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“The world and the universe is an extremely beautiful place, and the more we understand 
about it the more beautiful does it appear.” 

 
- Richard Dawkins  

(In an interview with Sheena McDonald)
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SUMMARY 

The most common inherited cancer syndrome, Lynch syndrome (LS), is caused 
by a defected post-replicative DNA mismatch repair (MMR) pathway. Human MMR is 
initiated by the binding of a heterodimeric mismatch recognition factor MutS  
(MSH2+MSH6) or MutS  (MSH2+MSH3), followed by the assembly of the repairosome by 
MutL  (MLH1+PMS2). In addition to sharing a common heterodimerisation protein, the 
roles of MutS  and MutS  have been suggested to overlap in the repair of small insertion 
deletion loops. A germline mutation in MLH1, MSH2, MSH6 or PMS2 is most commonly the 
cause of LS. Mutation carriers have a significantly increased risk for colon and endometrial 
cancers in particular, although tumorigenesis is thought to only commence upon losing the 
healthy allele. The clinical importance of identifying LS patients is reflected by the 
significantly increased cancer risk of LS mutation carriers and the effectiveness of LS 
associated cancer surveillance. The clinical diagnosis of LS relies on tumour pathological 
analyses, the identification of an MMR gene variation by mutation analysis and the 
subsequent pathogenicity assessment of the variation. However, the clinical significance of 
non-truncating genetic alterations can be difficult to interpret as they are associated to a 
variety of clinical phenotypes, ranging from the lack of adverse effects to a highly increased 
cancer risk. Due to the unknown functional significance of such variants, functional 
assessment is required for their pathogenicity assessment. Hence, biological tools used to 
assess the pathogenicity of MMR gene variations can be central to identifying LS patients.  

The aim of the studies in this thesis was to understand how MMR proteins and 
MMR gene alterations affect the MMR mechanism and contribute to LS. The role and 
significance of the wild type and variant MMR proteins were analysed in a homologous 
human MMR system by an in vitro MMR assay. Three different substrate molecules 
consisting  of  a  GT  mismatch,  a  single  or  a  two  nucleotide  loop  were  used  to  study  the  
substrate specificities and MMR efficiencies of the MutS protein complexes. Even though 
MutS  does not participate in mononucleotide loop repair, it was shown to exceed MutS  
in dinucleotide loop repair indicating that dinucleotide microsatellite instability in the 
absence of mononucleotide instability is indicative of MSH3 defects. Furthermore, the 
introduction of a dinucleotide loop substrate to our assay allowed the novel pathogenicity 
assessment of an MSH3 variation. Functional variant pathogenicity assessment of MMR 
gene variations linked to atypical clinical features also confirmed the pathogenicity of two 
novel MSH6 variations and one biallelic MLH1 variation. The compound contribution of 
MMR gene VUS pairs, as found in LS cancer patients, was assessed and a subtle compound 
effect of two MSH2 variations that appear MMR proficient when assayed individually was 
shown. Also, the application of MMR gene variants with known molecular effects to verify a 
variation pathogenicity assessment model helped describe the model appropriate for MLH1 
and MSH2 variations. Finally, we established MMR gene specific knockdown cell lines to 
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investigate the effect of reduced MMR gene expression on the MMR efficiency. The 
knockdown clones retaining 50% of MSH2 or MSH6 mRNA expression demonstrated 
significantly reduced in vitro MMR efficiencies whilst a decrease was also detectable in 
MLH1 knockdown extracts. The knowledge of the gene specific mRNA expression levels that 
can  be  detected  as  MMR  deficient,  presents  the  opportunity  to  develop  the  assay  to  
recognise LS from non-cancerous cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



INTRODUCTION 

11
 

INTRODUCTION

The most common inherited cancer syndrome, Lynch syndrome (LS), was first 
described a hundred years ago, decades before the identification of the underlying genetic 
culprits1.  LS  is  caused  by  germline  mutations  in  DNA  mismatch  repair  (MMR)  genes  MLH1 
(MIM# 120436), MSH2 (MIM# 609309), MSH6 (MIM# 600678) or PMS2 (MIM# 600259) and 
is characterised by an increased cancer risk, particularly of the colon and endometrium2. In 
fact, colorectal cancers are among the most common cancers in the Western world and up 
to 20% of them are predicted to be caused by an inherited mutation3. Lynch syndrome is 
thought  to  account  for  at  least  5%  of  all  colorectal  cancers4-6.  The  DNA  MMR  mechanism  
repairs replication errors frequently occurring in dividing cells and one healthy MMR gene 
allele is suspected to produce enough functional protein for sufficient MMR. Tumorigenesis 
is initiated by the loss of the healthy allele and usually occurs decades earlier in LS cancers 
than in sporadic colon cancers7. Furthermore, the tumorigenesis of MMR deficient cells is 
further accelerated by unrepaired mutations accumulating in genes vital for restricting and 
controlling the cell cycle8.   

Identifying Lynch syndrome families is of utmost importance to the proband 
and subsequently, their family members, as cancer prevention and early cancer diagnosis 
can be very effective and lifesaving9. International clinical criteria, the Amsterdam criteria, 
help to identify LS families by considering the type and frequency of cancers within a 
family10. However, in order to diagnose Lynch syndrome in a cancer free patient, a mutation 
with confirmed pathogenicity should be identified. The affected patient’s family history and 
tumour pathological data, including immunohistochemistry and microsatellite instability 
analyses, guide the genetic analysis.  Although MMR gene mutations of known functional 
effect can confirm or rule out LS, the identification of a mutation whose cellular effects are 
not known requires functional analyses for the pathogenicity assessment. For such purpose, 
analyses using the yeast and human MMR mechanism as a whole as well as biochemical 
assays evaluating more specific cellular functions have been described11. Indeed, the 
International Society for Gastrointestinal Hereditary Tumours have highlighted the value of 
the knowledge derived from these assays by maintaining an accessible international 
database where such variant analysis results can be found and by utilizing them to suggest a 
pathogenicity classification for a large proportion of such variations12. Also, classification 
and pathogenicity assessment models as well as in silico algorithms continue to contribute 
towards the pathogenicity assessment. Nevertheless, regardless of the clinical criteria, the 
in silico prediction models and the clinical assessment models, the identification of LS 
families and patients can be challenging. Some LS families do not meet the clinical criteria 
and tumour pathological data dependent variant identification can be inconclusive13 proving 
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the need to further explore the MMR mechanism and our opportunities to exploit it for 
Lynch syndrome diagnosis. 

This thesis aims to study Lynch syndrome associated MMR deficiency by 
investigating the role and significance of MMR protein heterodimers; by functionally 
characterizing MMR gene variants and variant pairs; by using a panel of functionally and 
biochemically characterised variants in evaluating a pathogenicity assessment model; and 
by exploring how reduced mRNA expression levels affect MMR efficiency and the potential 
and sensitivity of the in vitro MMR assay in LS detection from non-cancerous tissue. 
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REVIEW OF THE LITERATURE

I. Eukaryotic mismatch repair (MMR) and the role of its key
components

Knowledge first derived to understand the prokaryotic mismatch repair (MMR) 
mechanism has been central to elucidating the MMR function in eukaryotes14,15.  To  date,  
functional homologues for nearly all prokaryotic MMR components have been identified. As 
a result, the key eukaryotic MMR proteins that form the functional protein heterodimers 
are largely named after the prokaryotic homodimer MutS homologues (MSH) and MutL 
homologues (MLH).  

Eukaryotic MMR proteins and heterodimers 

Evolutionarily, the MMR mechanism is highly conserved from bacteria to yeast 
to humans. The human MMR heterodimers implicated in the MMR mechanism and their 
protein components are listed in Table 1. 

 
Table 1.  Human MMR heterodimer complexes 

Heterodimer Protein components 

MutL  PMS2 
+ MLH1 

MutL   MLH3  

MutS  MSH6 
+ MSH2 

MutS  MSH3 

 

Overall, six MutS homologues have been identified in Saccharomyces 
cerevisiae (MSH1-MSH6) and five in humans (MSH2-MSH6)16. Human MSH2 was first cloned 
in 199317 and subsequently isolated in 199518. MSH2 is central and irreplaceable in 
eukaryotic  MMR  due  to  its  role  in  both  MMR  specific  MSH  heterodimers  MutS  and  
MutS 19. MSH2, MSH3 and MSH6 each consist of five functional domains that contribute to 
the mismatch recognition, binding and signalling as MutS  and MutS  heterodimers20,21. 
The DNA binding motif specificity is mainly dictated by the MSH6 and MSH3 counterparts 
whereas the MSH2 motif is the main modulator of adenosine triphosphate (ATP) binding 
and hydrolysis22-24. Similarly, the N terminal motifs of MSH6 and MSH3, but not MSH2, have 
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been shown to be able to bind proliferating cell nuclear antigen (PCNA), another key 
component of the repair mechanism25-27. In addition to sharing MSH2 as a common subunit, 
MutS  and MutS  have overlapping substrate specificities in recognizing small nucleotide 
loops18,28. In fact, unlike MutS  the role of which is reserved to smaller DNA errors, MutS  is 
able to recognise loops up to 16 nucleotides in size19,29-31. Nevertheless, the MMR 
mechanism is only thought to repair loops up to 5 nucleotides in size32. Although the 
primary role of MutS  in eukaryotic MMR has been supported by findings that ~85% of 
nuclear MSH2 is found in the MutS  complex, it has been suggested that in dearth of MSH6, 
MutS  (MSH2+MSH3) formation frequencies rise causing further degradation of remaining 
MSH6 proteins33-35. Both, MSH6 and MSH3 have been shown to be unstable without their 
cognate heterodimerisation partner MSH236. Furthermore, the yeast MSH1 is involved in 
the mitochondrial DNA repair37 whereas yeast and human MSH4-5 play a role in meiotic 
DNA repair as later discussed. 

Similarly, four MutL homologues have been described in eukaryotic MMR with 
post  meiotic  segregation  increased  1  (PMS1,  MLH2  in  yeast),  PMS2  (PMS1  in  yeast)  and  
MLH3 forming the heterodimer complexes MutL , MutL  and MutL , respectively with 
MLH1. Of these, only MutL  has been proven central to the MMR mechanism, yet much of 
its function remains to be characterised. The human MLH1 was  first  cloned  in  199438. 
Subsequently, the central role of MLH1 and the MutL  heterodimer was described 1995 by 
Li & Modrich who purified the human heterodimer homologue and described its two 
protein components and their ability to restore MMR proficiency in MMR deficient nuclear 
extracts39. MLH1 is an approximately 85 kDa peptide that, regardless of its known functional 
importance, in most parts, remains to be molecularly characterised. It has been shown that 
all of the human MLH1 heterodimerisation partners form the heterodimer over the same 36 
amino acid interaction domain in MLH140. Similar to the MutS heterodimers, a 
conformational change initiated by ATP binding has been said to endorse the completion of 
the MutL  heterodimerisation in yeast41. The endonuclease activity of MutL  is mediated 
through the MLH1 heterodimerisation partner, Pms1 in yeast or PMS2 in humans, and is 
said to help the removal of the error containing strand by creating small nicks to the strand 
to be removed42. Human PMS1 and PMS2 were also cloned in 1994, followed by the 
identification of human PMS2 pseudogenes clustered on chromosome 743-46. Similar to 
MSH6 and MSH3, PMS2 has been shown to be unstable without its heterodimerisation 
partner36. Other MMR genes contributing to the MutL heterodimers with less obvious roles 
in human mismatch repair include MLH3 and PMS1. The role of MLH3 has been implicated 
in MMR, nevertheless its nuclear localization has been shown to be MLH1 dependent which 
in the presence of PMS2 preferentially form the MutL  heterodimer, suggesting that MLH3 
may be able to function as a backup for PMS2 in MutL heterodimer formation47. Although 
human  PMS1  (equivalent  to  yeast  MLH2)  has  been  shown  to  be  able  to  exist  in  complex  
with MLH1 (MutL ) its role is not yet fully understood48,49.  
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The eukaryotic MMR mechanism 

The eukaryotic MMR mechanism has been extensively studied in yeast, mice, 
human cell extracts and it has even been reconstituted in vitro with purified proteins. The 
general outline of the molecular events, from mismatch recognition to error excision and 
replacement which is described here is illustrated in Figure 1. Mismatches and small 
insertion deletion loop (IDL) errors are recognised and bound to by MSH protein 
heterodimers MutS , composed of MSH2 and MSH6 or MutS , composed of MSH2 and 
MSH3 respectively50,51. The assembly of the repairosome is initiated by the binding of MutL  
(MLH1  coupled  with  PMS2  in  humans  and  PMS1  in  yeast),  the  molecular  matchmaker  
between the recognition and excision process37,50-52. Upon error recognition, the MutS 
heterodimer has been suggested to undergo a conformational change as a result of ATP- 
adenosine diphosphate (ADP) exchange in a manner that effects the mobility of the whole 
tetramer53,54. The interaction of the proteins in the repairosome have been proposed to be 
facilitated by the physical bending of the DNA by a high motility group box 1 (HMGB1) 
protein51,55. This facilitates the tetramer formed by MutS  and MutL  to slide towards 
PCNA and replication factor C (RFC)51,56-58.   The  manner  by  which  the  eukaryotic  MMR  
mechanism ensures appropriate strand discrimination is not fully understood and several 
hypotheses to explain it exist. Upon error recognition by a MutS heterodimer, the DNA 
binding domains wrap around the DNA in a manner which has been suggested to facilitate 
the search for a strand discrimination signal in addition to recognizing the error59. In fact, 
the prokaryotic methyl directed strand discrimination has been suggested to be replaced by 
the endonuclease activity of the C-terminal region of PMS2 (or MLH3) through nicking the 
error containing strand in a MutS dependent manner42,60. The PCNA binding ability of MSH3 
and  MSH6  together  with  the  localization  of  PCNA  at  the  replication  foci  have  also  been  
proposed to contribute towards the process16,25,61. Furthermore, it has been speculated that 
during the synthesis of the lagging strand, the 5’ and 3’ ends of the Okazaki fragments may 
act as strand discrimination signals for the MMR repairosome62.  Regardless of the method 
of strand discrimination, the removal of the error-containing strand has been shown to be 
mediated by exonuclease 1 (EXO1). Interestingly, the ability of EXO1 to bind to MLH1, MSH2 
and MSH3 has been demonstrated63-65.  It  alone does not however,  seem able to fill  in  the 
functional gap between the repairosome assembly and strand discrimination nor is it 
irreplaceable by other exonucleases66. Before the resynthesis of the error containing strand 
by  DNA  polymerase  (Pol)   occurs,  the  remaining  single  strand  DNA  is  stabilised  by  
replication protein A (RPA) binding. To conclude the eukaryotic MMR, DNA ligase seals the 
gap between the new and old strands. 
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Figure 1. Overview of the 5’-directed eukaryotic MMR.  

The mismatch is recognised by a MutS heterodimer (MutS  or MutS ) which through the 
incorporation of MutL  forms the repairosome. The repairosome interacts with PCNA 
and RFC, following EXO1 signalling to excise the error containing strand. RPA stabilises 
the single stranded DNA whilst polymerase  resynthesizes the removed segment which 
is thereafter ligated by DNA ligase. 



REVIEW OF THE LITERATURE 

17
 

The reconstitution of the MMR reaction in vitro with purified proteins has 
suggested that six active protein components, MutS /MutS , EXO1, RPA, PCNA, RCF and Pol 

, are sufficient to conduct the 5’-nick directed MMR reaction, whereas MutL  is necessary 
as the seventh component for 3’-directed repair50,51,67. Nevertheless, the multiplex role of 
MutL  has been described to not only add efficiency to the repair reaction by forming a 
tetramer with the MSH heterodimer, but also to signal termination of the EXO1 mediated 
excision51.  Unlike  in  prokaryotic  MMR,  no  eukaryotic  DNA  helicase  has  been  shown  to  be  
involved in eukaryotic MMR although a methyl-CpG-binding endonuclease, mediator 
complex subunit 1 (MED1), has been speculated to have such a role due to its endonuclease 
activity and ability to bind MLH168.  

The role of MMR proteins in mitotic mutation avoidance 

The relationship between the MMR mechanism and high mutation frequencies 
was first described in 1980 in Escherichia coli69. Naturally, DNA mutations arise in response 
to endogenous (e.g. oxidative stress) and exogenous (physical or chemical) factors that 
cause alterations that escape cellular repair mechanisms. MMR genes are caretaker genes 
whose protein products promote genomic instability by repairing and responding to DNA 
errors70. Even though the MMR proteins protect the integrity of the genome in various 
ways, the primary role of the DNA MMR mechanism as a whole is to correct errors that arise 
during replication71.  A  defective  MMR  mechanism  is  associated  with  the  accumulation  of  
mismatches and small extra helical loops that can cause truncating frame shift mutations or 
render important proteins dysfunctional through alternative ways. Mismatches are usually 
the product of misincorporated nucleotides that escape DNA polymerases’ proofreading 
mechanism, whereas small extrahelical insertion deletion loop errors are due to the 
slippage of the replication machinery. Even though the rate of alterations escaping the 
polymerases’ proofreading mechanism has been estimated to be approximately 10-7 per 
base pair per cell division, mutations escaping the repair mechanisms are more rare72. 
Replication errors due to strand slippage are, however, more common in regions of simple 
repetitive sequence73. Hence, in the absence of a functional MMR mechanism, point 
mutations and variable repeated sequence motif lengths, also known as microsatellite 
instability (MSI), are common. In the absence of sufficient MMR, genes with repetitive 
areas, such as many tumour suppressor genes as well as MMR genes MSH3 and MSH6, are 
prone to deleterious frame shift mutations caused by replication machinery slippage. Hence, 
the mutator phenotype of an MMR deficient cell is thought to play a central role in 
oncogenic transformation, particularly when mutations in tumour suppressor genes remain 
unrepaired74. Regardless of its ability to recognise larger loop errors, the MutS  mediated 
MMR  is  thought  to  correct  IDLs  of  up  to  5  nucleotides  in  size30-32 whilst the partially 
overlapping nucleotide excision repair (NER) and the large loop repair (LLR) pathways detect 
and repair strand loops up to hundreds of nucleotides in size75,76. Interestingly, the role of 
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MMR proteins in the transcription coupled NER pathway in repairing UV photoproducts 
have been implicated, suggesting an overlap between the proteins of the repair 
mechanisms as well77. 

In addition to being vital in post replicative repair, MMR proteins are also 
involved in mitotic mutation avoidance via alternative pathways. An important role of the 
MMR mechanism is seen in the damage response mechanism that acts to prevent the 
accumulation of mutations. In fact, the eukaryotic MMR proteins have been implicated to 
be  central  to  eliciting  DNA  damage  responses  at  G1  and  G2  checkpoints  of  the  cell  cycle.  
Such responses can be triggered by the MutS heterodimer recognition of damaged or 
modified bases caused by exogenous DNA damaging agents such as N-methyl-N -nitro-N-
nitrosoguanidine (MNNG) and N-methyl-N-nitrosourea (MNU)78,79. Also, the MMR protein 
mediated influence on apoptosis has been described in the context of p53 -dependent and –
independent mechanisms through damaged nucleotide binding by MutS 80. Furthermore, 
the stabilizing effect of PMS2 on the preapoptotic p73 transcription factor has been 
described as vital for DNA damage induced apoptosis81,82. The involvement of MMR proteins 
in apoptosis have been further implicated by the findings that MLH1 deficient cells appear 
to  be  resistant  to  poly  ADP  ribose  Pol  (PARP)  dependent  cell  death  as  well  as  caspase  
mediated apoptosis83. Nevertheless, floating apoptotic bodies and cell numbers have been 
shown to be unaffected by the knockdown of MLH1 in cancer cell lines84. Interestingly, the 
amount of cellular MLH1 required for sufficient damage signalling has been shown to be 
higher than the amount required for rescuing MMR proficiency of MMR deficient cancer 
cells83,85,86. Overall, the inability to halt the cell cycle for repair or apoptosis signalling 
renders MMR deficient cells particularly vulnerable to cytotoxic damage initiated by DNA 
methylator damage and in some cases even unresponsive to chemotherapeutic agents such 
as cisplatin and carboplatin87-89. Furthermore, MSH6 interaction with a key regulatory 
subunit of the non-homologous end-joining repair pathway, has implicated the role of MMR 
proteins in DNA double strand break repair mediated mutation avoidance90.  

MMR deficiency and disease 

Given the imperative role of the MMR mechanism, defects affecting it lead to 
disease. Inherited defects in MMR genes are most commonly described in the context of 
cancer predisposing Lynch syndrome. The molecular and clinical aspects of Lynch syndrome 
are further described in the second half of this literature review (p.21). As outlined in Table 
2, other less common cancer predisposition syndromes associated with MMR defects are 
Muir-Torre syndrome, Turcot syndrome and Constitutional Mismatch Repair Deficiency 
syndrome (CMMRD) which, unlike the other MMR deficiency related cancer syndromes, is 
caused by biallelic germline mutations91.  
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Table 2. Cancer syndromes associated with inherited MMR gene mutations 
 OMIM # Description/Cancer predisposition Inheritance 

Lynch syndrome 120435 colon and endometrium 

MLH1 
MSH2 
MSH6 
PMS2 

Muir-Torre 
syndrome 158320 sebaceous skin tumours 

with internal malignancy 
MLH1 
MSH2 

Mismatch Repair 
Cancer Syndrome 
(MMRCS) 

276300 
Turcot syndrome & 
Constitutional Mismatch Repair 
Deficiency syndrome 

MLH1 
MSH2 
MSH6 
PMS2 

MMRCS subtype: 
Turcot syndrome 

concurrent colorectal polyposis and 
primary tumours of the central nervous 
system 

(monoallelic) 

MMRCS subtype: 
Constitutional Mismatch 
Repair Deficiency 
syndrome 

hematologic malignancies, 
brain/central nervous system tumours, 
colorectal tumours, 
multiple intestinal polyps 

(biallelic) 

 

 Moreover, most probably due to the growth advantage caused by the mutator 
phenotype of MMR deficient cells, MMR deficiency is commonly detected in sporadic 
cancers  as  well.  Estimates suggest  that  up to 15-25% of  sporadic  colon cancers are due to 
somatic MMR gene defects, most commonly through the epigenetic silencing of both copies 
of MLH192-94. Whereas a subset of MMR deficient cells may be unresponsive to specific 
chemotherapeutic agents87-89 sporadic tumours with high MSI (MSI-H) have been associated 
with better survival rates than microsatellite stable (MSS) tumours in population based 
studies95,96. This association has been linked to increased T lymphocyte activation and the 
largely unexplained increase in the rate of apoptosis97-99. 

MMR proteins in other cellular functions  

The role of MMR proteins is not limited to mitotic mutation avoidance. 
Understanding the spectrum of cellular functions that they participate in, help explain the 
range of phenotypes that arise as a result of defects in the MMR mechanism. In addition to 
mutation avoidance, MMR proteins have also been described to be involved in important 
cellular processes such as antibody diversity and meiosis.  

MMR proteins, MSH2 and MSH6 in particular, contribute to antibody diversity 
by participating in the removal of deaminase-introduced uracils forming G/U mismatches in 
the immunoglobulin (Ig) loci100.  Furthermore, MSH2 and MSH6 have been associated with 
class switch recombination by facilitating the formation of double strand breaks at the Ig 
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switch regions in the absence of uracil-DNA glycosylase101. Supporting the role of MSH2 and 
MSH6 in antibody diversity, mouse models have also shown that Ig variable region 
mutations are less frequent in the absence of MSH2 or MSH6102,103. 

In addition to mitotic mutation avoidance, MMR proteins have been strongly 
linked to meiosis. The central role of MMR components in meiotic events may help explain 
the rarity of homozygous MMR deficiencies and the severe phenotypes associated with such 
rare cases. MSH2 mutations have been reported to affect meiotic gene conversion in yeast 
and MLH1’s vital role in meiotic crossing over is demonstrated by arrested meiosis detected 
in infertile MLH1 deficient mice37,72,104. Furthermore, human homologues of some of the key 
prokaryotic  MMR genes with no known role in  human MMR have also been implicated in 
meiosis and repair. A heterodimer comprised of MSH4 and MSH5 has been described to 
have a role in meiotic recombination and chromosome segregation with limited expression 
in the testis and ovaries105.  

Further cellular roles of MLH1 and MSH2 have been investigated in gene 
knockout and depletion studies which have revealed that cell growth or doubling times do 
not appear to be effected in MLH1, MSH2 or MSH6 knockdown cell lines106. However, the 
transient siRNA knockdown of MLH1 in  HeLa  cells  is  reported  to  affect  the  cytoskeleton  
dynamics in a manner leading to fibroblast like elongated cell shape suggesting more 
invasive cell growth107. Unsurprisingly, MSH2 depletion in fibroblasts results in microsatellite 
instability and an increase in telomere shortening rates108. The knockdown of MSH2 has also 
been associated with a depletion of MSH6 expression106,109, a phenomenon which occurs at 
protein level due to the instability of MSH6 without its cognate heterodimerisation partner.   
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II. Lynch syndrome (LS)

Cancer is a leading cause for death with approximately 30 000 new diagnoses 
in Finland in 2011 (http://www.cancerregistry.fi). Although the majority of cancers arise 
sporadically, all cancers represent a complex array of genetic changes that accumulate over 
time. Overall, oncogene activating or tumour suppressor silencing mutations are associated 
with the growth and survival advantage of the neoplastic cell. Typically, tumorigenesis is 
thought to be driven by a combination of two to eight of such ‘driver mutations’ conferring 
the neoplastic cell a growth advantage110. Colon is the third most frequently affected site of 
cancer in males, and second most frequently affected site in females, with over 1700 new 
diagnoses in Finland in 2011 (http://www.cancerregistry.fi). The adenoma to carcinoma 
sequence of events during colon cancer progression has been described in the context of 
the genetic changes that drive the neoplastic transformation. In a normal cell, caretaker 
genes promote the fidelity of the genome, whereas gatekeeper genes are involved in the 
control of the cell cycle progression70. Upon the loss of a caretaker gene function, genomic 
instability in the mucosal epithelium permits the accumulation of genetic and epigenetic 
changes, oncogene activating and gatekeeper gene defecting changes further drive the 
neoplastic transformation111. Inherited defects affecting any of such genes predispose an 
individual to neoplastic transformation, commonly resulting in early onset tumours.  

Overview of LS  

Lynch syndrome (LS; also referred to as hereditary non-polyposis colorectal 
cancer; HNPCC) is an autosomal dominant syndrome described by an inherited risk for a 
spectrum of cancers caused by MMR deficiency. The highly penetrant syndrome was first 
described 100 years ago in Michigan, USA by Aldred Warthin in a family with German origins 
(Family G) and subsequently named the Cancer Family syndrome by Henry Lynch1,112,113. In 
1971, Lynch revisited Warthin’s Family G and through an extensive study of over 600 family 
members, pinpointed the autosomal dominant nature of the inherited risk for colon, uterine 
and stomach cancers114.  Decades later,  in  the 1990s,  the link between LS and the mutator 
phenotype caused by MMR deficiency emerged when it became apparent that 
heterozygous germline mutations affecting MMR genes cause the inherited predisposition 
to cancers. In fact, the first LS locus pinpointing to an MMR gene was mapped and identified 
as MSH2 20 years ago in 199317,115. Nevertheless, it was not until very recently, in 2005, that 
another follow-up study on over 900 descendants of the Warthin’s Family G documented an 
MSH2 mutation held accountable for the cancers of the colon and endometrium still 
persisting in the descendants of the family116. As with tumour suppressor genes, the loss of 
the wild type allele leading to homozygous MMR gene deficiency is thought to be required 
for tumorigenesis7. The wild type allele may be rendered defective by a somatic mutation, 
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methylation or a loss of heterozygosity deletion93,117,118. As a result of being MMR deficient, 
LS tumours are characterised by MSI119. The proximal large intestine and rectum are most 
commonly affected in LS, nevertheless, endometrial cancers (EC) are not uncommon. In fact, 
the LS tumour spectrum is described to also include tumours of the ovaries, stomach, small 
intestine, liver, biliary tract, urinary tract, kidney and the central nervous system120. Notably, 
LS is the most common inherited colorectal cancer (CRC) syndrome. The transition from 
adenoma to carcinoma has been described to occur up to five times faster in LS than in 
sporadic  CRC,  and  hence  the  average  age  of  cancer  onset  is  less  than  50  years121-123. 
Currently, approximately 95% of LS cases are caused by either MLH1, MSH2 or MSH6 
mediated MMR deficiency, whereas only a few per cent of  cases  are  traced  to  PMS2 
deficiency or MSH2 deficiency caused by reading frame shifting deletions in the upstream 
epithelial cell adhesion molecule (EPCAM)2. Nevertheless, a substantial amount (~30%) of 
cases clinically fitting the characteristics of LS are of unknown cause as the identification and 
characterisation of the MMR defect is not always attainable124. In general, an individual with 
an MMR deficiency causing deleterious germline mutation has approximately a 60-80% life 
time risk to develop a LS spectrum tumour, most likely at a relatively young age74,125-127. 

The mutator phenotype of MMR deficient cells is the basis of tumorigenesis 
mediated through several alterations in the genome. As caretaker genes, MMR genes 
protect  the  fidelity  of  the  genome  by  repairing  mismatches  and  small  IDLs.  Hence,  as  
described earlier, MMR deficient cells accumulate point mutations and are particularly 
prone to frame shift alterations in areas of simple repeated sequence such as 
microsatellites. The type of alterations the cell is prone to is very much dependent on the 
MMR  defect  in  question.  In  the  absence  of  MLH1  or  MSH2,  all  MMR  error  recognition  is  
impaired whereas in the absence of  MSH6 or MSH3 single nucleotide mismatches or  IDLs,  
respectively, are more prone to remain unrepaired. Even though error prone repetitive 
sequence regions are often found in intronic sequences, many tumour suppressor genes 
have mono- or dinucleotide repetitive sequence within the coding region. In fact, the genes 
most commonly found to be affected by a defective MMR mechanism include genes whose 
absence gives the cell a growth advantage8,128 (Table 3). 

Overall, LS tumours are associated with a better prognosis than their sporadic 
equivalents119,129. This may merely be due to increased surveillance, nevertheless, only rare 
LS associated brain tumours, the third leading cause of cancer death in LS patients, are still 
associated with significantly higher absolute excess risks for death than that of the general 
population6,130. 
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Table 3. Mutation prone genes in MSI tumours 
GENE Function 

ACVR2 Activin type 2 receptor activin receptor: TGF  ligand signalling 
BAX BCL2-associated X protein proapoptotic protein 

MSH3 MutS homolog 3 maintenance of genomic integrity 
MSH6 MutS homolog6 maintenance of genomic integrity 

PTEN Phosphatase and tensin 
homolog 

negative regulator of AKT/PKB signalling 
(tumour suppressor) 

PTHL3 
(PTHLH) 

Parathyroid hormone-like 
hormone antiproliferative factor  

SLC23A1 Solute carrier family 23, 
member 1 

solute carrier protein contributing 
towards free radical damage prevention 

TCF4 Transcription factor 4 wnt signalling transduction 

TGF RII Transforming growth 
factor, beta receptor II inhibitor of epithelial cell growth 

Prevalence and clinical diagnosis of LS 

Estimating the incidence of Lynch syndrome is challenged by the high 
incidence of sporadic LS spectrum cancers coupled with the under-diagnosis of their 
hereditability.  In  the  United  States,  3-5%  of  the  annual  150  000  new  cases  of  CRC  are  
suspected to be caused by Lynch syndrome and other less common highly penetrant 
inherited syndromes such as familial adenomatous polyposis (FAP) and MYH associated 
polyposis (MAP)6. Similar estimations have been reported in Finland and other countries 
with LS incidence estimates varying between 0.3-3% of all CRC patients depending on the 
screening methods and criteria used131. In fact, variable access to family medical data, 
compliance to genetic testing, selective screening methods and in some cases, the exclusion 
of extracolonic cancers still suggests that even these figures are likely to be underestimates 
of the true LS incidence. 

Nonetheless, LS diagnostics have greatly improved as more information 
regarding the syndrome phenotypes has become available and clinical management and 
genetic counselling have developed along with the advances made in genetic testing. The 
early diagnostic criteria for Lynch syndrome only accounted CRCs until the addition of 
extracolonic cancers to the LS tumour spectrum in 199910,125. Currently, the international LS 
diagnosis criteria used, Amsterdam criteria (AC) II10 (Table 4), confine diagnosis to an 
individual with at least 3 LS spectrum cancer patient relatives, of which at least one is a first 
degree  relative,  one  is  diagnosed  prior  to  age  50  and  FAP  is  ruled  out.  The  AC  were  
introduced to diagnose HNPCC patients prior to the identification of the underlying 
mechanism and the renaming of the syndrome as LS. Hence, AC fulfilling families also 
include  familial  colorectal  cancer  type  X  cases  which  are  characterised  by  MSS  tumour  
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phenotype and an unaffected MMR mechanism132, whereas LS only describes those with an 
inherited MMR defect133. Therefore, LS diagnosis often also includes tumour MSI analysis. 
Indeed, a panel of five MSI markers is commonly used to detect for tumour MSI according to 
the Bethesda guidelines outlined in Table 5134.  The  tumour  is  considered  to  have  low  MSI  
(MSI-L), where only one of the MSI markers detects a mutated repeat sequence. However, 
mutations detected by two or more markers indicate MSI-H and the lack of detected 
instability by all five markers means that the tumour is MSS. Alternatively, the LS associated 
MMR deficiency may become apparent through the absence of a key MMR protein in 
tumour immunohistochemistry (IHC) analysis135. Furthermore, in order to satisfy the 
diagnostic criteria for LS, a close examination of the probands family history and the 
pathological features of the tumour is required.  

 
Table 4. Amsterdam criteria II  
Amsterdam criteria II 
At least 3 relatives with an HNPCC*-associated cancer (colorectal, 
endometrial, small bowel, ureter or renal pelvis) of which: 
          one is a first degree relative 
          at least two successive generations are affected 
          at least one is diagnosed before age 50 
          FAP is excluded 
          tumours are verified by pathological examination 
*LS 

 
Table 5. The revised Bethesda guidelines for testing and classifying tumour MSI  
Colorectal tumour MSI should be tested if: 
CRC is diagnosed at age <50 
Synchronous/metachronous colorectal or other HNPCC associated 
tumours are detected 
MSI-H tumour histology detected in patient <60 years old 
CRC  diagnosed  in  at  least  one  first  degree  relative  with  an  HNPCC  
associated tumour by the age of 50 
CRC diagnosed in at least two first or second degree relatives with 
HNPCC-related tumours 
Tumour MSI status is considered 
MSI-H when 2 of 5 markers indicate MSI 
MSI-L when only 1 of 5 markers indicates MSI 
MSS when none of five markers indicate MSI  
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Although in some cases the family history is not available or it does not signal 
cause for concern, tumour IHC together with the MSI results may indicate need for further 
genetic analysis. In fact, mutation analysis can be dictated by the IHC and MSI results or by 
the clinical phenotype, such as tumour type and age of onset. For example, the degree (high 
or low) and type (mono-, di-, tri-, tetranucleotide instability or elevated microsatellite 
alterations at selected tetranucleotide repeats (EMAST)) of MSI detected can indicate the 
causative gene if a comprehensive panel of markers is applied136-138. Similarly, a later age of 
onset and an increased risk for endometrial cancers, for example, is often an indication of 
MSH6 deficiency whereas female ovarian cancers are more often associated with MSH2 
defects than defects of other MMR genes139. Also, early onset brain tumours can be 
indicative of rare biallelic PMS2 mutation  whereas  later  onset  LS  type  brain  tumours  are  
more commonly due to MSH2 defects91,140. Furthermore, screening for BRAF-V600E 
mutation in cases with MLH1 negative IHC results can be useful to rule out sporadic CRC as 
it is rarely found in LS tumours141,142. To facilitate mutation analysis, Hampel et al.143 have 
proposed a strategy for screening LS by analysing all four MMR proteins (MLH1, MSH2, 
MSH6, and PMS2) by IHC together with the potential hypermethylation of the MLH1 
promoter region. In fact, several studies have suggested that MSI and IHC screening of CRC 
patients to identify MMR mutation carriers could be used to efficiently identify LS patients 
that do not necessarily fulfil current clinical criteria4,144. An alternative approach to identify 
the underlying MMR gene defect has been proposed through incompletely validated 
prediction models. Such models, like MMRpro, predict the gene specific LS risk based on 
CRC patient clinical data and have described to have sensitivity, specificity and positive 
prediction values comparable to those attained with the AC and the Bethesda guidelines145-

147. Upon mutation analysis, in the majority of cases LS can be confirmed with the 
identification of a variation with a known, for example protein truncating, effect148. Where 
no MMR gene defects are found, yet the diagnostic criteria are met and epigenetic 
alterations seem unlikely, attenuated FAP, MAP or familial colorectal cancer type X should 
be considered followed by a spectrum of syndromes that are characterised by increased CRC 
risks6,149. 

Presymptomatic predictive genetic counselling and testing of individuals with 
suspected LS is highly linked to good prognosis through cancer prevention and early 
detection. Predictive genetic testing can also assist in identifying non-carrier family 
members within an LS family. Fortunately, several long-term studies indicate that predictive 
testing is not associated with any significant adverse psychosocial consequences in LS 
mutation carriers or non-carriers150,151. In fact, a seven year follow up study has 
demonstrated that LS mutation carriers and non-carriers appear to have very similar fears 
concerning cancer and short term death, life satisfaction and view of the future. Only the 
fear of death in the long term was shown to be increased in confirmed LS carriers151.  
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Genomic alterations in LS  

Lynch syndrome is most commonly due to inherited defects in MLH1, MSH2 or 
MSH62, although some deleterious variants have been found in PMS2 (Figure 2). Alterations 
affecting these genes have been described in exonic and intronic sequences with variable 
effects on the protein function.  The consequences of such alterations can be subtle single 
amino acid substitution changes with little or no effect on the protein function or frame 
shift or nonsense mutations resulting in a premature stop codon and hence a truncated 
protein product. There are no significant hotspots for LS associated deleterious mutations 
which especially, in MLH1 and MSH2, seem to scatter along the gene across all domains.  

An accessible database of all LS variants was called for by the International 
Collaborative Group on HNPCC in 1994, published in 1997 and expanded a decade later by 
merging several existing databases into one152. Today, the International Society for 
Gastrointestinal Hereditary Tumours’ (InSiGHT) Leiden Open (source) Variation Database 
(LOVD, http://www.insight-group.org/) provides a valuable source of information regarding 
DNA alterations in Lynch syndrome. According to the database, approximately a thousand 
unique sequence variants have been found in both MLH1 and MSH2 accounting for 
approximately 85% of all identified MMR gene variations. Although most of these variations 
are associated with amino acid substitutions, also frame shift mutations and deletions are 
common in MLH1 and particularly in MSH2. Variations predicted to result in aberrant 
splicing are relatively rare with approximately 60 reported in MLH1 and 30 in MSH2 
according to the database. In contrast to MLH1 and MSH2, approximately only 500 unique 
MSH6 sequence variants have been reported (15% of all identified MMR gene variations). 
Deletions and splice site defects are relatively less common in MSH6 than in MLH1 and 
MSH2. According to the database, of all frame shift, nonsense and pathogenic missense 
variations, ~40% are found in MLH1, 45% in MSH2, ~10% in MSH6 and <5% in PMS2. It has 
been suggested that the less frequent association of MSH6 to LS is merely a reflection of the 
clinical criteria used to identify patients for mutation screening, leaving MSH6 caused LS 
highly underdiagnosed13. Similarly, PMS2 mutations are suspected to contribute to LS, 
nevertheless, the detection and subsequent characterisation of deleterious mutations is 
challenged by the presence of pseudogenes and paralogous genes in the genome45,46. 
Currently, over 200 unique PMS2 sequence variations (~4% of all identified MMR gene 
variations) with only a few deletions and variations associated with aberrant splicing, are 
listed in the InSiGHT MMR variation database. The frequency of different types of variations 
is illustrated in Figure 2 according to their effect at the protein level. DNA alterations in 
MLH3 and MSH3 have also been described in LS patients but their functional significance 
and hence their role in LS onset remains unclear.  
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Figure 2. Distribution of most frequently observed mutation types in MMR genes as listed in 
the LOVD variant database (http://www.insight-group.org/) according to their effect at 
protein level. 

 

Founder mutations prevailing in specific ethnic groups can explain a large 
portion of Lynch syndrome cases within the population. Such mutations describe high 
frequency alleles within a specific population due to common ancestry. Founder mutations 
have been described in several different countries and ethnic populations affecting MLH1, 
MSH2, MSH6 and most recently PMS2. For instance, the Finnish founder mutation which 
causes the deletion of exon 16 of MLH1 has been estimated to account for more than half of 
the Finnish LS cases153 whereas up to 80% of Finnish LS cases are estimated to be caused by 
one of the three Finnish MLH1 founder mutations154. Similarly, an MSH2 founder mutation 
causing the deletion of exon 5 through a mutated splice donor site is estimated to account 
for 50% of CRC cases in Newfoundland, Canada155. Many of the LS founder mutations 
described to date are listed in Table 6. 

Epigenetic alterations are defined as changes in gene expression that are not 
accompanied by changes in the primary DNA sequence. DNA methylation of CpG 
dinucleotides and histone modifications are epigenetic changes that frequently cause 
inappropriate gene silencing during tumorigenesis156. Epigenetic changes can arise in 
somatic cells and are believed to play a role in almost all cancers157. Furthermore, epigenetic 
alterations can affect the germline and can hence be transgenerationally inherited. 
Epigenetic silencing of an MMR gene can also be the cause of MMR deficiency. So far, 
primary epimutations, with no direct genetic alteration have been found in MLH1 and 
MSH2136,158-160. Such epimutations are likely to be co-inherited as trans-acting alterations 
and are associated with reversible and variable patterns of methylation and inheritance161. 
Similarly, secondary epimutations, or genetically-facilitated epimutations causing the 
promoter hypermethylation of MLH1 and MSH2 have been reported162,163. Such secondary 
epimutations are associated with dominant inheritance and cis-acting alterations161. 
However, the promoter methylation of MLH1 in particular is also seen in sporadic CRCs and 
is hence not unique to LS tumours94,164,165. To date, epimutations in MSH6 have not been 
described.  
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Table 6. Founder mutations reported in Lynch syndrome 
GENE DNA ALTERATIONA EFFECT ORIGIN 

MLH1 c.112A>C non-functional protein 
product Netherlands166 

MLH1 c.306+5G>A splice donor (intron 3) Spain167 

MLH1 c.320T>G non-functional protein 
product Finland154 

MLH1 c.454-1G>A splice acceptor (exon 6) Finland153 
MLH1 c.1667+2_1667+8delinsATTT splice donor (intron 14) Denmark168 
MLH1 c.1732-2243_1896+404del 3.5 kb deletion  (exon 16) Finland153 
MLH1 c.1856T>A protein instability Spain167 
MLH1 c.2141G>A nonsense (exon 19) Switzerland169 
MLH1 c.2269-2270insT protein instability N.Italy170 

EPCAM 
/MSH2 

c.859-1860_MSH2:646-
254del Fusion transcript Spain171 

MSH2 Paracentric inversion 16 kb deletion (exons 1-6) America172 
MSH2 c.388_389del nonsense (exon 3) N.Portugal173 
MSH2 c.942+3A>T splice donor (intron 5) Newfoundland155 
MSH2 c.1452_1455del truncation S. China174 

MSH2 c.1906G>C Defected ATP 
binding/protein interaction 

Ashkenazi 
Jewish175 

MSH2 c.2063T>G Defected ATPase domain Canary Islands176 
MSH6 c.1346T>C protein instability Sweden177 
MSH6 c.2931C>G nonsense Sweden177 

MSH6 c.3959_3962del nonsense (exon 9) Ashkenazi 
Jewish178 

MSH6 c.3984_3987dup truncation Ashkenazi 
Jewish179 

PMS2 c.137G>T missense Caucasian 
(UK/Australia)180 

AMLH1 (NM_000249.3), EPCAM (NM_002354.2), MSH2 (NM_000251.1), MSH6 (NM_000179.2) and 
PMS2 (NM_000535.5) used as reference sequence. 
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Interpretation of MMR gene variants of uncertain significance (VUS) 

In up to 35-50% of Amsterdam criteria compliant families a deleterious MMR 
gene defect is not confirmed131,136. Some of them may not be LS families at all but fulfil the 
AC because of a high incidence of sporadic cancers in the family. Moreover, a significant 
amount of variations affecting MLH1, MSH2 or MSH6 are non-truncating. Such variations 
which result in a single amino acid substitution or an in frame deletion are difficult to 
distinguish from harmless polymorphisms and are known as variants of uncertain (unknown 
or unclear) significance (VUS) due to the uncharacterised effect of the variation on the 
function of the polypeptide. Overall, 20-30% of all LS associated coding region variations are 
considered to be VUS with more than 1000 already reported in the LOVD database12. The 
pathogenicity prediction of non-truncating alterations is particularly challenging as even 
alterations affecting the same codon can result in strikingly different effects on the protein 
function181,182. Nevertheless, it is of utmost importance in LS diagnostics, particularly in 
patients and families with an atypical clinical phenotype. 

Currently less than 20% of all unique MLH1, MSH2 and MSH6 sequence 
variations reported in the LOVD database are suggested to have no pathogenic effect on the 
protein function. As illustrated in Figure 3, only approximately 20-30% of the exonic single 
nucleotide variations are unanimously indicated to be pathogenic. This leaves approximately 
10-40% of variations to be listed with no known pathogenicity and 40-60% of variations to 
be listed with as inconclusive. Inconclusive finding are due to either ambiguous results or 
the lack of functional characterizations to determine potential effect of the variation on the 
protein function. Pathogenic variations are likely to be found in both categories; variations 
with no known pathogenicity and variations with inconclusive or no results11.  

 

 

Figure 3. The pathogenicity indications of exonic single nucleotide variations reported in 
MLH1, MSH2 and MSH6. (Modified from Nyström & Kansikas, 201311)  
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The LOVD variant database is a web-based sequence variation database where 
most MMR gene variations are submitted with detail regarding their molecular and clinical 
findings. Due to the range of biochemical and in silico assays available to assist in predicting 
the functional effects of MMR gene variations, the type of information submitted can differ 
from one variation to the next. Classically, each entry in the database describes new 
information regarding a new/or previously described variant and is accompanied with the 
submittor’s indication that the variant is either pathogenic, probably pathogenic, of no 
known pathogenicity, probably of no pathogenicity or effect unknown. This provides a vast 
amount of information that is easily accessable worldwide, nevertheless several, even as 
many  as  over  200  entries  for  one  variation  can  give  a  range  of  indications  difficult  to  
interpret without detailed knowledge of the assays used. Notably, some pathogenicity 
indications are based on in silico predictions  and  some  for  example,  on  the  analysis  of  
specific biochemical properties of the protein in ways that yield differing pathogenicity 
indications without necessarily being contradicting in practice. To help assess the 
pathogenicity of such variations, including those in Figure 3, an interdisciplinary panel of 
over 40 experts in the Variant Interpretation Committee (VIC) of InSiGHT have very recently 
classified over 2000 MMR gene variations according to the revised classification criteria 
(Version 1.9 August 2013, http://www.insight-group.org/variants/). These criteria are based 
on the International Agency for Research on Cancer (IARC) recommendations for sequence 
variant classification183,184. The criteria and the classification aim to provide an objective 
assessment of available variant information whilst retaining all individual observations for 
each variant185. The criteria and the clinical classification of the variants aim to provide 
official variant specific InSiGHT recommendations for clinical use. Figure 4 outlines the 
classification categories and illustrates the amount of all unique variations (inner pie) and 
exonic single nucleotide substitutions (outer pie) within each class for MLH1, MSH2, MSH6 
and PMS2. In addition to the interpreted data being informative and more accessible, the 
amount of variations classified as pathogenic or likely pathogenic has increased, particularly 
for the most commonly affected MLH1 and MSH2. Equally importantantly, a clear group of 
VUS is described and consists mainly of missense and other small in-frame alterations.  
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Figure 4. VIC classification of MMR gene variants in the LOVD database 

Gene specific illustration of the pathogenicity classification of MLH1, MSH2, MSH6 and PMS2 
variations as denoted in the LOVD database (August 2013, http://www.insight-group.org/variants/). 
For each gene, the inner pie illustrates the variation distribution of all unique variations in the 
database, whereas the outer pie represents the variant distribution of all coding area single 
nucleotide mismatches listed in the database. N/A indicates variations for which VIC classification 
was not available.  

 

To further assist in the clinical interpretation of VUS (class 3 variants) a 
hierarchical three step diagnostic model outlined in Figure 5 has been proposed186. The 
model proposed that clinical data should be supplemented with in vitro MMR and in silico 
assays to assess the MMR proficiency of VUS before proceeding to detailed biochemical 
assays evaluating more specific funtions of the protein. Overall, the proposed model 
emphasises the importance of using information from various sources to understand the 
functional effects of a VUS.  Variations showing MMR deficiency in STEP 2 indicate LS where 
as in vitro MMR proficient variations may need further characterization before confirming or 
ruling out the possibility of LS .  
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Figure 5. A three-step decision tree proposed to facilitate the functional assessment of VUS 
(Modified from Couch et al.186). 

 

 More specifically, the STEP 2 analyses may include in silico assays based on 
evolutionary sequence conservation or mRNA splicing prediction algorithms. The in vitro 
assay of STEP 2 should be a functional assay based on evaluating the MMR function as a 
whole as can be done using human cell extracts187-191. Subsequently, STEP 3 analyses may 
include assays evaluating protein localization47,192, protein interaction187,193-195, protein 
stability182,196 or other in vitro assays such as ones evaluating DNA binding197-199 or the MutS 
complex ADP-ATP exchange197,200,201.  Functional assays based on yeast MMR may also help 
guide the pathogenicity assessment of MMR gene VUS181,198,199,202-204. 

 A further complication in interpretating MMR gene VUS is seen in the less 
frequent situation where a patient presents with more than one VUS in one or more MMR 
genes205-207. Simultaneously inherited VUS also challenge the ability of current in silico 
prediction methods and whilst not comparable to biallelic MMR deficiency their 
contribution towards increased cancer risk is perplexing. Evidence for increased mutation 
frequencies with pairs of weak mutator MMR gene alleles has been demonstrated in 
yeast208.  
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Diagnosis driven LS cancer surveillance 

Currently, the clinical management of Lynch syndrome heavily relies on the 
prevention and early diagnosis of tumours. Thus, the identification of LS mutation carriers is 
of utmost clinical importance. Even though LS carriers maintain an increased risk for 
tumours, regular colonoscopic and gynaecological surveillance have been shown to 
significantly reduce their CRC and EC incidences, respectively9. Colonoscopy has also 
reduced CRC related mortality allowing early identification and removal of precancerous 
adenomas in LS mutation carriers209,210. In Finland, colonoscopic surveillance is 
recommended at three year intervals prior to the age of 30 and at two year intervals after 
the  age  of  30  in  a  manner  that  has  maintained  a  compliance  rate  as  high  as  95%9. More 
frequent colonoscopies have been associated with even earlier identification of adenomas 
but not with decreased CRC risks and they are therefore not recommended211,212. 
Furthermore, as the risks and clinical phenotypes vary depending on the defected gene, the 
clinical diagnosis, management and tumour prevention need to also be viewed in the 
context of the underlying gene alteration (Table 7)139,213,214.  

 
Table 7. MMR gene specific cancer risks  

 Cumulative cancer 
risk by age 70 

Predominant 
cancer type 

Median age of 
cancer onset 

MLH1 65-90% CRC, EC 42 
MSH2 65-90% CRC, EC, (OC) 42 
MSH6 75% EC, CRC 54 
PMS2 25-35% CRC 50 

 CRC, colorectal cancer; EC, endometrial cancer; OC, ovarian cancer 

In general, MLH1 and MSH2 mutation carriers have a cumulative cancer risk of 
up to 90%, whilst the mean age of CRC diagnosis is approximately 42, up to 20 years lower 
than the mean age of CRC in the general population2,139,213,215. MSH6 mutations are 
associated with atypical clinical features with a lower cumulative cancer risk of about 75% 
with particular risk for endometrial cancers2. Hence, endometrial cancer surveillance is of 
utmost importance to MSH6 mutation carriers. The mean age of cancer diagnosis in MSH6 
mutation  carriers  is  above  age  502,139. PMS2 mutations are less frequently reported but 
regardless  of  the lower cumulative cancer risk,  they have been associated to CRC onset at  
approximately 50 years of age214. Overall, taking the life time cancer risks into account, the 
surveillance intervals of the mutation carrier should be dependent, not only on the 
causative gene and on the individual’s family history, but also on the age of the patient. 

The genetic testing carried out upon identifying the risk of LS is also important 
for targeting the preventive diagnostic methods within a LS family. In fact, LS diagnosis 
underlies the efficiency of cancer surveillance and allows targeting the frequent surveillance 
to mutation carriers as well as the identification of unaffected LS family members. Upon the 
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identification of a mutation causing LS, the most prominent risk factor for CRC related 
premature death in LS families is non-compliance to surveillance recommendations9. 
Although challenging for clinical practice, the increased surveillance of putative LS families 
without known genetic cause can also reduce at risk individual’s cancer risk. The general life 
time risk for less frequent LS spectrum tumours remains significantly lower than that for 
CRC and EC (Table 8) and their screening methods lack efficacy139,213,216. 

 
Table 8.  Cancer risks in Lynch syndrome 

 Life time risk Highest risk age Highest risk gene 

Colorectal  60-80% 40-70 MLH1/MSH2 
Endometrial 40-70% ~50 MSH6 
Urologic tract 8% 50-70 MSH2 (male) 
Ovarian 7% 40-55 MSH2 
Gastric 5.8% 50-65 not known 

 

However, the responsibility of sharing the knowledge about LS often relies on 
the proband and the family members themselves, placing the carrier in a potentially 
emotionally and morally challenging situation217,218.   A recent study looking into 86% of  all  
Finnish LS patients, who were over 40 years of age and had children, reported that only 13% 
of them did not share the information with their offspring. The most common reasons for 
the hesitance to share the information were due to young age or social difficulties. Of the 
informed offspring, 69% had opted for the predictive testing218. Similar results have been 
obtained from smaller studies carried out in America and Australia219,220.  

In addition to the regular colonoscopic and gynaecological surveillance, 
chemoprevention as a method for preventing cancer has been suggested. The inhibitory 
role of non-steroidal anti-inflammatory drugs (NSAID) in rodent colonic tumour growth and 
prostaglandin synthesis initiated epidemiologic studies exploring the effect of NSAIDs on 
human colon tumour growth221. Thus far, chemoprevention of CRC by regular intake of 
aspirin has been shown effective over a 4 year study. A clinical trial demonstrated reduced 
CRC risks among LS patients taking 600 mg of aspirin daily for a period of two years without 
documenting significantly increased risks of adverse side effects222.  The  next  stage  in  
exploring the potential of aspirin in LS chemoprevention is to determine the lowest possible 
dosage that still retains the CRC risk reducing benefit in LS patients223.  Thus far, the long 
term effects and safety, particularly in older age groups, have not been fully determined as 
pointed out by researchers calling for caution in interpreting the trial results224,225. Similarly, 
a trial on the chemoprevention of endometrial tumours by short term hormonal 
suppression has been initiated with a larger group of patients and brings hope for women 
affected with LS226. 
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AIMS OF THE PRESENT STUDY

 

The main objectives of the present study were to understand 1) how MutS protein 
complexes and 2) how MMR gene alterations affect the MMR mechanism and cause 
deficiencies recognised as Lynch syndrome.  

The specific aims were:  

 To clarify the substrate specificities and MMR efficiencies of MutS protein complexes 
(I) 

 To clarify the functional significance of structural and expressional changes in the 
MMR genes (II, III, V) 

 To use a comprehensive clinical, functional and in silico data of MMR gene variants 
to verify a mutation pathogenicity assessment model (IV) 
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MATERIALS METHODS

Functionally characterised MMR gene variations (I-III)

Determining the pathogenicity of non-truncating MMR gene variants can be 
challenging. Particularly, as even alterations of a single codon can yield variable functional 
consequences ranging from no functional effect to MMR deficiency. Such variations are 
difficult to distinguish from harmless polymorphisms and are referred to as variants of 
uncertain significance (VUS). We studied the MMR efficiency of 1 MSH3, 1 MLH1, 8 MSH2 
and 6 MSH6 VUS  (Table 9). Of these, the MSH2 and MSH6 VUS  were  also  studied  as  the  
pairs they have been found in cancer patients (Table 10). For all variations assayed, single 
amino acid abbreviations are used according to the list on p.8. 

 
Table 9. MLH1 (NM_000249.3), MSH2 (NM_000251.1), 
MSH6 (NM_000179.2) and MSH3 (NM_002439.4) variations 
assessed for MMR efficiency (I-III) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

GENE Nucleotide 
change 

Protein 
alteration Publication: 

MLH1 c.218T>G p.L73R II 
MSH2 c.380A>G p.N127S III 
MSH2 c.982G>C p.A328P III 
MSH2 c.613G>C p.E205Q III 
MSH2 c.1099G>A p.V367I III 
MSH2 c.965G>A p.G322D III 
MSH2 c.1461C>G p.D487E III 
MSH2 c.435T>C p.I145M III 
MSH2 c.2726A>T p.K909I III 
MSH6 c.3284G>A p.R1095H III 
MSH6 c.4061T>A p.L1354Q III 
MSH6 c.2633T>C p.V878A III 
MSH6 c.1304T>C p.L435P III 
MSH6 c.1754T>C p.L585P III 
MSH6 c.2030G>C p.S677T III 
MSH3 c.2386C>T p.R796W I 
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Table 10. Variations assessed as pairs for MMR efficiency (III) 
 

AAmino acid predictions based on MSH2 (NM_000251.1) and MSH6 
(NM_000179.2) reference sequences. 

VUS pairsA 
Index patient:  
Tumour site and  
age of onset 

MSI Reference 

MSH2-p.N127S CRC/65 MSI-H 227 
MSH2-p.A328P 
MSH2-p.E205Q 

PC/59 N/A 207 MSH2-p.V367I 
MSH2-p.G322D EC/57 MSI-L 228 
MSH2-p.D487E 
MSH2-p.I145M 

CRC/65/74 MSI-H 229 MSH6-p.R1095H 
MSH2-p.I145M CRC/53 MSI-H 229 
MSH6-p.L1354Q 
MSH2-p.K909I 

CRC/79 MSI-H III MSH6-p.V878A 
MSH6-p.L435P 

CRC/59 MSI-H 228 MSH6-p.V878A 
MSH6-p.L585P CRC/38 MSI-H III 
MSH6-p.S677T 
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MMR gene variations whose functional results were used to verify
pathogenicity assessment model (IV) 

The in vitro MMR  assay  results  together  with  clinical  and  in silico data of 37 
MLH1182,230, 26 MSH2201,229-231 and 11 MSH6 229,232,233 variations found in putative LS patients 
(presented in Tables 11-13) were  used  to  verify  the  three  step  diagnostic  tree  (Figure 5, 
p.32) proposed to facilitate the determination of VUS pathogenicity. The previously 
characterised clinical and functional data of the variations are summarized in article IV. 

 
Table 11. MLH1 (NM_000249.3) variations included in the verification of a pathogenicity 
assessment model (Figure 5) 

 

 

 

 

 

Nucleotide 
change 

Protein 
alteration 

 Nucleotide 
change 

Protein 
alteration 

 Nucleotide 
change 

Protein 
alteration 

c.83C>T p.P28L c.637G>A p.V213M c.1852_1853 
AA>GC 

p.K618A 
c.85G>T p.A29S c.655A>G p.I219V 
c.133_141 
delinsTGTT
TT 

p.T45_I47 
delinsCF 

c.739T>C p.S247P c.1853A>C p.K618T 
c.986A>C p.H329P c.1897_1989

del 
p.E633_E66
3del c.988_990d

el 
p.I330del 

c.189C>A p.D63E c.1937A>G p.Y646C 

c.199G>A p.G67R c.1327A>C p.K443Q c.1943C>T p.P648L 

c.211_213d
el 

p.E71del c.1379A>C p.E460A c.1942C>T p.P648S 

c.1649T>C p.L550P c.1961C>T p.P654L 
c.229T>C p.C77R c.1734_189

6del 
p.P578_E6
32del 

c.1976G>C p.R659P 
c.238T>G p.F80V c.1976G>A p.R659Q 

c.250A>G p.K84E c.1766C>A p.A589D c.2041G>A p.A681T 

c.277A>G p.S93G c.1834_183
6del 

p.V612del c.2059C>T p.R687W 
c.320T>G p.I107R c.2146G>A p.V716M 

c.464T>G p.L155R c.1846_184
8del 

p.K616del  

c.554T>G p.V185G 
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Table 12. MSH2 (NM_000251.1) variations included in the verification of a pathogenicity 
assessment model (Figure 5)  

 

Table 13. MSH6 (NM_000179.2) variations included in the verification of a pathogenicity 
assessment model (Figure 5) 

 

Nucleotide 
change 

Protein 
alteration 

 Nucleotide 
change 

Protein 
alteration 

 Nucleotide 
change 

Protein 
alteration 

c.97A>C p.T33P c.560T>C p.L187P c.2062A>G p.M688V 
c.131C>T p.T44M c.560T>G p.L187R c.2090G>T p.C697F 
c.134C>T p.A45V c.815C>T p.A272V c.2164G>A p.V722I 
c.380A>G p.N127S c.965G>A p.G322D c.2235_2240del p.I745_I746del 
c.435T>G p.I145M c.998G>A p.C333Y c.2245G>A p.E749K 
c.482T>A p.V161D c.1555T>C p.F519L c.2500G>A p.A834T 
c.484G>A p.G612R c.1807G>A p.D603N c.2657A>G p.E886G 
c.490G>A p.G614R c.1906G>C p.A636P c.2768T>A p.V923E 
c.518T>C p.L173P c.2021G>C p.G674A  

Nucleotide 
change 

Protein 
alteration 

 Nucleotide 
change 

Protein 
alteration 

 Nucleotide 
change 

Protein 
alteration 

c.383G>T p.R128L c.2183A>C p.K728T c.3260C>G p.P1087R 
c.431G>T p.S144I c.2641delins 

AAAA 
p.G881delins
KS 

c.3284G>A p.R1095H 
c.1696G>A p.G566R c.3577G>A p.E1193K 
c.1868C>T p.P623L c.3259C>A p.P1087T c.4061T>A p.L1354Q 
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Cell lines (I-III, V)

In order to study the MMR efficiency of wild type and recombinant proteins, 
we used cancer cell lines deficient in the protein studied.  The functional effects of MMR 
gene mRNA expression changes were analysed using immortalised fibroblast (FB) cells and 
their knockdown derivatives.  Cells were grown in 5% CO2 at 37°C using high glutamine cell 
culture media (DMEM/McCoys or F12) complemented with 2% Penicillin Streptomycin and 
10-20% foetal bovine serum. The shRNA plasmid transfected hTERT-FB derivatives were 
further supplemented with 2 x MEM NEAA and 150 µg/µl Hygromycin. The MMR phenotype 
of the human cell lines used in studies I-III and V are characterised in Table 14.  

 
Table 14. Description of cell lines used  

CELL LINE MMR phenotype 

HeLa Cervix adenocarcinoma MMR proficient  

HCT116 Colorectal carcinoma MLH1-/PMS2-/MSH3- 
LoVo Colorectal adenocarcinoma MSH2-/MSH3-/MSH6 
GP5d Colon adenocarcinoma MSH2-/MSH3-/MSH6- (low PMS2) 
hTERT-FB hTERT immortalised fibroblasts MMR proficient 
hTERT-FB 
derivatives 

hTERT immortalised fibroblasts MLH1, MSH2 or MSH6 knocked down  
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Protein production, extraction and quantification (I-III, V)

Recombinant and wild type (WT) proteins used in studies I-III were produced 
in Spodoptera frugiperda (Sf9) insect cells using a bac-to-bac expression system (Invitrogen, 
Carlsbad, CA, USA) as previously described187,232. Briefly, for the functional assessment of 
variations listed in Tables 9 and  10,  a  site-directed  mutagenesis  kit  (QuickChance  Site-
directed mutagenesis, Stratagene) was used to introduce the desired nucleotide change into 
the wild type cDNA sequence of MLH1 (NM_000249.3), MSH2 (NM_000251.1), MSH3 
(NM_002439.2) or MSH6 (NM_000179.2) cloned into a pFastBac1 vector (Invitrogen). After 
verifying the presence of the desired change by ABIPrism 3100 Genetic Analyzer sequencing 
(Applied Biosystems, Foster City, CA, USA), bacmid DNA was made and used to infect Sf9 
cells as previously described187. All MMR proteins were produced with their 
heterodimerisation partners due to decreased protein stability when not bound to their 
cognate heterodimerisation partner. Variations were assessed individually (I-III) and as pairs 
(III) and were also produced accordingly (Figure 6)  in  order  to  mimic  both  mono-  and  
biallelic modes of inheritance. Produced proteins were collected and characterised by 
Western blotting methods (I) to assess the in vitro expression of the recombinant proteins 
and to quantify the amount of variant protein against the co-produced wild type protein. -
tubulin was used as a loading control.  

 

 

Figure 6.  Description of different alternatives for VUS construction, protein production 
and functional analysis of MSH2 and MSH6 VUS pairs. 
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The MMR efficiency of the Sf9 produced wild type and recombinant proteins was 
assessed by complementing the nuclear proteins extracted from cell lines deficient in the 
protein studied. Similarly, to assess the functional effects of MMR gene mRNA expression 
changes, the nuclear proteins of knockdown and wild type fibroblast cells were extracted. In 
each case, the nuclear proteins were extracted as previously described (I). In brief, cells 
were expanded to >1 x 108 cells upon which they were collected and disrupted. The nuclei 
were collected and proteins extracted from within prior to sample dialysis. Nuclear protein 
extracts were quantified with the QUBIT fluorometer (Life Technologies) and the presence 
of key MMR proteins was evaluated using standard Western blotting methods.  
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All shRNA transfected clonally isolated cell lineages were expanded to 3 x 106 

cells, homogenised with QIAshredder and total RNA was extracted, at the earliest possible 
stage,  with  RNeasy  Plus  Kit  (Qiagen,  Valencia,  CA,  USA)  according  to  the  manufacturer’s  
instructions. The quality and quantity of extracted RNA was measured using a 
spectrophotometer (Nanodrop 2000, Thermo Scientific, Pittsburgh, PA, USA). Reverse 
transcription of 2.5 µg of RNA was carried out with the Superscript® VILO cDNA synthesis kit 
(Invitrogen, Carlsbad, CA, USA) after which the absence of genomic DNA was confirmed by 
S15 PCR methods using primers spanning intron-exon boundaries. Quantitative PCR (Q-PCR) 
of MLH1, MSH2 and MSH6 was carried out with provider recommended TaqMan® assays 
(listed in Table 16) using TaqMan® Universal PCR Master Mix (Applied Biosystems, 
Pleasanton, CA, USA) on a StepOnePlusTM machine (Applied Biosystems, Pleasanton, CA, 
USA). GAPDH (MIM# 138400), HPRT1 (MIM# 308000) and ACTB (MIM# 102630) were 
chosen as reference genes after a geNorm analysis to confirm their stability in control 
transfected hTERT fibroblasts. For each shRNA transfected cell line, expression levels of the 
gene of interest were quantified by normalization to reference genes and calculated 
according  to  the  2- CT method234. All Q-PCR assays were performed in triplicates with 
negative shRNA transfected control as the reference sample. Clones retaining approximately 
25%, 50% and 75% of the GOI were chosen for functional assessment. 

 
Table 16. TaqMan assays used for mRNA expression quantification  

Gene TaqMan Assay 
Exon 
boundary 

RefSeq 

MLH1 MutL homolog 1 Hs00179866_m1 11-12 NM_000249.3 
MSH2 MutS homolog 2 Hs00953523_m1 1-2 NM_000251.2 
MSH6 MutS homolog 6 Hs00264721_m1 1-2 NM_000179.2 

GAPDH 
Glyceraldehyde-3-phosphate 
dehydrogenase 

Hs02758991_g1 6-7 NM_001256799.1 

HPRT1 
Hypoxanthine 
phosphoribosyltransferase 1 

Hs02800695_m1 2-3 NM_000194.2 

ACTB Actin, beta Hs01060665_g1 2-3 NM_001101.3 
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In vitro MMR assay (I-III, V)

The functional in vitro MMR repair assay can determine MMR efficiency of Sf9 
produced recombinant MMR proteins when combined with nuclear proteins extracted from 
a cell line deficient in the protein tested (I-III). The MMR assay can also be used to evaluate 
how different MMR gene expression levels affect the repair efficiency (V).  The  assay  was  
performed as previously described (I) with the specifications noted here. The substrate in 
the  MMR  reaction  is  a  circular  heteroduplex  DNA  construct  with  a  5’  nick  to  an  error  
masking a unique restriction enzyme cleavage site. The substrates used were prepared as 
previously described235  and are outlined in Table 17.  

 
Table 17. Heteroduplex substrates used in the in vitro MMR assays 
NAME DESCRIPTION Publication: 
5’GT GT mismatch I, II, V 
5’IDL1 1 nucleotide insertion deletion loop I, III 
5’IDL2 2 nucleotide insertion deletion loop I 

 

All three MMR deficient cell lines outlined in Table 14, HCT116, LoVo and GP5d 
were used in combination with wild type proteins and different heteroduplex substrates to 
assay their substrate specificities (I). The in vitro MMR efficiency of recombinant MSH2 and 
MSH6 proteins was assessed using LoVo extracts, and MSH3 and MLH1 proteins were 
assessed using GP5d and HCT116 respectively (I-III). The effects of decreased MMR gene 
expression of the knockdown cell lineages on the in vitro MMR efficiency was carried out by 
assessing one knockdown clone at a time in parallel to the scramble insert positive control 
as outlined in Figure 7.  

In all in vitro assays, the absolute repair efficiency of the nuclear proteins is 
defined as the fraction of repaired substrate of all substrate in the reaction as visualised by 
the restriction analysis derived bands and quantified by GeneTools 3.08 (SynGene, 
Cambridge, England) from the agarose gel. Absolute repair efficiencies are an average of 2-3 
independent assay repeats. Relative repair efficiencies are obtained by comparing the 
absolute repair efficiencies of the sample and the assay specific positive controls; the 
recombinant proteins were compared to produced wild type proteins (I-III) whereas the 
MMR gene knockdowns were compared to the shRNA control extracts (V).  
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Figure  7. A schematic illustration of the functional in vitro MMR analysis of MMR gene 
knockdown lineages.  

Each knockdown cell line was expanded for nuclear protein extraction in parallel to the positive 
control. Relative repair efficiencies were calculated by comparing the absolute repair efficiencies of 
the sample and control.    
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In silico analyses (II-IV)

In silico analyses predict the probable functional effects of gene variations using knowledge 
of highly conserved sequence areas through multiple sequence alignment analysis across 
numerous species. The in silico analyses for MLH1, MSH2 and MSH6 variations were carried 
out using sorting intolerant from tolerant (SIFT)236, multivariate analysis of protein 
polymorphism-mismatch repair (MAPP-MMR)237,238 and polymorphism phenotyping 
(PolyPhen)239 analyses  according  to  Table 18. SIFT predicts the functional impact of a 
variation by assessing the level of conservation of the amino acid affected240. Highly 
conserved amino acids are assumed vital for the protein function and hence variations to 
them are likely to be deleterious. MAPP-MMR is a similar approach based on the multiple 
sequence alignment of orthologs using physiochemical properties of amino acids to weigh 
the impact of the alteration237. Furthermore, MAPP-MMR is optimized for the analysis of 
MLH1 and MSH2 variations using sequence information derived from variants reported to 
be deleterious238. SIFT and MAPP-MMR were selected due to their reported high specificity 
and sensitivity241. Similarly, Polyphen uses a sequence and protein structure based 
algorithm and was chosen because it allows analysis also for MSH6 variations for which 
MAPP-MMR analysis is not available. 

 
Table 18. In silico algorithms applied to predict functional effects of variations 
Algorithm name Available at Publication: 
Sorting intolerant from tolerant 
(SIFT)  

http://sift.jcvi.org/ II-IV 

Multivariate analysis of protein 
polymorphism-mismatch repair 
(MAPP-MMR)  

http://mappmmr.blueankh.com/ II-IV 

Polymorphism phenotyping 
(PolyPhen-2) 

http://genetics.bwh.harvard.edu/pph/ II-III 
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RESULTS DISCUSSION

The role and significance of MMR proteins

The substrate specificities of MMR protein complexes MutL , MutS  and MutS  (I)  

The key MMR proteins function as heterodimer complexes composed of 
MLH1+PMS2 (MutL ), MSH2+MSH6 (MutS ) and MSH2+MSH3 (MutS ). MutS  has been 
described to primarily recognise base/base mismatches and small insertion deletion loops, 
whereas MutS  has been associated with larger loop (>2nt) repair19,28,34. MutL  is needed 
and binds to either of the error recognizing MutS complexes to initiate MMR49-51. In order to 
investigate the role and significance of the wild type MutL , MutS  and MutS  
heterodimers in the MMR mechanism, substrate specificities and repair efficiencies of each 
complex was evaluated in cell lines deficient in the heterodimer proteins under study. The 
role of MutL  has been shown to be vital in MMR whereas the roles of MutS  and MutS  
have been shown to overlap in repair of errors larger than one nucleotide19,28,34. The 
substrates used to evaluate the MMR substrate specificities were a GT mismatch (5’GT), a 
single nucleotide extra helical insertion-deletion loop (5’IDL1) and a two nucleotide extra 
helical insertion-deletion loop (5’IDL2). As expected, MutL  is vital for the MMR repair of all 
three substrates and an overlap in the error specificities of MutS  and MutS  was noted in 
the repair of insertion deletion loops. Remarkably however, the dinucleotide loop (5’IDL2) 
repair efficiency of MutS  exceeded that of MutS  in all three cell lines as demonstrated in 
Figure 8. The mean repair efficiency was 26% (p=0.001) higher with MutS  than with MutS  
in HCT116 (MLH1-/PMS2-/MSH3-), 14% (p=0.284) higher in LoVo (MSH2-/MSH3-/MSH6-) 
and 5% (p=0.230) higher in Gp5d (MSH2-/MSH3-/MSH6- and low PMS2) cells. These findings 
support the previously proposed functional redundancy of the MutS heterodimers19,28,34 and 
further suggests that the repair efficiency of MutS  exceeds that of MutS  in the repair of 
dinucleotide loop structures.  

MMR deficiency causes microsatellite instability, a hallmark of LS tumours. The 
substrate specificity of MutS  and MutS  is particularly interesting because of the MSI 
markers clinically used to detect MSI. Currently, the Bethesda guidelines134 are applied to a 
panel of mono- and dinucleotide markers. Our findings suggest that when detecting 
dinucleotide instability in the absence of mononucleotide instability, MSH3 mutations 
should be considered as reason for MMR deficiency. In fact, reintroducing MLH1 into 
HCT116 cells deficient in both MLH1 and MSH3 has been previously described to result in 
mononucleotide repeat stability but not di- or tetranucleotide stability138. Similarly an MSH3 
variation has been described in a sporadic endometrial carcinoma with MSI242. To date, only 
rare genetic alterations in MSH3 have been reported and none have been proven 
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pathogenic. Nevertheless, this may be due to underdiagnosis caused by the hesitance to 
perform genetic analysis on the less likely MSH3 gene. The Bethesda MSI marker panel 
consists  of  two  mono-  and  three  dinucleotide  markers,  nevertheless,  the  use  of  the  
mononucleotide markers is favoured due to higher levels of sensitivity and specificity for 
MSI-H tumours. The use of quasimonomorphic mononucleotide markers only has been 
suggested to raise sensitivity for MSI-H tumours, but it is likely to exclude tumours not 
caused by MLH1 or MSH2 from  the  LS  diagnosis243. When fully implemented, the five 
marker Bethesda panel is by no means exhaustive for detecting larger loop repair defects, 
but it can distinguish dinucleotide instability in the absence of mononucleotide instability 
indicating a possible MSH3 defect in the tumour.  

 

 

Figure 8. Substrate specificities of MutS  and MutS .  

The relative repair percentages of MutS  and MutS  across three substrates in three different cell 
lines. Mismatch repair represents the repair efficiencies of a 5’GT mismatch, mononucleotide repair 
represents the repair efficiencies of a 5’IDL1 error whilst dinucleotide loop repair represents the 
repair efficiencies of a 5’IDL2 error (Table 13). HCT116 lacks MLH1, PMS2 and MSH3 hence MutL  is 
also added to the repair reaction. Due to the innate presence of MutS , MutS  could not be assayed 
without it. LoVo and GP5d both lack MSH2, MSH3 and MSH6. Due to the low level of PMS2 in GP5D 
cells, all GP5D cell extract reactions were further complemented with MutL . MutS  repair is 
dominant in mismatch and mononucleotide loop repair whereas MutS  exceeds MutS  in 
dinucleotide loop repair.  
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The functional analysis of MLH1, MSH2, MSH6 and MSH3 variations (I-III) 

The pathogenicity assessment and the clinical significance of non-truncating 
MMR gene variations found in putative LS families can be challenging. Functional assays can 
help determine whether a particular nucleotide alteration is likely to contribute to MMR 
deficiency and therefore be LS causing. Here, we set out to assess MMR gene variations 
described in less typical clinical cases. Functional in vitro MMR analysis was performed with 
a rare MSH3 variation, a biallelic MLH1 variation described in a putative Constitutional 
Mismatch Repair Deficiency syndrome patient, and a set of MSH2 and/or MSH6 variation 
pairs reported in putative LS families.  

The functional assessment of MSH3 variations has not been previously 
described. Here, the substrate specificity clarified by examining the role of MutS  and 
MutS  in mono- and dinucleotide loop repair, presented the opportunity for independently 
assessing MutS  repair using a dinucleotide loop substrate together with a cell line with 
primary defects in MSH3 (I). The functional analysis of a LS family variation MSH3 p.R796W 
shows that the recombinant protein complex is capable of restoring the MMR proficiency of 
the MMR deficient GP5d cells like wild type MutS . Hence, the variation is unlikely to be the 
cause of MMR deficiency in the family it was found in (Figure 9, a). This is the first time the 
assay was applied to an MSH3 variation demonstrating its flexibility and potential in 
functional assessments. 

The MMR assay187 has for long been applied to study LS associated MLH1 
variations demonstrating that the use of the MutL  deficient HCT116 cells together with 
5’GT  substrate  is  appropriate.  Here,  for  the  first  time,  the  MMR  assay  was  used  to  
characterise the MMR efficiency of a biallelic MLH1 variant found from a CMMRD patient 
(II). The young proband had shown delays in early development and been diagnosed with 
hemiparesis, glioblastoma multiforme, complete agenesis of corpus callosum, 
interhemispheric and internal cysts and heteropia. By age 6 he was further diagnosed with T 
cell lymphoblastic lymphoma and passed away soon after, due to staphylococcal 
septicaemia before the completion of his chemotherapy. The clinical phenotype suggested 
CMMRD244 which lead to the IHC analysis and subsequent identification of the MLH1 
variation c.218T>G (p.L73R) for which functional assessment was sought for. Indeed, the 
MLH1 p.L73R was described as a rare biallelic variation reflected by the absence of MutL  
proteins in IHC analyses and with colorectal cancer in the maternal family history. The 
results presented here show that the functional analysis of the variation was able to 
demonstrate that the recombinant MLH1 protein was repeatedly MMR deficient and hence 
contributed to confirming the suspected CMMRD in the young patient (Figure 9 b). This is an 
important example of utilizing the ability to use MMR efficiencies in the pathogenicity 
assessment of variants also in other disease contexts than LS. 
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Figure 9. Relative repair efficiencies of the MMR gene VUS studied.  

A. Functional analysis of MSH3 p.R769W (c.2386C>T) using GP5d extracts and a 5’IDL2 substrates 
demonstrates the MMR proficiency of the variant. B. Functional analysis of MLH1 p.L73R (c.218T>G) 
using HCT116 extract with 5’GT substrate demonstrates the MMR deficiency of the variation. C. 
Functional analysis of the MMR proficiency of MSH2 and MSH6 variants produced and assayed alone 
or together. The relative repair percentages of all variants have been adjusted to the repair efficiency 
of the wild type protein in the respective cell protein extract. Significant drops in repair proficiency 
are calculated using the absolute repair efficiencies of the wild type and are marked with an *. MOCK 
is a negative assay control with no nuclear proteins in the reaction. 
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Much like with MLH1 variations, MSH2 and MSH6 variations have previously 
been functionally characterised with the MMR assay187 using  MSH2,  MSH6  and  MSH3  
deficient LoVo cells and 5’GT and 5’IDL1 as substrates. In order to explain whether the co-
occurrence of two seemingly harmless variations could concomitantly contribute to MMR 
deficiency and cancer risk, we set out to assess the functionality of MSH2 and MSH6 variants 
found in pairs (III). In order to fully characterise the potential compound contribution to the 
MMR deficiency, the variants were assessed individually and as pairs in a manner that 
considered the possibility of the two VUS originating from the same allele or heterodimer or 
from different alleles and even different protein heterodimers as illustrated in Figure 6 (p. 
41).  

The results of the functional assessment of the VUS pairs revealed new 
pathogenic variations and suggested the possibility of mild compound contribution towards 
MMR deficiency in the case of a frequently reported MSH2 VUS  (Figure  9  c). Firstly, the 
functional assessment of the variants revealed that the previously unassessed MSH6 
variants p.Leu435Pro and p.Leu585Pro were in fact pathogenic on their own, and hence also 
deficient when paired with their VUS pairs. Also, the decreased MMR efficiency of MSH2 
p.Gly322Asp and p.Asp487Glu was found to be significant when tested alone and as pairs. 
Interestingly, MSH2 p.Gly322Asp has been suggested to be a low penetrance allele181,245, 
although its contribution to MMR deficiency has been questioned208,246.  Among the rest of 
the variation pairs, significant decrease in MMR efficiency was seen in the MSH2/MSH2 pair 
p.Asn127Ser/p.Ala328Pro when compared to wild type MutS . The decreased repair 
efficiency of the p.Ala328Pro alone was not found to be significant whereas the absolute 
repair efficiency of the p.Asn127Ser/p.Ala328Pro pair was significantly reduced to 12% (STD 
±4%, WT 19% STD+-5%) when tested in the same molecule and to 14% (STD ±4%, WT 21% 
STD ±1%) when produced on different molecules.  Interestingly, p.Asn127Ser is a VUS 
frequently reported in CRC patients and alone seems fully MMR proficient228,246. Halving the 
amount of the individually proficient MSH2 p.Asn127Ser while maintaining the total amount 
of recombinant MutS  in the assay at the same level as that of MutS  wild type, does not 
complement the MMR deficiency caused by MSH2 p.Ala328Pro. Instead, their concomitant 
presence in the assay slightly increases the MMR deficiency. It is unlikely, that the significant 
decrease in MMR efficiency is due to haploinsufficiency as we have previously shown that 
the amount of WT protein can be greatly reduced without detectable functional defects and 
hence points at the subtle concomitant effect of the two VUS combined. In fact, reports 
have shown that when p.Asn127Ser is combined with a truncating MSH2 mutation 
(p.Glu422X), a decreased age of cancer onset is evident247,248. Furthermore, the position of 
MSH2  p.Ala328Pro  in  the  MutS  complex  suggests  that  the  variation  may  affect  the  
allosteric communication of the DNA and ATP binding domains in a way that is only crucial 
in the presence of MSH2 p.Asn127Ser. Overall, yeast based studies have suggested the role 
of common MSH2 polymorphisms in LS predisposition, but call for human based functional 
and population based studies in order to determine their clinical significance245. Thus far, 



RESULTS & DISCUSSION 

53
 

case-cohort studies have associated common MSH3 polymorphisms  to  an  increased  CRC  
risk249. Also, the identification of CRC-associated modifier alleles possibly contributing 
towards LS risk also explain some of the LS associated phenotypic variation250,251. While the 
compound effect of two VUS remains to be further demonstrated, common variations such 
as  MLH1  p.K618A  and  p.I219V  have  been  shown  to  raise  LS  associated  CRC  risk252,253. The 
possibility of two VUS contributing to an increased mutator phenotype remains an intriguing 
possibility and emphasises the importance of reporting all variations found within a 
family/gene regardless of one being more frequently reported or more likely to cause MMR 
deficiency.  
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In silico analysis of MMR gene variants (II -IV)

In silico analyses can be powerful tools in predicting the functional effects of a 
nucleotide change. The pathogenicity of a variant is deduced from the multiple sequence 
alignment of evolutionarily conserved genes across species to reveal functionally important 
areas. Such analysis can predict gene areas evolutionarily vital for protein function and 
hence indicate nucleotide changes likely to disrupt protein function. We used in silico 
prediction algorithms to predict the pathogenicity of the functionally characterised variants 
(II-III)  as  well  as  those  used  to  verify  a  pathogenicity  assessment  model  (IV). Due to the 
previously reported high level of sensitivity and specificity241 the in silico algorithms used 
included SIFT236 and MAPP-MMR237,238. As MAPP-MMR is not available for MSH6 variations, 
PolyPhen239 was also applied to some of the variations. Across studies, the pathogenicity of 
30 MLH1 and 30 MSH2 variants was assessed by both MAPP-MMR and SIFT alignment 
algorithms whilst the pathogenicity of 10 MSH6 variants was predicted with SIFT. The 
pathogenicity of unanimously assessed variations by in silico methods was in accordance 
with the results obtained in vitro as presented in Table 19. Notably, all variations for which 
unanimous in silico predictions were not in line with the MMR assay (4 MLH1, 3 MSH2 and 2 
MSH6) appeared MMR deficient in vitro suggesting a mode of pathogenicity mediated 
through a mismatch in a less conserved functional site. PolyPhen pathogenicity predictions 
were only performed for MSH2 and MSH6 variations reported as variation pairs (III). Overall, 
the pathogenicity predictions obtained by the PolyPhen algorithm were in accordance with 
those obtained with SIFT for 4 (of 6) MSH6 variations and 7 (of 8) MSH2 variations, while 5 
(of 8) MSH2 variations showed unanimous pathogenic predictions with PolyPhen and MAPP-
MMR. The high level of accordance further supports the primary use of SIFT and MAPP-
MMR for MMR gene pathogenicity prediction even though in vitro analysis is required to 
confirm the prediction (IV).  

 
Table 19. The accordance of the in silico results with the in vitro MMR assay results 

 Unanimously assessed by 
MAPP & SIFT  

(# of variations) 

 
 
 

Accordance of in silico 
predictions with MMR assay results 

(# of variations) 
 N P TOT  FULL PARTIAL NONE 
MLH1 (n=30) 7 16 23  19 7 4 
MSH2 (n=30) 9 13 22  19 8 3 
MSH6* (n=10) -- -- --  8 -- 2 

N, Neutral; P, Pathogenic/deleterious; TOT, Total amount of variations assayed 
*MAPP-MMR analysis is not available for MSH6 variations  
FULL, Number of variations unanimously assessed with the MMR assay, MAPP-MMR and SIFT; PARTIAL, 
Number of variations unanimously assessed with the MMR assay and MAPP-MMR or SIFT; NONE, 
Number of variations for which unanimous in silico prediction was not in accordance with the MMR assay 
results;  
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Verification of model for assessing the pathogenicity of MMR gene
VUS (IV)

An assessment model designed to facilitate the pathogenicity assessment of 
MMR gene VUS has been proposed by Couch et al. in 2008186. The model identifies three 
steps for VUS pathogenicity assessment. STEP 1 takes family history, MSI and IHC analyses 
into account and leads to the identification of a VUS. STEP  2  includes in silico and in vitro 
functional analyses whereas STEP 3 considers data from more specific biochemical assays, 
such as protein stability/expression, localization and interaction assays. In order to verify the 
appropriateness of this model, we utilised the clinical and biochemical data of previously 
characterised 74 MMR gene VUS together with the results of the in vitro MMR assay and in 
silico analyses. Of 37 MLH1 variations, 11 were unanimously indicated to be pathogenic and 
7 to be neutral by all STEP 2 analyses. All 5 MLH1 deletions were indicated pathogenic by the 
in vitro MMR analysis only, due to the lack of in silico results. Only 4 variations predicted to 
be pathogenic by the in silico analyses of STEP 2 retained MMR proficiency in vitro and 
demonstrated expression and localisation defects in STEP 3 analyses. Of 26 MSH2 variations 
12 were unanimously indicated to be pathogenic and 7 to be neutral by all STEP 2 analyses. 
The only MSH2 deletion was found to be pathogenic by the in vitro MMR assay.  Only one 
MSH2 variation predicted to be pathogenic by the in silico analyses of STEP 2 retained MMR 
proficiency in vitro and demonstrated expression defects in STEP 3. Of the remaining 5 MSH2 
variations, 4 were shown to be neutral by all STEP 2 and STEP 3 assessments except for one in 
silico prediction. Of 11 MSH6 variations only one was MMR deficient in vitro whereas  7  
appeared MMR proficient with all assessment results available. Overall, these results 
demonstrate that the MMR assay of STEP 2 is sufficient to indicate variant pathogenicity 
alone or MMR proficiency together with two concordant in silico results. Similarly, two in 
silico predictions which unanimously suggest a deleterious outcome suffice to indicate 
variant pathogenicity as confirmed by STEP 3 expression analysis. With these criteria in mind, 
we found that the pathogenicity assessment of 27/37 MLH1, 22/26 MSH2 and 1/11 MSH6 
can be performed by STEP 2 alone. All 24 variations not characterised by STEP 2 assays had 
discrepant (11/24) in silico data or incomplete in silico data (13/27) due to the inability to 
perform SIFT analysis with deletions and the MAPP-MMR analysis with MSH6 variations. 
Overall, when combining the results of the STEP 2 assays, the model seems appropriate for 
MLH1 and MSH2 variations and the necessity of STEP 3 assays is questionable (Figure 10).  
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Figure 10. Schematic illustration of (A) MLH1 (B) MSH2, and (C) MSH6 showing the known 
functional domains, locations of the studied variations, and the amount of steps required 
for their assessment of pathogenicity. 

Each required step of the three-step assessment model is represented with a circle. STEP 1 is divided 
to indicate the accordance of the family history with the Amsterdam criteria I/II (lower half: black, AC 
fulfilled; white, AC not fulfilled; grey, AC fulfilled by some families; diagonal line, data not available) 
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and the MSI and IHC results of the tumour (upper half: black, MSI-H and/or reduced protein 
expression [IHC]; white, no MSI-H and no problems in protein expression (IHC); grey, contradicting 
data between several families; diagonal line, data not available). STEP 2 is divided to indicate variant 
protein in vitro MMR activity (lower half: black, deficient; white, proficient) and in silico results (upper 
half: black, pathogenic effect predicted by SIFT and MAPP-MMR; white, neutral effect predicted by 
SIFT and MAPP-MMR; grey, discordant or only one result, either pathogenic or nonpathogenic 
available; diagonal line, data not available). STEP 3 assay results are combined to assess VUS 
pathogenicity (black, results indicating pathogenicity; white, results indicating nonpathogenicity; 
grey, STEP inconclusive; diagonal line, data not available).

Where STEP 2 in silico assays unanimously indicate pathogenicity without MMR 
deficiency seen in the MMR assay, the expression analysis of STEP 3 seemed sufficient to 
confirm the pathogenicity. For most variations, the results from the STEP 3 assays did not 
contradict or add new information to the pathogenicity results already obtained from the 
combination of all STEP 2 data, however, they provide a more detailed biochemical 
description of the mode of pathogenesis. Even with the full panel of data, the assessment 
model was not applicable to the MSH6 variations. This may be due to the inclusion of MSH6 
variations found in LS patients with possible MLH1 promoter hypermethylation underlying 
the cause of MMR deficiency or the inability to perform the MAPP-MMR in silico alignment 
on the MSH6 variations. Based on our selection of assays in STEP 2 and 3, the pathogenicity 
of only one MSH6 variation could be confirmed by STEP 2 and another was suggested to be 
unstable although it was fully MMR proficient in vitro.   Typical to MSH6 mutation carriers, 
none of the probands fulfilled the Amsterdam criteria. 
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Assessing how reduced expression levels of the MMR genes affect
repair efficiency (V)

Lynch syndrome patients carry one normal and one defected MMR gene allele 
in all of their somatic cells due to a germline mutation inherited from one of their parents. 
Regardless of the defected allele, healthy tissue is expected to maintain sufficient levels of 
MMR efficiency and tumorigenesis is only thought to commence upon losing the healthy 
allele. Nevertheless, by inheriting only one normal allele, the amount of the mRNA coding 
for functional protein is reduced to approximately half in all cells of the LS mutation carrier. 
In order to evaluate whether and how this kind of reduction may reflect the repair 
efficiency, we established MMR gene knockdowns (KD) of non-cancerous fibroblast cells and 
tested them in the in vitro MMR assay. As a result of stable shRNA mediated KD of MLH1, 
MSH2 and MSH6 and subsequent monoclonalisation, we created cell lines with variable 
MMR gene expression levels of the gene of interest (GOI) (Figure 11). The mRNA levels were 
verified with Q-PCR and the clones retaining approximately  25%, 50% and 75% of  the GOI 
expression, as compared to the positive control, were selected. Only KD cells maintaining 
25% of MSH6 expression were not achieved. Nuclear protein extraction and MMR assay 
analysis of each clone was carried out in parallel with a positive control transfected with an 
shRNA construct with no target specificity. Such parallel assessment allows the calculation 
of relative repair efficiencies from the absolute repair efficiencies of the KD and the control, 
and permits the meaningful comparison of relative repair efficiencies across different 
assays. As illustrated in Figure 12, cells expressing only 25% of MLH1 or MSH2 were fully 
MMR deficient. Also, cells retaining 50% and 75% of MSH2 or MSH6 expression repaired 
5’GT mismatches with significantly reduced efficiencies (p<0.01). Although the decrease was 
not statistically significant (p=0.06), cells with 50% of MLH1 expression presented reduced 
MMR efficiency, whilst the cells retaining 75% of MLH1 expression repaired as wild type. 
The  amount  of  nuclear  proteins  used  in  the  assay  is  commonly  100  µg  which  is  an  excess  
shown to be sufficient to indicate even the slightest repair. Here, to get more stringent and 
sensitive assay conditions, we also reduced the amount of nuclear protein extract added 
into the in vitro MMR reaction (V). The relative repair efficiency of KD cells retaining 75% of 
MSH6 expression was 56% (p<0.06)  with 100 µg protein extract.  However,  it  decreased to 
42%  (p<0.03)  with  75  µg  extract  and  using  only  50  µg  of  protein  extract  in  the  assay,  the  
75% KD cells appeared MMR deficient. The control retained MMR proficiency with all three 
concentrations. 
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Figure 11. Expression of MLH1, MSH2 and MSH6 in KD cells as verified by Q-PCR.  

The arrows indicate clones chosen for nuclear protein extraction and subsequent functional 
characterisation.  
 

 

 

Figure 12. Relative (RR%) and absolute (AR%) MMR efficiencies of MLH1, MSH2 and MSH6 
KD cells. 

The relative mismatch repair efficiencies of MLH1, MSH2 and MSH6 fibroblast cells as compared to 
the repair efficiencies of clone specific scramble shRNA insert controls. Relative repair efficiencies are 
illustrated by the bars corresponding to the y-axis on the left. Mean absolute repair efficiencies of the 
knockdown clones assayed with 100 µg nuclear protein, are present by the line corresponding to the 
y-axis on the right. 

 To date, the primary identification of an LS family depends on the MSI and IHC 
analyses of the probands tumour tissue followed by subsequent mutation detection. 
Identifying tumour-free family members affected by LS always requires the identification of 
the MMR gene defect verified to cause the cancer susceptibility through the pathogenicity 
assessment of the variant. In this work, by assessing how reduced mRNA expression levels 
affect MMR efficiency, we also investigated the potential and sensitivity of the in vitro MMR 
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assay in LS detection from non-cancerous tissue. Our results suggest that the carrier-like 
~50% mRNA expression of MSH2 and MSH6 can readily be detected by significantly reduced 
in vitro MMR capability. Although not significant, the reduction in the MMR efficiency of 
cells expressing 50% of MLH1 mRNA is also suggested. Furthermore, the assay seems to be 
able to detect the reduced MMR efficiency of cells retaining 75% of MSH2 or MSH6 mRNA 
expression. Interestingly, the assay appears particularly sensitive to MSH6 expression 
decreases. These results provide a preliminary indication of gene specific thresholds that 
reflect the amount of functional mRNA required for repair efficiencies similar to the control 
sample and suggest that the in vitro MMR assay could be used to recognise expression 
levels indicative of LS. 
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CONCLUSIONS

The main aim of the studies in this thesis was to clarify how MMR proteins and 
MMR gene alterations affect the MMR mechanism and cause MMR deficiency as seen in 
Lynch syndrome. The role and MMR efficiency of wild type MMR proteins were analysed in 
the context of different substrates, different MMR heterodimer components as well as with 
variable MMR gene expression. The MMR efficiency of variations associated with atypical 
clinical features was assessed and results of a panel of functionally well characterised VUS 
were used to verify a proposed pathogenicity assessment model.  

The functional assessment of the substrate specificities and MMR efficiencies 
of key MMR protein heterodimers elucidates and clarifies the partially redundant roles of 
MutS  and MutS  in error recognition. Here we identified the superseding role of MutS  
over MutS  in dinucleotide loop repair. This finding has direct impact on the interpretation 
of results from the widely adopted Bethesda microsatellite markers panel used to detect 
Lynch syndrome tumours. Our findings suggest that when dinucleotide instability is 
detected in the absence of mononucleotide instability, genetic analysis of MSH3 should be 
carried out. Here, for the first time, introducing a dinucleotide loop substrate and a cell line 
deficient in all MutS proteins enabled us to assess MSH3 mediated MMR impairment. The 
pathogenicity of a rare MSH3 variation was successfully studied and proven to be MMR 
proficient in vitro. The ability to both, indicate the need for MSH3 mutation analysis and to 
functionally characterise the effects of such variations, can contribute to clarifying the role 
of MSH3 in the MMR mechanism and Lynch syndrome.  

Similarly, the functional analysis of an MLH1 variation reported as a biallelic 
mutation contributed to confirming its role in Constitutional Mismatch Repair Deficiency 
syndrome, a rare but severe childhood syndrome caused by biallelic MMR gene mutations. 
Furthermore, the functional assessment of a set of MMR gene variation pairs found in CRC 
patients explored the potential of compound contribution of two seemingly MMR proficient 
variations towards MMR deficiency. Indeed, our findings describe a subtle compound effect 
of an MSH2 variation pair consisting of mismatches that are MMR proficient when 
individually assayed. These variations are MMR proficient when assayed alone, but 
together, their MMR deficiency is apparent. Interestingly, one of these variations is 
frequently reported in colorectal cancer and denotes the importance of identifying low risk 
variations with high prevalence. Variations frequently reported in association with variable 
clinical phenotypes are of particular interest as the clinical phenotypes may be a reflection 
of their presence with another VUS. Hence, these findings also emphasise the need for 
identifying and reporting all variations found in LS families in order to better understand the 
role of low risk variations with high prevalence in LS cancer predisposition. Even though 
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pathogenic MSH6 missense  mutations  are  not  common,  our  results  also  characterise  two  
novel MSH6 variations as fully MMR deficient. Overall, our findings represent the flexibility 
and applicability of the MMR assay to confirm MMR deficiency linked to different clinical 
phenotypes.  

The verification of a VUS pathogenicity assessment model specifies the 
information and biochemical analyses needed for efficient and reproducible assessment of 
MMR  gene  VUS.   Our  results  show  that  the  MMR  assay  is  able  to  indicate  variant  
pathogenicity alone. Also, MMR proficiency can be reliably indicated with the MMR assay 
coupled with unanimous predictions from two in silico analyses. Overall, the more typical 
clinical and tumour pathological features of MLH1 and MSH2 variations render the model 
applicable to them, whereas MSH6 VUS may require a more tailored approach for efficient 
pathogenicity assessment. In addition to proposing the model to be appropriate and 
supporting the use of the analyses chosen for the MMR gene variant assessment in this 
thesis, our results have shown the value of the functional MMR protein assessment in the 
continuous interpretation of variant pathogenicity. These findings further support and 
endorse  the  use  of  the  MMR  assay  as  one  of  the  key  assays  in  the  variant  pathogenicity  
interpretation, an on-going international effort to translate MMR variant data into clinically 
useful information (InSiGHT, http://www.insight-group.org/).  

Finally, as LS mutation carriers inherit only one healthy MMR gene allele the 
amount of mRNA coding for functional protein is also halved. The functional assessment of 
MMR gene knockdown cells aimed to investigate the potential of the in vitro MMR assay in 
distinguishing decreased MMR gene expression levels. Indeed, our results suggest that the 
MMR efficiency may be proportional to the MSH2 and MSH6 mRNA expression levels in the 
cell, making the assay very sensitive to decreases in them. The decrease in MLH1 expression 
was also detected although the decreased expression was not proportionally reflected by 
the cells MMR efficiency. Our results suggest that quite low levels of MLH1 mRNA suffice for 
MMR. The knowledge of the gene specific mRNA expression levels that can be detected as 
MMR deficient, presents the opportunity to develop the assay to recognise LS from non-
cancerous cells. 
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FUTURE PROSPECTS

In light of the results presented in the thesis, future prospects for Lynch syndrome and DNA 
mismatch repair research may include: 

 The functional assessment of MSH3 variations associated with dinucleotide but not 
mononucleotide instability in tumours.  

 The functional assessment of MMR gene VUS to contribute towards their 
pathogenicity interpretation, which will be continued in collaboration with InSiGHT.  

 The functional assessment of MMR gene variation pairs to further investigate the 
potential compound contribution to MMR deficiency. Of particular interest are 
frequently occurring MMR gene variations associated with variable clinical 
phenotypes.  

 The evaluation of the effects of PMS2 VUS as well as partial PMS2 expression on the 
MMR efficiency. PMS2 is the fourth most commonly mutated MMR gene associated 
to Lynch syndrome, yet due to technical difficulties imposed by the presence of 
pseudogenes the functional effects of PMS2 variations have not been extensively 
studied.   

 The utilization of the associations between MMR gene specific mRNA expression 
levels and MMR efficiency to optimise the assay for Lynch syndrome recognition 
from non-cancerous tissue. 
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