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Abstract: Bile acids are metabolized by the gut microbiome and are involved in fat absorption. Contrary to their 
carcinogenic role in gastrointestinal cancers, bile acids have been reported to inhibit cancer cell proliferation in 
breast cancer. The microbiome of breast cancer tissues may also influence cancer proliferation. We hypothesized 
that bile acid metabolism reflects its accumulation and is associated with certain microbiomes, breast cancer biol-
ogy, and patient survival. Transcriptomic and clinicopathological information of a total of 6050 patients in three 
large open primary breast cancer cohorts (GSE96058, METABRIC, TCGA) and 16S rRNA gene sequence microbi-
ome data of breast cancer tissues in TCGA were analyzed by high and low bile acid metabolism scores calculated 
by gene set variation analysis (GSVA). Breast cancers with high bile acid metabolism had a significantly improved 
survival across all three cohorts. Metabolic pathways related to the production and regulation of bile acids were 
consistently enriched in high bile acid metabolism groups across all cohorts. On the other hand, the low bile acid 
metabolism group was associated with higher Ki67 expression and Nottingham histological grade, as well as en-
richment of cell proliferation-related gene sets. Intratumoral heterogeneity, homologous recombination deficiency, 
mutational load, activation of cancer immunity, and infiltration of anticancer immune cells were also higher in this 
group. Gammaretrovirus, Hymenobacter, Anaerococcus, and Collimonas were significantly more abundant in the 
high bile acid metabolism group compared to Lactobacillus, Ruegeria, and Marichromatium in the low metabolism 
group. Surprisingly, almost all Hallmark cell proliferation-associated gene sets were highly enriched in all three mi-
croorganisms that were abundant in the low bile acid metabolism group. In conclusion, microorganisms abundant 
in the breast tumor microenvironment with low bile acid metabolism are associated with aggressive cancer biology, 
including increased cell proliferation and poor survival.
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Introduction

Primary bile acids are detergents synthesized 
from cholesterol in the liver, excreted into the 
duodenum to facilitate fat digestion, and me- 
tabolized by the intestinal microflora through 
deconjugation and dehydrogenation into sec-
ondary bile acids. Bile acids are reabsorbed in 

the small intestine, and 95% of them are 
returned to the liver via the portal vein, to be 
secreted back into bile through a cycle known 
as enterohepatic circulation. Secondary bile 
acids contribute to carcinogenesis and cancer 
progression in multiple gastrointestinal can-
cers, including colorectal cancer [1]. Contrary to 
gastrointestinal cancers, bile acids have been 
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described to reduce breast cancer cell prolifer-
ation in multiple studies [2, 3]. Secondary bile 
acids, such as lithocholic acid, induce oxidative 
stress by decreasing NRF2 expression [4], and 
also affect mitochondrial metabolism, thereby 
leading to induction of apoptosis in breast can-
cer cell lines [5-8]. Another secondary bile acid, 
deoxycholic acid, was shown to accumulate in 
breast cancer tissue, and it was negatively 
associated with tumor growth while being posi-
tively associated with favorable survival [9]. 

It is unclear how bile acids accumulate in breast 
cancer tissue because cells in the breast do 
not produce them. Secondary bile acids are all 
microbial metabolites, and it is possible that 
their presence in breast tissue may be from 
minimal leakage out of the enterohepatic circu-
lation from the liver. On the other hand, a vari-
ety of gut microflora was reported to be reduc- 
ed in breast cancer patients compared to 
healthy individuals, which resulted in decreased 
blood concentrations of secondary bile acids, 
notably lithocholic acid and cadaverine, partic-
ularly in early-stage breast cancer [6]. Mean- 
while, it has been recently reported that the 
microbiome of breast cancer tissue is also dif-
ferent from that of the normal mammary gland 
[10, 11]. Such differences in the microbiome 
can alter the tumor immune microenvironment 
in breast cancer and affect cancer proliferation 
[6]. These findings suggest that bile acids may 
be produced and metabolized not only by the 
gut microbiome but also by the microbiome 
localized in breast cancer tissues. 

Our group has reported on how the activation 
of specific pathways relates to breast cancer 
biology by using bioinformatics methods to 
score those pathways, which include KRAS sig-
naling [12], G2M checkpoint [13], E2F targets 
[14], angiogenesis [15], estrogen response 
[16], inflammation [17], thermogenesis [18], 
adipogenesis [19], and apoptosis [20]. Based 
on previous reports that bile acids downregu-
late breast cancer cell proliferation, we hypoth-
esized that enhanced bile acid metabolism in 
breast cancer reflects bile acid accumulation 
and thus is associated with suppressed cancer 
cell proliferation and improved prognosis. We 
further hypothesized that a specific microbi-
ome is involved in the enhancement of bile acid 
metabolism and affects cell proliferation in 
breast cancer. After a review of the current lit-

erature, this appears to be the first paper 
reporting on the clinical relevance of the micro-
biome and bile acid metabolism in the breast 
cancer tumor microenvironment.

Materials and methods

Cohort collection 

The data of 6050 patients from the Cancer 
Genome Atlas (TCGA) [21], Molecular Taxonomy 
of Breast Cancer International Consortium 
(METABRIC) [22], and the Sweden Cancerome 
Analysis Network-Breast (SCAN-B, accession 
number GSE96058) [23, 24] were downloaded 
in September 2021 and analyzed. As we have 
previously reported, clinical and RNA expres-
sion data of the TCGA and METABRIC cohorts 
were downloaded from cBiopotal [25-28]. 
GSE96058 data was obtained from the Gene 
Expression Omnibus database using the R 
package GEOquary [29-33]. For RNA expres-
sion data, log2 transformed RSEM were used 
for TCGA, log intensity ratios were used for 
METABRIC, and annotated RNA expression 
data at publication were used for GSE96058.

Bile acid metabolism score by gene set varia-
tion analysis

Bile acid metabolism score was calculated for 
each gene set and individual sample by gene 
set variation analysis (GSVA). GSVA is a gene 
set enrichment approach that can be used in 
both microarray and RNAseq data for bulk 
tumors. This approach assesses pathway activ-
ity by converting a sample’s expression data 
matrix into expression data matrices for each 
matching gene set [34]. We generated the bile 
acid metabolism activity score for each sample 
using the bile acid metabolism gene set con-
sisting of 112 genes from the Molecular Sig- 
natures Database (MSigDB) Hallmark gene set 
[35].

Gene set enrichment analysis 

Gene set enrichment analysis (GSEA) was used 
for functional analysis [36, 37]. This is a meth-
od to examine differences in pathway expres-
sion between different phenotypes, defined by 
tens or hundreds of genes [38-41]. Genes are 
ranked based on the difference in RNA expres-
sion between two pre-defined phenotypes. The 
distribution is compared to the list of Hallmark 
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gene sets provided in MSigDB [35] and evalu-
ated by the enrichment score, which is the max-
imum deviation value. Briefly, the more similar 
the gene expression of each phenotype is to 
the pathway expressed in each gene set, the 
higher the enrichment score. High and low 
groups were defined by the upper and lower 
quartiles of the bile acid metabolism score of 
the cohort. Normalized enrichment score  
(NES), which is adjusted for the correlation 
between gene sets and expression data sets, 
was used for evaluation. The analysis was per-
formed using the java application GSEA v4.1.0 
provided by the Broad Institute, and FDR less 
than 0.25 was considered significant according 
to recommendations.

Intertumoral cell fraction estimation

XCell is an algorithm for estimating cell subsets 
from whole transcriptomes [42], and was used 
to assess intratumoral immune and stromal 
cell fractions, as we have previously reported 
[43-45]. This method is a combination of gene 
signature-based comparative methods with 
CIBERSORT, the most popular method for dis-
secting the tumor microenvironment from tran-
scriptomics [46]. 64 different cell type frac- 
tions were estimated by comparing bulk tumor 
gene expression with 489 pre-defined gene sig-
natures. Cytolytic activity (CYT) was measured 
using the geometric mean of granzyme A and 
Perforin 1 expression levels [47, 48]. We also 
calculated intratumoral heterogeneity, homolo-
gous recombination deficiency, silent and non-
silent mutation rate, proliferation score, tumor 
infiltrating lymphocyte (TIL) score, Interferon 
(IFN)-Response, Regulation Fraction, Lympho- 
cyte Infiltration Signature Score, Leukocyte 
Fraction, TCR richness, and BCR richness using 
the methodology outlined by Thorsson et al. 
[49].

Microbiome analysis 

The 16S rRNA gene sequence data of breast 
cancer tissue from TCGA was downloaded fr- 
om cBiopotal as microbiome data [50]. The 
data was processed for taxonomic profiling at 
the time of download. For statistical assess-
ment of the relevance of microorganisms in  
different phenotypes, non-parametric Wilcoxon 
test using the R package SIAMCAT was used to 
identify significantly abundant microorganisms 
at the genus level [51]. The check associations 

function of SIAMCAT was used for visualization, 
and the cutoff was set to the default adjusted 
p-value of less than 0.05.

Statistical analysis 

All analyses and figure generations were per-
formed by R (version 4.0.1). The high bile acid 
metabolism group was defined as the upper 
quartile according to a previous report on bile 
acids in breast cancer [9], and the low bile acid 
metabolism group was defined as the lower 
quartile. The definition of overall survival (OS) 
was the time from completion of treatment to 
any cause of death, disease-specific survival 
(DSS) was the time to death from breast can-
cer, and disease-free survival (DFS) was the 
time to recurrence. Survival analysis was per-
formed by Kaplan-Meier and log-rank test, and 
statistical comparison of continuous variables 
between groups was performed by Mann-
Whitney U test for two groups and Kruskal-
Wallis test for multiple groups, with a cutoff 
value of 0.05 for statistical significance. Box-
and-whisker plots were used to display the 
median and interquartile range.

Results

Breast cancer with elevated bile acid metabo-
lism was associated with a better prognosis 

Given the previous reports that bile acids sup-
press the growth of breast cancer cell lines 
[5-8], we investigated whether the level of bile 
acid metabolism in patients with breast cancer 
has any survival relevance. The level was esti-
mated by gene set variation analysis using the 
Bile Acid Metabolism gene set, where each 
cohort was divided into high and low groups by 
the top and bottom quartiles of the scores in 
our previous reports [28, 31, 32]. As expected, 
breast cancer with high bile acid metabolism 
was associated with significantly better dis-
ease-free and disease-specific survival in the 
TCGA cohort. There was also a trend observed 
in overall survival (Figure 1: P = 0.004, 0.047, 
0.057, respectively). These results were vali-
dated by both the METABRIC and GSE96058 
cohorts (Figure 1: all P < 0.001 in METABRIC, 
and P = 0.005 in GSE96058). 

When bile acid metabolism was compared 
across breast cancer subtypes, it was highest 
in the ER-positive/HER2-negative, Normal, and 
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Luminal A subtypes and lowest in the triple-
negative and Basal subtypes consistently in  
all three cohorts (Supplementary Figure 1). 
Somewhat surprisingly, the association of high 
bile acid metabolism and better survival was 
observed in ER-positive/HER2-negative sub-
type in METABRIC cohort alone, and none in the 
other subtypes and cohorts, may be due of too 
small sample sizes (Supplementary Figures 2, 
3, 4).

Multiple fatty acid related metabolisms and 
pathways were enriched in high bile acid me-
tabolism breast cancer

We were interested in determining which can-
cer biology is associated with patients’ breast 
cancer with elevated bile acid metabolism, 

since prior experimental studies suggested 
that bile induces oxidative stress and apopto- 
sis in cancer cells [4-8]. Surprisingly, only one 
cohort had enriched Apoptosis, and neither  
the Reactive Oxygen Species (ROS) nor the 
Unfolded Protein Response (UPR) gene sets 
was enriched in the high bile acid metabolism 
group by gene set enrichment analysis (GSEA). 
On the other hand, bile acid metabolism, along 
with the fatty acid metabolism and xenobiotic 
metabolism gene sets, were enriched in the 
high bile acid metabolism group consistently 
across all cohorts (Figure 2A, FDR < 0.25). All 
the gene sets that were significantly enriched in 
the high bile acid metabolism group consistent-
ly in three cohorts are shown in Supplementary 
Figure 5. In addition, several gene sets related 
to bile acid production and metabolism, such 

Figure 1. Survival analyses by bile acid metabolism score. Kaplan-
Meier survival curves of the overall survival (OS), disease-specific 
survival (DSS), disease-free survival (DFS) in TCGA, METABRIC, and 
OS of the GSE96058 cohort. High and low groups were defined as 
the upper and lower quartiles of the bile acid metabolism score of 
each cohort. High groups are indicated by red lines, low groups by 
blue lines. Numbers at the bottom of the panels indicate the num-
ber of samples in each group. Statistical analysis was performed by 
Log-rank test, and P < 0.05 was considered significant.
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as protein secretion, adipogenesis, androgen 
response, peroxisomes, and early estrogen 
response, were consistently enriched in all 
three cohorts (Figure 2A, all FDR < 0.25). Using 
the xCell algorithm, we found that adipocytes, 
pre-adipocytes, and lymphatic endothelial cells 
(LEC) were present in higher proportion in all 
three cohorts (Figure 2B, all P < 0.05), whereas 
mesangial endothelial cells (MEC) and vascular 

endothelial cells (VEC) were present in higher 
proportion only in two cohorts (Figure 2B, sig-
nificance as P < 0.05). 

Lower bile acid metabolism was associated 
with enhanced cancer cell proliferation

Although elevated bile acid metabolism has 
been associated with aggressive cancer biolo-

Figure 2. GSEA and cell fractions of the high bile acid metabolism group. A. Dot plots show the gene sets that are 
significantly enriched in the high bile acid metabolism group (upper quartile) by GSEA in the TCGA, METABRIC, and 
GSE96058 cohorts. The horizontal scale and the color of each dot indicate normalized enrichment score (NES), 
and the size of each dot indicates false discovery rate (FDR). FDR less than 0.25 is considered significant. B. Box-
and-whisker plots show the cell fractions of adipocytes, preadipocytes, vascular endothelial cell (VEC), lymphatic 
endothelial cell (LEC), and mesangial endothelial cells (MEC) according to the high and low bile acid scores (upper 
and lower quartiles) in the TCGA, METABRIC, and GSE96058 cohorts. All two-group comparisons were performed 
using the Wilcoxon signed-rank test. The error bars in each boxplot show the 95% confidence interval. The line in the 
box shows the median, and the top and bottom show the 25th and 75th percentiles respectively.
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gy, the mechanism underlying this association 
is unclear. Since understanding this mecha-
nism could potentially impact survival, and 
since prior reports have suggested that bile 
suppresses proliferation of breast cancer cell 
lines [4-9], we decided to investigate the rela-
tionship between bile acid metabolism and 
cancer proliferation. The Nottingham histologi-
cal grade correlated with decreased bile acid 
metabolism in the TCGA and METABRIC co- 
horts, but not in the GSE96058 cohort (Figure 
3A). Bile acid metabolism demonstrated nega-
tive correlation with MKI67 gene expression 
consistently in all three cohorts. Additionally, 
among cell proliferation-related gene sets in 
the Hallmark collection, the G2M checkpoint 
gene set was enriched in all three cohorts, and 
the Myc Target v2 and Mitotic Spindle gene 
sets were enriched in the low bile acid metabo-
lism group of two cohorts (Figure 3B, all FDR < 
0.25). Intratumoral heterogeneity, homologous 
recombination deficiency, silent or non-silent 
mutation rate, and proliferation scores were all 
inversely related to bile acid metabolism in the 
TCGA cohort (Figure 3C, all P < 0.05). These 
results indicate that bile acid metabolism is 
inversely correlated with cancer cell prolifera-
tion in breast cancer patients, which is consis-
tent with previous in vitro studies.

Cancer immunity was activated and immune 
cells were infiltrated in low bile acid metabo-
lism breast cancer

We have previously demonstrated that aggres-
sive breast cancer has a high mutation rate 
and high immune cell infiltration [52]. Since low 
bile acid metabolism breast cancer was found 
to be highly proliferative, we decided to inves- 
tigate whether it attracts immune cells. We 
found that components of cancer immunoge-
nicity, such as SNV and Indel neoantigens, were 
significantly increased in the low bile acid 
metabolism group in TGCA, as were interferon 
gamma response, tumor infiltrating lymphocyte 
infiltration, and macrophage and lymphocyte 
infiltration scores (Figure 4A, all P < 0.05). 
Furthermore, CD8+ T-cells, CD4+ T-cells, and 
Type 1 helper T-cells (Th1) demonstrated high 
infiltration rates in low bile acid metabolism 
group tumors consistently across multiple co- 
horts (Figure 4B, all P < 0.05). Interestingly, low 
bile acid metabolism tumors had significant 
infiltration of M1 macrophages, whereas high 
bile acid metabolism tumors had more infiltra-

tion of M2 macrophages (Figure 4B, all P < 
0.05). The cytolytic activity (CYT) score, which 
represents overall immune activity, was higher 
in the low bile acid metabolism group in TCGA 
and GSE96058 (Figure 4B). Taken together, 
tumors of the low bile acid metabolism group 
demonstrated cancer immunity activation and 
consistent infiltration of immune cells.

Only seven bacterial species demonstrated a 
significant difference in abundance between 
the high and low bile acid metabolism breast 
cancer tumor microenvironments

Based upon the fact that bile is metabolized by 
microorganisms in the intestine, we hypothe-
sized that the microbiome is involved in bile 
acid metabolism in the tumor microenviron-
ment. Microorganisms were quantified using 
16S RNA sequencing data available in the 
TCGA cohort. Contrary to our expectation, there 
was no significant difference in taxonomic com-
position at the phylum level. We found that 
Aeromonadaceae at the family level and Aero- 
monas at the genus level were more abundant 
in low bile acid metabolism breast cancer 
(Figure 5A). When we compared the high and 
low bile acid metabolism groups, Gammaretro- 
virus, Hymenobacter, Anaerococcus, and Colli- 
monas were significantly more abundant in the 
high group, whereas Lactobacillus, Ruegeria, 
and Marichromatium were more abundant in 
the low group (Figure 5B).

Breast cancers containing microorganisms 
abundant in the low bile acid metabolism 
group showed enrichment of multiple cancer 
proliferation-related gene sets

As above, Gammaretrovirus, Hymenobacter, 
Anaerococcus, and Collimonas appear to be 
more abundant in the high bile acid metabo-
lism group, whereas Lactobacillus, Ruegeria, 
and Marichromatium are more abundant in  
the low bile acid metabolism group. Given the 
clinical relevance of bile acid metabolism, we 
hypothesized that the abundance of each 
microorganism is associated with features of 
cancer biology. Therefore, we investigated the 
characteristics of each microbial species-rich 
group using GSEA with the median content as 
the cutoff. There was no pathway commonly 
enriched in the four microorganisms specific to 
the high bile acid metabolism group (Figure 6A, 
all FDR < 0.25). On the other hand, surprisingly, 
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Figure 3. The association of bile acid metabolism and Nottingham histological grade, MKi67 expression, Hallmark cell proliferation-related gene sets, intratumoral 
heterogeneity, HRD, and mutation rates. A. Box-and-whisker plots of bile acid metabolism score by Nottingham histological grade in the TCGA, METABRIC, and 
GSE96058 cohorts. Scatter plots show the correlation between MKI67 gene expression and the score. B. Dot plots show the gene sets significantly enriched in the 
low bile acid metabolism group (lower quartile) by GSEA in the TCGA, METABRIC, and GSE96058 cohorts. The horizontal scale and the color of each dot indicate 
normalized enrichment score (NES), and the size of each dot indicates false discovery rate (FDR). FDR less than 0.25 was considered significant. C. Box-and-whisker 
plots show intratumoral heterogeneity, homologous recombination defects (HRD), silent or non-silent mutation rate, and proliferation scores according to the high 
and low bile acid scores (upper and lower quartiles) in TCGA. Multiple group comparisons were performed using the Kruskal-Wallis test and two-group comparisons 
were performed using the Wilcoxon signed-rank test. The error bars in each boxplot show the 95% confidence interval. The line in the box shows the median, and 
the top and bottom show the 25th and 75th percentiles respectively.
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almost all Hallmark cell proliferation-associat-
ed gene sets, such as the G2M checkpoint, E2F 
targets, and Myc targets v1 and v2, were en- 
riched in all three microbial-rich groups specific 
to low bile acid metabolism (Figure 6B, all FDR 
< 0.25). Our results suggest that the microor-
ganisms abundant in low bile acid metabolism 
cancer are strongly associated with cell prolif-
eration and that the ones abundant in high bile 
acid metabolism are not.

Discussion

In this study, we found that low bile acid metab-
olism in breast cancer is associated with poor 

prognosis and that the microbiome of breast 
cancer patients with reduced bile acid metabo-
lism is associated with enhanced cancer cell 
proliferation. We hypothesized that activation 
of bile acid metabolism is associated with a 
better prognosis based on previous reports 
regarding the antitumor effects of bile acids in 
breast cancer cells. We found that survival was 
significantly improved in the high bile acid 
metabolism group, which was validated by th- 
ree large breast cancer cohorts. We expected 
that oxidative stress-induced apoptosis in the 
high bile acid metabolism group would lead  
to improved survival, although the Apoptosis, 
ROS, and UPR gene sets were not found to be 

Figure 4. Immune activity related score and immune cell fractionation by the bile acid metabolism score. A. Box-and-
whisker plots show SNV neoantigen, Indel neoantigen, interferon gamma (IFNγ) response, TIL infiltration, macro-
phage, and lymphocyte infiltration scores according to the high and low bile acid scores (upper and lower quartiles) 
in TCGA. B. Box-and-whisker plots show the cell fractions of CD8+ T-cells, CD4+ T-cells, type 1 helper T-cells (Th1), M1 
and M2 macrophage, as well as cytolytic activity (CYT) score, according to the high and low bile acid score (upper 
and lower quartiles) in the TCGA, METABRIC, and GSE96058 cohorts. All two-group comparisons were performed 
using the Wilcoxon signed-rank test. The error bars in each boxplot show the 95% confidence interval. The line in the 
box shows the median, and the top and bottom show the 25th and 75th percentiles respectively.
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enriched in this group. Several metabolic path-
ways and pathways associated with bile acid 
production and regulation, however, were en- 
riched. On the other hand, Ki67 and Notting- 
ham histological grade were higher, and several 
cell proliferation-related gene sets were upreg-
ulated in the low bile acid metabolism group, 
especially the G2M checkpoint in all cohorts, 
indicating this group had aggressive and poor 
prognostic features. In association with the 

higher cell proliferation, the low bile acid 
metabolism group showed higher mutation 
load, immune activation, and infiltration of anti-
cancer immune cells. Given the biology of the 
groups with high and low bile acid metabolism, 
we expected that the composition of the micro-
biome in each group would be associated with 
the characteristics of the group. We found four 
species that demonstrated significant abun-
dance in the high bile acid metabolism group 

Figure 5. Difference in the microbiome between high and low bile acid metabolism breast cancer. A. The Bar plots 
show the percentage breakdown of microbiome composition at the Phylum, Family, and Genus levels in the high 
and low bile acid metabolism groups (upper and lower quartiles) in TCGA. B. Univariate association between high 
and low bile acid metabolism. Boxplots in the left panel show the distribution of the microbial abundance of the high 
(red) and low (blue) groups. The median is represented by a black line in the box, with whiskers extending up to the 
most extreme points within a 1.5-fold interquartile range, and adj. P < 0.05 was adopted as significant. Generalized 
fold change is shown in the right panel.
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and three species in the low bile acid metabo-
lism group. Surprisingly, almost all of the cell 
proliferation-related gene sets from MSigDB 
Hallmark were enriched in the three microor-
ganisms-rich groups specific for low bile acid 
metabolism breast cancer. This was not the 
case for the microorganisms specific to high 
bile acid metabolism. To this end, clinical rele-
vance of bile acid metabolism in breast cancer 
is that low bile acid metabolism with abundant 
Lactobacillus, Ruegeria, and Marichromatium 
is associated with highly proliferative cancer 
and worse survival, rather than the growth sup-
pression effect of bile acids. 

Bile acids have been reported to possess anti-
tumor effects on breast cancer in both cell 

lines and patient tissues; Alasmael et al. report-
ed that chenodeoxycholic acid (CDC) and deo- 
xycholic acid (DC) decreased the long-term sur-
vival of MCF-7 cells [8], and Tang et al. reported 
that DC inhibited the proliferation of the Lu- 
minal A breast cancer cell line at concentra-
tions as high as in breast tissue [9]. Lithocholic 
acid (LCA) induces oxidative stress and apopto-
sis through several pathways including down-
regulation of NRF2 and activation of TGR5 [53]. 
In addition to regulation of oxidative phosphory-
lation, LCA induces anti-tumor immune res- 
ponses, suppresses proliferation and metasta-
sis [3], and is inversely correlated with Ki67 in 
breast cancer tissues [54]. On the other hand, 
some groups reported that DC promoted breast 
cancer cell survival by reducing pro-apoptotic 

Figure 6. GSEA by bacterial species specific to high and low bile acid metabolism groups. (A) Dot plots show the gene 
sets significantly enriched by GSEA in groups with high or low abundances (median cutoff) of Gammaretrovirus, Hy-
menobacter, Anaerococcus, and Collimonas which were specific to the high bile acid metabolism group in TCGA. (B) 
Dot plots show the gene sets significantly enriched by GSEA in groups with high or low abundances (median cutoff) 
of Lactobacillus, Ruegeria, and Marichromatium which were specific to the low bile acid metabolism group in TCGA. 
The horizontal scale and the color of each dot indicate normalized enrichment score (NES) (high values are shown 
in red and low in blue in A, and vice versa in B), and the size of each dot indicates false discovery rate (FDR). FDR 
less than 0.25 is considered significant.
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ceramides [55, 56]. We found that activated 
bile acid metabolism breast cancer patients 
had a better prognosis. Assuming that accumu-
lation of bile acids results in elevated bile acid 
metabolism, we speculated that cancer cells 
with high bile acid metabolism induce apopto-
sis and improve survival, but surprisingly, up- 
regulation of apoptosis-related pathways was 
seen only in one cohort, and it was not validat-
ed by the others. In contrast, fatty acid meta- 
bolism, protein secretion, androgen response, 
peroxisome, and other pathways associated 
with bile acid function were all enriched in  
all cohorts. These results support the notion 
that the bile acid metabolism score reflects  
bile acid accumulation in the breast tumor 
microenvironment. 

Pathways associated with cancer cell prolifera-
tion are enriched in the low bile acid metabo-
lism group. This is consistent with prior studies 
and with clinical cancer aggressiveness as 
measured by Ki67 and Nottingham histological 
grade, which were both increased in this group. 
These results led us to speculate that higher 
cell proliferation in the low bile acid group may 
be responsible for the poor prognosis. Indeed, 
the low bile acid metabolism group had a high-
er mutational burden, with a significant increase 
of immune-related scores and a more abun-
dant infiltration of cancer-associated immune 
cells. This is consistent with our previous report 
that breast cancers with a high degree of prolif-
eration and mutation will have higher immuno-
genicity [20].

The microbiome in breast cancer is an emerg-
ing field, and it has been reported that the com-
position of the cancer microbiome differs from 
that of the normal mammary gland [57-61]. The 
predominant bacterial phyla in breast cancer 
tissues compared to tissues of the normal 
gland were Proteobacteria, followed by Firmi- 
cutes and Actinobacteria, which is consistent 
with previous reports [10, 62]. However, the 
abundance of these predominant microbial 
species did not differ between high and low bile 
acid metabolism groups. Surprisingly, all cell 
proliferation-related gene sets were enriched in 
the low bile acid metabolism group as well as in 
all three of the microorganisms abundant in 
this group. This result makes us speculate that 
the presence of these microorganisms may be 
involved in the suppression of bile acid metabo-
lism and proliferation of breast cancer. On the 

other hand, Lactobacillus, which was most 
abundant in the low bile acid metabolism 
group, has been reported to exhibit antitumor 
effects in colon cancer model [63]. Since bile 
acids have opposite effects in colorectal can-
cer and breast cancer, it may be that these  
species also have opposite effects in each can-
cer type. With further studies, the microbiome 
profile may be developed as a biomarker for 
susceptibility and/or to help guide prognosis of 
breast cancer in the future.

Limitations in this study are described as fol-
lows. First, this study is an entirely in silico bio-
informatics study with public cohorts and does 
not include any bench experiments. Therefore, 
we do not know the mechanism by which bile 
acids activate bile acid metabolism or how they 
affect breast cancer cells in experiments with 
matched background conditions. Based on the 
results of this study, the next steps to consider 
would be to elucidate how these microorgan-
isms settle in the breast tissue and the causal-
ity of the functions identified in this study. The 
microbiome data depended on a single cohort, 
because TCGA was the only cohort that includ-
ed 16S RNA sequencing data of breast spe- 
cimens, and we unfortunately did not have 
access to other large cohorts to use as valida-
tion. It would be ideal to validate our findings by 
our own institutional data; however, only data 
from public cohorts were included in this study 
because we do not have robust enough cohort 
with 16S sequence to obtain statistically  
meaningful results. Furthermore, all patient 
information was collected retrospectively, and 
selection bias by each cohort is inevitable. 
Prospective patient studies will be required to 
elucidate the relationship between bile acids 
and the breast microbiome. 

Conclusion

Microorganisms abundant in a low bile acid 
metabolism breast tumor microenvironment 
are associated with aggressive cancer biology, 
including cell proliferation and poor survival.
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Supplementary Figure 1. Association of molecular and histological subtypes with bile acid metabolism. Box-and-
whisker plots of bile acid metabolism score by Prediction Analysis of Nottingham histological subtype and Microar-
ray 50 (PAM50) subtype in the TCGA, METABRIC, and GSE96058 cohorts. The number of samples for each subtype 
is shown in parentheses below the labels. Comparisons were performed using the Kruskal-Wallis test. The error bars 
in each boxplot show the 95% confidence interval. The line in the box shows the median, and the top and bottom 
show the 25th and 75th percentiles respectively.
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Supplementary Figure 2. Survival analyses of ER-positive/HER2-negative breast cancer. Kaplan-Meier survival 
curves of the overall survival (OS), disease-specific survival (DSS), disease-free survival (DFS) of ER-positive/HER2-
negative breast cancer in TCGA, METABRIC, and OS of the GSE96058 cohort. High and low groups were defined as 
the upper and lower quartiles of the bile acid metabolism score of each cohort. High groups are indicated by red 
lines, low groups by blue lines. Numbers at the bottom of the panels indicate the number of samples in each group. 
Statistical analysis was performed by Log-rank test, and P < 0.05 was considered significant.
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Supplementary Figure 3. Survival analyses of HER2 positive breast cancer. Kaplan-Meier survival curves of the 
overall survival (OS), disease-specific survival (DSS), disease-free survival (DFS) of HER2 positive breast cancer 
in TCGA, METABRIC, and OS of the GSE96058 cohort. High and low groups were defined as the upper and lower 
quartiles of the bile acid metabolism score of each cohort. High groups are indicated by red lines, low groups by blue 
lines. Numbers at the bottom of the panels indicate the number of samples in each group. Statistical analysis was 
performed by Log-rank test, and P < 0.05 was considered significant.
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Supplementary Figure 4. Survival analyses of triple negative breast cancer. Kaplan-Meier survival curves of the 
overall survival (OS), disease-specific survival (DSS), disease-free survival (DFS) of triple negative breast cancer 
in TCGA, METABRIC, and OS of the GSE96058 cohort. High and low groups were defined as the upper and lower 
quartiles of the bile acid metabolism score of each cohort. High groups are indicated by red lines, low groups by blue 
lines. Numbers at the bottom of the panels indicate the number of samples in each group. Statistical analysis was 
performed by Log-rank test, and P < 0.05 was considered significant.
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Supplementary Figure 5. All GSEA pathways enriched in the high bile acid metabolism group. Dot plots show the 
gene sets that are significantly enriched in the high bile acid metabolism group (upper quartile) by GSEA in the 
TCGA, METABRIC, and GSE96058 cohorts. The horizontal scale and the color of each dot indicate normalized 
enrichment score (NES), and the size of each dot indicates false discovery rate (FDR). FDR less than 0.25 is con-
sidered significant.


