complicate LS diagnosis and highlight the need for pathogenicity

assessment.

The present work aimed to study the functional effect of lowered MMR gene expression as
indication of Lynch syndrome and to assess the pathogenicity of MMR gene variants of uncertain clinical
significance. Here, we studied how decreased MLHI, MSH2, MSH6 and PMS?2 gene expression levels
affect MMR efficiency. Using a stable shRNA knockdown approach we generated and studied altogether
eleven cell lines retaining 23%, 50% and 74% of MLH1, 26%, 47% and 68% of MSH?2, 50% and 79%
of MSHG6, and 19%, 33% and 53% of PMS2 mRNA expression. The results of an in vitro MMR assay
showed that the repair efficiency was not only associated with gene expression level but the expression
decrease affected different genes differently. For MSH2 and MSHG6 genes, an expression decrease to
75% already caused a significant decrease in MMR efficiency, while for PMS2 the repair capability
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decreased significantly near the mutation carrier level (~50%), and for MLH1 gene only at the lowest
expression level (23%). Unexpectedly, 19% and 33% of PMS2 expression resulted in higher MMR
efficiency than the carrier-like level, 53%, suggesting some kind of functional compensation for PMS2

repair activity in the cell.

The functional significance of five MLHI and four MSH2 VUSs found in suspected LS families
was determined by the in vitro MMR assay. For that, nine recombinant MLH1 and MSH2 protein
variants were used to complement MMR-deficient cancer cell lines lacking the normal respective
protein. A MMR gene variant whose protein retained repair efficiency in the assay was determined MMR
proficient, while variants that resulted in the lack of repair were determined MMR deficient. Here, the
MLH]1 variants p.Leu348Ser, p.Arg474Pro and p.Glu605Ala were shown to be MMR proficient and
p.Glyl01Ser and p.Leu260Arg deficient, while only one MSH2 variant p.Lys82Glu was MMR
proficient and the variants p.Gly669Val, p.Phe694Ser and p.Pro696Leu deficient. Our results, together
with the clinical and tumour data collected from the families, allowed the pathogenicity assessment of

the MMR gene variants and Lynch syndrome diagnosis in the families.

Findings from these studies provide new insights into the severity of the malfunction that
decreased levels of different MMR genes expression may cause. Furthermore, the results show that the
functional assessment of variants of uncertain significance considerably helps their pathogenicity
assessment. Both of these findings may have an important impact on Lynch syndrome diagnosis in

future.
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INTRODUCTION

Cancer is a major burden to public health worldwide, with colorectal cancer (CRC) being the
third most commonly diagnosed cancer (International Agency for Research on Cancer (IARC),
https://gco.iarc.fr/today/home). Cancers mostly evolve sporadically, yet in ~5-15% of cancers the cause
is inherited !2. Individuals with hereditary cancer syndromes often inherit one mutated and one healthy
gene allele, and the carcinogenesis is a result of an acquired mutation in the remaining wild type (WT)
allele 3. The inheritance of gastrointestinal tumours was first recognized in the beginning of the 20®
century, and the following research of Professor Henry Lynch and colleagues has since helped to
understand the mechanisms of the “Cancer Family Syndrome” *°. Lynch syndrome (LS, MIM#120435;
previously known as hereditary non-polyposis colorectal cancer, HNPCC) is the most common cancer
syndrome in the world, accounting for up to 3% of CRCs ¢. Mismatch repair (MMR) mechanism defects
caused by mutations affecting the MMR genes MLH1, MSH2, MSH6 or PMS2 7 lead to the development
of a variety of cancers affecting the colon, endometrium, ovaries, gastrointestinal and urinary tracts 7.
In approximately 90% of diagnosed LS families, mutations affect MLHI, MSH2, and MSH6 genes,
whereas a relatively small number of LS families segregate a PMS2 mutation '°, implying that PMS?2 is

a moderate or low-risk LS susceptibility gene.

Early colorectal cancer diagnosis is important for providing cancer patients with accurate and
preventative cancer surveillance !!. LS diagnosis is based on international clinical criteria that account
for the family history of colorectal and extra-colonic cancers, and the mismatch repair deficiency
detected in the patient’s tumour tissue '2. However, a diagnosis is final only when a pathogenic MMR
gene mutation is identified, usually guided by tumour immunohistochemistry results showing the
expression loss of one or more MMR proteins '°. As many as one third of the MMR gene mutations
found have an unclear effect on the protein function, and their clinical significance has to be further
determined with various in silico and biochemical assays '*'%. Small insertions and deletions and splice
site mutations constitute to these variants of uncertain significance (VUSs) !°, whose classification is
facilitated by assessment models that combine data from multiple analyses '®. The International Society
for Gastrointestinal Hereditary Tumours (InSiGHT) facilitates gastrointestinal (GI) cancer diagnosis by

incorporating MMR gene variants and their classification into a database !’.
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This thesis aimed to study MMR deficiency, the characteristic of Lynch syndrome, by
determining the functional effect of lowered MLHI, MSH2, MSH6 and PMS2 expression on the repair
capability, and by assessing the pathogenicity of VUSs in MLHI and MSH?2 genes.
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REVIEW OF THE LITERATURE
I LYNCH SYNDROME

Inherited colon cancer

Cancer is a heterogeneous disease characterised by aberrant cell growth. The third most common
cancer is colorectal cancer (CRC), which is also the second most common cause of cancer-related deaths
globally (International Agency for Research on Cancer (IARC), https://gco.iarc.fr/today/home). Over
1.8 million new cancer patients were diagnosed worldwide in 2018, and the CRC-related mortality was
as high as 48% (https://gco.iarc.fr/today/home). In Finland, 42% of the 2142 CRCs diagnosed in 2017
caused death (https://cancerregistry.fi/statistics). These devastating statistics clearly demonstrate the
need for better prevention strategies and improved understanding of the molecular mechanism of CRCs

in order to reduce the cancer burden and lethality worldwide.

Carcinogenesis develops as a result of dysregulated balance between oncogenes (OCGs) and
tumour suppressor genes (TSGs) '®. OCGs promote tumour formation by inducing cell growth, while
TSGs suppress tumour formation by regulating the cell proliferation via cell cycle, DNA repair
mechanism and apoptosis. Thus, transformed cancer cells have acquired the ability to proliferate
uncontrollably through the activation of OCGs and inactivation of TSGs 3. According to Knudson’s
two hit hypothesis, both copies of a gene have to be mutated for carcinogenesis to occur '°. Specifically
in hereditary cancer predisposition syndromes, one mutated allele is inherited from either parent (“first
hit”), while an acquired mutation in the remaining wild type allele (“second hit”) during the carrier’s
lifetime induces the development of cancer *. More specifically, CRC progresses in a stepwise manner,
also known as adenoma-to-carcinoma sequence °. Primarily, the changes in the normal colon mucosa
lead to increased localized growth of colon epithelial cells (adenoma), and the subsequent malignant

transformation results in invasive cancer.

Early diagnosis is essential for improving patient survival and quality of life. Recently, the CRC
incidence and cancer-related death-rate have stabilized or slightly decreased in high-income countries,
which is fostered by early detection and removal of premalignant lesions in the colon and thus preventing
cancer progression 2!?2, Nevertheless, these rates continue to rise in developing countries. The
identification of high risk individuals who have inherited a CRC predisposition is especially important,

because early diagnosis helps to provide cancer surveillance and prevent cancer progression !. Moreover,
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regular colonoscopy surveillance has been shown to reduce CRC incidence in patients with inherited
predisposition 2* and increase the survival rate of individuals who have already been diagnosed with

cancer 2.

The majority of CRCs are sporadic, while in 5%-15% the predisposition is inherited 2.
Individuals with a hereditary cancer predisposition have a much higher risk of developing cancer
compared to the general population 2. The main hereditary colon cancer syndromes are listed in Table
1. Briefly, they are classified as polyposis (up to thousands of polyps) or nonpolyposis (few or no polyps)
syndromes . The most common colon cancer syndrome belonging to nonpolyposis syndromes is Lynch
syndrome (LS), previously known as hereditary nonpolyposis colorectal cancer (HNPCC), accounting
for 1-3% of all colorectal cancers (Table 1) ®. In LS, a dominant predisposition is inherited, and a
germline mutation in a DNA mismatch repair (MMR) gene may increase the risk of CRC by up to 80%,
and up to 50% for endometrial cancer (EC) and many other extra-colonic cancers, such as cancers of the
stomach, ovary, small bowel, urinary and hepatobiliary tracts '“?*25, Recently, the frequency of
pathogenic MMR gene mutations in the general population was estimated to be as high as 1 in 279,
suggesting that Lynch syndrome is much more common than previously thought 2°. Mismatch repair
gene mutations may also be biallelic (inherited from both parents), causing another predisposition
syndrome called Constitutional Mismatch Repair Deficiency (CMMRD) (Table 1), which is much rarer
than LS 2”2, CMMRD is an early childhood or adolescence cancer syndrome associated with increased
risk of brain, haematological and gastrointestinal tumours, as well as colorectal cancer with multiple

adenomatous polyps.

Approximately 1% of CRCs are due to familial adenomatous polyposis (FAP), which is the most
common polyposis syndrome — its incidence is 1 in 10 000 (Table 1) 23!, In FAP, the predisposition is
dominantly inherited, and a mutation in the susceptibility gene (adenomatous polyposis coli, APC)
causes over 80% chance of developing CRC over the person’s lifetime '. A less severe disease phenotype
(referred to as the attenuated FAP) is associated with mutations at the ends of the APC gene or with
mutations specifically in exon 9. In addition to CRC, the risk of extra-colonic cancers affecting
connective tissue (desmoid tumours), brain, thyroid and liver are common to patients suffering from this

syndrome !

. MUTYH-associated polyposis (MAP) is an example of a recessively inherited polyposis
syndrome characterised by the development of hundreds of polyps in the colon, and up to 60-70% CRC
risk !. Mutations in DNA polymerases €, POLE (polymerase epsilon catalytic subunit), and 8, POLD1

olymerase delta 1), are rare causes of early-onset CRCs presenting multiple polyps '. It is advised that
(poly y p g ple polyp
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these are searched for only when no mutations are found in other CRC predisposing genes, MMR, APC

and MUTYH (Table 1) 3>3,

A distinct class of dominantly inherited rare polyposis syndromes is the Hamartomatous
Polyposis Syndromes, including Peutz-Jeghers syndrome (PJS), Juvenile polyposis (JP) syndrome,
PTEN hamartoma tumour syndrome, and hereditary mixed polyposis syndromes (Table 1) >*. As the
name implies, they are characterised by the development of benign (hamartomatous) polyps inside and
outside of the gastrointestinal tract. Individuals suffering from PJS have an increased risk of
gastrointestinal and extra-gastrointestinal cancers, including cumulative CRC risk by the age of 70 *°.
One unique feature of this syndrome is the pigmentation of oral mucosa 3°. Early-onset colorectal and
extra-colorectal malignancies and the 40% lifetime risk of CRC is associated with JP 7. PTEN
hamartoma tumour syndrome is a collective name for several syndromes, including Cowden syndrome,
Bannayan-Riley-Ruvalcaba syndrome, Proteus syndrome and Proteus-like syndrome 8. This disease is
characterised by the development of multiple hamartomas in different areas of the body and
neurodevelopmental delays; the lifetime risk of CRC is 9% 4. Hereditary mixed polyposis (GREMI
mixed polyposis syndrome) is a rare syndrome, characterised by the development of various polyps such
as juvenile, hyperplastic or adenomatous polyps, as well as an increased CRC risk **. The genetic cause
is still unclear, however GREM1 overexpression has been suggested to contribute to this syndrome.
BMPR 14 mutations have also been reported as a likely cause of a similar clinical phenotype as Juvenile

polyposis.

Table 1. Main hereditary colon cancer syndromes

Syndrome Inheritance Mutated gene(s) Incidence MIM
Lynch syndrome Dominant MLHI, MSH2, MSH6, PMS2  1/279%¢ #120435
Constitutional Mismatch Repair . Biallelic mutations in 28

Deficiency Recessive MLHI, MSH2, MSHG6, PMS2 1/1 000 000 #276300
Familial Adenomatous Dominant APC 1/10 000°! #175100
Polyposis

MUTYH-associated polyposis Recessive MUTYH not available #608456
POLE polyposis . POLE . #615083
POLDI polyposis Dominant POLDI not available #612591
Peutz-Jeghers syndrome Dominant SKT11 1/8300-29 000* #175200
Juvenile polyposis syndrome Dominant SMAD4/BMPRIA 1/100 000-160 000* #174900
PTEN hamartoma syndrome Dominant PTEN 1/200 000** #158350
Hereditary mixed polyposis Dominant GREM1(BMPRIA) not available #601228

(GREM1 mixed polyposis)

*https://www.insight-group.org/syndromes
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Lynch syndrome (LS)

Clinical and tumour pathological features of LS

The familiality of gastrointestinal and endometrial cancers was initially recognized in the
beginning of the 20" century by the pathologist Aldred Scott Warthin. The subsequent research by
Professor Henry T. Lynch in the 1960°s determined that the “Cancer Family Syndrome” is inherited in
an autosomal dominant manner 3. Prior to the discovery of the molecular aetiology of this disease,
Lynch named it “Hereditary Non-Polyposis Colorectal Cancer” (HNPCC) to differentiate it from the
other familial colorectal cancer syndrome, “Familial Adenomatous Polyposis” "*° After the realization
that the tumour spectrum is not limited to colorectal cancer, HNPCC was renamed as Lynch syndrome

(LS), indicating the disease where the underlying MMR defect has been identified 7.

Lynch syndrome is the most common colon cancer syndrome in the world. Individuals suffering
from LS usually have a familial history of colon and extra-colonic cancers . Thus, the international
clinical guidelines for diagnosing LS are based on strong family history of early-onset LS-associated
tumours (Table 3, chapter Lynch syndrome diagnosis) '°. The most common LS cancer is CRC, and the
most common extra-colonic cancer is EC. The risk of developing CRC or EC for MMR gene mutation

carriers is elevated (over 80% and up to 50%, respectively) '

compared to the general population
(2.2% and 1.3%, https://gco.iarc.fr/today/home). However, the LS cancer spectrum also includes
ovarian, gastric, prostate, small bowel and urothelial tract cancers ®°*?. The association of breast cancer

in LS has remained controversial 44,

LS is associated with a malfunction of DNA mismatch repair due to an inherited germline
mutation in one of the MMR genes “**7. Recently, LS prevalence in the general population was estimated
to be 1 in 279; a population-specific study from Iceland estimated the prevalence to be slightly higher —
1 in 226 268 The risk of cancer in mutation carriers has been shown to vary according to gender, as well
as the mutated MMR gene. Thus far, no straightforward associations between the type or location of
MMR gene mutation and the disease phenotype have been identified %%
associated cancers has been determined to be considerably lower in MSH6 (MIM# 600678) and PMS2

(MIM# 600259) mutation carriers than in MLHI (MIM# 120436) and MSH2 (MIM# 609309) mutation

, yet the risk of developing LS-

carriers ®. Epimutations in MSH2 and MLH] genes (changes to gene expression without affecting the
DNA nucleotide sequence), which arise either de novo or as a consequence of genetic alteration, also

cause LS °.
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Individuals carrying mutations in MLHI or MSH?2 are subject to the so-called classical LS
phenotype. The overall lifetime risk of developing CRC is approximately 50%, and the mean age of
onset is 45 years 3, The CRC risk does not differ between MLH1 and MSH? carriers . Recently, the
CRC risk in male MLH]I carriers was shown to be higher compared to females, while there were no
differences between genders for MSH2 carriers ®. Both MLHI and MSH?2 female carriers show an
increased risk for endometrial cancer starting from middle age. Specifically, MLH1 pathogenic mutation

8,51

carriers have a higher risk of stomach and urinary tract cancers *°°, while MSH2 mutation carriers have

a higher tendency of developing urinary and gastrointestinal tract cancers, as well as prostate and brain

tumours 32,

Mutations in MSH6 and PMS?2 genes are often associated with an atypical LS phenotype, which
is characterised by lower penetrance of colorectal and endometrial cancers and a later age of cancer onset
3334 One explanation for the lower cancer penetrance in MSH6 and PMS?2 families might be the protein
homologues, MSH3 and MLH3, which are able to bind and partially function with their counterparts
MSH2 and MLHI, respectively 37 Although the CRC risk in MSH6 mutation carriers is lower
compared to MLHI and MSH2 mutation carriers °, endometrial cancer risk in MSH6 mutation carriers
might be the highest among all MMR gene mutation carriers >*. Indeed, while the overall incidence of
extra-colonic cancers in MSH6 mutation carriers is lower compared to MLHI and MSH?2 %8, a recent
large prospective study confirmed a high risk of gynaecological cancers in MSH6 mutation carriers, with
endometrial cancer being the most prevalent 8. Compared to MSH6 families, the risk has been suggested
to be the same or lower for CRC and EC in PMS2 carriers >***3-%0_ Currently, there is an ongoing debate
about PMS?2 linked cancer risks. On one hand, it has been suggested that the increased risk is limited to
CRC and EC °'. However, others have suggested that there is no increased LS-associated cancer risk for
heterozygous PMS2 mutation carriers younger than 50 years old 8. Overall, inconsistent segregation of
cancers and unusually high prevalence of gastric, breast and prostate cancers are frequently observed in

PMS?2 families 36062,

The identification of LS families and individuals is complicated due to the highly heterogeneous
phenotypes associated with LS 3. The typical characteristics are early age of onset (45 years vs 65 years
in sporadic CRC and 50 years vs 60 sporadic in EC), the predominant proximal (right-sided) location of
tumours, and the tendency of multiple cancers, either synchronous or metachronous
(https://www.cancer.net) >!%°364  Although LS cancers often have aggressive progression, survival

seems to be better than in sporadic CRC ''#!.
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MMR deficient tumours display features, which, although not necessarily unique to Lynch
syndrome, help in diagnosis. Defective mismatch repair in a tumour leads to a microsatellite instability
(MSI) phenotype, one of the main hallmarks of LS tumours ®, together with the loss of expression in

one or more MMR proteins (reviewed in Lynch syndrome diagnosis chapter) '°.

Mismatch repair (MMR) malfunction as a hallmark of LS

Human cells are vulnerable to metabolic reactions, like hydrolysis or oxidation (internal lesions),
and environmental, physical and chemical alterations (external lesions) °**’. Unrepaired DNA damage
results in genomic instability, which is frequently seen in cancer cells *®. Several major DNA repair
mechanisms, including MMR, base-excision repair (BER), nucleotide-excision repair (NER),
homologous recombination (HR) and non-homologous end joining (NHEJ) pathways, signal the
presence of injuries to DNA strands, which initiates the repair process (Table 2) °. Single-stranded
DNA damages are removed by either MMR, BER or NER. Non-helix-distorting lesions, such as
alkylations, oxidations, deaminations or depurinations, are repaired via BER. Damages caused by
ultraviolet radiation (UV) and/or chemicals are repaired by NER . Double-stranded breaks (DSBs)
are the result of various DNA damaging agents like ionizing radiation (IR), UV or chemicals, including
those used in chemotherapy. DSBs are repaired through HR and NHEJ 7!. Mutations in genes encoding

components of these repair pathways are associated with severe syndromes that are listed in Table 2
70,72,73

Table 2. Major DNA repair pathways

Repair mechanism Feature of lesion Source of the lesion Association with disease
Single-stranded non-helix
distorting lesions
Single-stranded helix-
distorting lesions
Single-stranded base-base
Mismatch repair mismatches and Replication Lynch syndrome'®
insertion/deletion loops

Base excision repair Metabolic reactions MUTYH-associated polyposis’®

Cockayne syndrome,

Nucleotide excision repair Trichothiodystrophy

UV light, chemicals

Breast cancer type 1 and 2 gene

Homologous L A
o . . mutation-linked susceptibility in
recombination Double-strand breaks Irradl.atlon, UV light, breast cancer”
chemicals - -
Non-homologous end Severe combined immune
joining deficiency, ligase IV syndrome’

Modified from 7?
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Every time a cell divides, its DNA is replicated and passed on to the descendant cells. The
proofreading by DNA polymerases allows an average of only one mistake per 100 000 nucleotides.
However, loss of proofreading may give rise to errors like single nucleotide mismatches or
insertions/deletions in multiple nucleotides ™. Fortunately, the majority of these mistakes are repaired

by a post-replicative mismatch repair mechanism, thereby increasing the fidelity of replication 7.

The MMR malfunction is the cause of Lynch syndrome. Inactivating mutations that lead to
mismatch repair deficiency were first found in bacterial genes known as mutL and mutS. In 1993, genetic
defects in the human homologue of the mutS gene were linked to hereditary colon cancer syndrome
previously known as HNPCC (presently LS) '°. The first susceptibility gene identified in LS families
was MSH2 (mutS homologue 2) "*7%, and the second most commonly mutated gene, MLHI (mutL
homologue 1), was identified shortly thereafter 7*-*'. Human mutL homologues PMSI (post-meiotic
segregation increased 1) and PMS2 (post-meiotic segregation increased 2), as well as human mutS
homologues MSH6 (mutS homologue 6) and MSH3 (mutS homologue 3) were subsequently discovered
8284 An additional human mutL homologue, MLH3 (mutL homologue 3) was detected in 2000 . Of
these genes, MSH6 was eventually determined to be the third most significant Lynch syndrome
susceptibility gene . Thus far, among mutL homologue genes, only MLH and PMS2 have been shown
to be associated with LS "%, while the role of MSH3 and MLH3 mutations in LS predisposition is still
somewhat unclear 8738, However, a biallelic MLH3 gene variant was recently reported to be associated
with predisposition to adenomatous polyposis syndrome ¥°. In 2009, a novel cause of MSH? inactivation,
the 3’ deletion of a gene located upstream of MSH?2 (epithelial cell adhesion molecule; EpCAM), was
detected in LS families with tumours exhibiting MSI and/or loss of MSH2 protein *°.

Lynch syndrome diagnosis

The ultimate aim of LS diagnosis is to reduce cancer morbidity and mortality. Time is the key to
success — the earlier a MMR mutation carrier is identified and directed to surveillance, the better the
chance of survival. Accurate diagnosis of LS is hampered by the variable clinical phenotypes associated
with mutations MMR genes, especially the atypical characteristics and lower cancer penetrance
associated with MSH6 and PMS2 ®. Moreover, incomplete or lack of familial cancer history and/or
tumour tissue of the proband contribute to under-recognition of LS. When a pathogenic LS mutation is
detected, risk-reducing prophylactic surgeries such as the removal of polyps, the total removal of the

colon, uterus or ovaries may be recommended to the patient °'. Regular colonoscopies increase the
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detection of precancerous polyps and thus reduce CRC incidence %, yet there is no consensus on the
appropriate surveillance intervals, not even in Europe. For example, screening intervals vary from 1 year
in Germany to 1-2 years in the Netherlands, and 2-3 years in Finland ***>%3, Shorter intervals might be
reasonable, as LS-associated CRCs progress through accelerated adenoma-to-carcinoma sequence *,

however shorter colonoscopy intervals have not been shown to decrease the number of detected CRCs
95,96

Familial cancer history

A set of different criteria were developed to facilitate the identification of Lynch syndrome
families, and these criteria are now being used worldwide #. The first clinical criteria for LS, Amsterdam
I criteria (ACI), were established during the first International Collaborative Group on Hereditary
Nonpolyposis Colorectal Cancer (ICG-HNPCC) meeting in Amsterdam in 1990 (Table 3) >°7. The
criteria are based on early-onset colorectal cancers among successive generations in the family. The low
sensitivity of mutation carrier detection demanded the need to update criteria to also include endometrial
and other LS-associated extra-colonic cancers (Amsterdam II; (ACII)) (Table 3) *®. Contrary to the
Amsterdam criteria, the Bethesda Guidelines (BG), which were established in 1996 and revised in 2004,
advised to test MMR-deficient tumours for microsatellite instability (Table 3) °°. However, the
traditional use of ACII and BG have been criticized for being inefficient and having less than optimal

sensitivity '%°,
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Table 3. International criteria for Lynch syndrome diagnosis

Amsterdam I criteria’’

at least three relatives with colorectal cancer

one should be the first-degree relative of the other two affected people

at least two successive generations affected

at least one of the cancers diagnosed before the age of 50

FAP should be excluded

Amsterdam II criteria®®

at least three relatives with LS-associated cancer (CRC, EC, small bowel, ureter, renal pelvis)

one should be the first-degree relative of the other two affected people

at least two successive generations should be affected

at least one should be diagnosed before the age of 50

FAP should be excluded

tumour pathological verification

The revised Bethesda guidelines®

CRC diagnosed before the age of 50

presence of synchronous or metachronous CRCs or other LS-associated tumour, regardless of age

CRC with MSI-H histology diagnosed before the age of 60

CRC diagnosed in one or more first-degree relatives with LS-associated tumour, one of the cancers diagnosed before the
age of 50

CRC diagnosed in two or more first- or second-degree relatives with LS-associated tumours, regardless of age

The identification of LS families may be improved by raising awareness in the general population
and medical experts, as well as providing guidelines for genetic testing in cancer centres. In Western
Europe, the identification of LS mutation carriers is primarily based on the assessment of familial cancer
history. Bethesda guidelines are used to select high-risk individuals for further genetic testing '°'. The
recommendation to test all new CRC cases by immunohistochemical staining and MSI analyses might
be justified, as a small fraction of carriers have been missed using BG alone '2. Once a carrier is subjected
to genetic testing, the exact mutation is determined by sequencing approaches that are now more
common in routine testing '°2. However, there is currently a lack of consensus on which screening
approach is the most appropriate for LS diagnosis. The implementation of testing all newly diagnosed
CRC and/or EC cases by immunohistochemistry and MSI analyses is challenged due to feasibility and

cost effectiveness '%°.

Tumour-based analyses

MMR malfunction leads to microsatellite instability (MSI) phenotype observed in LS tumours.
MSTI testing for characterising MMR deficient tumours involves the amplification of microsatellite
markers using polymerase chain reactions (PCR) ?>!®. A panel consisting of two mononucleotide

markers (BAT-25, BAT-26) and three dinucleotide markers (DS123, D5S346, D17S250) was proposed
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by the National Cancer Institute (NCI). However, the Bethesda panel recommended the use of five quasi-
monomorphic mononucleotide repeats (BAT-25, BAT-26, NR21, NR24, NR27), as the use of
mononucleotides increases the efficiency of MSI testing *°. The identical size between individuals makes
mononucleotide repeats advantageous, since a control from a normal germline is unnecessary. Hence, it
is advised to include at least three mononucleotide markers in the testing panel '**. The MSI phenotypes
are differentiated based on the number of unstable repetitive sequences found in the tumour tissue, and
are classified as either high (MSI-H) (>2/5 or 30% or more of unstable markers in a large panel), low

(MSI-L) (1/5 or 10-30% in a large panel) or stable (MSS) (no unstable marker detected) .

The sensitivity and specificity of MSI testing are vulnerable to differences in marker panel, as
well as testing protocols between laboratories '%. In addition, a trained pathologist is required to
differentiate between normal and tumour cells, which further impacts the sensitivity '°3. Moreover, MSI
phenotype is not unique to LS, as sporadic cancers also show the presence of MSI. For example, in
approximately 12% of sporadic CRCs MSI is found '%. The presence of MSI among sporadic
endometrial cancers is usually between 10-20% '°71% but has been reported to be even 45% '%. The
MSI-H phenotype in sporadic gastric cancer is reported to be around 8.5% ''°. The cause for instability
in sporadic cancers is gene silencing caused by MLHI promoter hypermethylation !!!. Nevertheless,

majority of LS associated CRCs are microsatellite instable '%.

The loss of MMR protein expression due to genetic or epigenetic alterations is another
characteristic of LS tumours ''2. Immunohistochemical staining detects the presence of MMR protein
expression in a tumour tissue, and thus provides a supportive approach to MSI analysis. MMR proteins
function as heterodimeric protein complexes. MLH1 and MSH2 are the major components of the MutLa
and MutSa complexes, and are also more stable than their counterparts. Thus, the solitary loss of either
PMS2 or MSH6 proteins indicates germline mutations in PMS2 or MSH6 (Table 4) >%!'2 whereas the
concomitant loss of either MLH1 and PMS2 or MSH2 and MSH6 indicates germline mutations in MLH!
or MSH2, respectively (Table 4) 2. However, the loss of MLH1 protein in a tumour tissue is not specific
to LS, since many sporadic cancers also show inactivation of MLHI '''. One of the most well-known
epigenetic alterations in carcinogenesis is the methylation of CpG rich promoter areas, which leads to
transcriptional silencing of gene expression ''>. This alternative mechanism for carcinogenesis is
common to sporadic tumours, however MLH epimutations have also been detected in Lynch syndrome-
associated tumours — albeit rarely ''*. MLH1 promoter hypermethylation and concomitant BRAF gene
V600E mutation is associated with sporadic tumours ''*. As such, BRAF V600E mutation testing enables

differentiation between sporadic and LS cases ''°. The immunohistochemical (IHC) analysis detects loss
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of one or more MMR proteins, and gives indication which gene(s) should be preferentially tested '%.

Unfortunately, the intact protein expression determined with IHC does not necessarily mean that the
expressed protein is functional. Consequently, a portion of cases could be missed **. In addition, the

H7-119 Nevertheless, compared to

method is also influenced by tissue handling and staining procedure
MSI, THC has several advantages such as reduced cost and easier and quicker performance '%. Although
MSI and THC testing provide the same results, using only one method often fails to identify LS mutation

carriers '%.

Table 4. Interpretation of IHC and MSI testing results

MMR proteins MSI Next step Interpretation
MLH1 MSH2 MSH6 PMS2
+ + + + MSS No reason to proceed LS excluded
- + + - MSI BRAF mutation/methylation testing LS suspicion
- + + + MSI prior MLH1 germline testing LS suspicion
+ - - + MSI MSH?2 germline testing LS suspicion
+ + - + MSI MSHG6 germline testing LS suspicion
+ + + - MSI PMS?2 germline testing LS suspicion

Modified from '3

Functional analyses to determine the pathogenicity of variants of uncertain significance

Once microsatellite instability and/or abnormal protein expression is detected, the suspicion of
LS is confirmed and the high-risk individual can be guided to genetic testing. Currently, the next-
generation sequencing (NGS) approach is becoming increasingly popular in clinical laboratories '°.
Major advantages of NGS include simultaneous testing of many genes, as well as cost effectiveness.
However, NGS is not without limitations, which include the need for standardization for the universal
testing in laboratories, and the abundance of uncertain findings. Also, epigenetic mutations and
mutations outside coding regions cannot be found with NGS '°2. Various computational and laboratory
analyses are available to assess the pathogenicity of variants that are found by sequencing, but whose
clinical significance (i.e. effect on protein expression) remains undetermined (Table 5) '>!. For example,
in silico methods are based on predicting the effect of variants of uncertain significance (VUSs) 22123,
Biochemical and cell-based analyses enable the assessment of the main functions of mismatch repair in

variant proteins, such as the binding between heterodimeric partners and binding of a variant protein

onto mismatches or the MMR activity of a variant, thus providing definitive LS diagnosis for variants
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that would be otherwise clinically uncertain '*!. A model has been proposed specifically for MMR gene
variants, which facilitates the pathogenicity assessment of VUSs (reviewed in chapter III) .

Among MMR proteins, it is very common to find single amino acid substitutions that lead to
missense mutations whose effect on the protein function is not obvious '%!'%. In silico methods can
analyse the effect of missense variants in conserved sequences or algorithms by using sequence
homology to predict the effect of amino acid substitution on protein functionality. Accordingly, such
methods are widely used in MMR gene assessment (Table 5) 22124126 Although computational methods
are very efficient, potential discrepancies between different algorithms may require supporting methods

like MMR activity assays to verify the significance of a certain variant '?’.

Yeast- and cell-based functional analyses help to assess the MMR activity of a VUS (Table 5).
The yeast-based methods are based on the evolutionary conservation between human and yeast
mismatch repair. Thus, the human variants that are incapable of repair also in yeast MMR are interpreted
as pathogenic 232, Another approach introduces the identified MMR mutations to a yeast homologue,
however since the homology between two hosts is restricted, the coverage is limited to conserved protein
domains %13 In cell-based MMR assays, the MMR deficient cell lines are complemented with the
variant protein, and repair deficiency of a variant enables the pathogenicity to be determined !**!3, This
assay is based on using a substrate (plasmid containing a mismatch), which is then incubated with cell
extracts including a MMR deficient cell line complemented with recombinant MMR protein. MMR
proficiency of a variant is measured as restriction efficiency using gel electrophoresis '**. Alternatively,

fragment analysis may be used instead of gel electrophoresis '>°.

Various biochemical analyses help to determine protein interactions as well as the stability of
MMR proteins (Table 5) '*'. MLHI and MSH2 mutations have been efficiently characterised by the

yeast two-hybrid assay 36137

, which assesses the ability of MMR proteins to form protein complexes
with their binding partners. This in vivo method is based on a “bait and catch” principal by fusing the
protein of interest to a transcription factor’s DNA binding domain, and its binding partner to a DNA-
activation domain. Upon binding, the two domains will be in proximity to each other and hence capable
of activating the transcription of a reporter gene '**13%. The in vitro glutathione-s-transferase (GST) pull-
down method uses a fusion-tagged protein as a “bait” to find its binding partner. Pathogenicity of a
variant is determined by the inability to interact, and has been used to classify MLH] variants '4°, Finally,
the co-immunoprecipitation method studies the binding of proteins by using an antibody that specifically

binds to the protein of interest, and the interactions can be verified by Western blot (WB) analysis. Both

mutL 38134141 and mutS 243 protein variants have been characterised with this analysis.
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Insect and mammalian cell-based protein expression systems enable the study of variant protein
stability (Table 5). In insect cell-based protein production, the recombinant proteins are introduced into
plasmids, which are then amplified to collect baculoviruses expressing the variants. The viruses are then
used to infect the Spodoptera frugiperda insect (Sf9) cells. Next, Sf9 cells are grown and collected for
variant protein extraction, from which protein expression can be measured and compared to the WT
protein in WB analysis 8513614114 MMR deficient (MLHI-) human embryonic kidney 293 cells
(HEK293T) are an attractive host for recombinant protein expression: their rapid division, high
144

transfection efficiency and post-translational processing of proteins enables high protein yields

Accordingly, they have been used to localize variant MLH1 proteins 4.

The nuclear localization of MMR proteins is crucial for their functional DNA repair, and can be
analysed by expression of fluorescently labelled protein variants (Table 5). The variant MMR protein is
first fused with the fluorescently labelled reporter protein, and then transiently expressed in the MMR
deficient cell line to visualize their nuclear localization. MMR VUSs incapable of nuclear localization
have been demonstrated '*114¢147 However, MLH3 has shown conditional nuclear localization
dependent on the cellular abundance of PMS2, thus the detection of MLH3 recombinant variants may

be hampered *’.

The efficiency of mismatch binding by mutS homologues, which is important for the repair
initiation process, can also be assessed with the electrophoretic mobility shift assay (EMSA) (Table 5).

143 _ or yeast strain-produced '*!3* recombinant proteins are incubated with mismatched DNA

Insect cell
nucleotides to detect the binding efficiency of a protein variant. Protein variants that bind to DNA
nucleotides have a slower migration rate through the polyacrylamide gel than the unbound nucleotides,

which helps to determine the binding efficiency of a protein variant.

In addition to missense variants potentially altering protein function, VUSs in MMR genes may
also affect splicing 8. Splicing variants can be assessed with in silico programs that can predict the
effect of a variant on donor and acceptor splice sites (Table 5) '2. Pathogenicity of a variant determined
via computational methods may be verified in a minigene assay '#>!3°. This method is based on transient
expression of a variant protein in a cell line, from which the RNA is isolated and splicing patterns of a

variant can be compared to a control using RT-PCR.
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II MISMATCH REPAIR MECHANISM AND GENES

MMR proteins and repair mechanism in human

Evolutionary conservation of the DNA repair pathway between prokaryotes and eukaryotes has
facilitated human MMR research by in vitro reconstituted systems 7°. MMR mechanism functions as a
post-replicative safeguard system by maintaining genomic integrity via correction of DNA errors '**,
High MMR activity is associated with replicative S-phase cells, but the errors initiated during repair or
recombination are also eliminated by this mechanism '3, Replication is a process controlled by DNA
polymerases that incorporate new nucleotides in the daughter strand. The proofreading activity of these
enzymes diminishes the number of errors made during replication, and additionally efficient MMR adds

even more precision to the process .

Repair is initiated by mismatch recognition and binding by the MutS homologues (MSHs)
(Figure 1). They function as dimers: MutSa (MSH2+MSH6) and MutSp (MSH3+MSH®6). They are
functionally redundant, recognizing either base-base mismatches and small IDLs (<3nt) or larger IDLs
(<13nt) (Table 6) '*°. Mismatch-bound MSHs undergo exchange from ADP to ATP, resulting in a
conformational change that enables diffusion along the DNA strand and ultimately releases the mismatch
154 This is necessary for the recruitment of additional repair factors like MutLa (MLH1+PMS2) — the
most prevalent mutL heterodimer functioning in MMR (Figure 1, Table 6). Upon ATP binding, MutLa
also undergoes conformational changes to encircle the DNA and form a ternary complex with DNA-
bound MSHs %4157 The in vitro reconstitution of human MMR has suggested that the discrimination of
the daughter strand is based on proliferating cell nuclear antigen (PCNA)-initiated activation of MutLa
endonucleolytic activity, which is important for introducing nicks (Table 6) '**!3, Replication factor C
(RFC) catalyses the loading of PCNA to the DNA (Table 6) 1>*. PCNA is a clamp protein that increases
the ability of DNA polymerases to perform DNA synthesis without dissociation. PCNA is characterized
by its rounded shape with a cavity in the middle, which enables it to surround the DNA (Figure 1). This
physical interaction of PCNA with the DNA and other DNA -interacting proteins is crucial for accurate
replication !°. After efficient mismatch recognition and nicked DNA, the MSH- and MLH-activated
single-strand 5’ to 3’ exonuclease EXOI1 initiates the removal of the error-containing strand (Figure 1,
Table 6) '°. Replication protein A (RPA) is a single-stranded DNA-binding protein that binds to single-
stranded (ss) DNA. This prevents the formation of a duplex and thereby facilitates the resynthesis 6.
Finally, DNA polymerase 0 resynthesizes the missing section. After the gap is filled, the strand is ligated
by a DNA ligase (Figure 1) '*>.
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Figure 1. Schematic representation of MMR mechanism

RFC — replication factor C; PCNA — proliferating cell nuclear antigen; POL & — polymerase delta; RPA — replication protein
A; EXOLI — exonuclease 1; Ligase — DNA ligase

Table 6. The roles of proteins in MMR

Main protein complexes Functions in MMR

MutSa (MSH2+MSH6) Mismatch recognition

MutSp (MSH3+MSH6) Mismatch recognition

MutLa (MLHI+PMS2) Complex forrn'ation~ With mutS homologues and DNA
endonucleolytic activity

MutLfB (MLH1+PMS1) No MMR activity

MutLy (MLHI+MLH3) Functioning as a back-up for MutLa.

Other proteins Functions in MMR

Replication factor C

Loading of PCNA and guiding excision polarity

Proliferating cell nuclear antigen

Recruitment of proteins to mismatch

Exonuclease 1 Excision of DNA strand

DNA polymerase delta & Resynthesis

Replication protein A Binds to ssDNA during excision and DNA synthesis
DNA ligase Ligation of the strand

Modified from '3
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Functions and characteristics of MLHI, MSH2, MSH6 and PMS?2

One of the main MMR genes, MSH?2, is located on chromosome 2 short arm and consists of 22
exons (Table 7). Mutations in MSH2 were first associated with Lynch syndrome susceptibility 7*7%.
MSHG is another mutS homologue located on the same chromosome, and has 12 exons (Table 7) %2. It
is the third most significant Lynch syndrome susceptibility gene *¢. Proteins encoded by MSH2 and
MSHG6 participate in the DNA MMR mechanism as part of heterodimeric protein complex MutSa

(MSH2+MSHS6), recognizing base-base mismatches in the newly synthesized DNA strand '3,

MutS proteins belong to the ATP-binding cassette (ABC) protein family, and utilize ATP
binding/hydrolysis energy for mismatch recognition and binding ' Specifically, MSH2 and MSH6
form an asymmetric protein complex, where the ATPase domains from both subunits are located
opposite to each other. Mismatch recognition in MutSa is carried out specifically by MSH6 ', After
mismatch recognition, the ADP exchange to ATP results in a conformational change in MutS proteins,

allowing the mismatches to be liberated and the MutL proteins to be recruited '0419,

MSH2 and MSH6 have a common protein structure, consisting of five different domains: N-
terminal mismatch-binding domain, connector domain, lever domain, clamp domain and the C-terminal
ATPase domain (Figure 2) '93. The connector domain and ATPase domains facilitate the interactions

166,167 \while the DNA is bound by the lever and clamp domains. The most conserved

with MutL proteins
protein domain — the ATPase domain — shares almost 50% identity with the bacterial counterpart and
binds to nucleotides, ADP or ATP 93, MSH2 interacts with MSH6 through two domains: the N-terminal
part of MSH2 (aa 378 to 625) interacts with aa 326 to 575 of MSH6 and the C-terminal of MSH2 (aa

875 to 934) interacts to aa 953 to 1360 of MSH6 (Figure 2) '8,

Table 7. Four main mismatch repair genes’¢-%*
Gene Name Chromosomal location Exons MIM
MSH2 mutS homologue 2 2p21-pl6.3 22 #609309
MLHI mutL homologue 1 3p22.2 21 #120436
PMS2 postmeiotic segregation increased 2 Tp22.1 15 #600259
MSH6 mutS homologue 6 2pl16.3 12 #600678
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R 4

DNA binding domain (aa 1-124) Clamp domain (aa 457-553)
E Connector domain (aa 125-297) @ ATPase domain (aa 620-855)

I:l Lever domains (aa 300-456; 554-619) Helix-turn-helix domain (aa 8§56-934)

1 MSH6 1360
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DNA binding domain (aa 362-518) Lﬁ Clamp domain (aa 935-1008)
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1 MLH1 756

> ' \:l N-terminal domain (aa 3-338)
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Figure 2. Protein domains of MSH2, MSH6, MLH1 and PMS2 and pseudogenes of PMS2

Mismatch repair protein domains and the corresponding amino acids shown for each protein. Fifteen PMS2 pseudogenes are
shown under PMS2 protein domains (modified from '5).
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Human MLH]I gene was the second LS-associated locus and first human mutL homologue that
was discovered and mapped to chromosome 3 short arm (3p21-23 region) (Table 7) *%!. The MLH1
gene consists of 21 exons and encodes a protein product involved in MMR by coordinating protein-
protein interactions to facilitate strand differentiation, as well as the process of removing the mismatch-
containing strand. Another mutL homologue, PMS2, was discovered in 1994 (Table 7) **. MLH1 protein
forms three different heterodimers with other mutL homologues through a conserved C-terminal
dimerization domain '®. Of these heterodimers, MutLa (MLH1+PMS2) contributes mainly to MMR
activity. MutLf (MLH1+PMS1) has no indication of MMR activity, and MutLy (MLHI1+MLH3) has
been shown to partially compensate for the lack of MutLa **!"°, Gyrase (type Il DNA topoisomerase),
chaperone Hsp90, mutL homologues and histidine kinases constitute an ATP-binding superfamily of
proteins (GHKL family) . Although each of these proteins regulate different processes in the cell, the
ATP-binding domain (Bergerat fold) and the utilization of conformational energy through ATP
hydrolysis or binding (or both) are common to all. With the exception of kinases, all of these proteins
share a similar protein domain structure, where the N-terminal ATPase domain is connected to the C-
terminal dimerization domain through a linker domain (Figure 2, only MLH1 and PMS2 proteins

shown) 71,

The PMS2 gene belongs to a gene family clustering on chromosome 7. Specifically, PMS2 is
located on chromosome 7p22.1 and consists of 15 exons *2. Altogether, 15 highly homologous PMS2
pseudogenes exist '7>'74, Fourteen of these PMS2-like (PMS2L) genes are homologous to the PMS2
sequence at exons 2-5, whereas one (PMS2CL) is homologous to the C-terminal part (exons 9 and 11-
15) (Figure 2) 72174 Although the PMS2 gene was already identified in 1994, it took a decade before
technology could differentiate between PMS2 and its pseudogenes, and perform reliable sequencing and

variant mutation detection '7>!75176,

MutLo (MLH1+PMS?2) is central to MMR as a molecular matchmaker that links MMR error
recognition to DNA repair !7’. MLHI interacting domain with PMS2 is located in aa 492 to 742 and
PMS?2 interacting domain with MLH1 through amino acids 612 to 674 (Figure 2) '4%'%°. The C-terminal
activity sites of PMS2 contribute to the endonucleolytic activity of MutLa, which has been suggested to
guide eukaryotic strand discrimination and downstream MMR events '”® while the ATP induced
conformational changes at the N-terminal ATPase domain support protein interactions underlying the
matchmaker role '*”. DQHA(X)2E(X)4E is the catalytic motif, along with three shorter motifs that
constitute the active site responsible for endonuclease activity. This motif is found in both PMS2 and

MLH3 proteins, suggesting functional redundancy '’®. Compared to MLH3 and PMS]1, the abundance
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of PMS?2 is 60-fold and 10-fold higher, respectively. This strongly suggests that PMS2 is the main
partner for MLH1 36170,
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[II MMR GENE MUTATIONS AND THEIR CLINICAL
CLASSIFICATION

Mutation spectrum in MMR genes

Mutations in MMR genes are distributed throughout all domains, and no specific hotspots have
been reported *!7°. Furthermore, there is a wide range of mutation types that alter the exonic or intronic
sequences of MMR genes (https://www.insight-database.org/). Nonsense and frameshift mutations
leading to pathogenic alterations that disrupt normal gene function are common in MMR genes ©. Single
amino acid substitutions that lead to no or subtle changes at the protein level are also very abundant °.
In addition, partial or whole gene deletion is a frequent second hit observed in Lynch syndrome '%°.
MLHI, MSH2, MSH6 and PMS2 show a high proportion of Alu sequences prone to recombination
events, which are detected as large genomic rearrangements. Predominantly, MSH2 and PMS?2 are prone

to these alterations, which is related to their higher Alu sequence density '8!132, Rearrangements affecting

MLHI and MSH6 are detected less frequently 83184,

Figure 3 illustrates the current distribution of unique variants in MLH (1513 variants), MSH?2
(1377), MSH6 (924) and PMS2 (449) genes according to the InSiGHT database
(https://databases.lovd.nl/shared/genes/; data accessed in August 2019). The most common type of
mutations in MLHI, MSH2 and MSH6 genes are nonsense and/or frameshift mutations, followed by
missense mutations, while silent mutations are frequently detected in PMS2 (Figure 3). The abundance
of variants with undetermined effect on the protein is quite high, ranging from 7% in MSHG6 to 19% in

MLH1 (Figure 3).
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Figure 3. Mutation types in MLH1, MSH2, MSH6 and PMS?2 genes

The distribution of different mutation types according to the effect at the protein level of unique variants listed for each gene
in the LOVD database (https://databases.lovd.nl/shared/genes/; data accessed in August 2019).

The abundance of missense mutations among MMR genes represents a challenge, as a single
amino acid substitution may not always result in a non-functional protein. Hence, the conclusive
pathogenicity of a variant often needs to be assessed by several functional and biochemical assays '*!%7.
A fraction of MMR gene variants remain unclear in relation to the disease phenotype, and are referred
to as variants of uncertain significance (VUSs) '*. These VUSs often complicate patient counselling and

surveillance regimens.

Most of the abovementioned MMR gene sequence alterations are hereditary and unique to a
given family 6. However, some mutations arise recurrently in different families, populations and ethnic
groups. They can be result of a de novo mutation or constitute founder mutations . The latter have arisen

in a common ancestor due to either natural selection or in very isolated populations '3, Interestingly,
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large deletions are also overrepresented in certain populations '3¢'%7_ To date, over 50 founder mutations
in LS have been described '*°. For example, the most prevalent MLH] founder mutations observed in
more than 50% of Finnish LS individuals include ¢.320T>G, which leads to protein dysfunction '*%;
¢.454-1G>A, which causes aberrant splicing; and c.1732-2243 1896+404del, which is an exon 16
deletion '$31%° Mutations in repetitive sequence motifs in MSH2 have spontaneously arisen in Canadian
(c.942+3A>T) 101! and Portuguese (c.388_389del) populations 2. The existence of founder mutations
in MHS6 and PMS?2 could be more abundant than expected, due to their lower penetrance estimates and
the technical difficulties in detecting PMS2 mutations. In fact, a recent population-specific study
demonstrated that MSH6 and PMS2 mutations prevail in Iceland, describing significantly increased
cancer risks for one founder mutation in MSH6 (p.Leu585Pro) and two in PMS?2 (p.Pro246Cysfs*3 and
p.Met1?) *8. Interestingly, the former shares an ancestral haplotype previously detected in Swedish,
American and British study cohorts '**. Furthermore, MSH6 founder mutations are highly prevalent in

Danish and Swedish populations '*41%.

Epigenetic dysregulation of either MLHI or MSH2 genes can also result in LS-associated
phenotypes '?®!%7. Thus, heritable changes affecting gene expression without altering the DNA
nucleotide sequence (epimutations) are an alternative means of hereditary cancer predisposition %,
MLH] epimutations are referred to as primary because they arise mainly independently from genetic
changes, whereas MSH?2 epimutations are secondary to genetic mutations. However, there are several
rare cases that describe secondary MLHI epimutations that arise due to a genetic defect in close
proximity to the MLHI gene '*>*%_ In both MLH] epimutation carriers and conventional MLH I mutation
carriers, it is common to find early-onset colorectal and endometrial cancers as well as the presence of
MSI and/or loss of MLH1 protein expression. However, one major difference is the lack of family history
in MLH1 epimutation carriers '**!%%, Up to 10% of LS cases without identified MMR mutations have

114 or through non-Mendelian

been attributed to MLHI epimutations that have arisen either de novo
transmission between generations 2°'. About 10% of LS-associated cancers result from the 3’ deletion
of EPCAM, a gene located upstream of MSH?2, which causes MSH2 promoter hypermethylation and
gene inactivation °*'%7292 The risk of colorectal cancer in MSH2 epimutation carriers is similar to
conventional MSH?2 families, but endometrial cancer risk is significantly lower. Interestingly, only larger

EPCAM deletions that extend to the MSH2 promoter have been associated with elevated EC risk 2032%,
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Variants of uncertain significance (VUS)

Approximately one third of MMR gene variants have unidentified clinical significance. Most
often, these VUSs are non-truncating small insertions or deletions, missense mutations or mutations in
the proximity of the splice site. This is a major burden in LS diagnosis and a source of patient distress,
because without knowledge of the effect on the disease development, no diagnosis can be made '°. The
primary clinical goal is to separate benign variants from harmful ones, however, the assessment of VUSs
is labour intensive, as it needs multiple points of evidence prior to proving or disproving their possible
pathogenicity '°. The multigene panel testing options currently available have increased the number of

incidental findings — including VUSs — further complicating the LS diagnosis .

Sharing variant information has been facilitated by compiling all inherited colon cancer gene
variants and their pathogenicity interpretations into the Leiden Open Variation database (LOVD;
https://databases.lovd.nl/) 7. Several hundreds of VUSs have been identified in MMR genes - it
represents approximately 19% of MLHI, 23% of MSH2, 39% of MSHG6 and 40% of PMS2 variants
(Figure 4). A workflow has been introduced to decrease the number of VUSs and facilitate their

classification by exploiting tumour pathological and RNA and protein based data '*.
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Figure 4. Proportion of variants of uncertain significance in four MMR genes

292/1513 of MLHI, 314/1377 of MSH2, 358/924 of MSHG6 and 178/449 PMS2 unique variants listed in
https://databases.lovd.nl/ are classified as VUS (data accessed in August 2019).
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Combined with clinical data, results from in vivo yeast or in vitro mammalian assays (which
assess the MMR efficiency of a variant) can provide valuable means for variant classification. A three
step model combining data from multiple sources has been established to facilitate the classification of
VUSs (Figure 5) 4. Accordingly, variations are found via genetic testing preceded by results from
MSI/THC-testing supported by familial cancer history (known as STEP 1). If LS cannot be confirmed
nor ruled out in the first step, the model continues with STEP 2 by combining data from functional (in
vitro MMR assay) and computational assays (predictive in silico platforms). If MMR deficiency is
confirmed by in vitro assay and in silico analysis in STEP 2, the diagnosis is final. However, the MMR
proficient variant needs to be further characterised by additional biochemical assays in STEP 3 (Figure
5) '* The choice of assay and the interpretation of the result have to be considered critically, as a negative
result is not necessarily an indication of non-pathogenicity when the variant is located in the domain that
has no impact on the function studied with the analysis. In addition, the possible discrepancy between

assays emphasizes the need to utilize various analyses ',

This three step assessment model has been deemed sufficient for characterising the pathogenicity
of MMR genes, as it was verified using 74 VUSs found in MLH1, MSH2 and MSHG6 genes '*’. The first
two steps in the workflow were sufficient for the majority of MLHI and MSH?2 variants. Obvious
discrepancy between two in silico methods indicated the need to consider results from the functional
assay. The model is an example of how to cope with unclassified variants in LS '?7. Nevertheless, it still
presents several variables to be considered by clinicians, including the choice of patients who should

undergo testing and which analyses to use '>206:207,
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Figure 5. A proposed model to assess MMR gene variants '

Clinical classification of MMR gene variants

Scientists and healthcare professionals belonging to the International Society for Gastrointestinal
Hereditary Tumours (InSiGHT) facilitate the screening of gastrointestinal (GI) tumours . This society
prioritizes global collaborations by collecting know-how from different clinics in order to integrate this
knowledge into development of GI cancer diagnostics. The Leiden Open Variation Database (LOVD;
https://databases.lovd.nl/), curated by the InSiGHT, is a repository of various mutations found in
hereditary colorectal cancer genes, including MLHI, MSH2, MSH6 and PMS2. Variant-associated
molecular and clinical data contributes to variant interpretation, and thus the identification of LS families
17 The InSiGHT data submission template, which lists all the data necessary for variant submission,
illustrates the wide range of information that should be stored for a variant (https://databases.lovd.nl/).
Accordingly, a variant could possibly be listed many times with evidence from multiple assays, thus
complicating the interpretation process. In 2014, the InSiGHT Variant Interpretation Committee (VIC)
undertook a comprehensive development, testing and standardization of variant classification in MMR
genes using over two thousand variants listed in the LOVD database '®. A five-step classification, based

on the International Agency for Research on Cancer (IARC) recommendations, was used to classify the
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MMR variants as pathogenic (Class 5), likely pathogenic (Class 4), VUS (Class 3), likely non-
pathogenic (Class 2) or non-pathogenic (Class 1) '%2%. Classes 2 and 4 aim to reduce the quantity of
unclassified variants and to differentiate variants with sufficient evidence from variants of uncertain
significance 2%®. A definitive classification is based on patient-derived (age, gender, cancer history,
segregation analysis), tumour-derived (MSI/THC) and laboratory-derived (functional analyses) points of
evidence. Solitary evidence from either the clinical or laboratory side is inefficient for VUS
classification, as potential technical errors or misinterpreted results from one analysis can lead to
misclassification '®. Results from this large-scale study highlighted the importance of including
unpublished data in pathogenicity assessment, as it altered the final classification of one third of the
listed variants. Most importantly, the InSiGHT recommendations for variant classification are beneficial

for at-risk families '6.

The current distribution of classified unique variants in MMR genes is shown in Figure 6. To
date, the majority of the 4263 listed unique variants in the InSiGHT database are in MLH1 (35.5%) and
MSH?2 (32.3%) genes, while 21.7% are in MSH6 and 10.5% in PMS2 genes (data accessed in August
2019). The distribution of variant classes is variable among MMR genes, however, the prevalence of
either VUSs or unclassified variants still remains high, emphasizing the continuous need for

classification (Figure 6).
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Figure 6. MMR gene variant classification according to InSiGHT

Current classification (%) of unique variants in MMR genes in LOVD database. Class 1 ((1), in the figure) — not pathogenic;
class 2 (2) — likely not pathogenic; class 3 (3) — variants of uncertain significance; class 4 (4) — likely pathogenic; class 5 (5)
— pathogenic; undetermined variants (-) (data accessed in August 2019).
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AIMS OF THE STUDY

The present work aimed to study: 1) the functional effect of lowered MMR gene expression as

an indication of Lynch syndrome, and 2) the pathogenicity of MMR gene variants of uncertain (clinical)

significance.

The specific aims of the thesis were to assess the functional significance of:
o reduced MLHI, MSH2, MSH6 and PMS2 gene mRNA expression levels on MMR efficiency (I,

111))
e nine VUSs detected in MLHI and MSH?2 genes (II)
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MATERIALS AND METHODS
Functionally characterised variants in MLHI and MSH?2 (1)

Twenty four functionally assessed single-nucleotide substitutions in MLHI and MSH?2 genes
were ascertained through cancer clinics from Italian families fulfilling the Bethesda guidelines. Clinical
data and results from functional RNA- and protein-based analyses were used for final classification of
variants. Nucleotide numbering of each variant reflects cDNA numbering with +1 corresponding to the
A of the ATG translation initiation codon in the reference sequence, following the Human Genome
Variation Society (HGVS) recommendations (https://varnomen.hgvs.org/) (Table 8). Clearly disease-
causing variants, like splicing and truncating variants or large rearrangements, were excluded from the
analysis. Six of the studied variants were novel and not yet reported in the InSiGHT database
(https://www.insight-group.org/variants/databases). Based on the predicted effects on protein structure,
alterations were divided into groups as amino acid substitutions, splice-site changes, synonymous or
intronic variants (Table 8). The intronic and synonymous variants that cannot be assessed with the
functional assay were excluded, and four missense changes were already verified previously. Finally,
the stability and pathogenicity of five VUSs in MLHI (NM_000249.3) and four in MSH2
(NM_000251.2) genes was determined by using Western blot (WB) analysis and a functional in vitro
MMR assay (Table 8).
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Cell lines used for functional characterisation (I-III)

Spodoptera frugiperda (Sf9) insect cells were used to produce recombinant MLH1 and MSH2
proteins. MMR-deficient cell lines, HCT116 and LoVo, lacking MLH1 and MSH2 proteins respectively,
were complemented with proteins to assess their ability to restore the MMR efficiency of MMR-deficient
cell lines in the in vitro MMR assay (IT). Additionally, cancer cell lines HCT116, LoVo and HEC-1-A
were used as controls in the functional assay and WB analysis (I-III). Characteristic features of each

cell line are summarised in Table 9.

Table 9. Cell lines

Cellline  Tissue of origin Genetic phenotype Origin Publication
Sf9 Insect cells MMR proficient 11

HCT116 Human colorectal adenocarcinoma MLH1/PMS2/MLH3" 11, 111

LoVo cells MSH2/MSH3/MSH6 ATCC 11

HEC-1-A illllr?an endometrial adenocarcinoma PMS2/MLH3 I

?gng- Human immortalized fibroblasts MMR proficient 214,215 LI

ATCC — American Type Culture Collection, Manassas, VA, USA
Roman numerals indicate in which publication the cell line was used

Stable shRNA knockdown of MLHI, MSH2, MSH6 and PMS?2 (1,
I10)

Immortalized human fibroblasts (h\TERT-1604) 2'42!5 were transfected with either MLHI,
MSH2, MSH6 or PMS?2 shRNA (SureSilencing™, QIAGEN) plasmids to generate KD cell lines with
heterogeneous mRNA expression levels. Hygromycin selection at 150pg/ul (Invitrogen) and several
rounds of monoclonalisation yielded cell lines specifically and stably expressing the sShRNA plasmids
of the gene of interest (GOI). Fibroblasts were also transfected with a non-targeting control vector

(negative control, NC) throughout all experiments for each GOL

After expanding and homogenizing about 3 x 10° cells (QIAshredder, Qiagen), the total RNA
was extracted and reverse transcribed into cDNA (Superscript® VILO, Invitrogen) for quantitative PCR
(Q-PCR) analysis. MLHI, MSH2, MSH6 Taqman® assays (Table 10) using Tagman® Universal PCR
Master Mix (Applied Biosystems) were run on a StepOnePlus™ device (Applied Biosystems), whereas
PMS2 and MLH3 assays (Table 10) were run on a CFX96 Touch™ device (BioRad). Stable
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housekeeping genes, ACTB, GAPDH and HPRTI, were chosen as reference genes after geNorm
analysis. Expression levels of GOIs were quantified by normalization to the reference genes and
calculated according to the 2"2“T method 2!®. All Q-PCR assays for chosen cell lines were performed in
at least two replicates with standard deviation (STD) of 0.2 or less. MMR gene-specific cell lines were
chosen for functional analyses based on Q-PCR results and our inclusion criteria was that cell lines
should retain at least 25% to 75% of mRNA expression for MLHI, MSH2, MSH6 genes and at least
<50% of mRNA expression for PMS2.

Table 10. TagMan® assays used for quantitative analysis of MMR gene KD cell lines

Gene RefSeq TagMan® assays
MLHI NM 000249.3 Hs00179866 ml
MSH2 NM 000251.2 Hs00953523 ml
MSH6 NM 000179.2 Hs00264721 ml
PMS2 NM 000535.7 Hs00241053 ml
MLH3 NM 001040108.1 Hs00998139 ml
ACTB NM 001101.5 Hs01060665 gl
GAPDH NM 001256799.3 Hs02758991 gl
HPRTI NM _000194.3 Hs02800695 ml

Production of wild type and recombinant MLH1 and MSH?2 proteins
(1I)

The single-nucleotide changes in MLHI and MSH?2 genes were constructed into the wild type
(WT) cDNA sequences via PCR-based site-directed mutagenesis (QuikChange Lightning®, Stratagene)
and subsequently cloned into a pFastBac1 vector (Invitrogen) as previously described 3414227 Prior to
the production of recombinant proteins, the constructs were verified by sequencing (ABIPrism 3100
Genetic Analyzer; Applied Biosystems). Baculoviruses used to infect the Sf9 insect cells were generated
according to the manufacturer’s instructions (Bac-to-Bac system; Invitrogen) and used for the
production of recombinant proteins as previously described '**. As MMR proteins function in
complexes, the SfY cells were co-infected with MLH1 and PMS?2 viruses to yield MutLa, or with MSH2
and MSHG6 viruses to yield MutSa heterodimers, respectively (Table 11). The total protein content of
WT and variant proteins was extracted, and the protein expression levels were verified by WB analysis.
Equal amounts of MutLa-WT and -variant or MutSa-WT and -variant total extracts (TEs) were loaded
onto sodium dodecyl sulphate/polyacrylamide gel electrophoresis (SDS-PAGE) gels. After transferring
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proteins to a nitrocellulose membrane (Hybond™ —P, PVDF, GE Healthcare), anti-MLH]1, anti-PMS2,
anti-MSH2 and anti-MSH6 antibodies were used for visualization. Equal loading of all proteins was

verified with a-tubulin (details shown in Table 11).

Table 11. SfY insect cell-based protein production of WT and recombinant proteins

MLHI-WT pmsz-wr  MLHL- MSH2WT MSHe-wT  NWoHZ
variant variant
MutLa- MutSa-
WT + + W"i + +
MutLa" + p.Glyl01Ser  MutSa’ + p-Lys82Glu
MutLa" + p-Leu260Arg  MutSa' + p-Gly669Val
MutLa" + p-Leu348Ser  MutSa” + p-Phe694Ser
MutLa" + p-Arg474Pro  MutSa” + p.Pro696Leu

MutLa" + p-Glu605Ala
WT — wild type; MutLa' — recombinant MutLo complex; MutSa" — recombinant MutSa complex

An outline of the production of wild type and recombinant proteins by co-infection of Sf9 cells, either with both MLHI-WT
and PMS2-WT or MSH2-WT and MSH6-WT baculoviruses to yield a MutLa-WT or MutSa-WT protein complex, or MLH1
or MSH2 mutated baculovirus with PMS2-WT or MSH6-WT to yield recombinant protein complexes.

Nuclear protein extraction (I-I1I)

Recombinant protein total extracts were complemented with nuclear extracts (NEs) of MMR
deficient cancer cell lines HCT116 (MLHI1"; used for MLH]I variants), and LoVo (MSH2"; used for
MSH? variants), to assess their functional significance in the functional in vitro MMR assay (II). HEC-
1-A NE was used as a positive control for MLH3 protein expression and a negative control for PMS2
protein expression in WB analysis (III). The in vitro MMR activity of MLH1, MSH2, MSH6 and PMS?2
knockdown (KD) cell line NEs was verified by comparing the in vitro MMR activity of each GOI cell
line to their respective control cell lines (I, III). Nuclear proteins of KD and NC cells, or HCT116,
LoVo, HEC-1-A cell lines, were extracted as described previously, with minor modifications (I-III)
132218 KD and NC cell lines were extracted in parallel to allow comparison (I, III). Proteins were
collected from approximately 1-2 x 108 cells, concentrated and cleared for use in the in vitro MMR
assay. Nuclear extracts were quantified with a fluorimeter (Qubit 1.0 & 3.0; Thermo Fisher Scientific,

Waltham, Massachusetts, USA) (I-III).
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Western blot analysis (I-1IT)

The protein expression levels of MutLo and MutSa variants produced in Sf9 cells, and the
presence of MMR proteins and their heterodimeric partners in KD cell lines were assessed by sodium
dodecyl sulfate/polyacrylamide gel electrophoresis (SDS-PAGE) and WB analysis (I-III). Equal
amounts (adjusted according to loading control) of MutLa-WT and MutSa-WT and their variants (IT)
and gene-specific KD cell lines and their controls (I, IIT) were loaded on 7.5% SDS-PAGE gels. After
electrophoresis, the proteins were transferred onto nitrocellulose membranes (Hybond, PVDF;
Amersham Pharmacia Biotech) and visualized with anti-MLH]1, anti-PMS2, anti-MSH2 and anti-MSH6
antibodies (listed in Table 12) (I-III). Commercial HCT116 cell line (ATCC® CCL-247™), lacking
MLH1, PMS2 and MLH3 proteins, served as a negative control in the PMS?2 study (III). The presence
of the mutL homologue MLH3 was specifically detected in PMS2 KD cells to test the compensation
hypothesis. Commercial HEC-1-A cell line (ATCC® HTB-112™) served as a positive control for MLH3
(lacking PMS2, but MLHI1 is present) (III). a-tubulin was used as a loading control in all experiments
(I-111).

Table 12. List of antibodies used in protein expression analyses

Antigen Type of antibody Manufacturer Publication
MLHI1 Clone G168-15 BD Biosciences I-II1
MSH2 NA-26 Calbiochem L1
MSH6 Clone 44 BD Biosciences L1I
PMS2 NA-30 & clone A16-4 Calbiochem & &
BD Biosciences
MLH3 (H2): sc-25313 Santa Cruz Biotechnology 111
m-IgG HRP NXA931V GE Healthcare I-111
m-IgGk BP-HRP sc-516102 Santa Cruz Biotechnology 11
o-tubulin DMI1A Sigma Aldrich I-111
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In vitro MMR assay (I-III)

The functional in vitro MMR assay is used to study the DNA mismatch repair activity in cells.
The assay requires substrate (Figure 7) and cell extract preparations for the repair analysis. Single-
stranded DNA and linearized plasmid DNA are re-annealed to create a circular heteroduplex molecule
used as a substrate in the functional assay 2!°. The same 5> G+T heteroduplex (5> GT) construct was
used in all studies to initiate the repair process (I-III). 5° G*T is a 3193bp molecule, in which the adenine
has been replaced with guanine to create a mismatch, while the thymine in the complementary strand is
left unchanged. A 5’ nick is created with Banll restriction enzyme located 369bp from the G*T mismatch
(Figure 7). Successful repair reaction converts the 5° G*T heteroduplex substrate to an AT homoduplex
and makes the molecule susceptible to cleavage with the Bg/Il restriction enzyme '¥22!°. MMR efficiency
can be quantified by the restriction efficiency of Bg/II after linearizing the substrate with the Eco31.

Hence, the repair efficiency is measured as Bg/II cleavage efficiency by gel electrophoresis.

Bglll restriction site
369 bp

\

Eco311 restriction site

Figure 7. Heteroduplex substrate used in the functional MMR assay
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The functional significance of MLH1 and MSH2 recombinant proteins was assessed as their
ability to restore the repair efficiency of cell lines lacking either MLH1 (HCT116) or MSH2 (LoVo)
proteins. For that, 100 ng of substrate was incubated with 75 pg of MMR deficient cell extract. This
extract was complemented with Sf9-produced TE containing overexpressed MLH1 or MSH2 proteins
(IT). The MMR activity of MLHI, MSH2, MSH6 and PMS2 KD cell line nuclear extracts was assessed
by comparing the MMR efficiencies to their respective negative controls. For that, 75 ng and 100 ng of
substrate was incubated with either 50, 75 or 100 ug of the MMR gene KD cell line extracts and their
controls (I, IIT). The digested DNA was run on a 1% agarose gel and visualized using Image-Pro 4.0
Software (Media Cybernetics) (I-III). The absolute repair percentage (AR%) of each nuclear extract
was calculated as the amount of repaired DNA out of the total amount of DNA used in the reaction. This
was done by using GeneTools (SynGene) version 3.08 (I, IT) or version 4.03 (III). Average AR% was
calculated from at least two independent experiments. The relative repair percentages (RR%) were
calculated by comparing the AR% values of recombinant proteins to MutLo-WT or MutSa-WT protein
AR% values. In KD cell lines, RR% values were calculated by comparing the AR% values of MMR
gene KD cell lines to NC cell line AR% values. Statistical analyses were performed using Student’s T-

Test (I-11I).

50



RESULTS AND DISCUSSSION

Diagnosis of Lynch syndrome relies heavily on familial history of cancer followed by
pathological analyses of tumour and genetic tests. Screening based on the strict Amsterdam II criteria
and the more sensitive revised Bethesda guidelines still misses a portion of LS carriers, especially MSH6
and PMS?2 mutation carriers and families %6622 Indeed, up to 10% of MSH6 and over 20% of PMS2
carriers fail to meet these criteria and hence would have been missed if these were the only detection
methods 3195 MSI-testing and the detection of MMR protein expression loss in tumour tissue are
efficient ways to identify high risk individuals 22?2, However, the sensitivity of MSI-testing depends
on the choice of marker panel, which has been shown to be variable between cancer centres 2%,
Furthermore, MSI-testing alone often fails to distinguish LS-associated tumours from sporadic ones,
because MSI is not unique to LS '%. Similarly, MSI-testing is not useful to identify tumours caused by
MSHG6 deficiency, which often lack the MSI-H phenotype 4?23?24, Immunohistochemical analyses of all
the four MMR proteins have been shown to increase the sensitivity of LS identification, and is
recommended to be used together with MSI when feasible ''%?2%. However, expression of intact MMR
proteins is not necessarily an indication of functionality and may therefore give false negative
interpretations *>'*'. Moreover, PMS2 studies are further challenged by the issue of reliable sequencing,
which is difficult because of multiple highly homologous pseudogenes '">!7>!76, Due to these limitations
in LS diagnosis, we aimed to determine whether reduced mRNA expression of MLH1, MSH2, MSH6 (I)
and PMS?2 (III) genes, comparable to MMR gene expression levels in LS mutation carriers, has an effect

on repair efficiency, which could be detected with the functional test.

An additional challenge in the diagnosis and management of Lynch syndrome is the occurrence
of variants whose effect on the protein function remains undetermined. In fact, up to one-third of MMR
gene mutations are variants of uncertain significance (VUS), whose pathogenicity remains unclear 3.
However, the assessment of pathological nature of these variants is extremely important for Lynch
syndrome diagnosis. It is needed to identify LS families, in order to provide counselling and accurate
surveillance regimens to real risk individuals and to avoid unnecessary follow-up of non-LS individuals.
Here, by functionally assessing the pathogenicity of MLHI and MSH?2 missense variants (II) we show
the importance of the in vitro MMR assay in classifying VUSs.

51



Lowered MMR gene expression affects repair capability in a gene
dependent manner (I, I1T)

Lynch syndrome mutation carriers inherit one healthy and one defective MMR gene allele. The
assumption is that in a heterozygous cell in which the MMR gene mRNA expression level is decreased,
the MMR capability is decreased accordingly. However, prior to the present studies, it had not been
shown how the decrease in the expression levels of different MMR genes affects MMR efficiency. Here,
the functional in vitro MMR assay was used to study the consequences of reduced mRNA expression on

repair capability.

Transfection of four MMR gene shRNA plasmids into human fibroblasts and subsequent
monoclonalisation yielded KD cell lines with various MLHI, MSH2, MSH6 and PMS2 mRNA
expression levels. For MLHI, MSH2 and MSHG6 genes, the aim was to functionally assess cell lines
retaining approximately 25%, 50% and 75% of mRNA expression. Due to the lower penetrance
estimates in PMS?2 families, the expression level for PMS2 KD cell lines was assessed to be at mutation
carrier level (50%) or less. Cell lines closest to these expected expression levels were chosen for the
MMR assay. Thus, cells retaining 23%, 50%, and 74% of MLHI mRNA expression; 26%, 47%, and
68% of MSH2 mRNA expression; 51% and 79% of MSH6 mRNA expression; and 19%, 33%, and 53%
of PMS2 mRNA expression were chosen out of twenty four MLH I, sixteen MSH?2, nineteen MSH6 and
sixteen PMS2 KD clones (Figure 8). We were not able to establish MSH6 KD clones with mRNA
expression levels of approximately 25%, thus the repair efficiencies of only two different MSH6
expression levels were analysed (Figure 8). The protein expression levels of each gene of interest (GOI)
and their heterodimeric partners were verified by Western blot (WB) analysis from the nuclear protein
extract of the KD cell lines and their respective controls. Each KD cell line had their own negative
control (NC) throughout all analyses, which enabled us to compare the differences in repair capability
and also to eliminate any possible experimental artefacts that might occur in such a multi-step

experimental system.
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Functionally assessed MMR gene KD cell lines
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Figure 8. MLHI1, MSH2, MSH6 and PMS2 KD cell lines chosen for functional analyses

The KD cell lines were chosen based on their mRNA expression levels verified by Q-PCR. The mRNA levels retained in KD
cell lines are presented as percentages on the y-axis and in ascending order for each MMR gene. Only two MSH6 KD cell
lines met the inclusion criteria and were included in the analysis.

Nuclear extracts (NE) from each KD cell line were used to assess their repair efficiency in the in
vitro MMR assay. Three different amounts of NE (50 pg, 75 pg or 100 pg) were used for MLH1, MSH?2
and MSH6 assessments. For PMS2, only 75 png of NE was used since it was already proved to be the
optimal amount for usage in the functional assay (I). Here, the results of 75 pg of NE of each GOI
analysed in the functional assay are presented in Figure 9. 23% and 26% of the mRNA expression level
of MLH1 and MSH?2, respectively, led to complete MMR deficiency. This was confirmed by the finding
that the increased quantity of NE from these cells did not rescue the MMR proficiency. The completely
opposite result was detected in PMS2 KD cells retaining 19% of PMS2 mRNA expression level: these
cells still maintained MMR proficiency, and surprisingly showed the highest repair capability among all
PMS2 KD lines analysed. Another PMS? cell line below the carrier-like expression level, which retained
33% of mRNA expression, presented a statistically significant decrease in MMR efficiency compared
to its respective control in PMS2 (P = 0.001). Carrier-like expression levels in MSH2, MSH6 and PMS2
led to a significant decrease in MMR efficiency (P = 0.009, 0.003, 0.0002 respectively), whereas the
~50% mRNA expression in MLHI led to only a slight decrease in repair. Overall, 75% of the GOI
mRNA expression level was enough to maintain some repair in MLHI, MSH2 and MSH6. However,
MSH?2 and MSH6 repaired significantly less efficiently than their controls (P = 0.043, 0.03 respectively),
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while MLH] repaired at a level comparable to its control. No cell line in that range was established for

the PMS?2 gene.
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Figure 9. Relative (RR%) and absolute (AR%) repair efficiencies of MLHI1, MSH2, MSH6 and
PMS2 KD cell lines.

The percentage of repaired DNA of the total amount of DNA indicates absolute repair efficiencies (AR%). The average AR%
of at least two independent assay results are depicted on the line corresponding to the y-axis on the right for each MMR gene
assayed with 75ug of nuclear protein extract. Relative repair efficiencies (RR%) depicted on the y-axis on the left are a
comparison of each KD cell line AR% value to their respective control AR% value. Cell lines where a significant decrease
(based on p-value) was detected compared to the control are marked with *.

The full impairment of the MMR capability, seen in MLHI and MSH2 KD cells retaining less
than 50% of mRNA expression, could be explained by their central roles in MutLo and MutSa
complexes, respectively !¢, Interestingly, such reductions in PMS2 expression (19% and 33%
respectively) resulted in higher MMR efficiency than the carrier-like level (53%). Cells that retained
53% of PMS2 expression showed the lowest repair efficiency compared to two other PMS?2 cell lines.

This result is unexpected and suggests that such a low level of PMS? in the cell may be compensated by
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some homologous protein. Indeed, MLH3 (as part of the MutLy (MLH1+MLH3) complex) functions as
a backup for PMS2 . Moreover, the nuclear localization of MLH3 has been demonstrated to be
conditional and dependent on the abundance of PMS2 in the cell 37, further supporting this hypothesis.
However, we could not confirm the hypothesized compensatory mechanism, since although slightly
increased MLH3 protein expression was observed in the two PMS2 KD cell lines retaining 19% and
33% of mRNA expression, the MLH3 mRNA expression levels were decreased. Nevertheless, PMS2
has a substantial role in MMR as a component of MutLa. Our results suggesting that the PMS2
heterozygous state has devastating effects on the repair efficiency supports the survival hypothesis, but

needs further studies.

All MMR gene KD cell lines demonstrated reduced MMR efficiency with ~50% decrease in
mRNA level, indicating that a carrier-level is efficiently recognized. Interestingly, MLHI KD cells
indicated only a slight decrease in repair efficiency, while MSH2, MSH6 and PMS2 KD cell lines were
highly sensitive to reduction. Immortalized lymphoblasts from MLHI mutation carriers have
demonstrated similar repair capability as non-carrier lymphoblasts, whereas lymphoblast cells from
MSH?2 heterozygous carriers revealed significantly reduced MMR capability as well as increased
tolerance to methylating agent-treatment 22°, Moreover, stable expression of exogenous MLHI to 293T
cell line (MLH1") demonstrated that low levels of MLH1 are capable of restoring the MMR capability,
further underscoring our findings 2?7, A decrease of approximately 25% of MLH] expression was shown

to have the weakest effect on MMR efficiency compared to MSH2 and MSH6 cells.

Here, by using a functional approach we have assessed the significance of lowered MMR gene
expression on repair efficiency. The in vitro MMR assay proved to be sensitive for distinguishing MMR
gene mRNA expression levels indicative of LS, hence we present a novel approach for assessing the role

of MLH1, MSH2, MSH6 and PMS?2 genes in LS.
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Functional data helps to classify variants of uncertain significance

(1I)

As a part of an international collaboration project, the pathogenicity of 13 VUSs in MLHI and
11 in MSH?2 was assessed, and the results led to either the improvement of the existing classification or
provided the classification for the first time. The functional assessment is based on previously developed
standardized five-tiered system '° using standards assigned by the International Agency for Research on
Cancer (IARC) 2%, Each VUS was extensively assessed using population frequency, segregation, tumour
pathological data in addition to RNA- and protein-based analyses where feasible. Here, we made
recombinant proteins of five MLHI and four MSH2 missense variants using site-directed mutagenesis
and insect cell-based protein production. The protein expression levels of these missense variants were
determined with WB analysis. Using the in vitro MMR assay, repair efficiencies were determined by
complementing the MMR deficient cancer cell lines lacking either MLH1 or MSH2 protein with the
produced recombinant proteins. Additional information on both IHC/MSI-testing and RNA/splicing
assay results were used when possible to obtain a uniform classification for these nine MLHI or MSH?2

DNA variants.

Two out of the five MLHI1 variants (p.Glyl01Ser and p.Leu260Arg) demonstrated complete
MMR deficiency in the functional assay. Of these, only the MLHI p.Leu260Arg variant showed
decreased MLHI1 expression in WB, yet normal PMS2 protein expression. The MLH1 variants
p-Glyl01Ser and p.Glu605Ala indicated a slight reduction of MLH1 protein, yet the p.Glu605Ala variant
retained MMR proficiency in the functional assay. Three out of the four MSH2 variants were incapable
of repair (p.Gly669Val, p.Phe694Ser and p.Pro696Leu). The MHS2 p.Gly669Val variant had the same
protein expression levels as the wild type (WT), while p.Phe694Ser and p.Pro696Leu variants indicated
severe reduction in MutSa expression compared to the MutSa. WT control. The MMR efficiencies of
each recombinant MutLo (MLH1+PMS2) and MutSa (MSH2+MSHG6) variants are demonstrated as
relative repair efficiency (RR%) in Figure 10. RR% values are calculated from three independent
experiments as the ratio of protein variant absolute repair (AR%) to WT control AR%, the latter set to
100. Two MMR proficient variants (MLH1 p.Leu348Ser and MSH2 p.Lys82Glu) demonstrated slightly
reduced relative repair efficiencies (Figure 10), while the protein expression levels were comparable to

the MutLa- and MutSa-WT levels, respectively.
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Figure 10. Relative repair efficiency of MLH1 and MSH2 protein variants.

The relative repair efficiencies of nine recombinant MutLa- and MutSa-variants. The amino acids are abbreviated (see
beginning of the thesis). MutLo-WT (MLH1+PMS2) or MutSa-WT (MSH2+MSHG6) was used as a positive control; HCT116
cell line (MLHI-) or LoVo (MSH2-) was used as a negative control for studying MLH1 or MSH2 variant proteins,
respectively.

The data obtained from different analyses, including our protein expression and functional
analyses, facilitated the final classification of the five MLHI and four MSH?2 variants. The results are
presented in Table 13 (excluding population frequency and multifactorial analysis results). The
IHC/MSI-testing results available for four MLH1 variants were contradictory to our findings, yet they
supported our findings for all of the MSH?2 variants. More precisely, the two MMR proficient MLH1
variants (p.Arg474Pro and p.Glu605Ala) were indicative of LS, based on the tumour analyses. All MMR
deficient MSH2 variants (p.Gly669Val, p.Phe694Ser and p.Pro696Leu) demonstrated the loss of MutSa
expression and were associated with MSI-H tumours. The only MMR proficient MSH2 variant

(p.Lys82Glu) demonstrated intact protein expression and MSS status in a tumour.

The BRAF V600E mutation testing and/or promoter methylation analyses were undertaken
specifically for MLHI variants, and the results supported our findings. Specifically, in one MMR
deficient variant (p.Leu260Arg), neither the BRAF mutation nor the promoter methylation was detected.
However, the BRAF mutation was confirmed in the MMR proficient variant (p.Arg474Pro). This variant
also presented the loss of the other allele (Table 13).
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Two MMR deficient variants also indicated problems in RNA analyses. A potential splice site
variant, MSH2 ¢.2006G>T (predicted missense change p.Gly669Val), which was assessed as MMR
deficient, indicated complete exon 13 exclusion in a minigene assay (Table 13). Only partial skipping
was observed in established lymphoblastoid cell lines from a carrier (data not shown). The MMR

deficient MLH1 p.Gly101Ser variant also indicated partial exon skipping.
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The former InSiGHT Class 5 (pathogenic) was confirmed for one MLHI and three MSH2
variants. The tumour pathological data, methylation/BRAF testing as well as our analyses unanimously
indicated that the MLH1 p.Leu260Arg variant is LS causative. However, the tumour data together with
our in vitro MMR assay also suggested pathogenicity for MSH2 variants (p.Gly669Val, p.Phe694Ser
and p.Pro694Leu), while the protein expression levels detected by WB were variable. Thus, the detected
MSH2 protein expression in a tumour may not be an indication of protein functionality, as was
previously shown with MSH2 missense mutation '*. Interestingly, all of the three MSH2 variants
classified were located in the ATPase domain, which is suggestive that this protein domain of MSH2 is
somehow sensitive to alterations. Indeed, as the binding and hydrolysis is essential for MutSa’s MMR
activity, it could be anticipated that structural changes in the ATPase domain cause harmful effects on
the protein function *"?*®. Four previously studied MSH2 variants located in the ATPase domain were
assessed as pathogenic 2!7. Although no clear associations between certain protein domains and mutation
frequencies in MMR genes have been determined °, currently slightly more than 50% of the listed unique
MHS?2 exon 13 missense alterations are classified as pathogenic in the InSiGHT database
(https://databases.lovd.nl/shared/variants/MSH?2/), thus indicating that mutations in the ATPase domain
of MSH2 have adverse effects on protein function. One MLH1 variant (p.Arg474Pro) remained as a
variant of uncertain significance based on observed discrepancies between the tumour pathological data

(indicating pathogenicity) and the functional analysis (indicating proficiency).

The inclusion of new data on tumour characteristics and/or segregation data in addition to
functional protein analysis led to the successful reclassification of one Class 4 (likely pathogenic) MLH1
variant (p.GlylOlSer) to a Class 5 (pathogenic variant). This alteration does not affect the
screening/surveillance recommendations for a putative mutation carrier, and it is highly unlikely that a
pathogenic variant would change into a non-pathogenic one with the inclusion of additional data. Thus,
current guidelines for variant interpretation recommend the collection of as much information as possible
for variants assigned to either Class 2 (likely not pathogenic) or to Class 4 (likely pathogenic), in order

to provide a definitive classification 2%,

For two novel MLHI1 variants (p.Leu348Ser, p.Glu605Ala) and for one novel MSH2 variant
(p.Lys82Glu), the MSI status was available from only one tumour. The MLH1 p.Leu348Ser variant had
the least available data and was thus moved to Class 3 (variant of uncertain clinical significance).
Although, the MMR proficiency and MSS tumour are an indication of non-pathogenicity, as was the

lack of major splicing alterations, we followed the interpretation guidelines for breast cancer genes that
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advise not to classify variants with limited clinical/laboratory evidence and instead to consider them as
VUS until more evidence is available for assignment into a clinically actionable -class
(https://enigmaconsortium.org/). Although clear discrepancies were observed between tumour
pathological/multifactorial analysis data compared to our functional MMR assay for the MLH]1 variant
p.Glu605Ala, it was classified as a likely pathogenic variant (Class 4). Unfortunately, no BRAF
mutation/methylation testing was carried out for this variant — a result from either test could have aided
the final classification. Finally, MSH2 p.Lys82Glu variant’s tumour features and MMR activity
indicated its proficiency and led to being assigned as a likely not pathogenic variant (Class 2).
Nevertheless, neither of these variants are assigned permanently to these classes due to insufficient

evidence, and are hence regarded for the time being as VUSs (https://enigmaconsortium.org/).

The LOVD database (https://databases.lovd.nl/shared/genes/), curated by the InSiGHT,
facilitates the classification of MMR gene variants, thus promoting the identification of LS families.
Importantly, VUS pathogenicity has been demonstrated on several occasions using functional analyses
that indicate the effect of the protein variant on MMR efficiency '4''33. Here, we have also demonstrated
the importance of the functional assay in determining the significance of a variant. In comparison to
silent mutations or intronic variants, the effect of a non-truncating MMR gene variant on the
functionality is more complex to interpret. As such, obtaining multiple points of evidence is extremely
important to facilitate the final classification. By assessing one of the hallmarks of LS associated tumours
— MMR deficiency — we have efficiently determined the significance of the majority of the tested
variants. Alterations that remained as VUS after MMR activity assessment require additional clinical

evidence for determining their possible non-pathogenicity or pathogenicity.
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CONCLUSIONS AND FUTURE PROSPECTS

The main aim of the present thesis was to elucidate the impact of lowered gene expression in
mismatch repair genes MLHI, MSH2, MSH6 and PMS2 on mismatch repair capability, and to determine
the functional significance of five MLHI and four MSH?2 missense variants found in suspected Lynch

syndrome families.

The in vitro MMR assay enables the assessment of the repair capability of cells, and is therefore
suitable for analysing the effect of MMR gene expression decrease on the repair efficiency. For the first
time, we applied the stable ShARNA knockdown approach to achieve cell lines with variable MMR gene
expression, which allowed us to assess the effect of MMR gene expression change on the repair
capability. We demonstrated that the in vitro MMR assay is sensitive enough to detect repair differences
due to lowered MLHI1, MSH2, MSH6 and PMS2 mRNA expression. Interestingly, the effect of decreased
MMR gene expression on repair efficiency varied between genes. Mismatch repair capability of the cells
was most sensitive to reductions in MSH2 and MSH6 expression, with carrier-like (~50%) expression
levels significantly decreasing repair efficiency. Cells were less sensitive to ~50% MLHI expression
reduction, while the repair capability was lost when only approximately 25% of MLHI or MSH2
expression was left. Remarkably, carrier-like PMS2 expression level in the cell caused severe effects on
the repair compared to cell lines retaining lower than 50% of PMS?2 expression. These findings confirm
that with the functional assessment we were able to distinguish MMR gene expression reductions,
similar to MMR gene expression decrease in Lynch syndrome carriers, and highlight the importance of

gene-specific characteristics that contribute to MMR deficiency.

Variants whose pathogenicity remains undetermined after sequencing require further analyses
for classification as non-pathogenic and pathogenic. The International Society for Gastrointestinal
Hereditary Tumours continues to significantly contribute to the classification of variants of uncertain
significance (VUSs), by gathering MMR gene variant-related information to a database available to
medical experts and scientists. Our results demonstrate that the functional in vitro MMR assessment of
VUSs contributes significantly for their pathogenicity classification. Indeed, of the functionally analysed
five missense variants in MLHI and four in MSH2, three variants were novel, and thus previously
unclassified by InSiGHT. In addition, we were able to give a definitive classification to one MLH]
variant and confirm previous InSiGHT classifications to five VUSs. Thus, the functional analyses helped

to determine the clinical significance of nine missense variants.
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Findings from these studies provide new insights into the severity of the malfunction that
decreased levels of MMR gene expression can cause. Furthermore, the results show that the functional
assessment of variants of uncertain significance considerably helps their pathogenicity assessment. Both
of these findings may have an important impact in Lynch syndrome diagnosis in the future. Since the
carrier-like expression level of the PMS2 gene was shown to cause surprisingly severe mismatch repair
malfunction, one of the future prospects in our studies includes the pathogenicity assessment of PMS2
mutations/VUSs with the functional test. The functional test itself has already been further developed to
be of high quality and sensitive, and taken into use for variant pathogenicity assessment, while our future

prospects include its use for variant classification.
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