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Background: This study investigates the potential influence of genotype and parent-

families carrying (likely) disease-causing MSH6 germline variants.
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analyzed. Participants were categorized based on RNA expression and parental inheritance
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of the variant. Hazard ratios (HRs) were calculated using weighted Cox regression, consid-
ering external information to address ascertainment bias. The findings were cross-validated
using the Prospective Lynch Syndrome Database (PLSD) for endometrial cancer (EC).

Results: No significant association was observed between genotype and colorectal
cancer (CRC) risk (HR = 1.06, 95% confidence interval [Cl]: 0.77-1.46). Patients lack-
ing expected RNA expression exhibited a reduced risk of EC (Reference Cohort 1:
HR = 0.68, 95% Cl: 0.43-1.03; Reference Cohort 2: HR = 0.63, 95% CI: 0.46-0.87).

Abbreviations: CRC, colorectal cancer; EC, endometrial cancer; HR, hazard ratio; LS, Lynch syndrome; MLH1, MutL homolog 1; MMR, mismatch repair; MSH2, MutS homolog 2; MSHé, MutS
homolog 6; NMD, nonsense-mediated decay; PLSD, Prospective Lynch Syndrome Database; PMS2, post-meiotic segregation increased 2; POE, parent of origin.
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95% Cl: 0.64-1.19).
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1 | INTRODUCTION

Lynch syndrome (LS) (OMIM: 614350) is caused by a (likely) disease-
causing variant in one of the mismatch repair (MMR) genes, which
include MLH1, MSH2, MSH6, or PMS2.X LS is characterized by cluster-
ing of colorectal cancer (CRC) and endometrial cancer (EC) and is also
associated with an increased risk of cancers of the ovaries, upper uri-
nary tract, upper gastrointestinal tract, brain, sarcoma, and prostate.2
As our understanding of affected families and patients has
improved, it has become increasingly clear that cancer risk varies not
only by gene and gender,2™ but also between and within affected
families with disease-causing variants in the same gene.® This pheno-
typic variation is most likely due to environmental factors, genetic fac-
tors, or a combination of the two. Genotype-phenotype correlations
and parent-of-origin effects (POE) have also been suggested as poten-

I>-2° and intrafamilial variance.’*"'* How-

tial causes for interfamilia
ever, conflicting results have been reported.

Although genotype-phenotype correlations and POE have been
explored in several studies, MSH6 families are not well represented.
Therefore, this study aimed to analyze whether POE or genotype-
phenotype correlations explain the intra- and interfamilial cancer risk
variance seen in MSHé6 variant carriers. If so, these two factors may be

important in the clinical management of MSHé variant carriers.

2 | PATIENTS AND METHODS

2.1 | Cohort description—Dutch cohort

This research was approved by the LUMC Ethics Review Board
(P17.098). Data on MSHé-associated LS families counseled up to
March 2021, were collected at the following Dutch clinical genetics
departments: Amsterdam Medical Center, VU Medical Center,
Netherlands Cancer Institute, Erasmus MC Cancer Institute, Leiden
University Medical Center, Maastricht University Medical Center,
University Medical Center Utrecht, and University Medical Center
Groningen. Most families were clinic-based and fulfilled the (revised)
Bethesda criteria,’® although some population-based families were
detected by universal tumor screening.'® Obligate carriers and
proven heterozygous (likely) disease-causing variant carriers were

However, these results could not be confirmed in the PLSD. Moreover, no associa-
tion was found between POE and CRC risk (HR = 0.78, 95% Cl: 0.52-1.17) or EC risk
(Reference Cohort 1: HR = 0.93, 95% Cl: 0.65-1.33; Reference Cohort 2: HR = 0.8,

Discussion and Conclusion: No evidence of POE was detected in MSHé families.

While RNA expression may be linked to varying risks of EC, further investigation is

required to explore this observation.

cancer risks, colorectal carcinoma, endometrial carcinoma, Lynch syndrome

included in the study. Informed consent was obtained from patients
by their respective genetic counselors. Cancer diagnoses were veri-
fied for consenting patients. Patients under 18 years were excluded
as no phenotype was expected before this age. Patients with addi-
tional class 3-5 MMR or MUTYH variants were also excluded due to
the possible influence on cancer risk.}” In 12 patients, tumors also
showed negative or weak staining of the MSH2 protein. No germline
MSH2 variant was identified, and in cases where tumor reanalysis
was feasible, no explanatory MSH3 variants were found, consistent
with previous findings reported by our research group.'® The MSH6
variants in this study were detected as part of the clinical genetic
diagnostic procedure. An overview of the included variants can be
found in Table S1.

2.2 | Cohort description—Prospective Lynch
Syndrome Database cohort

The Prospective Lynch Syndrome Database (PLSD) is a prospective
observational study without a control group that was designed in
2012. It provides an aggregated compilation of combined genetic and
clinical information from 8500 carriers of (likely) disease-causing
MMR variants, with a total follow-up of 71 713 years. The PLSD

was used as a replication cohort.

2.3 | RNA analysis
MSH6 (likely) disease-causing variants, primarily nonsense and frame-
shift variants, were subgrouped based on a prediction of RNA expres-

sion or, in some cases, known RNA expression status:

e Subgroup 1: Expected or known RNA expression
e Subgroup 2: No RNA expression expected or known
e Subgroup 3: Unknown RNA expression

Classification of RNA expression was carried out as recom-
mended by Inacio et al.2® and Shyu et al.,?* or if clinical data on RNA
expression were available. Briefly, nonsense-mediated decay (NMD)

was predicted for truncating variants occurring before or in the
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second-to-last exon, with the stop occurring 50 nucleotides before
the splice donor site of the second-to-last codon. In the case of the
MSH6 gene, this implies that a stop after codon 1317 is unlikely to
result in NMD. Patients with variants with unknown RNA expression

were excluded from the analysis (n = 42).

24 | Statistics

In the Dutch cohort, data for the CRC and EC risk analyses were cen-
sored by last known age or age of death, age of cancer diagnosis, age
of first polypectomy or the start of colonic screening (in case of cen-
soring for CRC), and hysterectomy (in case of censoring for EC),
whichever came first. Missing ages at cancer diagnosis or last known
age were imputed using the mean for that specific cancer, allowing for
the inclusion of as many family members as possible. Descriptive anal-
ysis included displaying Kaplan-Meier curves and conducting log rank
tests to compare age at CRC and EC onset between the subgroups
defined by RNA expression (Subgroup 1 vs. Subgroup 2) and POE
(father vs. mother). The chi-square test was used to compare differ-
ences in terms of sex, cancer status at the end of follow-up, and POE
among RNA expression subgroups. Descriptive statistics and analyses
were performed using the IBM SPSS Statistics X20 package, with a
p < 0.05 considered statistically significant.

Inverse probability of selection weighted Cox models?? were
fitted in R to correct for potential ascertainment bias in the Dutch
cohort. Weights were derived using external population data (age-
specific cumulative incidence rates) from the International Mismatch

12® and Dominguez-

Repair Consortium® (CRC) or Baglietto et a
Valentin et al.? for EC.

A different approach was used for the PLSD cohort. Since the
PLSD cohort is a prospective study, no correction for ascertainment
bias was implemented. Sex- and age-specific cumulative incidence
rates with 95% pointwise Poisson confidence intervals were calcu-
lated for each subgroup under investigation. All Dutch contributions
to the PLSD were excluded to avoid duplication. Patients were simi-

larly subgrouped as described above.

3 | RESULTS

The total cohort consisted of 1615 individuals from 316 families, of
whom 709 were male (43.9%). CRC was diagnosed in 375 cases and
EC in 212 patients. A total of 78 unique variants were included, with
€.651dupT, p.(Lys218*) being the most common (16.4%), followed by
c.467C>G, p.(Ser156*) (15.5%).

3.1 | Genotype-phenotype association

Among the variant carriers, RNA expression was expected in 117 cases
(Subgroup 1), while no RNA expression was expected in 1498 cases
(Subgroup 2). An overview of cohort characteristics is provided in
Table 1. The log rank test did not show statistically significant

differences in the crude age distribution at CRC between RNA expres-
sion subgroups (p = 0.59). However, a statistically significant differ-
ence was observed in the crude distribution of age at EC (p = 0.007).
Kaplan-Meier curves are depicted in Figures S1 and S2.

In Subgroup 1, 24 patients developed CRC compared to 351 in
Subgroup 2. When Subgroup 1 is compared to Subgroup 2 using
weighted Cox regression, no significant association was observed for
genotype-phenotype correlation regarding CRC risk (hazard ratio
[HR] = 1.06 [95% confidence interval (Cl): 0.77-1.46]).

EC was diagnosed in 21 and 191 females in Subgroups 1 and
2, respectively. Weighted Cox regression using Baglietto et al.>® as a
reference, comparing Subgroup 1 with Subgroup 2 indicated a lower
EC risk in Subgroup 2 (no RNA expression) (HR = 0.68 [95% Cl: 0.43-
1.03]), as shown in Table 2. However, this association did not reach

statistical significance. A limitation of Baglietto et al.?®

they do not
provide age-specific cancer risks below 50 years of age. To overcome
this potential limitation, the analysis was repeated using the data pub-
lished in Dominguez-Valentin et al.,> which provides more data for
young ages. The same trend was observed with slightly less uncer-

tainty (HR = 0.63 [95% Cl: 0.46-0.87]).

3.1.1 | PLSD cohort

Subgroup 1 (with [expected] RNA expression) contains 667 follow-up
years, including 8 women diagnosed with EC. In Subgroup 2 (with
[expected] no RNA expression), 35 women were diagnosed in 2914

follow-up years. Cumulative incidences are depicted in Figure S3.

3.2 | Parent-of-origin effect

In 1035 of 1615 patients, the parent of origin is known. Among them,
159 patients were diagnosed with CRC, and 85 females were diag-
nosed with EC (Table 2). The log rank test did not show statistically

TABLE 1 Overview of RNA subgroups.
RNA subgroups
RNA expression No RNA expression
expected (n = 117) expected (n = 1498)
Sex
Male (%) 48.7 43.6
Female (%) 51.3 56.0
Unknown (%) 0 0.5
Cancer
CRC (%) 20.5 (n = 24) 234 (n = 351)
EC (% of 35.0 (n = 21) 22.8 (n = 191)
females)
Age of diagnosis (mean and range)
CRC (age 56.2 (24-76) 55.9 (26-84)
range)
EC (age 53.4 (36-71) 55.8 (31-86)
range)
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significant differences in the crude age distribution at CRC
(p = 0.186). However, a significant difference was observed for EC
(p = 0.001). See also Figures S4 and S5.

Weighted Cox regression analysis revealed a lower risk of CRC
(HR = 0.78 [95% Cl: 0.52-1.17]) if the variant was paternally inher-
ited, although this association was not statistically significant. Regard-
ing EC, using Baglietto et al.2® as a reference, the HR was 1.19 (95%
Cl: 0.65-2.40), while using Dominguez-Valentin et al.? as the refer-
ence, the HR was 0.87 (95% Cl: 0.64-1.19). The wide 95% ClI, espe-
cially in the case of Baglietto et al.?® as the reference, indicates that
no clear association between parent of origin and the risk of EC can
be concluded (Table 3).

4 | DISCUSSION

This study focused on possible genotype-phenotype correlations and
POE in carriers of MSH6 (likely) disease-causing variants. Although

TABLE 2 Cohort overview parent of origin subgroups.

Parent of origin subgroups

Maternally Paternally
inherited (n = 571) inherited (n = 464)
Sex
Male (%) 41.7 494
Female (%) 58.3 50.6
Unknown 0 0
(%)
Cancer
CRC (%) 14.7 (n = 84) 16.2 (n = 75)
EC (% of 15.0 (n = 50) 14.9 (n = 35)
females)
Age of diagnosis (mean and range)
CRC (age 51.7 (28-79) 52.5(26-81)
range)
EC (age 55.7 (31-85) 53.2 (36-74)
range)

TABLE 3 Hazard ratios for genotype effect and POE.

previous studies have reported a POE in LS for MSH6 and other MMR

1113 e did not find evidence of this effect. This is consistent

genes,
with our previous study in LS patients with a disease-causing PMS2
variant'* and a recent study by Gemechu et al.*°

Our analysis did not show a genotype-phenotype association for
CRC. However, an association was found between genotype and EC
risk, as patients carrying a variant associated with (expected) RNA
expression had a higher risk for the development of EC. The pattern
was observed using both reference cohorts, although statistical signif-
icance was achieved in only one of these analyses.? Interestingly,
Ryan et al.? reported similar results for EC in MLH1 variant carriers,
although the same phenomenon was not observed in a PMS2
cohort.*

An increased risk associated with predicted RNA expression may
be attributed to a dominant-negative effect, as suggested by Ryan
et al.? In the case of RNA expression, a (partially) functional protein is
expected. The allele might therefore be (co)dominant to the wildtype,
with the dysfunctional protein still participating in MSH2 binding,
thereby causing genomic instability. Compared to an absent or non-
functional MSH2 protein, a partially (dys)functional protein may there-
fore convey a higher cancer risk.”2# Similar dominant-negative effects
have been described in other syndromes, such as ataxia telangiectasia
and Coffin-Siris syndrome.?42°

To further explore if retention of RNA expression is associated
with a higher risk for EC, we analyzed the risk in a reference cohort
with MSHé (likely) disease-causing variant carriers from the PLSD
database. This analysis did not show a genotype-phenotype correla-
tion for EC, but unfortunately, only a few events of EC occurred in
this cohort, making the outcome less reliable.

It should also be noted that the number of patients included in
Subgroup 1 (expected RNA expression) was smaller than for Subgroup
2 (no RNA expected), which may have affected both the power and
the results of this study. In addition, variants were subgrouped based
on a prediction or known status of RNA expression, leading to the
possibility of misclassification. For example, a stop codon after codon
1317 should result in stable RNA. Some variants in our cohort were
close to codon 1317. Furthermore, confounders that have a proven
influence on (colorectal) cancer development,é such as lifestyle, diet,

26-28

aspirin use, or low penetrant genetic risk modifiers,?’ were not

Cancer Comparison HR of weighted analysis (95% Cl)
Genotype-phenotype correlation CRC RNA expression vs. no RNA expression 1.06 (0.77-1.46)

EC RNA expression vs. no RNA expression 0.68 (0.43-1.03)*

EC RNA expression vs. no RNA expression 0.63 (0.46-0.87)°
Parent-of-origin effect CRC Paternally vs. maternally 0.78 (0.52-1.17)

EC Paternally vs. maternally 1.19 (0.65-2.40)?

EC Paternally vs. maternally 0.87 (0.64-1.19)°

Abbreviations: Cl, confidence interval; CRC, colorectal cancer; EC, endometrial cancer; HR, hazard ratio; POE, parent-of-origin effects.

aReference population of Baglietto et al.?>
bReference population of Dominguez-Valentin et al.?
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taken into account. However, cultural and environmental differences
were minimized by including almost all identified Dutch families with

known (likely) disease-causing MSH46 variants.

5 | CONCLUSION

Our findings indicate an association between retained RNA expres-
sion and a higher risk for EC, although this finding could not be con-
firmed in the PLSD cohort. No increased risk for CRC was observed in
relation to retained RNA expression. These results should be inter-
preted with caution, as variant-specific risk factors may have a small
but still important influence on cancer risk. Additional research is
needed to determine whether genotype-phenotype correlations can
serve as an additional means of risk stratification. Finally, our ade-
quately powered study did not find evidence of a POE in MSHé-
associated LS.
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