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Abstract

The oral microbiome, like the fecal microbiome, may be related to breast cancer risk. Therefore,
we investigated whether the oral microbiome was associated with breast cancer and non-malignant
breast disease, and its relationship with the fecal microbiome in a case-control study in Ghana.

A total of 881 women were included (369 breast cancers, 93 non-malignant cases, and 419
population-based controls). The V4 region of the 16S rRNA gene was sequenced from oral and
fecal samples. Alpha-diversity (observed amplicon sequence variants [ASVs], Shannon index,

and Faith’s Phylogenetic Diversity) and beta-diversity (Bray-Curtis, Jaccard, and weighted and
unweighted UniFrac) metrics were computed. MiRKAT and logistic regression models were used
to investigate the case-control associations. Oral sample alpha-diversity was inversely associated
with breast cancer and non-malignant breast disease with odds ratios (95% CIs) per every 10
observed ASVs of 0.86 (0.83-0.89) and 0.79 (0.73-0.85), respectively, compared with controls.
Beta-diversity was also associated with breast cancer and non-malignant breast disease compared
with controls (A<0.001). The relative abundances of Porphyromonas and Fusobacterium were
lower for breast cancer cases compared with controls. Alpha-diversity and presence/relative
abundance of specific genera from the oral and fecal microbiome were strongly correlated among
breast cancer cases, but weakly correlated among controls. Particularly, the relative abundance of
oral Porphyromonas was strongly, inversely correlated with fecal Bacteroides among breast cancer
cases (r=—0.37, P<0.001). Many oral microbial metrics were strongly associated with breast cancer
and non-malignant breast disease, and strongly correlated with fecal microbiome among breast
cancer cases, but not controls.
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Introduction

Breast cancer is the most commonly diagnosed cancer and the leading cause of cancer
death among women worldwide, with an estimated 2,088,849 new cases and 626,679 deaths

Int J Cancer. Author manuscript; available in PMC 2023 October 15.
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occurring in 2018.[1] Breast cancer incidence and mortality is rising in Africa[1] with the
highest breast cancer mortality rates compared to the rest of the world.[2, 3] The burden
of breast cancer in sub-Saharan Africa is projected to double between 2012 and 2030 due
to population aging and expansion.[4] Although several genetic-epigenetic determinants
and environmental risk factors for breast cancer have been described, understanding of the
underlying mechanisms for breast cancer is still not fully characterized.

In recent years, numerous studies have characterized the microbiome of different health
conditions and observed complex interactions between the microbiome and host.[5-7]
Specifically, there are indications of a link between the oral microbiome and breast
cancer. Some studies have observed an higher risk of breast cancer among women

with periodontal disease,[8, 9] a condition caused by specific bacteria, such as the

red complex (Porphyromonas gingivalis, Tannerella forsythia, Treponema denticola)

and the orange complex (Fusobacterium nucleatum, Prevotella intermedia, Prevotella
nigrescens, Peptostreptococcus micros, Streptococcus constellatus, Eubacterium nodatum,
Campylobacter showae, Campylobacter gracilis, and Campylobacter rectus).[10, 11]
However, studies of periodontal disease provide only indirect evidence that the oral
microbiome may be involved and studies considering the relationship between the oral
microbiome and breast cancer are currently limited. Only one small study has been
conducted with 55 breast cancer cases and 21 non-cancer patients in the United States which
reported no associations between the oral microbiome and breast cancer.[12] Therefore,
larger studies and studies in different populations are needed.

The Ghana Breast Health Study is a population-based case-control study conducted in Accra
and Kumasi, Ghana, West Africa. In the fecal microbiome analysis in this population, breast
cancer and non-malignant breast disease cases had similar fecal microbial characteristics but
were significantly different from controls. Fecal alpha-diversity was inversely associated
with breast cancer and non-malignant breast disease, and associations were observed

for beta-diversity and multiple taxa.[13] To further explore the potential role of human
microbiome in breast cancer development, we investigated the associations of the oral
microbiome with breast cancer and non-malignant breast disease in the Ghana Breast Health
Study; and the relationship of the oral microbiome with the fecal microbiome.

Materials and Methods

Study population selection

The Ghana Breast Health Study is a population-based case-control study of breast cancer
in the Accra and Kumasi areas in Ghana, which has been described in detail previously.
[14] In brief, 2,218 breast cancer cases or non-malignant breast disease cases and 2,352
population controls were recruited. The study cases were identified from three hospitals:
Korle Bu Teaching Hospital in Accra and Komfo Anoyke Teaching Hospital and Peace
and Love Hospital in Kumasi. Eligibility criteria for study cases included being 18-74
years of age and have lived in study areas for at least a year’s time, being potential cases
recommended for a biopsy given lesions suspicious for malignancy or presenting at a study
hospital for treatment of pathologically documented breast cancer diagnosed within the
preceding year. Because many women present with advanced breast cancers, the Ghana

Int J Cancer. Author manuscript; available in PMC 2023 October 15.
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Breast Health Study focused on enrolling potential cases at the time of their biopsies prior to
a pathologic diagnosis, so only a small proportion of cancer cases were women presenting at
the hospital for treatment.[14] Diagnoses were based on pathologic review of core biopsies
by pathologists in Ghana and the National Cancer Institute (NCI). Population controls were
identified using a household census of randomly selected enumeration areas that gave rise to
the cases, had at least 1 year of residence in the study areas, and were frequency matched to
cases by age.

Previously, all 415 breast cancer cases with more than one stool sample available, 110

city frequency-matched non-malignant breast disease cases, and 447 city frequency-matched
controls were selected to study the associations of fecal microbiome with breast cancer

and non-malignant breast disease.[13] For this oral microbiome study, women who were
included in the fecal study and had an available saliva sample were selected, including

392 breast cancer cases, 100 non-malignant breast disease cases, and 433 controls. Five
women who were diagnosed with a cancer other than breast cancer were excluded. For the
oral microbiome only analysis, after excluding 39 samples with less than 20,000 reads (19
cancers, 7 non-malignant cases, and 13 controls), the final sample size was 881 women. For
the combined oral and fecal microbiome analysis, 80 subjects with less than 6,250 reads
from either oral or fecal samples were excluded (34 cancers, 11 non-malignant cases, and 35
controls), and the final sample size was 840 women.

Questionnaire data and sample collection

The demographic and lifestyle data for the study were collected via a standardized
interview-based questionnaire, which focused on demographic characteristics and breast
cancer risk factors. The original questionnaire response rates were 99.2% for breast cancer
and non-malignant breast disease cases and 91.9% for eligible controls.[14] Body size
measurements, including height (cm) and weight (kg), were taken by study personnel and
recorded.

Saliva samples were collected using Oragene DNA OGR-500 kits (DNA Genotek Inc.,
Ottawa, Canada) at the initial clinic study visit for both cases and controls. Saliva samples
were collected prior to neoadjuvant therapy. Saliva samples were collected, stored, and
shipped to the NCI repository at room temperature annually, and were then transferred
from the NCI repository to the Cancer Genomics Research Laboratory on dry ice. Stool
sample collection procedures were described in detail previously.[13] Briefly, two vials

of stool samples from a subset of cases and controls were collected at the initial clinic
study visit, if possible. If controls were unable to provide stool samples at the study visit,
they took the collection materials home and, after collection, the samples were transported
immediately to the laboratory by study personnel. The impact of microbial differences

for fecal samples collected in the hospital compared to at home was evaluated in the
previous fecal microbiome study and minimal effects were detected.[13] Upon receipt in the
laboratory, one vial of the stool sample was snap frozen at —80° C and 2.5 mL of RNA /ater
stabilizing solution (Ambion, Inc., Austin, Texas) was added to the other vial and frozen at
—-80° C. The fecal samples were shipped to the NCI repository on liquid nitrogen every 3—4
months.

Int J Cancer. Author manuscript; available in PMC 2023 October 15.
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DNA extraction and sequencing

Saliva samples were processed at the Cancer Genomics Research Laboratory. The saliva
samples were thawed at 4°C and 850 uL of material was transferred into a new tube and
pelleted. After removing the supernatant, 5 mL of Buffer P1 (Qiagen) was added to each
tube and thoroughly mixed before pelleting again. After removing the supernatant, 20 L of
Proteinase K and 980 uL of Buffer G2 (Qiagen) were added to each tube and thoroughly
mixed. Samples were then incubated in a water bath for 60 minutes at 56°C. Immediately
following off-board lysis, DNA was extracted using the DSP DNA Virus Pathogen Kit
(Qiagen) on a QIAsymphony automated extraction instrument (Qiagen) using a customized
version of the Complex800_V6_DSP protocol. DNA of the quality control (QC) samples
were extracted separately, and PCR amplification and sequencing of all extracted DNA
were completed, as described in detail previously.[15] Within each PCR batch, eight QC
samples were also included: two oral artificial communities, [16] two water blanks, two
robogut samples,[16] and two duplicates of randomly selected control samples. PCR batches
were created by randomly selecting study participants to have an adequate distribution of
both cases and controls within each batch. The V4 region of the 16S rRNA gene was PCR
amplified for 25 cycles and 2x250 bp paired end sequencing was performed on the Illumina
MiSeq.

The methods for DNA extraction, PCR amplification, and sequencing of the fecal samples
were described in detail previously.[13] In brief, fecal samples were sent to the Knight
Laboratory (University of California, San Diego) on dry ice. DNA extraction using the
MO-BIO PowerMag Soil DNA Isolation Kit and the V4 region of the 16S rRNA gene was
sequenced with paired-end 2x150 bp cycle chemistry on the lllumina MiSeq using Earth
Microbiome Project (EMP) standard protocols (http://www.earthmicrobiome.org/protocols-
and-standards/16s).

Bioinformatics

For the oral sample only analysis, sequence data were demultiplexed and minimally quality
filtered using QIIMEZ2 version 2019.1.[17] After running the DADAZ2 plugin using the
parameter min-fold-parent-over-abundance 2.0, 5,358 amplicon sequence variants (ASVS)
were generated. Eighty eight out of 5,358 ASVs were non-bacterial ASVs and were
removed. Taxonomy was assigned to the resulting ASVs using SILVA classifier version
v132.[18] The taxonomy data was filtered to only include bacterial sequences. Only 88 out
of the 5,358 unique ASVs were non-bacterial ASVs. The median coverage reads/sample
was 37,594, with a minimum coverage of 320 reads/sample and a maximum of 154,614
reads/sample. More than 97% of samples had more than 10,000 reads per sample. Based on
rarefaction curves for alpha-diversity (Figure S1), we rarefied each oral sample to 20,000
sequences. Alpha-diversity measures (i.e., Observed ASVs, Faith’s Phylogenetic Diversity
[PD], and Shannon Index) and beta-diversity measures (i.e., Bray-Curtis, Jaccard, weighted
Unifrac, and unweighted Unifrac) were calculated based on the QIIME2 version 2019.1.
Principal coordinates analysis (PCoA) was calculated from the four beta-diversity distance
matrices. For the oral and fecal sample analysis, original paired end RAW files from both
the oral and fecal samples were combined. The same pipeline as described herein was run
based on combined input data set. Due to the differing read depths and to be consistent with
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the fecal microbiome analysis,[13] we rarefied both the oral and fecal sample data to 6,250
sequences.

Quality control

The average inter-batch coefficients of variation (CV) of alpha-diversity for the included
artificial community samples were 12.6%, 9.2%, and 1.6% for observed ASVs, Faith’s PD,
and Shannon index, respectively, and for the robogut samples were 8.9%, 14.1%, and 1.0%
for observed ASVs, Faith’s PD, and Shannon index, respectively. The intraclass correlation
coefficients (ICCs) for the 22 PCR duplicates of randomly selected control samples were
0.97, 0.96, and 0.997 for observed ASVs, Faith’s PD, and Shannon Index, respectively. The
artificial community, robogut, and study samples appeared to cluster separately based on
visual inspection of the PCoA plots of the four beta-diversity measures (Figure S2). In the
22 blanks, the median number of reads was 7.5 reads/sample; only one blank sample had
2,077 reads.

Statistical analysis

Characteristics of study participants were summarized by breast cancer, non-malignant
breast disease, and control status. For the oral microbiome only analysis, multivariable
polytomous logistic regression models were used to calculate prevalence odds ratios
(ORs) and 95% confidence intervals (CI) for the association of oral microbial parameters
(alpha-diversity and taxa presence/absence or relative abundance) with breast cancer and
non-malignant breast disease. Alpha-diversity was modeled both as a continuous variable
and using quartiles estimated from the distribution among the controls. For beta diversity,
PCoA plots were generated using the first five PCoA vectors, which explained a total of
33.7%, 20.2%, 39.9%, and 59.4% of the variability in Bray Curtis, Jaccard, unweighted
UniFrac, and weighted UniFrac distances, respectively. The difference of the overall beta-
diversity distance matrices comparing breast cancer or non-malignant breast disease cases
to controls was tested using MiRKAT (Microbiome Regression-Based Kernel Association
Test).[19] For genera presence/absence analyses, we restricted to genera present in 5 to
95% of the population; and for the relative abundance analyses, we restricted to genera
present in at least 50% of the population at a mean relative abundance greater than

0.1%. P-values were adjusted using Bonferroni correction for the taxonomic analyses.

In the genus-level analysis, we highlighted any associations of genera from the red-
(Porphyromonas, Tannerella, Treponema) and orange-complex (Fusobacterium, Prevotella,
Peptostreptococcus, Streptococcus, Eubacterium, Campylobacter) periodontal pathogens
with breast cancer and non-malignant breast disease.

Statistical models were adjusted for the following factors: age (continuous), study center
(Komfo Anoyke Teaching Hospital, Korle Bu Teaching Hospital, or Peace and Love
Hospital), body mass index (BMI, categorical), education (junior secondary school or lower,
senior secondary school/some college or technical school or more, other or unknown),
family history of cancer (yes, no, unknown), antibiotic use (within the last 30 days,

more than 30 days/never, or missing), number of full-term pregnancies (0, 1-2, 3—4, 5+
pregnancies), smoking (yes, no, unknown), alcohol drinking (yes, no, unknown), and current
hormonal contraceptive use (yes, no). As described later, observed ASVs were strongly,
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inversely associated with odds of breast disease, and therefore may serve as a confounder
or mediator of the associations of taxa presence with disease. Therefore, we additionally
evaluated the impact of adjustment for observed ASVs in the taxa presence models. A
sensitivity analysis of the above associations of oral microbiome and breast cancer by
excluding participants who took antibiotics within the last 30 days was conducted.

For the oral and fecal microbiome comparison, linear regression models were used to
estimate the association of oral and fecal alpha diversity stratified by case status. Spearman
correlation coefficients were used to estimate the correlations of the presence and relative
abundance of the oral and fecal genera stratified by case status with Bonferroni corrected
p-values. For the taxa presence analyses, we restricted to those taxa present in at least 10%
of each group; and for the relative abundance analyses, we restricted to those taxa with a
mean relative abundance of greater than 1% of the population. All statistical analyses were
conducted using R, version 3.6.2.

Oral microbiome, breast cancer, and non-malignant breast disease

Characteristics of participants are presented in Table 1. Compared to controls, breast cancer
cases were more likely to be older, formally educated, never alcohol drinkers, have a
family history of breast cancer, and have taken antibiotics within the last 30 days. Cases
were less likely to be married, premenopausal, never tobacco users, currently use hormonal
contraception, and have ever breastfed for more than one month. The three oral microbial
alpha-diversity metrics were lower in both breast cancer and non-malignant cases compared
with controls.

As shown in Table 2, oral microbial alpha-diversity was strongly, inversely associated with
the odds of breast cancer and non-malignant breast disease compared with controls. For
example, for every increase in 10 observed ASVs, the odds ratios were 0.86 (95% CI1=0.83—
0.89) and 0.79 (95% CI=0.73-0.85) for breast cancer and non-malignant breast disease,
respectively, compared with controls. Similar trends were observed for Shannon index and
Faith’s PD. Alpha-diversity estimates did not significantly differ when comparing the breast
cancer cases to the non-malignant breast disease cases.

Overall beta-diversity from the four distance matrices was significantly different between
breast cancer cases and controls, as well as between non-malignant breast disease cases and
controls (all ~<0.01), but not between breast cancer and non-malignant disease cases (all
P>0.05), as indicated by MiRKAT models (Table 3). However, no visual clustering by case
groups was detected in PCoA plots (Figure S3).

The associations for the presence of specific genera with breast cancer and non-malignant
breast disease are presented in Table S1. The presence of 64 and 28 genera were
significantly associated with breast cancer and non-malignant breast disease, respectively,
compared with controls. No genera were significantly different comparing breast cancer
to non-malignant breast disease. Particularly, the presence of the periodontal pathogens
Porphyromonas (OR=0.02, 95% CI1=0.003-0.18), 7annerella(OR=0.20, 95% CI=0.12-
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0.36), Prevotella.2 (OR=0.10, 95% CI1=0.04-0.21), and Eubacterium..nodatum.group
(OR=0.09, 95% CI=0.03-0.24) were strongly, inversely associated with the odds of breast
cancer compared with controls. 7reponema.2 (breast cancer OR=0.16, 95% CI1=0.08-0.31,
non-malignant breast disease OR=0.12, 95% CI=0.05-0.31), Peptostreptococcus (breast
cancer OR=0.11, 95% CI1=0.05-0.26, non-malignant breast disease OR=0.10, 95% CI=0.03—
0.34), and Prevotella. 1 (breast cancer OR=0.53, 95% CI=0.39-0.73, non-malignant breast
disease OR=0.27, 95% CI1=0.15-0.49) were associated with lower odds of both breast cancer
and non-malignant breast disease compared with controls. After additionally adjusting for
observed ASVs, only seven genera were significantly associated with breast cancer and none
of these genera were periodontal pathogens, with no genera significantly associated with
non-malignant breast disease, compared to controls.

The associations for the genus-level relative abundances with breast cancer and non-
malignant breast disease are presented in Table S2. The relative abundance of seven and two
genera were significantly associated with breast cancer and non-malignant breast disease,
respectively, compared with controls. No genera were significantly different comparing
breast cancer to non-malignant breast disease. Compared to controls, for every 1% increase
in the relative abundance of periodontal pathogens Porphyromonas and Fusobacterium, the
odds of being a breast cancer case were 0.83 (95% C1=0.77-0.90) and 0.91 (95% CI=0.88—
0.95), respectively, and for every 1% increase in the relative abundance of 7reponema.Z2, the
odds were 0.69 (95% CI1=0.59-0.80) for being a breast cancer case and 0.51 (95% C1=0.37-
0.72) for being a non-malignant breast disease case.

When excluding participants who used antibiotics within the previous 30 days, alpha-
diversity (Table S3), beta-diversity (Table S4), relative abundance, and presence/absence
associations were minimally affected (data not shown).

Oral and fecal microbiome comparison by case status

As shown in Figure 1, oral microbial alpha-diversity was positively associated with fecal
microbial alpha-diversity in all groups (all £7<0.05), except for the Shannon index in controls
(P=0.901). However, the linear associations between oral and fecal microbial alpha-diversity
were stronger within breast cancer and non-malignant breast disease cases compared to the
associations with controls.

For genus-level relative abundance correlations between the oral and fecal microbiome
(Figure 2), we found 54 pairs of oral and fecal genera were significantly correlated

among breast cancer cases, but only one pair was significantly correlated among non-
malignant breast disease cases and controls. The strongest correlations were observed for
in breast cancer cases with correlation coefficients ranging from -0.37 to 0.41. Of note,
the strongest correlation was between oral Porphyromonas and fecal Bacteroides (r=—0.37,
F£<0.001). Similar trends were observed for the correlation of the presence of genera for
the oral and fecal microbiome, with 1,144, 45, and 28 pairs of oral and fecal genera
significantly correlated in breast cancer cases, non-malignant breast disease cases, and
controls, respectively. Most of these correlations were positive (Figure S4).
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Discussion

In the Ghana Breast Health Study, we found strong associations between the oral
microbiome and breast cancer and non-malignant breast disease. Specifically, compared
to controls, alpha-diversity was strongly, inversely associated with breast cancer and non-
malignant breast disease, and microbial community composition was also associated with
both conditions. The presence and relative abundance of multiple genera were strongly
associated with breast cancer and non-malignant breast disease compared to controls, with
several periodontal pathogens inversely associated with breast cancer and non-malignant
breast disease, although the associations for the presence of the periodontal pathogens did
not remain after adjustment for alpha-diversity. When comparing oral and fecal microbiome
by case status, alpha-diversity and the presence and relative abundance of multiple genera
were most strongly correlated among women with breast cancer, but weakly correlated
among controls. Specifically, the oral periodontal pathogen Porphyromonas was strongly
and inversely correlated with fecal Bacteroides, the fecal genus that was most strongly,
positively associated with breast cancer in this population.[13]

Studies considering the relationship between oral microbiome and breast cancer are
currently limited. Only one case-control study has previously been conducted which
considered microbial differences in oral rinse samples from 55 breast cancer cases and

21 non-cancer patients. No significant differences were observed for measures of alpha-
diversity, beta-diversity, or relative abundances of taxa between breast cancer and non-cancer
patients.[12] However, due to the limited sample size, this study may have lacked sufficient
power to detect associations. Lower alpha-diversity in breast cancer cases compared with
controls has been also found in other body sites. Studies found that breast tumor tissue had
significantly lower alpha-diversity compared with normal breast tissues.[20, 21] Similarly,
the fecal microbiome has been found to be less diverse in women with breast cancer
compared to those without.[22] In our previous study of the fecal microbiome in this

same population, fecal alpha-diversity was also inversely associated with breast cancer and
non-malignant breast disease. One possible mechanism for the inverse associations between
alpha-diversity and breast cancer at multiple body sites is that a low bacterial richness occurs
with a more pronounced inflammatory phenotype,[23] which may be associated with breast
cancer risk.

Circulating estrogen levels may also play a role in the observed associations. Elevated
concentrations of circulating estrogen are associated with a higher risk of breast cancer.

[24] Estrogen exposure has also been shown to influence the immune response of human
monocytes in the oral cavity[25] and may have an impact on the oral microenvironment. For
example, estrogen appears to have a biphasic impact on periodontal disease pathology[26]
where high estrogen levels during pregnancy modifies the gingiva and promotes gingivitis,
[27] while low levels of estrogen leads to more frequent and more severe periodontal
disease in postmenopausal women.[28] Women with periodontal disease, a common chronic
inflammatory condition considered to be caused by the periodontal pathogens,[11, 29] have
been reported to have null associations or modestly increased risk of breast cancer.[9, 30—
32] We found that all of the bacteria from the ‘red complex’, as well as some bacteria from
the ‘orange complex’, including the Prevotella. 1, Prevotella.2, Eubacterium..nodatum.group,
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Peptostreptococcus and Fusobacterium, were inversely associated with breast cancer risk,
however, this is in the opposite direction from that suggested by the periodontal disease
and breast cancer literature[31, 32]. It is possible that differences in oral health and access
to dental treatment in Ghana[33] may be related to the unexpected associations. It is also
possible that the association for the presence of the periodontal pathogens was confounded
by alpha-diversity. When observed ASVs were included in the model, no significant
associations were detected for any of the periodontal pathogens. However, associations
with the relative abundance of the periodontal pathogens were also observed which are less
likely to be confounded by alpha-diversity. The underlying mechanism for this possible oral
microbiome-breast cancer connection is likely a complex interaction across many known
and other unknown factors and needs additional research.

Given that we observed similar associations between oral alpha- and beta-diversity with
breast cancer as we did previously with the fecal microbiome,[13] we additionally evaluated
the correlation between the oral and fecal microbiome stratified by case status. Studies have
reported significant correlations between the fecal and oral microbiome. An analysis within
the healthy individuals of the Human Microbiome Project showed that the community types
(representing clusters of relative abundance profiles) of fecal samples were significantly
associated with samples from within the oral cavity, and the strongest association was with
the community types observed in saliva.[34] Another study of colorectal cancer screening
showed that combining the data from fecal microbiome and oral microbiome increased the
sensitivity to predict colorectal cancer compared to using the fecal microbiome alone.[35]
Our study also found a statistically significant, positive correlation of alpha-diversity from
oral and fecal samples which was stronger in the breast cancer and non-malignant breast
disease cases than in the controls. Similar results were seen for the presence and relative
abundance of specific genera; only a few oral and fecal genera were correlated in the
control group, while many correlations were detected in breast cancer cases. Interestingly,
the relative abundances of the periodontal pathogens Porphyromonas, Fusobacterium, and
Prevotella were associated with fecal genera in cancer cases. The strongest negative
correlation was found between oral Porphyromonas and fecal Bacteroides. Fecal Bacteroides
had the strongest positive association with breast cancer in this same population[13] and is
also involved in the activity of the gut bacterial encoded estrogen-deconjugating enzyme:
B-glucuronidase and B-galactosidase.[36] Studies in mice showed that oral administration of
Porphyromonas gingivalis can lead to systemic inflammation and serum metabolomic and
fecal microbiome changes, [37, 38] with the relative abundance of fecal order Bacteroidales
decreasing after Porphyromonas gingivalis was administered.[37] However, the underlying
mechanisms of how the oral microbiome, particularly periodontal pathogens, may impact
the fecal microbiome in humans have not been fully elucidated.

Our study was the first to investigate the association between the oral microbiome and
breast disease in an African population, which is an underrepresented population in the
published microbiome literature. Additionally, our study is a well-characterized case-control
study with the largest sample size to date to investigate the association between the oral
microbiome and breast cancer. However, limitations of this study should also be noted. First,
participants in this study were limited to those who were previously included in the fecal
microbiome study, so this study may be susceptible to the potential selection biases related
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to the women who agreed to provide feces, which has been described previously.[13] There
was an uneven distribution of controls included from each study center, which may have
impacted on the associations. For this reason, we adjusted for the potential confounding

by study centers in all models. Moreover, both breast cancer and non-malignant breast
diseases cases were more likely to have taken antibiotics within the last 30 days compared
to controls. However, our sensitivity analyses suggest that this did not have a strong impact
on our results. In addition, previous research has suggested that the oral microbiome is
robust against antibiotic-induced disturbances and the oral microbiome typically recovers
quickly after antibiotic treatment.[39] Second, our study is cross-sectional, so we are unable
to evaluate the causality of the oral microbiome with breast cancer. Third, this study was
not originally designed to assess non-malignant breast diseases, thus these cases may not
represent the range of non-malignant breast diseases in this population, and we did not have
detailed pathological information on diagnoses to conduct more detailed analyses among
this population. Finally, since the oral and fecal samples in our study were processed at

two different laboratories and sequenced at different depth, it is not possible to differentiate
differences in these samples due to laboratory methods or body site (i.e., oral cavity versus

gut).

In conclusion, our findings suggest that oral microbiome, similar to the fecal microbiome,
is strongly and similarly associated with breast cancer and non-malignant breast disease
cross-sectionally. Multiple genera, specifically some periodontal pathogens, are inversely
associated with breast cancer and non-malignant breast disease. Additionally, the oral

and fecal microbiome appear to be more correlated among women with breast cancer or
non-malignant breast disease compared with controls. Future studies of the role of oral
microbiome in breast cancer etiology with a prospective study design, and studies of the
associations of oral and fecal microbiome with estrogen metabolites would be helpful to
further understand these associations.
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Refer to Web version on PubMed Central for supplementary material.
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Novelty and impact

Our study is a well-characterized case-control study with the largest sample size to date
to investigate associations of the oral microbiome with breast cancer, and the first to
investigate these associations in an African population. Our findings suggest that oral
microbiome, similar to the fecal microbiome, is strongly and similarly associated with
breast cancer and non-malignant breast disease, which motivate continued study of these
associations in diverse population and further study of the underlying mechanisms.
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Figure 1.

Breast Cancer Cases

Non-malignant Cases

Association of Observed Amplicon Sequence Variants (ASVs) (A), Faith’s Phylogenetic
Diversity (PD) (B), and Shannon index (C) from oral and fecal microbiome by case status.
The linear relationship and R2 were estimated using linear regression models. The difference
of R2 was test by student t-test. For observed ASVs, the p-values for the difference of R?
between breast cancer cases and controls, non-malignant breast disease cases and controls,
and breast cancer cases and non-malignant breast disease cases were <0.0001, 0.0055, and
0.7562, respectively. For Faith’s PD, the p-values for the difference of R? between breast
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cancer cases and controls, non-malignant breast disease cases and controls, and breast
cancer cases and non-malignant breast disease cases were <0.0001, 0.0059, and 0.9670,
respectively. For Shannon index, the p-values for the difference of R? between breast cancer
cases and controls, non-malignant breast disease cases and controls, and breast cancer cases
and non-malignant breast disease cases were <0.0001, 0.0178, and 0.3595, respectively.
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Figure 2.
Genus-level relative abundance correlations between the oral and fecal microbiome within

breast cancer cases (A), non-malignant cases (B), and controls (C). Taxa were present
with a mean relative abundance of greater than 1% of the population. Color of the cells
(orange to green) indicates the scale of correlation coefficients, and the number in the cell
is the corresponding p-value below the Bonferroni adjusted threshold p < 0.05/(13 x 16)

= 2.4E-04. Fecal.RA, relative abundance of fecal taxa, Oral.RA, relative abundance of oral

taxa.
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MIRKAT test for the association between oral microbiome beta-diversity matrices with breast cancer and

non-malignant breast disease

Breast cancer cases vs. controls  Non-malignant cases vs. controls

Breast cancer cases vs. non-malignant

cases
Bray-Curtis <0.0001 <0.0001 0.2046
Jaccard <0.0001 <0.0001 0.2041
Unweighted UniFrac <0.0001 <0.0001 0.4467
Weighted UniFrac <0.0001 0.0060 0.7040

Adjusted for age (continuous), study center (Komfo Anoyke Teaching Hospital, Korle Bu Teaching Hospital, or Peace and Love Hospital), body
mass index (BMI, categorical), education (junior secondary school or lower, senior secondary school/some college or technical school or more,
other or unknown), family history of cancer (yes, no, unknown), antibiotic use (<30 days ago, >30 days ago/never, or missing), number of full-term
pregnancies (0, 1-2, 3—-4, 5+ pregnancies), smoking (yes, no, unknown), alcohol drinking (yes, no, unknown), and current hormonal contraceptive

use (yes, no). Bonferroni adjusted p-value significance threshold for beta-diversity comparisons was p < 0.05/4 = 0.0125.
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