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Cancer

Caiyun Xuan’, Jaime M. Shamonki?, Alice Chung? Maggie L. DiNome®*, Maureen Chung?,
Peter A. Sieling’, Delphine J. Lee'*

1 Dirks/Dougherty Laboratory for Cancer Research, Department of Translational Immunology, John Wayne Cancer Institute, Santa Monica, California, United States of
America, 2 Pathology Department, Saint John's Health Center, Santa Monica, California, United States of America, 3 Department of Medicine, Cedars-Sinai Medical Center,
Los Angeles, California, United States of America, 4 Margie Petersen Breast Center, Saint John’s Health Center, Santa Monica, California, United States of America

Abstract

Breast cancer affects one in eight women in their lifetime. Though diet, age and genetic predisposition are established risk
factors, the majority of breast cancers have unknown etiology. The human microbiota refers to the collection of microbes
inhabiting the human body. Imbalance in microbial communities, or microbial dysbiosis, has been implicated in various
human diseases including obesity, diabetes, and colon cancer. Therefore, we investigated the potential role of microbiota in
breast cancer by next-generation sequencing using breast tumor tissue and paired normal adjacent tissue from the same
patient. In a qualitative survey of the breast microbiota DNA, we found that the bacterium Methylobacterium radiotolerans is
relatively enriched in tumor tissue, while the bacterium Sphingomonas yanoikuyae is relatively enriched in paired normal
tissue. The relative abundances of these two bacterial species were inversely correlated in paired normal breast tissue but
not in tumor tissue, indicating that dysbiosis is associated with breast cancer. Furthermore, the total bacterial DNA load was
reduced in tumor versus paired normal and healthy breast tissue as determined by quantitative PCR. Interestingly, bacterial
DNA load correlated inversely with advanced disease, a finding that could have broad implications in diagnosis and staging
of breast cancer. Lastly, we observed lower basal levels of antibacterial response gene expression in tumor versus healthy
breast tissue. Taken together, these data indicate that microbial DNA is present in the breast and that bacteria or their
components may influence the local immune microenvironment. Our findings suggest a previously unrecognized link
between dysbiosis and breast cancer which has potential diagnostic and therapeutic implications.
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Introduction Fusobacterium  nucleatum correlates with disease and increased
likelihood of lymph node metastasis [6]. In contrast to the
pathogenic nature of Fusobacterium in colon cancer, the bacterium
Bacterowdetes fragilis exerts a protective effect against colitis by
modulating inflammatory immune responses in the gut [9]. From
these and other recent studies, it is becoming increasingly apparent
that both community composition and discrete bacterial species
can exert either pathogenic effects that encourage disease
development or probiotic effects that maintain health status.

One in eight women will be diagnosed with breast cancer in
their lifetime. It is the second leading cause of death in women,
with >40,000 deaths annually [1]. Despite the $5.5 billion spent
on breast cancer research over the past twenty years, the origins of
a majority of breast cancer cases (estimated to be as high as 70%)
remain unknown [2]. It is crucial to understand how these
sporadic breast cancers arise in order to develop preventative
strategies against this devastating disease. The recent appreciation
of the influence of microbiota on human health and disease begs
the question of whether microbes play a role in sporadic breast
cancers of unknown etiology.

Microbes inhabiting the human body outnumber human cells
10:1. Their influence on human health and disease is a new and
rapidly expanding area of research. Microbes have been linked to
diseases as varied as obesity [3,4], colon cancer [5,6] and colitis
[7]. In obese individuals, the ratio of Firmicutes to Bacteroidetes in
the colon is significantly higher than in lean individuals [3,8].
Placing obese individuals on low-fat diets resulted in a decrease in
this ratio, though not to the levels seen in lean individuals [8]. In
colon cancer, the overabundance of a single bacterial species

Previous studies of microbial causes of breast cancer have
focused on specific viruses and their potential contributions to
breast cancer. While HPV infection has been reported by some
groups to be associated with breast cancer [10,11,12], others have
failed to find a correlation [13,14]. Similarly, some groups have
reported that up to 50% of breast tumors are EBV-positive
[15,16,17,18], while others have been unable to detect the virus in
breast tumors altogether [19,20]. In contrast to viruses, bacteria in
the breast have been studied to a far lesser extent. Several groups
have investigated the bacteria responsible for infections stemming
from breast implant procedures using culture-based methods [21].
Further, the breast milk of healthy women has been shown to
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harbor an abundance of bacterial species including commonly
found skin bacteria [22,23]. Bacteria in the breast have been
studied in the context of infections and in healthy individuals, but
no comprehensive study of bacteria in breast cancer has been
reported. Here, we characterized and compared the microbiota in
breast tumor and paired normal tissue and identified dysbiosis that
was associated with breast cancer disease state and severity.

Materials and Methods

Ethics statement for obtaining breast tissue specimens

Formalin fixed paraffin-embedded (FFPE) and fresh-frozen
breast tissues were obtained from Saint John’s Health Center in
accordance with institutional IRB requirements approved by the
Saint John’s Health Center/John Wayne Cancer Institute joint
institutional review board and Western institutional review board
(Western IRB). Written consent was specifically waived by the
approving IRB.

Genomic DNA (gDNA) extraction from FFPE tissue

Total genomic DNA was extracted from FFPE breast tissues
using QIAamp DNA FFPE Tissue kit per manufacturer’s
instructions with slight modifications. Purified gDNA was eluted
twice from the column using ultrapure water. All extractions were
performed in a designated clean (pre-PCR) room.

16S pyrosequencing

We initially set out to investigate the microbiome in breast
cancer, and elected to study ER+ tumors. Due to the variability of
the microbiome from individual to individual, we decided
matched tissue (paired normal and tumor) from the same
individual would provide the best comparison of microbial
communities. Twenty paraffin-embedded paired samples were
used for this purpose. Genomic DNA (gDNA) (from Subjects 1—
20) was submitted to Second Genome Inc., for pyrosequencing
and analysis. The gDNA was amplified using fusion primers
targeting the bacterial 16S V4 rDNA with indexing barcodes. All
samples were amplified with two differently barcoded V4 fusion
primers and pooled for sequencing on the Illumina Miseq with
150bp paired-end reads. 60,248+14,229 (mean =* s.d.) reads were
obtained per sample. Sequences were quality filtered and
demultiplexed using QIIME [24] and custom scripts with exact
matches to the supplied DNA barcodes. Resulting sequences were
then searched against the Greengenes reference database of 16S
sequences [25] and clustered at 97% by UCLUST [26]. The
longest sequence from each OTU was used as the OTU
representative sequence and assigned taxonomic classification via
Mothur’s Bayesian classifier [27] and trained against the Green-
genes database clustered at 98%. To account for biases caused by
uneven sequencing depth, equal numbers of random sequences
were selected from each sample prior to calculating community-
wide dissimilarity measures. The sequence data has been
submitted to the European Nucleotide Archive, PRJEB4755.

Quantitative PCR (gPCR) for bacterial copy numbers
qPCR was performed using universal bacterial rDNA primers
63F (forward, 5'-GCA GGC CTA ACA CAT GCA AGT C-3)
and 355R (reverse, 5'-CTG CTG CCT CCC GTA GGA GT-3')
on microbial DNA extracted from FFPE tissue. All samples from
pyrosequencing were also assessed for bacterial copy number
(Subjects 1-20, excluding Subjects 3 and 5 due to limited material)
and additional paraffin-embedded tissue specimens (from patients
with breast cancer-subjects 21-41) were obtained at a later time
after the initial pyrosequencing experiment, and thus were used
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only in the quantification experiments as previously described [28]
to enumerate the amount of total bacteria. DNA from healthy
specimens was obtained from patients undergoing reduction
mammoplasty, with no evidence of breast cancer. Bacterial copy
numbers were normalized by the total amount (ug) of extracted
DNA quantified using Quanti-it PicoGreen dsDNA Reagent Kit
(Invitrogen). Samples were randomized and processed in a blinded
manner. The genus-specific primers Sph-spt 694F (forward, 5'-
GAG ATC GTC CGC TTC CGC-3') and Sph-spt 983R (reverse,
5'-CCG ACC GAT TTG GAG AAG-3’) were used to quantify
Sphingomonas [29]. The species-specific primers 5F (forward, 5'-
CTT GAG TAT GGT AGA GGT T-3') and 8R (reverse, 5'-
CAA ATC TCT CTG GGT AAC A-3') were used to quantify M.
radiotolerans [30] (Subjects 1-20).

qPCR array

Given the superior quality of mRNA from fresh-frozen tissue,
we elected to use fresh-frozen tissue rather than formalin fixed,
paraffin embedded tissue in our gene expression study. RNA was
extracted from fresh-frozen breast tissue from three healthy
reduction mammoplasty patients and from tumor tissue of six
patients with breast cancer (Subjects 42-47), then converted to
cDNA using iScript cDNA synthesis kit (Biorad). cDNA was added
to Human Antibacterial Response PCR Arrays (Qiagen) and the
arrays were processed according to manufacturer’s instructions.
Data were analyzed using RT? Profiler PCR Array Data Analysis
Software version 3.5, using beta-actin gene expression for
normalization.

Statistical analysis

Student’s t tests, Kruskal-Wallis nonparametric ANOVA tests
and Spearman correlation tests were performed using Graphpad
Prism software (Graphpad). Cuzick’s Trend tests were performed
using StatsDirect statistical software (StatsDirect). p<0.05 was
used as the cut-off value for statistical significance.

Results

Survey of the breast microbiota in breast cancer patients

The breast cancer microbiome has thus far not been described.
We surveyed the breast microbiota in paired normal adjacent
tissue (“paired normal”) and tumor tissue from 20 patients with
estrogen receptor (ER)-positive breast cancer (clinical data
reported in Table S1) using 16S pyrosequencing. Across the
samples, the five richest phyla consisting of Proteobacteria,
Firmicutes, Actinobacteria, Bacteroidetes and Verrucomicrobia,
accounted for an average of 96.6% of all sequences across samples
(Figure 1a, b). No clustering of samples was observed on the basis
of histopathology or tumor stage using principle coordinates
analysis (PCoA) (Figure S1). The number of operational
taxonomic units (OTUs) detected did not vary between paired
normal and tumor tissue, indicating that there was no significant
difference in richness between the sampled communities (Figure
lc). However, the evenness of the communities was significantly
different (Adonis testing, p=0.01). Of the 1614 OTUs detected,
11 OTUs were differentially abundant (p<<0.05, Table S2). Of
those 11 OTUs, eight were more abundant in paired normal tissue
and three were more abundant in tumor tissue. 50% (4/8) of the
OTUs identified as more abundant in paired normal tissue
belonged to the genus Sphingomonas and 66.7% (2/3) of the
OTUs identified as more abundant in tumor tissue belonged to the
genus Methylobacterium (Table S2). The bacterium Sphingomonas
yanotkuyae (S. yanotkupae) was the most significantly enriched
(p=0.0097, Figure 1d, top panel) and the most prevalent (found
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in 95% of samples) in paired normal tissue (Table S2). The
bacterium  Methylobacterium radiotolerans (M. radiotolerans) was the
most significantly enriched (p=0.0150, Figure 1d, bottom panel)
and the most prevalent (found in 100% of samples) in tumor tissue.
In contrast, the relative abundances of common skin bacteria
including Staphylococcus and Corynebacterium did not vary
significantly between paired normal and tumor tissue (Figure 1f).
Since pyrosequencing provides a qualitative survey of relative
abundances of microbiota, we used qPCR to determine if there
was a quantitative difference in the levels of S. yanotkuyae and AL
radiotolerans in paired normal and tumor tissue. Sphingomonas was
detected in 40% of paired normal tissue and none of the
corresponding tumor tissue, with absolute levels of Sphingomonas
being significantly higher in paired normal tissue (p=0.0363,
Figure S2). In contrast, though M. radiotolerans was detected in all
samples by qPCR, its absolute levels did not vary significantly
between paired normal and tumor tissue (p =0.2508, Figure S2),
indicating that its higher relative abundance in tumor tissue
reflects a decrease in other bacteria present and not an increase in
the absolute level of the organism. Interestingly, there was a strong
inverse correlation between the abundance of S. yanotkupae and M.
radiotolerans in paired normal tissue (Figure le top panel,
p=0.0003) which was not found in the corresponding tumor
tissue (Figure le bottom panel). These data suggest that in paired
normal tissue, S. yanotkuyae and M. radiotolerans may occupy similar
niches and thus counterbalance each other in abundance.
Meanwhile in tumor tissue, the quantity of S. yanotkuyae becomes

Paired normal tissue Tumor tissue
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significantly lower as the quantity of M. radiotolerans remains
constant.

Reduction in bacterial load in advanced stage breast

tumors

To further explore quantitative differences in the microbiota,
qPCR analysis was performed to enumerate 16S ribosomal DNA
(rDNA) copy numbers as a surrogate measure of total bacterial
counts [28]. Results showed 10-fold more bacteria in tumor tissue
(37,582*11,783) compared to paired normal tissue (391,096
*81,570), while bacterial levels in paired normal tissue did not
differ significantly from those found in healthy breast tissue
(164,484+42,477) (mean * s.e.m.) using Kruskal-Wallis nonpara-
metric ANOVA with Dunn’s Multiple Comparison post-test to
account for uneven sample numbers between the three groups
studied (healthy vs. tumor p<<0.01, paired normal vs. tumor
p<0.001, healthy vs. paired normal n.s., Figure 2a). Moreover, an
inverse correlation between breast cancer stage and bacterial load
in tumor tissue, but not in paired normal tissue, was observed
using Cuzick’s Trend test analysis (Figure 2b). Tumors from Stage
1 patients had the highest copy numbers of bacterial DNA
(69,489%+23,382) (mean * s.e.m.), followed by Stage 2 patients
(16,867£6,152), with Stage 3 patients having the lowest bacterial
load amongst the three groups (5,258*2,758) (Trend p =0.0056)
(Figure 2b, top panel). In contrast, paired normal tissue from the
same patients did not have different bacterial copy numbers
(Trend p=0.1702) (Figure 2b, bottom panel). These data suggest
an inverse correlation between severity of disease and bacterial
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Figure 1. Survey of microbial communities residing in breast tissue from breast cancer patients. A) Phylum level distribution of
microbial communities comparing paired normal adjacent (“paired normal”) and breast cancer tissue from 20 patients with ER-positive breast cancer

(n=20). Each bar represents 100% of the bacteria detected in a given sample.

B) Combined distribution at the phylum level in paired normal and

breast tumor tissue (n=20). C) Number of OTUs found in each community (n=20). D) Analysis of OTUs with differential abundance between paired
normal and tumor tissue (n=20). E) Correlation of relative abundances of M. radiotolerans and S. yanoikuyae (n=20). F) Relative abundances of
commonly found skin bacteria (n=20). p-values from Student’s paired t-test are shown, with P<<0.05 considered significant. Error bars represent

mean * s.e.m.

doi:10.1371/journal.pone.0083744.g001
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Figure 2. Quantification of bacterial load in tissue from healthy
and breast cancer patients. A) Copy numbers of the bacterial 16S
gene were compared among healthy (age-matched) (n=23), paired
normal (n=39) and tumor tissue (n=39). Healthy specimens were
obtained from patients undergoing reduction mammoplasty, with no
evidence of breast cancer. Statistical analysis was performed using
Kruskal-Wallis nonparametric ANOVA with Dunn’s Multiple Comparison
post-test. B) Bacterial load in tissue according to clinical staging of the
tumor specimen. Statistical analysis was performed using Cuzick’s Trend
test. All statistical analyses were considered significant when P<0.05.
Data represent the average of duplicate values. Error bars represent
mean * s.e.m.

doi:10.1371/journal.pone.0083744.g002

load at the tumor site, which may have diagnostic implications in
breast cancer.

Reduction in expression of antibacterial response genes
in breast tumors

We hypothesized that the decreased bacterial load measured in
tumor tissue compared with paired normal tissue and healthy
tissue may influence the expression of antibacterial response genes
in the tumor microenvironment. To test this hypothesis, we
compared gene expression profiles in breast tissue from three
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healthy patients undergoing reduction mammoplasty and six
patients with breast cancer (tumor tissue was used, clinical data
reported in Table S1) using a targeted gene array for human
antibacterial response genes normalized to the housekeeping gene
beta-actin. One-third (28/84) of antibacterial genes surveyed were
downregulated in tumor tissue, while the remaining two-thirds
(56/84) were not significantly different between tumor and healthy
tissue. Strikingly, none of the antibacterial genes surveyed were
significantly upregulated in tumor tissue. We found that the
samples segregated into their tissue type, tumor vs. healthy by non-
supervised hierarchical clustering and a subset of genes were
comparatively decreased in expression in tumor tissue compared
with healthy tissue (Figure 3a). Of these genes, the transcripts of
microbial sensors Toll-like receptors 2, 5 and 9 (TLR2, TLR5 and
TLRY) were significantly reduced in tumor tissue (p=0.0298,
p=0.0201 and p =0.0021, respectively), while expression levels of
Toll-like receptors 1, 4 and 6 (LRI, TLR4 and TLR6) were
similar in healthy and tumor tissue (Figure 3b). S. yanotkupae is a
species of Gram-negative bacteria that does not contain lipopoly-
saccharide (LPS) and therefore does not elicit TLR4-mediated
responses [31]. The cytoplasmic microbial sensors NOD receptors
1 and 2 (NOD1 and NOD2) were also expressed at lower levels in
tumor tissues (p =0.0025 and p =0.0029, respectively), along with
downstream signaling molecules for innate microbial sensors
including CARD6, CARD9 and TRAF6 (p=0.0207, p=0.0040
and p = 0.0119, respectively) (Figure 3b). In addition, transcripts of
antimicrobial response effectors were less abundant in tumor
tissue, with BPI, MPO and PRTNS levels being significantly lower
compared with those found in healthy tissue (p =0.0133, p =0.002
and p=0.0022, respectively) (Figure 3b). These data show a
significant reduction in antibacterial responses in breast cancer
tumor tissue. Whether breast microbiota can influence the local
immune microenvironment of the breast requires further study.

Discussion

Since traditional culture-based methods tend to underestimate
and bias the microbial diversity in a given sample, the role of
microbes in breast carcinogenesis has not been thoroughly
explored. Here, we used next-generation sequencing techniques
to perform a high-resolution survey of the resident breast
microbiota in tumor and paired normal breast tissue from breast
cancer patients. In addition, we investigated a potential association
of bacterial load with levels of immune gene expression by
quantifying the amount of bacteria present in healthy and tumor
tissue and correlating bacterial load with the magnitude of
antibacterial immune responses in the tissue.

Previous paradigms of microbes in disease point to specific
pathogenic bacteria as exclusive causes. Indeed, Helicobacter pylori
infection is known to promote gastric cancer and gastric mucosal-
associated lymphoid tissue (MALT) lymphoma [32,33]. Reports
have also linked the presence of pathogenic Escherichia coli
containing pks toxicity genes with local tissue inflammation and
colon carcinogenesis [34]. However, recent studies have revealed
that the interactions between bacteria and host can be far more
complex. First, microbial community composition and relative
abundance of bacterial species can be contributory factors to
health and disease [3,4,35]. Second, not all bacteria are
pathogenic; in fact, some bacteria have probiotic effects that help
to maintain health status [9]. An example of this is the bacterium
Bacteroidetes  fragilis, a probiotic organism that protects against
experimental colitis by suppressing production of the proinflam-
matory cytokine IL-17 in the gut [7,9]. As in the gut, the presence
of a specific bacterium may be beneficial in the breast. In our
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obtained from patients undergoing reduction mammoplasty, with no evidence of breast cancer. A) Heatmap of gene expression values generated
using non-supervised hierarchical clustering B) Expression profiles of antimicrobial response genes. p-values from Student’s paired t-test are shown,

with p<<0.05 considered significant. Error bars represent mean *+ s.e.m.

doi:10.1371/journal.pone.0083744.g003

study, the association of S. yanotkuyae with normal breast tissue and
the dramatic reduction in its abundance in corresponding tumor
tissue suggests that this organism may have probiotic functions in
the breast. Interestingly, S. yanotkuyae express glycosphingolipid
ligands, which are potent activators of invariant NKT (iNKT) cells
[31]. iINKTs are important mediators of cancer immunosurveil-
lance [36] and have been reported to have an integral role in
controlling breast cancer metastasis [37]. Further studies are
aimed at investigating the potential role of S. yanotkuyae in breast
cancer development and progression.

In a quantitative survey of breast microbiota, we found that the
amount of bacteria was not significantly different in paired normal
tissue from breast cancer patients and healthy breast tissue from
healthy individuals. However, compared to both these tissues,
breast tumor tissue had significantly reduced amounts of bacteria.
This reduction coincided with reduced expression of one-third of
antibacterial response genes surveyed. Innate immune sensors
including TLR 2, 5 and 9 and antimicrobial response effectors IL-
12A, BPI and MPO were all expressed at lower levels in tumors
compared to healthy breast tissue. Taken together, these data
suggest that bacteria may have a role in maintaining healthy breast
tissue through stimulation of host inflammatory responses.

The notion that bacteria can provide protective immune
stimulation against disease has been put forth in several studies.
The skin bacterium Staphylococcus epidermis has been shown to be
essential in maintenance of protective immunity against the
pathogen Leishmania major via stimulation of skin resident T' cells
[38]. There are also indications that bacteria may play a protective
role in breast cancer. In a mouse model of sporadic breast cancer,
treatment of mice with antibiotic regimens leads to increased risk
of tumor development as well as higher rates of tumor growth
[39]. Similarly, a study by Velicer et al. provides clinical data to
support the idea that bacteria may play a role in preventing breast
tumorigenesis in humans [40]. In this case-control study,
increasing cumulative days of antibiotic usage correlated with
increased risk of developing and succumbing to breast cancer [40].
Collectively, our data and previous reports support a model in
which bacteria contribute to maintenance of healthy breast tissue
by stimulating resident immune cells. When dysbiosis occurs, a
reduction in the overall number of bacteria and/or the abundance
of specific species such as S. yanotkuyae, may lead to decreased
bacterial-dependent immune cell stimulation, ultimately resulting
in a permissive environment for breast tumorigenesis.

The dramatic reduction in bacterial load found in breast tumor
compared to healthy breast tissue warrants further study to
determine if bacterial load could be an additional indicator of
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