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Abstract

Background: Individuals with germline BRCA1 and BRCA2 pathogenic variants (BRCA 
carriers) are at high risk of developing high grade serous ovarian carcinoma (HGSC). HGSC 

is predominantly driven by TP53 mutations, but mutations in this gene are also commonly 

found in non-cancerous tissue as a feature of normal human aging. We hypothesized that HGSC 

predisposition in BRCA carriers may be related to increased TP53 somatic evolution, which could 

be detectable by ultra-deep sequencing of TP53 mutations in gynecological liquid biopsies.

Methods: Duplex sequencing was used to identify TP53 mutations with high sensitivity 

in peritoneal washes and cervical liquid-based cytology (LBC) collected at surgery from 60 

individuals including BRCA1 and BRCA2 carriers, and non-carriers. TP53 mutation pathogenicity 

was compared across groups and with TP53 cancer mutations.

Results: TP53 mutations were more abundant in cervical LBC than in peritoneal washes but 

increased with age in both sample types. In peritoneal washes, but not in cervical LBC, pathogenic 

TP53 mutation burden was increased in BRCA1 carriers compared to non-carriers, independently 
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of age. Five individuals shared identical pathogenic TP53 mutations in peritoneal washes and 

cervical LBC, but not in blood.

Conclusions: Ultra-deep sequencing of TP53 mutations in peritoneal washes collected at 

surgery reveals increased burden of pathogenic TP53 mutations in BRCA1 carriers. This excess 

of pathogenic TP53 mutations might be linked to the elevated risk of HGSC in these individuals. 

In some patients, concordant TP53 mutations were found in peritoneal washes and cervical LBCs, 

but the cell of origin remains unknown and deserves further investigation.
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INTRODUCTION

High grade serous carcinoma (HGSC), which encompasses carcinomas of the ovary, 

fallopian tube, and peritoneum, is the most common and deadliest subtype of ovarian 

cancer, accounting for 70-80% of all ovarian cancer deaths (1). Individuals with pathogenic 

germline mutations in BRCA1 and BRCA2 (BRCA carriers) are at disproportionately higher 

risk of developing HGSC than the general population, with a cumulative risk at age 80 of 

44% for BRCA1 carriers and 17% for BRCA2 carriers (2) compared to ~1.4% risk for 

the general population (3). BRCA1 carriers develop HGSC around 10 years earlier than 

either BRCA2 carriers or those with sporadic HGSC (4). The current clinical preventative 

recommendation is to undergo risk-reducing salpingo-oophorectomy (RRSO) at age 35-40 

for BRCA1 carriers and at age 40-45 years for BRCA2 carriers. RRSO is associated with up 

to 80% reduction in risk of ovarian cancer in BRCA carriers (5), but it leads to premature 

menopause and loss of reproductive ability. For these reasons, many individuals opt to 

postpone surgery, which further increases their cancer risk (6). Therefore, there is an urgent 

need to understand the biological basis of the increased risk of HGSC in BRCA carriers to 

enable more effective approaches for cancer prediction and prevention.

Most HGSCs are driven by TP53 mutations and are thought to originate in the distal 

fallopian tube from precursor lesions harboring TP53 mutations (called p53 signatures 

or foci) (7). These lesions may take decades to develop into serous tubal intraepithelial 

carcinomas (STICs), which subsequently may progress to HGSC in 6-7 years (8-10). It 

has been postulated that TP53 mutant cells from STICs or even early precursor lesions 

may disseminate from the fallopian tubes into the peritoneal cavity, before seeding onto 

the ovaries and peritoneum to further develop into HGSC years later (11). Supporting this 

hypothesis, a recent study demonstrated temporal concordance between TP53 mutations in 

STICs identified at risk reducing surgery of BRCA carriers and HGSC developed at least 

2 years later (12). Thus, investigation of potentially exfoliated TP53 mutant cells into the 

gynecological tract and peritoneal cavity is key to understanding disease pathogenesis and 

might enable better approaches for early cancer detection and interception.

In recent years, our group leveraged the high sensitivity of duplex sequencing, an ultra-

accurate sequencing method (13,14) to detect rare mutant cells in gynecological liquid 
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biopsies including peritoneal wash (15), uterine lavage (16,17), and cervical liquid based 

cytology (LBC), most commonly known as Pap test (18,19). These studies revealed multiple 

TP53 mutations (distinct from the tumor mutation), which increased with age and were 

largely pathogenic. These mutations occurred in individuals with and without HGSC, but 

the frequency and pathogenicity tended to be higher in those with HGSC (15,17-19), 

suggesting an association between TP53 clonal expansions and the development of HGSC. 

Collectively, these results are consistent with a growing body of literature demonstrating 

cancer mutations in non-cancerous tissue, which is now understood as a manifestation of 

somatic evolution (20-24). TP53 mutations appear to be ubiquitous in clonal expansions of 

multiple non-cancerous human tissues, including blood, skin, esophagus, and endometrium 

(20,24,25).

While TP53 mutations increase with age, it is unknown whether the burden of mutation 

is higher in individuals at high-risk for TP53-driven cancer. In this exploratory study, we 

aim to answer that question in the context of BRCA1 and BRCA2 germline mutation 

carriers without HGSC. We hypothesize that the risk of developing HGSC is related to the 

burden of pathological TP53 mutations in the gynecological tract and thus, BRCA1 carriers 

will have the highest burden, followed by BRCA2 carriers and individuals without BRCA 
germline mutations. Based on our success in prior studies using high fidelity sequencing 

to measure very low frequency TP53 mutations in gynecological biopsies (15-19), we used 

duplex sequencing to quantify TP53 mutation burden in peritoneal washes and cervical 

LBCs collected from BRCA carriers and non-carriers without HGSC. While LBCs were 

expected to be less sensitive than peritoneal washes due to the location of sampling, the 

analysis of two different sample types enabled a more comprehensive characterization of 

TP53 mutations as well as the determination of shared clones, which is critical to our 

understanding of the transit of TP53 mutant clones in the gynecological tract.

METHODS

Patients and Samples

The study consisted of 60 individuals ages 35 to 63 who underwent gynecological surgery 

with benign findings at the University of Washington, including 21 BRCA1 carriers, 22 

BRCA2 carriers, and 17 patients without germline BRCA1 or BRCA2 mutations (BRCAwt) 

(Figure 1A, Supplementary Table S1). Patients were enrolled prior to surgery under an 

IRB-approved protocol at the University of Washington for tissue collection including 

cervical LBC, peritoneal wash and blood. BRCA carriers underwent risk reducing surgery. 

BRCA non-carriers underwent surgery because of pelvic masses (7 patients) or risk reducing 

surgery due to family history of cancer (10 patients). BRCA germline mutation status 

was determined with commercial tests or the in-house BROCA sequencing panel (26). 6 

patients with benign masses did not have BRCA testing but were expected to be negative 

due to the low prevalence of BRCA germline mutations in the general population. LBC 

DNA from a subset of patients had been previously analyzed for TP53 mutations as part 

of two prior studies dedicated to exploring differences between patients with and without 

HGSC (4 patients from ref. (18) and 23 patients from ref. (19)). Serum levels of CA-125, a 

well-established ovarian cancer biomarker, were measured prior to surgery. Relevant clinical 
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information including smoking history and BMI was retrieved from the medical records. 

LBCs were collected preoperatively with an endocervical cytobrush (Thinprep, Hologic, 

MA, USA) according to manufacturer’s protocol. Peritoneal wash (saline wash of the 

peritoneum) was collected during surgery. For all patients, peritoneal wash samples were 

analyzed by expert pathologists and determined to be negative for cancer cells. LBCs and 

peritoneal washes were centrifuged at 2700 rpm for 15 minutes and cell pellets were stored 

in 1.7mL of media at −80°C at the University of Washington Gynecologic Oncology Tissue 

Bank. Genomic DNA was extracted from LBC and peritoneal wash cell pellets using Qiagen 

kits. Blood DNA was extracted from buffy coats with a salting out method (Supplementary 

Methods).

Sectioning and extensively examining the fimbriated end (SEE-FIM) was performed for all 

individuals undergoing risk reducing surgery to determine the presence of ovarian cancer 

precursor lesions. Inclusion criteria in this study cohort included no invasive carcinoma, 

no prior tubal ligation, age between 35 and 65 years, identification of a pathogenic variant 

for individuals with germline BRCA1 and BRCA2 mutations, and availability of peritoneal 

wash and cervical LBC with sufficient DNA yield for analysis (200ng for LBC, 400ng 

for peritoneal washes). Exclusion criteria included prior cancer history other than breast 

cancer, endometriosis (including endometriotic cysts), and pelvic inflammatory disease. 

Clinico-pathological information is shown in Supplementary Table S1.

Duplex Sequencing Library Preparation

Duplex sequencing libraries were prepared using commercially available kits (TwinStrand 

Biosciences, Seattle, WA) with 200ng of DNA for LBC and 400ng of DNA for peritoneal 

washes. The coding region of TP53 was captured with 120bp biotinylated probes (TP53 
human panel v1.0 from TwinStrand Biosciences, Seattle, WA) using two rounds of 

hybridization. For 8 individuals with overlapping mutations between LBC and peritoneal 

wash, blood DNA (200ng) was sequenced using the same method. Libraries were sequenced 

using 2 x 150bp paired-end kits on Illumina sequencers (Illumina, San Diego, CA) 

(Supplementary Methods).

Mutational Analysis

Sequencing reads were analyzed as previously described (27) using Duplex Seq Pipeline 

v2.1.4 from https://github.com/Kennedy-Lab-UW/Duplex-Seq-Pipeline. For each sample, 

mean duplex depth was calculated as the average duplex depth in all coding positions 

sequenced. One peritoneal wash sample with mean depth <5000x was excluded from the 

analysis. VCF files were converted to MAF files, which were post processed with R version 

4.3.0 (28). Pathogenicity was determined with two different algorithms: AlphaMissense 

and Seshat (Supplementary Methods). Mutations were compared with an in silico “no 

selection” model including all possible substitutions in TP53 (n=3420) and with the Catalog 

Of Somatic Mutations in Cancer (COSMIC) genome wide screen TP53 mutational data. 

COSMIC data was also used to define hotspot codons as codons with at least 1% of reported 

substitutions in cancer (Supplementary Table S2, Supplementary Methods).
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For each sample, Mutation Frequency (MF) was calculated independently for coding 

and non-coding regions as the number of unique TP53 mutations divided by the total 

number of duplex nucleotides sequenced in the corresponding regions. TP53 Pathogenic 

mutation burden was calculated as the number of DNA molecules carrying TP53 pathogenic 

mutations (each duplex read corresponds to a different DNA molecule) divided by the total 

number of duplex coding nucleotides sequenced. TP53 Pathogenic mutation burden was 

independently calculated using the AlphaMissense and Seshat algorithms (Supplementary 

Methods). TP53 Common-in-Cancer mutation burden was calculated considering only 

mutations frequent in cancer according to Seshat.

Statistical Analysis

Pair-wise comparisons of mutation burden across groups were performed by Mann-Whitney 

U test, and correlations were tested with Spearman’s rank test. Associations between 

categorical variables were tested with Fisher Exact Tests and Pearson Chi-Square. Linear 

regression analysis was employed to assess the association of mutation burden as outcome 

with BRCA genotype as the main predictor, while adjusting for potential confounders. 

Confounders included age, prior breast cancer, prior chemotherapy, benign neoplasia, 

surgery type, BMI, smoking, and CA-125. CA-125 was included as a covariate in separate 

models because 3 patients had missing data. All tests were two-sided at α level (type 1 error 

rate) of 0.05. Statistical analyses were performed with R version 4.3.0 (28) and SPSS (IBM 

Corp. Released 2021. Version 28.0. Armonk, NY).

Data Access

Sequencing data from this study have been submitted to the NCBI BioProject database 

(https://www.ncbi.nlm.nih.gov/bioproject) under BioProject number PRJNA1144429.

RESULTS

The study cohort comprised 60 patients ages 35 to 63 including 21 patients with pathogenic 

BRCA1 germline mutations, 22 patients with pathogenic BRCA2 germline mutations, and 

17 patients without BRCA germline mutations or unknown BRCA status but not meeting 

clinical family or personal cancer history indications for genetic testing. All patients 

underwent gynecological surgery in which LBC and peritoneal washes were collected 

(Figure 1A) and absence of ovarian cancer was confirmed. Peritoneal wash mean sequencing 

depth (7828x) was about double that of LBC (3827x) because peritoneal wash libraries 

were built with 400ng of DNA vs 200ng for LBC. This was done to increase sensitivity of 

mutation detection in peritoneal washes because prior studies indicated that TP53 mutations 

may be less abundant in peritoneal washes than LBC samples (15,18). Despite less depth, 

LBCs harbored more TP53 mutations than peritoneal washes (Figure 1B). Duplex depth 

across all groups (Figure 1B) and between samples within each group (Supplementary 

Fig. S1) were comparable. In total, we identified 795 TP53 variants: 481 coding and 314 

non-coding. All coding variants were present at very low frequency (all VAF< 0.02, 99.8% 

VAF<0.004). Coding variants for LBCs and peritoneal washes are listed in Supplementary 

Tables S3 and S4, respectively.
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TP53 coding mutations are more abundant than non-coding mutations and increase with 
age

To correct for differences in sequencing depth and enable quantitative comparisons, coding 

and non-coding TP53 MF were calculated for each LBC and peritoneal wash sample 

(Supplementary Tables S5 and S6). Coding TP53 MF was significantly higher than non-

coding TP53 MF in LBCs and peritoneal washes across all groups suggesting positive 

selection of protein impacting mutations (Figure 1C). In addition, TP53 coding MF in LBCs 

and peritoneal washes significantly increased with age (Figure 1D) but TP53 non-coding MF 

did not (Supplementary Figure 2).

Pathogenic TP53 mutations are most frequent in peritoneal wash from BRCA1 carriers, 
and LBCs from all groups

We next investigated the distribution of pathogenic mutations across all individuals and 

between groups. Mutations were classified as pathogenic, ambiguous, or benign based on 

their type and AlphaMissense algorithm (29) (Supplementary Methods). Most individuals 

carried at least one pathogenic mutation in LBC and/or peritoneal wash sample (Figure 

2A). In LBCs, the enrichment for pathogenic mutations was significantly higher than the 

no selection value (expected to be 36%) for BRCA1 carriers, BRCA2 carriers, and non-

carriers (Fisher exact test, p<0.0001) but the differences between groups were not significant 

(Figure 2B). In peritoneal washes, again all groups were enriched for pathogenic mutations 

compared to the no selection value (Fisher exact test, p<0.01), but BRCA1 carriers had 

a significantly higher percentage compared to the other two groups (Pearson Chi-square 

p=0.04, Figure 2B). Eight individuals had a total of 10 mutations shared between LBCs 

and peritoneal washes, most of which (9/10 mutations) were pathogenic (Figure 2A). 7 

shared mutations originated from five BRCA1 carriers (24% of BRCA1 carriers), 2 shared 

mutations originated from two BRCA2 carriers (9% of BRCA2 carriers), and 1 shared 

mutation originated from one non-carrier (6% of non-carriers). While shared mutations were 

more frequent in BRCA1 carriers, these differences were not significant.

BRCA1 genotype, age, and prior chemotherapy are associated with higher TP53 
pathogenic mutation burden in peritoneal washes

To further investigate the association between TP53 pathogenic mutations and BRCA1 
genotype, for each sample we calculated TP53 pathogenic mutation burden, which quantifies 

the number of DNA molecules with pathogenic TP53 mutations (based on AlphaMissense) 

corrected by the total amount of nucleotides sequenced (Methods, Supplementary Tables S5 

and S6). Multivariate linear regression models demonstrated that TP53 pathogenic mutation 

burden in peritoneal wash but not in LBC was associated with BRCA1 genotype, prior 

chemotherapy, and higher BMI, independently of age (Table 1, Figure 3A). Prior breast 

cancer, benign neoplasia, surgery type, and smoking were not predictors of TP53 pathogenic 

mutation burden in LBC or peritoneal washes in this cohort. Serum CA-125 levels were not 

associated with TP53 pathogenic mutation burden in LBC or peritoneal washes in univariate 

analyses (Supplementary Figure S3) or multivariate analyses (Supplementary Table S7). In 

addition, the four significant predictors of TP53 mutation burden (BRCA1 genotype, age, 
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prior chemotherapy, and BMI) remained significant after further adjustment by CA-125 

(Supplementary Table S7).

Although the age range across all groups was similar, BRCA carriers included younger 

individuals. Given the strong effect of age on TP53 mutations we restricted the analyses 

to individuals older than age 45 to enable proper comparisons across groups. This is a 

meaningful threshold in the pathogenesis of the disease because around age 45 is when the 

risk for ovarian cancer starts to increase rapidly in BRCA1 carriers (2) and BRCA1 carriers 

who undergo RRSO after age 45 have a marked increase likelihood of identification of 

occult neoplasia (30). For individuals older than 45 years of age, TP53 pathogenic mutation 

burden in peritoneal wash was significantly higher in BRCA1 carriers than in BRCA2 
carriers or non-carriers (Figure 3B). To validate these results, we performed an independent 

assessment of predicted pathogenicity based on the Seshat algorithm, which we had used 

for the characterization of TP53 mutations in prior studies (16,18). Pathogenic mutations 

according to Seshat were also significantly higher in BRCA1 carriers than in BRCA2 
carriers (Figure 3C). In addition, Seshat provides information about the observed frequency 

of each TP53 mutation in cancer. TP53 mutations common in cancer were also significantly 

more frequent in the peritoneal wash of BRCA1 carriers compared to BRCA2 carriers 

and non-carriers (Figure 3D). For LBC samples, none of these variables were significantly 

different across BRCA genotypes (Supplementary Fig. S4). Overall, these results indicate 

that BRCA1 carriers have increased TP53 somatic evolution in peritoneal wash compared 

to BRCA2 carriers and non-carriers as reflected by a higher burden of pathogenic TP53 
mutations. The association between BRCA1 genotype and TP53 pathogenic mutations 

is independent of prior chemotherapy treatment, which also significantly increases TP53 
pathogenic mutation burden in peritoneal washes.

TP53 mutations in LBCs and peritoneal washes resemble cancer mutations

To gain further insight into the profiles of LBC and peritoneal wash TP53 mutations, we 

plotted the location of all the identified substitutions along the coding region of the gene 

and compared this with the distribution of TP53 mutations in COSMIC. As expected, cancer 

mutations clustered in hotspot codons in the DNA binding domain coding region (exons 5 to 

8). LBC and peritoneal wash mutations also tended to cluster in the same hotspots (Figure 

4A). In both sample types, for each group, we identified a sizable proportion of indels, 

splice and/or nonsense mutations, approaching the observed distribution of TP53 mutation 

types in cancer (Supplementary Figure S5A). The mutational spectrum was dominated 

by C>T transitions, which are common age-related mutations very frequent in human 

cancers (31) (Supplementary Figure S5B). For all groups, more than 19% of the TP53 
mutations identified in LBC and peritoneal washes were located in hotspot codons, which 

is significantly higher than the 6.6% expected randomly (Fisher exact test p<0.001 for all 

groups) (Supplementary Figure S5C).

Next, we tested whether AlphaMissense scores could reveal differences in pathogenicity 

between genotypes. For all genotypes, we plotted the pathogenicity scores of all identified 

mutations in ascending order after normalizing by the number of mutations in each group, 

and we compared to TP53 mutations in cancer (COSMIC) and those predicted in the 
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no selection model (Figure 4B). As expected, we observed that the pathogenicity scores 

of TP53 cancer mutations increased rapidly, with most mutations harboring high values, 

whereas the scores in the no-selection model increased gradually, with a smaller fraction 

of mutations harboring high values. Interestingly, for LBCs, TP53 mutations in all groups 

had overlapping pathogenicity score plots located halfway between the cancer and the 

no-selection model. However, for peritoneal wash, the plot for BRCA1 carriers was shifted 

to the left, indicating that mutations were more similar in pathogenicity to those observed in 

cancer. The higher pathogenicity of TP53 mutations in peritoneal wash of BRCA1 carriers 

was observed even when separating by ages younger and older than 45 (Figure 4C). TP53 
mutations in younger patients were less pathogenic than in older patients but BRCA1 
carriers had more pathogenic mutations in both age groups. These results demonstrate 

the effect of BRCA1 genotype in addition to aging on the overall pathogenicity of TP53 
peritoneal wash mutations.

Most mutations in peritoneal washes and LBCs, including those shared between both 
sample types, are not of blood origin

As shown in Figure 2A, 8 individuals shared 10 mutations between LBC and peritoneal 

wash samples (two individuals carried two such mutations). In the 8 individuals with shared 

mutations, duplex sequencing of blood (Supplementary Table S8) revealed that 6 of those 

10 mutations were not present in blood, all of which were pathogenic (Figure 5A). Thus, 

5 individuals from this study (3 BRCA1 carriers, 1 BRCA2 carrier, and 1 non-carrier) 

had shared mutations between LBC and peritoneal wash that were not identifiable in 

hematopoietic clones (P14: p.I251F, p.R273H; P15: p.V122L; P21: p.R273L; P31: p.Y220C; 

P47: p.R181C). Remarkably, while these shared mutations were detected with only one 

mutant read in LBCs, for 3 BRCA carriers, shared mutations were found in multiple duplex 

reads in peritoneal washes, indicating larger clones (P15: p.V122L; P21: p.R273L; P31: 

p.Y220C). These identical mutations in washes and LBC could represent the same original 

mutant clone or, alternatively, could have arisen independently in multiple clones. Overall, 

individuals shared few mutations across sample types (Figure 5B, Supplementary Figure 

S6). Most mutations in LBCs, peritoneal washes, and blood were unique (80%, 69%, and 

88%, respectively) with only 4 mutations in blood being observed in LBCs and peritoneal 

washes.

DISCUSSION

By using ultra-deep TP53 sequencing, we have demonstrated an excess of pathogenic 

TP53 mutations in peritoneal wash of BRCA1 carriers. Age-related TP53 mutations were 

prevalent in cervical LBCs and peritoneal washes. However, the burden of TP53 pathogenic 

mutations was higher in BRCA1 carriers, independently of age, prior chemotherapy, or high 

BMI. While our study cannot prove causality, the association between pathogenic somatic 

TP53 mutations and BRCA1 germline mutation provides a plausible link to understand the 

susceptibility to HGSC in this population at risk.

We and others have demonstrated that mutations in cancer genes, including TP53, are 

common in individuals without cancer as part of a normal process of somatic evolution 
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with aging (16,20,24). However, little is known about how these mutations might impact 

cancer risk (32). Results from our prior studies have indicated that patients with HGSC 

carry a higher TP53 mutational burden in peritoneal wash (15), cervical LBC (18), and 

uterine lavage (17). Although the mutant cancer clone often contributed to the burden, 

those samples also contained TP53 mutations not found in concurrent HGSC, indicating 

the presence of multiple somatic pathogenic clones in these patients. We now demonstrate 

that, while TP53 pathogenic clones are common in the peritoneal wash of individuals 

without HGSC, they are more abundant and more pathogenic in BRCA1 mutation carriers. 

These results suggest that BRCA1 carriers might harbor accelerated TP53 somatic evolution 

leading to a higher frequency of TP53 mutant clones present in the peritoneal cavity, which 

might be related to their increased risk of HGSC.

While BRCA2 carriers also have an increased risk of HGSC, the risk is lower (17% in 

BRCA2 vs. 44% in BRCA1) and not evident until ages 50 or later (2), which might explain 

the lack of significance in our study. Alternatively, HGSC risk in BRCA2 carriers might 

not be related to increased TP53 somatic evolution. Of note, we detected an increase of 

TP53 pathogenic mutations in peritoneal wash due to chemotherapy, which is in agreement 

with prior findings of chemotherapy related clonal expansions in leukocytes, including 

expansions driven by TP53 (33,34). We also detected an increased in TP53 pathogenic 

mutations in peritoneal wash due to high BMI, which has been demonstrated to be a risk 

factor for ovarian cancer in BRCA carriers (35,36). Importantly, the effects of chemotherapy 

and high BMI were independent of the effect of age or BRCA1 genotype and could 

be readily detected in multivariate models even with our limited sample size. These 

results highlight the compounding effect of genetic risk, exposures, and age in enhancing 

expansions of pathogenic clones and suggest that the measurement of TP53 pathogenic 

mutations using a combination of ultra-sensitive sequencing and accurate pathogenicity 

prediction might harbor value to estimate cancer risk.

An important unanswered question from this study is the origin of mutant clones in 

both sample types. While our method cannot determine cell of origin, the comparison 

of mutations between cervical LBCs and peritoneal washes revealed that most mutations 

were unique (not shared). These mutations might represent local clones arising from 

endometrium in the case of LBCs or from the peritoneal lining in the case of peritoneal 

washes. The normal endometrium is known to carry extensive clonal expansions in cancer 

genes, including TP53 (37-39), which could explain the higher TP53 MF in LBCs than in 

peritoneal washes. From the 10 concordant mutations between cervical LBCs and peritoneal 

washes from the same individual, 4 were also concordant with blood, likely corresponding to 

very low frequency TP53 mutant hematopoietic clones (40,41). The origin of the remaining 

six concordant mutations is unknown. One possibility is convergent evolution, given the 

fact that some of these mutations are present in common hotspot codons, and clones from 

different origins might be similarly selected. Another possibility is that these mutations 

correspond to exfoliated TP53 mutant clones, which, according to the ‘precursor escape’ 

hypothesis (11), could migrate from fallopian tube epithelium into the peritoneal cavity and 

later seed onto the ovaries and peritoneum to develop into HGSC. p53 foci are common 

in fallopian tubes of BRCA carriers, even in individuals without HGSC (42-44), and it is 

estimated that they take decades to develop into HGSC (9). In addition, a recent study 
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demonstrated that STICs identified at risk reducing surgery of BRCA carriers had the same 

mutation than HGSC that developed several years after the surgery indicating very early 

dissemination of TP53 mutant cells years prior cancer development (12). Whether TP53 
mutant cells may disseminate from earlier tubal precursor lesions or clones from other 

tissues is unknown and warrants further investigation.

One limitation of our study is that the BRCA non-carrier group included patients who 

underwent prophylactic surgery because of familial risk as well as patients who underwent 

gynecological surgery for pelvic masses but were cancer free. We demonstrated, however, 

that surgery type had no effect on TP53 mutation frequency in multivariate models. Another 

limitation is that the analysis of blood samples was only performed for individuals with 

overlapping mutations in cervical LBC and peritoneal wash because the analysis of blood 

for the full cohort was outside of the scope of this exploratory study. While most mutations 

in cervical LBC and peritoneal wash were not found in blood, a more detailed analysis 

of TP53 mutations in blood would be helpful to fully define the contribution of leukocyte 

clones to these gynecological samples and the role of clonal hematopoiesis in this high-risk 

population.

In conclusion, ultra-deep sequencing has revealed increased pathogenic TP53 mutations 

in peritoneal washes of BRCA1 germline mutation carriers. These findings suggest that, 

while TP53 somatic evolution is prevalent during normal aging, it might be accelerated or 

enhanced in individuals with specific genetic predispositions to cancer, such as pathogenic 

BRCA1 germline mutations. Further studies of TP53 mutations in the fallopian tubes of 

BRCA carriers are warranted to explore the origin of TP53 pathogenic mutations observed 

in peritoneal washes and to determine the role of these mutations in HGSC predisposition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• TP53 mutations are prevalent in cervical LBCs and peritoneal washes and 

their frequency increases with age

• Pathogenic TP53 mutation burden in peritoneal wash is associated with 

BRCA1 germline mutation, chemotherapy, BMI, and age

• Most mutations in cervical LBCs and peritoneal washes were not identified in 

blood DNA

• Identical mutations were identified in cervical LBCs and peritoneal washes of 

some patients, but cell of origin is unknown
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Figure 1. TP53 mutations are identified in cervical LBC and peritoneal washes from patients 
with and without BRCA germline mutations and are associated with age.
A. Experimental design. This study included 60 patients for whom cervical LBC and 

peritoneal washes were collected at gynecological surgery (illustrations reproduced and 

edited with permission © 2022 Terese Winslow LLC). B. TP53 ultra-deep sequencing 

revealed multiple TP53 coding and non-coding mutations across all groups and in both 

sample types. C. Coding and non-coding mutation frequency plots for cervical LBCs and 

peritoneal washes. For each sample, coding and non-coding mutation frequencies were 

calculated as the number of unique mutations divided by the total number of duplex 

nucleotides sequenced in coding and non-coding regions, respectively. Overlying box plots 

display the quartiles with whiskers extending up to 1.5x the interquartile range. p-values 

correspond to Mann-Whitney U tests. D. Overall and group specific age associations for 

TP53 coding mutation frequency. p-values were calculated with Spearman’s rank correlation 

test.
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Figure 2. Distribution of pathogenic TP53 mutations in cervical LBC and peritoneal wash 
samples of individuals with and without germline BRCA mutations.
A. TP53 mutations by patient, represented by columns. Patients are grouped by germline 

mutation and sorted by ascending age. Relevant clinical variables are shown. The number of 

unique coding TP53 mutations for cervical LBC and peritoneal wash samples are indicated 

on the Y-axis and the number of pathogenic mutations based on AlphaMissense is indicated 

on the X-axis. Mutations are represented by squares and color coded according to their 

pathogenicity group based on AlphaMissense. The percentage of pathogenic mutations for 

each group is indicated. Letter S indicates mutations shared between cervical LBC and 

peritoneal wash samples from a given patient. Letter X denotes a patient without peritoneal 

wash data due to insufficient sequencing depth. B. Comparison of the percentage of TP53 
pathogenic mutations across groups and with the no selection model. The no selection value 

corresponds to pathogenic mutations identified for all possible nucleotide substitutions in 

TP53. Numbers in brackets indicate the number of mutations in each group. Comparisons 
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across groups were performed with Pearson Chi-Square (blue line) and group comparisons 

with no selection were performed with Fisher Exact Tests (black lines). * p<0.05; ** p < 

0.01; *** p < 0.001; ns: not significant.
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Figure 3. BRCA1 carriers harbor higher burden of TP53 pathogenic mutations in peritoneal 
washes
A. Linear models of predictors of TP53 pathogenic mutation burden in cervical LBC and 

peritoneal wash. All the variables included in the model are listed on the Y-axis. Age is 

quantified in decades. BMI is measured as kg/m2. Effect sizes are indicated with solid 

circles. Bars represent 95% CIs. * p<0.05; ** p < 0.01; *** p < 0.001. B-D. Associations 

between BRCA genotype for patients older than age 45 and TP53 pathogenic mutation 

burden measured in peritoneal washes. Measurements include pathogenicity based on the 

AlphaMissense (AM) algorithm (Cheng et al. 2023, B), pathogenicity based on the Seshat 

algorithm (Tikkanen et al. 2018, C), and TP53 mutations common in cancer based on the 

Seshat algorithm (Tikkanen et al. 2018, D). Overlying box plots display the quartiles with 

whiskers extending up to 1.5x the interquartile range. p-values correspond to Mann-Whitney 

U tests for pair-wise comparisons.
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Figure 4. Comparison of TP53 mutations in cervical LBC and peritoneal washes with mutations 
found in cancer.
A. TP53 mutation distribution maps for cervical LBC and peritoneal washes compared 

to TP53 mutations identified in human cancer (COSMIC). Upper panels show the codon 

location of TP53 substitutions identified in cervical LBC (left) and peritoneal washes (right), 

with the mutation count on the Y-axis. Bottom panels show the codon location of TP53 
substitutions reported in COSMIC (n=9296). Indels are excluded from plots as they may 

span multiple codons. TP53 gene domains are color-coded. B. Cumulative pathogenicity 

score plots for TP53 mutations identified in cervical LBC and peritoneal wash of BRCA1 
carriers, BRCA2 carriers, and BRCAwt individuals. Each dot represents a mutation, 

which are sorted in ascending order of pathogenicity score based on the AlphaMissense 

algorithm (AM) and normalized for each group to proportionally distribute all mutations 

between 0 and 1. Pathogenicity score plots for all TP53 mutations identified in COSMIC 

(n=11256) and all possible substitutions in TP53 (no selection model, n=3420) are shown 

for comparison. C. Cumulative pathogenicity score plots for TP53 mutations identified in 

peritoneal washes of BRCA1 carriers, BRCA2 carriers, and BRCAwt individuals younger 

and older than 45 years of age. Plots built as in B.
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Figure 5. Shared TP53 mutations in cervical LBC, peritoneal wash, and blood.
A. TP53 mutations found in cervical LBC and peritoneal wash from the same individuals 

are listed, color-coded by BRCA genotype group. For each mutation, the number of mutant 

duplex reads is presented on the x-axis and labeled within a bar. For 8 individuals with 

shared mutations in cervical LBC and peritoneal wash, blood DNA was also sequenced and 

mutations corresponding to those found in cervical LBC and peritoneal washes are shown. 

Empty rows indicate that the specific mutation was not found in the blood of that individual. 

Patient IDs are listed on the left. Pathogenic mutations based on AlphaMissense are bolded. 

B. The Venn diagram indicates the number of TP53 mutations shared in cervical LBC, 

peritoneal wash, and blood for all patients listed in A. Mutations are graphically represented 

by dots color coded according to their presence in only one sample (grey) or in multiple 

samples (other colors). Larger dots represent clones in which the mutation was seen in 

more than one duplex read. For each sample type,” n” indicates the total number of TP53 
mutations identified in the 8 patients.
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Table 1.

Linear regression of TP53 Pathogenic Mutation Burden in cervical LBC and peritoneal washes by BRCA 

genotype and clinical covariates

Variables

TP53 Pathogenic
Mutation Burden
(cervical LBC)

TP53 Pathogenic
Mutation Burden
(Peritoneal Washes)

N β (95% CI) p-
value N β (95% CI) p-

value

BRCA genotype

BRCA1 21 −4.13E-7 (−2.70E-6, 1.84E-6) 0.705 21 4.50E-7 (1.97E-7, 7.03E-7) 0.001

BRCA2 22 −2.96E-7 (−2.47E-6, 1.93E-6) 0.807 21 1.54E-7 (−9.27E-8, 4.00E-7) 0.216

BRCAwt 17 0 (ref) 17 0 (ref)

Other covariates

Age (per 10yr increase) 60 1.20E-6 (2.08E-7, 2.20E-6) 0.019 59 1.81E-7 (7.04E-8, 2.92E-7) 0.002

Prior breast cancer (yes) 12 −3.09E-8 (−4.17E-6, 3.55E-6) 0.873 12 −2.75E-7 (−7.05E-7, 1.55E-7) 0.204

Prior chemotherapy (yes) 10 6.55E-8 (−4.01E-6, 4.14E-6) 0.974 10 6.12E-7 (1.58E-7, 1.07E-6) 0.009

Benign neoplasia (yes) 9 −3.92E-7 (−2.69E-6, 1.91E-6) 0.733 8 −2.22E-7 (−5.05E-7, 6.06E-8) 0.121

Surgery type

risk reducing 53 0 (ref) 52 0 (ref)

benign pelvic masses 7 −6.15E-7 (−3.83E-6, 2.60E-6) 0.703 7 3.10E-7 (−5.66E-8, 6.76E-7) 0.096

Ever smoked 14 4.74E-7 (−1.23E-6, 2.18E-6) 0.579 14 1.38E-7 (−5.24E-8, 3.29E-7) 0.151

BMI (per unit increase) 60 −4.55E-8 (−1.47E-7, 5.64E-8) 0.374 59 1.79E-8 (6.52E-9, 2.93E-8) 0.003

Abbreviations: LBC: liquid-based cytology. BMI: body mass index. CI: confidence interval.
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