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Navigating complexities of polymorphic
microbiomes in endometrial cancer
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The microbiome is key to understanding endometrial cancer (EC) etiology and prevention strategies,
implicated in the regulation of estrogen in estrogen-driven cancers. Utilizing robust methodologies in
the QIIME 2 platform, we examined 16S rRNA vaginal and rectal microbiome data from an EC cohort:
192 women with benign gynecologic conditions, endometrial hyperplasia, or endometrial cancer.
Distinct microbial compositions and community networks specific to EC were identified and related to
histological grade with adjustments for EC risk factors. Vaginal health-associated Lactobacillus and
Limosilactobacillus, and rectal Prevotella and Peptoniphilus, were depleted in EC, while detrimental
vaginal Anaerococcus, Porphyromonas, Prevotella, Peptoniphilus, and rectal Buttiaxella were
enriched. Significant bacterial features were shared between rectal and vaginal sites in EC, such as
Prevotella timonensis and Peptoniphilus A. Vaginal Lactobacillus abundance contributed to less
feature sharing from the rectum. Putative microbial metabolic analysis identified dysregulation of
amino acid, complex carbohydrate, and hormone metabolism amongst patients with EC.

Endometrial cancer (EC) is the fourth most common female cancer in high-
income countries”?, and it is predicted that by 2030, there will be 122,000
new cases per year in the US’. However, low and middle-income countries
have a higher risk of mortality due to delay in diagnosis, access to care,and a
higher proportion of aggressive non-endometrioid tumors*. Recent findings
indicate known disparities in mortality rates by race/ethnicity, with an
alarming increase in mortality over time for Black patients specifically’.
Further an area for improvement by innovative methods is to decrease delay
in care which is seen in Hispanic and Black populations’.

EC is a cancer of the inner epithelial lining of the uterus, the
endometrium’. Historically, histopathology from endometrial biopsies was
utilized for EC subtyping into types I and II. Type I EC develops through
precursor lesions known as endometrial intraepithelial neoplasia; this type is
composed of grade 1 or 2 endometrioid carcinoma and has been associated
with estrogen dysregulation or, more specifically, hyperestrogenism’. On
the other hand, type II EC is less common and is classified by higher-grade
endometrioid carcinomas or other non-endometrioid subtypes. Type Il EC
is more aggressive, has a poorer prognosis, and arises due to genotoxic
stress’. More recently, molecular categorization has been investigated based
on gene mutation burden or copy number alterations from patients with EC.
These molecular investigations have yielded additional details on the

prognosis of disease and guides personalized medical care in terms of
treatment’.

Further, the well-established Hallmarks of Cancer, a heuristic model
created to better define the pathophysiology of cancer, has been investigated
for novel or more efficient treatments of cancers’. In 2022, four emerging
Hallmarks and Enabling Characteristics were proposed for this model,
including polymorphic microbiomes'’. Bacteria inhabiting the female
reproductive tract may contribute to gynecologic cancer development by
modulating cancer hallmarks such as inflammation, genomic instability,
angiogenesis, epithelial barrier disruption, and metabolic dysregulation'.

There is support that the human microbiome may contribute to up to
15% of cancers'”. This is unsurprising, as bacteria such as Helicobacter
pylori®, Fusobacterium", and Porphyromonas” have been directly asso-
ciated with carcinogenesis in the GI tract. Cervicovaginal bacteria such as
Sneathia'®, Anaerococcus”, Chlamydia'®, Atopobium/Fannyhessea", and
others™ are currently under investigation for their indirect or direct role in
gynecologic cancers. In the vagina, the genus Lactobacillus plays a crucial
role in the maintenance of homeostasis and may be protective against
gynecologic cancers”. Steroid hormones are implicated in some cancers,
such as EC, and also impact the vaginal microbiome’”. The interplay of
microbiomes from multiple body sites is referred to as microbiome axes.
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There is interest in investigating microbiome axes” contributions to gyne-
cologic conditions, such as through the gut-vagina axis™. This axis is where
the gut/rectal microbiome®*** plays a role in estrogen metabolism, which has
been linked to conditions like EC in vaginal and endometrial sites'”’. We
hypothesize that investigating microbiomes at multiple mucosal sites will
enable a better understanding of the potential role of microorganisms in EC
development and etiology.

Previous studies have identified microbial associations with endo-
metrial cancer'”**”’; however, interpretation of the findings can be chal-
lenging due to differences in study design and failure to account for
confounding factors that affect microbial composition. Known risk factors
of EC include diagnosis of endometrial hyperplasia, older age, menopause,
higher BMI, estrogen exposure, tamoxifen usage, low parity, metabolic
syndrome, and Lynch syndrome (a genetic predisposition for certain
cancers)™”". Since the microbiome can be affected by factors such as age,
hormone status, BMI, and co-morbidities, multiple clinical studies are
needed to validate the clinical linkage to microbial composition of EC and
not signatures related to underlying risk factors.

Herein, we tested our hypothesis that the microbiomes of both the
rectum and vagina will reveal distinct microbial signatures between patients
newly diagnosed with EC and benign gynecologic conditions. To investigate
this, we collected vaginal and rectal swabs from 192 patients undergoing
hysterectomy and diagnosed with EC, hyperplasia, or benign conditions and
performed robust and novel microbiome evaluations, which included
adjustments for known risk factors of EC. This is an extensive EC micro-
biome study investigating the interplay of proximal and local microbiomes,
specifically the gut-vagina axis, in patients newly diagnosed with EC. We
present global microbiome states associated with endometrial cancer, sig-
nificant microbial signatures after adjustment for known risk factors, dif-
ferences in microbial community structures, and metabolic potential of
microbiota in EC compared to benign conditions. This study identifies
putative oncobacteria, bacteria with pro-oncogenic effects, for further
investigation that may have pathophysiologic roles as either drivers of
carcinogenesis or passengers that thrive in an endometrial cancer envir-
onment. Overall, unique microbial features identified in this study will allow
for future investigation into risk reduction and prevention of EC.

Results

Patient characteristics

The patient population for this study consisted of 192 women undergoing
hysterectomy for newly diagnosed cancer or benign conditions. Following
surgery, histopathology confirmed the patients’ diagnoses. Participants were
grouped as follows: grade 1/2 endometrial endometrioid carcinoma (EEC)
(n=53); other endometrial cancer subtypes (other ECs) (n =13); endo-
metrial hyperplasia (n = 18); and benign conditions (n = 108) (Table 1). Age
significantly differed between benign and all other groups (p value 0.007,
<0.0001, <0.0001, respectively) (Table 1). EC is most often diagnosed in
postmenopausal women, women with a higher BMI, and women under-
going procedures such as dilation and curettage (D&C), which may disrupt
the uterine lining. In alignment with these risk factors, our study identified
that postmenopausal status was significantly different between benign
conditions (17.59%) and hyperplasia (66.67%), grade 1/2 EEC (76.47%),
other ECs (92.31%) (p value < 0.0001 for all malignant groups) (Table 1).
BMI was also significantly different between women who were diagnosed
with benign conditions, hyperplasia, grade 1/2 EEC, and other ECs
(p value <0.0001) (Table 1). Additionally, having undergone a D&C dif-
fered between benign conditions (17.59%), hyperplasia (38.89%), grade 1/2
EEC (47.17%), and other ECs (53.85%) (Table 1). Further, hormonal con-
traceptives were also different between groups (p value = 0.01), where 32.1%
of patients using hormonal contraceptives were diagnosed with benign
conditions, which may be due to more premenopausal patients being
diagnosed with benign conditions (Table 1). Vaginal pH greater than 4.5
typically indicates vaginal dysbiosis, and the frequency of high vaginal pH
was 23.15% for benign conditions, 27.78% for hyperplasia, 67.92% for grade
1/2 EEC, and 61.54% for other EC. Vaginal pH significantly differed

between benign and EC groups (p value <0.0001 and p value 0.006,
respectively), as well as hyperplasia and grade 1/2 EEC (p value 0.005). This
difference in vaginal pH is unsurprising due to high vaginal pH typically
being reported in patients who are postmenopausal and not being treated
with hormone replacement therapy”, menopausal status differed between
disease groups in our cohort. Other characteristics known to alter the
microbiome, such as vaginal douching, tobacco usage, and multiple births,
were not significantly different between the groups (Table 1). Our study
indicates women diagnosed with EC are more likely to be older, post-
menopausal, have a higher BMI, and previously received a D&C. A

33,34

description of this cohort has been published previously .

Microbiome community structure between patients with EC and
with Benign conditions

The composition of the vaginal microbiome in patients with EC was distinct
compared to patients with benign conditions using both alpha and beta
diversity comparisons). When investigating overall profile differences
between malignant and benign conditions at the genus level (Fig. 1A and
Supplementary Fig. 1), the vaginal microbiome of patients with EC had
significantly higher community richness relative to patients with benign
conditions (Faith’s PD; Kruskal Wallis; H = 18.06376, g-value = 0.00012).
There was a significantly increased community richness in postmenopausal
patients relative to premenopausal patients (Kruskal Wallis; H = 11.285466,
q-value = 0.000781), which suggests a depletion of Lactobacillus dominance
(Supplementary Fig. 1). Since the vaginal microbiome is typically dominated
by Lactobacillus, a typical genus-level assessment of the vaginal microbiome
haslow evenness in its microbial diversity, instead, it is dominated by few (or
one, in this case) genera”. The microbiome of patients with benign con-
ditions had relatively low evenness, but the patients with EC had sig-
nificantly increased evenness, again suggesting a shift away from
Lactobacillus dominance in the vaginal microbiome in patients with EC
(Kruskal-Wallis; H = 18.06376, g-value = 0.00012). Similarly, there was an
increase in evenness when comparing menopausal status (Kruskal-Wallis;
H =3.920024, g-value = 0.047714). There was no significant difference in
evenness when comparing patients’ BMI categories ( < 25, 25-29, 30-34,
>=35) or grade 1/2 EEC and other ECs. The composition of the vaginal
microbiome was also observed to be significantly different between patients
with EC and patients with benign conditions, based on Unweighted
UniFrac® distances between samples (PERMANOVA; pseudo-
F =10.162838, q-value = 0.0060) (Supplementary Fig. 1).

Since lactobacilli are crucial to vaginal homeostasis, we investigated
whether there were differences observed in Lactobacillus abundance in
vaginal samples. Our analyses revealed there was a significantly lower
relative abundance of Lactobacillus in patients with EC compared to
patients with benign conditions (Mann-Whitney; U: 4598, g-value:
3.2e-04). Aligning with Fig. 1B, this further suggests that patients with
EC may have increased microbial diversity. Additionally, patients with
grade 3 EEC or other EC subtypes (referred to as other EC) had lower
Lactobacillus  relative frequency compared to grade 1/2 EEC
(Mann-Whitney; U: 438.0, q-value: 3.087e-02), possibly indicating that
Lactobacillus depletion is more profound in severe/aggressive types of
cancers. Since previous literature indicates differences amongst vaginal
lactobacilli and their association with health”, we investigated lacto-
bacilli differences at the species level (using environment-aware clas-
sifiers, which enable increased taxonomic resolution from 16S rRNA
reads) but observed no differences between disease groups (Supple-
mentary Fig. 2).

The rectal microbiome composition was significantly different
between patients with EC and patients with benign conditions, as tested with
Unweighted Unifrac distance (PERMANOVA; pseudo-F =4.012069,
q-value = 0.006). However, community richness in the rectal microbiome
seems to not differ between patients with benign conditions and patients
with EC. Community richness in the rectal microbiome was not sig-
nificantly different when comparing menopausal status, BMI categories, or
EC types.
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Table 1 | Demographic/clinical information

All Benign Gynecologic Endometrial Grade 1/2EEC  Other Ecs p value for the difference among
Conditions Hyperplasia diseases
(n=192) (n=108) “n=18)  (n=53) (n=13)
overall Paired

Age (mean (S.D.)) (n=192) 51.02 (12.45) 45.55(10.01) 54.11 (13.35) 58.73 (11.82) 60.77 (8.06) <0.0001 BvsH 0.007
B vs EEC <0.0001
Bvs Other EC  <0.0001

Race (n (%)) (n=190)

American Indian/Alaskan 15 (7.89) 5(4.67) 1(5.56) 8(15.38) 1(7.69) 0.004 B vs EEC 0.02

Asian/Far East/South East 4 (2.11) 4(3.74) 0 (0.00) 0)0.00) 0(0.00)

Asian/Indian 1(0.53) 0(0.00) 1(5.56) 0(0.00) 0(0.00)

Native Hawaiian/Pacific 1(0.53) 0(0.00) 0(0.00) 1(1.92) 0(0.00)

Islander

White/Caucasian 142 (74.74) 78 (72.90) 16 (88.89) 37 (71.15) 11 (84.62)

Black or African American 12 (6.32) 11(10.28) 0(0.00) 1(1.92) 0(0.00)

Middle Eastern/North 1(0.53) 0(0.00) 0(0.00) 0(0.00) 1(7.69)

African

Mixed or Multi-Racial 9 (4.74) 7 (6.54) 0 (0.00) 2(3.95) 0(0.00)

Not specified, other 5(2.63) 2(1.87) 0 (0.00) 3(5.77) 0 (0.00)

Ethnicity (n=191)

Non-Hispanic 141 (73.82) 76 (70.37) 14 (77.78) 41 (78.85) 10 (76.92) 0.67

Hispanic 50 (26.18) 32 (29.63) 4 (22.22) 11(21.15) 3 (23.08)

Income (n=168)

<10,000 8 (4.60) 3(3.03) 0(0.00) 5(11.36) 0(0.00)

10,000-25,000 26 (14.94) 10(10.10) 6 (42.86) 7 (15.91) 3(27.27) 0.002 BvsH 0.07

25,000-50,000 39 (22.41) 13(13.13) 3(21.43) 16 (36.36) 4 (36.36) B vs EEC 0.0004

50,000-75,000 32 (18.39) 23 (23.23) 2 (14.29) 6 (13.64) 1(9.09)

75,000-100,000 18(10.34) 15 (15.15) 1(7.14) 1(2.27) 1(9.09)

>100,000 32 (18.39) 24 (24.24) 1(7.14) 3(6.82) 2(18.18)

Don’t know/refused 19 (10.32) 11 (11.11) 1(7.14) 6 (13.64) 0 (0.00)

Vaginal pH (n=192)

<4.5 118 (61.46) 83 (76.85) 13 (72.22) 17 (32.08) 5 (38.46)

>4.5 74 (61.54 25 (23.15) 5(27.78) 36 (67.92) 8 (61.54) <0.0001 BvsEEC <0.0001
Bvs Other EC  0.006
Hvs EEC 0.005

BMI (n=192))

<25 29 (15.38) 23 (21.30) 0(0.00) 4 (7.55) 2(15.38)

25-29 47 (24.38) 38 (35.19) 1 (5.56) 6(11.32) 2(15.38) <0.0001 BvsH <0.0001

30-34 30 (15.63) 19 (17.59) 2(11.11) 6(11.32) 3(23.08) B vs EEC <0.0001

>35 86 (44.79) 28 (25.93) 15 (83.33) 37 (69.81) 6 (46.15)

Menopausal status (n=190)

Pre 108 (56.84) 89 (82.41) 6 (33.33) 12 (23.53) 1(7.69)

Post 82 (43.16) 19 (17.59) 12 (66.67) 39 (76.47) 12 (92.31) <0.0001 BvsH <0.0001
Bvs EEC <0.0001
Bvs Other EC  <0.0001

Combined contraceptives

Hormonal (n=138)

Yes 36 (26.09) 26 (32.10) 0(0.00) 5(14.71) 5 (45.45)

No 102 (73.91) 55 (67.90) 12 (100.00) 29 (85.29) 6 (54.55) 0.01 BvsH 0.02
B vs EEC 0.06
Hvs Other EC  0.01
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Table 1 (continued) | Demographic/clinical information

All Benign Gynecologic Endometrial Grade 1/2EEC  Other Ecs p value for the difference among
Conditions Hyperplasia diseases
(n=192) (n=108) ‘n=18)  (n=59) (n=13)
overall Paired
Non-hormonal (n=64) EEC vs 0.048
Other EC
Yes 2(3.13) 1(2.50) 0(0.00) 1(7.14) 0(0.00)
No 62 (96.88) 39 (97.50 6 (100.00) 13 (92.86) 4 (100.00) 0.62
D&C (n=192)
Yes 58 (30.21) 19 (17.59) 7 (38.89) 25 (47.17) 7 (53.85)
No 134 (69.79) 89 (82.41) 11 (61.11) 28 (52.83) 6 (46.15) 0.0002 BvsH 0.056
B vs EEC 0.0001
Bvs Other EC  0.007
Parity (n=191)
0 44 (23.04) 22 (20.56) 4 (22.22) 15 (28.30) 3(23.08) 0.3
1 24 (12.57) 9(8.41) 4 (22.22) 8 (15.09) 3(23.08)
2 42 (21.99) 23 (21.50) 7 (38.89) 10 (18.87) 2(15.38)
44 (23.04) 27 (25.23) 2(11.11) 13 (24.53) 2(15.38)
4+ 37 (19.37) 26 (24.30) 1(5.56) 7(13.21) 3 (23.08)
Heavy periods (n=150)
Light 9 (6.00) 5(5.32) 0(0.00) 2 (5.88) 2 (20.00) 0.01 Bvs EEC 0.01
Mod 48 (32.00) 21 (22.34) 6 (50.00) 17 (50.0) 4 (40.00) Bvs Other EC  0.05
Heavy 93 (62.00) 68 (72.34) 6 (50.00) 15 (44.12) 4 (40.00)
Tobacco use (n=184)
Yes 19 (10.33) 14 (13.46) 1(5.56) 3(6.12) 1(7.69) 0.15
No 55 (29.89) 34 (32.69) 4 (22.22) 13 (26.53) 4 (30.77)
Never 89 (48.37) 47 (45.19) 12 (66.67) 22 (44.90) 8 (61.54)
Quit 21 (11.41) 9(8.65) 1 (5.56) 11 (22.45) 0 (0.00)
Douching (n=161)
Yes 26 (16.15) 15 (15.96) 3(21.43) 7(16.28) 1(10.00) 0.9
No 135 (83.85) 79 (84.04) 11 (78.57) 36 (83.72) 9 (90.00)
Diabetes (n=192)
Yes 48 (25.00) 22 (20.37) 5(27.78) 21 (39.62) 0(0.00) 0.006 B vs EEC 0.01
No 144 (75.00) 86 (79.63) 13(72.22) 32 (60.38) 13 (100.00) Hvs Other EC  0.05
EEC vs 0.01
Other EC
Hypertension (n=192)
Yes 65 (33.85) 25 (23.15) 6 (33.33) 27 (50.94) 7 (53.85 0.002 Bvs EEC 0.001
No 127 (66.15) 83 (76.85) 12 (66.67) 26 (49.06) 6 (46.15) Bvs Other EC  0.04

Values are n (%) unless otherwise stated as mean (SD). P values were calculated using the Kruskal-Wallis test for continuous variables and Fisher’s exact test for categorical variables. Significant values
(p < 0.05) are highlighted in bold. Pairwise comparisons between diagnosis group and abbreviated as mentioned benign conditions (B), hyperplasia (H), grade 1/2 endometroid endometrial carcinoma (EEC),

and other endometrial carcinomas (Other EC).
Association of Demographics with Disease Group.

Differentially abundant taxa observed between patients with EC
and with Benign conditions

In order to identify microbial signatures that are unique to patients diag-
nosed with EC, we applied Analysis of Compositions of Microbiomes with
Bias Correction (ANCOM-BC)* (Fig. 2). Vaginal samples were investigated
with unadjusted models and revealed three taxa depleted and five increased
between EC and benign (Fig. 2A). Olegusella massiliensis (q=0.004),
Aerococcus  christensenii  (q=0.0325), and Limosilactobacillus  sp.
(q <0.0001) were decreased in EC compared to benign. Vaginal species such
as a Lachnospiraceae sp. (q < 0.0001), Prevotella timonensis A (q = 0.00416),
Porphyromonas sp900539765 (q = 0.0464), Peptoniphilus A sp. (q = 0.0077),

and an Anaerococcus sp. (q =0.00021) (Fig. 2A, Fig. 2C, Additional File 1)
were enriched in EC. Vaginal samples with adjusted models for known risk
factors, BMI and menopausal status, revealed 6/8 significant microbes
adjusted for BMI only, 4/8 when adjusted for menopausal status, and 2/8
when adjusted for BMI and menopausal status, suggesting that these risk
factors may contribute to overall microbial profiles of EC patients (Fig. 2A,
Fig. 2C, and Additional File 1). Depletion of Limosilactobacillus sp.
(q <0.0001) and enrichment of Lachnospiraceae sp. (q < 0.0001) remained
significant for EC compared to benign conditions after adjusting for risk
factors. Veillonella sp. (q < 0.0001), Fannyhessea vaginae (q < 0.0001), and
Lactobacillus gasseri (q<0.0001) had a LFC >le and. were significantly
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Fig. 1 | Global microbial composition of endometrial cancer patients differs
compared to benign gynecologic conditions. The vaginal microbiome is sig-
nificantly different between patients diagnosed with endometrial cancer and benign
conditions. A Taxa barplot of genera in the gut and vaginal microbiomes across
disease groups: Benign gynecologic conditions (Benign), Endometrial hyperplasia
(Hyperplasia), Endometrial cancer. B Faith’s PD is significantly different between
patients with EC and Benign conditions (Kruskal-Wallis: H: 31.784899, p value:
1.722266e-08, q-value:5.166797e-08) and nearly significantly different between
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Hyperplasia and Benign individuals (Kruskal-Wallis: H: 3.461674, p value:

6.280670e-02, g-value: 9.421005e-02). C Pielou’s Evenness is also significantly
different between EC and benign conditions (Kruskal-Wallis: H: 18.779978, p value:
0.000015, q-value: 0.000044). D There is a significant difference in Lactobacillus

relative abundance between benign and endometrial cancer individuals

(Mann-Whitney-U: g-value: 3.162e-04). E There is also a significant difference
between grade 1/2 endometrioid cancer (EEC) and other endometrial cancer sub-

types (Other EC) (Mann-Whitney-U: g-value: 3.087e-02).
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Fig. 2 | Dysbiotic microbes in vaginal and rectal
microbiomes enriched in endometrial cancer
patients compared to benign. Limosilactobacillus is
depleted, whereas Anaerococcus, Prevotella, Por-
phyromonas, and Peptoniphilus are enriched in EC
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depleted in other ECs compared to grade 1/2 EEC (Fig. 2B & Fig. S8 and
Additional File 1). Mann-Whitney test revealed that Lachnospiraceae sp.
(9=0.0090), Prevotella timonensis A (q=0.0328), Porphyromonas
sp900539765 (q = 0.0002), Peptoniphilus A sp. (q=0.0118), and an Anae-
rococcus sp. (q=0.0005) were enriched in postmenopausal women (Sup-
plementary Fig. 3). Prevotella timonensis A (q=0.0385) was only

significantly different when comparing women with a BMI greater than 35
to women with a BMI between 25 and 29 (Supplementary Fig. 4).
Unadjusted models from rectal samples revealed six significantly
depleted taxa when comparing EC and benign conditions (Fig. 2A),
including Prevotella sp000479005 (q = 0.0076), Peptoniphilus A lacrimalis
(q=0.0031), Streptobacillus sp009733925 (q < 0.0001), Prevotella colorans
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(q9<0.0001), Stoquefichus massiliensis (q<0.0001), and UBA1367
sp902779675 (from the Atopobiaceae family; q<0.0001) (Fig. 2A, C,
Additional File 1). Analysis of rectal samples with adjusted models revealed
5/6 significant microbes when adjusted for BMI only, 4/6 when adjusted for
menopausal status, and both risk factors (Fig. 2A).

The BMI-adjusted model had an additional taxon not observed in
the unadjusted model, a Peptoniphilus A sp. (q < 0.0001), which was
depleted in EC compared to benign conditions. The menopausal status
only and menopausal status and BMI adjusted model also included a
taxon not observed in the unadjusted model, Buttiauxella agrestis A
(q9=0.0205,q =0.0353), which was enriched in EC compared to benign
conditions. Microbes with the log-fold change of greater than one were
B. agretis A (q<0.0001), Bifidobacterium kashiwanohense
(9<0.0001), Dialister invisus, and Actinoplanes ianthogenes
(q <0.0001) were depleted in other ECs compared to grade 1/2 EEC
(Fig. 2B, C, S9 AdditionalFile 1).Mann-Whitney test revealed that
Streptobacillus sp009733925 (q<0.0001) was enriched in pre-
menopausal women, while Peptoniphilus A lacrimalis (q = 0.0059) was
enriched in postmenopausal women (Supplementary Fig. 1A & Sup-
plementary Fig 3). These analyses reveal global and species-specific
alterations of vaginal and rectal bacteria in women with EC compared
to benign conditions.

Some microbes were differentially abundant in both the vaginal and
rectal microbiomes; therefore, we investigated potentially translocated fea-
tures between body sites to test the hypothesis that the rectal microbiome
may be a source (or “reservoir”) of some organisms found in the vaginal
microbiome. To test this, we counted the rectal amplicon sequence variants
(ASVs) that were also observed in vaginal samples on a per-individual basis.
We compared this distribution of counts to what we would expect to see by
chance using a bootstrapping test (Mann-Whitney-U one-tailed test
p=0.0317)". Rectal genera observed in both the paired vaginal samples
most frequently included Granulicatella, Neisseria, Haemophilus D, Lacto-
bacillus, and Prevotella (Supplementary Fig 5 & Additional File 2). Prevotella
timonensis was enriched in EC compared to benign conditions and was in
the vaginal samples of 47 /90 participants who had Prevotella timonensis in
their rectal samples. Similarly, Peptoniphilus A was enriched in EC vaginal
samples compared to benign vaginal samples but was depleted in EC rectal
samples compared to benign rectal samples. Peptoniphilus A was found in
60/131 participants, with Peptoniphilus A in their rectal samples (Additional
File 2). Additionally, we observed a significant difference when reversing the
directionality of this analysis and counting vaginal microbes that were also
observed in rectal microbiomes on a per-individual basis (Mann-Whitney-
U one-tailed test p = 0.0004). However, the vaginal microbiome as a reser-
voir only had a median of 20 features that could have been potentially
translocated, while the rectal microbiome as a reservoir had a median of
101.5. The presence of an individual’s rectal-associated ASV features in their
vaginal microbiome (or vice versa) can represent the transfer of micro-
organisms between sites. Still, our data cannot confirm that a transfer has
occurred as opposed to independent colonization of the two sites by
organisms with the same ASV sequence. Putative translocation of rectal to
vaginal ASV features among patients with other ECs was higher compared
to patients with grade 1/2 EEC (p value = 0.0323) (Supplementary Fig. 6 and
Additional File 2). There is a moderately negative correlation between
Lactobacillus abundance and potential ASV translocation (correlation
=-0.425, p value = 5.50e-09). Therefore, the increased potential transloca-
tion between the rectal reservoir may indicate dysbiosis in the vaginal
microbiome and contribute to gynecologic conditions.

Bacterial community networks differ between patients with EC
and Benign conditions
We investigated bacterial co-occurrence networks to understand the rela-
tionships between certain bacteria and gain a complete picture of their role
in oncogenesis.

Bacterial co-occurrence networks in the rectum of patients with benign
conditions had 176 positive and 25 negative correlations (Fig. 3D and

Additional File 3). The genera in the Peptoniphilaceae family had many
positive correlations (n = 75) with microbes associated with gut/rectal
health, like Prevotella and Dialister"**'. Meanwhile, Lachnospiraceae family
members were found to not co-occur with Prevotella. Lachnospiraceae have
been reported to reduce inflammation in the gut; however, in the vagina,
they are associated with bacterial vaginosis®. On the other hand, the rectal
microbiome of patients with EC had more bacterial community correlations
than patients with benign conditions: 263 positive correlations between
microbes and 78 negative correlations (Fig. 3C and Additional File 3). We
also observed that there were more negative correlations with Prevotella and
the Lachnospiraceae family.

Bacterial co-occurrence networks in the vaginal microbiome also differ
between EC and benign. In patients with benign conditions, Lactobacillus
did not occur with Prevotella and Dialister, which are associated with bac-
terial vaginosis (BV). Other BV-associated microbes in the Peptoniphilaceae
family, such as Peptoniphilus A, Fenollaria, Finegoldia, and Anaerococcus,
co-occurred with other BV-associated bacteria: Porphyromonas and Pre-
votella, as well as opportunistic pathogens, such as Campylobacter. The co-
occurrence network of the vaginal microbiome of patients with benign
conditions had the smallest network, with 29 positive correlations and two
negative correlations (Fig. 3B and Additional File 3). This suggests that the
vaginal microbial community structure in patients with benign conditions
consists of a smaller group of less diverse microbes compared to patients
with EC. Interestingly, Lactobacillus was not found to co-occur with any
BV-associated microbes, indicating community structures are likely either
Lactobacillus-dominated or dysbiotic. In comparison, the vaginal micro-
biome of patients with EC had positive correlations within the Peptoni-
philaceae family but had more correlations with other BV-associated
microbes like Campylobacter. The EC group had 43 correlations with the
Peptoniphilaceae family, and the benign group only had 13. Lactobacillus
was still negatively correlated with Prevotella but also negatively correlated
with the 28 L (known as Megasphaera) genus (Fig. 3A and Additional File
3). EC also resulted in considerably more correlations between microbes,
with 184 positive correlations and 14 negative correlations. Overall, corre-
lations between differentially abundant features suggest that the community
networks are different within these microbiomes.

Differences in putative metabolic pathways related to aromatic
compounds, antibacterial compounds, and amino acids between
EC and benign

To identify potential metabolic pathways driven by bacteria in relation to
pathophysiological differences in EC, we utilized PICRUSt2*. We observed
more putatively altered metabolic pathways from vaginal profiles than rectal
profiles prior to adjustment for known risk factors, 86 and two, respectively
(Fig. 4A and Supplementary Fig. 7). Vaginal putative metabolic pathways
from patients with EC had a depletion in 86 metabolic pathways. Pathways
were categorized into subpathways related to amino acid metabolism
(n = 3), aromatic compound metabolism (n = 7), C1 compound utilization
and assimilation (n = 2), carbohydrate metabolism (n = 15), cell structure
biosynthesis (n = 6), cofactor, carrier, and vitamin biosynthesis (n = 5), fatty
acid and lipid biosynthesis (n = 7), generation of precursor metabolites and
energy (n = 6), nucleoside and nucleotide biosynthesis (n = 10), secondary
metabolite biosynthesis (n = 22), and other (n = 3) (Supplementary Fig. 7
and Additional File 4). Pathways related to antimicrobial biosynthesis with a
(LFC) >1 were (5R)-carbapenem carboxylate biosynthesis (q=0.0019),
butirosin biosynthesis (q=0.0014), clavulanate biosynthesis (q = 0.0037),
D-cycloserine  biosynthesis  (q=0.0039), fosfomycin biosynthesis
(q <0.0001), neomycin biosynthesis (q = 0.0054), paromamine biosynthesis
I (q=0.0021), paromamine biosynthesis II (q=0.0019), ribostamycin
biosynthesis (q=0.0034), streptomycin biosynthesis (q < 0.0001), and
superpathway of butirosin biosynthesis (q = 0.0012) (Fig. 4A). Interestingly,
pathways related to aromatic compound metabolism and lipid metabolism
with a LFC > 1 were sitosterol degradation to androstenedione (q = 0.0033),
benzoyl-CoA degradation II (anaerobic) (q = 0.0001), mevalonate pathway
I (eukaryotes and bacteria) (q<0.0001) and mevalonate pathway II
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Fig. 3 | Community network differences between EC and benign. The vaginal and
rectal microbiome form different community structures when comparing EC
communities to benign. A The EC vaginal community has more correlations
between genera (198 total correlations) than the (B) benign vaginal community
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(31 total correlations). Similarly, (C) the EMC bacterial co-occurrence network of
the rectal microbiome (341 total correlations) had more correlations compared to
the (D) benign community (201 total correlations). Interactive HTML files are
featured in the supplement.

(haloarchaea) (q = 0.0116) (Fig. 4A). However, when adjusted for BMI and
menopausal status, there was one depleted pathway, L-arabinose degrada-
tion IV (q<0.0001), and six enriched pathways: superpathway of
L-phenylalanine biosynthesis (q=0.0135), superpathway of L-tyrosine
biosynthesis (q = 0.0171), glutaryl-CoA degradation (q = 0.0308), CMP-3-
deoxy-D-manno-octulosonate biosynthesis (q=0.0109), Kdo transfer to
lipid IVA (q = 0.0137), and lipid IVA biosynthesis (q = 0.0125) in patients

with EC (Fig. 4B). Depletion in significant hormone-related pathways was
impacted by menopausal status (Supplementary Fig. 7). nly 1,5-anhydro-
fructose degradation (q < 0.0001), part of glycogen degradation, was enri-
ched in grade 1/2 EEC patients compared to other ECs (Fig. 4C).

Rectal samples from patients diagnosed with EC had lower putative
metabolic contributions of L-valine degradation I (q=0.0097) in unad-
justed models and models adjusted for known EC risk factors (Figs. 5A and
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Vaginal Depletion of Putative Microbiome-Mediated Hormone Pathways in Endometrial Cancer
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5B). Unadjusted samples additionally had depletion of dTDP-N-
acetylviosamine biosynthesis (q=0.0473), which is part of O-antigen
metabolism and LPS biosynthesis in patients with EC (Fig. 5A, C). Seven
pathways were enriched in patients with grade 1/2 EEC compared to other
ECs (Fig. 5D, E), most falling into polyphenol degradation pathways such as
superpathway of vanillin and vanillate degradation (q < 0.0001), vanillin
and vanillate degradation I (q < 0.0001), vanillin and vanillate degradation II
(9 <0.0001), syringate degradation (q < 0.0001) (Fig. 5D and Fig. 5E). The
remaining differential putative metabolic pathways between patients with
grade 1/2 EEC and other ECs were super pathway of C; compounds oxi-
dation to CO2 (q <0.0001), L-arabinose degradation IV (q < 0.0001), and
tylosin biosynthesis (q < 0.0001) (Fig. 5D, E). These data further highlight
the need to elucidate the role of polyphenol metabolism by microbiota in
regard to cancer.

Discussion

Our objective was to evaluate the role of the vaginal and rectal microbiomes
as they relate to endometrial cancer'. To address these hypotheses, we
evaluated both the vaginal and rectal microbiota profiles using 16S rRNA
amplicon sequencing in 192 patients diagnosed with benign conditions
(n=108), hyperplasia (n=18), and EC (n = 66). Other studies that have
investigated the upper female reproductive tract of patients with EC have
shown an increase in Fannyhessea (formerly Atopobium vaginae), Por-
phyromonas, Anaerococcus, Peptoniphilus, and Prevotella'*****. In
Semertzidou et al., Porphyromonas, Prevotella, Peptoniphilus, and Anaero-
coccus were increased in the vagina, cervix, and endometrium™. These
studies also observed a depletion in lactobacilli in EC cases compared to
benign or healthy control groups***. Our study identified similar sig-
natures of the vaginal microbiota, such as increased community richness,
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depletion of lactobacilli, and differentially abundant taxa such as Anaero-
coccus, Prevotella, Porphyromonas, and Peptoniphilus in patients with EC
compared to benign gynecologic conditions (Fig. 6). These recurring sig-
natures/patterns in multiple reports and sites support the hypothesis of the
ascension of vaginal microbes to endometrium* ™, where they can interact
with endometrial epithelial cells and impact carcinogenesis or features of the
tumor microenvironment***’. Further, we identified vaginal microbes such
as Veillonella, F. vaginae, and L. gasseri to be differentially enriched in grade
1/2 EEC. In contrast, other more aggressive EC subtypes were enriched in A.
christensenii, which could be of interest in differentiating types of EC. In
addition, our study revealed that in EC, vaginal networks of microbiota
increased in the number of positive microbe-microbe correlations, specifi-
cally within the family Peptoniphilaeceae, suggesting microbe-microbe
interactions associated with cancer (Fig. 6). Further investigation into these
bacteria, their interactions, and their role in inflammation could provide key
insights for the development and etiology of EC'.

Additionally, the gut microbiomes’ contribution to estrogen-
dependent gynecologic conditions such as EC is hypothesized to occur
through estrogen metabolism mediated by beta-glucuronidases of gut
bacteria, termed the estrobolome'””’, Furthermore, it has been observed that
the gut microbiome is altered during obesity™, a known risk factor for EC.
Obesity has been linked to estrogen dysregulation as adipose tissue can
increase circulating estrogen levels, especially in postmenopausal
women'*>*. Our study identified one microbe in the rectal microbiome,
B. agretis, after adjusting for menopausal status and BMI enriched in EC.
This is an under-described gram-negative Enterobacteriaceae species but
has been found in clinical specimens of wounds™ . Future investigation
into this opportunistic microorganism is needed but may hold insight into
inflammatory bacteria associated with gastrointestinal and gynecologic
cancers'. Li et al. observed Proteobacteria, Gammaproteobacteria,

Enterobacteriales, Enterobacteriaceae, and Shigella in the gut of patients
with EC compared to healthy controls”. Further, our study observed species
in the rectal microbiome that differentiated EC subtypes, including B.
kashiwanohense, D. invisus, and A. ianthogenes, which were most enriched
in grade 1/2 EEC compared to other EC (Fig. 6). Interestingly, Bifido-
bacterium has been shown to metabolize estrogen in the gut, which could be
why it is linked with grade 1/2 EEC, as these are estrogen-mediated ECs”.

EC has known risk factors, such as BMI and menopausal status’”, and
in this cohort, the mean BMI for grade 1/2 EEC was 40.29, and for other ECs,
it was 37.22. Among patients with grade 1/2 EEC, 76.47% were post-
menopausal, while 92.31% of patients with other ECs were postmenopausal.
Since these factors outside of EC have been linked to microbial changes in
vaginal and gut/rectal microbiomes***, herein we account for these factors
in microbial associations. Vaginal Lachnospiraceae sp., P. timonensis A,
Porphyromonas sp900539765, Peptoniphilus A sp., and Anaerococcus sp.
were enriched in postmenopausal women. However, when adjusting for
menopause status alone, Lachnospimceae sp., P. timonensis A, and Anae-
rococcus sp. remained enriched, and O. massiliense (a reclassified microbe
from the Atopobiaceae family) and a Limosilactobacillus sp. remained
depleted in EC. Only a Lachnospiraceae sp. and a Limosilactobacillus sp.
remained significant after adjustment for BMI and menopause status.
Walsh et al. noted that menopausal status was the greatest factor to impact
the microbiome of women with EC, with Anaerococcus, Porphyormonas,
and Peptoniphilus being the most predictive of menopausal status in their
study”. Since these microbes have had associations with EC in other studies,
it is likely due to a strong link with postmenopausal women diagnosed with
EC. Only P. lacrimalis was associated with postmenopausal status in the
rectal microbiome samples in our study. Further investigation is needed into
Peptoniphilus species from both mucosal sites related to EC and post-
menopausal status.
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Microbiome in Endometrial Cancer Compared to Benign Gynecologic Conditions
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Fig. 6 | Summary of microbiome findings in endometrial cancer compared to
benign gynecologic conditions. Diagram of major findings between endometrial
cancer and benign gynecologic conditions observed by vaginal and rectal micro-
biome. A The rectal microbiome of patients with benign gynecologic conditions
such as endometriosis, adenomyosis, and fibroids was revealed to have increased
microbial diversity, increased abundance of Peptoniphilus and Prevotella species,
increased bacterial networks, and increased valine degradation pathways when
compared to patients with endometrial cancer. B The rectal microbiome of patients
with the diagnosis of endometrial cancer, either low-grade endometrioid carcinoma
or other endometrial cancer subtypes, revealed to have an increase in the abundance
of Buttiauxella agretis, less bacterial community networks and a increased potential
translocation of microbes from the rectum to vagina. C The vaginal microbiome of

patients with benign gynecologic conditions was revealed to have increased Lacto-
bacillus abundance and, specifically, an increased abundance of a particular Limo-
silactobacillus species; most bacterial networks were negatively correlated. In
addition, multiple putative metabolic pathways relating to amino acid metabolism,
steroid metabolism, and antibiotic metabolism were enriched when compared to
profiles from patients with endometrial cancer. D The vaginal microbiome of
patients with EC was revealed to have increased microbial diversity as well as
increased Prevotella, Anaerococcus, Peptoniphilus, and Porphyromonas abundance.
Most bacterial networks were positively correlated with Prevotella, indicating the
highest correlations. In addition, Lactobacillus gasseri, Veillonella sp., and Fanny-
hessea vaginae were increased in low-grade endometrioid carcinoma compared to
other endometrial cancer subtypes.

Our results indicate, based on microbial feature sharing analysis, that as
the vaginal microbiome shifts towards dysbiosis, more gut microbes become
increasingly present in the vaginal microbiome, with the most transfer of
Prevotella timonensis and Peptoniphilus A. Notably, in our study, we also
observed both Prevotella timonensis and Peptoniphilus to be of higher
abundance in EC. One study hypothesized that a shorter anovaginal dis-
tance might increase the microbial sharing from the rectum to the vagina.
Still, they found no significant associations with anovaginal distance and
increased risk of BV, even though transmission of microbes did occur®. Our
findings suggest that the rectal microbiome might be an extravaginal
reservoir for a dysbiotic vaginal microbiome and importantly that an
increased abundance of vaginal Lactobacillus may be protective against the
transfer of rectal microbes (Fig. 6). More aggressive subtypes of EC did have

the most microbial feature sharing. To our knowledge, there are no studies
that have investigated the vaginal microbiome as a reservoir for gut/rectal
microbes in gynecologic cancers. Our study observed that shared features
occurred bidirectionally, which may signal overall dysbiosis in gynecologic
conditions. The mechanism of potential translocation in either
direction is unknown, and future studies may further reveal microbial
translocation in vivo and its association with vaginal and gut health.
We hypothesize that Prevotella timonensis may be one of the most
transferred microbes between vaginal and rectal mucosal sites due to
its sialidase activity that degrades mucin glycans or complex carbo-
hydrates, thereby deteriorating the protective mucosal barriers and
promoting translocation®*®. Further, this capability of using an
alternative food source of mucin may provide a way for P. timonensis
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to outcompete other microorganisms and relate to its pathogenicity
and role in numerous gynecologic conditions®.

The transition from carbohydrate to amino acid metabolism has been
associated with BV and cancer cell survival and proliferation”. In accor-
dance with this, we found that in vaginal samples, there were 15 pathways
depleted in carbohydrate metabolism. Previous literature has also indicated
that carbohydrates are increased in profiles with a high abundance of
Lactobacillus®; thus, this metabolic signature may be driven by the Lacto-
bacillus depletion observed in EC. Further, a specific pathway involved in
glycogen degradation, 1,5-anhydrofructose degradation, was enriched in
patients with grade 1/2 EEC compared to other EC subtypes (Fig. 6). Gly-
cogen is an important complex carbohydrate in the vaginal micro-
environment associated with Lactobacillus dominance, and glycogen
synthesis is stimulated by estrogen™. This supports the Lactobacillus dif-
ferences observed in grade 1/2 EEC compared to other ECs. Our study
observed lipid metabolism pathways related to steroid hormones in EC,
including sitosterol degradation to androstenedione, benzoyl-CoA degra-
dation 1II, and mevalonate metabolism. A previous study investigated
uterine tumor microbial profiles of early-stage EC between White and Black
women and identified microbial pathways in mevalonate to be significantly
different between Black and White women diagnosed with EC”. These
pathways were lost after adjustment for BMI and menopausal status, which
is unsurprising due to the link between hormone dysregulation and vaginal
microbiota alterations observed in women who have a higher BMI or who
are postmenopausal’***’”. Further, our study identified that putative
metabolic contributions of bacteria were more observed in vaginal samples
(n = 86) than in rectal samples (n = 2) when comparing EC.

Putative pathway analysis of rectal samples also revealed that patients
with EC have depleted valine degradation (Fig. 6). Some studies suggest the
role of bacteria in modulating branched-chain amino acids in the gut, like
valine. This could make amino acids available to the tumor micro-
environment for host cell activation of mTORCI signaling, which can
increase protein translation and cell growth”. Interestingly, three vanillic
acid degradation and syringate degradation pathways, which are all poly-
phenol degradation pathways, were differentially increased in other EC
subtypes (Fig. 6). Polyphenols are commonly found in food sources and
have been proposed as antioxidants with anti-cancer effects™”; thus,
degradation of these polyphenols by microbiota may decrease these bene-
ficial effects. Additionally, polyphenols and estradiol both have phenolic
structures, thus polyphenols may have the ability to impact on E2 and
estrogen receptor signaling”® which could be an important factor for
estrogen-dependent cancers such as grade 1/2 EEC. Thus, could be why
degradation of these phenolic compounds is enriched in Other EC subtypes
which are typically estrogen independent. Further research into these
metabolic pathways in the vaginal and gut/rectal environments is still
needed to confirm these findings.

Other strengths of the study include strict inclusion/exclusion
criteria to account for external factors that impact the microbiome,
such as antibiotic usage and histopathological confirmation of diag-
noses used to stratify patients into disease groups. Further, sampling
was collected at time of hysterectomy and consisted of women with
newly diagnosed EC prior to treatment. We conducted an analysis of
two mucosal body sites, the vagina and the rectum, for disease com-
parisons. We implemented new bioinformatics tools to investigate
bacterial feature transfer between these mucosal sites. We also adjusted
our analyses for multiple risk factors of EC, known as modulators of the
human microbiome. We acknowledge that this study is utilizing 16S
rRNA as a bacterial marker gene, and therefore, the full taxonomic
resolution and metabolic potential for species identification may be
limited. A small sample size of the endometrial hyperplasia and racial/
ethnic groups prevented us from conducting some analyses due to the
unequal sample distribution between groups. Thus, future studies
should include more patients with endometrial hyperplasia and
patients from more diverse backgrounds to better identify the role of
the microbiome in EC development and whether the microbiome plays

arole in EC health outcomes such as prognosis and mortality between
different racial/ethnic communities. It is important to note that these
findings compare patients diagnosed with EC and patients with benign
gynecologic conditions, two populations that undergo hysterectomy.
Therefore, future studies may assess non-surgical populations to assess
key differences between populations that do not present with symp-
toms or undergo gynecologic surgeries and those with diagnosed
pathologies. That said, there are limitations to comparing these
populations, including a lack of histological confirmation of disease
that may indicate underdiagnosed benign conditions. Additionally,
investigating environmental factors such as phthalate exposure,
medication usage, and diet could be of interest to further refine the
complexities of the microbiome in cancer.

This study provides foundational knowledge of the global microbial
alterations from multiple mucosal body sites in EC patients, further
revealing associations of polymorphic microbiomes within endometrial
cancer. This finding is supported by our analyses identifying increased
community richness and significant differences in community composition
in vaginal and rectal microbial profiles of patients diagnosed with EC.
Interestingly, vaginal and rectal microbiome alterations were observed in
the overall community network structures, with more microbe-microbe
correlations, specifically in the family Peptoniphilaceae, observed in patients
diagnosed with EC. Further, unique microbial features of EC, such as a
depletion of Lactobacillus and an increase of Anaerococcus, Porphyromonas,
and Peptoniphilus in vaginal samples, and a depletion of Peptoniphilus and
Prevotella and an increase in Buttiaxella in rectal samples were observed.
Transfer of microbiota between mucosal sites was also observed, with
Prevotella timonensis and Peptoniphilus A sp. being most shared between
sites, and the transfer was reduced as Lactobacillus dominance increased.
We also identified putative metabolic pathways that link microbiota to
pathophysiology, with enrichment of L-tyrosine and L-phenylalanine bio-
synthesis in EC relating to dysregulation of amino acids, enrichment of 1,5
anhydrofructose degradation relating to complex carbohydrate degradation
in grade 1/2 EEC, and depletion in mevalonate metabolism and enrichment
of cholesterol metabolism relating to hormone metabolism in patients with
EC. These findings set the framework for future microbiome and metabo-
lomics integration studies, using whole metagenomic sequencing to identify
microbial capabilities for estrogen metabolism and investigating other
mucosal sites, such as the endometrium. Further research on these topics
could identify critical microbes and pathways associated with EC, poten-
tially leading to novel approaches for preventing and treating EC using
microbiome modulation. This study provides foundational knowledge on
the role of polymorphic microbiomes in EC and key microbial targets for
future investigation to assess host-microbe interactions related to the
etiology of disease.

Methods

Patient recruitment

We recruited 192 non-pregnant women who were undergoing hyster-
ectomy. These women were grouped by the following conditions based on
histopathological diagnosis: grade 1/2 endometrial endometrioid carcinoma
(EEC) (n=53), other EC subtypes (n=13), endometrial hyperplasia
(n=18), and benign conditions (n=108). Benign conditions often co-
occur, and our study population consists of patients diagnosed with endo-
metriosis (n =21), fibroids (n = 70), adenomyosis (n = 46), or other gyne-
cologic conditions (1 = 18) that have a histopathological diagnosis, such as
abnormal uterine bleeding (Fig. 7). These patients were recruited between
June 2018 and February 2020 from three clinical sites in the Phoenix (AZ,
USA) metropolitan area: Banner University Medical Center — Phoenix,
Valleywise Health Medical Center, and Dignity Health Chandler Regional
Medical Center. The Institutional Review Board of the University of Arizona
approved this study (reference no. 1708726047), and written informed
consent was obtained from each study participant. The study was conducted
in accordance with federal guidelines, regulations, and the Declaration of
Helsinki. We included women of any race or ethnicity aged 18 years or older.
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Fig. 7 | Study and sample enrollment diagram. N = 200 women enrolled in the
Endometrial Cancer study with histologically confirmed diagnoses of benign
gynecological conditions (1 = 108), endometrial hyperplasia (n = 18), grade 1/2
endometrial endometrioid carcinoma (n = 56), other endometrioid carcinomas
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(n=13), and other gynecologic cancers. n = 8 women were diagnosed with other
gynecologic cancers, so were excluded from the analysis, resulting in our study
population of n = 192 women. The number of samples excluded after microbiome
preprocessing were n = 13 for vaginal and » = 13 for rectal.

Patients were excluded based on the following criteria: if they were currently
menstruating; currently lactating; currently or within the past three months
using antibiotics, antifungals, or antivirals; or currently or within the past
three weeks had a vaginal infection (including bacterial vaginosis and
candidiasis), vulvar infection, urinary tract infection, or sexually transmitted
infection (including chlamydia, gonorrhea, trichomoniasis, genital herpes,
HIV). Patients were also excluded if they used vaginally applied medications
and suppositories, feminine deodorant sprays, wipes, or vaginal lubricants
within 48 h of the visit; used depilatory treatments in the genital area within
72 h of the visit; or had sex within 48 h of the visit. Lastly, individuals were
excluded if they went bathing or swimming within the previous 4 h, con-
sumed nicotine products within the previous 2 h, or had a diagnosis of
diabetes, hepatitis, or any condition in the genital area interfering with the
study. The exclusion criteria were verified by physician pelvic exam, medical
record, and/or self-report. Demographic, socioeconomic, and medical his-
tory data were collected from surveys and/or medical records. Further
information on inclusion and exclusion criteria and detailed clinical and
demographic information were described previously™.

Sample collection and processing

Clinical samples were collected by a surgeon prior to hysterectomy and
surgical sterilization. A speculum was inserted without lubricant, and
two vaginal swabs were collected. The first vaginal swab was collected
by swabbing the lateral walls of the mid vagina using an eSwab col-
lection system containing Amies transport medium (COPAN Diag-
nostics, Murrieta, CA). The second vaginal swab was used to measure
vaginal pH using nitrazine paper and recorded by the clinician

according to the manufacturer’s instructions using a scale of 4.5-7.5.
Following vaginal swab collection, two FLOQ swabs (COPAN Diag-
nostics, Murrieta, CA) were individually inserted into the rectum,
swabbing inner rectal tissue. The specimen swabs were immediately
placed on ice and frozen at —80 °C within one hour of collection. On
the day of extraction, swabs were thawed on ice, and DNA was
extracted using a DNeasy PowerSoil Isolation Kit (Qiagen, German-
town, MD) following the manufacturer’s instructions. Sample DNA
was aliquoted to avoid freeze/thaw cycles and stored at —80 °C for
further analysis.

DNA sequencing

The quality of the extracted DNA samples was checked using Qubit
Fluorometers (ThermoFisher). The 16S rRNA amplicon libraries were
constructed using the Earth Microbiome Project (EMP) primers (515F-
806R) with Golay barcode tags on the forward primer”” (PCR mix ratio is
shown in Supplementary Table 1). The annealing was performed for 20 s
at 50 °C. The 16S rRNA fragment was extended for 45 s at 72 °C. The
PCR for both vaginal and rectal samples used 30 cycles. The quality of
amplicons was checked via agarose gel electrophoresis. The amplicon
library of the samples that did not have a clear DNA band, or those
showing DNA bands in the negative control lane of the agarose gel
electrophoresis, were reconstructed until they passed this quality check.
The concentration of the quality-assured amplicons was measured using
afluorescent-based DNA measuring technique, Quant-iT dsDNA High-
Sensitivity Assay (Invitrogen). 200 nM of each amplicon was pooled into
two library pools for sequencing. The quality of the pool was verified
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with the Bioanalyzer DNA 1000 chip (Agilent Technologies, Santa Clara,
CA), and then the pool was combined with 1% PhiX for sequencing. The
pools were sequenced on the Illumina MiSeq using the 600-cycle MiSeq
reagent kit version 3 (Illumina, San Diego, CA) using the Illumina MiSeq
benchtop sequencing platform.

Demultiplexing

The raw data obtained for this study was multiplexed paired-end sequences
in Earth Microbiome Project protocol format”’. Demultiplexing was per-
formed using QIIME 2’s giime demux emp_paired’®”” command.

Human contamination filtration

Human contamination filtering was performed in two steps. First, reads that
matched the human genome were removed from the data. Then, post-quality-
control amplicon sequence variants (ASVs) that were not assigned to a bac-
terial phylum were removed. This two-step process should filter all human
sequences from a 16S rRNA amplicon data set. These two steps are described
in detail here: The demultiplexed data was exported from QIIME 2 and
aligned to a hgl9 reference human® genome using bowtie2. The SAM file
output provided by Bowtie was converted to a BAM file using samstools®' and
then converted to a FASTQ file using Bedtools”. Before aligning to the
reference human genome, there were 13,152,450 sequences in the vaginal
and rectal microbiome data combined. After aligning, there were
13,145,634 sequences retained; less than 0.06% of the sequences were filtered
out due to human contamination. This methodology is detailed in the QIIME
2 Cancer Microbiome Intervention tutorial at https://docs.qiime2.org.

After performing quality control (see below), amplicon sequence
variants that were not taxonomically classified to at least the phylum level
were filtered out using qiime feature-table filter-features. In the gut
microbiome data, there were originally 3624 ASVs, and 16% of the ASVs
were filtered out (3046 remaining ASVs). In the vaginal microbiome data,
there were originally 1386 ASVs, and 13.3% of the ASVs were filtered out
(1201 remaining ASVs).

Quality control

Quality control was performed on the sequences by running ‘qiime
dada2 denoise-paired’”. The forward sequences were trimmed at 240,
and the reverse sequences were trimmed at 220 due to reduced
sequence quality beginning at these positions. After quality control, the
resulting feature table was split into two groups based on the body site
from which the sample was collected (vaginal or rectal) using qiime
feature-table filter-samples.

Taxonomic classification

The rectal and vaginal microbiomes were taxonomically classified using
environment-weighted classifiers. The weights tailor the classifier
towards the microbiome that is being classified and enable higher-
resolution taxonomic assignment without the need for an environment-
specific database (which can prevent uncommon taxa from being
reported). Both classifiers were built using the 202 release of Genome
Taxonomy Database (GTDB)*™ using ‘qiime feature-classifier fit-
classifier-naive-bayes’. For the rectal microbiome, ‘giime clawback
generate-class-weights®**, based on publicly available stool data in
Qiita™, was used to generate environment-specific taxon weights. ‘qiime
feature-classifier fit-classifier-naive-bayes’ combined the class weights
with the base classifier. The classifier was used to assign taxonomic labels
to ASVs using ‘giime feature-classifier classify-sklearn’. The vaginal
classifier was created using methods outlined in Bokulich et al. 2022”' to
create vaginal weights based on the stirrup database™. Then ‘giime
feature-classifier classify-sklearn” was run to annotate the vaginal
microbiome ASV's taxonomically.

Microbiome diversity analysis
Diversity analyses were performed separately on each body site. A rooted
phylogenetic tree was created using ‘qiime phylogeny align-to-tree-mafft-

fasttree™. ‘qiime diversity core-metrics-phylogenetic’ was run to compute

diversity metrics. The sampling depth was set at 15,993 for the rectal
microbiome and 3714 for the vaginal microbiome. The sampling depths
were confirmed to be representative of the microbiome’s diversity using
qiime diversity alpha-rarefaction. ‘qiime diversity alpha-group-significance’
was used to compare Faith’s phylogenetic diversity (PD)* and evenness. Of
the 192 total samples, 13 vaginal samples and 13 separate rectal samples
were excluded after microbiome rarefaction (Fig. 7). Statistical comparisons
were made using Kruskal-Wallis”, and all comparisons were corrected
using the false discovery rate (FDR) method™. ‘qiime diversity beta-group-
significance’ was used to generate Unweighted Unifrac distances” between
samples, and statistical comparisons were made using PERMANOVA.

Lactobacillus abundance analysis

To investigate Lactobacillus abundance, ASV's were collapsed to the genus or
species level using ‘qiime taxa collapse’. The collapsed feature tables were
then transformed into relative frequency using ‘qiime feature-table relative-
frequency’. The relative frequencies were then compared using Scipy stat’s
Mann—Whitney—U98 statistical tests, and the comparisons were corrected
using statsmodels FDR corrections”. This analysis was visualized using
Seaborn” and PtitPrince'” to create raincloud plots.

Differentially abundant taxa analysis

To identify differentially abundant taxa in rectal or vaginal samples between
EC and benign groups, as well as between grade 1/2 EEC and other EC, taxa
counts at the species-level were run through the package Analysis of
Compositions of Microbiomes with Bias Correction (ANCOM-BC)™ uti-
lizing R version 4.2.2'"". To address risk factors associated with EC, such as
menopausal status (pre- and post-menopausal) and BMI ( <25, 25- 29,
30-34, and >35), additional adjustment analyses were performed. Com-
parisons of the EC to benign groups were adjusted for menopausal status
alone, BMI alone, and menopausal status and BMI together. P values were
corrected for multiple comparisons using the FDR method, and the term
“q value” is used to refer to these FDR-corrected p values in this work. Taxa
with a g-value < 0.05 were considered significant. Taxa with a (LFC) > 1
were considered biologically differential, and dot plot visualizations of these
data were created in Prism 9.0 (GraphPad, San Diego, CA).

Bacterial correlation

Using the genus table, ‘qiime SCNIC sparcc-filter was applied to
remove features observed fewer than 500 times and features present in less
than two samples. ‘qiime SCNIC calculate-correlations** was run with
default settings to generate correlations between microbes in a microbiome.
These correlations were calculated for each body site’s benign and EC
groups. These commands were run using QIIME 2 2020.10 because of
incompatibilities between the q2-scnic QIIME 2 plugin and QIME 2
2022.2, which was used for the remainder of the analyses here.

»102,103

Rectal reservoir analysis

q2-fmt  (https://github.com/qiime2/q2-fmt) was used to test the co-
occurrence of ASVs between the rectal microbiome and the vaginal
microbiome, which we use here as a proxy for potential transfer from the
rectal to the vaginal microbiome. The rectal microbiome was considered the
“donor,” and the vaginal microbiome was considered the “recipient”. ‘qiime
fmt sample-peds™ was run to calculate a proportion of rectal features that
“transferred” to the vaginal microbiome. We additionally tested this using
the vaginal microbiome as the “donor” and the rectal microbiome as the
“recipient”. To assess whether a given number of “transferred” microbiomes
was more than should be expected by chance, the per-subject vaginal-rectal
pairings were randomized 999 times to generate “randomized Proportional
Engraftment of Donor Strains (PEDS) values.” The code for the boot-
strapping verification is Additional Data 5. The real vaginal-rectal pairs’
PEDS values were compared to randomized PEDS values with a one-tailed
Mann-Whitney-U test™. This tests if vaginal and rectal microbiomes from
the same individual had more potential translocated features than
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microbiomes from randomly associated vaginal-rectal pairings, providing
an assessment of how likely a PEDS score is to be observed if there is no
potential for transfer between an individual’s vaginal and rectal samples'”.
PEDS values were correlated with Lactobacillus relative frequency using

Spearman’s Correlation.

Putative metabolic contributions of microbiome analysis

To determine the putative metabolic contributions from vaginal and rectal taxa
identified in this cohort, QIIME 2'* was utilized to run Phylogenetic Inves-
tigation of Communities by Reconstruction of Unobserved States
(PICRUSt2)* using the q2-picrust2 QIIME 2 plugin on 16S rRNA read counts.
Host and microbial genomes from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database'” and the PICRUSt2 predicted metagenomes
were used to predict the functional gene content of the 16S rRNA profiles.
Pathways were labeled based on MetaCyc'® pathways. Statistical analysis was
performed utilizing ANCOM-BC” to determine differentially abundant
putative metabolic pathways between EC and benign groups and between
grade 1/2 EEC and other EC. To control for risk factors associated with EC,
such as menopausal status (pre- and post-menopausal) and BMI ( < 25,25-29,
30-34, and >35), additional adjustment analyses were performed on the EC
compared to benign groups for menopausal status and BMI together. P values
were corrected for multiple comparisons using the FDR method, and taxa with
a g value < 0.05 were considered significant. Putative metabolic pathways with
a LFC > 1 were considered biologically differential, and diverging bar charts
were visualized in Prism 9.0 (GraphPad, San Diego, CA).

Data availability

16S rRNA gene sequences were deposited in the National Center for Bio-
technology Information (NCBI) database on BioProject accession number
PRJNA1036657.

Code availability
A bioinformatics reproducibility supplement'”, providing full detail on all
QIIME 2 steps of this analysis, is provided as Additional File 6.
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