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The human Fallopian tube (FT) is an important organ in the female repro-
ductive system and has been implicated as a site of origin for pelvic serous
cancers, including high-grade serous tubo-ovarian carcinoma (HGSC). We have
generated comprehensive whole-genome bisulfite sequencing, RNA-seq, and
proteomic data of over 100 human FTs, with detailed clinical covariate
annotations. Our results challenge existing paradigms that extensive epige-
netic, transcriptomic and proteomic alterations exist in the FTs from women
carrying heterozygous germline BRCA1/2 pathogenic variants. We find minimal
differences between BRCA1/2 carriers and non-carriers prior to loss of het-
erozygosity. Covariates such as age and surgical indication can confound
BRCA1/2-related differences reported in the literature, mainly through their
impact on cell composition. We systematically document and highlight the

degree of variations across normal human FT, defining five groups capturing
major cellular and molecular changes across various reproductive stages,

pregnancy, and aging. We are able to associate gene, protein, and epigenetic
changes with these and other clinical covariates, but not heterozygous BRCA1/
2 mutation status. This sheds new light into prevention and early detection of

tumorigenesis in populations at high-risk for ovarian cancer.

The human Fallopian tube (FT), also known as the uterine tube or
oviduct, plays a crucial role in female reproductive biology. It is a
highly specialized organ for transporting the ovum and is the site for
fertilization and early development. It is now clear that the FT is a site
of origin for pelvic serous cancer, a spectrum of diseases that includes
high-grade serous cancer of the ovary, FT, and peritoneum' . A widely
accepted tumorigenesis model includes stepwise progression starting

with clonal expansion of histologically normal, lowly proliferative p53-
mutated, secretory epithelial cells. This is followed by progressive
accumulation of additional molecular alterations, increased cellular
proliferation, and cytologic atypia ultimately leading to a serous tubal
intraepithelial cancer (STIC), localized almost exclusively in the fimbria
of the distal FT. Invasive serous cancer arises directly from STIC cells
within the FT or in the ovary/peritoneal cavity as a consequence of
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exfoliation of STIC cells from the lumen of the FT’". Phylogenetic
analyses suggest the entire process spans decades with p53 signatures
arising 20 or more years before serous cancer diagnosis and STIC
lesions and early invasive cancer developing roughly 6.5 years and 2
years before diagnosis respectively®.

BRCAI and BRCA2 mutation carriers (hereafter BRCAm) are at
significantly elevated risk for serous ovarian cancer with a lifetime risk
of ~15-40%, depending on the specific mutation, relative to those
without pathogenic mutations (hereafter non-BRCAm). An estimated
30% of serous cancers have BRCA1/2 functional loss'>". Risk increases
with age and is reduced by breastfeeding, oral contraceptive pill use,
and prior tubal ligation™. It is well established that surgical removal of
FTs and ovaries substantially reduces risk and recent data suggest that
removal of the FT alone without oophorectomy also reduces risk but
the magnitude is uncertain®™".

The molecular mechanisms whereby germline BRCA1/2 mutations
contribute to serous cancer risk are unclear. While p53 signatures occur
at roughly equal frequency in FTs from BRCA1/2 mutation carriers and
controls, incidental STIC lesions are -40-fold more common in BRCA1/2
mutation carriers™®"”. The transition from p53 signature to STIC appears
to require inactivation of the functional BRCA allele’. However, some
literature suggests that BRCA mutations contribute to molecular
alterations prior to loss of heterozygosity (LOH), as non-tumorigenic,
haplodeficient breast and ovarian epithelial cell lines exhibit evidence of
genomic instability and an altered response to replication stress” .

Prior molecular profiling studies of FTs from BRCAm carriers also
appear to support a haploinsufficient mechanism for BRCA-associated
serous cancer risk. Transcriptomic studies in normal FTs have identi-
fied large numbers of differentially expressed genes between BRCAm
and control groups*?® as well as an altered transcriptional response to
post-ovulatory microenvironmental stress”. Similarly, DNA methyla-
tion analysis of normal FTs from BRCAm carriers and controls posited
that germline BRCA1/2 mutations contribute to elevated ovarian can-
cer risk via epigenetic reprogramming at the HOXC4 locus?®. Further-
more, a BRCAm-associated DNA methylation signature from normal
blood was predictive of breast cancer incidence and survival®, and a
BRCA1/2-specific proteomic signature from proximal liquid biopsy was
shown to be sensitive at detecting high-grade ovarian cancer®. In
addition, BRCA1/2 germline mutations have been reported to be
associated with accelerated aging in a host of normal tissues™.

While this body of literature suggests that even heterozygous
BRCA1/2 mutations are associated with molecular alterations that
impact cancer risk, these studies are all limited in sample size. Most
BRCA-related studies age-match with fewer also matching on meno-
pause status®***"***2, However, most studies are limited in sample size
and do not consider other confounding variables such as cell com-
position, hormonal status, and reason for surgery, which is inherently
confounded for risk-reduction in the BRCA1/2 populations.

Here we report results from an integrated transcriptomic, epige-
nomic, and proteomic analysis of histologically normal FT fimbria from
BRCAI/2 carriers and controls, testing the hypothesis that there are
indeed molecular alterations in FTs of carriers that contribute to field
cancerization and serous cancer risk. Our analysis focuses on the
fimbrial region of the FT, where serous cancers are thought to arise. We
address the limitations of prior molecular profiling studies by con-
trolling for covariates known to influence the molecular and cellular
landscape of the FT. Namely, our results demonstrate that the mole-
cular profiles of FT fimbria from BRCA1/2 mutation carriers and con-
trols are not demonstrably different when cell composition and reason
for surgery are accounted for. The data generated from over 100 FTs
provides the research community with the first integrated, multi-omic
FT data resource annotated with key epidemiologic and reproductive
covariates. Our study design allows us to define cellular and molecular
differences in the FT associated with non-BRCAm serous cancer risk
factors including hormone status and age.

Results

Characteristics of the sample cohort

We obtained full-thickness FTs from formalin-fixed paraffin-embedded
blocks collected less than 3 years prior. Only histologically normal
tubes defined using standard clinical workflows and following review
by a gynecologic pathologist were selected (i.e., no STIC lesions). The
SEE-FIM protocol,* including p53 and Ki67 IHC where indicated, was
followed for all BRCA1/2-mutated patients. Our initial focus was com-
paring heterozygous BRCA1/2 pathogenic mutation carriers (BRCAm)
to a control cohort without mutation (non-BRCAm). As such, the distal
ends of 125 FTs were collected (70 non-BRCAm, 28 BRCAI, and 27
BRCA2; Fig. 1a; Table 1; Supplementary Data 1). The BRCAm group
includes cancer-free patients with a known pathogenic mutation in
BRCAI or BRCA2 based on germline sequencing performed for clinical
indications at a CLIA-approved laboratory (Supplementary Data1). The
non-BRCAm group includes patient with neither BRCAI nor BRCA2
mutations on clinical testing (n=3) and patients who did not meet
clinical criteria for genetic testing (n=67). Following processing and
QC filtering, we had high-quality data for 105 FTs (Table 1; Fig. 1b). QC
metrics did not differ by BRCA group (Supplementary Fig. 1a-e).

FTs were collected from a diverse patient population and anno-
tated with clinical information such as age at time of salpingectomy,
menopause status, and surgical indication (Table 1; Supplementary
Data 1). Other clinical data available included number of pregnancies,
days to last menstrual period, endometrium state from pathology,
and information on contraception use. There were no significant
differences in age nor menopause status between germline BRCA
groups (Table 1; Fig. 1b, c). Efforts were made to recruit a diverse
cohort with regard to self-reported race (Fig. 1d; Table 1). Many
non-BRCAm FTs came from elective salpingectomy at the time of
cesarean section; these FTs were designated as the postpartum group
(Table 1).

In BRCAm patients we confirmed clinical germline variant anno-
tations by directly observing the alternate allele or deletion in our
whole-genome bisulfite sequencing data. The clinical BRCA mutations
were all known pathogenic variants, being classified as frameshift,
nonsense, missense, splice or large deletions (Fig. 1e, f; Supplementary
Data 1). This orthogonal validation confirmed the clinical heterozygous
variants, and demonstrated that there was no sample swap for the
molecular profiling workflows, which is a recognized problem for large
genomic studies®. Variant calling from WGBS data did not identify any
known pathogenic BRCA1/2 mutations in the non-BRCAm FTs.

Tissue-type composition dominates the molecular profiles of
the Fallopian tube

We expected cell type composition to be a main driver for variation in
the molecular profiles of bulk FTs. Therefore, we first estimated stro-
mal fraction using DNA methylation level at the MIR200CHG
(HGNC:53161) promoter (Supplementary Fig. 2a). This promoter
region (chr12:6962650-6964102) is fully methylated in mesenchymal
and unmethylated in epithelial cells. Therefore, methylation fraction at
this promoter is directly proportional to stroma:epithelial cell type
composition within bulk samples®**. In addition, two experienced
pathologists independently estimated the non-epithelial cell fraction
from hematoxylin and eosin (H&E) stained sections in 13 randomly
selected FTs. This further validated MIR2O0OCHG methylation level as
an accurate epithelial:stromal indicator (rho = 0.81; P=7.1e-4; Supple-
mentary Fig. 2b). RNA-expression levels for key epithelial/mesenchy-
mal markers correlated well with the DNA methylation-based estimate
(Supplementary Fig. 2c).

Based on the DNA-methylation method, stromal fraction in our
samples ranged from 24% to 89% with a median of 54%. The mean
epithelial fraction did not significantly differ by BRCA status, despite
being slightly higher in BRCAm FTs (F test P=0.13; Supplementary
Fig. 2d; Table 1). The stromal fraction increases with age, indicating a
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Fig. 1| Overview of the study design and sample cohort. a Left: a total of 125
benign Fallopian tubes were collected: control FTs with no known pathogenic
mutations (non-BRCAm; N = 70), pathogenic germline BRCAI mutation carriers
(BRCAm; N=28), and pathogenic germline BRCA2 carriers (N =27). Middle: Some
sections from fimbria were imaged following H&E staining. Right: DNA, RNA, and
protein extraction from FFPE to generate whole-genome bisulfite (WGBS), mRNA,
and protein quantification matrices. b Distribution of 105 FTs which have data for
one or more of the -omics assays. Sample number is shown by BRCA1/2 germline
status colored by menopause status. From these 105 FTs, 92 have high quality data
for all three assays. ¢ Age distribution at the time of surgery was not different by
BRCA status (F test P value = 0.54 from ANOVA model; BRCAIm n =28; BRCA2m

n=27;non-BRCAm n =70). d Distribution of postpartum samples and self-reported
race by BRCA status; Black FTs were overrepresented in non-BRCAm and post-
partum FTs were present exclusively in the non-BRCAm group. e, f Pathogenic
germline mutations in our cohort were validated in the WGBS data. Mutations in
BRCAL1 included 11 frameshift, five missense, one splice site, six nonsense, and one
large deletion. Mutations in BRCA2 included 13 frameshift, one missense, one splice
site, and four nonsense mutations. The specific types of mutations were not known
for one BRCAI and one BRCA2 patient, and one BRCAI sample had a large deletion
spanning multiple exons; mutations for these 3 samples are not shown. Portions of
this figure were created in BioRender. Beddows, I. (2025) https://BioRender.com/
r66m378.
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Table 1| Summary of key covariates

BRCAmM

Non-BRCAm BRCAIm BRCA2m Sum
FTs Collected 70 28 27 125
Use DNA 59 25 19 103
Methylation
Use RNAseq 53 22 19 94
Use Proteomics 55 23 18 96
Use All Assays 52 22 18 92
Cell Composition (from DNA methylation)
Stroma Frac- 0.58+0.16 0.48+0.13 0.46+0.16
tion (p=0.16)
Age at Salpingectomy
Age (p=0.42) 44413 409 42+9
Menopause Status
Premenopause 26 19 14 59
Postmenopause 15 3 4 22
Postpartum
Postpartum " (0] 0 "
Self-reported Race
Asian 2 (0] 6] 2
Black 25 2 1 28
White 25 20 16 61
Other 0 0 1 1
Reason For Salpingectomy
Adnexal Mass 1 (] 6] 1
Cervical Dysplasia 2 0 0 2
Cesarean Section n 0] (0] n
Endometriosis 1 0 0 1
Gender Affirmation 2 0 0 2
Menorrhagia 3 o] 0 3
Ovarian Cyst 5 (] 0 5
Ovarian Cyst (Sex 1 0 0 1
chord stro-
mal tumor)
Ovarian Serous 2 0 0 2
Cystadenoma
Pelvic mass 1 0 0 1
Risk Reduction 0 22 18 40
Tubal Sterilization 2 0 0 2
Benign Uterine 21 (] 6] 21

Table covariate counts and summary statistics are from the 92 samples with all data for RNA
expression, DNA methylation, and protein expression. P values are from ANOVA F test. Values
represent mean * standard deviation.

loss of FT epithelium relative to the stromal compartment with aging
(rho=0.42; P=0.0007; Supplementary Fig. 2e).

Stromal fraction, age, postpartum, and BRCA status could all be
independently associated with principal components (PCs) from one
or more -omics assays (Supplementary Fig. 3a-1). We tested these
variables together in general linear models to see what explains PC1
and 2 (Supplementary Data 2). Overall, stromal fraction (as measured
from DNA) was the strongest explanatory variable for both DNA
methylation PCs, as well as PC2 for both the transcriptome and the
proteome (Supplementary Fig. 3a-c; Supplementary Data 2). The
transcriptome and proteome PCls were most strongly associated with
being postpartum or not postpartum. RNA PC1 was also associated to
BRCA status, but we later show this is due to postpartum status and
other surgical indications which are confounded with BRCA status.
BRCA status is also associated with DNA methylation PC1, but not when
adjusted for both stroma and age (Supplementary Data 2). Overall, cell

composition is the strongest explainer of variation with postpartum,
age, and surgical indication also being important.

Differential methylation analysis between BRCAm and non-
BRCAm groups

Overall, the measured DNA methylation patterns at heterochromatin,
transcriptional start sites, and CTCF binding sites are consistent with
expectations, including clear nucleosome positioning around CTCF
binding sites, indicating high data quality (Fig. 2a). However, there are
no differences in global DNA methylation at these sites based on BRCA
status. Similarly, multiscale representation®* previously used to
examine DNA methylation at 10kb-10Mb scales in normal tissue
samples®, showed no visible changes (Fig. 2b).

To complement these large-scale analyses, we also performed
differential methylated region (DMR) calling at base resolution, in
search of any loci-specific differences. We tested various contrasts
(Table 2) adjusting for key covariates. As postpartum status (only
present in the non-BRCAm group) appeared to have a major impact
on the molecular profiles (Supplementary Data 2; Supplementary
Fig. 3d-f), we excluded postpartum FTs when comparing BRCA
groups to avoid confounding (Table 2). In a model adjusting exclu-
sively for cell composition, no regions had an adjusted P<0.05.
We further examined known loci with DNA hypermethylation in
either STIC lesions or high-grade serous ovarian cancer’®**. No
DNA hypermethylation at these loci was observed in any BRCAm
FTs (Fig. 2c).

A prior study® reported epigenomic reprogramming in BRCAm
FTs driven by HOXC4-mediated A/ID over-expression in fimbriae. We
do not observe any difference in AID expression in fimbriae between
BRCAm and non-BRCAm FTs; AID expression is very low in all groups
(Supplementary Fig. 4a). HOXC4 methylation in fimbriae is not differ-
ent between BRCAm and non-BRCAm, but HOXC4 expression
decreases with increasing percent stroma, suggesting epithelial
expression (Supplementary Fig. 4b, c). HOXC4 expression was not
different by BRCA status when adjusting for cellular composition.
Other genes previously associated with BRCAI variants in histologically
normal FTs**? also show strong correlations to cell composition
(Supplementary Fig. 4d), and do not distinguish BRCAm samples in our
data (Supplementary Fig. 4€).

Differences in RNA and protein expression between BRCAm and
Non-BRCAm Fallopian tubes
We tested the same models used for differential methylation to find
BRCAm—non-BRCAm differences using both RNA and protein
expression (Table 2). We found 159 differentially expressed genes
(DEGs) and O differentially expressed proteins (DEPs) when adjusting
for stroma fraction as well as excluding postpartum FTs (Supplemen-
tary Data 3). Of note, accounting for stroma and postpartum samples
removed 95.5% of DEGs and all 90 DEPs found in the univariate BRCA
model (Fig. 3a-c; Supplementary Fig. 5a; Supplementary Data 3).
Genes lower in BRCAm were overwhelmingly immune-related
immunoglobulin (IG) genes (Fig. 3c, d). However, the difference
appeared to be driven by a subset of non-BRCAm samples. Unlike FTs
from the BRCAm cases, which exclusively came from patients electing
risk-reducing surgery, many of the non-BRCAm cases presented with
clinically significant pathology including uterine fibroids, endome-
triosis, adenomyosis, and benign ovarian masses that can be asso-
ciated with a local inflammatory response, or simply increase of
vasculature (Fig. 3c; Table 1). Thus, the observed difference in immune
activity is more likely associated with these benign conditions in only a
subset of non-BRCAm cases, rather than immune downregulation in
the BRCAm cases per se (Fig. 3¢). Only two non-BRCAm FTs came from
non-postpartum elective sterilization, which are expected to better
represent normal states. Indeed, these two FTs did not show increased
immune expression, and were similar to the risk-reduction BRCAm
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Fig. 2 | DNA methylation profiles of the cohort. a Region-centered binned
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methylation at transcriptional start sites (TSS; middle row), and nucleosome
positioning around CTCF binding sites (bottom row). No difference in methylation
by BRCA status at these features was detected. b Multiscale DNA methylation
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samples. Interestingly, many postpartum FTs also had increased
immune gene expression, possibly due to increased microvasculature,
consistent with increased endothelial signature in this group (Fig. 4a).
A handful of DEGs upregulated in BRCAm were primarily
mitochondria-encoded genes (Fig. 3e), but their fold change in BRCAm
was low (fold change less than 1.5; Fig. 3c).

Protein products were only detected for 25 of the 159 DEGs,
consistent with the very low expression level for many of these genes
(Supplementary Fig. 5a). When these 25 proteins were examined, they
reproduced the immune upregulation in a subset of non-BRCAm FTs

(Fig. 3f). Despite significant associations between gene expression and
protein product (Supplementary Fig. 5b), differential gene expression
patterns beyond immunoglobins were not reproduced in the protein
data (Fig. 3f).

There was no difference in BRCAI (Fig. 3g) nor BRCA2 (Fig. 3h)
mRNA abundance between the non-BRCAm and BRCAm cases. Cov-
erage was not high enough in the transcriptomics data to confidently
quantify allelic expression. Neither BRCA1 nor BRCA2 were detected in
the proteomics data. RNA expression of both BRCAI and BRCA2 was
highest in high-epithelial FTs (Supplementary Fig. 6a, b).

Nature Communications | (2025)16:2981


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58145-2

Table 2 | Summary of differential testing for DNA methylation, RNA, and protein expression

Contrasted Groups Model DMRs (Stouffer's Differentially Expres- Differentially Expressed
Pval <0.05) sed Genes Proteins

BRCA DIFFERENCES

BRCAm vs. Non-BRCAm ~BRCAm 10 3524 92

BRCAm vs. Non-BRCAm ~BRCAm + % Stroma 5 1569 0

BRCAm vs. Non-BRCAm excl. ~BRCAmM + % Stroma 159 0

postpartum

MENOPAUSE DIFFERENCES

Pre- vs. Post-menopause ~Menopause Status 36547 5826 966

Pre- vs. Post-menopause ~Menopause Status + % 164 696 4
Stroma

Pre- vs. Post-menopause excl. ~Menopause Status + % 60 1769 0

postpartum Stroma

DMR = differentially methylated regions.

Non-BRCAm related factors impact the cellular composition of
primary human Fallopian tubes

Several recent studies have used single-cell technologies to obtain a
detailed molecular profile of the cell types present in normal FTs**™*,
including extensive markers for stromal, epithelial, and immune cell
types (Fig. 4a). We used the expression level of consensus marker
genes (Supplementary Data 4) to define the cellular composition
landscape in our bulk samples, and evaluate how they change with
important covariates, especially age, menopause status, pregnancy,
and menstrual phase.

As shown with DNA methylation data, the epithelial cell fraction
dropped around and after menopause. Postmenopausal FTs consisted
of mostly stroma and atrophic epithelium. Postpartum FTs and post-
menopausal FTs were both strongly depleted for ciliated epithelial
markers. Interestingly, while postpartum FTs, like the older post-
menopausal FTs, were depleted of canonical epithelial markers such as
EPCAM, they uniquely showed expression of KRT8/18/19 and TMEM190,
along with a subset of the secretory cell markers (e.g., KRT7, PAXS, and
MSLN), but not others (CSMDI1 and OVGPI). Postpartum FTs were also
strongly depleted of ESR1 and PGR expression, presumably due to high
circulating hormone levels (Fig. 4a). In contrast, postmenopausal FTs
still expressed these hormonal receptors. Postpartum FTs also showed
an increase in endothelial cell marker expression.

Based on these markers, pre-menopausal FTs clustered into two
main groups: stromal-rich and epithelium-rich, with the epithelium-
rich FTs further split into two groups, strongly associated the men-
strual cycle state of patient-matched endometrium: proliferative/fol-
licular, secretory/luteal, or inactive, for those patients where
endometrium tissue was available (Fig. 4a). A subset of the putative
luteal phase FTs that were also high in stroma grouped with the inac-
tive samples. These samples exhibited high pericyte, muscle, and
fibroblast marker expression, and also appeared to have more immune
cells. Interestingly, the secretory epithelial markers themselves clus-
tered into two groups: those expressed in the luteal phase, and those
expressed in the follicular phase (Fig. 4a). An expanded secretory
epithelial marker panel obtained from a high-resolution single cell
method**, which included well-known canonical markers such as PAXS,
MUCI and OVGPI, also clustered into these two groups (Fig. 4b). This
split by menstrual cycle phase in the normal FT is consistent with
expression of secretory cell markers in normal endometrium* from
both phases (Fig. 4b, left). Of these previously reported markers,
secretory cells of the follicular (proliferative) phase had higher levels of
OVGPI1, PLCBI1, FMOD, PODXL, ANO1, and PKHDIL1, while those of the
luteal (secretory) phase had higher levels of MUCI, (3, and
PAX8 (Fig. 4b).

We contrasted gene expression in premenopausal luteal phase
FTs vs. premenopausal follicular phase FTs and found that expression
differences mirror those previously shown in cycling endometrium*®
(rho=0.26; Pval <2.2e-16; Supplementary Fig. 7a-c; Supplementary
Data 5). As seen in the endometrium, the secretory/luteal phase was
associated with TGF-beta signaling, ECM-receptor interaction, as well
as the Notch pathway, while the proliferative/follicular phase showed
upregulation of genes involved in oxidative phosphorylation and cell
cycle (Supplementary Fig. 7d).

Based on these results, we categorized the premenopause FTs
into four clusters: (1) follicular, (2) luteal, (3) inactive/stroma-rich, and
(4) postpartum. Postmenopause samples constitute a fifth major
cluster. H&E staining confirmed the presence of the stroma-rich subset
identified by RNA-seq and protein data in the inactive samples (Fig. 5a).
Postpartum samples also exhibit substantially higher stromal content
compared to other pre-menopause FTs (Fig. 5a). Both postpartum and
inactive clusters appear to have more blood vessels compared to
postmenopause samples (Fig. 5a), consistent with the molecular
data (Fig. 4a).

We identified markers for the five major FT clusters independently
in RNA (7495 unique genes at 5% FDR; Supplementary Fig. 8a; Sup-
plementary Data 6) and protein (936 unique proteins at 5% FDR;
Supplementary Fig. 8b; Supplementary Data 7). Many genes had
FDR < 0.05 for >1 group, so markers were further grouped by their
intersects (Supplementary Fig. 9a). Postpartum samples had the most
unique markers across data types, followed by the luteal and follicular
clusters (Supplementary Fig. 9a). A total of 383 unique genes demar-
cated the same cluster (FDR <0.05) in both RNA and protein (Sup-
plementary Fig. 9a, right). From these consistent markers, the top 10
by P value are shown for RNA (Fig. 5b) and protein (Fig. 5c). For mar-
kers that were only significant in one data modality and not the other
(at 5% FDR level), similar trends in the other data type were visible
(Supplementary Fig. 9b).

Overall, postpartum FTs tended to be associated with higher
expression of cell adhesion molecules, including laminin genes. In
addition, laminin subunits showed an interesting switch between the
groups. Postparum FTs were uniquely marked by LAMBI, while LAMA4
and LAMB2 were expressed postmenopause. The inactive cluster has
high stroma, so many of its markers are shared with postmenopause
(Fig. 5b); however, many proteins (e.g., ALDH1A1 and COL6A1) were up
only postmenopause. Premenopause follicular and luteal also shared a
substantial fraction of their RNA and protein markers, although each
showed their own robust unique gene expression program. Among
others, follicular FTs were marked by OVGP1 and CPM. PreM-L was
marked by ALDH5A1 and SRGAP3 (Fig. 5¢). Interestingly, postpartum
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and luteal FTs also shared many markers including monoamine oxi-
dase A (MAOA).

Aging and estrogen signaling in normal Fallopian tube

Some studies suggest an association between cellular aging and het-
erozygous germline BRCAI/2 mutations in vitro®. As DNA methylation
represents a unique and powerful tool to assess biological aging,
we inferred the biological age of these samples with the Horvath
Clock". The inferred age from our sequencing data correlated with
clinical age at the time of salpingectomy (rho=0.55; Pval=1.2e-9;
Fig. 6a). Using this inferred biological age, we did not observe any
difference in acceleration/deceleration of aging between the BRCA

groups (Fig. 6b). In addition, it was previously shown that DNA
methylation in a special sequence context, dubbed solo-WCGW, could
be used to measure replicative history of a cell**%. Similar to the
Horvath clock, the solo-WCGW levels were also consistent with a lack
of difference in replicative history among the BRCAm carriers and
controls (Fig. 6¢).

We next investigated how aging affects estrogen signaling, as
increasing ESRI promoter methylation has been reported to be asso-
ciated with age in various tissue types***°. In the human FT, there does
not seem to be observable increased ESRI promoter methylation with
age (rho=0.056; Pval = 0.55; Supplementary Fig. 10a), although there
is gain of methylation flanking the CpG island surrounding the
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canonical TSS and A/B promoter (as annotated in Lung et al.”') in some
samples independent of age (Supplementary Fig. 10b). DNA methyla-
tion level of ER binding sites does increase with age (rho=0.37;
Pval =1.0e-4), but more strongly tracks tissue composition than age
(Fig. 6d). When both age and stroma fraction are jointly modeled, only
stroma fraction was significant (Pval <2e-16 for stroma; Pval=0.90

Post-
partum

Post-
menopause

Inactive/

Luteal Stroma-rich

i T O I R Status

for age). This suggests that ER enhancers are primarily active in
the epithelium. High-epithelium samples (>70%) showed decreasing
solo-WCGW methylation levels with age (Fig. 6e), while overall solo-
WCGW level positively correlated with age (Supplementary Fig. 10c).
This opposite trend in all samples is likely confounded by tissue
composition (Fig. 6e; Supplementary Fig. 10d), as solo-WCGW
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Fig. 4 | Cellular landscapes of normal human Fallopian tube samples. a Gene
expression heatmap for known markers of various cell types present in the FT
(Supplementary Data 4). Rows represent individual markers and columns represent
individual FTs; markers are grouped by their cell type, and samples are clustered
freely within premenopause, postmenopause or postpartum. A luteal, follicular,
and inactive/stroma-rich group within the premenopause samples consistent with
molecular and clinical data are indicated by arrows pointing to the root node.

b Heatmap of an expanded panel of secretory epithelial cell markers for normal FT
(this study, right) and normal endometrium (GSE132711, left). From these markers
and those in (a), there is a visible high stroma subgroup within the premenopausal

FTs (root node designated with an arrow) that contains most of the inactive
endometrium samples. This high stroma subgroup is associated with relatively
lower secretory cell marker expression than other premenopause samples. The
remaining epithelium-high premenopausal FT samples showed gene expression
changes similar to endometrium (i.e., ESRI and PGR), and were divided into a
proliferative and a secretory cluster (root node designated with an arrow). These
patterns of expression corresponded to the pathology-determined endometrium
state from sample-matched endometrium. Postmenopause and postpartum sam-
ples do not show menstrual cycling but do have distinct patterns of secretory
epithelial marker expression.

C-21-94

Follicular

Fig. 5 | Five molecular states of normal human Fallopian tube. a FTs were
imaged following H&E staining for all samples where available to examine cell type
composition. H&E slides for five representative samples from the five expression
groups identified in Fig. 4 are shown. Left panels show a cross-sectional cut of a
representative distal FT (scale bar 500 um) and right panels are a zoom in on
epithelial, stromal, and immune cells within these same slides (scale bars represent
50 um). b, ¢ Marker genes for the five expression groups were identified
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independently in the RNA and protein. Features with both a 1:1 match in the RNA
and protein and FDR < 0.05 for the same marker cluster in both assays are shown
for gene expression (b) and protein expression (c). These markers are grouped by
the intersect of which sample group they mark (Supplementary Fig. 9a, right).
Samples and features are clustered based on their RNA expression in (b), and this
same order is used for the corresponding protein products (c).

methylation shows a much stronger association with stroma fraction
(Supplementary Fig. 10d). These results suggest that the stromal cells
retain their solo-WCGW methylation better than epithelial cells, indi-
cating slower turnover. Indeed, these megabase blocks of loss of DNA

methylation is evident in samples with high epithelial fraction, and not
in samples with high stroma fraction (Fig. 6f). Together, these results
suggest that the epithelial compartment is likely where estrogen sig-
naling and cellular turnover primarily occur in the FT.

Nature Communications | (2025)16:2981


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58145-2

Age at Salpingectomy Minus
a b Methylation Clock Age (in years) c Mean Solo-WCGW Beta
30
70 rho=0.55; Pval=1 .2.e—9 ° DNA Methylation F-test Pval=0.57 P F-test Pval=0.12 °
Y Th: [ ]
* Cﬁ:ir;g?;gean 20 4 L4 0787 .. L4
o °
2 %
0.77 9
é 10 4 b ©
_ ° ]
(':) i —‘:— 0.76 1 ———
S 04 o o
= 5. ‘ 0.75 —s S,
£ -10 —e e °
= ;.' 0.74 4
DNA Methylation -20 4 o° °
Older Than Clinical
T T T T Age . 0.73 ®
20 30 40 50 ! ! ) 1 1 1
Age at Salpingectomy BRCA2m Non-BRCAm BRCA2m Non-BRCAm
0.650 P 0% 100%
© Age Methylation at Solo-WCGWs
g B C-21-61; 20y; 24% S
-21-61; ; troma
o 0.625 ® 30 10 Mb y J
e ® 40
@ ®
£ 0600 ® o0 1 Mb
5 ]
= @® 0 ‘
o | | \
2 osrs 0.1 Mb ‘1 ‘ {[ "
o - ‘ ‘ | l I
S ® Premenopause \‘I | ‘ ‘ ‘m i ‘ il ‘[“H
i1 ® Postmenopause 0.01 Mb ‘ o ‘
0.550 o0 o @ Postpartum
C-21-76; 39y; 26% Stroma
L rho=0.78; Pval=2.3e-22 10 Mb
0.4 0.6
Stromal Fraction
e 1Mb
C-21-61
0.1 Mb
Cc-23-7 I I
o !
K 0.01 Mb I} ‘ ‘\
o 0761
(@)
o C-21-6; 72y; 89% Stroma
o 10 Mb
<
=
0.75 1
O]
o 1 Mb : ‘
3 |
S 0.1Mb | | ' ‘
» il | I
\ H ! H {\ il \“‘ |
tho=-1; Pval=0.017 c-21-76 @ 0.01 Mb Ll il phlll |
20 25 30 35 0 10 20 30
Age at Salpingectomy Position along chromosome 16 (Mb)

Fig. 6 | Aging in the normal Fallopian tube. a Clinical age at time of salpingectomy
(x-axis) correlates with predicted age from the Horvath methylation clock. A linear
line of best fit is shown as a black line; shading around the best fit line indicates the
95% confidence interval as done with ggplot2 function geom_smooth(method = “
Im”). A Spearman rank correlation coefficient was found to be significant with
p=12e-9. b Differences between predicted and clinical age (as indication of
accelerated or decelerated aging) are not different by BRCA status (F test p=0.57
from ANOVA model; BRCAIm n =25; BRCA2m n=19; non-BRCAm n=59). The
y-axis is the difference between predicted and clinical age with horizontal lines
representing the first quartile, median, and third quartile of each x-axis group.

¢ DNA methylation at solo-WCGWs, which lose methylation during aging, are not
different by BRCA1/2 status F test p = 0.12 from ANOVA model; BRCAlm n =25;
BRCA2m n =19; non-BRCAm n = 59). Horizontal lines representing the first quartile,

median, and third quartile. d Average DNA methylation at ERalpha binding sites
from JASPAR database (y-axis) positively correlates with stroma fraction (x-axis) as
determined by Spearman rank correlation (p =2.3e-22; rho = 0.78). LOESS
smoothed lines are displayed for each of the reproductive status groups with the
95% confidence interval represented by the shaded region e. When restricted to
samples with more than 70% of epithelium, solo-WCGW methylation is inversely
associated with age at time of sampling, as expected for a more homogeneous
population. Spearman rank correlation coefficient rho was -1 with p = 0.017. f Multi-
scale plot showing DNA methylation profile at solo-WCGWs for the petit arm of
chromosome 6 for two samples with high epithelium and different age (20 years
and 39 years) and the oldest sample with high stromal content. Mega-base DNA
methylation loss is associated with age in the epithelium in normal human FT, but
not in the stroma compartment.

Discussion

BRCAI and BRCA2 are among the most widely known germline cancer
susceptibility genes. With the high penetrance of BRCA1/2 mutations
for breast and ovarian cancer risk, there has been intense research

interest surrounding whether these germline mutations cause any
genomic/epigenomic alterations before LOH or any visible aberration
occurs; particularly in disease-relevant tissue types such as the FT for
ovarian cancer, and breast tissue for breast cancer. Indeed, prior
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studies claimed prevalent epigenetic, transcriptional, and other bio-
logical differences (e.g., accelerated aging) in both FTs and peripheral
blood of BRCA1/2 carriers”****?%*° Qur study shows that germline
heterozygous BRCAI/2 mutations per se are not associated with
extensive changes in the human FT, indicating that there is likely no
haploinsufficiency for BRCAI/2 functions. LOH, or another form of
secondary hit such as promoter DNA methylation for BRCAI, is likely
required before any further molecular alterations are incurred. This is
consistent with LOH being almost always observed in primary HGSC
samples from BRCA1/2 carriers’>®. It is further consistent with early
molecular studies showing LOH in 6/6 STIC or microinvasive cancers,
but not in p53 signatures nor histologically normal FT epithelium®.

One caveat is that we treated BRCAI and BRCA2 pathogenic variant
carriers as one group when comparing to control. However, BRCAI and
BRCA2 have distintict functions and are associated with different
cancer risk®. Analyses with BRCAI and BRCA2 independently did not
identify any differences to control beyond what is presented here.
Another important consideration is that we are examining bulk pri-
mary samples directly from patients. One copy of BRCAI and BRCA2
may be sufficient in most cells when cellular stress level is normal.
However, these same cells could exihibit haploinsufficiency when
challenged with genotoxic conditions, and this may explain findings of
haploinsufficiency in vitro?*°.

We show in this paper that cellular composition of the FT tissue
has the biggest impact on readouts from bulk-omics assays. We further
show that this cellular composition changes with age, menopausal
status, and hormonal status (e.g., postpartum). Importantly, risk-
reducing surgery following any desired reproduction is standard of
care for pathogenic BRCA1/2 carriers. The FTs from non-BRCAm
patients, in contrast, originate from various clinical presentations
including fibroids, abnormal bleeding, or removal during c-section.
These different clinical features result in a generally younger patient
sample population for BRCAm, as well as a lower fraction of benign
conditions affecting the reproductive tract. Similar to other BRCA-
related studies®*, we made an effort to age-match by purposefully
collecting younger non-BRCAm FTs. However, we show that even in
similarly-aged premenopausal FTs, cell composition can vary widely.
Therefore, the clinical covariate of age does not fully account for the
effects of cell composition, hormone status, nor surgical indication.

It is also important to note the significance of surgical indications
as a potential confounder in BRCA-related studies. As stated above,
BRCAm carriers often have their breast or FT tissues removed for
prophylactic purposes, while non-BRCAm FTs originate from benign
conditions. We expect this confounding to be common in human
sample based BRCA1/2 studies, as it is hard to bypass. Importantly, we
show that postpartum FTs have a unique signature, and that many FTs
from salpingectomies for benign uterine conditions have immune
activation. In this study, we have demonstrated that the remaining
transcriptomic differences between BRCAm and non-BRCAm after
adjusting for epithelium/stromal composition are likely due to slightly
elevated immune reaction in the non-BRCAm group. Benign uterine
conditions including leiomyoma, were the most common indication
for gynecologic surgery in our control group. Chronic inflammation
and immune response have been associated with the pathogenesis of
leiomyoma®™%, and likely contribute to the inflammatory molecular
signature we observed in some of our control samples. Endometriosis,
another common indication for benign gynecologic surgery, is con-
sidered to be a chronic inflammatory disease, characterized by dys-
regulation of multiple immune pathways with macrophages, NK cells,
and B cells playing major roles®. In light of this, results that indicate
immune cell differences in BRCAm carriers need to be carefully
interpreted. Confounding may be more pronounced with small sample
sizes, such as in single cell or spatial datasets. Indeed, recent single cell
studies on BRCAI/2 mutated FTs showed changes in immune
signatures™*°, The similar analogy applies to BRCA-associated normal

breast studies, as normal breast tissues from non-BRCAm patients is
often from individuals undergoing breast reduction and will therefore
often have a different cellular composition than BRCA-mutated sam-
ples predominately from prophylactic mastectomy.

This confounding can also manifest in various ways in different
studies. In our study, after identifying a difference in age between the
BRCA groups within our initial smaller cohort, we sought to balance
the age distribution by including more young, premenopausal non-
BRCA individuals. Simultaneously, we requested additional FTs from
Black individuals to improve representation. However, we later
recognized that postpartum surgeries were disproportionately repre-
sented as a surgical indication for salpingectomy among younger,
premenopausal non-BRCA individuals; as a result, many postpartum
FTs were added to our cohort at this stage. With our concurrent efforts
to include younger and Black non-BRCA individuals, these postpartum
FTs tend to be from Black individuals. This overlap introduced an
imbalance that could lead to apparent race-associated molecular dif-
ferences, which were actually confounded by surgical indications in
our investigations.

Individual cells in the bulk tissue carrying germline BRCA1/2
mutations could have LOH and associated molecular alterations, which
would be undetectable in bulk assays before substantial clonal
expansion. High-depth (either read depth for bulk studies, or cell
number for single-cell studies) or high-fidelity methods for clonal/
subclonal studies would be needed to study these early events. While
these studies will not be confounded by cell composition, this study
provides some guidance on other potential confounders to consider.

We showed extensive differences between follicular and luteal
phase FTs in pre-menopause samples. These transcriptional variations
with menstrual cycle modulation were similar to changes in the
endometrium, albeit to a lower magnitude. Our study based on the
correlation between cellular fraction and ER-binding enhancers shows
that estrogen response is primarily limited to the epithelium in the FT,
in contrast to the well-described estrogen-responsiveness of endo-
metrial stroma®. This likely explains the magnitude differences
between menstrual phases in the endometrium and FT. We show that
in both the endometrium and FT, canonical secretory cell markers vary
with menstrual cycle, with OVGPI expressed higher in the follicular
phase, and PAX8/MUCI/KRT7 in the luteal phase. Many FT and/or
endometrium-based studies use these markers to drive transgene
expression®*®*, and this phase-related difference in expression of these
key genes is important to consider.

While most non-pregnant pre-menopause FT samples have more
epithelium than postmenopausal and postpartum samples, we iden-
tified a subset of samples that showed low epithelium content, mostly
within the luteal phase. This group included all four samples in our
cohort that had an associated endometrium annotated as inactive.
Inactive endometrium is often associated with the continous use of
oral contraceptive pills (OCP)** and hormonal intrauterine device
(IUD)®. Therefore, we hypothesize that this could be partially due to a
hormonal effect. This, if true, could explain the protective effects of
OCP use on ovarian cancer. We collected contraceptive use status and
history and made them available as part of the clinical data (Supple-
mentary Data 1). However, the hormonal IUD or OCP use data for these
samples have not been collected in a consistent manner, making it
hard to test this hypothesis. Furthermore, contraceptive use history
does not explain all of these inactive cases. Gene and protein expres-
sion points to a more similar profile to postmenopause FTs, instead of
the postpartum FT that are highly influenced by progesterone. The age
of these patients are comparable to other premenopause patients, and
are unlikely to be peri-menopausal. Another possibility is that this
group may include Polycystic ovary syndrome patients®®. Under-
standing why this subset of epithelium-sparse FT fimbria occurs could
be key to understanding fertility variations, and potential additional
factors that contribute to differences in ovarian cancer risk.
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Independent of the relevance for BRCAI/2 and ovarian cancer
research, this study is a comprehensive survey of FT cellular, epige-
nomic, transcriptomic, and proteomic landscape of histologically
normal human FT, an organ with both reproductive and oncological
implications. This cohort shows cellular and molecular variations
associated with age, pregnancy, reproductive status, menstrual cycle
phase, and surgical indication. These results are key to understanding
FT biology, which in turn will inform strategies for cancer prevention
and early detection.

Methods

Sample collection for high and average risk Fallopian tubes
The cases for this study were obtained with patient consent and study
approval by the Institutional Review Board at the University of Penn-
sylvania. Tissues of the fimbriated and proximal portions of historically
benign FTs were fixed in 10% neutral buffered formalin and processed
on a Leica 300 ASP tissue processor to create FFPE blocks. The cases
utilized were all females. There were 55 BRCA mutation carrier blocks
and 70 average risk cases collected. Clinical data for these cases were
obtained from electronic medical records (Supplementary Data 1).

DNA and RNA extraction and quality assessment

FFPE block tissue sections (10 um thick sections) were submitted to
the VAI Pathology and Biorepository Core (PBC) in 4 batches over 4
years. Each batch was processed and submitted for sequencing at the
Van Andel Institute Genomics Core. Each block had 8 total 10 pm
sections cut and shipped to the PBC. Four 10 pm sections were placed
an Eppendorf tube for extraction (2 tubes per block). 2 tubes (8 total
10 pm sections) were used for each extraction. All batches were pro-
cessed using the Qiagen Allprep DNA/RNA FFPE kit following the
manufacturer’s protocol for recovering total RNA, including small
RNAs. Deparaffinization Solution was used for the deparaffinization.
Quantification and qualification of nucleic acids was performed by
Qubit Fluorometer and Agilent TapeStation. Extracted RNA samples
with DV200 > 30 were deemed sufficient to continue library prepara-
tion and sequencing. Extracted DNA samples with an average material
size of 1000 bp or greater were deemed sufficient to continue to
library preparation and sequencing.

Construction and sequencing of directional total RNA-seq
libraries

Libraries were prepared by the Van Andel Genomics Core from 500 ng
of total RNA using the KAPA RNA HyperPrep Kit (Kapa Biosystems,
Wilmington, MA USA). Ribosomal RNA material was reduced using the
QIAseq FastSelect -rRNA HMR Kit (Qiagen, Germantown, MD, USA).
RNA was sheared to 300-400 bp and was converted to cDNA. cDNA
fragments were ligated to IDT for Illlumina TruSeq UD Indexed adap-
ters (Illumina Inc, San Diego CA, USA). Following adapter ligation, 8
cycles of PCR were performed. Quality and quantity of the finished
libraries were assessed using a combination of Agilent DNA High
Sensitivity chip (Agilent Technologies, Inc.), QuantiFluor® dsDNA
System (Promega Corp., Madison, W1, USA), and Kapa lllumina Library
Quantification qPCR assays (Kapa Biosystems). Individually indexed
libraries were pooled and 100 bp, paired-end sequencing was per-
formed on an lllumina NovaSeq6000 sequencer to an average depth of
50 M raw paired-reads per sample. Base calling was done by Illumina
RTA3 and the output of NCS was demultiplexed and converted to
FastQ format with Illumina Bcl2fastq v1.9.0.

Construction and sequencing of WGBS libraries

Libraries were prepared by the Van Andel Genomics Core from
200-250ng of extracted DNA using the IDT xGen Methylation-
Sequencing DNA Library Preparation Kit (IDT, Cat #10009824, Accel-
NGS Methyl-Seq DNA Library kit (v3.0), Swift Biosciences, Cat.
#30024). DNA was sheared following the manufacturer’s protocol to

an average size of 250 bp, and sheared DNA was bisulfite converted
using the EZ DNA Methylation-Gold kit (Zymo Research, Cat. #D5005)
with an elution volume of 15 ul. Following adapter ligation, 6 cycles of
library amplification were performed. Quality and quantity of the fin-
ished library pools were assessed using a combination of Agilent DNA
High Sensitivity chip (Agilent Technologies, Inc.), and QuantiFluor®
dsDNA System (Promega Corp., Madison, WI, USA). 100 bp, paired-end
sequencing was performed on an lllumina NovaSeq6000 sequencer
using an S4, 200 bp sequencing kit (Illlumina Inc., San Diego, CA, USA)
with 10% PhiX included to improve base diversity. Each sample was
sequenced to a minimum raw depth of 450 M reads. Base calling was
done by lllumina RTA3 and the output of NCS was demultiplexed and
converted to FastQ format with Illumina Bcl2fastq v1.9.0.

FFPE sample processing for proteomic analysis

Each of the 155 samples (including multiple technical replicates for
some samples from which final abundance values were averaged, see
Supplementary Data 1 and 8) consisted of five 4 um unstained FFPE
sections placed in 2 mL Eppendorf tubes. Three 1 mm zirconium beads
and 125 uL of xylenes were added to each tube. Paraffin solubilization
and tissue homogenization were performed using three 30-s cycles on
a Beadbeater 16 apparatus (BioSpec Products, Bartlesville, OK). 125 uL
of 2X S-Trap extraction buffer (10% sodium dodecyl sulfate [SDS],
100 mM triethyl ammonium bicarbonate [TEAB]) was added to each
sample. Protein solubilization was achieved by vortexing for 15 min at
room temperature. Disulfide bonds were reduced at 56 °C for 20 min
with 1 mM dithiothreitol. Reduced cysteines were alkylated at room
temperature for 20 min with 2.25 mM iodoacetamide. Proteins were
acidified with 25uL of 12% phosphoric acid and precipitated with
1.6 mL S-Trap binding buffer (100 mM TEAB, 90% methanol). Protein
precipitates were collected by centrifugation at 20,000 x g for 10 min
at room temperature. 1.5 mL of the supernatants were discarded. The
protein pellets were resuspended in the remaining 400 uL of super-
natant and transferred to the wells of a 96-well S-Trap plate (ProtiFi,
Fairport, NY). Proteins captured on the S-Trap matrix were washed
once with 400 uL of 50% chloroform/50% methanol and 5 times with
400 L of S-Trap binding buffer using a vacuum manifold for 96-well
plates. The S-Trap plates were centrifuged at 800 x g for 15s to collect
residual binding buffer to the bottom of the wells and placed on the
vacuum manifold for 10 s. Captured proteins were digested overnight
at 37 °C using 5 ug of trypsin diluted in 125 uL of S-Trap digestion buffer
(50 mM TEAB). The digested peptides were recovered in 2 mL collec-
tion plates (Waters, Milford, MA) by centrifugation at 800 x g for 1 min.
A second 3-h digestion was performed using 1 ug of trypsin diluted in
100 uL of S-Trap digestion buffer. Peptides were recovered by cen-
trifugation at 800 x g after each addition of 80 pL of S-Trap digestion
buffer, 80 pL of 0.2% formic acid and 80 uL of 50% acetonitrile.

Peptide fractionation (for spectral library generation)

To create a pooled sample, 0.5% of each sample was combined in a
single tube, dried to completion, and solubilized in 10 uL of 20 mM
ammonium formate pHI10 containing 2% acetonitrile. Peptides were
loaded onto a 7 cm x 150 um column packed with 5 um XBridge BEH130
C18 beads (Waters). Peptides were fractionated in a concatenated
fashion across a 60-min gradient from 2% to 35% acetonitrile using
20 mM ammonium formate pHI10 as the aqueous mobile phase and
directly collected into 24 conditioned Evotips Pure (Evosep, Odense,
Denmark) containing 190 pL of 0.1% formic acid®’. Evotips were han-
dled as recommended by the manufacturer.

LC-MS/MS analysis

Peptides were separated using a standardized 31-min gradient “Whis-
per” method (40SPD) with 0.1% FA and 0.1% FA/99.9% ACN as the
mobile phases using an Evosep One liquid chromatography system
(Evosep) connected to a 15cmx75um column packed with 1.9 um
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ReproSil-Pur 120 C18-AQ reverse phase beads (Dr. Maisch, Ammer-
buch-Entringen, Germany) and introduced into a timsTOF fleX MALDI-
2 mass spectrometer (Bruker, Billerica, MA). Spectral library genera-
tion: Fractionated peptides from the pooled sample were analyzed
using a data dependent acquisition (DDA) strategy with the mass
spectrometer executing 10 PASEF scans (charge 0-5, ramp time:
100 ms, target intensity: 14,500, intensity threshold: 1750, m/z range:
150-1300, mobility range: 0.6-1.6). Active exclusion was enabled with
arelease time of 0.4 min. Analysis of individual FFPE samples: Peptides
from individual samples were analyzed using data independent
acquisition (DIA) mode with the mass spectrometer executing 12 dia-
PASEF scans with 2 isolation windows per scan as optimized using the
py_diAID algorithm® (m/z range: 300-1200, mobility range: 0.7-1.4).

Spectral library generation

The project-specific spectral library was generated from the DDA runs
in the FragPipe computational environment using MSFragger v3.8%,
Search parameters included lysine formylation, variable oxidation of
methionine, N-terminus methionine excision and acetylation and fixed
carbamidomethylation of cysteine, and all other parameters set as
default. Spectra were searched against a human UniProt database of
reviewed sequences (downloaded on 8/8/2023) including common
contaminants and using reversed sequences as decoys. MSBooster’®
was used to predict spectra and retention times. Peptide-spectral
matches were rescored using default parameters in Percolator’ and
filtered to 1% false discovery rate. Protein hits were validated using
default parameters in ProteinProphet’. The spectral library was gen-
erated using default parameters.

Protein identification and quantitation

Protein identification and quantification was performed on each indi-
vidual sample analyzed in DIA mode using DIA-NN® (v1.8.2 beta 8). The
search was performed against the spectral library generated in Frag-
Pipe (see above) and included the following parameters: lysine for-
mylation, variable oxidation of methionine, N-terminus methionine
excision and fixed carbamidomethylation of cysteine, with 2 missed
tryptic cleavages. Additional parameter ranges were specified: peptide
length: 6-40, charge state: 2-5, precursor m/z: 300-1700, fragment
ion: 200-1700. Search results were re-annotated using the UniProt
database used for the MSFragger search. The parameters for the
quantitation algorithm were set as follows: mass accuracy: 10 ppm,
MSI1 accuracy: 15ppm with match between runs (MBR) enabled,
allowed isotopologues, shared spectra exclusion. Gene-based protein
inference, double-pass neural network with robust LC quantification,
retention time dependent normalization and smart profiling were used
as additional parameters. Quantitation values for each protein were
used in analyses.

Histology

Histologic slides from the FFPE samples were imaged on the 3DHistech
Pannoramic MIDI Il (catalog number MI2BGHMO00010070001) using
the Pannoramic Scanner Software Version 3.0.3 at 86X magnification.
SVS image files were then imported to QuPath v0.5.1 to crop and add
the scale bars.

RNAseq data analysis
Expression counts from RNA-seq sequencing relied on a pipeline based
on STAR v2.7.1* and RSEM v1.3.3”. Specifically, prior to alignment,
reads were quality filtered using fastp with default settings’. Next,
reads were aligned to an rRNA reference using bwa with the putative
rRNA mapped reads removed from downstream analyses”’. Using
STAR, the remaining non-rRNA reads were mapped to the GRCh38.90
reference. We utilized the expected counts for genes from RSEM.

We excluded samples with a library size of fewer than 8 million
reads or less than a 70% alignment rate. We normalized counts using

the weighted trimmed mean of M values method from the Bio-
conductor edgeR v4.2.0 package’®. We then excluded genes with
minimum count less than 100 across 94 samples with expression data.
This resulted in 27,303 features for differential testing. We corrected
for batch effect while preserving any BRCA effect in the RNA counts
using the Bayes model in the ComBat_seq function of the R package
sva v3.5.0"%%, P values were derived from a quasi-likelihood F test
following data fitting using a negative binomial generalized log-linear
model as implemented with edgeR functions glmQLFit and
glmQLFTest.

Marker Identification

RNA and protein markers were identified using findMarkers function
from scran R package v1.32.0%.. Markers were found using the log of
the expression values with the following options: pval.type = “some”,
direction = “up”, test.type =“t”, and min.propotion =0.5. Upset plots
were made with the complex upset v1.3.3%%

DNA methylation data analysis

FASTQ files were aligned using BISulfite-seq CUI Toolkit (BISCUIT) v1.2.0
wrapped within a Snakemake workflow available on github: https://
github.com/huishenlab/Biscuit Snakemake Workflow®#*, This was run
using Snakemake v7.25.0+. This workflow also performs several other
quality control steps. As recommended with the Accel-NGS® Methyl-Seq
DNA Library Kit, we first trimmed 15 nucleotides from the end of R2 as
these positions are not fully converted. Next, trimmed reads were put
through our “biscuit sifter” step which aligns read pairs with BISCUIT
and subsequently removes PCR duplicates before outputting a sorted,
aligned, and indexed BAM file¥. BISCUIT is then used again to ultimately
generate a BED file with methylation information. This BED file is read
into R using the biscuiteer R package as a bsseq object. This data was
then used for analyses including differential methylation, plotting
heatmaps, and estimation of stromal composition.

The Snakemake workflow also outputs a region centered binned
average methylation from input bed files. This takes the regions,
centers them, and calculates the average of 200bp windows in
sliding steps of 5 out to 1000 bp from the region center (specified
in the workflow config). This was used to show methylation around
features of interest (in our case, CTCF binding sites, transcriptional
start sites, and heterochromatin). The Snakemake workflow also gen-
erates a binned average methylation matrix using 10,000 bp bins.
Finally, a second Snakemake workflow was used to generate the mul-
tiscale methylation plot (https://github.com/huishenlab/multiscale_
methylation_plot_pipeline). This averages DNA methylation in 10 kb
to 10 Mb bins and visualized using the bisplotti R package available on
github (https://github.com/huishenlab/bisplotti).

In all BRCAm aligned libraries, except two where the exact clinical
mutation was not known, we had sufficient coverage in the WGBS to
manually confirm the clinical mutation. We did not observe the
germline mutations in the RNAseq data due to low transcript abun-
dance. WGBS coverage at BRCAI averaged 18x and BRCA2 13x. We
identified high quality heterozygous SNPs in the WGBS data that were
also present in NCBI Clinical Variant Database (https://ftp.ncbi.nlm.nih.
gov/pub/clinvar/vcf GRCh38/) using BISCUIT; no variants of known
pathogenicity were identified in the non-BRCAm cohort.

Differential gene expression

A negative binomial generalized log-linear model was then fit to the
filtered and batch corrected count data with edgeR v4.2.0 using the
weighted trimmed mean of M values to normalize for library size and
composition biases’”®. Groups were compared with and without cov-
ariates as indicated in Table 2. P values were estimated using empirical
Bayes quasi-likelihood F-tests and adjusted for multiple comparisons
using the Benjamini-Hochberg (BH) method; adjusted P values less
than 0.05 were considered significant.
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Differential methylation

To identify regions of differential methylation between non-BRCAm
patients and those with germline BRCAI or BRCA2 mutations, we used
the R package DMRcate v2.12.0%. Our design matrix was generated
using the edgeR function modelMatrixMeth’®, Subsegently, the con-
trast matrix, design matrix, and a bsseq object with all CpGs for all
samples in any specific contrast was input into the DMRcate pre-
processing function sequencing.annotate with options all.cov=TRUE
and FDR=0.05. Next, DMRcate::dmrcate was called with default
options except min.cpgs=1 and a bandwidth scaling factor of two. The
differentially methylated regions were then output with the extra-
ctRanges functions.

Differential protein expression

We used the R package DEP (Differential Enrichment and Analysis of
Proteomics Data) v1.20.0 for differential protein expression analysis®’.
Variance stabilization normalization was done with the function vsn.
Two samples that had greater than 50% missing data were removed.
Technical replicates were averaged. Filtered for proteins that are
identified in 2 out of 3 replicates of at least one condition when testing
for differential abundance. Differential testing was performed using
the test_diff function from the DEP R package, which applies protein-
wise linear models and empirical Bayes statistics via limma, with p
values derived from moderated ¢ tests. FDR correction was done with
BH method. In total, we assayed 5957 unique proteins with 2376
fragments having values for all samples.

Statistical analyses and data visualization

The Spearman’s rank correlation test was used for all reported
rho and P values for pairwise correlations. Spearman’s test was
implemented with the cor.test() function from the R package stats
v4.2.2. Heatmaps were generated using the R package Complex-
Heatmap v2.20.2% with annotations as shown. Pairwise group
comparisons were done using the pairwise_wilcox_test function
from the rstatix v0.7.2 package. ANOVA tests were run with the
rstatix v0.7.2 anova_test function. Lollipop plots of mutations in
BRCAI1 and BRCA2 were then made using ProteinPaint®. BRCAI
domains were derived from the ProteinPaint Web interface and
BRCA2 domains were obtained from UniProt®. All other plots
were made with ggplot2 v3.4.1+. Gene ontology term enrichment
was done with clusterProfiler v4.12.0 using the enrichGO function
with p values from Fisher exact test corrected for multiple testing
using the BH method.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNAseq data generated in this study have been deposited in the
Gene Expression Omnibus under accession code GSE274628. The
whole-genome bisulfite sequencing data generated in this study have
been deposited in Sequence Read Archive under accession code
PRJNA1146365. Native mass spectrometry data files have been depos-
ited in the MassIVE database under accession code MSV000094339.
The protein abundance data averaged across technical replicates is
available as Supplementary Data 8. Benign endometrium expression
counts were from GSE132711* (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE132711).
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