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abstract

PURPOSE NTHL1 and MSH3 have been implicated as autosomal recessive cancer predisposition genes. Al-
though individuals with biallelic NTHL1 and MSH3 pathogenic variants (PVs) have increased cancer and
polyposis risk, risks for monoallelic carriers are uncertain. We sought to assess the prevalence and characterize
NTHL1 and MSH3 from a large pan-cancer patient population.

MATERIALS AND METHODS Patients with pan-cancer (n = 11,081) underwent matched tumor-normal se-
quencing with consent for germline analysis. Medical records and tumors were reviewed and analyzed.
Prevalence of PVs was compared with reference controls (Genome Aggregation Database).

RESULTS NTHL1-PVs were identified in 40 patients including 39 monoallelic carriers (39/11,081 = 0.35%) and
one with biallelic variants (1/11,081 = 0.009%) and a diagnosis of isolated early-onset breast cancer. NTHL1-
associated mutational signature 30 was identified in the tumors of the biallelic patient and two carriers. Colonic
polyposis was not identified in any NTHL1 patient. MSH3-PVs were identified in 13 patients, including 12
monoallelic carriers (12/11,081 = 0.11%) and one with biallelic MSH3 variants (1/11,081 = 0.009%) and
diagnoses of later-onset cancers, attenuated polyposis, and abnormal MSH3-protein expression. Of the 12
MSH3 carriers, two had early-onset cancer diagnoses with tumor loss of heterozygosity of the wild-type MSH3
allele. Ancestry-specific burden tests demonstrated that NTHL1 and MSH3 prevalence was not significantly
different in this pan-cancer population versus controls.

CONCLUSION NTHL1 and MSH3 germline alterations were not enriched in this pan-cancer patient population.
However, tumor-specific findings, such as mutational signature 30 and loss of heterozygosity of the wild-type
allele, suggest the potential contribution of monoallelic variants to tumorigenesis in a subset of patients.
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INTRODUCTION

Mendelian colorectal cancer (CRC) predisposition
syndromes, several of which are also associated with
GI polyposis, explain approximately 5% of all CRC
diagnoses. Beyond MUTYH-associated polyposis
(MAP) syndrome, other autosomal recessive CRC
predisposition syndromes in novel genes, including
NTHL1 and MSH3, have been described.1,2 However,
knowledge about the spectrum of neoplasia, medical
management implications, and the risk of neoplasia in
biallelic versusmonoallelic germline variant carriers for
these newly described genes remains limited.

MAP is caused by biallelic pathogenic variants (PVs)
within the base excision repair gene MUTYH.3,4 The

clinical features of MAP include increased risk of CRC,
polyposis, and possibly other cancers; however, the
risk of neoplasia and polyposis in monoallelic MUTYH
PV carriers has been an area of active research and
debate. Although a number of prior publications
suggested an increased risk of CRC for monoallelic
MUTYH carriers, with one study also suggesting risks
for several extracolonic-type cancers, a meta-analysis
by Ma et al found that individuals carrying monoallelic
MUTYH PVs had only a very small increased CRC risk
(odds ratio [OR], 1.17; 95% CI, 1.01 to 1.34).5–7 As
such, the most recent NCCN and other guidelines
suggest that this level of risk is not sufficient to warrant
modification of current CRC screening guidelines in
the absence of CRC in a first-degree relative.8,9
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NTHL1 andMSH3 are two other autosomal recessive genes
implicated in GI polyposis and cancer risk.1,2 NTHL1 be-
longs to the same base excision repair pathway asMUTYH.
Biallelic mutations in NTHL1 characterize NTHL1 tumor
syndrome (initially called NTHL1 associated polyposis
syndrome).10,11 Although most cases reported in the liter-
ature are associated with the recurrent p.Gln90* PV, other
PVs have also been reported.12 Through the identification of
several individuals harboring homozygous or compound
heterozygous NTHL1 PVs, a broad tumor spectrum has
been illustrated, including breast, gynecologic, urothelial,
prostate, and brain tumors, among others.1,10,12–16 Re-
ported polyp histology has also varied, including the
presence of hyperplastic and serrated polyps, but with
adenomatous polyps being the most common.12 Tumors
from individuals with biallelic NTHL1 PVs have been de-
scribed to have a preponderance of C.T transitions1 and a
distinct NTHL1-associated mutational signature, notably
mutational signature 30 of the Catalogue of Somatic Mu-
tations in Cancer.12 Documented monoallelic and/or obli-
gate carrier family members have occasionally been
included in past reports focused on biallelic individuals.
Descriptions of these relatives have ranged from being
unaffected at various ages to having one or more primary
cancers.1,10,12,14 The identification of individuals with het-
erozygous NTHL1 variants has also been reported in
phenotypically enriched cohorts, such as two individuals
from 523 (2/523 = 0.38%) cases with familial mismatch
repair-proficient nonpolyposis CRC,14 three individuals
from 312 (3/312 = 0.96%) patients with personal and/or
family history of multiple tumor types, and five of 488 (5/
488 = 1.0%) patients with hereditary nonpolyposis CRC.17

MSH3 is a mismatch repair gene that works to identify and
correct large insertion-deletion loops by forming a heter-
odimer, MutSβ, with MSH2.18 Adam et al2 described four
individuals from two families with biallelic MSH3 PVs and
histories of GI cancer and adenomatous polyposis, and

multiple extracolonic neoplasia. CRC and adenomatous
polyps from the affected individuals were described to have
absence of the MSH3 protein on immunohistochemical
(IHC) staining and elevated microsatellite alterations at
selected tetranucleotide repeats (EMAST).19 In one family,
a heterozygous sibling was described to be unaffected with
a normal colonoscopy at 51 years of age and the obligate
carrier father, deceased at 63 years of age, had a cancer of
unknown primary.

As with the initial descriptions of MAP, whether individuals
carrying monoallelic NTHL1 or MSH3 PVs are at an in-
creased risk of neoplasia is a topic of interest and warrants
additional investigation beyond the previous enriched
phenotypic-specific populations. With the inclusion of
NTHL1 and MSH3 on commercially available hereditary
cancer multigene panels, individuals who harbor mono-
allelic PVs in these two genes are increasingly being
identified, necessitating data and clinical guidance. In this
study, we assess the prevalence and characterize NTHL1
and MSH3 variant carriers in a large pan-cancer patient
population.

MATERIALS AND METHODS

Through an institutional review board-approved research
protocol (NCT01775072), patients at Memorial Sloan
Kettering Cancer Center (MSK) were prospectively offered
matched tumor-normal sequencing via a custom next-
generation sequencing assay known as MSK-IMPACT
(Memorial Sloan Kettering Integrated Mutation Profiling
of Actionable Cancer Targets).20 A subset of patients un-
dergoing MSK-IMPACT somatic tumor analysis provided
additional consent for a New York State Department of
Health approved germline analysis as previously
described.21 Patients who had germline analyses between
October 25, 2017, and December 31, 2019, were included
in this study. PVs and likely PVs (inclusively referred to as
PVs) were reported for 88 cancer predisposition genes,
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Germline genetic testing has led to the identification of individuals with monoallelic NTHL1 and MSH3 pathogenic variants

(PVs), but research to date has focused on phenotypically enriched cohorts, such as those with histories of colorectal
cancer and/or polyposis. In this study, we assessed the prevalence and characterize NTHL1 and MSH3 carriers from a
population of more than 11,000 patients with pan-cancer.
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Monoallelic germline NTHL1 andMSH3 PVs are identified in, 0.5% of patients with pan-cancer. An enrichment of PVs was

not identified when compared with reference controls from the Genome Aggregation Database, inclusive of disease-specific
analyses for colorectal and breast cancer in the NTHL1 population.
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Increased cancer surveillance for monoallelic NTHL1 orMSH3 carriers is not supported currently; however, our findings in a

patient with biallelic NTHL1 PVs support increased breast cancer surveillance. Additional research of NTHL1 and MSH3
monoallelic carriers, especially in more diverse patient populations, is needed.
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inclusive of NTHL1 and MSH3, and all cancer-related
genes recommended for reporting by the American Col-
lege of Medical Genetics and Genomics.22 Germline results
were interpreted by MSK molecular geneticists and/or
molecular pathologists with all patients identified to have
a PV referred for genetic counseling with the MSK Clinical
Genetics Service. Genetic variants of uncertain significance
were not included in the clinical reports.

For patients identified to have PVs in the NTHL1 or MSH3
genes, clinical data, including cancer pathology, age at
diagnosis, previous cancer and polyp history, ancestry, and
family history, were extracted from the medical record. For
patients who completed a Clinical Genetics Service con-
sultation, family history of cancer and ancestry was ob-
tained by a genetic counselor through construction of a
three-generation pedigree.

The US Food and Drug Administration–authorized somatic
MSK-IMPACT assay, inclusive of 468 cancer-related genes,
was used to calculate tumormutation burden and determine
microsatellite-instability (MSI) status via MSI-Sensor. MSI-
Sensor is a bioinformatic algorithm in which each tumor is
assigned an MSI-Sensor score with scores . 10 being
consistent with MSI-High status.23,24 Loss of heterozygosity
(LOH) of the wild-type allele was identified via Fraction
and Allele-Specific Copy Number Estimates from Tumor
Sequencing (FACETS), an allele-specific copy number

analysis.25 Mutational signatures were inferred on all single-
nucleotide somatic mutations in patients with total mutation
counts of five or more. The proportion of somatic mutations
attributable to each of the 30 established mutational
signatures26 was determined using a basin-hopping
algorithm.27 The Illumina methylationEPIC microarray was
applied to selected tumor tissue for the comparison of
methylation profiles between tumor and normal blood
specimens.28,29 For patients with MSH3 PVs, IHC staining
analysis of the MSH3 protein (antibody clone EPR4334) was
performed on available cancer and colorectal polyp speci-
mens. All results were interpreted by a specialized GI pa-
thologist (J.S.). Exome sequencing was used in selected
tumor and colorectal polyp tissue to evaluate for presence of
EMAST.30,31

Allele frequencies of PVs in cases were compared with
genome aggregate allele frequencies (Genome Aggregation
Database [gnomAD] r2.1.1) in a population control. We
used the gnomAD to assess the frequency of truncating
germline variants and applied analogous variant patho-
genicity annotation methods as used in our clinical pipeline
to determine PVs, with, 1% population allele frequency in
the NTHL1 and MSH3 genes.32,33 Population-stratified
burden calculations were then performed with the fre-
quency of PVs aggregated per gene in cases compared with
the frequencies in controls. The risk estimates, reported as
ORs and P values, were determined by two-sided Fisher
exact test in R software version 3.4.2.

RESULTS

Patient Cohort

Between October 25, 2017, and December 31, 2019,
11,081 patients with pan-cancer consented to thematched
tumor-normal sequencing analysis inclusive of germline
analysis. Tumor distribution is detailed in Figure 1. Nearly
17% (1,861) of patients were found to have PVs on the 88-
gene panel, with 170 individuals having more than one
variant identified.

Patients With NTHL1 Pathogenic Variants

Clinical and tumor characteristics for the 40 patients with
NTHL1 PVs are presented in Table 1 and Figure 2. One
patient (1/11,081 = 0.009%) was found to be homozygous
for the NTHL1 c.268C.T (p.Gln90*) PV in the setting of
invasive ductal adenocarcinoma of the breast at 36 years of
age, but a negative colonoscopy at 37 years of age (Fig A1).
The breast tumor was microsatellite stable (MSS), and a
dominant mutational signature 30 was observed. Thirty-
nine (39/11,081 = 0.35%) patients were found to have
monoallelic PVs in the NTHL1 gene, with 33 having the
commonly reported c.268C.T (p.Gln90*) PV. Nine pa-
tients harboring the p.Gln90* heterozygous PV were also
found to have heterozygous PVs in other, often high-
penetrance, genes. Two patients with only monoallelic
NTHL1 p.Gln90* were found to have dominant mutational
signature 30 in their tumors: a male with Gleason 9 prostate
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FIG 1. Distribution of tumor types in the germline MSK-IMPACT
population (n = 11,081). MSK-IMPACT, Memorial Sloan Kettering
Cancer Center-Integrated Mutation Profiling of Actionable Cancer
Targets.
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TABLE 1. Baseline Characteristics of NTHL1 and MSH3 Patient Cohorts
Total Number of Patients NTHL1 = 40 MSH3 = 13

Biallelic 1 (homozygous p.Gln90*) 1 (compound heterozygous)

Monoallelic 39 (33, 85% with p.Gln90*) 12

Sex

Female 25 (62.5%) 9 (69.2%)

Male 15 (37.5%) 4 (30.8%)

Patients with a second germline finding

In total 9 (22.5%) 1 (7.7%)

BRCA1/BRCA2 4 (1 BRCA1/ 3 BRCA2) 0

MSH2 1 0

RB1 1 0

SDHB 1 0

SMARCA4 1 0

ERCC3 1 0

YAP1 0 1

Primary cancer type

Colorectal 7 1

Breast 7 1

Pancreas 3 2

Bladder 1 1

Prostate 3 1

Uterine 3 1

High-grade serous ovary 4 0

Cervical 1 0

Retinoblastoma 2 1

Cholangiocarcinoma 1 0

Melanoma 2 0

Sarcoma 3 1

Germ-cell tumor 1 0

Neuroblastoma 0 1

Mesothelioma 0 1

Ocular NOS 0 1

SCCOHT 1 0

Thyroid 0 1

Cancer of unknown primary 1 0

Median age (range) at primary cancer diagnosis

NTHL1 or MSH3 variant only 60 years (23 months-77 years) 50 years (10 months-71 years)

With another germline finding 33 years (5 months-63 years) 22 years (only 1 case)

Colorectal cancer history (at any time)

NTHL1 or MSH3 variant only 6 0

With another germline finding 2 1

Colorectal polyp history

No colonoscopy 13 5

Negative colonoscopy 15 4

≤ 10 polyps 12 2

≥ 10 polyps 0 2

Abbreviations: NOS, not otherwise specified; SCCOHT, small-cell carcinoma of the ovary hypercalcemic type.
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cancer at 70 years of age, and a female with high-grade
serous ovarian cancer at 66 years of age. Upon further
investigation of these tumors, the prostate tumor did not
demonstrate LOH of the wild-typeNTHL1 allele andNTHL1
promoter methylation was not identified, whereas the high-
grade serous ovarian cancer did demonstrate LOH of the
wild-type NTHL1 allele. Two other high-grade serous
ovarian cancers and one early-onset breast cancer (which
occurred in the setting of a BRCA2 germline PV) demon-
strated LOH of the wild-typeNTHL1 allele, but these tumors
did not demonstrate mutational signature 30. None of the
tumors from patients with germline NTHL1 PVs were found
to have somaticNTHL1 variants. Notably, in an assessment
of. 22,000 tumors analyzed via MSK-IMPACT, the overall
percentage of tumors that had a dominant mutational
signature 30 was approximately 2%, even when broken
down by malignancy type, indicating the rarity of this
mutational signature.

Patients With MSH3 Pathogenic Variants

Clinical and tumor characteristics for the 13 (13/11,081 =
0.12%) patients with MSH3 PVs are presented in Table 1
and Figure 2. One patient was found to have biallelicMSH3
variants (one PV identified upon the MSK-IMPACT sec-
ondary germline analysis and one variant of uncertain
significance [VUS] identified upon clinical testing, proven
to be in trans through family segregation analysis,
Figure A1) with all others (12) being monoallelic carriers.

The patient with biallelic variants had undergone subse-
quent clinical germline genetic testing, which identified the
MSH3 VUS, based upon clinical features, including a
history of . 29 adenomatous colorectal polyps first iden-
tified in her early-70s, followed by synchronous endometrial
and lobular breast cancer diagnoses at 75 years of age.
Upon tissue analysis, three separate tubular adenomas had
loss of MSH3 expression upon IHC staining, and the en-
dometrial cancer was noted to have equivocal expression of
MSH3 as the stain appeared negative in the entire tissue
except for a few tumor cells and a few nontumor cells
demonstrating very weak or equivocal nuclear labeling (the
external control was adequate) (Fig 3A). The endometrial
cancer and one tubular adenoma were found to be MSS via
MSI-Sensor analysis; and further, an exome-based MSI
analysis was performed on the endometrial cancer tissue
and a tubular adenoma with no evidence of EMAST being
identified in 328 and 339 tetranucleotide sites in these
specimens, respectively.

In the 12 monoallelic MSH3 PV carriers, two early-onset
tumors (a breast cancer and a pancreas adenocarcinoma)
were identified to have LOH of the wild-type MSH3 allele.
Upon MSH3-IHC analysis, the breast tumor was noted to
have intact expression; unfortunately, the pancreas tumor
was not available for staining. AnotherMSH3 PV carrier had
very early-onset CRC and attenuated polyposis (. 5 sessile
serrated polyps and. 8 hyperplastic polyps) at 22 years of

age but MSH3-IHC staining analysis on the rectal cancer
tissue and a sessile serrated polyp revealed intact ex-
pression (Fig 3B). None of the tumors from patients with
germline MSH3 PVs were found to have somatic MSH3
variants and all were classified as MSS on MSI-Sensor.

Comparison of NTHL1 and MSH3 Variants to Controls

We next sought to assess the burden of NTHL1 and MSH3
PVs in our pan-cancer patient cohort with comparison to
individuals from gnomAD. Ancestry cohorts are listed in
Table 2; burden calculations were limited to Non-Finnish
European and Ashkenazi Jewish populations because of
sample size constraints in other populations. Neither
NTHL1 nor MSH3 PVs were enriched in our Non-Finnish
European and Ashkenazi Jewish pan-cancer populations
compared with gnomAD Non-Finnish European and
Ashkenazi Jewish controls (Table 3). For NTHL1, where
biallelic PVs are associated with increased risks of CRC and
breast cancer, we did not observe an excess of NTHL1 PVs
in Non-Finnish Europeans diagnosed with CRC (0.40%) or
breast cancer (0.44%) compared with gnomAD Non-
Finnish European controls (0.46%). Because of sample
size limitations, disease-specific analyses for the NTHL1
Ashkenazi Jewish and MSH3 cohort were not possible.

DISCUSSION

Our systematic assessment of NTHL1 andMSH3 in a large
pan-cancer population demonstrates that monoallelic PVs
are identified in , 0.5% of patients with cancer, with
patients harboring biallelic PVs in either of these genes
being even more rare (0.009%). Importantly, an enrich-
ment of NTHL1 and MSH3 PVs was not identified when
compared with gnomAD Non-Finnish European and
Ashkenazi Jewish controls, inclusive of disease-specific
analyses for CRC and breast cancer in the NTHL1 pop-
ulation. Nonetheless, our finding of NTHL1-associated
tumor mutational signature 30 in two monoallelic NTHL1
carriers is intriguing and raises the suspicion that, if
present, these monoallelic PVs might contribute to
tumorigenesis.

Our study expands upon the existing literature describing
the rare, but important, germline biallelic NTHL1 and
MSH3 phenotypes. Individuals with NTHL1 tumor syn-
drome have often been described to have at least an at-
tenuated GI polyposis phenotype and multiple malignant
and benign neoplasms, including a high incidence of
breast cancer.12 Interestingly, our only patient with ho-
mozygous p.Gln90* PVs had no colorectal polyps identified
upon baseline colonoscopy in her mid-30s, but had an
early-onset breast cancer demonstrating the NTHL1-as-
sociated mutational signature 30. Increased CRC surveil-
lance recommendations were provided to this patient, given
her young age and apparent increased likelihood of de-
veloping polyposis in the future. Although an enrichment of
C.T transitions associated with tumor mutational signature
30 has been described in tumors of patients with NTHL1
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tumor syndrome, Drost et al34 described an individual with
monoallelic NTHL1 p.Gln287* and LOH at NTHL1 in a
breast tumor resulting inmutational signature 30.12,34 In our
cohort, we identified a woman with high-grade serous
ovarian carcinoma harboring monoallelic NTHL1 p.Gln90*
with corresponding LOH of the wild-type NTHL1 allele in
the tumor tissue resulting in a dominant mutational sig-
nature 30. Surprisingly though, a prostate cancer patient
with monoallelic NTHL1 p.Gln90* was also found to have a
dominant mutational signature 30, but without corre-
sponding LOH of the wild-type allele, somatic variant at
NTHL1, or promoter hypermethylation. We hypothesize
that there may be another, undetected, mechanistic force
at work, perhaps epigenetic or an occult second germline
variant, that may be contributing to this tumor’s dominant
mutational signature. Belhadj et al17 recently analyzed eight
heterozygous NTHL1 cases for methylation of the NTHL1
promoter, but evidence of constitutional CpG island
methylation was not detected. Elsayed et al35 also reported
on a small number of NTHL1 carriers and did not find any
tumors with a dominant mutational signature 30. Although
we observed LOH of the wild-type NTHL1 allele in tumors
from three other patients (two of whom also had high-grade
serous ovarian cancer), alternative mutational signatures
were noted and thus the significance of the LOH finding is
unclear.

Our knowledge of the clinical phenotype associated with
biallelicMSH3 PVs to date is limited to four individuals with
compound heterozygousMSH3 PVs.2 Adam et al identified
loss of MSH3 upon IHC analysis in adenomatous polyps in

addition to EMAST. Although we performed MSH3 IHC
staining on multiple tissues from ourMSH3 cohort, the only
tissues found to have abnormal staining were from a patient
who had biallelic MSH3 variants, specifically a PV and a
currently classified VUS on the opposite allele. This class 3
variant has been identified in 4/251,110 chromosomes in
gnomAD and has been reported in a CRC patient at 77
years of age.36 Although the phenotypic, germline, and IHC
findings were consistent with what one might expect in the
setting of biallelic MSH3 PVs, we did not identify EMAST
upon assessment of . 300 tetranucleotide sites in the
patient’s endometrial cancer and colorectal tubular ade-
noma specimens. LOH of the wild-type MSH3 allele was
seen in an early-onset breast cancer and an early-onset
pancreatic adenocarcinoma; and although this patient with
breast cancer also had a history of colorectal polyps in her
early-40s, the significance of the LOH finding in the
presence of intact MSH3 protein expression warrants
further investigation.

Limitations of the current study include a potential selection
bias in that despite evaluation of . 11,000 patients with
pan-cancer, our cohort reflects patients who were offered
and accepted participation in the MSK-IMPACT-matched
tumor-normal sequencing protocol and further elected to
undergo germline analysis. Although parallel tumor-normal
sequencing allowed for interrogation of corresponding
cancerous and precancerous lesions, some tissue speci-
mens were insufficient to provide information about mu-
tational signatures, LOH, MSI, and/or IHC. Despite our large
denominator, given the rarity of these germline PVs in the

A B

50 μm 50 μm

FIG 3. Immunohistochemical stains
of the MSH3 protein; (A) case
1M—patient with biallelic MSH3
variants and multiple colorectal
polyps. Repeated immunohisto-
chemistry attempts failed to dem-
onstrate positive nuclear labeling in a
tubular adenoma, whereas the ex-
ternal control was satisfactory; (B)
case 2M—patient with early-onset
rectal adenocarcinoma and multi-
ple polyps. MSH3-immunohisto-
chemistry revealed intact nuclear
staining in the rectal tumor cells.

TABLE 2. Ancestry Cohorts
Ancestry Total Pan-Cancer Cohort NTHL1 Variants MSH3 Variants

Non-Finnish European 6,367 33 8

Ashkenazi Jewish 1,620 4 0

Othera 2,771 3 4

Unknown 323 0 1

Total 11,081 40 13

aOther included African, African American, East Asian, Finnish, Latino, Native American, and South Asian.
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population, our case numbers remained too small in some
instances to allow for certain ancestry-specific burden
analyses. Indeed, further assessment of the role of these
PVs in more diverse patient populations is necessary.
Notwithstanding these limitations, to the best of our
knowledge, the current study represents the first systematic
assessment of NTHL1 and MSH3 PVs from a pan-cancer
population and sheds further light on the significance of
these findings in a clinical setting.

With inclusion of the NTHL1 and MSH3 genes on com-
mercially available germline multigene cancer panels,
determination of neoplasia risk for monoallelic NTHL1 and
MSH3 carriers is of significant clinical interest. Current
NCCN guidelines do not comment on management for
monoallelic NTHL1 or MSH3 carriers but do suggest in-
creased colonoscopy surveillance for individuals with

biallelic NTHL1 andMSH3 PVs.8 Our finding of an isolated
early-onset breast cancer patient with biallelic NTHL1
variants supports the suggestion by Grolleman et al12 for at
least moderately increased breast cancer surveillance in
women with biallelic NTHL1 variants. An increased prev-
alence of NTHL1 and MSH3 PVs compared with ancestry-
specific control populations was not identified and, as such,
at this juncture, increased cancer surveillance for mono-
allelic carriers is not warranted. By contrast, the question of
whether some of the identified germline monoallelic vari-
ants contributed to some extent to carcinogenesis warrants
further investigation. Additional research of NTHL1 and
MSH3 monoallelic carriers, especially in more diverse
patient populations, is needed to sufficiently assess the
implications of these genetic alterations on cancer risk.
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APPENDIX
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FIG A1. Three-generation pedigrees of identified biallelic NTHL1 (A) and MSH3 (B) patients. GYN NOS,
gynecological not otherwise specified; NOS, not otherwise specified.
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