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Abstract

While cervical cancer is associated with a persistent human papillomavirus (HPV)

infection, the progression to cancer is influenced by genomic risk factors that have

remained largely obscure. Pathogenic variants in genes of the homology-directed

repair (HDR) or mismatch repair (MMR) are known to predispose to diverse tumour

entities including breast and ovarian cancer (HDR) or colon and endometrial cancer

(MMR). We here investigate the spectrum of HDR and MMR germline variants in cer-

vical cancer, with particular focus on the HPV status and histological subgroups. We

performed targeted next-generation sequencing for 5 MMR genes and 12 HDR

genes on 728 German patients with cervical dysplasia or invasive cancer. In total, 4%

of our patients carried a pathogenic germline variant, based on ClinVar classifications

and additional ESM1b and AlphaMissense predictions. These included 15 patients

with truncating variants in HDR genes (BARD1, BRCA1, BRCA2, BRIP1, FANCM,

RAD51D and SLX4). MMR-related gene variants were less prevalent and mainly of

the missense type. While MMR-related gene variants tended to associate with

Received: 5 April 2024 Revised: 7 August 2024 Accepted: 30 August 2024

DOI: 10.1002/ijc.35221

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2024 The Author(s). International Journal of Cancer published by John Wiley & Sons Ltd on behalf of UICC.

700 Int. J. Cancer. 2025;156:700–710.wileyonlinelibrary.com/journal/ijc

https://orcid.org/0000-0001-8139-7799
https://orcid.org/0000-0003-4885-8471
https://orcid.org/0000-0002-7012-483X
https://orcid.org/0000-0002-9458-0282
mailto:doerk.thilo@mh-hannover.de
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/ijc
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fijc.35221&domain=pdf&date_stamp=2024-10-23


adenocarcinomas, HDR gene variants were commonly observed in squamous cancers.

While one patient with HPV-negative cancer carried a pathogenic MMR gene variant

(in MSH6), the HDR germline variants were found in patients with HPV-positive can-

cers and tended to associate with HPV18. Taken together, our study supports a

potentially risk-modifying role of MMR and HDR germline variants in cervical cancer

but no association with HPV-negative status. These variants may be exploitable in

future therapeutic managements.
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targeted sequencing

What's New?

Pathogenic variants in genes associated with DNA repair may influence the progression of cervi-

cal cancer. Here, the authors analysed 12 homology-directed repair (HDR) and 5 mismatch repair

(MMR) genes in 728 patients with cervical dysplasia or invasive cancer. They performed targeted

sequencing and found that 4% of patients carried germline variants with known or predicted

pathogenicity in these genes. The variants did not contribute significantly to HPV-negative cer-

vical cancer, but HDR variants were associated with HPV18-positive cervical cancer and MMR

variants were associated with adenocarcinomas.

1 | INTRODUCTION

Cervical cancer represents the fourth most frequent cancer among

women worldwide and accounts for one of the most common cancer-

related deaths in women.1 Persistent viral infection of high-risk

human papillomavirus (HPV) types is the most important contributor

to cervical cancer development.2 HPV infection leads to uncontrolled

cell proliferation and progress in carcinogenesis due to interference

with tumour suppressor proteins and immune response.2,3 However,

some 90% of the cases resolve the infection within 2 years and only a

subset progresses towards invasive disease.4 The decisive factors in

this process are incompletely understood. Furthermore, some 3%–8%

of cases appear to develop without detectable HPV infection and

show distinct pathological and molecular features and a worse prog-

nosis.5,6 It is unknown whether these cancers may have arisen from a

genetic predisposition. Although large multiple-case families are rare

in cervical cancer, an about twofold increased familial relative risk has

been estimated from national cancer registries.7

Hereditary cancer syndromes are often caused by pathogenic var-

iants affecting DNA repair pathways, with homology-directed repair

(HDR) or mismatch repair (MMR) being the most relevant for gynae-

cological cancers. HDR recovers DNA double strand breaks (DSB) by

taking sister chromatids as template.8 Subsequent repair occurs

through homologous recombination or single-strand annealing. Com-

pared with other DSB repair mechanisms, HDR works largely error-

free in maintaining genomic stability.8 Pathogenic germline variants in

HDR genes have been linked to hereditary breast and ovarian cancer

(HBOC). On the other hand, mismatch repair is safeguarded by the

products of the genesMLH1, MSH2, MSH6 and PMS2, which synergise

to correct mismatched bases, insertions and deletions within short

repeats, also called microsatellites.9 Inactivation of this repair pathway

results in microsatellite instability (MSI) and hypermutability that can

further oncogenic processes.9 Pathogenic germline variants in MMR

genes cause Lynch Syndrome, one of the most prevalent hereditary

cancer syndromes with a particularly high risk for endometrial and

colorectal cancers.10

While the role of HDR or MMR germline variants in breast, ovar-

ian or endometrial cancers have been well elaborated, their impact on

cervical cancer is less clear. In the present study, we investigate a

large cervical cancer series for the prevalence of pathogenic variants

in 5 MMR and 12 HDR genes and their potential association with

HPV status and tumour characteristics.

2 | METHODS

2.1 | Patient cohort for sequencing

Genomic DNA samples for the present study were selected from the

case–control series of patients with cervical cancer or dysplasia of the

German Cervigen Consortium.11 We intentionally enriched the patient

cohort for invasive cancer and included all available patients with HPV-

undetected cervical cancer into the sequencing study. An overview of

the age, histology and HPV distribution is provided in Table S1.

2.2 | Sequencing analysis

Peripheral blood samples from the initially 734 patients were used for

DNA extraction with standard phenol chloroform extraction. Target-
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specific primers were designed through the Fluidigm D3 online plat-

form (www.d3.fluidigm.com) (Fluidigm, USA) for four selected MMR

genes (MLH1, MSH2, MSH6, PMS2), one MMR-related gene (MUTYH)

and 12 HDR genes (BARD1, BRCA1, BRCA2, BRIP1, ERCC4, FANCM,

PALB2, RAD51, RAD51B, RAD51C, RAD51D and SLX4). The primers

were designed to generate amplicons of 300–500 bp and provided

about 90% coverage of the target regions (Table S2). Multiplex poly-

merase chain reaction (PCR) was performed with 250 ng DNA,

primers and sample-specific barcodes using the LP 48.48 Integrated

Fluidic Circuit Access array (Fluidigm, USA) on a Fluidigm FC1 Cycler

following the manufacturer's protocol. PCR products were pooled and

purified utilising AMPure XP magnetic beads. Specific adaptors were

added for sequencing the pooled library on an Illumina MiSeq 500 sys-

tem (Illumina, USA). The MiSeq Reagent Kit (Illumina, USA) was used

for paired-end sequencing. Sequencing quality was checked by the

Q30 scores and samples with scores >85% were considered success-

ful. We eliminated six samples due to insufficient coverage and

remained with 728 sequenced samples for the downstream analyses.

The total number of reads and coverage per sample for these

728 patients are provided in Table S3.

2.3 | Variant annotation and classification

Sequencing results as fastq files were aligned to gene specific .gbk

files (human GrCh37), annotated and analysed using NextGENe 4.2.2

(SoftGenetics, USA). Alignment parameters were matching require-

ments ≥80% within greater than 30 bases; mutation percentage

≤25%; SNP allele counts ≤5 and total coverage counts ≤15.

Initial classification of variants was achieved with Mutation taster

(www.mutationtaster.org) using Variant Call Format (VCF) files for

each sample. Polymorphic variants, sequencing artefacts and pseudo-

gene variants for PMS2 were removed through filtering for minor

allele frequency (MAF) < 0.005. We then used the ClinVar database

(https://www.ncbi.nlm.nih.gov/clinvar/; accessed on 16 May 2024) to

classify known variants by pathogenicity. For novel variants, we classi-

fied truncating variants as pathogenic if they did not affect the last

exon. The same criterion was applied to a control data set derived

from the UK Biobank as accessed via the GeneBass browser (https://

app.genebass.org/) and to a second control data set derived from the

Regeneron Genetics Center (RGC) as accessed via the RGC Million

Exome (RGC-ME) Variant browser (https://rgc-research.regeneron.

com/me/). Individuals in the UK Biobank were largely of European

descent (94%) similar to our study and encompassed 4529 pheno-

types, including a history of any cancer in some 11% of individuals.12

Individuals in the RGC-ME database were more ethnically diverse but

still included 76.7% Europeans.13 Canonical splice-site variants were

classified based on MaxEntScan prediction (http://hollywood.mit.edu/

burgelab/maxent/Xmaxentscan_scoreseq.html). Missense variants of

uncertain significance or without ClinVar classification were addition-

ally analysed using the Evolutionary Scale Modeling 1b (ESM1b;

https://huggingface.co/spaces/ntranoslab/esm_variants) and Alpha-

Missense algorithms (https://github.com/deepmind/alphamissense).

For ESM1b prediction, a threshold score � 10 was set for

pathogenicity. For AlphaMissense, we used a score >0.8 as evidence

of pathogenicity. Missense variants were classified as likely patho-

genic or likely benign if both ESM1b and AlphaMissense concurred in

their prediction. Where ESM1b and AlphaMissense predictions were

discordant, the variant remained ambiguous and was not considered

as a pathogenic variant.

2.4 | Sanger sequencing for validation

Pathogenic variants were validated using Sanger sequencing in the

corresponding patient DNA sample. Exon-specific primers were used

(Table S4) to generate the respective PCR products using HotStar Taq

DNA polymerase (Qiagen, Germany). Products were sequenced using

the Big Dye Terminator Kit v1.1 (Applied Biosystems) and separated

through capillary gel electrophoresis on a Seq Studio Genetic Analyzer

(Applied Biosystems). Electropherograms were analysed using Finch

TV (Geospiza Inc.) (Figure S1).

2.5 | Statistical analysis

We used Fisher's exact test to compare carrier frequencies between

subgroups. Distribution of age at diagnosis was compared

between groups using a median test in STATA17 that is based on

Pearson's correlation with continuity correction. p values were two-

sided, and p < .05 was considered to indicate evidence of association.

3 | RESULTS

The sequencing of genomic DNA samples from 728 patients with cer-

vical dysplasia or invasive carcinoma in the coding regions of 17 candi-

date genes revealed 23 pathogenic/likely pathogenic germline

variants of the MMR genesMLH1, MSH2 andMSH6, the MMR-related

gene MUTYH or the HDR genes BARD1, BRCA1, BRCA2, BRIP1,

FANCM, RAD51D and SLX4 in a total of 29 patients (4.0%) (Table 1).

Most carriers had pathogenic variants in HDR genes (17/23, 74%),

and most of the variants were truncating. Thirteen variants had been

classified as pathogenic in ClinVar. A total of 39 variants had been

listed with uncertain significance or were novel and were thus sub-

jected to further classification through ESM1b and AlphaMissense

predictions. This led to a likely pathogenic classification for further

four variants while predictions for seven variants remained ambiguous

under strict thresholds, and 27 variants were classified as likely benign

(Table 1). The remaining splice-site variant in RAD51B, rs148518198,

displayed only a slight decrease in the MaxENT score from 10.57 to

8.38, which was also not considered pathogenic. Four pathogenic

germline variants in HDR genes (two in SLX4, one in BRCA2 and one

in FANCM) had not been reported previously (Table 1; Figure S1).

We noticed that 15 patients carried truncating variants in HDR

genes, including four in FANCM, three in BRIP1, two each in BRCA1,

BRCA2, SLX4, and one each in BARD1 and RAD51D. Truncating vari-

ants in BRCA1, BRCA2, BRIP1 and RAD51D represent high-risk
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variants for breast or ovarian cancer. Overall, the cumulative fre-

quency of germline truncating HDR gene variants in cervical cancer

patients appeared slightly higher than expected from their prevalence

among population-based controls derived from either the UK Biobank

(odds ratio [OR], 1.25; 95% confidence interval [CI], 0.70–2.07;

p = .38) or the RGC-ME dataset (OR, 1.39; 95% CI, 0.78–2.30;

p = .22) but this difference was not statistically significant and the

number of carriers in our study was too small for a gene-by-gene anal-

ysis (Table S5).12,13

We investigated whether MMR or HDR germline variants were

associated with distinct histological subtypes, earlier age at diagnosis

or family history of cancer. Pathogenic HDR variants were mostly

found in squamous cell carcinoma but not significantly more often

than for non-carriers (OR, 1.53; p = .59). MMR germline variants

occurred about fourfold more often in adenocarcinoma (p = .07 or

p = .01 without or with ambiguous variants included, respectively).

Specifically, the MSH2 and MSH6 pathogenic variant carriers and four

of the five carriers of MUTYH missense variant p.G368D had adeno-

carcinoma. Patients with pathogenic variants tended to have an earlier

age at diagnosis of invasive cervical cancer compared with non-

carriers (mean age, 42.2 years; 95% CI, 38.1–46.3 years, in MMR car-

riers and 46.0 years; 95% CI, 38.1–53.9 years, in HDR variant carriers,

compared to 47.3 years, 95% CI, 46.1–48.5 years, in non-carriers with

invasive cancer), but this difference was not statistically significant

(p = .2 and p = .9 for MMR and HDR, respectively). Family history of

cancer was documented only for six pathogenic variant carriers (four

HDR, two MMR). One BRCA2 variant carrier reported a second-

degree family history for cervical cancer and potential ovarian cancer,

and one FANCM variant carrier reported a second-degree family his-

tory of breast cancer.

We also investigated whether MMR or HDR gene variants were

enriched in patients with particular HPV types. We found two

patients with HPV-negative invasive cancer and pathogenic missense

variants in the MMR genes MSH6 and MUTYH, respectively, and

another patient with HPV-negative dysplasia and a pathogenic variant

in FANCM. However, the large majority of pathogenic variants in both

MMR and HDR genes were found in HPV-positive patients. When

invasive cancers were stratified by HPV type, 6 of 12 carriers of path-

ogenic HDR variants had an HPV18-positive status, which was about

threefold more than in non-carriers (OR, 2.97; p = .09, 2 df, Fisher's

exact test). The potential association with HPV18-positive invasive

cancers became slightly stronger when only truncating HDR gene var-

iants were considered (OR, 4.95; p = .03, 2 df, Fisher's exact test).

4 | DISCUSSION

Genital infection with HPV is seminal but not sufficient in the aetiol-

ogy of cervical cancer, and hereditary factors are thought to play an

important role. We investigated a potential impact of genomic MMR

and HDR gene variants on cervical cancer risk, also considering HPV

status and histology. MMR and HDR gene variants are known predis-

posing factors for endometrial cancers and for breast and ovarianT
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cancers, respectively, but have not extensively been investigated in

cervical cancer. However, a recent study reported about 6.4% patho-

genic or likely pathogenic germline variants in 358 Chinese cervical

cancer patients, mostly in HDR genes.14 Interestingly, that study pro-

posed a significant association of pathogenic variants in BRCA1 or

BRCA2 with cervical cancer (BRCA1: OR, 4.92; p = .01; BRCA2: OR,

4.46; p = .02) compared with an East Asian reference population in

gnomAD.14 The estimate for BRCA1 would be consistent with an early

study of the Breast Cancer Linkage Consortium that reported a signifi-

cantly increased risk for cervical cancer in BRCA1 mutation carriers

(RR, 3.72; p < .001).15 It has remained unknown whether these can-

cers associated with a specific HPV status or histology.

Our study identified 19/728 carriers (2.6%) of pathogenic HDR

gene variants, including 15 truncating variants, of which 4 were in

BRCA1 or BRCA2 (0.5%) and 4 were in BRIP1 or RAD51D, two other

genes associated with high ovarian cancer risk. Overall, the frequency

of truncating HDR gene variants in our cervical cancer series appeared

slightly higher than expected from population-based controls as repre-

sented in the large UK Biobank or Regeneron resources.12,13 While

this did not reach statistical significance, our findings confirm that a

substantial proportion of cervical cancer patients harbour pathogenic

HDR gene variants, in line with the results by Wen et al.14 Interest-

ingly, this fraction of cases did not explain HPV-negative cervical can-

cer because all HDR variants except one (a FANCM variant) were

identified in HPV-positive cases in our study. We found modest evi-

dence of an association with HPV18-positive invasive carcinoma, in

particular for truncating HDR gene variants. In regard of HDR variants

in HPV-positive carcinomas, it is interesting to note that Fanconi

anaemia patients have a high susceptibility to HPV-induced oral or

anogenital carcinomas including cervical cancer, and several HDR

genes including BRCA1, BRCA2, BRIP1 and SLX4 are also Fanconi

anaemia genes.16 Furthermore, it has been observed by Wen et al.

that HDR variant carriers among cervical cancer patients were youn-

ger than non-carriers (age at diagnosis 46 compared with 52 years;

p = .04). While the latter could not be statistically confirmed in our

study, the potential associations with HPV subtype, histology and

potentially age suggest that HDR gene variants may not be merely

innocent bystanders but could take an active role in driving tumori-

genesis towards invasive cervical carcinoma.

An association of cervical cancer and Lynch syndrome has also

not been firmly established although MMR gene variant carriers were

reported with an about sixfold higher risk and a 4 years earlier diagno-

sis of cervical cancer compared with the general population.17 The

corresponding cumulative risk to 80 years was 4.5% compared with

0.8% for the general population.17 HPV-negative endocervical carci-

nomas in Lynch syndrome have been reported in sisters with a MSH2

gene variant.18 It has been suggested that some HPV-negative cases

may represent lower uterine segment endometrial cancers involving

the endocervix or may include cancers with uncertain pathological

assignment while on the other hand it has also been suggested that

Lynch Syndrome may be associated with non-HPV related cervical

adenocarcinomas and some endocervical cancers may be misclassified

as lower uterine segment cancers.17,19–23 In our study, we identified

one carrier of a pathogenic variant in a Lynch Syndrome gene as

having HPV-negative adenocarcinoma of the cervix and a variant in

MSH6. The other two carriers of pathogenic missense variants

in Lynch Syndrome genes, MLH1 and MSH2, in our study had

HPV16-positive adenocarcinoma or squamous cervical cancer, respec-

tively. The data indicate that classical Lynch Syndrome gene variants

are uncommon in hospital-based series of cervical cancer patients.

This is consistent with Wen et al. who identified only one carrier of a

MSH2 gene variant among 358 Chinese cervical cancer patients.14

Another seven carriers in our study were identified with patho-

genic variants in MUTYH, including five with missense variant

p.G368D. The association of MMR gene variants with adenocarci-

noma was partially driven by this variant. MUTYH encodes a base

excision repair protein that interacts with the MMR system, and

MUTYH variants have been associated with an increased suscepti-

bility of colorectal cancer in a recessive manner. However, all car-

riers in our sequencing study were heterozygous only, and larger

studies will be needed to clarify whether MUTYH gene variants

contribute to cervical cancer susceptibility.

Apart from the potential role of HDR and MMR gene variants as

risk modulators for cervical cancer, their prevalence could be of thera-

peutic relevance. In particular, the presence of HDR gene variants may

offer the opportunity of targeted therapy with PARP inhibitors such as

olaparib, an option that has been successful for breast and ovarian can-

cers with HDR deficiency. It will also be interesting to assess whether

HDR gene mutated cervical cancers respond differently to platinum-

based therapy. On the other hand, MMR deficiency and MSI may offer

further treatment options with Programmed cell death protein (PD-1)/

Pro PD-1/programmed death-ligand 1 (PD-L1) inhibitors because such

tumours may have an increased mutational burden and excess produc-

tion of tumour neoantigens.24 Some studies showed longer

progression-free survival with pembrolizumab or cemiplimab in persis-

tent, recurrent or metastatic cervical cancer.25 Furthermore, an ongoing

clinical trial (NCT05838768) aims to exploit an inhibitor of Werner heli-

case, HRO761, against microsatellite-unstable cancers.26 Since this heli-

case also controls proliferation and DNA replication of HPV-infected

cells, its therapeutic use in cervical cancer remains to be clarified.

According to our study, pathogenic germline variants in MMR genes are

not common in cervical cancer, though this does not preclude their

somatic occurrence due to other mechanisms of genomic instability.

In conclusion, our study has assessed the prevalence and poten-

tial role of pathogenic HDR and MMR gene variants in a large consec-

utive series of cervical cancer patients. While MMR gene variants

were rare, our results indicate that a small but relevant proportion of

cervical cancer patients are carriers of germline HDR gene variants,

including several in known breast and ovarian cancer risk genes.

Larger studies will be needed to exclude that such variants occur just

by coincidence. These variants do not explain HPV-negative cancer,

but may contribute to the risk of invasive cancer, and they may be

exploitable in future therapeutic managements.
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