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ABSTRACT

ROSA, R. C. A. Genetic etiology of DNA-mismatch repair deficiency in cancer. 2022. 
Thesis (Ph.D. in Biological Sciences - Genetics) – Ribeirão Preto Medical School, University 
of São Paulo, Ribeirão Preto, 2022.

DNA mismatch repair (MMR) is a highly conserved pathway that maintains genomic integrity 
by repairing base-base mismatches and insertion-deletion loops generated during DNA 
replication. MMR deficiency is detected in a substantial fraction of tumors, especially 
endometrial cancer (EC), and is used as an indicator of cancer predisposition and a marker of 
resistance to certain chemotherapies, such as 6-thioguanine (6-TG). Germline and somatic 
inactivation of MLH1, MSH2, MSH6, and PMS2 genes, which encode the main components of 
the MMR pathway, is the leading cause of MMR deficiency. However, some MMR-deficient 
tumors do not harbor any alteration in MMR genes, suggesting that other genes could also drive 
the MMR-deficient (MMR-D) phenotype in cancer. To investigate the genetic etiologies of 
MMR deficiency, we established a Brazilian cohort of 242 EC cases and assessed the MMR 
status on tumors by immunohistochemistry, microsatellite instability, and MLH1-methylation. 
MMR deficiency was detected in 38.4% of tumors, and germline mutation in the main MMR 
genes was investigated in 37 MMR-D cases. We found germline pathogenic variants in 10/37 
(27%) patients. Next, we explored the etiology of the 27 unexplained MMR-D tumors by 
germline and somatic next-generation sequencing of 63 genes related to cancer-predisposition 
and DNA repair. Germline variants in ATM, ATR, CHEK2, FAN1 and MUTYH genes were 
found in 26% of cases and were associated with a pronounced family history of cancer. Tumor 
sequencing revealed inactivating mutations in MMR genes, mainly in MSH6, as the leading 
cause of MMR deficiency in EC. Mutations in the exonuclease domain of POLE were found to 
be a frequent driver of MMR deficiency, probably by increasing mutation rates, resulting in the 
inactivation of MMR genes. Previous studies have identified WDHD1, an essential component 
of the eukaryotic replisome, as an MSH2 partner. Therefore, we constructed a Wdhd1-mutant 
cell line by CRISPR/Cas9 and interrogated the impact of the disrupted WDHD1-MSH2 
interaction on the repair of replication errors and sensitivity to 6-TG. Disruption of WDHD1-
MSH2 interaction did not increase the number of spontaneous mutations and did not lead to an 
MSI phenotype. On the other hand, Wdhd1-mutant cells acquired mild resistance to 6-TG. In 
conclusion, we have confirmed the inactivation of MMR genes as the main cause of MMR 
deficiency in EC. Additionally, germline mutations in other DNA repair genes are found in 
individuals with MMR-D tumors and may explain the high cancer incidence in their relatives. 
Finally, WDHD1 is not an alternative driver of MMR deficiency but might participate in the 
MMR-mediated response to 6-TG.

Keywords: CRISPR/Cas9. DNA repair. Endometrial cancer. Microsatellite instability. Next-
generation sequencing. 



RESUMO

ROSA, R. C. A. Etiologia genética da deficiência do sistema de reparo de pareamento 
incorreto de DNA em câncer. 2022. Tese (Doutorado em Ciências Biológicas - Genética) – 
Faculdade de Medicina de Ribeirão Preto, Universidade de São Paulo, Ribeirão Preto, 2022.

O reparo de pareamento incorreto de bases (MMR) é um mecanismo de reparo de DNA 
altamente conservado que mantém a integridade genômica através do reparo de bases 
malpareadas e de alças geradoras de inserções e deleções que ocorrem durante a replicação de 
DNA. Uma parcela considerável de tumores, sobretudo câncer de endométrio (CE), apresentam 
deficiência na via MMR (MMR-D), que é utilizada como um indicador de predisposição 
genética à câncer e como preditor de resistência à certos quimioterápicos, tais como 6-
tioguanina (6-TG). A inativação germinativa ou somática dos genes MLH1, MSH2, MSH6, ou 
PMS2, que são os principais genes da via MMR, é a causa mais frequente da MMR-D. Contudo, 
alguns tumores com deficiência nessa via não apresentam nenhuma alteração nesses genes, o 
que sugere o envolvimento de outros genes na deficiência do sistema MMR em câncer. Com o 
objetivo de investigar as causas genéticas dessa deficiência, uma coorte brasileira composta por 
242 casos de CE foi caracterizada por meio de imuno-histoquímica, instabilidade de 
microssatélites e metilação do gene MLH1. 38,4% dos tumores apresentaram deficiência na via 
MMR. A análise de variantes germinativa foi realizada em 37 destes casos. Foram encontradas 
variantes germinativas patogênicas em 10/37 (27%) pacientes. A etiologia dos 27 tumores 
MMR-D, sem uma causa determinada pela abordagem anterior, foi investigada por meio de 
sequenciamento de nova geração para análise de variantes germinativas e somáticas em 63 
genes relacionados à predisposição à câncer e a vias de reparo de DNA. Variantes germinativas 
nos genes ATM, ATR, CHEK2, FAN1 e MUTYH foram encontradas em 26% dos casos, muitos 
destes associados à uma história familiar de câncer. Por meio do sequenciamento de DNA 
tumoral, foi possível confirmar a inativação de genes da via MMR, principalmente do gene 
MSH6, como a principal causa do fenótipo de MMR-D em CE. Ainda, os dados de 
sequenciamento dos tumores mostraram que mutações no domínio com atividade de 
exonuclease codificado pelo gene POLE são uma causa frequente desse fenótipo, 
provavelmente advindo do aumento do número de mutações com consequente inativação de 
genes da via MMR. Estudos anteriores identificaram a proteína WDHD1, que é um componente 
essencial do replissoma em eucariotos, como um parceiro de interação da proteína MSH2. 
Deste modo, geramos um modelo celular contendo mutações no gene Wdhd1 por CRISPR/Cas9 
para avaliar o impacto da ruptura na interação entre WDHD1 e MSH2 no reparo de erros de 
replicação e na sensibilidade à 6-TG. A ausência de interação entre WDHD1 e MSH2 não gerou 
um aumento no número de mutações espontâneas e não desencadeou instabilidade de 
microssatélites no nosso modelo celular. Contudo, as células mutantes apresentaram resistência 
moderada à 6-TG. Este trabalho confirmou a inativação de genes MMR como a principal causa 
da deficiência da via MMR em CE. Mutações germinativas em genes de outras vias de reparo 
de DNA podem ser encontradas em indivíduos com tumores MMR-D, e podem explicar a alta 
incidência de câncer nas famílias desses pacientes. Por fim, o gene WDHD1 não é uma causa 
alternativa para o fenótipo de deficiência da via MMR, mas pode estar envolvido na resposta 
celular à 6-TG mediada por essa via.

Palavras-chave: Câncer de endométrio. CRISPR/Cas9. Instabilidade de microssatélites. 
Reparo de DNA. Sequenciamento de nova geração.
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INTRODUCTION

DNA replication in eukaryotic cells requires three DNA polymerases: Polymerase alpha 

(Polα), delta (Polδ), and epsilon (Polε). Polα acts as a primase by synthesizing short RNA 

primers required to initiate replication at the replication origins. After synthesizing a few 

nucleotides, Polα is replaced by Polε in the leading strand and Pol δ  in the lagging strand to 

synthesize DNA in a high-processivity and fidelity manner (SHCHERBAKOVA; BEBENEK; 

KUNKEL, 2003).

Replicative polymerases are highly accurate machines with proofreading capabilities. 

Pol α is the most error-prone of the three polymerases. However, it synthesizes the least amount 

of DNA, and most of the bases it incorporates are removed during the later replication steps. 

Pol δ has intermediate fidelity, and the leading strand polymerase, Pol ε, has the highest fidelity 

in replicating DNA (CORTEZ, 2019).

Despite the high fidelity, replicative polymerases insert the incorrect nucleotide 

approximately every 104-105 polymerization events (KUNKEL; ERIE, 2015). The distorted 

geometry of these misincorporations triggers the exonuclease activity inherent in the replicative 

polymerases to excise the incorrect base, lowering the error rate by 10 to 100-fold. Mismatches 

that escape this proofreading activity are substrates for the mismatch repair (MMR) system, 

which functions as a spellchecker to lower the error rate to as low as 2x10–10 substitutions per 

base per cell division (KUNKEL; ERIE, 2015).

1 Mismatch repair pathway

MMR is a highly conserved DNA repair mechanism that plays a critical role in DNA 

fidelity, mutation avoidance, and genome stability (LIU; KEIJZERS; RASMUSSEN, 2017). 

This essential repair pathway was first discovered in Escherichia coli, and its main steps were 

further reconstituted in vitro from purified proteins. The prokaryotic methyl-directed MMR 

pathway comprises three main stages: recognition, excision, and gap-filling by DNA 

resynthesis, which requires several components, including the homodimers MutS and MutL, as 

well as the restriction endonuclease MutH, the helicase II UvrD, Exo I, and other single-strand 

specific exonucleases, single-strand DNA-binding proteins (SSB), the DNA polymerase III 

(Pol III) holoenzyme, and the DNA ligase (LU, 2021) (Figure 1). 

The single-nucleotide mismatches and short insertion-deletion loops (IDLs) generated 

during replication are recognized by the MutS homodimer, which further recruits MutL and 
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MutH, forming a complex that translocates through the DNA duplex in an ATP-dependent 

manner until it reaches a hemimethylated d(GATC) sequence (LIU; KEIJZERS; 

RASMUSSEN, 2017). The absence of methylation at this restriction site is used as a signal to 

direct the repair to the newly synthesized strand. MutH nicks the unmethylated strand at the 

5’ position of the guanine at the GATC site to introduce an entry point for the excision reaction 

mediated by UvrD and exonuclease enzymes (FUKUI, 2010). The single-strand DNA 

generated during the excision step is stabilized by SSBs. Finally, the gap produced during the 

excision of the daughter DNA strand is filled in by DNA polymerase III, and the nick is ligated 

by DNA ligase (GROOTHUIZEN; SIXMA, 2016).

Figure 1 – Mismatch repair pathway in E. coli. The first step involves the recognition of the mismatch 
(represented by the G-T mismatch) by the MutS homodimer. Next, MutL and MutH are recruited to the mismatch 
site, forming a complex with MutS. The MutS-MutL-MutH complex translocates in an ATP-dependent manner to 
a hemimethylated GATC restriction site located either upstream or downstream of the mismatch site. MutH 
cleaves the newly synthesized strand (in red) at the 5’ side of the guanine of the restriction site. MutS and MutL 
hydrolyze ATP to trigger downstream repair steps, comprising resection of the unmethylated DNA strand by 
helicases (UvrD) and exonucleases (ExoI, ExoVII, ExoX, or RecJ, depending on the position of the strand nick 
relative to the mismatch site). SSB proteins protect single-strand DNA resulting from this process. The last step 
comprises the resynthesis of DNA to fill the gap generated during the resection step by DNA polymerase III and 
the nick sealing by DNA ligase. Open arrows represent the direction of resection from the GATC sequence to the 
mismatch site, while thick green arrows show the direction of resynthesis. Adapted from LU, 2021.
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The MMR pathway in eukaryotes is less well-understood than in prokaryotes. However, 

its three main steps are conserved across all species, with some differences (LIU; KEIJZERS; 

RASMUSSEN, 2017) (Figure 2). In eukaryotes, the MMR pathway is initiated by the 

recognition of mismatches by the heterodimer MutS homolog alpha (MutS), composed of 

MSH2 and MSH6 proteins, or MutS homolog beta (MutS), formed by MSH2 and MSH3. 

MutS recognizes preferentially base-base mismatches and short IDLs, whereas MutS is 

responsible for recognizing mainly more prominent IDLS. A second heterodimer, the MutL 

homolog alpha (MutL), formed by MLH1 and PMS2 proteins, is recruited to the mismatch 

site and, together with MutS or MutS, mediates the excision of the newly synthesized strand 

to remove the replication error. Differently from bacteria, the strand discrimination in 

eukaryotes MMR does not rely on the hemimethylated state of parental and daughter strands 

during DNA replications. Instead, it has been proposed that strand discrimination in eukaryotes 

depends upon the occurrence of daughter-strand nicks generated during the DNA replication 

(PUTNAM, 2021). 

Eukaryotic MMR faces a temporal problem of detecting DNA mismatches and initiating 

repair before chromatin is assembled. To overcome this challenge, it has been suggested that 

MutS/ heterodimers interact directly with the DNA replication machinery by interacting with 

MSH6 or MSH2 proteins and the replisome processivity clamp, proliferating cell nuclear 

antigen (PCNA) (MANHART, 2021). Since eukaryotes lack a MutH homolog, the nick on the 

daughter strand required for the excision of the newly synthesized strand is introduced by the 

latent endonuclease activity of MutL, in a reaction that also requires PCNA, the replication 

factor C (RFC), and ATP (FUKUI, 2010). Nicks generated by MutL are used as initiation 

points for excision by the 5’-3’exonuclease I (ExoI), creating single-strand gaps as large as a 

thousand nucleotides, which are protected by replication protein A (RPA) (MANHART, 2021). 

Replicative DNA polymerases fulfill those gaps and DNA ligase I, repairing the mismatches 

previously identified in the daughter strand (GENG et al., 2011).

Other MMR proteins have been identified, including PMS1, which can interact with 

MLH1 to form the MutL heterodimer, and MLH3, which interacts with MLH1, forming the 

MutL homolog gamma (MutL) dimer. Both heterodimers have a minor role in mitotic MMR 

repair. However, MutL is required to promote crossing over in meiosis. In addition, the MMR 

dimer formed by MSH4 and MSH5 has been identified as vital for meiosis but not involved 

with the mitotic MMR repair (MANHART; ALANI, 2016).
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Figure 2 – Mismatch repair pathway in eukaryotes. The pathway starts with the recognition of a replication 
mismatch (represented by a C-A mispairing) by either the MutS or MutS heterodimers. The newly synthesized 
strand (red) is distinguished from the parental strand (blue) based on the existence of nicks on the daughter strand 
generated during DNA replication. The MutS complex recruits MutL and activates its latent endonuclease 
activity to introduce a nick in the daughter strand in an ATP-PCNA-RFC-dependent manner.  ExoI uses the 
incision generated by MutL to excise the newly synthesized strand containing the mismatch. RPA proteins stabilize 
the resulting single-strand strand. The last step comprised the error-free resynthesis of DNA by replicative 
polymerases and the ligation of gaps by DNA ligase. Adapted from YANG; HSIEH, 2016.

1.1 DNA damage signaling function

In addition to its well-described role in the repair of mismatches generated during DNA 

replication, the MMR pathway is involved in the cellular response to DNA lesions produced 

by a variety of genotoxic agents, including cisplatin, carboplatin, 5-fluorouracil, 6-thioguanine 

(6-TG), N-methyl-N -nitro-N-nitrosoguanidine (MNNG), and iododeoxyuridine (MARTIN et 

al., 2010). Once the MMR proteins recognize the drug-induced DNA damage, this repair 

machinery can trigger different responses, including repair of the damage, cell cycle arrest, and 

apoptosis (LI; PEARLMAN; HSIEH, 2016; NARINE et al., 2010).

Although the mechanism by which MMR triggers cellular responses under exposure to 

DNA damage agents is not entirely understood, it is assumed to be initiated similarly to that of 
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replication-derived mismatches (GUPTA; HEINEN, 2019). It has been shown that MutS and 

MutL heterodimers interact with ATR and ATM, which are essential components of different 

DNA damage response (DDR) pathways, activating those proteins and resulting in 

phosphorylation of p53, p73, and other downstream DDR components (XU; LI, 2021).

Two models have been proposed to describe the role of MMR proteins in DDR, the 

futile cycling and the direct signaling models (Figure 3). The futile cycling model suggests that 

once the mismatch generated by drug-induced DNA adduct in the template DNA strand is 

recognized, the MMR pathway undergoes repetitive futile attempts of repair, causing secondary 

DNA damages, mainly single-strand DNA (ssDNA) gaps in the newly synthesized DNA strand 

and, ultimately, accumulating extensive double-strand breaks (DSBs), which provokes G2/M 

cell cycle arrest and subsequent apoptosis (GUPTA; HEINEN, 2019; MARTIN et al., 2010). 

On the other hand, The direct signaling model suggests that upon recognizing a mismatch 

generated by a drug-induced adduct, MutS and MutL complexes could directly trigger cell 

cycle arrest and apoptosis via the recruitment of DDR components (LI; PEARLMAN; HSIEH, 

2016). In both models, the action of MMR components on DNA adducts activates a DDR 

signaling cascade mediated by ATM and/or ATR, resulting in cell death. However, the detailed 

mechanism of these models needs to be better understood (XU; LI, 2021).

Not surprisingly, the loss of functional MMR components, most frequently MLH1, 

PMS2, MSH2, and MSH6 proteins, results in cellular tolerance to certain DNA-damaging 

agents (LI; PEARLMAN; HSIEH, 2016). Since many of those agents are commonly used in 

chemotherapy for different tumors, the assessment of MMR functional status has direct clinical 

implications, mainly in chemo-resistance, as recurring drug-resistant tumors are frequently 

MMR-deficient (MMR-D) (GUPTA; HEINEN, 2019). On the other hand, restoring the MMR 

activity in MMR-D tumors might be explored to reverse resistance and turn those tumors 

sensitive to chemotherapy (MENG; DAI; GUO, 2008; PLUMB et al., 2000; STRATHDEE et 

al., 1999).
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Figure 3 – Proposed models to explain the mechanisms of MMR-mediated cell cycle arrest and apoptosis 
under exposure to DNA-damaging agents. The futile cycling model (on the left) suggests that DNA adduct 
(solid black circle) on the template strand induces mismatches that MMR proteins can recognize. Since MMR 
only targets the daughter strand, the adduct cannot be repaired, provoking repetitive cycles of MMR and ultimately 
triggering cell cycle arrest and apoptosis via the ATM and/or ATR damage signaling. The direct signaling model 
(on the right) proposes that MMR proteins recruit ATM/ATR immediately after recognizing the DNA adduct, 
activating the downstream DNA damage response and resulting in cell cycle arrest and apoptosis. Adapted from 
HEWISH et al., 2010.

2 Mismatch repair deficiency

Loss of functions of one or more MMR proteins impairs the repair of mismatches and 

loops generated during DNA replication, leading to the accumulation of spontaneous mutations 

throughout the genome and affecting the function of several genes, including tumor suppressor 

and pro-oncogene genes, which increases the likelihood of initiating a malignant transformation 

(BATEMAN, 2021). Indeed, MMR deficiency is observed in various cancers, which exhibit 

high mutation rates, 100-1,000-fold greater than MMR-proficient tumors (BARETTI; LE, 

2018).

The high mutation rates commonly observed in MMR-D tumors are mainly represented 

by mutations in microsatellite regions, which are short tandem repeated DNA sequences 

distributed throughout the genome (POULOGIANNIS; FRAYLING; ARENDS, 2010). 

Microsatellites are highly susceptible to replication errors caused by slippage of polymerases 
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during replication of those repetitive sequences, resulting in the accumulating insertions and 

deletions in several microsatellite loci, a molecular phenotype known as microsatellite 

instability (PAL; PERMUTH-WEY; SELLERS, 2008). Several proto-oncogenes and tumor 

suppressor genes, such as TGFBR2, IGF2R, PTEN, BAX, MRE11, RAD50, and various DNA 

repair genes, including MSH6, MSH3, and MLH3, contain microsatellites in their coding 

sequences and, consequently, are highly prone to be mutated in MMR-D cells, which could 

drive the tumorigenic process in those cells (GUILLOTIN; MARTIN, 2014; HEWISH et al., 

2010). 

The identification of tumors with MMR deficiency has several clinical implications, 

ranging from identifying individuals potentially at risk of having a cancer-predisposing 

syndrome to the prediction of outcome and response to anti-cancer therapies. Therefore, the 

different methodologies to identify MMR deficiency, as well as the prevalence of this 

phenotype in human tumors, and the details of its diverse clinical implications will be discussed 

in the following sections.

2.1 Detection

Improvements in molecular techniques have facilitated the routine assessment of MMR 

status in different tumor types as part of the medical care (HEWISH et al., 2010a). In clinical 

practice, MMR deficiency can be detected at a genetic, protein, or functional level. The 

presence of MMR proteins in the nuclei of tumor cells is commonly assessed by 

immunohistochemistry (IHC) (BATEMAN, 2021). In addition, the tumor mutator phenotype 

is traditionally measured through polymerase chain reaction amplification (PCR)-based 

microsatellite instability (MSI) analysis from tumor DNA (TOGNETTO et al., 2017). 

Several centers worldwide take advantage of next-generation sequencing (NGS) 

technology to detect MMR deficiency and other clinically relevant biomarkers in different 

tumor types in single testing, saving time and tumor tissue (XIAO et al., 2021). Importantly, 

NGS-based approaches have high concordance rates with the traditional IHC and PCR-based 

MSI techniques (KANG et al., 2022; SHIMOZAKI et al., 2021). 

The technical aspects, benefits, and limitations of MMR IHC, PCR-based MSI, and 

current NGS-based approaches to detect MMR deficiency in human tumors will be discussed 

in the following sections.

2.1.1 Immunohistochemistry
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The analysis of MMR protein expression by IHC has become a widely used approach to detect 

MMR deficiency in solid tumors. The functionality of the MMR pathway can be inferred by 

using antibodies against MLH1, MSH2, MSH6, and PMS2 proteins. In addition to detecting 

MMR-D tumors, lack of expression of one or more of those proteins also indicates what MMR 

gene is most likely defective due to the protein heterodimerism between MLH1/PMS2 and 

MSH2/MSH6 proteins (BATEMAN, 2021; VILAR; GRUBER, 2010). For instance, the 

simultaneous loss of MLH1 and PMS2 protein expression suggests an alteration in the MLH1 

gene since the PMS2 protein is destabilized in the absence of MLH1. Similarly, loss of both 

MSH2 and MSH6 protein expression indicates the inactivation of MSH2, as MSH6 is unstable 

in the absence of the MSH2 protein. On the other hand, isolated loss of MSH6 or PMS2 protein 

expression suggests the existence of an alteration in MSH6 or PMS2 genes, respectively 

(LYNCH et al., 2015).

 Some studies have argued that the analysis of PMS2 and MSH6 over the IHC panel 

comprising the four MMR proteins would be a more cost-effective approach to detecting MMR 

deficiency in tumors usually harboring this phenotype,  including colorectal cancer (CRC), 

endometrial cancer (EC), and skin cancer (HALL et al., 2010; MOJTAHED et al., 2011). 

However, several centers use the panel composed of the four MMR proteins to assess MMR 

deficiency in solid tumors since the overall cost of this later approach is still relatively low. 

Additionally, the use of four IHC markers can be helpful in cases where the expression of one 

or more proteins cannot be assessed due to technical issues (BATEMAN, 2021).

Most antibodies used for IHC analysis of MMR proteins usually result in stable and 

consistent nuclear staining patterns with retained or lost staining (JOOST et al., 2014; 

RAFFONE et al., 2020). However, some difficulties can be encountered in the interpretation 

of MMR IHC analysis, which may include weak protein staining throughout the tumor and in 

stromal and inflammatory cells (commonly used as internal controls); absent MMR protein 

staining in both tumor and internal control cells; patchy loss of MMR protein staining in the 

tumor, and cytoplasmic MMR protein expression within tumor cells (BATEMAN, 2021). 

Additionally, a small portion of tumors may exhibit heterogeneous loss of MMR protein 

expression, which renders the interpretation of results even more challenging (MCCARTHY et 

al., 2019). Even though some of those issues might have an underlying biological reason, most 

cases are related to technical artifacts related to preanalytical variables, such as the fixation and 

storage of samples, and problems occurring during the IHC protocol (ENGEL; MOORE, 2011). 

Thus, internal controls are mandatory to accurately assess MMR deficiency in tumor tissue 

(Figure 4).
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Figure 4 - Immunohistochemistry staining of MMR proteins in a tissue sample of an endometrial carcinoma 
case. The positive staining of MMR proteins is confirmed by the presence of brown staining in the nuclei of 
tumoral cells, while blue nuclei indicate loss of MMR protein expression. (A) Positive nuclear staining of MLH1 
protein in tumoral cells. (B) Negative staining of MSH6 protein in tumoral cells with retained MSH6 expression 
in infiltrating inflammatory cells (internal control). The Blue arrow shows the tumoral nuclei, while the red arrows 
indicate inflammatory cells. Original magnification 200x. Source: Author’s repository.

The detection of MMR deficiency by IHC is highly concordant with the PCR-based 

MSI analysis, achieving more than 90% of concordance in both endometrial and colorectal 

tumors (LOUGHREY et al., 2021; MCCONECHY et al., 2015). Therefore, those methods are 

considered to be complementary, with tumors harboring loss of at least one MMR protein by 

IHC being referred to as MMR-D and being commonly found also to harbor an MSI phenotype, 

and tumors with a retained expression of the four MMR proteins are classified as MMR 

proficient (MMR-P) and are commonly found to be microsatellite stable (MSS) 

(KAWAKAMI; ZAANAN; SINICROPE, 2015). The combination of PCR-based MSI and IHC 

increases the specificity and sensitivity of MMR deficiency detection. However, the costs of 

this combined approach are also higher (COHEN; PRITCHARD; JARVIK, 2019). For this 

reason, most centers choose between one of these two techniques.

2.1.2 PCR-based MSI

MSI analysis is an alternative technique for diagnosing MMR deficiency in solid tumors 

and consists of comparing the length of a panel of microsatellite loci by PCR amplification 

from both normal and tumor DNA to detect somatic changes (MCCONECHY et al., 2015). In 

contrast to IHC, the analysis of MMR deficiency by MSI is not able to indicate which MMR 

gene is most likely inactivated. However, the MSI technique can detect MMR-D tumors 
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harboring mutations in MMR genes that affect their function but do not compromise the 

expression of their proteins and, rarely, in tumors whose MMR deficiency might be driven by 

alterations in non-MMR genes (BATEMAN, 2021).

The first well-established test of MSI in solid tumors was proposed in 1998 during an 

international meeting organized by the American Institute of Cancer Research, comprising a 

panel of five microsatellite markers composed of three dinucleotide (D2S123, D17S250, and 

D5S346) and two mononucleotide (BAT25 and BAT26) markers, to detect MSI in CRC. This 

set of microsatellites is known as the Bethesda panel  (MCCONECHY et al., 2015). A few 

years later, an alternative MSI assay composed of a multiplexed fluorescent PCR analysis in a 

panel of five mononucleotide microsatellites was described as a rapid, accurate, and high-

throughput screening method for MSI detection in different tumor types (SURAWEERA et al., 

2002) (Figure 5). Panels composed of mononucleotide markers were found to be more sensitive 

to detecting MSI than those with dinucleotide microsatellite loci, particularly in EC and other 

extracolonic tumors, where a considerable fraction of MMR-D cases are related to defects in 

the MSH6 gene (BUHARD et al., 2004; WONG et al., 2006). In addition, due to the 

quasimonomorphic nature of this mononucleotide panel, the analysis of MSI would be 

performed in tumors without the need for matching normal DNA (BUHARD et al., 2006). 

Currently,  a commercial MSI testing based on a panel of five mononucleotide markers is 

widely used to detect MSI in different tumor samples (BARETTI; LE, 2018).

The instability is usually determined by comparing the length of nucleotide repeats of a 

microsatellite locus between tumor and normal DNA, which can be obtained from adjacent 

normal tissue, blood, or mucosa. The PCR-amplified microsatellites were initially analyzed in 

denaturing acrylamide gels and radiolabeled primers. Currently, most centers use fluorescent 

primers and capillary electrophoresis to perform the MSI testing (VILAR; GRUBER, 2010). In 

the absence of matching normal DNA, a quasi-monomorphic variation range calculated from 

non-tumoral DNA in a population-representative sample of healthy individuals is used as a 

reference for detecting somatic variation in microsatellite length (CAMPANELLA et al., 2014).

Tumors are classified as MSI-High (MSI-H) when length alterations are observed in at 

least two of the five markers or more than 30% of loci when a larger panel is used, whereas 

tumors with alteration in a single marker or 10 to 30% of markers for a larger panel of 

microsatellites are classified as MSH-Low (MSI-L). Tumors with no alterations in 

microsatellite markers are considered microsatellite stable (MSS) (MCCONECHY et al., 2015; 

VILAR; GRUBER, 2010). Some authors group MSI-L and MSS tumors together based on 

studies showing no difference in the prognosis of patients with MSS and MSI-L tumors 
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(HEWISH et al., 2010a). However, this classification is controversial since the biological defect 

underlying the MSI-L phenotype is not well understood, and some studies have associated the 

MSI-L phenotype with a poor prognosis in comparison with MSS tumors (KOHONEN-

CORISH et al., 2005; LEE et al., 2015; NAZEMALHOSSEINI MOJARAD et al., 2016). 

Figure 5 – Capillary electrophoresis result of an MSI-High endometrial carcinoma. Electropherograms of 
the fluorescent amplification of five mononucleotide microsatellites (NR-27, NR-21, NR-24, BAT-25, and BAT-
26) from normal and tumor DNA from an endometrioid adenocarcinoma. Normal DNA was obtained from 
adjacent normal tissue. All five markers have somatic instability, as observed by the appearance of new alleles in 
tumor DNA compared to the normal counterpart (alleles for each microsatellite loci are shown as horizontal gray 
bars). Standard fragments used for sizing fragment lengths are labeled in orange. Source: Author’s repository.

PCR-based MSI is considered a non-expensive and highly accurate approach to 

detecting MMR-D tumors, but it contains some limitations. First, it requires skilled analysts to 

accurately interpret the variation in fragment length observed in different tumors. This 

interpretation is especially challenging in endometrial tumors where the shifts in microsatellite 

lengths are more discrete, usually comprising changes in a single nucleotide, compared with 

CRC, which may generate high rates of false-negative results (WANG et al., 2017). 

Additionally, the sensibility to detect MMR deficiency depends on the panel used for MSI 

analysis and the tumor type under investigation. A large proportion of MSH6-deficient cases, 

overrepresented in endometrial tumors, are classified as MSS when the MSI analysis is assessed 

by the Bethesda panel since the MutS dimer (composed of MSH2 and MSH6 proteins) is 

involved, mainly with the repair of base-base mismatches and single-nucleotide insertion-

deletion loops, therefore, not repairing more extensive alterations, such as those that may 
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accumulate in dinucleotide microsatellite sequences in MSI tumors (BARETTI; LE, 2018; 

HEWISH et al., 2010a). 

2.1.3 NGS-based MSI

With the crescent use of NGS technologies in oncology, detecting MSI from various 

tumor sequencing data is becoming a standard clinical practice. NGS-based techniques can 

detect MSI tumors with high sensibility and specificity rates, similar to those achieved by 

combining traditional IHC and PCR-based methods, but with the advantage of evaluating MSI 

from hundreds of microsatellite loci in addition to several other genomic variations in a single 

assay, and requiring minimal amounts of tumor samples (DEDEURWAERDERE et al., 2021; 

LI et al., 2020a; ZHENG et al., 2020).

Different NGS panels are commercially available for the detection of MSI, along with 

hotspot mutations and structural variations in a pre-defined set of genes with therapeutic and 

prognostic value, including ColoSeq (PRITCHARD et al., 2012), MSIPlus (HEMPELMANN 

et al., 2015), and the MSK-IMPACT (CHENG et al., 2015). Alternatively, the genomic 

landscape of MSI can be detected from whole-exome sequencing (WES) and whole-genome 

sequencing (WGS) data (CORTES-CIRIANO et al., 2017).

Several computational methods for MSI detection from NGS data have been developed, 

with MSIsensor and MANTIS being some of the most broadly used in a variety of tumor types.

The MSIsensor is a C++ software with the potential to detect microsatellite changes from WES 

data by comparing the length distribution of microsatellites between paired normal and tumor 

samples. Later, this software was improved to support the detection of MSI in tumor samples 

without the need for a normal DNA (JIA et al., 2020). MSIsensor is incorporated in the pipeline 

of MSI detection using the MSK-IMPACT, the NGS-based tumor profiling panel approved by 

the American Food and Drug Administration (FDA) to select cancer cases most likely to benefit 

from immune checkpoint inhibitors (RATNER, 2018). More recently,  the detection of MSI 

from circulating cell-free DNA was included in the MSIsensor family (HAN et al., 2021). 

Alternatively, MANTIS (Microsatellite Analysis for Normal Tumor InStability) can also detect 

MSI from normal-tumor paired WES and WGS in different cancer types, with high sensibility 

and specificity in comparison with other methods, including MSIsensor (KAUTTO et al., 

2016).

In addition to detecting MSI from DNA, some authors have also described the 

identification of MSI gene expression signatures extracted from RNA sequencing (RNAseq) 
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data (DANAHER et al., 2019; LI; FENG; WANG, 2020; PAČÍNKOVÁ; POPOVICI, 2019). 

Recently, those expression signatures were experimentally validated in a study comprising 

more than a thousand colorectal, endometrial, gastric, uterine carcinosarcoma, and esophageal 

cancer samples (SOROKIN et al., 2021). However, the clinical application of those MSI 

signatures remains to be explored.

2.1.4 Mutational signatures

Different mutational processes generate mutations with a specific preference for 

sequence contexts, resulting in characteristic patterns of somatic mutations termed as 

mutational signatures (STEELE; PILLAY; ALEXANDROV, 2022).  Those mutational 

signatures are defined by the relative frequency of six possible base substitutions (C > A, C > 

G, C > T, T > A, T > C, and T > G) and their sequence context, defined as the immediate 5’ 

and 3’bases (MEIER et al., 2018). In addition to single-base substitutions (SBS), mutational 

signatures can also be defined from dinucleotide substitutions, small indels, and structural 

variations (BRADY; GOUT; ZHANG, 2022).

Mutational signatures are extracted from a catalog of somatic mutations, usually found 

in cancer samples, by mathematical algorithms that were first introduced in 2013 by 

Alexandrov et al. By the time, the authors extracted 21 single-base substitutions (SBS) 

mutational signatures from 30 cancer types, and most of them were addressed to an etiology 

(ALEXANDROV et al., 2013). This repertoire was recently updated, and a total of 67 SBS 

signatures are available in the Catalog of Somatic Mutations in Cancer (COSMIC), 49 of them 

with a potential biological origin (ALEXANDROV et al., 2020; TATE et al., 2019). 

Defects in DNA repair pathways have been associated with the etiology of different 

mutational signatures (VOLKOVA et al., 2020). Seven distinct SBS mutational signatures have 

been associated with deficiency of the MMR pathway so far (Figure 6). Some MMR-D 

signatures are characterized by an enrichment of C>T substitutions (SBS6 and SBS15), while 

others have a high frequency of T>C mutations (SBS21 and SBS26). Additionally, the 

mutational signature SBS44 is characterized by high amounts of C>A, C>T, and T>C 

substitutions (FANG et al., 2021). The signatures SBS14 and SBS20 are linked to combined 

MMR deficiency and mutations in the exonuclease domain of POLE and POLD1 exonuclease 

mutations, respectively, which encode the proofreading and polymerase domains of the 

eukaryotic replicative polymerases (HARADHVALA et al., 2018).
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Figure 6 – Single-base substitution mutational signatures associated with Mismatch repair deficiency in 
human cancers. Source: COSMIC and ALEXANDROV et al., 2020.

The fact that defects in the MMR pathway, a highly conserved process in different 

species, may result in seven different mutational signatures remains to be elucidated. The 

various methods for mutational signature extraction and the complexity of datasets used to 

extract them may partially explain this curious fact (NÉMETH et al., 2020). However, some 

biological mechanisms have already been described as potential drivers of some of those 

mutational signatures, as described for signatures SBS14 and SBS20 (HARADHVALA et al., 

2018). Additionally, a recent study conducted by Fang et al. demonstrated that most C>T 

mutations in CpG sites present in some MMR-D SBS signatures are significantly enriched in 

MSH2 and MSH6-deficient tumors and are linked to replication-independent repair of 5-methyl 

cytosine (5mC) deamination-induced mismatches mediated by those MMR proteins (FANG et 

al., 2021).

In addition to identifying cancer etiologies, analysis of mutational signatures can also 

bring some therapeutic and prognostic insights (BRADY; GOUT; ZHANG, 2022). Since 

mutational signatures provide genomic evidence of DNA repair deficiency, regardless of the 

nature of the causative event, this approach may be more advantageous than the analysis of 

candidate genes since some driver events, such as epigenetic alterations, could be missed by 

genotyping approaches (MEIER et al., 2018). Some examples of the therapeutic value of 

mutational signatures in cancer are the association between mutational signatures related to 

homologous deficiency and sensitivity to poly(ADP)-ribose polymerase (PARP) inhibitors, as 
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well as the association between APOBEC-related mutational signatures and favorable response 

to ATR inhibitors (BRADY; GOUT; ZHANG, 2022). In the same way, mutational signatures 

associated with the MMR-D phenotype could be explored as markers to predict response to 

therapeutic approaches targeting MSI/MMR-D cancers. 

2.2 Frequency in human tumors

The MMR-D phenotype has been detected in different cancer types, including 

colorectal, endometrial, gastric, and ovarian tumors, with the prevalence ranging from 8 to 30% 

of cases, depending on the tumor type and methodology used to detect this phenotype (VILAR; 

GRUBER, 2010).

A meta-analysis conducted in 12,633 cases of EC detected an MMR-D phenotype in 

27% of tumors based on PCR-based MSI, similar to the prevalence reported in studies that used 

IHC to screen tumors for MMR deficiency (RYAN et al., 2019). The proportion of MMR 

deficiency was also estimated in CRC by a recent meta-analysis comprising 28,580 cases of 

colorectal carcinomas, and approximately 10% of CRC tumors were found to be MMR-D based 

on IHC analysis (EIKENBOOM et al., 2022).

Bailey et al. accessed the MSI status in 9,423 tumors comprising the 33 cancer types 

present in The Cancer Genome Atlas project (TCGA) using the MSIsensor tool and found an 

MSI-high phenotype in 3.6% of the cohort in 19 tumor types. Endometrial carcinomas were 

those with the most significant prevalence of MSI-high phenotype, observed in 28% of cases. 

Additionally, 19% of stomach carcinomas and 15% of colorectal tumors were found to be MSI-

high (BAILEY et al., 2018). Similar results have been reported in a large study comprising 

11,139 tumors from 39 different types, where the prevalence of MSI was accessed from tumor-

normal pairs of whole-exome sequencing data using MANTIS. The authors detected MSI in 

3.8% of cases, distributed along 27 of the 39 tumor types in their analysis. Endometrial, colon, 

and stomach carcinomas were the tumor types with the greatest frequencies of MSI, with this 

phenotype being observed in 31.7%, 19.72%, and 19.09% of cases, respectively 

(BONNEVILLE et al., 2017).

Those results indicate that EC is the tumor type harboring the greatest proportion of 

MSI cases, followed by CRC and stomach cancer. The clinical implications of MSI detection 

on those tumors will be discussed in the next section.
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2.3 Clinical implications 

The MMR-D phenotype is associated with three main implications: prediction of 

prognosis for CRC patients, prediction of response and resistance to anti-cancer therapies, and 

screening for identification of individuals at risk of having a cancer-predisposing syndrome 

(BATEMAN, 2021; VILAR; GRUBER, 2010). Those clinical implications will be further 

explored in this section.

2.3.1 Prognosis in cancer patients

The potential of MSI as a predictive marker of prognosis has been extensively studied 

in CRC and, to a lesser extent, in EC. Many authors have reported an association between a 

good prognosis and the MSI phenotype in patients diagnosed with stage I and stage II CRC 

regarding a 5-year survival rate, disease recurrence, and deterioration rate. However, this 

association was not observed in patients with stage III and IV MSI CRC (LI et al., 2020a; 

WANG et al., 2019). A reduced occurrence of metastasis was also observed in MSI-high CRC 

compared with its MSS/MSI-Low counterpart (TORSHIZI ESFAHANI et al., 2019; VILAR; 

GRUBER, 2010). Additionally, MSI-high CRC patients with recurrence disease were 

associated with more local recurrent metastasis and fewer lung and liver metastatic tumors than 

patients diagnosed with MSI-L/MSS CRC tumors (KIM et al., 2016a). The association between 

a good prognosis in MSI CRC is maintained after adjustment for clinicopathological factors 

that influence prognoses, such as high lymph node harvest and poor tumor differentiation 

(KANG et al., 2018).

Unlike CRC, the MSI phenotype is not associated with a good prognosis in EC. Several 

studies have reported a greater prevalence of high tumor grade, deep myometrial invasion, 

presence of angiolymphatic invasion, and higher clinical stage in sporadic endometrial 

carcinomas with the MSI phenotype than in MSS EC (AN et al., 2007; KANOPIENE et al., 

2014; MACKAY et al., 2010; MCMEEKIN et al., 2016).  Despite being associated with worse 

prognostic markers, many studies have not found a significant difference in survival in patients 

diagnosed with MSI endometrial carcinomas in comparison with those with MSS EC 

(ALEXANDROV et al., 2013; ARABI et al., 2009; EVRARD; ALEXANDRE, 2021; 

KANOPIENĖ et al., 2014; ZIGHELBOIM et al., 2007). The MSI phenotype might counteract 

the negative effect of poor prognosis factors in MMR-D EC, resulting in no difference in 

survival compared with MMR-proficient EC (MCMEEKIN et al., 2016). 
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2.3.2 Resistance to chemotherapy

MMR-D tumors are resistant to various agents used in anti-cancer chemotherapy, 

including methylating agents, platinum-based drugs, fluoropyrimidine compounds, and purine 

analogs (GUILLOTIN; MARTIN, 2014). 

Resistance to temozolomide (TMZ), an alkylant agent, is observed in approximately 

50% of brain tumors, mainly glioblastoma, with MGMT (O6-Methylguanine-DNA 

Methyltransferase) promoter methylation and is associated with acquired defects in the MMR 

pathway, mainly due to mutations in the MSH6 gene (CRISAFULLI et al., 2022; LI et al., 2022; 

YIP et al., 2009). MMR-proficient tumor cells are sensitive to TMZ treatment due to the 

recognition of O6-methylguanine DNA adducts derived from TMZ treatment by MMR proteins 

and consequent MMR-mediate cell cycle arrest and apoptosis. On the other hand, MMR-D 

tumors cannot recognize O6-methylguanine adducts and, therefore, do not undergo apoptosis, 

becoming resistant to TMZ treatment (CAPORALI et al., 2004; GANESA et al., 2022). An 

additional negative consequence of acquired MMR deficiency in TMZ-treated brain tumors is 

the increase in mutation rates with potential implications for cancer progression (CAHILL et 

al., 2007; HUNTER et al., 2006).

DNA adducts generated by platinum agents, such as cisplatin, can be detected by MMR 

proteins (CHANEY et al., 2005). Recognizing cisplatin-induced DNA lesions by MMR 

components is vital to maintain cellular sensibility to those agents by MMR-mediated 

activation of DDR pathways and consequent cell death (SAWANT et al., 2015). Reduced 

expression of MLH1, MSH2, and MSH6 genes is associated with platinum resistance in some 

cancer types (HUANG et al., 2021). In ovarian cancer, for example, proficient MMR tumors 

are associated with a better response to cisplatin-based chemotherapy (ZHAO et al., 2018), 

whereas loss of MMR protein expression is associated, at least partially, with resistance to 

carboplatin and cisplatin (DAMIA; BROGGINI, 2019).

Chemotherapy based on 5-fluorouracil (5-FU), a nucleoside analog of uracil and 

thymine, is frequently used to treat a variety of cancers, including CRC (IWAIZUMI; TSENG-

ROGENSKI; CARETHERS, 2011). Several studies have reported resistance to 5-FU in 

MSI/MMR-D CRC. However, some authors have reported conflicting results showing a better 

response to 5-FU in MSI CRC than MSS tumors (JOVER et al., 2009; VILAR; GRUBER, 

2010). Those discordant findings might be explained by differences in study design, sample 

size, adjuvant chemotherapies, and mutations in different MMR genes (GUILLOTIN; 

MARTIN, 2014). Despite those conflicting findings, most studies agree that MMR deficiency 
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confers resistance to 5-FU (HEWISH et al., 2010a). The resistance to 5-FU observed in MMR-

D cells is caused by incorporating its metabolites into DNA during the S-phase in opposition 

to guanine nucleotides. The 5-FU:G pairing is recognized by MMR proteins and results in cell 

cycle arrest and apoptosis, most likely by the futile cycling model (HEWISH et al., 2010b; 

WYATT; WILSON, 2009). 

6-Thioguanine (6-TG) is a purine analog commonly used as an anti-cancer drug for the 

treatment of different tumors, mainly of childhood leukemia (BAYOUMY et al., 2020; CHEN 

et al., 2020). Cytotoxicity of 6-TG is mediated by incorporating its metabolite, thioguanine, 

into DNA in competition with other purine bases (LARSEN et al., 2021; TOKSVANG et al., 

2022). Once methylated, thioguanine forms mismatches with thymine during DNA replication, 

which are recognized by the post-replicative MMR pathway, leading to cell cycle arrest via 

ATR/Chk1 and posterior cell death (STOJIC et al., 2004; YAMANE; TAYLOR; KINSELLA, 

2004). Not surprisingly, MMR-D cells are resistant to 6-TG treatment, with implications for 

the prognosis of cancer patients treated with this chemotherapeutic agent (OFFMAN et al., 

2004; YAN et al., 2003).

2.3.3 Response to immunotherapy

Although significant improvements in cancer treatment through the use of classical anti-

cancer therapies have been obtained in the second half of the 20th century, those therapeutic 

approaches have achieved their potential, and additional improvements in outcomes will 

require the use of alternative and more effective therapeutics (HOTEIT et al., 2021). In recent 

years, immunotherapy-based treatments have emerged as an alternative and promising anti-

cancer therapeutic approach. Cancer immunotherapy is a group of treatments that uses 

components of a cancer patient's immune system to fight against cancer cells (YANG et al., 

2022). Immunotherapies comprise a variety of strategies, including the adoptive transfer of 

genetically-engineered immune cells, cytokines therapy, vaccines, oncolytic viruses, and 

immune checkpoint inhibitors (ICIs) (DHAR et al., 2021). 

Immunotherapies based on ICIs use antibodies to block the activity of checkpoint 

molecules, such as Programmed Cell Death 1 (PD-1) and the Cytotoxic T lymphocyte Antigen 

4 (CTLA-4), that act as negative regulators of the adaptive immune response against cancer 

cells (PÉREZ-RUIZ et al., 2020). ICIs can restore the effector function of immune cells, mainly 

CD8+ T cells, unleashing them to recognize and eliminate malignant cells (YANG et al., 2022). 

Monoclonal antibodies against PD-1, PD-L1 (the PD-1 ligand), and CTLA-4 have profoundly 



35

impacted the scenario of cancer therapy and are currently being used as first and second-line 

treatments for a variety of cancers (CERCEK et al., 2022; WALDMAN; FRITZ; LENARDO, 

2020; WANG; XIE; LIU, 2021). 

Despite the significant improvements in cancer treatment achieved by ICI therapies, 

only a fraction of cancer patients will respond to this treatment, highlighting the need for the 

use of markers with the potential to predict which patients are more likely to benefit from ICI 

therapies (WANG; XIE; LIU, 2021). Inactivation in the MMR pathway and subsequent 

microsatellite instability leads to the accumulation of mutations, mainly frameshifts in the 

repetitive coding sequence of genes, that may lead to the expression of aberrant proteins in 

tumor cells, termed neoantigens, that can be recognized by immune cells and stimulate an anti-

cancer immune-response (BARETTI; LE, 2018; YARCHOAN et al., 2017). Several studies 

have shown that MMR-D/MSI-H tumors are sensitive to ICI treatment, particularly for 

therapies based on anti-PD-1 and anti-PD-L1 antibodies, regardless of tumor location and 

histology (DUDLEY et al., 2016; LE et al., 2015, 2017; ZHAO et al., 2019). Those findings 

guided the first FDA site-agnostic approval of an anti-cancer drug (pembrolizumab, an anti-

PD-1 antibody) in 2017. On this occasion, pembrolizumab was recommended for adult and 

pediatric patients diagnosed with MMR-D/MSI-high metastatic solid tumors, refractory to 

other cancer treatments, regardless of the histologic type (BOYIADZIS et al., 2018).

Promising results have supported the neoadjuvant use of ICI therapies beyond its 

administration in a refractory and adjuvant setting, as initially approved by the FDA. Recent 

data from a phase 2 clinical trial reported a complete clinical response in 100% of patients 

diagnosed with locally advanced rectal cancer, treated with neoadjuvant dostarlimab, an anti-

PD-1 monoclonal antibody, with no surgery and chemotherapy being performed (CERCEK et 

al., 2022). Those findings highlight the MMR-D/MSI phenotype as a robust biomarker for 

identifying patients more likely to benefit from ICI immunotherapy.

2.3.4 Screening of cancer predisposition syndromes

Cancer predisposition syndromes (CPS) are caused by constitutional defects in genes 

involved with molecular pathways that, once altered, may lead to cancer development (CARTA 

et al., 2020). So far, dozens of CPS have been described, each conferring an increased risk for 

developing a more or less well-defined spectrum of tumors (GARBER; OFFIT, 2005). 

Most CPS are caused by germline inactivating mutations in tumor suppressor genes 

involved with cell cycle regulation, apoptosis, senescence, and cell differentiation. 
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Additionally, some of those genes are involved with DNA damage and repair pathways 

(MCGEE; NICHOLS, 2016).  In the context of MMR, there are two CPS caused by 

constitutional defects in MMR genes: Lynch syndrome (LS) and Constitutional mismatch 

repair deficiency syndrome (CMMRD). LS is an autosomal dominant disease that predisposes 

individuals to a broad spectrum of tumors, mainly colorectal, endometrial, and gastric tumors 

(LYNCH et al., 2015). On the other hand, CMMRD is an autosomal recessive disease caused 

by homozygous or compound heterozygous germline mutations that predispose to various 

childhood cancers, including hematologic and brain malignancies and tumors from the LS 

spectrum (ABEDALTHAGAFI, 2018).

Tumors arising in LS and CMMRD patients exhibit MMR deficiency, which can be 

detected by the methods described previously in this chapter. The identification of MMR-D 

tumors is routinely used as a screening method to identify individuals at risk of having LS of 

CMMRD. Once identified, genetic testing is recommended on those individuals and their 

respective family members, and specific clinical management of cancer surveillance protocols 

are offered to the positive cases (ARONSON et al., 2022; CURTIUS; GUPTA; BOLAND, 

2022). 

The clinical and molecular characteristics of LS and CMMRD will be discussed in the 

next section as hereditary causes of MMR deficiency.

3 Etiology of Mismatch repair deficiency in cancer

The MMR-D phenotype observed in a portion of human cancers is driven mainly 

through the inactivation of MMR genes, mostly in MLH1, MSH2, MSH6, or PMS2, by different 

mechanisms, including epigenetic silencing mediated by promoter methylation, point 

mutations, indels, CNVs, structural rearrangements, and (OLDFIELD et al., 2021; 

POULOGIANNIS; FRAYLING; ARENDS, 2010). Those mechanisms may occur 

constitutively, leading to an inherited predisposition to cancer, or be restricted to somatic cells, 

giving rise to sporadic tumors (RICHMAN, 2015). MMR genes generally act as classical tumor 

suppressor genes, where biallelic loss-of-function alterations must occur for the inactivation of 

their tumor suppressive activity, according to the Knudson two-hit hypothesis (HEWISH et al., 

2010a).

The known etiology of MMR deficiency and its associated clinical phenotypes will be 

discussed in the following sections.
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3.1 MLH1 methylation

DNA methylation is an epigenetic mechanism with essential functions in several 

cellular processes, playing a pivotal role in cancer by regulating the expression of genes related 

to the formation and progression of several tumor types (LOCKE et al., 2019; MOORE; LE; 

FAN, 2013). Methylation occurs most frequently on the fifth carbon of cytosines within a 

cytosine-guanine dinucleotide (CpG) context through an enzymatic reaction catalyzed by DNA 

methyltransferases (NISHIYAMA; NAKANISHI, 2021).

A large CpG island, a cluster of CpG dinucleotides in a CG-rich DNA sequence (HAN; 

ZHAO, 2009), has been identified in the promoter region of MLH1. Deng et al. initially divided 

this CpG island into four regions, and the methylation status of each was correlated with the 

expression of MLH1 in 24 cancer cell lines.  Methylation in region C, located between the 

nucleotides -248 and -178 upstream from the transcription start site and containing 8 CpG sites, 

was strongly associated with transcriptional silencing of the MLH1 gene, which was not always 

the case for the other three regions (DENG et al., 1999). 

There is a strong correlation between sporadic MMR-D tumors, including CRC, EC, 

and other cancer types, and hypermethylation of the MLH1 promoter region, usually derived 

from the CpG island methylator phenotype (CIMP), which is characterized by the regional 

hypermethylation of CpG islands (BATEMAN, 2021; HEWISH et al., 2010a; KIM et al., 

2016b). Methylation-mediated silencing of MHL1 has been described as the primary cause of 

MMR deficiency in endometrial and colorectal cancers (HERMAN et al., 1998; SIMPKINS et 

al., 1999). Several studies have estimated that approximately 10% to 15% of sporadic uterine 

and colorectal carcinomas have hypermethylation in the promoter region of the MLH1 

(BENHAMIDA et al., 2020; LOUKOVAARA; PASANEN; BÜTZOW, 2021; MIYAKURA 

et al., 2003; MOREIRA et al., 2015; SCARPA et al., 2021). The majority of CRC tumors with 

MMR deficiency, detected mainly by loss of MLH1 protein expression in tumor tissue, are 

related to somatic MLH1 methylation, with frequencies ranging from 53.5% to 86.5% of tumors 

(ADAR et al., 2017; LI et al., 2013b; MALOBERTI et al., 2022). Similarly, the majority of 

MMR-D endometrial carcinomas are caused by methylation in the promoter region of MLH1, 

with 71% to 94.5% of MMR-D tumors harboring MLH1 methylation (BRUEGL et al., 2014; 

BUCHANAN et al., 2014a; GURIN et al., 1999; HAMPEL et al., 2006). 

Various methodologies for DNA methylation identification have been used to assess 

the methylation status of MLH1 in different tumor types. Those methodologies are based on 

methylation-sensitive restriction enzymes, bisulfite modification of DNA, or a combination of 
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both methods (BONORA et al., 2019; NELL et al., 2020). Many downstream techniques are 

used to detect DNA methylation, including direct DNA sequencing, methylation-specific PCR, 

single-strand conformational polymorphism, melting curve analysis, denaturing gel 

electrophoresis, and real-time PCR (BETTSTETTER et al., 2007; OLDFIELD et al., 2021). 

High-throughput methodologies, including pyrosequencing and array-based platforms, can also 

detect methylation in MLH1 (BENHAMIDA et al., 2020; NEWTON et al., 2014). 

Due to the high frequency of MMR-D tumors harboring somatic inactivation of MLH1 

by promoter methylation, the testing for MLH1 methylation is strongly recommended for EC 

and CRC cases exhibiting aberrant MLH1 protein expression or high levels of MSI to 

distinguish between sporadic and potential hereditary MMR-D cancers (BENHAMIDA et al., 

2020; DESHPANDE et al., 2020; GAUSACHS et al., 2012; PEĆINA-ŠLAUS et al., 2020). 

3.2 Constitutional Mismatch Repair Deficiency

CMMRD, also known as Biallelic mismatch repair deficiency, is a highly penetrant 

autosomal recessive childhood cancer predisposition syndrome caused by biallelic germline 

mutations in MMR genes (SHLIEN et al., 2015). CMMRD was first described in 1999 in the 

offspring from a consanguineous marriage between LS individuals in two different families 

(RICCIARDONE et al., 1999; WANG et al., 1999). Since then, more than a hundred CMMRD 

patients diagnosed with pediatric and young adult cancers have been reported (WIMMER et 

al., 2014). 

In opposite to LS, where patients develop tumors at adult age, CMMRD is characterized 

by a broad spectrum of early-onset tumors during childhood, including brain tumors and 

hematological malignancies, and a variety of pre-malignant and malignant lesions of the 

gastrointestinal tract, which are typically found in LS patients at a later age (WIMMER; 

ETZLER, 2008; WIMMER; KRATZ, 2010). High-grade gliomas are the most common central 

nervous system tumors diagnosed in CMMRD and are the primary cause of death in these 

children (DURNO et al., 2021). Hematologic malignancies are diagnosed in CMMRD patients 

at a mean age of 6 years, while brain tumors and LS-associated tumors are diagnosed later, at 

mean ages of 9 and 17 years, respectively (WIMMER et al., 2014). 

Even though biallelic mutations in the four main MMR genes can cause CMMRD, 

PMS2 and MSH6 are the genes most commonly mutated in those patients, contrary to the 

scenario of LS, where MSH2 and MLH1 are more frequently mutated (WIMMER et al., 2014). 

Interestingly, the clinical features of CMMRD vary according to the affected genes, with 
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patients with mutations in MLH1 and MSH2 being associated with a more severe phenotype 

than MSH6/PMS2 carriers (WIMMER et al., 2014). CMMRD patients with mutations in MLH1 

and MSH2 are more frequently affected by hematologic malignancies than MSH6 and PMS2 

mutated patients. On the other hand, CMMRD patients with mutations in MSH6 and PMS2 

genes have a higher prevalence of brain tumors than MLH1/MSH2 mutated patients. Of note, 

tumors in MLH1/MSH2 patients tend to occur at an earlier age in comparison with MSH6/PMS2 

CMMRD patients, but individuals from the latter group have a higher likelihood of surviving 

their first tumor and developing a second malignancy in comparison with individuals from the 

first group (WIMMER; KRATZ, 2010; WIMMER et al., 2014).

MSH2 and MLH1 mutations, most commonly found in LS, are less common in 

CMMRD, while PMS2 and MSH6 are more widely observed in the latter syndrome. Some 

authors have hypothesized that highly penetrant mutations in MSH2 and MLH1 may be 

embryonically lethal when homozygous, resulting in a decreased frequency of mutations in 

those genes in CMMRD patients (BAKRY et al., 2014). Additionally, the higher survival 

observed in MSH6/PMS2 mutated children may partially explain the overrepresentation of 

mutations in those genes compared to MLH1/MSH2 carriers (WIMMER; KRATZ, 2010).

The differential diagnosis of CMMRD involves an extensive range of other cancer 

predisposition syndromes, including neurofibromatosis type 1 (NF-1), attenuated familial 

polyposis (FAP), MUTYH-associated polyposis, and Li-Fraumeni syndrome (ARONSON et 

al., 2022). Of note, CMMRD patients usually present with “café-au-lait” skin spots and other 

findings that mimic NF-1, a cancer predisposition disease that can manifest as tumors of the 

nervous system, in addition to other clinical characteristics (BAKRY et al., 2014; LEGIUS et 

al., 2021). A subset of CMMR patients also presents with a phenotype overlapping with FAP, 

with colorectal polyps being found in up to 32% of the patients, many of them being diagnosed 

with multiple synchronous adenomas, ranging from few to up to 100 polyps (HERKERT et al., 

2011; JASPERSON; SAMOWITZ; BURT, 2011; WIMMER et al., 2014). This broad 

phenotypic spectrum supports the use of high-throughput sequencing technologies to obtain the 

diagnosis of CMMRD more accurately and in a shorter period than traditional methods, guided 

uniquely by clinical evaluations.

3.3 Lynch Syndrome

LS is one of the most common cancer predisposition syndromes, with an estimated 

population prevalence of approximately 1 in 250-1,000 individuals (TANAKAYA, 2019).  This 



40

syndrome is responsible for around 5% of CRC cases and 3% of EC cases, depending on the 

population of study and the approaches adopted for its screening and diagnosis (ABU-

GHAZALEH et al., 2022; RYAN et al., 2019). 

LS is an autosomal dominant cancer predisposition disease caused by germline 

heterozygous inactivating mutations in one of the four central MMR genes (EDWARDS; 

MONAHAN, 2022). Tumorigenesis in LS patients is initiated by the somatic inactivation of 

the wild-type MMR allele, disrupting the repair activity of the MMR pathway and resulting in 

the accumulation of mutations in genes involved in the cancer development (LYNCH et al., 

2015).

The following sections will discuss the history, clinical features, genetic etiology, and 

diagnosis of this widespread MMR-D disease.

3.3.1 History

The history of LS starts with the description of one of the first comprehensive family 

clusters of cancer in 1895 by Dr. Warthin, a pathologist from the University of Michigan 

(LYNCH et al., 2015). Dr. Warthin noticed that the cancer phenotype was transmitted in this 

family according to the mendelian autosomal dominant model and published his findings in 

1913, naming this pedigree as Family G (WARTHIN, 1913). 

Almost five decades later, Dr. Henry Lynch, who was a medicine residency intern at 

the University of Michigan, described two other families (Families M and N) with a history of 

cancer similar to the one previously observed in Family G (LYNCH et al., 1966, 2009). Dr. 

Lynch also revised Family G and recorded the cancer prevalence among more than 650 of its 

members (LYNCH; KRUSH, 1971). Dr. Lynch observed that, despite the high frequency of 

CRC and other malignancies among different generations, individuals of those families were 

not affected by colonic polyps, differentiating those cases from the Familial Adenomatous 

Polyposis (FAP), the most favored diagnosis of familial CRC at the time. Therefore, Dr. Lynch 

hypothesized that this could be a different and undescribed hereditary cancer-predisposing 

syndrome characterized by an autosomal dominant transmission of CRC and extracolonic 

tumors (LYNCH et al., 2015). He referred to this new condition using the term “Cancer Family 

Syndrome” (BOLAND; LYNCH, 2013).

Later on, further reports of families sharing similar findings to those described by Lynch 

were published, with some families exhibiting only CRC cases while others were also 

represented by extracolonic tumors, mainly endometrial and gastric cancer, giving rise to the 
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terms Lynch Syndrome I and II, to distinguish between families without polyposis and with a 

predisposition to CRC-only from those with CRC and extracolonic cancers, respectively 

(BOLAND; LYNCH, 2013). In 1985, the term “hereditary nonpolyposis colorectal cancer” 

(HNPCC) was first used by Henry Lynch to encompass both manifestations of LS, which was 

widely used for many years (LYNCH et al., 1985). Nowadays, the term HNPCC is strongly 

discouraged for being considered a poor descriptor of a syndrome that does not manifest as 

CRC only (JASS, 2006). With the discovery of its genetic basis (discussed in a dedicated 

section of this chapter), the term Lynch syndrome is the most indicated, referring to individuals 

with hereditary heterozygous mutations in MMR genes, with a notable predisposition to a broad 

spectrum of cancers (JASS, 2006).

3.3.2 Clinical phenotype

LS confers an increased lifetime risk for developing non-polypoid colorectal 

malignancies and endometrial carcinomas. In addition, LS patients may also present with 

stomach, small bowel, hepatobiliary system, upper urologic tract, and ovary cancer (WATSON; 

RILEY, 2005). Those tumors occur at an earlier age compared to sporadic cancers, and the 

development of multiple primary malignancies, synchronous or metachronous, are also 

observed  (TANAKAYA, 2019). More recently, breast, prostate, pancreatic, and adrenocortical 

malignancies have also been associated with LS (LYNCH et al., 2015). However, the 

occurrence of those tumors in LS patients is much smaller than the ones from the classical 

spectrum of the syndrome.

The lifetime risk for CRC in LS patients ranges from 20 to 70%, with age at diagnosis 

between 44 and 61 years, on average. The risk for EC ranges from 15-70%, with an average 

age at diagnosis of 48 to 62 years. Women with LS have a 4-12% risk for developing ovarian 

cancer, with a diagnosis at 42.5 years on average. In addition, the lifetime risk for gastric cancer 

is between 6% and 13% at an average age of 56. LS carriers also have a smaller but still 

significant risk for developing other extracolonic tumors, such as cancers affecting the small 

intestine, brain, skin, hepatobiliary, and urinary tract (DURATURO et al., 2019). Of note, the 

lifetime risk for EC in women with LS is superior to their risk for CRC and other malignancies, 

and, frequently, EC is the first malignancy to be identified in those patients, being considered 

the sentinel tumor (MEYER; BROADDUS; LU, 2009; RYAN et al., 2019).

A subset of LS individuals presents with sebaceous gland tumors (sebaceous adenomas 

and carcinomas and basal cell carcinomas) and keratoacanthomas of the skin associated with 
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visceral tumors (PONTI et al., 2016). Those patients are considered to have Muir-Torre 

syndrome, a variation of LS that is present in about 9% of LS patients (SOUTH et al., 2008). 

Skin tumors found in patients with Muir-Torre syndrome have MMR deficiency, with 

remarkable microsatellite instability and loss of MMR protein expression, suggesting that those 

tumors share the same etiology as the visceral malignancies observed in LS patients (MACHIN 

et al., 2002; MORALES-BURGOS et al., 2008). In addition to the early age at cancer diagnosis 

and the occurrence of synchronous and metachronous cancers, LS may also present with other 

remarkable clinical features, including preferential tumor localization in the right-sided colon, 

poor differentiation with mucinous features, Crohn’s-like lymphoid reaction, and tumor-

infiltrating lymphocytes (DURATURO et al., 2019).

3.3.3 Etiology

Most LS cases (70-90%) are attributed to pathogenic germline variants in MLH1 and 

MSH2, whereas the remaining 10-30% are associated with mutations in MSH6 and PMS2 

(COHEN; LEININGER, 2014). Those frequencies may vary according to the cancer type and 

the study population. By curating the catalog of MMR germline variants registered on the 

InSiGHT Colon Cancer Gene Variant Database, Thompson et al. revealed that 43% of germline 

pathogenic (class 5) and likely pathogenic variants (class 4) are found in MLH1, 39.2% in 

MSH2, 12.85 in MSH6, and 5% in PMS2 (THOMPSON et al., 2014). On the other hand, studies 

of germline variants in MMR genes from cohorts of EC show a prevalence of pathogenic 

variants in MSH2 and MSH6 genes, with an important but less frequent contribution of 

mutations in MLH1, followed by a small frequency of variants in PMS2 (EGOAVIL et al., 

2013a; RING et al., 2016; YANG et al., 2021).

The different frequencies of mutations in MMR genes observed between CRC and EC 

in LS patients may be explained partially by the cancer risk conferred by each of those genes. 

In a prospective study comprising 6,350 carriers of pathogenic variants in LS genes, 

Dominguez-Valentin et al. found that the cumulative incidence of cancer in any organ at the 

age of 75 years is higher in LS patients with pathogenic variants in MSH2 (84.3% in women 

and 75.2% in men); followed by individuals with mutations in MLH1 (81% in women and 

71.4% in men); MSH6 (61.8% in women and 41.7% in men), and PMS2 (34.1% in both 

genders). This general observation is also confirmed when the cumulative risk is stratified by 

tumor type for most of the tumors from the spectrum of LS. For instance, women with 

pathogenic variants in MSH2 and MSH6 have a higher incidence of EC at the age of 75 than 
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those with variants in MLH1 and PMS2 (48.9% and 41.1% vs. 37% and 12.8%, respectively). 

On the other hand, the cumulative incidence of CRC at the age of 75 years is higher in carriers 

of pathogenic variants in MLH1 (57.1% in men and 48.3% in women) than individuals with 

variants in the other MMR genes (DOMINGUEZ-VALENTIN et al., 2020).

In addition to mutations in MLH1, MSH2, MSH6, and PMS2, germline deletions 

comprising the last exon of the Epithelial cell adhesion molecule (EPCAM) gene are the genetic 

cause of up to 3%  of LS cases and can be found in 20-25% of suspected LS cases whose tumors 

are negative for the MSH2 protein and without mutations in MSH2 (RUMILLA et al., 2011; 

TUTLEWSKA; LUBINSKI; KURZAWSKI, 2013). Those deletions remove the 

polyadenylation site of EPCAM, abolishing its transcription termination and leading to the 

transcriptional read-through into the MSH2 gene, which is located downstream of EPCAM, and 

resulting in MSH2 inactivation in cells expressing EPCAM by hypermethylation of MSH2 

promoter (KUIPER et al., 2011; LIGTENBERG et al., 2009). Individuals with germline 3’end 

deletions in EPCAM have a 75% cumulative risk of developing CRC before 70 years and up to 

55% risk of developing EC when those deletions are extended closer to MSH2 (KEMPERS et 

al., 2011). 

Rare cases of LS have also been attributed to constitutional monoallelic 

hypermethylation in the promoter region of the MLH1 gene (HITCHINS, 2015). Those patients 

have tumors exhibiting loss of MLH1 protein without a germline mutation in the MLH1 gene. 

Around 75 cases of constitutional MLH1 hypermethylation have been reported so far, 

accounting for 2-3% of suspected LS cases (DÁMASO et al., 2018). Most cases associated 

with MLH1 epimutations were described in LS patients diagnosed with CRC and rarely with 

EC (EGOAVIL et al., 2013b; HITCHINS; WARD, 2009).

3.3.4 Screening approaches

Initially, genetic testing was restricted to patients who met clinical criteria based mainly 

on the number and age of family members with LS-associated cancers (CURTIUS; GUPTA; 

BOLAND, 2022). In 1991, the International Collaborative Group on HNPCC devised 

standardized clinical criteria to identify potential LS cases for further studies aiming to decipher 

the etiology and pathogenesis of this genetic disease (VASEN et al., 1991). Those criteria were 

named Amsterdam I Criteria and focused on a strong family history of CRC at a young age of 

onset (LYNCH et al., 2015). Those criteria were modified in 1999 to include extracolonic 

malignancies belonging to the LS tumor spectrum, referred to as Amsterdam II Criteria 
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(VASEN et al., 1999). Amsterdam Criteria were highly specific for LS but had a low sensitivity, 

missing many LS cases (COHEN; PRITCHARD; JARVIK, 2019). With the discovery of MSI 

as a hallmark of LS tumors, the American National Cancer Institute developed criteria less 

restrictive than Amsterdam Criteria aiming to select CRC cases for MSI testing on tumor 

samples (LYNCH et al., 2015). Those criteria were published in 1997 and are currently known 

as Bethesda Guidelines (RODRIGUEZ-BIGAS et al., 1997). Bethesda Guidelines were revised 

in 2004 to include recommendations for identifying LS patients and a panel of five 

microsatellite loci to investigate MSI in tumors of patients suspected to have LS (DURATURO 

et al., 2019; UMAR et al., 2004). The Amsterdam I and II Criteria and Original and Revised 

Bethesda Guidelines are described in Table 1.

Even though extracolonic tumors, mainly endometrial cancer, have been observed in 

LS families since the description of this syndrome, the Amsterdam and Bethesda Criteria were 

elaborated to detect LS from CRC cases, highlighting the need for criteria of LS detection 

adapted for extracolonic cancer. In 2007, the Society of Gynecologic Oncologists Education 

Committee published guidelines for the detection of patients with gynecologic tumors at 

increased risk of having LS, whose genetic testing is recommended (LANCASTER et al., 

2007). Those clinical criteria were partially based on Amsterdam II Criteria and Revised 

Bethesda Guidelines and the accumulated evidence of MMR deficiency in endometrial, 

colorectal, and other LS-tumors (MEYER; BROADDUS; LU, 2009).  The SGO criteria are 

presented in Table 2.
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Amsterdam I Criteria:

At least three relatives with histologically verified CRC:

    1. One is a first-degree relative of the other two;
    2. At least two successive generations affected;
    3. At least one of the relatives with CRC is diagnosed at < 50 years of age;
    4. Familial adenomatous polyposis (FAP) has been excluded.

Amsterdam II Criteria:

At least three relatives with an LS-associated cancer, including CRC, endometrial, stomach, ovary, ureter or 
renal pelvis, brain, small bowel, hepatobiliary tract, and skin (sebaceous tumors):

    1. One is a first-degree relative of the other two;
    2. At least two successive generations are affected;
    3. At least one CRC should be diagnosed before age 50;
    4. FAP should be excluded;
    5. Tumors should be verified by pathology examination.

Bethesda Guidelines:

    1.  Individuals with cancer in families that meet the Amsterdam Criteria.
    2. Individuals with two HNPCC-related cancers, including synchronous and metachronous CRC or 

associated extracolonic cancers1.
    3. Individuals with CRC and a first-degree relative with CRC and/or HNPCC-related extracolonic cancer 

and/or a colorectal adenoma; one of the cancers diagnosed at age < 40 years
    4. Individuals with CRC or endometrial cancer diagnosed at age < 45 years, and the adenoma diagnosed at 

age < 40 years.
    5. Individuals with right-sided CRC with an undifferentiated pattern (solid/cribriform) on histopathology 

diagnosed at age < 45 years2.
    6. Individuals with signet-ring-cell-type CRC diagnosed at age < 45 years3.
    7. Individuals with adenomas diagnosed at age < 40 years.

Revised Bethesda Guidelines:

To justify MSI testing, at least one of the following criteria must be fulfilled:

    1. CRC diagnosed in a patient who is less than 50 years of age;
    2. Presence of synchronous or metachronous CRC, or other LS-associated tumors4, regardless of age;
    3. CRC with MSI-high5 histology6 diagnosed in a patient who is less 60 years of age;
    4. CRC or LS-associated tumor diagnosed in one or more first-degree relatives with an HNPCC-related 

tumor, with one of the cancers being diagnosed under the age of 50 years7;
    5. CRC or LS-associated tumor diagnosed in two or more first or second-degree relatives with HNPCC-

related tumors, regardless of age7.

Table 1 – Clinical criteria originally defined for LS diagnosis in CRC. 1 endometrial, ovarian, gastric, 
hepatobiliary, or small-bowel cancer or transitional cell carcinoma of the renal pelvis or ureter. 2 solid/cribriform 
defined as poorly differentiated or undifferentiated carcinoma composed of irregular, solid sheets of large 
eosinophilic cells and containing small gland-like spaces. 3 Composed of >50% signet ring cells. 4 LS-associated 
tumors were defined as colorectal, endometrial, stomach, ovarian, pancreas, ureter and renal pelvis, biliary tract, 
and brain (usually glioblastoma as seen in Turcot syndrome) tumors, sebaceous gland adenomas, and 
keratoacanthomas in Muir–Torre syndrome, and carcinoma of the small bowel. 5 MSI-high in tumors refers to 
changes in two or more of the five National Cancer Institute-recommended panels of microsatellite markers. 6 
Presence of tumor-infiltrating lymphocytes, Crohn’s-like lymphocytic reaction, mucinous/signet-ring 
differentiation, or medullary growth pattern. CRC: colorectal cancer. 7 Those criteria have been reworded to clarify 
the Revised Bethesda Guidelines. HNPCC: Hereditary nonpolyposis colorectal cancer. Adapted from LYNCH et 
al., 2015.
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Patients with greater than approximately 20–25% chance of having an inherited predisposition to 
endometrial, colorectal, and related cancers and for whom genetic risk assessment is recommended (at 
least one of the following criteria):

    1.  Patients with endometrial or colorectal cancer who meet the Amsterdam II criteria.
    2. Patients with synchronous or metachronous endometrial and colorectal cancer with the first cancer 

diagnosed prior to age 50.
    3. Patients with synchronous or metachronous ovarian and colorectal cancer with the first cancer diagnosed 

prior to age 50.
    4. Patients with colorectal or endometrial cancer with evidence of a mismatch repair defect (i.e. microsatellite 

instability (MSI) or immunohistochemical loss of expression of MLH1, MSH2, MSH6, or PMS2).
    5. Patients with a first or second-degree relative with a known mismatch repair gene mutation.

Patients with greater than approximately 5–10% chance of having an inherited predisposition to 
endometrial, colorectal, and related cancers and for whom genetic risk assessment may be helpful (at 
least one of the following criteria):

    1. Patients with endometrial or colorectal cancer diagnosed prior to age 50.
    2. Patient with endometrial or ovarian cancer with a synchronous or metachronous colon or other 

Lynch/HNPCC-associated tumor1 at any age.
    3. Patients with endometrial or colorectal cancer and a first-degree relative with a Lynch/HNPCC-associated 

tumor1 diagnosed prior to age 50.
    4. Patients with colorectal or endometrial cancer diagnosed at any age with two or more first or second-

degree relatives2 with Lynch/HNPCC-associated tumors1, regardless of age.
    5. Patients with a first or second degree relative† that meets the above criteria.

Table 2 – Clinical criteria elaborated by the American Society of Gynecologic Oncology for the detection of 
individuals at risk for hereditary endometrial, colorectal, and other LS-associated cancers. 1 colorectal, 
endometrial, stomach, ovarian, pancreas, ureter and renal pelvis, biliary tract, and brain (usually glioblastoma as 
seen in Turcot syndrome) tumors, sebaceous gland adenomas and keratoacanthomas in Muir–Torre syndrome, and 
carcinoma of the small bowel. 2 First and second-degree relatives are parents, siblings, aunts, uncles, nieces,
nephews, grandparents, and grandchildren. Adapted from LANCASTER et al., 2007.

A simplified version of the SGO criteria was published in 2015 without stratifying 

patients for their risk of having an inherited gynecologic cancer (LANCASTER et al., 2015), 

as shown in Table 3.

Patients with an increased likelihood of Lynch syndrome and for whom the genetic assessment is 
recommended (at least one of the following criteria):

    
    1. Patients with endometrial or colorectal cancer with evidence of microsatellite instability or loss of a DNA 

mismatch repair protein (MLH1, MSH2, MSH6, PMS2) on immunohistochemistry.
    2. Patients with a first-degree relative affected with endometrial or colorectal cancer who was either 

diagnosed before age 60 years or who is identified to be at risk for Lynch syndrome by a systematic 
clinical screen that incorporates a focused personal and medical history, as defined elsewhere1.

    3. Patients with a first or second-degree relative2 with a known mutation in a mismatch repair gene.

Table 3 – Simplified SGO clinical criteria for detection of individuals diagnosed with endometrial cancer at 
risk of having LS. 1 details of screening are described in ACOG PRACTICE BULLETIN NO. 147, 2014. 2 First-
degree relatives are defined as parents, siblings, and Children. Second-degree relatives comprise aunts, uncles, 
nieces, nephews, grandparents, and grandchildren. Adapted from LANCASTER et al., 2015.
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3.3.4.1 Universal screening of tumors

Screening individuals for LS genetic testing based on clinical criteria was important as 

an inexpensive approach to detect patients at risk on a population scale. However, this screening 

method relies on accurate information about cancer prevalence in pedigrees to estimate their 

risk of being families with LS (LAWRENCE et al., 2021). Moreover, screening approaches 

based on clinical criteria were found to have low sensitivity, with half of CRC-associated LS 

cases being missed, which required new methods to identify suspected LS in the genetic testing 

(COHEN; PRITCHARD; JARVIK, 2019).

In this context, several centers started to adopt the universal tumor screening approach, 

which comprises testing all individuals newly diagnosed with LS-associated tumors, mainly 

CRC and EC, regardless of family history or age at cancer diagnosis. (CRAIN et al., 2022). By 

this approach, patients whose tumors test positive for microsatellite instability or have MMR-

D detected by the loss of expression of at least one MMR protein are suspected of having LS; 

therefore, genetic testing is recommended  (EIKENBOOM et al., 2022).  

In 2009, the American working group named Evaluation of Genomic Applications in 

Practice and Prevention (EGAPP) recommended screening all CRC for detecting LS (EGAPP, 

2009). Currently, the universal use of tumor screening by either MSI or IHC for all newly 

diagnosed CRC and EC is highly recommended by several international institutions (DI 

MARCO et al., 2018; GIARDIELLO et al., 2014; JU et al., 2018; LAWRENCE et al., 2021; 

LEE et al., 2020; SYNGAL et al., 2015). In addition to CRC and EC, some authors also support 

universal screening in other LS-associated tumors, including ovarian, urinary, and sebaceous 

tumors (KUNNACKAL JOHN et al., 2022).

In addition to increasing the sensitivity to detect LS families that would be missed by 

clinical criteria, universal tumor screening also contributes to a better understanding of the 

epidemiology of MMR deficiency in different tumor types and more accurate estimates of LS 

prevalence among those tumors. The meta-analysis conducted by Ryan et al. reported an LS 

prevalence of 3% among 12,633 EC cases included in their study, representing 29% of 

endometrial tumors found to be MMR-D based on universal screening of cases by IHC and 

PCR-based MSI. Interestingly, the pre-selection of cases for clinical criteria, such as age at 

diagnosis, did not increase the proportion of cases with germline variants in the LS-associated 

genes (RYAN et al., 2019). The prevalence of LS in CRC was also assessed by a recent meta-

analysis conducted by Eikenboom et al., who reported an LS prevalence of 2% among 58,580 

CRC colorectal tumors included in their study, representing 33% of tumors with an MMR-D 
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phenotype (EIKENBOOM et al., 2022). Those robust meta-analyses highlight one of the main 

challenges in adopting universal tumor screening, which is the low frequency of LS in patients 

with an MMR-D tumor, corresponding to no more than 33% of cases (BENUSIGLIO et al., 

2020).

3.3.5 Molecular diagnosis

A definitive diagnosis of LS is obtained by identifying a pathogenic germline variant in 

one of the main MMR genes (LYNCH et al., 2015). The traditional methods for the molecular 

diagnosis of LS include the direct sequencing of MLH1, MSH2, MSH6, and PMS2 for the 

detection of single-nucleotide variants (SNVs) in their coding regions and splicing sites, as well 

as the multiplex ligation-dependent probe amplification (MLPA) technique for the 

investigation of copy-number alterations (CNVs) in both MMR genes and the 3’ end of EPCAM 

(DURATURO et al., 2019). 

With the advantage of next-sequencing technologies, the costs of sequencing-based 

genetic testing have decreased considerably, leading to revolutionary changes in the rationale 

for investigating a patient suspected of cancer predisposition syndrome. Instead of examining 

candidate genes individually, using NGS-based multigene panels is becoming the standard 

practice in the molecular diagnosis of hereditary cancer syndromes, including LS (COHEN; 

PRITCHARD; JARVIK, 2019). In addition to investigating a large number of genes 

simultaneously, NGS-based sequencing can detect both SNVs and CNVs at a single test, 

reducing the costs and time of molecular diagnosis of cancer-predisposing syndromes (SINGH 

et al., 2021).  

The implementation of NGS technologies has revolutionized the molecular diagnosis 

of LS and supported important discoveries about the molecular pathology, epidemiology, and 

mechanistic of this syndrome. Several studies have explored the high-throughput potential of 

NGS platforms to investigate the molecular etiologies of MMR-D tumors without a detected 

variant in LS genes by expanding their analysis to the multi-gene, exonic, or genomic levels 

(DOS SANTOS et al., 2022; POPE et al., 2020; TALSETH‐PALMER et al., 2016). 

Additionally, some authors have used NGS-based techniques to extend the detection of MSI to 

thousands of microsatellite loci in parallel in different cancer types (JIA et al., 2020; KAUTTO 

et al., 2016). Those advancements were critical to expanding the investigation of LS on a pan-

cancer scale, with cases being identified in tumors not commonly associated with the spectrum 
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of LS, including breast (NIKITIN et al., 2020), lung (SUN et al., 2019), and several other tumor 

types (LATHAM et al., 2019).

3.4 Lynch-like Syndrome

Even though the presence of MMR deficiency is the hallmark of LS tumors, this 

molecular phenotype is not restricted to LS and can occur in other contexts, such as the somatic 

methylation of the MLH1 promoter (LECLERC; VERMAUT; BUISINE, 2021). Therefore, this 

screening approach identifies many MMR-D tumors with no evidence of germline variants in 

the MMR genes (HARALDSDOTTIR et al., 2014). Patients with MMR-D tumors without 

germline variants in LS genes and not related to somatic hypermethylation in MLH1 are termed 

as having Lynch-like syndrome (LLS) (POPE et al., 2020). 

LLS accounts for 44% to 70% of CRC and EC tumors with MMR deficiency 

(BUCHANAN et al., 2014b; CARETHERS; STOFFEL, 2015; GOLUBICKI et al., 2021; 

LECLERC; VERMAUT; BUISINE, 2021; POPE et al., 2020). Tumors identified in LLS 

patients resemble those of LS concerning the presence of MMR deficiency, as observed by 

MMR IHC and MSI methods (CARETHERS; STOFFEL, 2015). However, in contrast to LS, 

the etiology of LLS is not entirely elucidated, which renders the clinical management of LLS 

patients and their relatives challenging (GOLUBICKI et al., 2021). The following sections will 

discuss the clinical features and potential etiology of LLS.

3.4.1 Clinical phenotype

Unlike patients with sporadic MMR-D tumors, LLS patients cannot be easily 

differentiated from individuals with LS, with the absence of germline variants in MMR genes 

being the central feature differentiating LLS patients from those with LS (CARETHERS; 

STOFFEL, 2015). 

Patients with LLS and their first-degree relatives are considered at risk for cancer 

development, requiring specific screening and surveillance protocols (CASTILLEJO et al., 

2014). Several studies have shown that patients with LLS develop cancer at younger ages, 

similar to LS patients (CARETHERS, 2014; CARETHERS; STOFFEL, 2015; RODRÍGUEZ-

SOLER et al., 2013). The similarity of the age of onset at cancer diagnosis between LS and 

LLS patients was observed even when LLS cases with a sporadic origin of their MMR-D 

tumors were corroborated by the identification of somatic inactivating mutations in MMR 
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genes (HARALDSDOTTIR et al., 2014; MENSENKAMP et al., 2014). Additionally, LLS 

patients were found to develop cancer at earlier ages compared to sporadic MMR-D tumors due 

to MLH1 methylation (MENSENKAMP et al., 2014). Those observations favor the hypothetic 

presence of germline variants in cancer-predisposing genes in a subset of LLS patients 

(CARETHERS; STOFFEL, 2015). On the other hand, several authors have reported that LLS 

patients have a lower lifetime risk of developing colorectal and extra-colonic cancers than 

patients with LS but with a higher risk than individuals diagnosed with MLH1-methylated 

MMR-D tumors (LECLERC; VERMAUT; BUISINE, 2021; MENSENKAMP et al., 2014; 

RODRÍGUEZ-SOLER et al., 2013; XU et al., 2020a).

Some other clinical differences between LLS and LS patients have also been reported, 

including a higher incidence of rectal cancer in LLS individuals in comparison with LS patients, 

a higher prevalence of CRC in LS families, and more cases of extra-colonic cancer in LLS 

pedigrees, and a higher prevalence of male patients in LLS families in comparison with LS (XU 

et al., 2020b). Additionally, opposite to CRC manifesting in LS patients, a lower proportion of 

CRC with mucinous differentiation was observed in individuals with LLS (XU et al., 2020a).

Therefore, LLS may be a heterogeneous disease, clinically represented by two 

categories. The first group may comprise patients with clinical characteristics, such as age at 

diagnosis and family history of cancer, similar to those of LS patients, whereas the second one 

might include LLS cases with features similar to those found in sporadic MMR-D tumors 

related to MLH1 methylation (GOLUBICKI et al., 2021). The etiology of LLS will be discussed 

in the next section.

3.4.2 Etiology

The genetic etiology of LLS is not entirely understood, representing a complex disease 

composed of a mixture of heredity and sporadic cases (XU et al., 2020a). Several authors have 

elaborated different hypotheses to explain LLS tumors. Firstly, some LLS cases might be 

explained by false-positive tumor testing generated during the analysis of MMR deficiency by 

IHC or MSI (HARALDSDOTTIR et al., 2014; POPE et al., 2020). Secondly, LLS tumors may 

also be sporadic, being caused by the somatic inactivation of MMR genes by different 

mechanisms, including inactivating mutations, either biallelic or coupled with LOH events, and 

gene silencing by epigenetic factors (CARETHERS, 2014; HARALDSDOTTIR et al., 2014; 

MARTÍNEZ-ROCA et al., 2022; POPE et al., 2020). Lastly, considering a hereditary origin, a 

portion of LLS might be LS cases missed during the genetic testing, either due to variants in 
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genomic regions not commonly investigated, such as deep intronic and regulatory regions, or 

by missense variants in LS genes with an uncertain clinical significance. Additionally, a subset 

of LLS, particularly those with an early-age cancer diagnosis and with a family history of 

cancer, might be due to germline variants or other genetic mechanisms in other genes than those 

associated with LS etiology that could mimic the LS phenotype (CARETHERS; STOFFEL, 

2015; MARTÍNEZ-ROCA et al., 2022; POPE et al., 2020). 

All of these possibilities may be involved with the etiology of LLS since they are not 

exclusive mechanisms from each other, which could explain the intermediate phenotype 

observed in LLS patients compared with LS and sporadic tumors  (CARETHERS, 2014). 

Determining the genetic etiology of LLS tumors is crucial to define clinical management and 

surveillance protocols and providing genetic testing to first-degree relatives of those cases with 

an increased risk of having a cancer predisposition syndrome (OLDFIELD et al., 2021).

The improvement of molecular diagnosis tools, mainly those based on NGS 

technologies, has led to the discovery of novel genetic events in LLS and has contributed to a 

better understanding of its etiology (XU et al., 2020a). Importantly, once the genetic etiology 

of a given LLS case is elucidated, it will no longer be considered LLS, and the clinical 

management of this case will be defined based on its newly defined etiology (MARTÍNEZ-

ROCA et al., 2022).

3.4.2.1 False-positive tumor screening

Approximately 19% of tumors classified as MMR-D by either MMR IHC or MSI 

analysis are false-positive results (HARALDSDOTTIR et al., 2014). Most false-negative 

MMR-D tumors have discordant findings in IHC and MSI testing and are more frequent in 

extra-colonic cancers (HARALDSDOTTIR et al., 2014; JAFFRELOT et al., 2022). Part of 

those discordances can be explained by heterogeneous loss of MMR protein expression in 

tumor tissues which may be due to technical artifacts or biological reasons, rendering the 

interpretation of IHC challenging to (MCCARTHY et al., 2019). Additionally, the 

interpretation of PCR-based MSI can be tricking, particularly in EC, where the shifts in unstable 

microsatellite loci are smaller and more subtle than those observed in CRC, thus increasing the 

rate of false-positive results (WANG et al., 2017). 

Thus, the review of MSI and IHC results should be considered before proceeding with 

a genetic investigation of MMR-D etiology, particularly in cases with discordant results 

between those two methodologies.
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3.4.2.2 MicroRNAs

MicroRNAs are a class of endogenous small non-coding RNAs, with an average of 22 

nucleotides in length, that play important roles in regulating gene expression in different 

organisms (O’BRIEN et al., 2018). MicroRNAs act as post-transcriptional repressors of several 

genes by guiding effector proteins to selected mRNAs via anti-sense complementarity to short 

sequences usually present in the 3’ of untranslated regions (UTR) of their target mRNAs 

(DEXHEIMER; COCHELLA, 2020). The expression of different microRNAs is dysregulated 

in various human cancers, with implications for the tumorigenesis process by affecting the 

expression of both oncogenes and tumor suppressor genes (PENG; CROCE, 2016). Valeri et 

al. showed that the MMR pathway is modulated by a microRNA named miR-155 by 

demonstrating that overexpression of this microRNA downregulated the expression of MLH1, 

MSH2, and MSH6, leading to an MMR-D phenotype in CRC cell line (VALERI et al., 2010a). 

Importantly, those authors also found that miR-155 was overexpressed in CRC tumors with 

MMR phenotype without mutations and methylation in MMR genes, suggesting that 

overexpression of this microRNA could be a sporadic etiology for some LLS tumors.

The microRNA miR-22 was also found to target and downregulate MMR genes in 

another study conducted by Valeri et al. Those authors described that miR-22 could target 

MSH2 and MSH6 mRNAs by in silico and in vitro analyses and that the overexpression of this 

microRNA could reduce S/G2 cell cycle arrest in cells treated with 5-FU, leading to resistance 

to this drug in CRC cell lines and a xenograft CRC model (VALERI et al., 2010b). Even though 

resistance to 5-FU is evidence of MMR deficiency, the authors did not investigate whether the 

overexpression of miR-22 could lead to MSI phenotype and did not test its overexpression on 

unexplained MMR-D tumors. Therefore, the role of this microRNA in the etiology of LLS still 

needs to be determined. 

The microRNA miR-137 was also described as a potential modulator of the MMR 

pathway by targeting the mRNA expressed by MSH2, both in vitro and in vivo experiments 

(LICCARDO et al., 2021). However, no evidence confirms that overexpression of miR-137 

could result in an MMR-D phenotype in tumors. Thus, the involvement of miR-137 in the 

etiology of some LLS cases remains to be investigated.

3.4.2.3 Somatic inactivation of MMR genes
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The somatic inactivation of MMR genes by biallelic mutations or monoallelic variants 

coupled with LOH events has been described by several authors as the significant cause of LLS 

tumors, especially colorectal and endometrial carcinomas (LECLERC; VERMAUT; BUISINE, 

2021). Those cases are assumed to have a sporadic origin and are associated with older age at 

cancer diagnosis and a low lifetime risk of developing other cancers in both index cases and 

family members (GOLUBICKI et al., 2021).

The frequency of LLS tumors related to somatic inactivation of MMR genes varies 

according to the methods used to detect variants in tumor samples. Mensenkamp et al. 

combined Sanger and semiconductor sequencing to investigate somatic mutations in MLH1 and 

MSH2 genes in tumors of 25 LLS cases and found biallelic inactivating mutations in 52% of 

tumors (MENSENKAMP et al., 2014). Geurts-Giele et al. used an NGS-based sequencing 

approach to detect somatic mutations, together with multiplex PCR for LOH detection and in-

situ fluorescent probes to investigate somatic CNVs in MMR genes in 40 LLS individuals and 

found two inactivating events, either biallelic mutations or a monoallelic variant with a LOH 

event, in 53% of tumors (GEURTS-GIELE et al., 2014). Lefol et al., by using two different 

NGS-based gene panels, identified double hit mutations in tumors from 63.7% of LLS patients, 

comprising CRC, EC, and other tumors from the LS spectrum (LEFOL et al., 2021). Xicola et 

al. used WES to investigate the occurrence of somatic events in LLS patients and found MMR 

biallelic inactivating mutations in 67% of patients (XICOLA et al., 2019). By using the ColoSeq 

assay, an NGS-based panel comprising 31 genes related to the hereditary cancer (PRITCHARD 

et al., 2012), Haraldsdottir et al. identified biallelic inactivating variants in MMR genes in 69% 

of their cohort of LLS patients diagnosed with CRC and EC (HARALDSDOTTIR et al., 2014). 

Porkka et al. detected two somatic events in MMR genes in 79% of LLS cases identified in a 

cohort of CRC (PORKKA et al., 2019). Pearlman et al. also used the ColoSeq assay in a cohort 

of early-onset CRC patients and found double somatic MMR mutations in 100% of LLS 

patients identified in their study (PEARLMAN et al., 2017). 

Those studies corroborate that most LLS cases can be explained by double somatic 

mutations in MMR genes, indicating a sporadic etiology. However, the somatic inactivation of 

MMR genes can also be a result of germline events; therefore, a hereditary cancer 

predisposition cannot be automatically excluded, and clinical features, including the personal 

and family history of cancer in those cases, and a long-term follow-up of these families, should 

be considered (MARTÍNEZ-ROCA et al., 2022).
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3.4.2.4 Missed cases of Lynch syndrome

About 30% of cases suspected to have LS are diagnosed with germline variants of 

uncertain significance (VUS) in the MMR genes (THOMPSON et al., 2014). Most VUS are 

missense mutations whose effect on the gene function cannot be determined due to the lack of 

clinical, epidemiological, molecular, or functional evidence (FEDERICI; SODDU, 2020). 

Some of those variants could be pathogenic; therefore, those LLS cases would be misdiagnosed 

in LS cases (XU et al., 2020a). Individuals carrying VUS and their relatives are advised to 

undergo clinical management according to their family history of cancer until the VUS can be 

reclassified as pathogenic or benign variants (SIJMONS; GREENBLATT; GENUARDI, 

2013).

In addition to VUS in MMR genes, a substantial portion of LLS, mainly those with 

clinical features suggestive of LS, may be caused by germline variants not detected or difficult 

to detect by conventional techniques. Germline deletions at the 3’ region of the EPCAM 

(RUMILLA et al., 2011) and epimutation in MLH1 (HITCHINS; WARD, 2009), alternative 

genetic etiologies of LS already discussed in this introduction are good examples of genetic 

events not detected by conventional sequencing methodologies. Structural variants in MMR 

genes have also been identified in suspected LS cases, including a recurrent inversion 

comprising exons 1-7 of the MSH2 gene (MORK et al., 2017; POPE et al., 2020; RHEES; 

ARNOLD; BOLAND, 2014; WAGNER et al., 2002) and another inversion involving exons 

2-6 of the same gene (LIU et al., 2016). Those inversions might be explained by the 

recombination events involving repetitive Alu sequences in MSH2 (LIU et al., 2016; PÉREZ-

CABORNERO et al., 2011). Inversions in MLH1, PMS2, and MSH6 have also been reported 

in some LLS cases (KASPER et al., 2022; MEYER et al., 2009; MORAK et al., 2011).

Intronic regions are not routinely investigated in the context of the LS diagnosis (FULK 

et al., 2022; KIYOZUMI et al., 2018; PETERSEN et al., 2013; VAN DER KLIFT et al., 2015). 

Some authors have described the involvement of deep intronic variants, which are not included 

in most LS diagnosis approaches, as rare causes in LLS (CASADEI et al., 2019; 

CLENDENNING et al., 2011). Those variants might disrupt MMR gene functions by creating 

aberrant splicing and transcripts, generating mRNAs with pseudo-exons containing premature 

stop codons that would result in the expression of truncated proteins (KEEGAN; WILTON; 

FLETCHER, 2022). In addition to deep intronic variants, the insertion of an Alu-like sequence 

in the intron 7 of MLH1 with consequent disruption of RNA splicing was reported in a 

suspected LS case (LI et al., 2020b).
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Variants in regulatory regions, such as promoters and UTRs, of the MMR genes are not 

commonly analyzed in routine genetic testing for LS but might also be involved with the 

etiology of some LLS cases (LECLERC; VERMAUT; BUISINE, 2021). Rare variants in the 

promoter and 5’-UTR regions of MLH1 and MSH2 genes have been reported so far (GREEN 

et al., 2003; HESSON et al., 2015; SHIN et al., 2002).  Those variants are thought to be 

pathogenic due to decreased expression levels of the affected MMR genes and could be 

associated with intermediate penetrance of the LS phenotype (HESSON et al., 2015). A 

duplication comprising 20 nucleotides in the MSH6 polyadenylation site, another regulatory 

region, was identified in a family suspected to have LS (DECORSIÈRE et al., 2012). This 

duplication was found to reduce the expression of MSH6 by lowering the efficiency of MSH6 

mRNA polyadenylation and, thus, could be the causal mutation in this family.

Rare cases of somatic mosaicism, i.e., the presence of two or more cell populations with 

distinct genotypes in a particular individual (DE, 2011), have also been reported in suspected 

cases of LS. Two unrelated cases of somatic mosaicism in MSH2 have been reported so far 

(GUILLERM et al., 2020; SOURROUILLE et al., 2013). Additionally, two independent studies 

identified somatic mosaicism in MLH1 in two unrelated suspected LS cases (GEURTS‐GIELE 

et al., 2019; PASTRELLO et al., 2009). Somatic mosaicism is not easily identified by 

conventional sequencing methods, especially for mutations with a low allele fraction in healthy 

tissue, and the use of more sensitive techniques, such as deep-coverage NGS sequencing, is 

required to identify those rare cases of LS (MARTÍNEZ-ROCA et al., 2022).

3.4.3.5 Non-MMR genes

In addition to the somatic inactivation of MMR genes by biallelic mutations or 

epigenetic silencing mediated by microRNAs, and the presence of difficult-to-identify germline 

mutations in LS genes, the presence of germline or somatic variants in genes not related to the 

MMR pathway, could mimic LS by causing MMR-D and conferring predisposition to cancers 

belonging to the LS spectrum (GOLUBICKI et al., 2021; LECLERC; VERMAUT; BUISINE, 

2021). Therefore, some LLS cases could be due to the pleiotropism of specific genes that, once 

mutated, could lead to a phenotype overlapping with other hereditary cancer syndromes, 

including LS (XU et al., 2020a). The intermediate-age diagnosis of cancer supports this 

hypothesis in LLS patients in comparison with LS and sporadic cases of cancer (MARTÍNEZ-

ROCA et al., 2022). 
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Base excision repair (BER) is one of the most important DNA repair pathways, which 

recognizes and repairs a variety of endogenous and exogenous DNA damages, including 

damages induced by alkylation, oxidation, and deamination of nucleotides, in addition to 

repairing small, non-voluminous lesions that may be generated by several carcinogens 

(ROLDÁN-ARJONA; ARIZA; CÓRDOBA-CAÑERO, 2019; STRATIGOPOULOU; VAN 

DAM; GUIKEMA, 2020). The BER-mediated repair of DNA lesions involves a variety of 

proteins, including DNA glycosylases, which initiate the pathway by recognizing and excising 

the damaged bases (JACOBS; SCHÄR, 2012). In humans, eleven DNA glycosylases have been 

identified; one of them, an A/G-specific adenine DNA glycosylase, is coded by the MUTYH 

gene (KAIRUPAN; SCOTT, 2007). Homozygous or compound heterozygous germline 

mutations in MUTYH cause an autosomal recessive cancer predisposition disease associated 

with an increased risk for the development of colonic polyps and CRC, which can overlap with 

the clinical manifestation of some LS cases (VENESIO et al., 2012). Biallelic germline variants 

in MUTYH are found in approximately 1-3% of LLS cases (CASTILLEJO et al., 2014; 

MORAK et al., 2014). Interestingly, tumors of LLS patients harboring germline variants in 

MUTYH were found to have somatic inactivating mutations in MMR genes which are 

characterized by G>T transversion, typically found in MUTYH-defective tumors, suggesting 

that MUTYH deficiency could cause somatic inactivation of MMR genes, leading to a somatic 

MMR-D phenotype (CASTILLEJO et al., 2014).

The catalytic subunits of replicative DNA polymerases epsilon (Pol ε) and delta (Pol δ), 

which are encoded by the genes POLE and POLD1, respectively, maintain the genome fidelity 

via their proofreading activity which allows for the detection and repair of most mismatches 

generating during DNA replication (BARBARI; SHCHERBAKOVA, 2017). Somatic 

missense mutations in the exonuclease domain of POLE and POLD1 disrupt the proofreading 

activity of those polymerases and were identified in colorectal and endometrial carcinomas 

exhibiting an ultramutator phenotype (CANCER GENOME ATLAS NETWORK, 2012; 

CANCER GENOME ATLAS RESEARCH NETWORK et al., 2013). Individuals with 

germline heterozygous missense variants in the exonuclease domain of POLE and POLD1 are 

known to have Polymerase proofreading-associated polyposis (PPAP), an autosomal dominant 

cancer predisposition syndrome characterized by a predisposition to the development of colonic 

adenomas and CRC, in addition to a lower risk of endometrial, ovarian, and other cancer types 

(BRIGGS; TOMLINSON, 2013; HAMZAOUI et al., 2020; PALLES et al., 2013). POLE and 

POLD1 mutations can also occur in MSS and MSI tumors and, when co-existing with MMR 

deficiency, are characterized by distinct mutational signatures (BILLINGSLEY et al., 2015; 
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HARADHVALA et al., 2018; YAMAMOTO; IMAI, 2015). Germline or somatic mutations 

affecting the exonuclease domain of POLE and POLD1 are found in around 14.5% of LLS 

manifesting as EC and CRC (JANSEN et al., 2016). Similar to LLS cases harboring MUTYH 

mutations, most LLS tumors with mutations in POLE/POLD1 genes have inactivating 

mutations in MMR genes, characterized by nucleotide substitutions related to the defective 

proofreading activity of Pol ε/δ, suggesting that the ultramutator phenotype generated by 

mutations in POLE/POLD1 may be an alternative cause of MMR deficiency by the consequent 

inactivation of MMR genes (BILLINGSLEY et al., 2015; HARALDSDOTTIR et al., 2014; 

KONSTANTINOPOULOS; MATULONIS, 2015).

SETD2 is another gene potentially implicated in the etiology of some LLS cases. This 

gene encodes a histone trimethyltranferase that incorporates an epigenetic histone mark 

(H3K36me3), which was found to be required for the recruitment of the MutSα heterodimer on 

the chromatin in the first step of the MMR pathway (LI et al., 2013a). Importantly, cells lacking 

SETD2 display an MMR-D phenotype without mutations in the MMR genes. As for cell lines, 

human tumors with mutations in SETD2 genes exhibit higher scores of MSI than tumors 

without mutations in this gene (LU et al., 2021). Vargas-Barra et al. detected germline variants 

in SETD2 in 5% of their cohort of LLS cases. However, the pathogenicity of those mutations 

was inconclusive (VARGAS-PARRA et al., 2017). More recently, Dámaso et al. investigated 

the occurrence of germline variants in SETD2 and other genes in 115 LLS cases but did not 

detect any mutation in this gene (DÁMASO et al., 2020). Therefore, despite its role in the MMR 

pathway, the involvement of SETD2 in the etiology of LLS remains to be elucidated.

In addition to MUTYH, POLE, POLD1, and SETD2, germline variants in other genes 

involved with DNA repair pathways, such as FAN1, REV3L, BARD1, BUB1, BUB3, WRN, 

PCNA, and other genes of the MMR pathway, have been identified in LLS cases (MARTÍNEZ-

ROCA et al., 2022; XAVIER et al., 2019). However, unlike MUTYH, POLE/POLD1, and 

SETD2, there is no evidence that the inactivation of those genes could lead to an MMR-D 

phenotype. 

 The WD Repeat And HMG-Box DNA Binding Protein 1 gene (WDHD1) encodes a 

protein that plays an essential role in eukaryotic DNA replication by assembling several 

replisome proteins, including DNA helicases and polymerases, to the replication fork (VILLA 

et al., 2016). By conducting a proteomic analysis, Chen et al. revealed that WDHD1 interacts 

with MSH2 (CHEN et al., 2016).  However, the authors did not investigate the impacts of this 

interaction on the repair activity of the MMR pathway. The role of WDHD1 in driving MMR 

deficiency was investigated in Chapter 4 of this thesis.
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4 Relevance of the study

As discussed in the Introduction of this thesis, MMR deficiency is a marker with several 

clinical implications in cancer, including in the screening for the identification of individuals 

at risk of having Lynch syndrome. Lynch syndrome carriers have a high lifetime risk of 

developing several cancers. Therefore, the early diagnosis of Lynch syndrome is critical to 

improving a patient’s prognosis through the adoption of cancer surveillance protocols, such as 

regular colonoscopy and surveillance of extra-colonic tumors. Upon the identification of a 

Lynch syndrome case, genetic testing can also be offered to its relatives, and clinical 

management can be extended to the positive cases. 

Despite being a hallmark of Lynch syndrome tumors, most tumors with MMR 

deficiency are caused by somatic inactivation of MMR genes. Therefore, defining the genetic 

etiology of MMR deficiency is essential for offering appropriate genetic counseling and clinical 

protocols to patients with MMR-deficient tumors, avoiding intensive Lynch syndrome 

management in individuals with sporadic tumors, and directing specific health care to those 

with a hereditary cancer condition.

In addition to cases with germline and somatic inactivation of MMR genes, the etiology 

of a fraction of MMR-defective tumors remains to be elucidated. Those cases are usually named 

Lynch-like syndrome and, based on their clinical features, are assumed to be a mixture of 

hereditary and sporadic cases. Non-MMR genes, including MUTHY, POLE, and SETD2, have 

been proposed as potential causes of MMR deficiency in unexplained MMR-deficient cases, 

but most remain without an etiology. The identification of non-canonical MMR genes has a 

direct implication on hereditary cancer by their inclusion in genetic testing.

MMR-deficient tumors are highly responsive to immune checkpoint inhibitors, and 

limited benefit has been observed in individuals with MMR-proficient cancer. Therefore, the 

identification of non-canonical MMR genes could be therapeutically explored as alternative 

routes to trigger MSI in MMR-proficient tumors, which are the majority of cases.

Therefore, the genetic etiologies of mismatch repair deficiency were investigated in this 

study by different approaches. Endometrial cancer was used as a model to investigate MMR 

deficiency in the first two chapters of this thesis. In Chapter I, the prevalence of germline 

mutations in the main MMR genes was explored in a Brazilian cohort of 242 primary 

endometrial carcinomas. Sporadic cases due to MLH1 methylation, as well as Lynch and 

Lynch-like syndrome cases, were identified. In Chapter II, we interrogated the genetic etiology 

of the Lynch-like syndrome cases identified in Chapter I by a germline and somatic mutational 
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analysis in a set of 63 genes related to DNA repair and cancer predisposition. Finally, in Chapter 

III, we explored the role of the WDHD1 gene as a candidate new MMR component and its 

potential to generate MMR deficiency in vitro.
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OBJECTIVES

The overall aim of this thesis is to investigate the genetic etiologies of mismatch repair 

deficiency in cancer. To achieve this goal, several specific objectives were explored in three 

chapters, as described below:

CHAPTER I

• To assess the MMR proficiency in a Brazilian cohort of endometrial 

adenocarcinoma.

• To characterize the germline variants in MLH1, MSH2, MSH6, PMS2, and EPCAM 

in patients with MMR-deficient tumors.

• To determine the prevalence of Lynch and Lynch-like syndromes in tumors with 

MMR deficiency.

CHAPTER II

• To describe the germline variants in genes related to DNA repair and to hereditary 

endometrial cancer among Lynch-Like patients.

• To characterize somatic driver variants in genes related to cancer-related genes in 

endometrial tumors of patients with Lynch-like syndrome.

• To assess the MMR proficiency in Lynch-like syndrome tumors by mutational 

signatures and microsatellite instability scores. 

CHAPTER III

• To determine the prevalence of WDHD1 somatic variants in tumors with unexplained 

MMR deficiency.

• To generate a Wdhd1 mutant cell model lacking the domain for interaction between 

MSH2 and WDHD1 proteins.

• To characterize the mutational profile of Wdhd1-mutant cells.

• To evaluate the sensitivity of Wdhd1-mutant cells to 6-thioguanine.

• To characterize the impact of 6-thioguanine on the cell cycle of Wdhd1- mutant cells.
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CHAPTER I: Lynch syndrome identification in a Brazilian cohort of endometrial 

cancer screened by a universal approach
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34 Abstract

35

36 Objective: To report the frequency of Lynch syndrome (LS) in a cohort of patients from 

37 Southeast Brazil bearing endometrial cancer (EC), using a tumor screening universal approach.

38

39 Methods: A total of 242 endometrial carcinomas were screened by immunohistochemistry 

40 (IHC) and microsatellite instability (MSI) for detection of DNA mismatch repair deficiency 

41 (dMMR). MLH1 methylation was assessed to identify sporadic cases. Patients with dMMR 

42 tumors were recruited for germline variant analysis by next-generation sequencing of the 

43 MLH1, MSH2, MSH6, PMS2, and EPCAM genes.

44

45 Results: Ninety-three out of 242 tumors (38.5%) were classified as dMMR based on MSI and 

46 IHC results. Of these, 54 cases were selected for germline analysis, and 37/54 (68.5%) were 

47 available for sequencing. Ten patients (10/37, 27%) harbored germline pathogenic or likely 

48 pathogenic variants, most of them in the MSH6 gene (4/10, 40%). Seven variants of uncertain 

49 significance were found. Eight novel germline variants were identified. The LS prevalence in 

50 our cohort was of at least 4.1%. LS patients presented lower mean age at cancer diagnosis 

51 compared with patients diagnosed with sporadic EC. Individuals with dMMR tumors, without 

52 germline pathogenic variants detected in LS genes (“Lynch-like” syndrome), had an 

53 intermediate mean age at cancer diagnosis between LS and sporadic cases.

54

55 Conclusion: This is the first report of the LS prevalence in EC screened by a universal approach 

56 in Brazil. Our findings contribute to a better understanding of the mutational landscape of this 

57 syndrome in Brazil, which is relevant for improved identification, genetic counseling, 

58 prevention and control of cancer in LS.

59

60 Keywords: Brazil. Endometrial cancer. Lynch syndrome. Lynch-like syndrome. Next-

61 generation sequencing. Universal screening.
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62 Highlights

63

64 • Universal screening for LS in women with endometrial cancer is poorly performed in 

65 Latin America, including Brazil.

66

67 • At least 4.1% of Brazilian women diagnosed with EC are LS carriers.

68

69 • LLS individuals had EC at intermediate age between LS and sporadic cases.

70

71 • Most LS patients did not meet Amsterdam II Criteria and Revised Bethesda Guidelines.
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72 Introduction

73

74 Lynch syndrome (LS) is the most common cancer susceptibility syndrome associated 

75 with hereditary endometrial cancer (EC), which is caused by germline pathogenic variants in 

76 genes of the DNA mismatch repair (MMR) pathway (MLH1, MSH2, MSH6, and PMS2) or the 

77 epithelial cell adhesion molecule (EPCAM) gene [1,2]. Individuals affected by LS have an 

78 increased risk of developing various cancers, mainly EC and colorectal cancer (CRC) [3]. 

79 Notably, women with LS present up to 49% lifetime risk of EC development, and an elevated 

80 risk for colorectal, ovarian, gastric, and other cancers [4].

81 The role of DNA MMR is to maintain genomic stability by correcting base mismatches 

82 and insertion-deletion mismatches that may arise during DNA replication [5]. Inactivation of 

83 MMR genes result in defective repair of DNA replication errors that preferentially accumulate 

84 in genomic regions called microsatellites, which are composed of repetitive DNA sequences. 

85 Consequently, LS-associated tumors commonly exhibit MMR deficiency (dMMR), as reflected 

86 by high-level microsatellite instability (MSI-H) or loss of MMR protein expression, which are 

87 the hallmarks of these tumors [6].

88 DNA sequencing is the gold standard technique for identifying germline variants in LS 

89 patients [7]. However, due to its relatively high cost, screening strategies were proposed to offer 

90 genetic testing only to those with highly suggestive clinical features of LS [8]. The universal 

91 screening, which comprises the molecular testing of all endometrial tumors for the MMR 

92 deficiency by immunohistochemistry (IHC) or PCR-based microsatellite instability analysis 

93 (MSI), has been recommended by several international institutions as the preferred screening 

94 approach for LS testing due to its higher sensitivity to detect LS patients in comparison with 

95 screening strategies based on clinical criteria [9, 10]

96 Most tumors arising in LS carriers present with dMMR; however, this tumor phenotype 

97 is not specific for LS since around 70% of endometrial tumors with dMMR do not have any 

98 LS-associated pathogenic variants on germline testing [11]. Approximately 15-20% of sporadic 

99 endometrial carcinomas with dMMR are primarily caused by somatically acquired 

100 hypermethylation of both alleles of the MLH1 promoter, leading to the loss of MLH1 protein 

101 expression [3, 12]. The dMMR tumors not related to MLH1 methylation and without a germline 

102 variant in any of the four MMR genes are termed “Lynch-like syndrome” (LLS) [13]. The 

103 underlying cause of dMMR in LLS is not well established, and it has been assumed to be 

104 heterogeneous, comprising both hereditary and sporadic cases of cancer, making management 

105 decisions for LLS patients and their families more complicated than for LS carriers [14]. 
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106 Although universal tumor screening is preferred for identifying LS individuals in many 

107 countries, this approach is still not common in Latin America. Up to 70% of the centers that 

108 investigate LS in Latin American countries, including Brazil, perform neither MSI nor IHC on 

109 EC and CRC to select patients for genetic testing of LS. Most of these centers use only clinical 

110 criteria for screening [15]. Additionally, germline variants testing in Brazil has only recently 

111 become available for patients with private health insurance and remains largely unavailable in 

112 the public health care system [16]. Therefore, the prevalence of LS and LLS among EC patients 

113 in the Brazilian population is still unclear. 

114 To elucidate these open questions, we conducted a retrospective study on 242 

115 endometrial cancer patients who underwent surgical treatment at a university general hospital 

116 in Southeast Brazil from 2005 to 2017. The MMR deficiency was assessed in tumor samples, 

117 and next-generation sequencing (NGS) of LS genes was performed when the patient’s blood 

118 samples were available. Our analysis is the first study providing information about the 

119 molecular epidemiology and clinicopathological features in a Brazilian cohort of EC screened 

120 by a universal approach.

121

122 Materials and Methods

123 Patients and samples

124

125 The Scientific and Research Committee of the Ribeirão Preto Medical School of the 

126 University of Sao Paulo, Brazil (HC-FMRP-USP) approved the research protocol and consent 

127 form of this study (protocol number 1.578.206/2016). A total of 317 patients diagnosed with 

128 primary EC were identified between January 2005 and January 2017 at our institution. We 

129 included 242 (76%) cases based on the following criteria: patients were 18 years or older at 

130 time of EC diagnosis; there was satisfactory amount of tumor material for molecular analysis, 

131 and the patients should be alive at time of selection for further family history of cancer 

132 assessment and germline variant investigation. We did not include patients that received 

133 neoadjuvant treatment. Informed consent was prospectively obtained from all patients selected 

134 for germline analyzes. Clinicopathological data were extracted from medical records, including 

135 histopathological classification, grading, and staging of the tumors, according to the 

136 International Federation of Gynecology and Obstetrics (FIGO) [17].

137

138 Immunohistochemistry

139



98

140 Tumor representative areas were identified on hematoxylin-eosin slides and punched 

141 from donor formalin-fixed paraffin-embedded (FFPE) blocks. One tumor tissue core (5 mm2 

142 area) from each EC sample was transferred to a paraffin receptor tissue microarray (TMA) 

143 block. Each TMA was composed of 23 tumor cores and one liver tissue core, which was used 

144 for posterior sample identification.

145 IHC staining of MLH1, MSH2, MSH6, and PMS2 proteins was performed on 4 µm 

146 sections of TMA blocks using the REVEAL Polyvalent HRP-DAB Detection System (Spring 

147 Bioscience, Pleasanton, CA), following the manufacturer’s protocol. The primary antibodies 

148 used for detecting the MMR proteins were anti-MLH1 (dilution 1:100; clone 6168-728; BioSB, 

149 Santa Barbara, CA), anti-MSH2 (dilution 1:250; clone 25D12; Leica Biosystems, Buffalo 

150 Grove, IL), anti-MSH6 (dilution 1:75; clone 6TBP H-141; Santa Cruz Biotechnology, Santa 

151 Cruz, CA), and anti-PMS2 (dilution 1: 25; clone MOR46; Leica Biosystems, Buffalo Grove, 

152 IL). IHC slides were independently evaluated by two pathologists (FC and ARS). The complete 

153 absence of nuclear staining in tumor cells in the presence of internal positive control (nuclear 

154 staining of non-neoplastic cells, such as adjacent normal endometrial cells, lymphocytes, or 

155 stromal cells), was considered to determine the loss of expression of MMR proteins in tumors. 

156

157 Microsatellite instability

158

159 MSI analysis was performed on tumors with the intact expression of all four MMR 

160 proteins. Genomic DNA was extracted from tumor and non-neoplastic areas of FFPE tissue 

161 sections using the Maxwell Rapid Sample Concentrator System (Promega, Madison – WI). 

162 MSI status was performed using multiplexed polymerase chain reaction (PCR) for genotyping 

163 of the BAT26, BAT25, NR21, NR24, and NR27 monomorphic microsatellites. Primer 

164 sequences and PCR conditions were described elsewhere [18]. Amplicon detection was run on 

165 an ABI Prism 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA) and data were 

166 analyzed using the GeneMarker v.1.85 software (SoftGenetics, State College, PA). Tumors 

167 were classified as MSI-high (MSI-H) when two or more microsatellite markers showed an 

168 altered pattern; MSI-low (MSI-L) when one marker was altered and microsatellite stable (MSS) 

169 when none of the markers were present.

170

171 MLH1 methylation

172
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173 Tumors with loss of MLH1 or MLH1/PMS2 protein expression were tested for MLH1 

174 promoter methylation. Tumor genomic DNA was extracted as described above, and 

175 modification of DNA with sodium bisulfite was performed using the EpiTect kit (Qiagen, 

176 Valencia, CA), according to the manufacturer’s instructions. Methylation-specific polymerase 

177 chain reaction (MS-PCR) was performed using primers for the C region of the MLH1 promoter. 

178 Primer sequences and PCR conditions are described elsewhere [19]. 

179

180 Next-generation sequencing

181

182 Samples with loss of expression of MMR proteins and an absence of MLH1 

183 methylation, as well as MSI-H or MSI-L tumors, were selected for germline variant analysis. 

184 Patients were referred to the Cancer Genetic Counseling Service at HCRP-FMRP-USP and, 

185 once the patient consented, family cancer records, and peripheral blood samples were 

186 prospectively collected.

187 For germline analysis, genomic DNA was extracted from blood using QIAamp DNA 

188 Mini Kit (Qiagen) following manufacturer's instructions, and library preparation was 

189 performed using the SureSelectQXT Kit (Agilent Technologies, Santa Clara, CA). The coding, 

190 canonical splice sites, and both 5’ and 3’ untranslated regions (UTRs) of MLH1, MSH2, MSH6, 

191 PMS2, and EPCAM genes were sequenced on an Illumina NextSeq 500/550 platform (Illumina, 

192 San Diego, CA), on a 2 x 150 bp paired-end mode. 

193 The raw files were aligned to the human reference genome GRCh37 and further 

194 processed with the Genome Analysis Toolkit (GATK v. 4.0.10.1), according to the GATK Best 

195 Practices protocol [20]. Single nucleotide variants (SNV) and indels were identified using the 

196 HaplotypeCaller (GATK) and then annotated using ANNOVAR [21]. Copy-number variation 

197 (CNV) was assessed with the VisCap algorithm [22].

198

199 Nomenclature and classification of genetic variants

200

201 All SNVs were reported at the nucleotide and protein levels according to the Human 

202 Genome Variation Society (HGVS) nomenclature recommendations [23]. Classification of 

203 clinical significance was based on the American College of Medical Genetics and Genomics 

204 and the Association for Molecular Pathology (ACMG/AMP) recommendations [24], using the 

205 VarSome variant search Engine [25]. Variants classified as Benign and Likely benign were 

206 filtered out from further analysis. 
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207 Orthogonal validation

208

209 For Sanger sequencing validation, we used the BigDye 3.1 sequencing kit (Applied 

210 Biosystems, Carlsbad, CA, USA) following manufacturer’s protocol, and fragments were 

211 analyzed in a 3500xl genetic analyzer (Applied Biosystems). Primer sequences are available 

212 upon request. 

213 Due to the presence of a large family of highly homologous PMS2 pseudogenes, PMS2 

214 variants were validated by Long-range PCR using the LongRange PCR Kit (Qiagen), according 

215 to the manufacturer’s instructions. Primer sequences and annealing temperatures are described 

216 elsewhere [26].

217 CNVs were validated by Multiplex Ligation-dependent Probe Amplification (MLPA). 

218 The SALSA MLPA kit P003-D1(MRC Holland, Amsterdam, NH) was used for MLH1, MSH2, 

219 and EPCAM genes, P008-C1 kit (MRC Holland) was used for PMS2 and P072-D1 kit (MRC 

220 Holland) for MSH6. Amplification products were identified using the 3500xl system (Applied 

221 Biosystems). Data analysis was performed using Coffalyser.Net software (MRC Holland).

222

223 Statistical analysis

224

225 Mean values and standard deviations were used to describe continuous data, and 

226 categorical variables were displayed as totals and frequencies. Categorical variables were 

227 compared using Fisher's exact test, and continuous variables were analyzed using ANOVA and 

228 Post-hoc analysis with Tukey’s Test. P-values of <0.05 were considered significant. Statistical 

229 analyses were performed using SAS version 9.4.

230

231 Results

232 Clinicopathological features

233

234 The clinicopathological data of the 242 EC cases are summarized in Table 1. The mean 

235 age at EC diagnosis was 63 years (range 33-91 years). Nineteen patients (7.9%) were diagnosed 

236 under 50 years, 73 patients (30.2%) were diagnosed between 50 and 59 years, and 150 patients 

237 (62.0%) were at least 60 years old at EC diagnosis. The majority of tumors were endometrioid 

238 adenocarcinomas (92.1%). Most cases were low-grade tumors, with FIGO I (44.2%) and FIGO 

239 II (31.4%). In addition, most tumors with available pathological information were restricted to 
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240 the uterus (77.1%, i.e., FIGO I stage). Angiolymphatic invasion was present in 33 (14.9%) of 

241 cases.

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266
267 Table 1 - Clinical and pathological characteristics of 242 Brazilian cases of endometrial cancer. SD: standard 
268 deviation.
269

270 Tumor screening

271

272 Results of IHC, MSI, and MLH1 methylation are summarized in Figure 1. Loss of 

273 expression of one or more MMR proteins was detected in 80 out of 242 tumors (33.1%). Most 

Characteristics n(%)

Age at diagnosis (in years)

Mean (SD) 63.0 (10.4)

Median (min-max) 62.0 (33-91)

< 50 19 (7.9)

50-59 73 (30.2)

≥ 60 150 (62.0)

Histology

Endometrioid 223 (92.1)

Serous 10 (4.1)

Mixed 8 (3.3)

Clear cells 1 (0.4)

FIGO grade

I 107 (44.2)

II 76 (31.4)

III 59 (24.4)

FIGO stage 

I 185 (77.1)

II 29 (12.1)

III 22 (9.2)

IV 4 (1.7)

Unknown 2

Angiolymphatic invasion

Absent 189 (85.1)

Present 33 (14.9)

Unknown 20
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274 MMR-protein defective tumors had loss of expression of MLH1 protein, thirty-five (14.7%) 

275 tumors were negative for the expression of the MLH1/PMS2 dimer, and six tumors (2.4%) 

276 showed isolated loss of MLH1. Subsequently, PMS2 protein loss was detected in eleven tumors 

277 (4.5%), MSH2/MSH6 loss was observed in ten tumors (4.1%), and MSH6 protein was absent 

278 in eighteen tumors (7.4%). 

Figure 1 - Flowchart summarizing the result of the strategy used for detection of Lynch syndrome. dMMR: mismatch 
repair deficiency. IHC: immunohistochemistry, MSI-H: microsatellite instability-high, MSI-L: microsatellite instability-low, 
MSS: microsatellites stable. Meth_dMMR: dMMR tumors with methylation in MLH1. Unmeth_dMMR: dMMR tumors without 
methylation in MLH1. pMMR: mismatch repair proficiency.
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279 MLH1 promoter methylation was analyzed in all 41 tumors showing loss of MLH1 

280 protein, and the majority of them (39/41, 95.1%) were methylated. Endometrial tumors with 

281 MLH1 methylation (Meth_dMMR) were considered sporadic and were excluded from the 

282 germline analysis. 

283 A total of 162/242 endometrial carcinomas (66.9%) showed intact expression of the four 

284 MMR proteins and were evaluated by MSI assay. Of these, eleven tumors (6.8%) had MSI-H 

285 phenotype, and two tumors (1.2%) were classified as MSI-L. Concordance between IHC and 

286 MSI was observed in 149/162 (92.0%) tumors, which were classified as pMMR by both 

287 methodologies.

288  Overall, 93/242 (38.5%) EC cases were dMMR. Tumors with MMR protein loss 

289 (excluding Meth_dMMR cases), together with MSI-H and MSI-L tumors, were classified as 

290 Unmeth_dMMR tumors (54 cases) and were selected for germline variant analysis.

291

292 Germline variant analysis

293

294 We carried out germline variant analysis using a subset of 37/54 (68.5%) 

295 Unmeth_dMMR cases as we were not able to perform testing in 17/54 (31.5%) patients either 

296 due to loss of follow-up (fourteen patients) or death (three patients). The pathogenic and likely 

297 pathogenic variants, as well as the VUS, are summarized in Table 2. Sixteen SNVs were 

298 identified in 14 patients (two patients had two variants each). Eight variants (50%) were 

299 identified in the MSH6 gene (4 missense variants, 3 frameshifts, and 1 in-frame deletion), 4 

300 variants (25%) in MSH2 (3 frameshift variants and 1 missense), 2 variants (12.5%) were 

301 detected in MLH1 (1 nonsense and 1 missense variants) and other 2 variants (12.5%) were 

302 identified in the PMS2 gene (1 frameshift and 1 missense variants). Additionally, one large 

303 deletion comprising exons 17-19 of the MLH1 gene was identified in 1 individual (Table 2 and 

304 Fig. 2A). We did not identify any germline variants in the EPCAM gene.

305 Ten variants were classified as pathogenic or likely pathogenic, and seven variants were 

306 classified as VUS, according to ACMG/AMP guidelines. Three pathogenic variants and one 

307 likely pathogenic variant (40%) were detected in MSH6, three pathogenic variants (30%) were 

308 found in MSH2, two pathogenic variants (20%) were identified in MLH1 (including the exons 

309 17-19 deletion), and one pathogenic variant (10%) was detected in PMS2. Seven VUS were 

310 also identified in MSH6 (four VUS), MLH1, MSH2, and PMS2. Eight distinct novel variants, 

311 i.e., not described in the literature or by variation databases so far, were identified. They 

312 comprised: three pathogenic variants and two VUS in MSH6, two pathogenic variants in MSH2
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ImmunohistochemistryPatient 

ID
Gene Transcript a Nucleotide Amino acid Variant type

ACMG/AMP 

classification MLH1 PMS2 MSH2 MSH6
dbSNP ID ClinVar AIIC RBG

Pathogenic variants b

042-S MLH1 NM_000249.3 c.1276C>T p.Gln426Ter Nonsense Pathogenic + - + + rs63750316 Pathogenic No No

063-S MLH1 NM_000249.3 NA NA Exon deletion Pathogenic - - + + NA Pathogenic Yes Yes

001-S PMS2 NM_000535.7 c.1055delT p.Leu352TrpfsTer4 Frameshift Pathogenic - + + + Novel ND No No

062-S MSH2 NM_000251.3 c.174dupC p.Lys59GlnfsTer23 Frameshift Pathogenic + + - - Novel ND Yes No

075-S MSH2 NM_000251.3 c.174dupC p.Lys59GlnfsTer23 Frameshift Pathogenic + + - - Novel ND Yes No

065-S MSH2 NM_000251.3 c.820dupA p.Ile274AsnfsTer10 Frameshift Pathogenic + + - - Novel ND Yes Yes

025-S MSH6 NM_000179.3 c.1517dupA p.Asp506GlufsTer2 Frameshift Pathogenic + + + - Novel ND No No

017-S MSH6 NM_000179.3 c.3247delG p.Glu1083LysfsTer7 Frameshift Pathogenic + + + - Novel ND Yes Yes

027-S MSH6 NM_000179.3 c.3847_3850dupATTA p.Thr1284AsnfsTer6 Frameshift Pathogenic + + - - rs267608128 Pathogenic No No

014-S MSH6 NM_000179.3 c.3848_3862del p.T980_Y985del In-frame deletion Likely pathogenic + + - - Novel ND No No

Variants of unclear significance

061_S MLH1 NM_000249.3 c.2152C>T p.His718Tyr missense VUS + + + - rs2020873 Benign Yes No

064_S PMS2 NM_000535.7 c.1963G>A p.Gly655Arg missense VUS + + + - rs1064793236 VUS Yes Yes

001_S MSH2 NM_000251.3 c.192C>G p.Ile64Met missense VUS - + + + rs1395172053 VUS No No

034_S MSH6 NM_000179.3 c.253C>T p.Pro85Ser missense VUS + + + - rs779664343 VUS No No

020_S MSH6 NM_000179.3 c.1019T>C p.Phe340Ser missense VUS + + - - rs61753793 Likely benign Yes No

064_S MSH6 NM_000179.3 c.3422C>T p.Ser1141Phe missense VUS + + + - Novel ND Yes Yes

033_S MSH6 NM_000179.3 c.3670G>T p.Gly1224Trp missense VUS + + + - Novel ND No Yes

Table 2 - Germline variants identified among 37 patients diagnosed with unmethylated dMMR endometrial tumors. a reference transcript from NCBI Reference Sequence Database (RefSeq). 
b both pathogenic and likely pathogenic variants, according to ACMG/AMP classification, were considered as Pathogenic, i.e., Lynch syndrome causing. ACMG/AMP: American College of Medical 
Genetics and Genomics and the Association for Molecular Pathology. AIIC: Amsterdam II Criteria. ND: not described. NA: not applicable. RBG: Revised Bethesda Guidelines, VUS: variant of 
uncertain significance.
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314 (p.Lys59GlnfsTer23 was identified in two unrelated patients), and one pathogenic variant in 

315 PMS2. The MLH1 exons 17-19 deletion is reported as pathogenic in ClinVar database.

316 Personal and family history of cancer from individuals carrying pathogenic, likely 

317 pathogenic, and VUS was assessed to identify patients who met Amsterdam II Criteria (AIIC) 

318 or Revised Bethesda Guidelines (RBG) (Table 2). Half of the individuals carrying a pathogenic 

319 or likely pathogenic variant in LS genes fulfilled neither AIIC nor any of the RBG. Regarding 

320 VUS carriers, one patient (034_S) did not meet any criteria. One patient (001_S) had one 

321 pathogenic variant in PMS2 and one VUS in MSH2 and met neither AIIC nor RBG. 

322 Summarizing, of the 93 dMMR tumors identified, 39 (41.9%) were Meth_dMMR, 10 

323 (10.8%) were LS cases, 27 (29.0%) were LLS. We were not able to perform germline analysis 

324 in 17 dMMR cases (Not Sequenced dMMR cases - NS) due to loss of follow-up and deaths.

325

Figure 2 - Molecular and clinical findings of the LS patient carrying a CNV in the MLH1 gene. (A) Normalized MLPA data of 
the MLH1 exons 17-19 deletion identified in patient 063_S. Y-axis contains ratio of copies between sample and controls. X-axis has 
chromosomic coordinates for each probe. Exonic deletions are represented by consecutive red bar charts reaching ratio values around 
0.5, compatible with heterozygous deletion. (B) Family pedigree of the patient (indicated with an arrow) with the MLH1 exons 17-19 
deletion. Cancer type, age of patients (bold), and age at cancer diagnosis were recorded. This patient met the Amsterdam II criteria 
and Revised Bethesda Guidelines. Roman numerals were used for generation identification. CC: colon cancer, EC: endometrial cancer, 
NI: not informed, PC: prostate cancer, and RC: rectal cancer.
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326 Clinicopathological association

327

328 Clinical and pathological features of endometrial tumors were compared among the 

329 Meth_dMMR, LS, LLS, NS and pMMR groups (Table 3). We observed a significant difference 

330 in mean age at diagnosis of endometrial carcinoma (p-value = 0.0019, ANOVA) among groups. 

331 LS group had a lower mean age at the diagnosis compared to Meth_dMMR, NS, and pMMR 

332 groups (p-value < 0.05, Tukey’s test). The mean age at diagnosis observed in the LLS group 

333 was similar to the LS group and the other molecular groups (p-value >0.05, Tukey’s test). 

334 We also detected a significant difference after the stratification of cases by categories 

335 of age at cancer diagnosis (p-value < 0.00001, Fisher’s exact test). All LS patients were under 

336 60 years at the time of EC diagnosis. On the other hand, more than 60% of patients with pMMR 

337 and Meth_dMMR tumors, as well as most patients of the NS group, were at least 60 years at 

338 EC diagnosis. LLS patients had intermediate ages of EC diagnosis when compared to LS and 

339 the other groups.

340

341 Discussion

342

343 For the implementation of successful molecular tests in clinical practice, it is essential 

344 to comprehensively understand the genetic variability in the population being served [27]. Our 

345 study is the first description of LS and LLS in a Brazilian cohort of EC identified by a universal 

346 screening approach. Risk assessment for Lynch Syndrome may be a complex and challenging 

347 task in developing countries such as Brazil with limited resources for molecular genetic 

348 analyses in the public health sector.  We successfully performed universal screening in a total 

349 of 242 unrelated EC cases, of which 93 tumors (38.5%) were dMMR based on IHC and MSI 

350 results. Thirty tumors were found to be sporadic due to MLH1 promoter methylation, and 54 

351 cases were selected for germline variant analysis. Targeted sequencing of LS-associated genes 

352 was successfully performed in 37/54 (68.5%) patients and pathogenic or likely pathogenic 

353 variants were identified in ten patients (Fig. 1). Clinicopathological features were compared 

354 among groups (Table 3).

355 We detected a LS prevalence of 4.1% in our cohort through the tumor universal 

356 screening approach. This prevalence may be underestimated since we did not test 31.5% of the 

357 patients with dMMR endometrial tumors. Previous studies have reported prevalence of LS 

358 among EC patients ranging between 2% and 5.9% [21, 28]. Further studies may increase data 

359 of LS prevalence among women diagnosed with EC in Brazil. A recent systematic review and
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Unmeth_dMMR

Variables
Meth_dMMR

n = 39 (16.1%)
LS

n = 10 (4.1%) 

LLS

N = 27 (11.2%)  

NS

n = 17 (7.0%)

pMMR

n = 149 (61.6%)
p-value 1

Mean age at diagnosis (sd) 65.7 (8.3) a 53.8 (4.1) b 59.1 (8.7) ab 66.8 (11.2) a 63.1 (10.8) a 0.0019 2

Age groups n (%) n (%) n (%) n (%) n (%) < 0.00001 3

< 50 0 (0.0) 2 (20.0) 2 (7.4) 1 (5.9) 14 (9.4)

50-59 10 (25.6) 8 (80.0) 14 (51.9) 2 (11.8) 39 (26.2)

≥ 60 29 (74.4) 0 (0.0) 11 (40.7) 14 (82.3) 96 (64.4)

Histology n (%) n (%) n (%) n (%) n (%) 0.1725 3

Endometrioid 36 (92.3) 8 (80.0) 27 (100.0) 15 (88.2) 137 (91.9)

Serous 1 (2.6) 0 (0.0) 0 (0.0) 1 (5.9) 8 (5.4)

Mixed 2 (5.1) 1 (10.0) 0 (0.0) 1 (5.9) 4 (2.7)

Clear cells 0 (0.0) 1 (10.0) 0 (0.0) 0 (0.0) 0 (0.0)

FIGO grade n (%) n (%) n (%) n (%) n (%) 0.1571 3

I 10 (25.6) 3 (30.0) 14 (51.9) 7 (41.2) 73 (49.0)

II 18 (46.2) 2 (20.0) 7 (25.9) 5 (29.4) 44 (29.5)

III 11 (28.2) 5 (50.0) 6 (22.2) 5 (29.4) 32 (21.5)

FIGO stage n (%) n (%) n (%) n (%) n (%) 0.5255 3

I 25 (64.1) 9 (90.0) 20 (74.1) 14 (82.4) 117 (79.6)

II 7 (17.9) 0 (0.0) 4 (14.8) 3 (17.6) 15 (10.2)

III 6 (15.4) 1 (10.0) 2 (7.4) 0 (0.0) 13 (8.8)

IV 1 (2.6) 0 (0.0) 1 (3.7) 0 (0.0) 2 (1.4)

Unknown 0 0 0 0 2

Angiolymphatic invasion n (%) n (%) n (%) n (%) n (%) 0.6442 3

Absent 29 (76.3) 8 (88.9) 24 (88.9) 12 (85.7) 115 (85.8)

Present 9 (23.7) 1 (12.1) 3 (11.1) 2 (14.3) 19 (14.2)

Unknown 1 1 0 3 15
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361 meta-analysis suggested that prevalence of LS in EC patients is approximately 3% [29]. A 

362 single study assessing the MMR status in a series of EC from the Southern region of Brazil was 

363 included in this meta-analysis, but germline variant data was not assessed [30]. 

364 Most pathogenic or likely pathogenic variants identified in our LS patients were found 

365 in the MSH6 gene (Table 2), which is in agreement with the current knowledge about LS and 

366 EC. It is known that women who carry MSH6 pathogenic variants have a 26-fold increased 

367 incidence of EC and a six-fold increased incidence of other cancers associated with LS [31,32]. 

368 Additionally, these women have a cumulative incidence of EC at 75 years of 41% which 

369 outweighs the frequency of uterine cancer among women carrying pathogenic variants in MLH1 

370 or PMS2 genes [4].

371 Historically, Amsterdam criteria and Bethesda guidelines have been widely used to 

372 screen endometrial and CRC for LS genetic testing [3]. However, at least half of the germline-

373 confirmed LS patients fail to fulfill these criteria [28]. Half of the patients carrying pathogenic 

374 variants in LS-genes did not meet any of these clinical criteria (Table 2), most of them were 

375 MSH6 variant carriers. MSH6 variant carriers can be challenging to diagnose because they may 

376 not entirely fulfill the criteria for LS diagnosis, and their age at cancer onset is often later than 

377 for MLH1 and MSH2 variant carriers [33]. These findings, together with the higher frequency 

378 of MSH6 pathogenic variants found in EC patients, support the use of the tumor universal 

379 screening approach for selection of EC cases for LS testing, rather than methods based on 

380 clinical features. 

381 Numerous genetic point variants have been identified in LS patients, including 

382 frameshift, nonsense, and splicing variants that result in nonsense-mediated mRNA decay of 

383 the transcripts, truncated, or altered protein structure [3]. Moreover, the occurrence of missense 

384 variants, which lead to single amino acid substitutions, is expressive (about 30–60%) for all 

385 four LS-associated genes [34]. A large subset of missense variants detected in LS probands 

386 have been termed VUS because the pathogenic effect of these class of variants on MMR genes 

387 is unclear as well as their contribution to the disease pathogenesis. [35]. In this study, we 

388 identified seven VUS present in five out of 37 patients tested for LS (18.9%). Five patients 

Table 3 - Comparison between clinicopathologic variables and tumor MMR status and germline findings. Mean 
age at the diagnosis of endometrial cancer is described in years. P-values of <0.05 were considered significant. 1 p-value 
derived from comparison between variables and the five molecular groups. 2 Mean age was compared among groups using 
ANOVA and Post-Hoc Analysis with Tukey’s Test. a and b were used to indicate mean age similarities among groups, 
based on Tukey’s test. Groups with the same letter are not significantly different (p > 0.05). 3 categorical variables were 
compared using the Fisher's exact test. sd: standard deviation. Meth_dMMR: dMMR tumors with methylation in MLH1. 
pMMR: mismatch repair proficiency. LS: Lynch syndrome, LLS: Lynch-like syndrome. NS: MLH1 unmethylated dMMR 
tumors that did not undergo germline analysis.
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389 harboring a VUS in a LS-genes fulfilled the AIIC or at least one of RBG (Table 2). Since these 

390 criteria, mainly AIIC, are indicative of a possible hereditary origin of the EC, our results suggest 

391 that these VUS could have a pathogenic effect on the MMR pathway. These inconclusive 

392 classifications are a challenge when it comes to medical management decisions. The functional 

393 impact of VUS cannot be inferred from sequence information alone and there are often 

394 insufficient clinical and epidemiological data to make clinically meaningful inferences about 

395 their association with cancer risks [36]. This issue poses an even bigger challenge in Brazil and 

396 other countries where the genetic testing is limited since the spectrum of germline variants and 

397 their associated phenotypes are not completely understood [16]. Further analysis, such as 

398 segregation analysis, loss of heterozygosity in tumors, and well-established functional assays 

399 could contribute to the elucidation of the VUS role on the LS etiology [16, 35].

400 We assessed the MMR status in endometrial tumors by IHC and MSI. Although both 

401 methodologies are recommended for detecting MMR deficiency, their results are not always in 

402 concordance. In our cohort, MSI was performed in 162 endometrial tumors that exhibited intact 

403 expression of the MMR proteins. Discordant results were found in thirteen tumors (8%), which 

404 showed MSI-H (11 tumors) or MSI-L (2 tumors) phenotype and intact expression of MLH1, 

405 MSH2, MSH6, and PMS2 proteins. Discordance between MSI and IHC is not always a 

406 technical issue and may represent the differences in cellular functions detected by the two 

407 testing strategies. A fraction of these cases can be explained by the occurrence of missense 

408 variants that disrupt the MMR gene function, leading to a MSI phenotype, but maintaining the 

409 epitope of the MMR protein intact [28]. Conversely, some pathogenic variants, particularly in 

410 MSH6 and PMS2, can result in protein loss by IHC without causing MSI-H [37]. Additionally, 

411 since MSI testing assesses the functional status of the MMR mechanism, some tumors with 

412 intact IHC could have an MSI phenotype that went undetected. Such events could be explained 

413 by pathogenic variants in an MMR gene that are not amenable to current methods of IHC 

414 analysis or caused by a yet unidentified MMR gene [38]. We were able to perform germline 

415 analysis in 11/13 (85%) MSI/IHC discordant cases and did not identify any VUS or pathogenic 

416 variant.  A wider genomic approach, such as whole-exome or whole-genome sequencing could 

417 identify genes related to MSI in tumors with normal IHC staining for the main MMR proteins.

418 Rare germline CNVs are associated with cancer susceptibility, providing an explanation 

419 for part of cancer cases with a missing hereditary cause [39]. Up to 10% of LS cases are related 

420 to CNVs in MLH1, MSH2, MSH6, or PMS2 genes [7]. We identified one LS patient, who self-

421 reported German ancestry, harboring a large deletion encompassing exons 17, 18, and 19 of the 

422 MLH1 gene (Fig. 2A). This patient has a strong family history of CRC (Fig. 2B), which 
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423 includes a colon carcinoma at 31 years old and two other tumors, a metachronous rectal and 

424 endometrial adenocarcinoma, twenty years later. This large MLH1 deletion was previously 

425 described as a founder variant in Northern Portugal [39] and has been identified in three 

426 Brazilian patients diagnosed with CRC [15]. Most patients harboring this MLH1 deletion were 

427 diagnosed with CRC at a median age of 44 years, and a metachronous or synchronous second 

428 colorectal tumor was commonly found in half of them [40]. Genotyping of relatives is strongly 

429 recommended to identify the LS-carriers for adequate clinical management, and should be 

430 offered not only to the relatives of the patient harboring the CNV in MLH1, but also for relatives 

431 of individuals with pathogenic and likely pathogenic variants in LS-associated genes (Table 

432 2).

433 We did not detect any pathogenic or likely pathogenic variant in 27 cases (73% of all 

434 cases with sequencing results). The underlying cause of MMR deficiency in LLS tumors is 

435 heterogeneous, comprising both hereditary and sporadic cases [14]. It has been shown that up 

436 to 70% of all LLS cases may be explained by biallelic somatic variants in the MMR genes, 

437 mainly MLH1 and MSH2, representing a sporadic origin [41]. On the other hand, patients with 

438 LLS developing cancer at younger ages, similar to LS, raise the speculation that undiagnosed 

439 germline variants may be implicated in at least some of these cases [13]. In our cohort, we did 

440 not detect a significant difference of mean ages at onset between LS and LLS patients. 

441 Additionally, both LS and LLS patients had lower mean ages at diagnosis when compared to 

442 sporadic endometrial tumors (Meth_dMMR). 

443 The current study has some limitations. As previously discussed, the prevalence of LS 

444 found in this study may be underestimated since we were not able to perform germline analysis 

445 in part of the patients with dMMR endometrial tumors. Additionally, only whole exons and 

446 adjacent short sequences of introns were sequenced, we cannot exclude the occurrence of 

447 pathogenic variants in intronic and non-coding regions in a small portion of the cases. Finally, 

448 this study was conducted at a single general hospital in Southeast Brazil, which may not be 

449 completely representative of the genetic heterogeneity present in the population of Brazil. 

450 Therefore, studies performed based on patient population drawn from other regions of Brazil 

451 will add to the knowledge about the mutational profile and prevalence of LS in Brazilian 

452 women diagnosed with EC.

453 Although universal screening is strongly recommended for LS identification [9], its 

454 broader implementation may be challenged by socio-economic and technical issues in some 

455 countries. In Brazil, the vast majority of the population relies on the Public Health Care System, 

456 whose resources for hereditary cancer diagnosis and management, including restricted access 
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457 to molecular tests and genetic counseling, are still unsatisfactory [42]. Alternative screening 

458 approaches, such as tumor screening in EC patients selected by age-based cut-off [43] or 

459 particular tumor morphology [44], are cost-effective and highly sensitive methods for LS 

460 detection and may be helpful to overcome the challenges of universal screening in countries 

461 like Brazil. However, studies about the cost-effectiveness of different approaches for LS 

462 screening in Brazil are mandatory to define the most cost-effective strategy for LS investigation 

463 in our country.

464 In conclusion, this is the first study in a Brazilian cohort of EC screened for LS through 

465 a universal tumor screening approach, which revealed a LS prevalence of at least 4.1%. 

466 Variants in the MSH6 gene were detected in most of the LS cases. The prevalence of LLS in 

467 endometrial tumors with defective MMR was around 73%. LSS patients had an intermediate 

468 age at diagnosis of EC compared to LS and sporadic EC groups. The investigation of LS in 

469 other regions of Brazil may help define more cost-effective strategies for LS identification, 

470 prevention, and cancer treatment.
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CHAPTER II:  Mutational landscape of Lynch-like syndrome in endometrial cancer

The article was written following the guidelines of the Gynecologic Oncology Journal 

and  was under preparation for submission to this Journal by November 2022.
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733 Abstract

734

735 Objective: To characterize the germline and somatic mutational landscape of Lynch-like 

736 syndrome (LLS) in patients diagnosed with endometrial cancer (EC). 

737

738 Methods: Germline and somatic variants from 27 Lynch-like patients from a Brazilian cohort 

739 of EC were identified by next-generation sequencing of 63 cancer-related genes. The tumor 

740 mutational landscape was characterized in terms of driver mutation discovery, tumor mutation 

741 burden (TMB), mutational signatures analysis, replicative strand bias, and microsatellite 

742 instability (MSI) on sequencing data.

743

744 Results: Seven out of 27 patients (26%) had germline pathogenic variants in ATM, ATR, 

745 CHEK2, FAN1, and MUTYH and were associated with a stronger family history of cancer than 

746 patients without germline pathogenic variants. Somatic driver mutations in MSH6 were present 

747 in 45% of tumors and co-occurred with POLE-exonuclease mutations in 20% of cases.  Tumors 

748 with actionable mutations in POLE, POLD1, and MMR genes were associated with high TMB 

749 and had their mutational profiles explained by mutational signatures typically associated with 

750 alterations in those genes. The majority of MSI-high tumors (7/10) had somatic alterations in 

751 MMR genes.

752

753 Conclusion: Most LLS cases manifesting as EC are sporadic, caused by somatic inactivation 

754 of MMR genes. In addition, a subset of LLS might be hereditary due to germline variants in 

755 cancer-predisposing genes. 

756

757 Keywords: Brazil. Germline variants. Mismatch repair. Tumor sequencing.
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758 Highlights

759

760 ● Germline pathogenic variants in cancer-predisposing genes are associated with familial 

761 cases of LLS.

762

763 ● Somatic inactivation of MMR genes, mainly MSH6, is the leading cause of MMR 

764 deficiency in endometrial tumors of LLS patients.

765

766 ● POLE-exonuclease somatic mutations are frequent drivers of MMR deficiency in LLS 

767 tumors, probably resulting in inactivating mutations in MMR genes.
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768 Introduction

769

770 Endometrial cancer (EC) is one of the most prevalent gynecological malignancies in 

771 women worldwide, with an increasing incidence in recent years [1]. In Brazil, EC is the eighth-

772 most incident tumor in women, with about 6,540 new cases expected in 2022 [2]. Several risk 

773 factors are associated with EC, including genetic predisposition, which is related to around 5% 

774 of cases [3]. Lynch syndrome (LS), an autosomal dominant cancer predisposition disease, is 

775 the leading cause of hereditary EC [4]. The lifetime risk for EC in women with LS is superior 

776 to their risk for colorectal cancer, and EC is frequently the sentinel tumor [4,5]. In addition to 

777 endometrial and colorectal carcinomas, individuals with LS are at increased risk for ovarian, 

778 gastric, small bowel, urothelial, and other cancers [6]. 

779 LS is caused by germline pathogenic variants in one of the four main DNA-mismatch 

780 repair (MMR) genes (MLH1, MSH2, MSH6, or PMS2), or less frequently, by germline deletion 

781 of the 3’ region of the EPCAM gene that leads to the epigenetic silencing of MSH2 [7]. The 

782 MMR pathway maintains genomic stability by correcting spontaneous single-nucleotide 

783 mismatches and small insertion/deletion loops generated during DNA replication [8]. The 

784 inactivation of MMR genes leads to the accumulation of mutations, mainly in microsatellite 

785 loci. Consequently, LS-associated tumors commonly exhibit microsatellite instability (MSI) or 

786 loss of MMR protein expression, which are the hallmarks of these tumors [9]. 

787 The screening of endometrial tumors for MMR deficiency by PCR-based MSI analysis 

788 and/or MMR-protein immunohistochemistry (MMR IHC) is a highly recommended approach 

789 for the detection of potential LS cases [10]. However, genetic testing fails to identify a germline 

790 variant in MMR genes in up to 70% of cases with MMR-deficient (MMR-D) tumors, indicating 

791 that this molecular phenotype is not restricted to LS [11]. Individuals with MMR-D tumors not 

792 related to known causes, including somatic MLH1 methylation and germline mutations in LS-

793 associated genes, are known as having Lynch-like syndrome (LLS) [12]. 

794 The underlying cause of LLS is not well established and is assumed to be 

795 heterogeneous, comprising both hereditary and sporadic causes, making management decisions 

796 for LLS patients more challenging than for LS carriers [13]. Potential etiologies for the MMR-D 

797 phenotype in LLS tumors include germline mutations in MMR not detected by current 

798 sequencing methods, bi-allelic somatic mutations in MMR genes, or false-positive results in 

799 the tumor screening [14]. Additionally, mutations in genes not commonly accessed by genetic 

800 testing approaches, including genes not directly associated with the MMR pathway but with 

801 the potential to drive an MMR-D phenotype, may explain some LLS cases [15].
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802 Here, we advanced into the characterization of LLS by using a targeted-sequencing 

803 approach in a panel of genes related to DNA repair and cancer predisposition and report the 

804 germline and somatic mutational landscape of LLS in a Brazilian cohort of EC.

805

806 Materials and Methods

807 Cohort and MMR deficiency analysis

808

809 We have previously accessed the prevalence of germline variants in LS-associated 

810 genes in 37 cases of MMR-D tumors from a Brazilian cohort of 242 primary endometrial 

811 carcinomas and identified 27 individuals with LLS [16]. Tumor screening for MMR deficiency 

812 was detailed in our previous study [16]. Briefly, we assessed the MMR status from tumor 

813 samples by MMR IHC, PCR-based MSI, and MLH1 methylation. For IHC, the expression of 

814 MLH1, MSH2, MSH6, and PMS2 proteins was evaluated from tissue microarray blocks using 

815 a standard protocol, and the slides were independently analyzed by two pathologists (F.C. and 

816 M.O.B.). MSI analysis was performed by Multiplexed PCR amplification of five 

817 mononucleotide microsatellites in normal and tumor DNA. MLH1 methylation was assessed 

818 by Methylation-Specific PCR (MS-PCR) using primers for the C region of the MLH1 promoter.

819 To further advance in the molecular characterization of those cases, we obtained 

820 approval from the Scientific and Research Committee of the HC-FMRP-USP (protocol number 

821 1.578.206/2016) and informed consent from the LLS patients. In addition, clinicopathological 

822 data were obtained from medical records.

823

824 Next-generation sequencing

825

826 For germline mutation analysis, genomic DNA was extracted from peripheral blood 

827 using the QIAamp DNA Mini Kit (Qiagen, Germantown, MD), and genomic libraries were 

828 prepared using the SureSelectQXT Kit (Agilent Technologies, Santa Clara, CA). Somatic 

829 mutations were evaluated in DNA isolated from representative formalin-fixed paraffin-

830 embedded (FFPE) tumor sections, and the genomic libraries were prepared using the 

831 SureSelectXT Kit (Agilent Technologies). We performed targeted sequencing from 

832 constitutive and tumor DNA using a panel of 63 genes related to DNA repair and cancer 

833 predisposition [17]. The coding sequence, canonical splice sites, and both 5’ and 3’ untranslated 

834 regions (UTRs) of the 63 genes were sequenced on an Illumina NextSeq 500/550 platform 

835 (Illumina, San Diego, CA) on a 2 x 150 bp paired-end mode. 
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836 Bioinformatic analyses

837

838 Raw data quality analysis, read mapping, germline and somatic single-nucleotide 

839 variant (SNV) calling, as well as variant annotation for both germline and somatic sequencing 

840 were performed as previously described [17].  Germline copy-number alterations (CNVs) were 

841 accessed using the VisCap algorithm [18], and somatic CNVs were called using FACETS [19]. 

842 Germline SNVs were classified for their clinical significance according to the American 

843 College of Medical Genetics and Genomics and the Association for Molecular Pathology 

844 (ACMG/AMP) recommendations [20]. Germline variants classified as Benign or Likely benign 

845 were excluded from further analyses.

846 Somatic variants with a Mutect2 “PASS” flag and Variant Allele Frequency (VAF) 

847 higher than 5% were considered for further analyses. Driver mutations were defined as loss-of-

848 function variants (frameshift, nonsense, or splice-site mutations) in tumor suppressor or DNA 

849 repair genes and missense mutations annotated as oncogenic or likely-oncogenic in the 

850 OncoKB database [21].

851 Mutational signatures (COSMIC v.3.3) and replication strand bias were accessed in 

852 samples with at least 20 SNVs using the R package Mutational Patterns v.1.11.0 [22]. 

853 Microsatellite instability analysis was performed using the MSISensor-Pro software [23] in the 

854 normal-tumor mode. Tumors with MSIsensor scores of ≥10 were considered MSI-High, ≥3 to 

855 <10 were classified as MSI-Low, and <3 were defined as microsatellite stable (MSS). Tumor 

856 mutation burden (TMB), defined as nonsynonymous variants per Megabase pair (Mb), was 

857 estimated from the coding region size (0.257 Mbp) of the gene panel.

858

859 Statistical analysis

860

861 Continuous data were described by mean and standard deviation values, and categorical 

862 variables were shown as numbers and percentages. Clinicopathological features between 

863 individuals with germline pathogenic or likely pathogenic variants (GPVs) and without GPVs 

864 (Non-GPVs) were compared using the Fisher's exact test (qualitative variables) or unpaired t-

865 test (quantitative variables). P-values of <0.05 were considered significant. Statistical analyses 

866 were performed using R (version 4.2.1). 

867

868 Results

869
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870 The clinicopathological characteristics of the 27 LLS cases are summarized in Table 1. 

871 All patients were diagnosed with endometrioid adenocarcinoma at a mean age of 59.1 years 

872 (SD = 8.7 years). Most patients had their cancer diagnosis under 60 years (59.3%). The majority 

873 of cases were low-grade tumors (77.8%), restricted to the uterus (88.9%, i.e., FIGO Stage I or 

874 II). Angiolymphatic invasion was present in three (11.1%) cases.

875

876
877 Table 1 – Clinicopathologic features of 27 Lynch-like patients according to the presence of pathogenic 
878 germline variants. P-values were derived from comparing clinicopathological variables between patients with 
879 pathogenic and likely pathogenic germline variants (GPVs) and those without GPVs (Non-GPVs). 1 Mean age 
880 was compared among groups using the unpaired t-test. 2 Categorical variables were compared using the Fisher's 
881 exact test. SD: standard deviation.
882

883 Germline variants

884

885 Targeted sequencing in constitutive DNA revealed a total of 32 heterozygous germline 

886 SNVs in 20 out of 63 (31.7%) tested genes, comprising 26 missenses, three frameshifts, two 

All  GPVs Non-GPVs
Variables

n = 27 (100%) n = 7 (25.9%) n = 20 (74.1%)
p-value

Mean age at diagnosis (SD) 59.1 (8.7) 59.1 (12.2) 58.8 (7.5) 0.98121

Age groups n (%) n (%) n (%) 0.66182

< 60 16 (59.3) 5 (71.4) 11 (55.0)

≥ 60 11 (40.7) 2 (28.6) 9 (45.0)
Histology n (%) n (%) n (%) 1.00002

Endometrioid 27 (100.0) 7 (100.0) 20 (100.0)

Others 0 (0.0) 0 (0.0) 0 (0.0)

FIGO grade n (%) n (%) n (%) 1.00002

Low (1-2) 21 (77.8) 6 (85.7) 15 (75.0)

High (3) 6 (22.2) 1 (14.3) 5 (25.0)

FIGO stage n (%) n (%) n (%) 1.00002

I-II 24 (88.9) 6 (85.7) 18 (90.0)

III-IV 3 (11.1) 1 (14.3) 2 (10.0)

Angiolymphatic invasion n (%) n (%) n (%) 0.54532

Present 3 (11.1) 0 (0.0) 3 (15.0)

Absent 24 (88.9) 7 (100.0) 17 (85.0)

Amsterdam II n (%) n (%) n (%) 0.03122

Yes 4 (16.0) 3 (50.0) 1 (5.3)

No 21 (84.0) 3 (50.0) 18 (94.7)

Unknown 2 1 1
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887 nonsense variants, and one in-frame deletion. Eighteen out of 27 (66.7%) LLS patients had at 

888 least one germline variant (Figure 1).

889

890

891 Figure 1 – Oncoprint of germline variants identified in 27 cases of Lynch-like syndrome. All variants were 
892 identified in heterozygosity. The genes are ordered from top to bottom by the decreasing percentage of altered 
893 individuals (right panel). The top panel describes the number of germline mutations found in each individual. The 
894 bottom panel shows the clinicopathological information of each LLS patient. The number of variants found in 
895 each gene is shown in the left panel. Patient identification is provided at the bottom of the bottom panel. GPV: 
896 individuals with germline pathogenic or likely pathogenic variants. Non-GPV: individuals without germline 
897 pathogenic and likely pathogenic variants. NI: not informed. 
898

899

900 Eight pathogenic or likely pathogenic variants were identified in seven patients (Figure 

901 1 and Table 2). The variant c.736G>T (p.Val246Phe) in MUTYH  was detected in two 

902 unrelated individuals, two missense variants were identified in ATM, two frameshift variants 

903 were observed in FAN1, one missense variant was detected in CHEK2, and one missense was 

904 identified in the ATR gene (in the same individual with one likely pathogenic variant in ATM). 

905 Moreover, 23 variants of uncertain clinical significance (VUS) were identified (Figure 1 and 

906 Table 2). POLE, which is responsible for the proofreading function of the DNA Polymerase 

907 epsilon, and MSH6 were the genes most frequently mutated, with four and three VUS, 
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908 respectively. In addition to MSH6, we detected VUS in two other MMR genes: a missense 

909 variant in PMS2 and another in MSH3. 

910 Eight distinct novel variants, i.e., not present neither in the literature nor in variation 

911 databases, were identified (Table 2). They comprised one likely pathogenic frameshift in FAN1 

912 and one likely pathogenic nonsense variant in ATR, in addition to six distinct VUS, including 

913 one in-frame deletion in APC, and five missense variants in MSH6 (two different variants), 

914 TGFA, PALB2, EXO1 and GALNT12 (one variant each).

915 Personal and family history of cancer was available for 25/27 (92.3%) LLS patients 

916 (Table 1). The Amsterdam II Criteria, which indicate a personal and family history of cancer 

917 typically observed in Lynch syndrome patients, were more frequently fulfilled in LLS 

918 individuals with GPVs compared to patients without GPVs (50% vs. 5.3%, p=0.0312, Fisher's 

919 exact test). These results suggest that germline mutations in non-MMR genes may explain, at 

920 least partially, the strong family history of cancer observed in a subset of LLS cases.
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Table 2 – Germline variants, including pathogenic, likely pathogenic, and variants of uncertain significance, identified in the cohort of LLS patients. 1 Reference 
transcript ID from NCBI Reference Sequence Database (RefSeq). ACMG/AMP: American College of Medical Genetics and Genomics and the Association for Molecular 
Pathology. GnomAD AF: Total allele frequency in the Genome Aggregation Database. AbraOM AF: Total allele frequency in the Online Archive of Brazilian Mutations. 
ND: not described. VUS: variant of uncertain significance.
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921 Somatic mutational landscape

922

923 We performed tumor sequencing in 20/27 (74.1%) LLS cases with sufficient amount 

924 and quality of DNA and obtained a median depth of coverage of 558x, ranging from 114x to 

925 2,288x. Driver mutations, TMB, MSI status, and MMR IHC findings are shown in Figure 2. 

926 PTEN and PIK3CA, well-known drivers of tumorigenesis in EC [24], were the most frequently 

927 mutated genes, with actionable mutations in 70% and 65% of the tumors, respectively. 

928

929

930
931 Figure 2 – Oncoplot of somatic driver variants found in 20 Lynch-like tumors. Driver somatic variants were 
932 defined as loss-of-function mutations (frameshifts, nonsense, and splice-site mutations) in tumor suppressor and 
933 DNA repair genes, and missense mutations annotated as Oncogenic or Likely oncogenic by the OncoKB database. 
934 Samples were sorted according to the decreasing values of TMB. The higher panel shows the TMB values of each 
935 tumor indicated as the number of nonsynonymous mutations/Mbp (see the Materials and Methods section for more 
936 details). Gene symbols with at least one driver mutation are indicated on the left of the plot, with the main MMR 
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937 genes being underlined with a black line. The right bar panel shows the number of samples with alterations in each 
938 gene. Tumor identification is present at the bottom of the plot. The white asterisk in the main graph indicates genes 
939 with pathogenic germline and driver somatic mutations. PCR-based MSI, MSISensor, MMR IHC, and Group 
940 annotations for each LLS tumor are shown at the bottom of the figure. TMB: tumor mutation burden. MSI: 
941 microsatellite instability. MSS: microsatellite stable. MMR IHC: immunohistochemistry staining for MLH1, 
942 MSH2, MSH6, and PMS2 proteins. GPV: LLS patient with germline pathogenic or likely pathogenic variants. 
943 Non-GPV: LLS patients without germline or likely pathogenic variants. NA: missing information.
944

945 One of the seven LLS patients with GPVs in cancer-predisposing genes (010-S) 

946 presented a somatic inactivating mutation in combination with a germline pathogenic variant 

947 in ATM (Figure 2). These findings indicate that the occurrence of the “second hit” in cancer-

948 associated genes is rarely found by tumor sequencing in LLS tumors, suggesting that it is either 

949 not required to confer a cancer predisposition in LLS or that other factors, such as epigenetic 

950 mechanisms, might play the role of a second-hit in these cases.

951 MSH6 was the most mutated MMR gene, with inactivating variants in 45% of cases, 

952 one of which (055-S) with two inactivating variants (Figure 2, Supplementary Table S1). In 

953 addition to MSH6, we also detected somatic mutations in MLH1 and MSH3 in 25% of cases, 

954 and MLH3, MSH2, and PMS2, in 5% of cases. Together, these results confirm the high 

955 prevalence of inactivating mutations in MMR genes, especially MSH6, in endometrial tumors 

956 with an MMR-D phenotype.

957 Four (20%) tumors had missense variants in the exonuclease domain of POLE (POLE-

958 exo*) in combination with somatic inactivating mutations in MSH6 (010-S, 018-S, 020-S, and 

959 067-S). The four MSH6 variants were characterized by nonsense mutations resulting from 

960 G:C>T:A substitutions at the first position of a glutamic acid codon, resulting in a stop codon 

961 (GAA > TAA) (Supplementary Figure S1). Of note, all MSH6 mutations had VAF values ≤ 

962 the ones of the POLE-exo*variants, suggesting that the MSH6 mutations most likely resulted 

963 from the mutator phenotype triggered by mutations in the exonuclease domain of POLE.
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The table continues in the next page.
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Supplementary Table S1 – Molecular findings of the endometrial cohort of Lynch-syndrome patients.  Results of MMR IHC, PCR-based MSI classification, MSIsensor, 
and tumor sequencing of the 27 LLS tumors included in this study. MMR IHC: immunohistochemistry staining for MLH1, MSH2, MSH6, and PMS2 proteins. MSI: 
microsatellite instability. MSS: microsatellite stable. SNVs: single-nucleotide variants. TMB: tumor mutation burden. VAF: variant allele frequency. 1 refers to genes with 
germline pathogenic variants other than MMR and POLE/POLD1 genes. NA:  missing value.
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964

965 Supplementary Figure S1 – Lollipop plot of somatic variants identified in four tumors with both POLE-
966 exo* and MSH6 mutations. Protein positions with a mutation were represented by a circle at the top of a vertical 
967 line. The length of the lines, as well as the y-axis, represent the frequency of the variants among the tumors. The 
968 full length of the protein is represented by a vertical gray bar. Colored boxes represent protein functional domains. 
969 Protein consequence of mutations, as well as their respective VAF values (in parentheses), and tumor 
970 identification, are represented at the top of the circles. VAF: variant allele frequency.
971

972 LLS tumors exhibited a mean TMB of 60 mutations/Mbp, ranging from 0 to 249 

973 mutations/Mb (Figure 2, Supplementary Table S1). Tumors with somatic POLE-exo* 

974 mutations, in addition to the tumor with two inactivating events in MSH6 (055-S), reached some 

975 of the highest TMB values. Moreover, the case with the second greatest TMB (070-S) had a 

976 somatic splice-site mutation in POLD1 (implicated in the proofreading activity of the DNA 

977 polymerase delta) and a germline mutation in the exonuclease domain of POLD1 (POLD1-

978 exo*) (Figure 1 and Figure 2). These results corroborate the relationship between mutations 

979 in the proofreading domain of replicative DNA polymerases, as well as the inactivation of 

980 MMR genes, with a mutator phenotype in human tumors.

981 The 96-type mutational profile and refitting mutational signature analyses were 

982 performed in 10/20 (50%) tumors with a minimum of 20 SNVs (Figure 3, Supplementary 

983 Figure S2). The mutational profile of all four tumors with POLE-exo* somatic mutations was 

984 explained mainly by COSMIC signatures SBS10a and SBS10b, which are associated with 

985 defects in the proofreading activity of Polymerase epsilon. We also observed a 2-fold increase 

986 of C>T substitutions in the DNA leading strand compared to the lagging strand of tumors 018-S 

987 and 067-S (Supplementary Figure S3). In addition, 32% of the somatic mutational profile in 

988 the case with POLD1 mutations was explained by the COSMIC SBS10c and SBS10d 
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989 signatures, which are associated with POLD1-exo* mutations. COSMIC signatures associated 

990 with MMR deficiency (SBS6, SBS15, SBS21, and SBS44) explained more than 65% of 

991 mutations in tumor 033-S, a case with a germline VUS, and a somatic frameshift mutation in 

992 MSH6. MMR-D signatures also explained about 20% of mutations observed in tumors 024-S 

993 (with monoallelic driver mutations in MLH1 and MSH3) and 002-S (with neither germline nor 

994 somatic variants in MMR genes). Despite the presence of a germline VUS and a somatic 

995 frameshift in MSH6, COSMIC signatures related to MMR deficiency did not contribute to the 

996 somatic mutational profile of 064-S.  These findings demonstrate that mutational signatures 

997 frequently reflect the presence of driver mutations in POLE/POLD1 and MMR genes in 

998 endometrial cancer.

999

1000

1001
1002 Figure 3 – Relative contribution of COSMIC SBS mutational signatures to the mutational profile of somatic 
1003 single-nucleotide substitutions observed in LLS tumors.   The contribution of COSMIC signatures to the 
1004 mutational profile of 10 LLS patients with a minimum of 20 single base substitutions (SBS) was quantified by 
1005 refitting analysis using the MutationalPatters R package. MMR: combined contribution of signatures SBS6, 
1006 SBS15, SBS21, and SBS44. POLE-exo: contribution of signatures SBS10a and SBS10b. POLE-exo*/MMR: 
1007 signature SBS14. POLD1-exo*: combined contribution of signatures SBS10c and SBS10d. POLD1-exo*/MMR: 
1008 signature SBS20.
1009
1010
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1011

1012

1013 Supplementary Figure S2 – 96 trinucleotide mutational profile of 10 LLS tumors with a minimum of 20 
1014 single-nucleotide substitutions. Trinucleotides (shown in x-axes) are formed based on the six classes of single-
1015 nucleotide substitutions (C>A, C>G, C>T, T>A, T>C, and T>G) and their immediate 5’ and 3’ nucleotide 
1016 contexts. The y-axes indicate the relative contribution of each trinucleotide to the total amount of single-nucleotide 
1017 substitutions in each tumor. Tumor identification and the total amount of single-nucleotide variants (SNVs) are 
1018 shown at the right of each mutational profile.
1019

1020 Microsatellite instability was evaluated in a set of more than 200 loci by the MSIsensor 

1021 tool (Figure 2 and Supplementary Table S1).  Ten out of 20 (50%) tumors were classified as 

1022 MSI-high, and (7/10, 70%) of them had at least a somatic inactivating mutation in the main 

1023 MMR genes (cases 024-S, 033-S, 049-S, 052-S, 055-S, 064-S, and 070-S). Three MSI-High 
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1024 tumors (016-S, 029-S, and 045-S) had no germline or somatic mutation in the main MMR 

1025 genes. In addition, 4/20 (20%) LLS tumors were classified as MSI-Low, two of which with 

1026 somatic POLE-exo* mutations (018-S and 067-S), and the two others (012-S and 061-S) with 

1027 no mutation in the main MMR genes. Finally, 6/20 (30%) microsatellite stable (MSS) were 

1028 identified, including two cases with somatic POLE-exo* variants (010-S and 020-S), one case 

1029 with a germline VUS and a somatic inactivating mutation in MSH6 (034-S), and three cases 

1030 with no mutations in the main MMR genes (002-S, 022-S, and 036-S). Together, these results 

1031 corroborate the association between the inactivation of the main MMR genes with the MSI-

1032 High phenotype in endometrial tumors and its absence in tumors with POLE-exo* mutation. 

1033

1034

1035 Supplementary Figure S3 – Replicative strand bias. The top panel shows the relative frequency of each base 
1036 substitution to the mutations in both lagging (solid colors) and leading (opaque colors) DNA strands. The bottom 
1037 panel shows the Log2 ratio of mutations occurring in each DNA strand. (*): significative difference (p>0.05, based 
1038 on the Poisson test for strand asymmetry) of mutations in one strand in relation to the other.
1039

1040 We found discordant MSI classification between PCR-based and MSIsensor methods 

1041 in 5/20 (25%) tumors (Figure 2, Supplementary Table S1). The tumor 070-S, with a germline 

1042 POLD1-exo* mutation, was previously classified as MSI-Low by PCR-based MSI and was 

1043 found to be MSI-High by MSIsensor analysis. Three tumors have been classified as MSI-High 
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1044 by PCR-MSI but were classified as MSI-Low (012-S) or MSS (022-S and 034-S) by the 

1045 MSIsensor tool. Finally, the tumor 010-S was classified as MSI-Low by PCR-based MSI and 

1046 was classified as MSS after analysis with MSIsensor. These discordant findings indicate that 

1047 the use of the PCR-based MSI analysis in a pentaplex panel of mononucleotide microsatellites 

1048 might not be as accurate in classifying LLS tumors for the MMR-deficiency status as it is for 

1049 Lynch syndrome and MLH1-methylated endometrial tumors. 

1050 Finally, we found six tumors with a normal expression of the four main MMR proteins 

1051 classified with either MSI-High (070-S, 055-S, 024-S, 049-S, 052-S) or MSI-Low (067-S) by 

1052 both MSIsensor and PCR-based MSI analysis (Figure 2, Supplementary Table S1). Except 

1053 for tumor 055-S, which had two somatic inactivating events in MSH6, all of these tumors had 

1054 a monoallelic driver mutation in at least one of the main MMR genes, indicating that mutation 

1055 in MMR genes leading to MMR deficiency is not always correlated to the lack of the protein 

1056 in endometrial tumors.

1057

1058 Discussion

1059

1060 In this study, we used a targeted sequencing approach to decipher the mutational 

1061 landscape of Lynch-like syndrome in a Brazilian cohort of endometrial cancer. Germline 

1062 analyses revealed the presence of pathogenic variants in cancer-predisposing genes in 26% of 

1063 the cohort. A strong family history of cancer was prevalent in individuals with pathogenic 

1064 variants. A “second hit” mutation was identified in the tumor of one patient with a germline 

1065 pathogenic variant in ATM. Driver mutations in MMR genes, mainly in MSH6, were present in 

1066 65% of tumors. Co-occurrence of actionable mutations in POLE and MSH6 genes was noticed 

1067 in 20% of cases, with results supporting POLE as a frequent early driver event in endometrial 

1068 tumors from LLS patients. Tumors with POLE, POLD1, or MMR mutations presented with 

1069 high TMB and mutational signatures, reflecting the mutational status of these genes. MSI 

1070 analysis on tumor sequencing data confirmed the association between inactivating mutations in 

1071 the main MMR genes and the MSI-High phenotype. 

1072 The etiology of Lynch-like syndrome is heterogeneous, with a subset of LLS patients 

1073 presenting a strong family of cancer, suggesting a heredity etiology. However, the existence of 

1074 genetic factors conferring predisposition to cancer development is not always identified [25]. 

1075 We detected seven cases of LLS manifesting as endometrial cancer carrying pathogenic 



140

1076 germline variants in DNA damage response and repair, including ATM, ATR, CHEK2, FAN1, 

1077 and MUTYH. Those patients fulfilled the Amsterdam Criteria II, which indicates a family 

1078 history of cancer typically observed in Lynch syndrome, more frequently than individuals 

1079 without pathogenic variants (Table 1). Biallelic germline variants in MUTYH [26,27], as well 

1080 as monoallelic mutations in CHEK2, especially the variant I200T identified in our cohort, have 

1081 already been reported in LLS patients with CRC [28,29]. Additionally, heterozygous variants 

1082 in FAN1 and ATR have been found in patients with MMR-proficient CRC, positive for 

1083 Amsterdam criteria [30,31]. The relation between ATM variants and hereditary tumors from the 

1084 LS spectrum is rare, with a single polymorphism being associated with an increased risk for 

1085 LS-related tumors [32]. Mutations in some of these genes have also been reported in 

1086 endometrial cancer. Yurgelun et al. have found germline variants in ATM and CHEK2 in 

1087 patients diagnosed with endometrial tumors and with an LS-associated family history of cancer. 

1088 However, the author did not assess the MMR status tumor testing [33]. Ring et al. have also 

1089 reported a case of endometrial carcinoma with a germline variant in ATM without reporting its 

1090 MMR status [34].

1091 The involvement of DNA repair and other tumor suppressor genes in cancer 

1092 predisposition are assumed to follow Knudson’s two-hit hypothesis, which postulates that 

1093 hereditary cancer predisposition is caused by a germline mutation and a somatic inactivation of 

1094 the wild-type allele, by a second mutation, loss of heterozygosity (LOH), or epigenetic gene 

1095 silencing [35]. However, a somatic event is not always identified in tumors of individuals with 

1096 germline pathogenic variants in cancer predisposing genes. In our study, we found a somatic 

1097 mutation in ATM as a potential second hit in one of the seven patients with GPVs (Figure 2). 

1098 In agreement with our results, Huang et al. identified pathogenic or likely pathogenic germline 

1099 variants in 7.9% of the TCGA cohort comprising 10,389 adult cancers, and the presence of 

1100 LOH or somatic mutations was observed in less than 40% of the cases [36]. The absence of a 

1101 second hit in a cancer-predisposing gene does not exclude the involvement of those genes with 

1102 cancer predisposition, especially for individuals with a strong family history of cancer. 

1103 Moreover, we cannot exclude the involvement of epigenetic factors such as promoter 

1104 hypermethylation acting as the somatic second hits in tumors of LLS patients with germline 

1105 pathogenic variants. Likewise, some missense variants may act as a dominant-negative in some 

1106 tissues and be associated with cancer predisposition, even in a monoallelic state [37,38]. This 

1107 hypothesis could explain the cancer predisposition observed in two patients with likely 
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1108 pathogenic missense mutations in MUTYH and CHEK2, positive for Amsterdam II Criteria 

1109 from our cohort.

1110 Somatic inactivation of MMR genes by biallelic mutations or LOH events is known as 

1111 the leading cause of LLS tumors [14]. In agreement with the literature, we found mutations in 

1112 MMR genes in the majority (13/20, 65%) of tumors with sequencing results, most of them 

1113 (45%) with somatic mutations in MSH6 (Figure 2). Except for case 055-S, only monoallelic 

1114 mutations were identified. Three of those cases (033-S, 034-S, and 064-S) had germline VUS 

1115 coupled with somatic inactivating mutations in MSH6. Loss of MSH6 protein was also detected 

1116 in those tumors based on MMR IHC, suggesting that the germline missense mutations in MSH6 

1117 could be the first hit. The segregation analysis of those germline variants in their families, as 

1118 well as functional assays to determine the impact of those variants in the repair activity of the 

1119 MMR pathway, would be helpful to support this hypothesis. In concordance with our findings, 

1120 other studies have also found a single somatic mutation in MMR genes in a substantial portion 

1121 of LLS tumors [14,39], indicating that, if required, the second hit in the MMR gene is not 

1122 always identified by sequencing techniques. 

1123 We identified somatic mutations in the exonuclease domain of POLE in 4/20 (20%) of 

1124 cases. Those tumors were characterized by high TMB, an overrepresentation of C>T, C>A, and 

1125 T>C base substitutions, most of them being associated with COSMIC signatures SBS10a and 

1126 SBS10b, and a replicative strand bias, with mutations occurring more frequently in the leading 

1127 strand of DNA. The POLE-exo mutations identified (P286R, V411L, and S459F) are well-

1128 characterized hotspot mutations commonly found in hypermutated endometrial carcinomas 

1129 with mutational features similar to those tumors identified in our cohort [40]. Interestingly, one 

1130 of those cases also has a germline loss-of-function variant in the exonuclease domain of POLE 

1131 (067-S, Figure 1). In a dedicated analysis, we have shown that this case had twice the number 

1132 of somatic mutations in comparison with endometrial tumors with the same POLE-exo 

1133 mutation (S459F) without other variants in POLE [17], which was further confirmed by another 

1134 case in our cohort (020-S, Figure 2, Supplementary Table S1). The four tumors with POLE-

1135 exo* mutations were also mutated in the MSH6, all of them being characterized by G>T 

1136 substitutions that resulted in glutamic acid-to-stop codon mutations. In addition, the MSH6 

1137 variants had VAF values similar or slightly inferior to the ones found in the POLE-exo* 

1138 mutations (Supplementary Figure S1). The MSH6 mutations might have been raised due to 
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1139 the mutator phenotype triggered by the POLE-exo* mutations, as previously observed [39,40], 

1140 and could explain the MSI and MMR IHC pattern observed in those tumors.

1141 Our study has some limitations. Since the mutation analyses were based on a targeted 

1142 sequencing approach, the mutational landscape described is restricted to the genomic regions 

1143 covered by the panel. Therefore, some features, including TMB, mutational signatures, and 

1144 replicative strand bias, are estimates and might differ from their values at the whole genome 

1145 level. Additionally, even though the existence of three tumors with high levels of MSI without 

1146 any mutation in MMR genes in our cohort suggests the involvement of alternative drivers of 

1147 MMR deficiency in endometrial tumors, our sequencing approach could not assess some rare 

1148 factors already described as alternative causes of MMR-D phenotype in tumors, including 

1149 SETD2 mutations, overexpression of microRNAs that downregulate MLH1, MSH2, and MSH6, 

1150 and deep intronic and structural variants with the potential to inactivate some MMR genes [25]. 

1151 Altogether, our results confirm the somatic inactivation of MMR genes as the leading 

1152 cause of LLS, associating the majority of cancers with a sporadic origin. However, a small 

1153 portion of cases might be hereditary due to germline mutations in cancer-predisposing genes, 

1154 which are unrelated to the MMR-D observed in their tumors. Our study provides a 

1155 comprehensive characterization of LLS in endometrial cancer and supports the analysis of both 

1156 germline and somatic mutations to address better management for LLS patients and their 

1157 relatives based on tumor etiology.
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CHAPTER III: Uncovering the role of WDHD1 in the DNA mismatch repair pathway

We are performing further experiments to be included to the final version before the 

submission of this manuscript for publication.
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1410 Abstract

1411

1412 Background: Mismatch repair (MMR) deficiency is observed in a substantial fraction of 

1413 tumors, especially endometrial and colorectal cancer. Germline and somatic inactivation of 

1414 MLH1, MSH2, MSH6, and PMS2, genes that encode for the main components of the MMR 

1415 pathway, is the leading cause of MMR deficiency. However, a portion of MMR-deficient 

1416 tumors does not harbor any mutation in MMR genes, suggesting that alteration in other genes 

1417 could also drive the MMR-deficient phenotype in cancer. It has been reported that the WDHD1 

1418 protein, an essential component of eukaryote replisome, interacts with MSH2. However, the 

1419 relevance of WDHD1-MSH2 interaction on the MMR pathway remains to be elucidated. 

1420

1421 Objective: To investigate the contribution of WDHD1-MSH2 interaction to the repair of 

1422 replication errors and the cellular response to 6-TG mediated by the MMR system. 

1423

1424 Methodology: Mutation and methylation data were downloaded from The Cancer Genome 

1425 Atlas Pan-Cancer Project, and the fraction of tumors with microsatellite instability (MSI) and 

1426 their corresponding etiologies were determined. Unexplained MSI tumors were interrogated for 

1427 the occurrence of WDHD1 mutations. The interaction between WDHD1 and MSH2 was 

1428 validated by immunoprecipitation and site-directed mutagenesis in HEK293T cells. CT26 cells 

1429 lacking the domain required for the interaction between MSH2 and WDHD1 proteins were 

1430 generated by CRISPR/Cas9 targeting the last exon of the Wdhd1 gene. Msh2-KO and Msh6-

1431 KO cells were also generated. Spontaneous mutations and MSI were investigated by whole-

1432 exome sequencing of cells cultured for several passages. Wild-type, Wdhd1-mutant, and MMR-

1433 deficient cell lines were treated with increasing doses of 6-TG, and their surviving percentages 

1434 were measured by clonogenic assay. 

1435

1436 Results: A total of 369/10,192 (3.6%) tumors had MSI, and 11.4% of them did not have 

1437 alterations in MMR genes. WDHD1 mutations were identified in three Unexplained MSI 

1438 tumors. We validated the interaction between WDHD1 and MSH2 and confirmed the C-

1439 terminal domain of WDHD1 as the critical region for interaction with MSH2. Wdhd1-mutant 

1440 cells did not accumulate spontaneous mutations and did not have an MSI phenotype after 25 

1441 weeks of passage. On the other hand, Wdhd1-mutant cells showed mild resistance to 6-TG in 

1442 comparison to wild-type cells. 
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1443 Conclusion: Altogether, our results indicate that the interaction between WDHD1 and MSH2 

1444 is not required for the repair of spontaneous mutations by the MMR pathway, and the disruption 

1445 of this interaction does not lead to the MSI phenotype in vitro. However, despite not being 

1446 essential, the WDHD1-MSH2 interaction might participate in the cellular response to 6-TG.

1447

1448 Keywords: Chemoresistance, CRISPR/Cas9, DNA repair, Whole-exome sequencing
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1450 Introduction

1451

1452 Mismatch repair (MMR) is a pathway conserved from bacteria to higher eukaryotes and 

1453 is critical to maintaining genome integrity by repairing base-base and insertion-deletion loops 

1454 generated during DNA replication [1]. MMR is commonly defective in cancer, with frequencies 

1455 ranging from 8 to 30% of cases, depending on the tumor type [2]. MMR-deficient (MMR-D) 

1456 tumors usually present with a high number of spontaneous mutations, mainly in microsatellite 

1457 regions, and are resistant to different chemotherapeutic agents, such as 6-thioguanine (6-TG) 

1458 [3,4].

1459 Germline or somatic inactivation of MLH1, MSH2, MSH6, or PMS2, the main MMR 

1460 genes, are well-described drivers of MMR deficiency. More than 50% of endometrial and 

1461 colorectal tumors with MMR deficiency are caused by epigenetic silencing of the MLH1 gene 

1462 or by somatic biallelic mutations in MMR genes [5–8]. In addition, heterozygous germline 

1463 mutations in MLH1, MSH2, MSH6, PMS2, and EPCAM genes, which lead to Lynch syndrome, 

1464 are found in around 30% of patients with MMR-D tumors [9,10]. However, about 11% of 

1465 MMR-D tumors do not have any somatic or germline alteration in MMR genes; therefore, their 

1466 etiology is unclear [10].

1467 Defining the genetic etiology of unexplained MMR-D tumors is critical for the clinical 

1468 management and surveillance of those patients [11]. Additionally, identifying alternative routes 

1469 driving the MMR-D phenotype in cancer could be therapeutically explored once individuals 

1470 with MMR-D tumors are eligible for some promising anti-cancer therapies, such as immune 

1471 checkpoint inhibitors [12,13]. Defects in non-MMR genes, including SETD2 [14], ARID1 [15], 

1472 MUTYH [16], POLD1, and POLE [17],  have been found in unexplained MMR-D tumors, 

1473 suggesting that alterations in genes not related to the MMR pathway could be an alternative 

1474 etiology for the MMR-D phenotype. In addition to those genes, WDHD1, which encodes an 

1475 essential component of the eukaryotic replisome [18], was identified as potentially being 

1476 involved with the MMR pathway by interacting with MSH2 [19]. However, the relevance of 

1477 this interaction on the MMR functions remains to be elucidated.

1478 In this study, we characterized the role of WDHD1 in the MMR pathway by 

1479 investigating the prevalence of WDHD1 mutations in tumors with unexplained MMR-D 

1480 phenotype in a large pan-cancer cohort. Additionally, we constructed a cellular model lacking 

1481 interaction between WDHD1 and MSH2 proteins and accessed the MMR deficiency by means 

1482 of spontaneous mutation rate, microsatellite instability, and resistance to 6-TG. 

1483
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1484 Materials and Methods

1485 TCGA data analysis

1486

1487 Open-access clinical, genomic, and epigenomic data from the Cancer Genome Atlas 

1488 Pan-Cancer Analysis Project (TCGA Pan-Cancer) [20] were downloaded using the Genomic 

1489 Data Commons platform [21]. Microsatellite instability was assessed by the MSIsensor tool 

1490 [22]. Tumors with ≥ 4 MSIsensor scores were classified as having microsatellite instability 

1491 [23]. MLH1-methylation was measured from the HumanMethylation27 (HM27) or 

1492 HumanMethylation450 (HM450) Illumina Infinitum DNA methylation array data (using the 

1493 cg00893636 probe). Tumors with a beta value ≥ 0.1 were considered to have MLH1-

1494 hypermethylation [24]. Publicly available whole-exome sequencing data were used to identify 

1495 the germline [25] and somatic [26] inactivating variants in the MMR genes. MSI tumors 

1496 without inactivating variants in MMR genes and without hypermethylation in the promoter 

1497 region of MLH1 were classified as Unexplained MSI tumors.

1498

1499 Cell lines and culture conditions

1500

1501 CT26 cells (murine colorectal cancer cell line) were cultured in RPMI-640 medium 

1502 supplemented with 10% fetal bovine serum (FBS) and 100 U/ml penicillin, 100μg/ml 

1503 streptomycin (Gibco). HEK293T cells (human embryonic kidney cell line) were cultured in 

1504 Dulbecco’s Modified Eagle medium (D-MEM) containing sodium pyruvate, 

1505 penicillin/streptomycin, and 10% FBS. CT26 and HEK293T cells were cultured at 37°C in an 

1506 atmosphere containing 5% CO2 and were periodically tested for mycoplasma contamination 

1507 using the MycoAlert Mycoplasma Detection Kit (LT07-418, Lonza). CT26 cells knocked out 

1508 for the Msh2 gene (Msh2-KO) were generated as described elsewhere [27].

1509

1510 Plasmids

1511

1512 The human WDHD1 full-length cDNA (CCDS 9721.1) was obtained by PCR 

1513 amplification using the primers 5’-

1514 TAAGCACTCGAGCCTGCCACACGGAAGCCAATGAGATAT-3’ and 5’-

1515 TGCTTAGGATCCTTACTCCTGCTTAAATGCAAAAGCTGA-3’. The PCR product was 

1516 digested with XhoI and BamHI restriction enzymes and cloned into the XhoI-BamHI digested 
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1517 pEGFP-C3 plasmid (Clontech) vector. The GFP-MSH2 plasmid was kindly provided by Dr. 

1518 Akira Yasui [28].

1519 Plasmids expressing Cas9, GFP, and guide RNAs were constructed by annealing, 

1520 phosphorylation, and cloning of the primers 5'-CACCGAGCAAAGAAGCGAAAGCGTG-3' 

1521 and 5'-AAACCACGCTTTCGCTTCTTTGCTC-3' (targeting the exon 25 of the murine Wdhd1 

1522 gene - ENSMUST00000187531.8), and 5'-CACCGGGCACTCGGCGACACCAAGA-3' and 

1523 5'- AAACTCTTGGTGTCGCCGAGTGCCC-3' (targeting the exon 1 of the mouse Msh6 gene 

1524 - ENSMUST00000005503.5), into the BbsI-digested px458 plasmid (Addgene #48138).

1525

1526 Site-directed mutagenesis

1527

1528 The c.G3274T (p.1092*) nonsense mutation was introduced in the C-terminus of the 

1529 WDHD1 sequence present in the GFP-WDHD1 plasmid by PCR using the primers 5'-

1530 TTTCTTCCTGGTTTTCTGTTTAATCACTTTCATCAACCACACG-3' and 5'-

1531 CGTGTQGTTGATGAAAGTGATTAAACAGAAAACCAGGAAGAAA-3' and the 

1532 QuikChange Lightning site-directed mutagenesis kit (Agilent) according to the manufacturer's 

1533 instructions.

1534

1535 Immunoprecipitation

1536

1537 For immunoprecipitation of GFP-tagged proteins (GFP-trap), HEK293T cells were 

1538 transfected with GFP-expressing plasmids were lysed in NET-N buffer (50 mM Tris–HCl pH 

1539 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, protease inhibitor cocktail, and anti-

1540 phosphatases) for 30 min on ice and sonicated twice at 30% amplitude for 10 seconds. Samples 

1541 were cleared by centrifugation at 12,000 g for 5 minutes at 4°C, and the supernatant was 

1542 incubated with agarose beads conjugated with GFP nanobody (Chromotek) for 2 hours at room 

1543 temperature on a wheel. Beads were washed twice in NET-N buffer, followed by a final wash 

1544 in 500 mM NaCl NET-N for 10 minutes at 4°C, and were denaturated in 2x Laemmli buffer at 

1545 90°C for 10 minutes.

1546

1547 Western blotting

1548

1549 Proteins were separated on 8% acrylamide SDS–polyacrylamide gels and transferred to 

1550 PVDF membranes (Millipore). Membranes were blotted with antibodies directed to the 
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1551 following proteins: WDHD1 (rabbit, #HPA001122, Sigma, 1/2000); MSH2 (rabbit, #ab70270, 

1552 Abcam, 1/5000); MSH6 (goat, #A300-022A, Bethyl, 1/2000); GFP (rabbit, #ab290, Abcam, 

1553 1/2000), and β-actin (mouse, #A5441, Sigma Aldrich, 1/10,000).

1554

1555 CRISPR/Cas9

1556

1557 Five g of the px458 plasmid were transfected into wild-type CT26 cells using the 

1558 JetPEI kit (Polyplus), according to the manufacturer’s instructions. After 48 hours, GFP-

1559 positive cells were single-cell sorted by fluorescence-activated cell sorting (FACS) into 

1560 individual wells in 96-well plates. Single-cell clones were further expanded in culture. 

1561 For validation of CRISPR-mediated gene editing, clones were lysed in lysis buffer (50 

1562 mM Tris pH 7.5, 20 mM NaCl, 10 mM MgCl2, 0.1% SDS, and anti-proteases cOmplete 

1563 cocktail from Roche) supplemented with 20 U/mL benzonase (Millipore) for 10 minutes at 

1564 room temperature and protein expression was evaluated by western blotting. Additionally, 

1565 CRISPR-introduced mutations were characterized by Sanger sequencing.

1566

1567 Clonogenic assay

1568

1569 The sensitivity of wild-type, Wdhd1-mutant, Msh6-KO, Msh6/Wdhd1-mutant, and 

1570 Msh2-KO cells to 6-thioguanine (6-TG) was determined by seeding 1000 cells in 100 mm 

1571 dishes. Three dishes were plated for each treatment, including untreated cells, DMSO, and 

1572 increasing doses of 6-TG (1M and 3M). 16-24 hours post-seeding, media was removed and 

1573 replaced by 10 mL of RMPI media containing the different treatments, which was removed 

1574 after 24 hours and replaced with fresh media. After 8-10 days of culture, dishes were gently 

1575 washed with PBS, and colonies were stained with violet crystal solution. Colonies with ≥ 50 

1576 cells were counted, and the surviving fractions were calculated using the plating efficiency 

1577 method, as described elsewhere [29].

1578

1579 Cell cycle analysis

1580

1581 To evaluate the impact of 6-TG on the cell cycle of CT26 cells with different genotypes, 

1582 500,000 cells were seeded in 100 mm dishes and were allowed to grow for 24 hours. Following 

1583 the seeding step, media was replaced with media containing 1M of 6-TG. In addition, cells 
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1584 were also treated with DMSO. 48 hours post-treatment, cells were pelleted by centrifugation at 

1585 300 g for 5 minutes at 4°C. Cell pellets were resuspended in 500 L of PBS, fixed in 80% cold 

1586 ethanol, and immediately stored at -20 °C for at least 24 hours. Ethanol was removed by 

1587 centrifugation of fixed cells at 300 g for 5 minutes at 4°C, and cell pellets were resuspended in 

1588 500 L of 25 μg/mL propidium iodide (PI) solution, supplemented with 50 μg/mL RNase and 

1589 were incubated for 30 minutes at room temperature. PI-stained cells were submitted to cell 

1590 cycle analysis by flow cytometry (CytoFlex, Beckman Coulter). Flow cytometry data were 

1591 analyzed using FlowJo v.10 (BD Biosciences).

1592

1593 Whole-exome sequencing

1594

1595 Wdhd1-mutant, Msh2-KO, and wild-type CT26 cells were serially passaged twice a 

1596 week. Single-cell subclones were obtained from each genotype at 6 and 25 weeks of passage 

1597 to monitor mutation burden and microsatellite instability accumulated over time. Genomic 

1598 DNA was extracted using the NucleoSpin Tissue kit (Macherey-Nagel). Whole-exome 

1599 sequencing (WES) was performed according to the manufacturer protocols (BGI Tech 

1600 solutions, Hong Kong) with a BGISEQ-500 sequencer in a paired-end mode.

1601 WES data were analyzed as described elsewhere [27]. Briefly, adaptor-free reads were 

1602 mapped to the mm9 mouse reference genome using BWA-MEM. Removal of duplicate reads, 

1603 base quality recalibration, and calling of somatic variants were performed according to the 

1604 GATK best practice pipeline [30]. Somatic single-nucleotide variants and indels were called 

1605 using Mutect2 in the normal-tumor mode, using parental wild-type CT26 cells as the normal 

1606 reference. Somatic variants were filtered using Mutect2, FilterMutectCalls, and 

1607 FilterByOrientationBias from the GATK v. 4.2.1.0 toolkit, and their functional effect on the 

1608 gene function and further annotations were performed using ANNOVAR [31].  Somatic 

1609 variants with a Mutect2 “PASS” flag supported by at least one read from each DNA strand, and 

1610 at least three reads in total were considered for further analyses. Microsatellite instability 

1611 analysis was performed using MSIsensor-pro [22] in the normal-tumor mode.

1612

1613 Statistical analyses

1614

1615 Tests used for each analysis are indicated in the legends. P-values of <0.05 were 

1616 considered significant unless stated differently in the legends. Statistical analyses were 

1617 performed using R (version 4.2.1).
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1618 Results

1619

1620 Unexplained MSI tumors are found in different tumors types and have mutations in the C-

1621 terminus of the WDHD1 gene

1622

1623 A total of 10,192 tumors from the TCGA project had sufficient molecular data available 

1624 to identify MMR-deficient tumors and their respective etiologies (Figure 1A). 369/10,192 

1625 (3.6%) tumors were found to have MSI and were classified as MMR-deficient tumors. Most 

1626 MMR-deficient tumors had MLH1 promoter methylation (259/369, 70.2%). Additionally, 

1627 15.7% (58/369) of MSI tumors were found to have somatic or germline-inactivating mutations 

1628 in MMR genes. A small fraction of MSI tumors had mutations in the exonuclease domain of 

1629 the POLE gene (POLE-exo) in association with mutations in MMR genes (8/369, 2.2%) or co-

1630 occurring with MLH1 methylation (3/369, 0.8%). Notably, 41/369 (11.1%) MSI tumors did not 

1631 have any inactivating alteration in MMR genes and were classified as “Unexplained MSI” 

1632 tumors. 

1633

1634
1635
1636 Figure 1 – Identification of WDHD1 mutations in Unexplained MSI tumors from the TCGA dataset. (A) 
1637 Frequency of MSI tumors and their respective molecular etiologies. Tumors with MSIsensor scores ≥ 4 were 
1638 considered as having MSI/MMR deficiency. Refer to the Materials and Methods for details about the parameters 



160

1639 used to assess the etiology of MSI tumors. (B) Scheme of the human WDHD1 protein with somatic mutations 
1640 identified in Unexplained MSI tumors. Red circles refer to WDHD1 mutations identified in uterine carcinomas 
1641 (UCEC), while the green circle informs the detection of a WDHD1 mutation in stomach cancer (STAD). MSS: 
1642 microsatellite stable. MMR: Mismatch repair. MSI: microsatellite unstable. POL-exo: mutations affecting the 
1643 exonuclease domain of the DNA polymerase epsilon.
1644

1645

1646 Unexplained MSI tumors were found in 14/33 tumor types present in the TCGA dataset 

1647 (Supplementary Figure S1). Around 20% (9/41) of Unexplained MSI tumors were observed 

1648 in pancreatic adenocarcinomas (PAAD). Additionally, 6/41(14.6%) unexplained cases were 

1649 found in kidney chromophobe tumors (KICH), 5/41 (12.2%) in uterine carcinomas (UCEC), 

1650 and 4/41 (9.7%) in invasive breast carcinomas (BRCA). The remaining Unexplained MSI cases 

1651 were distributed among cancer types frequently associated with MSI, such as colon (COAD), 

1652 rectal (READ), and stomach (STAD) carcinomas, as well as in tumor types not classically 

1653 related to the MSI phenotype, including adrenocortical carcinomas (ACC), glioblastoma 

1654 multiforme (GBM), head and neck squamous cell carcinoma (HNSC), acute myeloid leukemia 

1655 (LAML), and sarcomas (SARC). We identified somatic mutations affecting the C-terminus of 

1656 the WDHD1 gene in three Unexplained MSI cases, including two uterine (UCEC) and one 

1657 stomach (STAD) carcinomas (Figure 1B).

1658

1659
1660
1661 Supplementary Figure S1 – Microsatellite unstable tumors among 33 tumor types from the TCGA dataset. 
1662 The horizontal red line indicates the MSIsensor threshold to classify a tumor as having MSI using the MSIsensor 
1663 tool. Dots above the red line are MSI tumors. Black dots indicate Unexplained MSI cases. ACC:  Adrenocortical 
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1664 carcinoma; BLCA: Bladder Urothelial Carcinoma; BRCA: Breast invasive carcinoma; CESC: Cervical squamous 
1665 cell carcinoma and endocervical adenocarcinoma; CHOL: Cholangiocarcinoma; COAD: Colorectal 
1666 adenocarcinoma; DLBC: Diffuse Large B-cell Lymphoma; ESCA: Esophageal carcinoma; GBM: Glioblastoma 
1667 Multiforme; HNSC: Head and Neck squamous cell carcinoma; KICH: Kidney Chromophobe; KIRC: Kidney renal 
1668 clear cell carcinoma; KIRP: Kidney renal papillary cell carcinoma; LAML: Acute Myeloid Leukemia; LGG: Brain 
1669 Lower Grade Glioma; LIHC: Liver Hepatocellular Carcinoma; LUAD: Lung Adenocarcinoma; LUSC: Lung 
1670 Squamous Cell Carcinoma; MESO: Mesothelioma; OV: Ovarian serous cystadenocarcinoma; PAAD: Pancreatic 
1671 adenocarcinoma; PCPG: Pheochromocytoma and Paraganglioma; PRAD: Prostate Adenocarcinoma; READ: 
1672 Rectum Adenocarcinoma; SARC: Sarcoma; SKCM: Skin Cutaneous Melanoma; STAD: Stomach 
1673 adenocarcinoma; TGCT: Testicular Germ Cell Tumors; THCA: Thyroid carcinoma; THYM: Thymoma; UCEC: 
1674 Uterine Corpus Endometrial Carcinoma; UCS: Uterine Carcinosarcoma; UVM: Uveal Melanoma.
1675

1676

1677 WDHD1 interacts with MSH2 protein at the C-terminal of WDHD1 protein

1678

1679 Chen et al. have previously characterized the interactome of the MMR pathway by using 

1680 tandem-affinity purification with mass spectrometry and identified the interaction between 

1681 WDHD1 and MSH2 proteins [19]. We used immunoprecipitation of GFP-tagged WDHD1 

1682 protein to validate this interaction and found that MSH2 co-immunoprecipitated with GFP-

1683 WDHD1 (Figure 2). Similarly, the WDHD1 protein also co-immunoprecipitated with GFP-

1684 MSH2 (Supplementary Figure S2).

1685

1686
1687
1688 Figure 2 – Validation of WDHD1-MSH2 interaction. HEK293T cells were transfected with either the GFP-
1689 WDHD1 or GFP plasmids. MSH2 protein was detected in input and immunoprecipitation (identified as GFP-Trap 
1690 on the top of the figure) fractions of cells transfected with GFP-WDHD1 and in the input but not in the 
1691 immunoprecipitation fraction of cells transfected with GFP plasmid, validating the interaction between WDHD1 
1692 and MSH2 proteins.
1693



162

1694
1695
1696 Supplementary Figure S2 – Validation of WDHD1-MSH2 interaction by immunoprecipitation of the GFP-
1697 MSH2 protein. HEK293T cells were transfected with either the GFP-MSH2 or GFP plasmids. WDHD1 protein 
1698 was detected in input and immunoprecipitation (identified as GFP-Trap on the top of the figure) fractions of cells 
1699 transfected with GFP-MSH2 and in the input but not in the immunoprecipitation fraction of cells transfected with 
1700 GFP plasmid, validating the interaction between WDHD1 and MSH2 proteins. The presence of two bands 
1701 identified by the anti-WDHD1 antibody in the GFP-Trap fraction of cells transfected with the GFP-MSH2 plasmid 
1702 might indicate the presence of post-translational modifications in the WDHD1 protein. 
1703

1704

1705 A series of truncating mutations has been previously used to identify the minimal 

1706 MSH2-binding region in the C terminus of WDHD1 (residues 1122-1226) [19]. We introduced 

1707 a truncating mutation (c.G3274T, p.E1092*) in the WDHD1 sequence (Figure 3A) and 

1708 confirmed the C-terminus of WDHD1 protein as its MSH2-binding domain once the deletion 

1709 of this region abolished interaction with MSH2 (Figure 3B).

1710
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1711
1712

1713 Figure 3 – Validation of the minimal MSH2-binding site in WDHD1 protein. (A) Schematic representation of 
1714 the human WDHD1 protein. A truncating mutation (c.G3274T, p.E1092*) was introduced upstream of the MSH2-
1715 binding domain in the C-terminus of WDHD1 by site-directed mutagenesis. Refer to Materials and Methods for 
1716 more details. (B) Co-immunoprecipitation of MSH2 and the wild-type (+/+) or truncated (/) WDHD1 protein. 
1717 MSH2 protein was detected in the input fraction of HEK293T cells transfected with plasmids expressing GFP-
1718 WDHD1+/+, GFP-WDHD1/, or GFP proteins and in the immunoprecipitation (GFP-Trap) fraction of cells 
1719 expressing the wild-type GFP-WDHD1 protein, but not in the immunoprecipitation fraction of cells transfected 
1720 with the mutated GFP-WDHD1 or GFP plasmids, validating the C-terminus (residuals 1122-1226) of WDHD1 
1721 protein as the binding site for MSH2.

1722

1723 Cells lacking interaction between MSH2 and WDHD1 are microsatellite stable and do not 
1724 accumulate spontaneous mutations in vitro

1725

1726 Once the interaction between MSH2 and WDHD1 proteins has been validated, and the 

1727 C-terminus of WDHD1 has been confirmed as required for this interaction, we created a cellular 

1728 model with truncating mutations in the last exon of the Wdhd1 gene to abolish the WDHD1-

1729 MSH2 interaction, and interrogated the impact of this disrupted interaction on the repair of 

1730 spontaneous mutations mediated by the MMR pathway. 

1731 We used the CRISPR/Cas9 system to generate CT26 cells harboring homozygous and 

1732 compound heterozygous frameshift mutations in the Wdhd1 gene (Supplementary Figure 
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1733 S3A) by targeting the exon 25. We confirmed the expression of truncated WDHD1 protein in 

1734 both homozygous and compound heterozygous clones by western blot (Supplementary Figure 

1735 S3B). 

1736

1737
1738
1739 Supplementary Figure S3 – Characterization of Wdh1-mutant clones. Single-cell clones harboring 
1740 homozygous or heterozygous frameshift mutations in the Wdhd1 gene were obtained by transfecting the px458 
1741 plasmid expressing the CRISPR/Cas9 components, including a guide RNA targeting the exon 25 of Wdhd1 in 
1742 wild-type CT26 cells. The identification of a single 2-nucleotide deletion with a contribution of 100% indicates 
1743 the generation of a homozygous clone, while the presence of two distinct frameshift mutations (a deletion of two 
1744 nucleotides and an insertion of one nucleotide), each of them with a contribution of around 50%, indicates the 
1745 generation of a compound heterozygous clone. (B) Expression of WDHD1 protein in wild-type and Wdhd1-mutant 
1746 (WDHD1/) CT26 cells. Wild-type cells express a single band corresponding to the full-length WDHD1 protein, 
1747 while homozygous and compound heterozygous Wdhd1-mutant clones stably express only truncated WDHD1 
1748 protein as a result of the frameshift mutations introduced by the CRISPR/Cas9 system.
1749

1750

1751 The accumulation of spontaneous mutations was assessed by whole-exome sequencing 

1752 of wild-type, Wdhd1-mutant, and Msh2-KO cells, after 6 and 25 weeks of cell culture (Figure 

1753 4A). Msh2-KO cells showed a 2-fold increase in the mean mutation burden compared to wild-

1754 type cells (5,513 vs. 2,763 mutations, p = 0.00970) and a 2.6-fold increase in contrast with 

1755 Wdhd1-mutant cells (5,513 vs. 2,124 mutations, p = 0.00613) cultured for six weeks. After 25 

1756 weeks of culture, Msh2-KO cells had a 4-fold increase in the total number of mutations 

1757 compared with wild-type cells (11,128 vs. 2,696 mutations, p = 0.00507) and around a 5.6-fold 

1758 increase in comparison with Wdhd1-mutated cells (11,128 vs. 1,983 mutations, p = 0.00401). 

1759 No difference in the total number of mutations was found between the wild-type and Wdhd1-

1760 mutant cells cultured for 5 weeks (2,763 vs. 2,124, p = 0.48100) and 25 weeks (2,696 vs. 1,983, 

1761 p = 0.72700). Additionally, Msh2-KO duplicated the number of mutations from 5 to 25 weeks 

1762 of culture (5,513 vs. 11,128 mutations), while wild-type and Wdhd1-mutant cells did not 

1763 accumulate a substantial number of mutations after 25 weeks of growth.

1764 Microsatellite instability was evaluated using the MSIsensor tool in whole-exome 

1765 sequencing data from Msh2-KO, wild-type, and Wdhd1-mutant cells cultured for 5 and 25 

1766 weeks (Figure 4B). Msh2-KO cells had MSIsensor scores superior to 4 after 25 weeks of 

1767 culture, characterizing them as having MSI. On the other hand, wild-type and Wdhd1-mutant 
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1768 cells did not achieve the threshold for microsatellite instability calling. Together, those findings 

1769 indicate that the interaction between MSH2 and WDHD1 is not required for the MMR-

1770 mediated repair of spontaneous mutations generated during DNA replication. Additionally, 

1771 disruption of MSH2-WDHD1 interaction does not lead to an MSI phenotype in vitro.

1772

1773
1774
1775 Figure 4 – Accumulation of spontaneous mutations and microsatellite instability in cells lacking WDHD1-
1776 MSH2 protein interaction. (A) The mean number of mutations accumulated in wild-type, Wdhd1-mutant, and 
1777 Msh2-KO cells were compared after 5 and 25 weeks in culture. The mean number of indels and single-base 
1778 substitutions (SBS) were obtained from whole-exome sequencing of two single-cell clones per cell line at 6 and 
1779 25 weeks. Mean values were compared using Tukey’s test. * (p < 0.01), ** (p<0.001). (B) Microsatellite scores 
1780 were calculated using the MSIsensor tool. The horizontal line represents the threshold of 4 used for microsatellite 
1781 instability detection.
1782

1783 WDHD1 mutant cells have mild resistance to 6-Thioguanine

1784

1785 In addition to repairing replication mismatches, the MMR pathway also participates in 

1786 the cellular response to 6-TG, which comprises the recognition of 6-TG-mediated DNA adducts 

1787 by MutS proteins and consequent cell cycle arrest and apoptosis in a pathway involving ATM 

1788 and CHEK2 [4]. The inactivation of MSH2 and other MMR components leads to resistance to 

1789 6-TG [32]. Therefore, we interrogated whether the interaction between WDHD1 and MSH2 is 

1790 required for the MMR-mediated cellular response to 6-TG by conducting a clonogenic assay 

1791 on cells treated with increasing doses of 6-TG (1M and 3M) 

1792 Msh2-KO and Msh6-KO cells are highly resistant to 6-TG in comparison with wild-type 

1793 cells (p-value < 0.05, Tukey’s test) (Figure 5). There were no statistical differences in surviving 

1794 fractions among Msh2-KO, Msh6-KO, and Msh6-KO/Wdhd1-mutant cells. However, Msh6-

1795 KO/Wdhd1-mutant were slightly more resistant to 6-TG at the 3M dose than Msh6-KO cells 

1796 (86.13% ±0.73% vs 77.12% ± 6.31%, p-value = 0.639 – Tukey’s test). Interestingly, Wdhd1-
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1797 mutant cells were twice more resistant to 6-TG than wild-type cells in both 1M (13.22% ± 

1798 2.16% vs. 5.08% ± 1.28%, p-value = 0.787 – Tukey’s test), and 3M (8.77% ± 1.20% vs. 4.14% 

1799 ± 0.39%, p-value = 0.999 – Tukey’s test) doses. Those results indicate that the disruption of the 

1800 WDHD1-MSH2 interaction leads to a mild resistance to 6-TG treatment, and the disruption of 

1801 MSH2-WDHD1 interaction seems to amplify the resistance to 6-TG in cells lacking MSH6 

1802 protein.

1803
1804
1805 Figure 5 – Effect of 6-thioguanine on the surviving fraction of Wdhd1-mutant cells.  The survival fraction of 
1806 cells to DMSO (6-TG solvent) and different doses of 6-TG assessed by the clonogenic assay are shown on the left 
1807 panel. Representative results of one out of three independent experiments are displayed as means and standard 
1808 deviation values. The surviving fraction of different cell lines in the three treatments were compared by using the 
1809 two-way ANOVA and the post-hoc Tukey’s honestly significant difference test. Representative images of crystal 
1810 violet-stained colonies are shown in the right panel. Refer to the Materials and Methods section for more details.  
1811 n.s. (no statistical significance was achieved). *** (p-value < 0.001).
1812

1813 We also investigated the impact of 6-TG on the cell cycle of Wdhd1-mutant cells in 

1814 comparison with wild-type and MMR-deficient cell lines by flow cytometry (Figure 6). About 

1815 80% of the MMR-proficient (wild-type) and Wdhd1-mutant cell populations exposed to 1M 

1816 of 6-TG for 48 hours were represented by cells in the S or G2 phases, corresponding to a 2-fold 

1817 S/G2 increase in comparison with cells treated with DMSO. In contrast, we did not notice an 

1818 increase in S/G2 fractions in Msh6-KO, double mutant cells (Wdhd1-mutant/Msh6-KO), and 

1819 Msh2-KO cells after treatment with 6-TG in comparison with their counterparts treated with 

1820 DMSO. Therefore, the disruption of the MSH2-WDHD1 interaction does not modify the S/G2 

1821 cell cycle arrest mediated by 6-TG.

1822
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1823
1824
1825 Figure 6 – Cell cycle analysis of cells treated with 6-thioguanine. Wdhd1-mutant, wild-type, and MMR-mutated 
1826 cells were treated with 1M of 6-TG for 48 hours and were fixed and stained with propidium iodide for cell cycle 
1827 analysis by flow cytometry. The G1, S, and G2 fractions present in the left panel were calculated from viable, 
1828 single cells using the cell cycle module from the FlowJo software. More details are found in the Materials and 
1829 Methods section. The right panel shows a representative histogram with G1, S, and G2 cells treated with DMSO 
1830 and 1M of 6-TG for 48 hours. The x-axis shows the PI intensity values recovered from the PE filter. Two 
1831 independent experiments were performed. WDHD1/: Wdhd1-mutant cells.
1832

1833 Discussion

1834

1835 MMR deficiency is caused mainly by genetic or epigenetic silencing of MMR genes 

1836 [33]. However, a fraction of MMR-deficient tumors does not have alterations in the MMR 

1837 components. In this study, we conducted a comprehensive analysis of more than 10,000 tumors 

1838 from the TCGA dataset and detected microsatellite instability in 3.6% of the TCGA cohort 

1839 (Figure 1A), consistent with previous studies [23,34]. By combining methylation with somatic 

1840 and germline mutation data, we identified the molecular etiologies of MSI tumors and 

1841 confirmed the methylation of the MLH1 gene as the main cause of MSI in cancer. Interestingly, 

1842 11.4% of tumors did not have an etiology explained by inactivating events in MMR genes. 

1843 Similar results have recently been reported in a meta-analysis conducted on more than 50,000 

1844 colorectal carcinomas, where the authors found tumors with an unexplained MMR-deficient 

1845 phenotype in around 10% of MMR-deficient tumors [10]. An integrative analysis of 

1846 unexplained MSI tumors identified in the TCGA cohort, comprising the available mutation, 

1847 methylation, transcriptomics, and protein expression data, will be of utmost utility for exploring 

1848 novel molecular drivers of MSI, with the potential to generate new knowledge about the MMR 

1849 pathway.
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1850 The WDHD1 protein is essential for DNA replication in eukaryotic cells, acting as a 

1851 hub connecting the replication machinery to several factors required for chromosome 

1852 duplication [18]. WDHD1 also plays a role in genome integrity by preventing fork resection-

1853 mediated double-strand breaks by promoting fork protection [35]. In addition, WDHD1 was 

1854 found to interact with the MSH2 protein through a small domain comprising the residuals 1122-

1855 1126 in the C-terminus of the WDHD1 protein [19]. The role of this interaction in the 

1856 functionality of the MMR pathway has not been investigated so far. After validating the 

1857 WDHD1-MSH2 interaction in HEK293T cells by combining site-directed mutagenesis and 

1858 immunoprecipitation of GFP-tagged WDHD1 protein (Figure 2; Figure 3), we constructed a 

1859 cellular model lacking the MSH2-binding domain by introducing truncating mutations in the 

1860 C-terminus of the Wdhd1 gene in CT26 cells (Supplementary Figure S3) to investigate the 

1861 impact of the WDHD1-MSH2 interaction on the repair of replication errors mediated by the 

1862 MMR pathway.

1863 CT26 cells were serially passaged for weeks to allow for the accumulation of replication 

1864 errors, as previously demonstrated by our group [27]. We did not observe an increase of 

1865 spontaneous mutations in the Wdhd1-mutant and wild-type cells after 25 weeks of culture 

1866 (Figure 4A). Similarly, only Msh2-KO cells cultured for 25 weeks had an MSI phenotype 

1867 (Figure 4B). The time cells were maintained in culture was based on studies where key MMR 

1868 genes, such as Mlh1 [36] and Msh2, were inactivated [37]. We can speculate that the disruption 

1869 of the WDHD1-MSH2 interaction does not have the same impact on the repair of replication 

1870 errors by the MMR pathway as presented by those key MMR components, suggesting that those 

1871 cells would require more time to accumulate mutations than cells with inactivation in MMR 

1872 genes. However, we did not detect any tendency towards an accumulation of mutations in the 

1873 Wdhd1-mutant cells in comparison with the wild-type counterpart after 25 weeks of culture. 

1874 In addition to the repair of spontaneous mutations generated during DNA replication, 

1875 MMR proteins are also involved in the cellular response to DNA adducts generated by several 

1876 mutagenic agents, including 6-thioguanine, a base analog commonly used in anti-cancer 

1877 chemotherapies [32,38]. Similar to the repair of replicative mismatches, MutS and MutL 

1878 participate in the recognition of 6-TG adducts and activates the DNA damage signaling to 

1879 trigger cell cycle arrest and apoptosis in an ATM/CHEK2 manner [39,40]. The inactivation of 

1880 MutS or MutL components renders cells resistant to 6-TG and is a known mechanism of 

1881 resistance to 6-TG-based chemotherapy in some cancers [32,39]. Therefore, evaluating the 

1882 sensitivity to 6-TG treatment is an alternative approach to detecting MMR deficiency in cellular 

1883 models. Our results showed a mild resistant phenotype in Wdhd1-mutant cells treated with 
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1884 different doses of 6-TG in comparison with wild-type cells (Figure 5). Additionally, the 

1885 inactivation of Msh6 in Wdhd1-mutant cells resulted in a discrete but reproducible increase in 

1886 the surviving fraction of cells treated with 3M of 6-TG compared to Msh6-KO cells with wild-

1887 type Wdhd1 gene. Differently from our results, by knocking down the WDHD1 gene in HeLa 

1888 cells, Chen et al.  [19] reported around 100% of survival in cells treated with 1M, 3M, or 

1889 8M of 6-TG, similar to their percentages obtained with the knock-down of MSH2.  This 

1890 discordance may be explained, at least partially, by the different cell lines used in both studies. 

1891 Additionally, we investigated the sensitivity to 6-TG in a cellular model expressing a truncating 

1892 WDHD1 protein, lacking exclusively the C-terminus domain required for interaction with 

1893 MSH2, while Chen et al. obtained high resistance to 6-TG in cells with reduced expression of 

1894 the WDHD1 protein. Thus, it is not possible to address the strong resistant phenotype obtained 

1895 by Chen et al. to the disputation of WDHD1-MSH2 interaction rather than to a pleiotropic 

1896 effect created by the reduction of WDHD1 expression.

1897 In summary, we have identified a fraction of MSI tumors in a large pan-cancer cohort 

1898 and addressed the molecular etiologies of the MSI phenotype detected among 33 different 

1899 tumor types. About 11% of MSI tumors did not have genetic or epigenetic inactivating events 

1900 in MMR genes, but mutations in the C-terminus of WDHD1 were found in a fraction of them. 

1901 We have validated the previously reported interaction between WDHD1 and MSH2 proteins 

1902 and engineered a cellular model lacking this interaction. After 25 weeks in cell culture, our 

1903 Wdhd1-mutant model did not accumulate replication errors and did not have an MSI phenotype. 

1904 However, the abolishment of the WDHD1-MSH2 interaction conferred mild resistance to 6-

1905 TG.  Taken together, our results indicate that the interaction between WDHD1 and MSH2 is 

1906 not required for the repair of replication errors by the MMR pathway, and the disruption of this 

1907 interaction does not lead to the MSI phenotype in vitro. However, despite not being essential, 

1908 the WDHD1-MSH2 interaction might participate in the cellular response to 6-TG. The role of 

1909 WDHD1 in the resistance to 6-TG-based chemotherapy should be further investigated.
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CONCLUSION

In Chapter I, we adopted a universal tumor screening approach to select cases for 

genetic testing and found a 4.1% prevalence of Lynch syndrome in a Brazilian cohort of 242 

primary endometrial carcinomas. Most MMR-deficient endometrial tumors, without MLH1 

methylation, did not have germline variants in MMR genes and were classified as having 

Lynch-like syndrome. Those Lynch-like individuals had their cancer diagnosis at intermediate 

age between hereditary and sporadic cases. 

Next, in Chapter II, we explored the genetic etiology of Lynch-like cases identified in 

Chapter I by combining germline and somatic mutation analysis in 63 genes related to cancer 

predisposition and DNA repair. Germline variants in cancer-related genes, such as ATM, ATR, 

CHEK2, FAN1, and MUTYH, were present in 26% of individuals, which were associated with 

a higher incidence of cancer in their families than in cases without germline mutations. Tumor 

sequencing confirmed the inactivation of MMR genes, mainly MSH6, as the most frequent 

etiology for the MMR deficiency phenotype in endometrial cancer. Interestingly, POLE-

exonuclease somatic mutations were found to be frequent drivers of MMR deficiency in Lynch-

like tumors, probably resulting in the inactivation of MMR genes. Mutational signatures and 

microsatellite instability scores obtained from tumor sequencing reflected the mutational status 

of MMR genes.

Finally, in Chapter III, we characterized WDHD1, a gene not included in the gene panel 

used in Chapters I and II, as a potential driver of MMR deficiency based on published 

biochemistry and genomic data. Around 11% of MSI tumors from the TCGA cohort were not 

explained by alterations in MMR genes. Mutations in the C-terminus of WDHD1 were found 

in a subset of those unexplained MSI tumors. We confirmed the interaction between WDHD1 

and MSH2 proteins and validated the C-terminus of WDHD1 as critical for this interaction. 

The CRISPR/Cas9 system was shown to be an effective methodology to generate cells 

expressing truncated WDHD1 protein, lacking the MSH2-binding domain. Disruption of 

WDHD1 and MSH2 did not trigger an MSI phenotype in vitro, excluding the WDHD1 gene as 

an alternative driver of MMR deficiency. However, Wdhd1-mutant cells had mild resistance to 

6-TG, suggesting that the WDHD1-MSH2 interaction might be involved with the cellular 

response to this drug, mediated by the MMR pathway.

Altogether, our results corroborate the inactivation of MMR genes as the leading cause 

of MMR deficiency in cancer. Germline mutations in genes from other DNA repair pathways 

may be found in individuals with MMR-deficient tumors and, even though not causing MMR 
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deficiency, may confer a familial predisposition to cancer. Mutations in the exonuclease domain 

of POLE are an early event in a portion of endometrial cancers and may trigger MMR 

deficiency by generating a hypermutator phenotype, making MMR genes prone to be 

inactivated by truncating mutations. Lastly, the WDHD1 gene should not be considered an 

alternative driver of MMR deficiency. However, its role in the resistance to 6-TG should be 

further investigated.
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APPENDIX

 Case report of germline and somatic POLE-exo mutations in an EC case
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2241 Abstract

2242

2243 Endometrial cancer (EC) harboring heterozygous POLE proofreading inactivating mutations 

2244 (POLE-exo*) is associated with an increased number of somatic mutations that results in a 

2245 distinctive anti-tumor immune response. However, the consequences of such POLE mutations 

2246 in the context of the missing wild-type allele have not yet been described in endometrial tumors. 

2247 A 72-year-old woman harboring a germline monoallelic frameshift mutation (p.Pro269fsTer26) 

2248 in POLE was diagnosed with an EC having a somatic heterozygous mutation in the exonuclease 

2249 domain of POLE (S459F). Targeted gene sequencing revealed an ultramutated phenotype (381 

2250 mutations/Mb) in the tumor and a 2-fold excess of mutations on the DNA leading strand. 

2251 Additionally, we observed a mutational signature similar to the COSMIC signature 10, a higher 

2252 mutation rate in this tumor than in endometrial tumors with heterozygous POLE-exo*, and an 

2253 increased number of T lymphocytes. This is the first report of an ultramutated EC harboring a 

2254 somatic POLE-exo* mutation in association with a germline loss-of-function mutation in this 

2255 gene. The absence of a wild type POLE allele led to a particularly high mutational burden. 

2256

2257 Keywords: Endometrial cancer, POLE exonuclease mutation, Targeted sequencing, TMB, 

2258 Ultramutated phenotype
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2259 Endometrial cancer (EC) is a heterogeneous malignancy characterized by several 

2260 different histologic subtypes with endometrioid carcinoma being the most common 

2261 (McConechy et al., 2016). Recently, there have been significant advances in defining the 

2262 molecular alterations that contribute to tumorigenesis in EC. The Cancer Genome Atlas 

2263 Research Network (TCGA) divides EC into four categories based on recurrent molecular 

2264 features: an ultramutated phenotype caused by POLE mutations, a hypermutator phenotype 

2265 caused by the DNA mismatch repair deficiency (MMRD) leading to microsatellite instability 

2266 (MSI), a copy number low phenotype, and a copy number high phenotype (The Cancer Genome 

2267 Atlas Network et al., 2013).

2268 The POLE gene encodes the catalytic subunit of DNA polymerase ε (Pol ε), which 

2269 replicates the leading strand during DNA replication (Burgers et al., 2017). In addition to DNA-

2270 binding and polymerase domains, Pol ε has proofreading activity through its exonuclease 

2271 domain. This capacity is essential for the maintenance of replication fidelity, and this 

2272 proofreading function may act, not only on newly misincorporated nucleotides but also on 

2273 mismatches produced by non-proofreading polymerases (Palles et al., 2013). Up to 12% of all 

2274 endometrial carcinomas harbor POLE mutations that tend to cluster in the exonuclease domain 

2275 (POLE-exo*), especially in the conserved residues 268 to 471 (Billingsley et al., 2016, Bellone 

2276 et al., 2017, Barbari et al., 2018). Tumors harboring such mutations are associated with an 

2277 ultramutated phenotype, increased neoantigen load, increased tumor infiltrating lymphocytes, 

2278 and increased potential for responding to immunotherapy (Imboden et al., 2019).

2279 Germline mutations in the exonuclease domain POLE are infrequent; most POLE-exo* 

2280 mutations are somatic and occur in sporadic tumors almost exclusively in a heterozygous state 

2281 because of their dominant nature (Wong et al., 2016, Barbari et al., 2017). Additionally, there 

2282 is no associated POLE inactivation by somatic loss of heterozygosity (LOH) when tumors occur 

2283 in carriers of germline POLE mutations (Palles et al., 2013). However, a minority of tumors 

2284 with POLE-exo* show LOH or other inactivating mutations that could act as ‘second hits’ 

2285 (Heitzer et al., 2014). Curiously, loss or inactivation of the second allele has been reported in a 

2286 few colorectal tumors with mutations disturbing Pol ε proofreading activity and at least one 

2287 example illustrates that this mutation may have phenotypic consequences for disease 

2288 presentation (The Cancer Genome Atlas Network, 2012). However, similar findings have not 

2289 been reported for endometrial tumors (Shinbrot et al., 2014).

2290 Here, we report a 72-year-old woman diagnosed with a FIGO Grade 1 and FIGO Stage 

2291 1B endometrial endometrioid adenocarcinoma at 63 years old. A total hysterectomy and 

2292 salpingo-oophorectomy were performed. The patient reported no familial history of cancer. 
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2293 Immunohistochemistry (IHC) of the MMR proteins and MSI analysis were performed. The 

2294 tumor had an intact expression of MLH1, MSH2, MSH6, and PMS2 proteins based on 

2295 immunohistochemical analysis and was classified as MSI-low based on the MSI assay. A 

2296 germline and somatic mutation screening were performed, and the mutational profile and its 

2297 immunologic characterization of the endometrial tumor were accessed (for details of material 

2298 and methods, see Mat-Met S1 in Supplementary Material). The study was approved by the 

2299 Scientific and Research Committee of the Clinics Hospital of the Ribeirão Preto Medical 

2300 School (1.578.206). Informed written consent was obtained from the patient.  

2301 For germline mutation screening, a targeted sequencing assay of the coding, canonical 

2302 splice sites, and both 5’ and 3’ untranslated regions of 63 genes (Table S1), including Lynch 

2303 syndrome-associated genes and POLE, was performed in DNA extracted from peripheral 

2304 blood. Single nucleotide variants (SNVs) and Copy number variation (CNV) were evaluated. 

2305 Only the germline frameshift mutation NM_006231:c.806delC (p.Pro269fsTer26) in POLE 

2306 was identified (Figure 1A), with a variant allele frequency (VAF) of 0.50 (total coverage = 729 

2307 reads), as expected for a heterozygous germline variant.

2308 Since this germline mutation could not explain the tumor MSI-low phenotype present 

2309 in the EC, a further mutational search was performed using the tumor DNA. For somatic 

2310 analysis, targeted sequencing using the same gene panel described for germline analysis was 

2311 performed on genomic DNA extracted from a representative tumor area (at least 70% of tumor 

2312 cells) from Formalin-Fixed Paraffin-Embedded (FFPE) blocks. Both somatic SNVs and CNVs 

2313 were called on the matching tumor-blood DNA samples. As expected, the germline frameshift 

2314 mutation in POLE was also detected in tumor sequencing, with a VAF = 0.51 (total coverage 

2315 = 242 reads), supporting its germline origin. Additionally, a somatic mutation in the 

2316 exonuclease domain of POLE, S459F (NM_006231:c.1376C>T, p.Ser459Phe), was observed 

2317 with VAF = 0.298 (Figure 1B). As long as this mutation is heterozygous, it is expected to be 

2318 present in ~60% of cells in the tumor sample, these estimates are based on a tumor purity of 

2319 80% from the histological examination. We did not find any pathogenic mutation neither in the 

2320 MMR genes (MLH1, MSH2, MSH6, and PMS2) nor in the exonuclease domain of POLD1.

2321 The tumor mutational profile was investigated to determine whether the genomic 

2322 alterations were consistent with a POLE ultramutator phenotype. A total of 190 mutations were 

2323 identified in the sequenced region of the 63 gene panel (0.49 Mb). Considering only the coding 

2324 region, 0.257 Mb distributed along 937 exons of 63 cancer-related genes, a total of 95 mutations 

2325 were identified, resulting in a mutation rate of 381 mutations/Mb. A total of 65 nonsynonymous 
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2326 mutations were identified in the targeted exons, resulting in an estimated tumor mutation burden 

2327 (TMB) of 253 nonsynonymous mutations/Mb. 

2328 The trinucleotide context of mutations was investigated, and a mutational signature 

2329 analysis was performed using the database of the known mutational signatures in human 

2330 cancers from Alexandrov et al. (2013). Given the high number of somatic mutations identified, 

2331 we had sufficient data to derive a mutational signature that was closely related to COSMIC 

2332 signature 10 (Cosine similarity = 0.97, Figure 2A). These findings are indicative of mutations 

2333 in synthesis associated with errors in the proofreading activity of Pol ε. Most nucleotide 

2334 substitutions detected in the tumor sample were represented by C>A, C>T, and T>G, with a 

2335 relative contribution to the total amount of substitution mutations of 0.43, 0.33, and 0.18, 

2336 respectively (Figure 2B). 

2337

2338 Figure 1 - Integrative Genomics Viewer snapshot of POLE mutations with reference POLE nucleotide 
2339 and amino acid sequences. (A) germline frameshift c.806delC and (B) somatic c.1376C>T (S459F) 
2340 exonuclease mutation.
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2341 In addition to mutational signature analysis, we calculated the mutation strand bias 

2342 asymmetry between the leading and lagging DNA strands. There was a 2-fold excess of 

2343 mutations on the leading strand of DNA in comparison with the lagging strand (Figure 2C). 

2344 These molecular findings highlight the strong effect of defects in Pol ε proofreading activity in 

2345 this reported EC. 

2346

2347 Figure 2 - Mutational profile based on targeted sequencing data of a 63 cancer-related gene panel. (A) 
2348 mutational signature extracted from the endometrial carcinoma in comparison to the COSMIC signature 10. (B) 
2349 relative contribution of each point mutation type to the total amount of somatic mutations. (C) Strand bias analysis 
2350 showing a predominance of mutations on the leading strand. EC, endometrial cancer.
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2351 In order to compare the mutation rate and total TMB between the studied tumor and 

2352 endometrial cancers with heterozygous POLE-exo* mutations, we downloaded 25 exomes of 

2353 endometrial carcinoma from ICGC portal with POLE-exo* somatic mutations and absence of 

2354 MSI (Zhang et al., 2011). To minimize the influence of different capture kits we estimated 

2355 TMB only in the coding regions of our gene panel. The mutation rate observed in the 

2356 endometrial carcinoma reported here (381 mutations/Mb) is more than 2-fold higher than the 

2357 average rate observed in 25 endometrial carcinomas harboring heterozygous POLE-exo* 

2358 mutations (153 mutations/Mb, ranging from 47 to 276). One out of 25 endometrial carcinomas 

2359 harbored the heterozygous POLE-exo* S459F and presented a rate of 167 mutations/Mb (Table 

2360 1). These data confirm that EC harboring a LoF genetic event in POLE in association with a 

2361 heterozygous POLE-exo* mutation confers an augmented mutator phenotype in comparison 

2362 with EC with single POLE-exo* alterations.

2363 For evaluation of tumor-associated lymphocytes, the mean number of CD3+, CD4+, 

2364 and CD8+ of intraepithelial T lymphocytes, i.e., T lymphocytes located within the tumor 

2365 epithelium was calculated. IHC staining for T lymphocyte markers revealed a predominance of 

2366 CD8+ lymphocytes in the intra-tumoral area in comparison with CD4+ T cells, with mean 

2367 numbers of 29.9 CD8+, and 10.9 CD4+ T-cells. A mild (1+) presence of CD3+, CD4+, and 

2368 CD8+ lymphocytes was observed in the peri-tumoral region (Figure 3).

2369 This is the first case of an endometrial carcinoma harboring a somatic POLE 

2370 exonuclease mutation related to an ultra-mutator phenotype acting as a ‘second hit’ in 

2371 association with a germline truncating mutation of the gene. Germline heterozygous missense 

2372 mutations affecting the POLE exonuclease domain are associated with a syndrome called 

2373 Polymerase Proofreading-Associated Polyposis (PPAP) that increases the risk for the 

2374 development of multiple colorectal adenomas and colorectal cancer (Briggs et al., 2013). 

2375 However, a diagnosis of PPAP is not consistent with findings in the patient presented in this 

2376 case report since she carries a germline frameshift mutation at the beginning of the POLE 

2377 exonuclease domain that creates a premature termination codon. Truncating mutations in POLE 

2378 gene are unlikely to lead to the PPAP phenotype since a successful DNA synthesis must occur 

2379 before the proofreading activity of Pol ε (Heitzer et al., 2014). However, the co-occurrence of 

2380 a germline truncating mutation with a somatic ultra-mutator phenotype-associated variant in 

2381 POLE suggests a complete loss of Pol ε proofreading activity in the endometrial tumor. Thus, 

2382 by itself the germline frameshift mutation does not confer a genetic predisposition to EC and 

2383 cannot lead to a mutator phenotype in the tumor, but might contribute to increasing the 
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2384 mutational load because only proofreading-deficient Pol-ε will replicate DNA in these tumor 

2385 cells.

2386

2387

2388 Table 1 - Mutational profile of endometrial carcinomas harboring heterozygous POLE-exo* mutations in 
2389 comparison with endometrial cancer reported. a all mutations were identified along the 0.257 Mb of the 63 
2390 gene panel, including synonymous and nonsynonymous mutations. b expressed as the number of nonsynonymous 
2391 mutations/Mb. TMB, tumor mutational burden. Report: endometrial cancer case characterized in the present study.
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2392 Some POLE-exo* mutations have been described to be associated with an ultra-mutator 

2393 phenotype, with varying levels of mutation. Previous functional studies have demonstrated the 

2394 exonuclease deficiency effect of the POLE S459F mutation in vitro (Shinbrot et al., 2014) as 

2395 well as the moderate mutator effect in yeast (Barbari et al., 2018). The EC reported here was 

2396 MSI-low. Co-occurrence of MSI and POLE-exo* mutations, usually with the P286R mutation, 

2397 in endometrial tumors has already been reported (Haradhvala et al., 2018). However, all tumors 

2398 described to date that harbor the S459F mutation in POLE were found to be microsatellite stable 

2399 (Shinbrot et al., 2014, Andrianova et al., 2017, Barbari et al., 2018). Our study is the first report 

2400 of a tumor harboring the S459F mutation this is associated with an MSI-low phenotype.

2401

2402

2403 Figure 3 - Immunohistochemical staining for T lymphocyte markers on the peri and intra-tumoral areas of 
2404 the EC (original magnification x200). (A) H&E (hematoxylin-eosin). Brown nuclear staining is indicative of 
2405 positive expression of (B) CD3, (C) CD4, and (D) CD8 markers.
2406
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2407 Somatic mutations found in cancer genomes are the consequence of the intrinsic 

2408 infidelity of the DNA replication machinery, exogenous or endogenous mutagen exposures, 

2409 enzymatic modification of DNA, or defective DNA repair and other processes. Different 

2410 mutational processes often generate variation in the combinations of mutation types, termed 

2411 mutational signatures (Alexandrov et al., 2013). More than thirty mutational signatures have 

2412 already been identified across 40 different types of human cancer (Forbes et al., 2017). We 

2413 identified a mutational signature that closely resembles the COSMIC signature 10, which is 

2414 known to be associated with POLE-exo* mutations (Alexandrov et al., 2013). The POLE 

2415 mutational signature is characterized by a 100-fold increase in C>A transversions in the context 

2416 TCT and a 30-fold increase in C>T transitions in the context TCG (Rayner et al., 2016). This 

2417 mutational pattern results in a strong bias for particular amino acid changes, with an 

2418 overrepresentation of serine to tyrosine or leucine, and arginine to isoleucine or glutamine 

2419 substitutions, and a substantial increase in glutamic acid to stop codon mutations (Rayner et al., 

2420 2016). Although mutational signatures are preferably determined by genomic analysis, such as 

2421 whole genome sequencing (WGS) and whole exome sequencing (WES), we were able to 

2422 identify a mutational signature related to POLE-exo* mutations through targeted sequencing 

2423 of the coding and regulatory regions of only 63 genes. These findings support that mutational 

2424 signatures can be extracted from sequencing data derived from a small gene panel in tumors 

2425 that are highly mutated (Hoeck et al., 2019). In addition, we observed a strong strand bias effect 

2426 with mutations occurring predominantly in the leading strand in comparison with the lagging 

2427 strand. This phenomenon, in addition to the mutational signature close to COSMIC signature 

2428 10, highlights the major effect of POLE proofreading inactivation in the EC reported here.

2429 TMB is a quantitative measure of the total number of somatic nonsynonymous 

2430 mutations per coding area of a tumor genome and is associated with the emergence of 

2431 neoantigens that trigger anti-tumor immunity (Allgäuer et al., 2018, Meléndez et al, 2018). We 

2432 identified a total of 65 nonsynonymous mutations along 0.257 Mb coding regions of the 

2433 sequenced gene panel, resulting in an estimated TMB of 253 nonsynonymous mutations/Mb. 

2434 Although a wider genomic analysis is required to achieve the precise TMB (Büttner et al., 

2435 2019), the absolute amount of somatic nonsynonymous mutations (65 mutations/0.257 Mbp) 

2436 observed in the EC reported here is superior to the threshold of 20 mutations/Mb commonly 

2437 used to classify a tumor with high TMB and as an immunotherapy responder (Allgäuer et al., 

2438 2018, Endris et al., 2019). The absolute amount of nonsynonymous mutations as well as the 

2439 total number of mutations (95 mutations/0.257) identified in our report, is higher than those 

2440 identified in EC harboring heterozygous POLE-exo* mutations. We used the GATK pipeline, 



196

2441 which has high sensitivity and specificity for somatic mutation calling and checked the 

2442 occurrence of FFPE-derived artifacts in the sequencing data. Thus, the higher mutational load 

2443 identified in the endometrial tumor in comparison with the ICGC/TCGA Pole-exo* tumors is 

2444 not supposed to be led by interstudy differences. 

2445 The occurrence of two proofreading-inactivating events in POLE is extremely rare, 

2446 suggesting that POLE may not act as a classical tumor suppressor gene (Heitzer et al., 2014). 

2447 There is a single case of colorectal cancer (CRC) in The Cancer Genome Atlas (TCGA) project 

2448 carrying the POLE S459F mutation and a nonsense mutation at codon 150 of the POLE gene, 

2449 which was thought to inactivate the second allele (The Cancer Genome Atlas Network, 2012). 

2450 This CRC presented a higher number of somatic mutations (376 mutations/Mb) in comparison 

2451 with another TCGA-CRC harboring only the S459F mutation in heterozygosity (81 

2452 mutations/Mb) (Shinbrot et al., 2014). Both mutations present in the TCGA-CRC with two hits 

2453 in POLE are somatic. Our findings are novel since we report an endometrial carcinoma 

2454 harboring one germline POLE LoF mutation and one somatic POLE-exo* mutation.

2455 Molecular classification of human cancer represents an important step toward the goal 

2456 of precision medicine and helps to identify patients who would benefit from targeted 

2457 immunotherapy (Liu et al., 2019). We observed the occurrence of a greater number of CD8+ T 

2458 lymphocytes in comparison with CD4+ T-cells in the peri and intra-tumoral area in our EC 

2459 case. POLE-exo* mutations have been associated with increased tumor infiltrating 

2460 lymphocytes, especially CD8+ (Howitt et al., 2015, Bourdais et al., 2017). 

2461   The characterization of the mutational pattern, as well as the lymphocyte profile   

2462 revealed an accentuated  Pol ɛ proof-reading failure in an EC harboring a germline and a 

2463 somatic mutation at the POLE exonuclease domain. These findings suggest that the mutations 

2464 are in trans, i.e. located in different DNA strands. The frameshift mutation affects the beginning 

2465 of the exonuclease domain of POLE and is expected to result in a truncated, immature, or non-

2466 functional protein. If the POLE S459F mutation were located at the same strand as the germline 

2467 frameshift, the ultramutator effect would likely be silenced by the frameshift.  However, as a 

2468 limitation of our study, we could not experimentally prove that the frameshift and missense 

2469 POLE-exo* mutations are in trans and neither that the frameshift indeed led to the silencing of 

2470 one POLE allele due to the high fragmentation of DNA and RNA derived from FFPE slides. 

2471 Additionally, although we have strong evidence supporting that our EC case has a higher 

2472 mutational load identified in comparison with tumors harboring heterozygous POLE-exo* 

2473 mutations, we are aware that the number of mutations identified might have been affected by 

2474 interstudy differences in sample preservation methods, library protocols, and bioinformatic 
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2475 pipelines. Also, although we observed a higher mutational load in the EC with two genetic 

2476 events at the proof-reading domains of POLE in comparison with EC harboring only a 

2477 heterozygous POLE-exo* mutation, we would need to have more tumors with similar findings 

2478 in order to make statistically significant conclusions about the mutational burden of these 

2479 tumors relative to the cancers with heterozygous POLE-exo* mutations.

2480 In conclusion, our EC case exhibits molecular and histopathological features typically 

2481 linked to POLE exonuclease mutated tumors. The comparison with other tumors with POLE-

2482 exo* mutations suggests that the absence of the wild-type POLE allele renders particularly 

2483 higher TMB in such tumors. Consequently, detection of a combination of POLE-exo* and LoF 

2484 POLE mutations could be considered a prognostic or therapeutic marker.
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2602
2603 Table S1 – Detailed list of the 63 genes used for targeted sequencing.
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2604 Mat Met S1 - Detailed Material and Methods

2605

2606 Immunohistochemistry (IHC)

2607

2608 IHC staining of MLH1, MSH2, MSH6, PMS2, CD3, CD4, and CD8 was performed on 

2609 4 µm sections of formalin-fixed and paraffin-embedded (FFPE) tumoral tissue according to 

2610 standard procedure. The primary antibodies were anti-MLH1 (dilution 1:100; clone 6168-728; 

2611 BioSB, Santa Barbara, CA), anti-MSH2 (dilution 1:250; clone 25D12; Leica Biosystems, 

2612 Buffalo Grove, IL), anti-MSH6 (dilution 1:75; clone 6TBP H-141; Santa Cruz Biotechnology, 

2613 Santa Cruz, CA), anti-PMS2 (dilution 1: 25; clone MOR46; Leica Biosystems, Buffalo Grove, 

2614 IL), anti-CD3(dilution 1:200; clone PS1; Neomarkers, Fremont, CA), anti-CD4 (dilution 1:50; 

2615 clone 4F12; Dako, Santa Clara,  CA) and anti-CD8 (dilution 1:200; Novocastra, Buffalo Grove, 

2616 IL) . The analysis was performed by two independent pathologists (FC and ARS). For MMR 

2617 protein evaluation, adjacent normal endometrium or lymphocytes in the slides were used as an 

2618 internal positive control and loss of MMR protein expression was defined as the complete 

2619 absence of nuclear staining in all tumor cells. For evaluation of tumor-associated lymphocytes, 

2620 the mean number of CD3+, CD4+, and CD8+ of intraepithelial T lymphocytes, i.e., T 

2621 lymphocytes located within the tumor epithelium, rather than in the peritumoral stroma, was 

2622 calculated from photomicrographs (40X objective) of 10 high-power fields (HPFs). Peritumoral 

2623 T lymphocytes (T lymphocytes in the stroma immediately adjacent to the tumor epithelium) 

2624 were scored using a semiquantitative method (none (0), mild (1+), moderate (2+), marked (3+)) 

2625 as described by Howitt et al. (2015).

2626

2627 Microsatellite instability (MSI)

2628 The pathologists (A.R.S., F.C., and M.O.B.) manually inspected the H&E slides in order 

2629 to delimitate tumor and non-tumor areas from each case. Non-neoplastic adjacent uterine areas 

2630 were used as the normal tissue source. Genomic DNA from tumor and normal tissues were 

2631 extracted from FFPE sections using the Maxwell Rapid Sample Concentrator System 

2632 (Promega, Madison – WI). MSI status was performed using multiplexed polymerase chain 

2633 reaction (PCR) for genotyping the monomorphic repetitive markers: BAT26, BAT25, NR21, 

2634 NR24, and NR27. Primer sequences and PCR conditions were described elsewhere (Buhard et 

2635 al., 2004). Amplicon detection and analysis were performed using an ABI Prism 3130 Genetic 

2636 Analyzer (Applied Biosystems, Foster City, CA) and GeneMarker v.1.85 (SoftGenetics, State 

2637 College, PA), respectively. A diagnosis of MSI-high (MSI-H) was considered positive when 
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2638 two or more markers showed an altered pattern; MSI-low (MSI-L) when one marker was altered 

2639 and microsatellite stable (MSS) when none of the markers showed alteration.

2640

2641 Targeted sequencing

2642

2643 For germline analysis, peripheral blood was extracted using QIAamp DNA Mini Kit 

2644 (Qiagen, Germantown, MD) following the manufacturer's instructions, and library preparation 

2645 was performed using the SureSelectQXT Kit (Agilent Technologies, Santa Clara, CA). For 

2646 somatic analysis, genomic DNA was extracted from a representative tumor area (at least 70% 

2647 of tumor cells) from FFPE slides, and the library was prepared using the SureSelectXT Kit 

2648 (Agilent Technologies). For both germline and somatic mutation analysis, the coding, canonical 

2649 splice sites, and both 5’ and 3’ untranslated regions (UTRs) of 63 genes (Supplementary Table 

2650 S1), including Lynch syndrome-associated genes and POLE, were sequenced on an Illumina 

2651 NextSeq 500/550 system (Illumina, San Diego, CA) on a 2 x 150 bp paired-end mode. 

2652 Bioinformatics Analysis 

2653 The raw FASTQ files were aligned to the human reference genome GRCh37 with BWA 

2654 (Li and Durbin, 2010), sorted with Samtools (Li et al., 2009), and the resulting BAM files were 

2655 further processed with GATK v. 4.0.10.1 (McKenna et al., 2010) to remove duplicated read 

2656 pairs and recalibrate read quality scores according to the GATK Best Practises protocol (Van 

2657 der Auwera et al., 2013). The germline variants were identified using HaplotypeCaller in the 

2658 BAM file generated from the blood DNA sample reads and then annotated using ANNOVAR 

2659 software (Wang et al., 2010). Somatic variants were called on the matching tumour–blood DNA 

2660 samples with the Mutect2 algorithm (Cibulskis et al., 2013). After the annotation of somatic 

2661 variants with Oncotator (Ramos et al., 2015) we left only variants with a “PASS” flag and 

2662 Variant Allele Frequency (VAF) higher than 5% to reduce the number of false-positive variants 

2663 abundant in FFPE samples (Prentice et al., 2018). The final set of somatic variants was 

2664 additionally annotated using OncoKB (Chakravarty et al., 2017) database to identify known 

2665 cancer-driving events in the studied tumour. Copy-number alterations (CNV) in the tumour 

2666 were assessed using FACETS software (Shen et al., 2017). VisCap was use for germline CNV 

2667 investigation (Pugh et al., 2016).

2668 Mutational signature analysis and Cosine similarity calculation were performed in R 

2669 package Mutational Patterns (Blokzijl et al., 2018) using database of the known mutational 

2670 signatures in human cancers from Alexandrov et al. (2013). 
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2671 To calculate the strand bias asymmetry between the leading and lagging strands, we 

2672 used a map of replication fork direction generated based on the Okazaki fragments sequencing 

2673 and subsequent model segmentation from Petryk et al. (2016). The probability of replication 

2674 fork direction in each 1 kb window was averaged between the HeLa and GM06990 cell lines, 

2675 and only regions consistent between them were left for the analysis.

2676 To compare mutation rate and tumor mutational burden (TMB) between the studied 

2677 tumor and endometrial cancers with heterozygous POLE-exo* mutations, we downloaded VCF 

2678 files containing preexisting somatic mutation calls from 25 exomes of endometrial carcinomas 

2679 from ICGC portal (https://dcc.icgc.org) with POLE-exo* heterozygous somatic mutations, 

2680 POLD1-exo wild type, and absence of MSI (Zhang et al. 2011). We analyzed the same genomic 

2681 regions in both the targeted sequencing and the WES data to compare the mutational load 

2682 between our EC case and ICGC data.

2683

2684 Sanger sequencing

2685

2686 For orthogonal validation, POLE variants were confirmed by Sanger sequencing 

2687 performed on a 3500xl sequencer using the BigDye 3.1 sequencing kit (Applied Biosystems, 

2688 Carlsbad, CA, USA). Primer sequences used were reported previously (Yoshida et al., 2011).
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