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Abstract
GPR109A, a G-protein–coupled receptor, is activated by niacin and butyrate. Upon activation in

colonocytes, GPR109A potentiates anti-inflammatory pathways, induces apoptosis, and protects against
inflammation-induced colon cancer. In contrast, GPR109A activation in keratinocytes induces flushing by
activation of Cox-2–dependent inflammatory signaling, and the receptor expression is upregulated in human
epidermoid carcinoma. Thus, depending on the cellular context and tissue, GPR109A functions either as a
tumor suppressor or a tumor promoter. However, the expression status and the functional implications
of this receptor in the mammary epithelium are not known. Here, we show that GPR109A is expressed in
normal mammary tissue and, irrespective of the hormone receptor status, its expression is silenced in
human primary breast tumor tissues, breast cancer cell lines, and in tumor tissues of three different murine
mammary tumor models. Functional expression of this receptor in human breast cancer cell lines decreases
cyclic AMP production, induces apoptosis, and blocks colony formation and mammary tumor growth.
Transcriptome analysis revealed that GPR109A activation inhibits genes, which are involved in cell survival
and antiapoptotic signaling, in human breast cancer cells. In addition, deletion of Gpr109a in mice increased
tumor incidence and triggered early onset of mammary tumorigenesis with increased lung metastasis
in MMTV-Neu mouse model of spontaneous breast cancer. These findings suggest that GPR109A is a
tumor suppressor in mammary gland and that pharmacologic induction of this gene in tumor tissues
followed by its activation with agonists could be an effective therapeutic strategy to treat breast cancer.
Cancer Res; 74(4); 1166–78. �2013 AACR.

Introduction
GPR109A and GPR109B are highly homologous seven-trans-

membrane G-protein–coupled receptors of Gi family members
(1). GPR109A was originally identified in mice in a search for
genes that were differentially expressed in IFN-g- and TNF-
a–stimulated macrophages (2). Subsequently, three different

groups have independently demonstrated that GPR109A func-
tions as a high-affinity receptor for the B-complex vitamin
niacin, whereas GPR109B is little affected (3–5). GPR109A is
highly expressed in adipocytes and in various immune cells,
including macrophages (2, 6–8). It is also expressed in spleen,
colon, and retinal pigment epithelial cells (4, 9–11). Niacin,
though a normal biological constituent in blood and cells, is
not present at concentrations high enough to activate the
receptor under physiologic conditions; however, at pharma-
cologic doses, circulating levels of niacin rise high enough to
activate the receptor (12). In addition, butyrate is the physi-
ologic agonist for GPR109A in colon (9), whereas b-hydroxy-
butyrate, a ketone body produced by the oxidation of fatty
acids, activates the receptor at physiologic concentrations in
noncolonic tissues (13). GPR109A activation in adipose tissue
decreases the cellular levels of cyclic AMP (cAMP) via inhibi-
tion of adenylyl cyclase in a pertussis toxin–sensitive manner
(3–5). Similarly, activation of the receptor in colon cancer cells
leads to apoptosis via inhibition of Bcl-2, Bcl-xL, and cyclin D1,
and activation of the death receptor signaling pathway (9).
GPR109A activation in neutrophils leads to induction of cas-
pase-dependent apoptosis (6). Activation of this receptor in
retinal pigment epithelial cells leads to inhibition of TNF-a–
induced interleukin (IL)-6 and Ccl2 production (14). However,
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GPR109A expression is increased with increasing disease
progression of squamous cell carcinoma and squamous cell
carcinoma cell lines. Interestingly, the increased GPR109A
expressions observed in squamous cell carcinoma cells are
nonfunctional, the receptor protein shows a diffuse intracel-
lular localization and failed to elicit Gi-mediated cAMP inhi-
bition and associated signaling (15, 16). This suggests that
depending on the cellular context and tissue, GPR109A func-
tions either as a tumor suppressor or a tumor promoter.
Butyrate and b-hydroxybutyrate are low-affinity endoge-

nous agonists for the receptor. The EC50 is 1.6 mmol/L for
butyrate and 0.7 mmol/L for b-hydroxybutyrate (13). The
normal physiologic level of butyrate in circulation is approx-
imately 10 mmol/L, which is not sufficient to elicit any activa-
tion signal on GPR109A in most tissues; in contrast, even
though the circulating levels of b-hydroxybutyrate under fed
conditions are too low (approximately 0.2 mmol/L), its levels
increase under fasting conditions sufficient to activate the
receptor (17, 18). However, butyrate is present at high levels
(approximately 10 mmol/L) in colonic lumen due to bacterial
fermentation of dietary fiber (17). Mammary gland is another
tissue in which butyrate is naturally produced during lactation.
Breast milk contains a significant amount of butyrate and the
butyrate content of bovine milk fat is approximately 2% to 5%
by weight (19–21). Butyrate has been shown to provide pro-
tection against several human malignancies including breast
cancer (22, 23). Butyrate decreases the development of car-
cinogen-induced mammary tumor, suppresses the expression
of estrogen receptor (ER)-a and progesterone receptor, and
induces growth arrest in breast cancer cell lines (24–27). Thus,
we hypothesized that GPR109A activation could be involved in
maintaining cellular homeostasis in mammary epithelium by
induction of cellular differentiation in normal cells, and inhi-
bition of cell survival and induction of apoptosis in tumor
cells. However, the expression status of GPR109A and func-
tional implications of this receptor in mammary epithelium
have not been studied. Here, we show that GPR109A is ex-
pressed in normal mammary epithelium and that the receptor
functions as an effective tumor suppressor in this tissue.

Materials and Methods
Cell lines
The human immortalized normal mammary epithelial

cell lines: human mammary epithelial cells (obtained from
Lonza in June 2009), MCF10A [obtained from American
Type Culture Collection (ATCC) in September 2008], and
HBL100, was kindly provided by Dr. S. Sukumar (Johns
Hopkins University, Baltimore, MD) in June 2005. ER-pos-
itive human breast cancer cell lines (MCF7, T47D, ZR75.1,
and BT474) and the ER-negative human breast cancer
cell lines (MDA-MB231, MDA-MB453, MDA-MB468, and
HCC1937) were obtained from ATCC in July 2011. The
human mammary epithelial cells and MCF10A cells were
grown in Mammary Epithelial Cell Growth Medium com-
plete medium. HBL100 cells were grown in McCoy5A with
10% FBS. MCF7 and BT20 cells were grown in Dulbecco's
Modified Eagle Medium with 10% FBS. T47D, ZR75.1, BT474,

and HCC1937 cells were grown in RPMI 1640 medium with
10% FBS. MDA-MB-231, -453, and MDA-MB-468 cells were
grown in Leibovit's L-15 medium with 10% FBS. MDA-
MB415 cells were grown in Leibovit's L-15 medium with
15% FBS and 0.01 mg/mL insulin. All cell lines were
authenticated twice by morphologic and isoenzyme anal-
yses during the study period. Cell lines were routinely
checked for mycoplasma contamination using the Univer-
sal Mycoplasma Detection Kit (ATCC) and consistently
found to be negative. The last mycoplasma test was per-
formed in February 2013.

Generation of pCDH and GPR109A-pCDH stable cell
lines

Human GPR109A cDNA was subcloned into pCDH-CMV-
MCS-EF1-Puro vector (System Biosciences) at EcoRI/NotI site.
The resultant plasmid was sequenced to confirm the authen-
ticity of the insert. Recombinant lentivirus was produced by
cotransfection into 293FT cells with pCDH and GPR109A-
pCDH constructs and three other helper vectors, pLP-1,
pLP-2, and pVSVG (Invitrogen), using Lipofectamine-2000
transfection reagent. Lentiviral supernatants were harvested
at 72 hours after transfection and filtered through a 0.45-mm
membrane. ZR75.1 and MDA-MB231 cells were infected for
24 hours with fresh lentivirus expressing either pCDH vector
control or GPR109A-pCDH construct in medium containing
8 mg/mL polybrene, and cultured for an additional 48 hours.
The cells were selected for puromycin resistance (4 mg/mL) for
1 week, and maintained in medium containing 1 mg/mL
puromycin. The level of GPR109A mRNA expression in ZR75.1
and MB231 cells expressing pCDH and GPR109A-pCDH con-
structs was analyzed by reverse transcriptase (RT)-PCR and
real-time quantitative PCR (qPCR). GPR109A protein expres-
sionwas assessed byfluorescence-activated cell sorting (FACS)
with an antibody specific for human GPR109A. GPR109A
function was monitored by nicotinate binding as well as by
nicotinate-induced inhibition of basal and forskolin-induced
cAMP levels.

RT-PCR
Expression of human GPR109A and GPR109B, and mouse

Gpr109a mRNA were determined by semiquantitative RT-PCR
and qPCR analyses. Similarly, WEE1, IQGAP3, AVEN, PLK1,
IRF6, IL24, and RASSF2 expressions were determined by qPCR.
Total RNA, isolated from human normal and primary breast
tumor tissues, normal and breast cancer cell lines, and mouse
mammary tissues, was reverse-transcribed using theGeneAmp
RNA PCR Kit (Applied Biosystems). PCR was performed on
Veriti thermocycler (Applied Biosystems) using specific pri-
mers (Supplementary Table S1). RT-PCR was carried out on
the StepOne Plus Instrument (Applied Biosystems) using the
power SYBR Green PCR Master Mix (Applied Biosystems) as
per the manufacturer's instructions.

Cell-cycle analysis
Cells were fixed in 50% ethanol, treated with 0.1% sodium

citrate, 1 mg/mL RNase A, and 50 mg/mL propidium iodide,
and subjected to FACS (Becton Dickinson).

GPR109A Is a Tumor Suppressor in Mammary Gland
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ER-positive and ER-negative primary breast cancer
tissues

Details about obtaining the primary breast tumor and
adjacent normal tissues, RNA extraction, and cDNA prepa-
ration were published in our recent article (28). Human
breast tissue array was obtained from US Biomax Inc. and
details of GPR109A immunostaining are given in Supple-
mentary Methods.

Generation of MMTV-Neu mice with Gpr109aþ/þ,
Gpr109aþ/�, and Gpr109a�/� backgrounds

Gpr109a�/� mouse (3), a generous gift from Dr. Stefan
Offermanns, Max-Planck-Institute for Heart and Lung
Research, Germany, was bred with MMTV-Neu-Tg mice (Jack-
son Laboratory, Stock #002376), and the resulting Gpr109aþ/�

/MMTV-Neu mice, which were in mixed genetic background,
were again interbred to generate Gpr109aþ/þ-MMTV-Neu,
Gpr109aþ/�-MMTV-Neu, and Gpr109a�/�-MMTV-Neu mice.
We used 12 mice per group and repeated the experiment three
times, thus giving 36 mice in each group. We monitored time
of tumor appearance, tumor size, the number of tumors, and
time and percentage of lung metastasis in each of these three
groups. When the mice became morbid due to increased tu-
mor burden and/or lung metastasis, the animals were eutha-
nized and the tumor tissues harvested. If mice did not develop
tumor until 15 months of age, we removed thesemice from the
experiment, and noted that these mice were tumor-free.

Details for cAMP assay, immunoblot, microarray, nicotinate
binding, and colony formation assays as well as mouse xeno-
graft are given in Supplementary Methods.

Institutional compliance
The Georgia Regents University (GRU) Institutional Ani-

mal Care and Use Committee and Biosafety Committees
approved the animal experiments reported in this study.
Human breast cancer tissues and the surrounding normal
tissues were obtained from the GRU tumor bank with
approval from the Institutional Review Board and Human
Assurance Committee.

Statistical analyses
Statistical analysis was conducted by statistical software

SAS 9.3 at the significance level 0.05. A mixed model was
used to compare tumor volume changes over time. We also
used two-way ANOVA followed by the Bonferroni multiple
comparison test by using the Graph Pad Prism software,
version 5.0. A P value of <0.05 was considered statistically
significant.

Results
GPR109A is silenced in human primary breast tumor
tissues, human breast cancer cell lines, and in mouse
mammary tumor

We first investigated the expression of GPR109A and
GPR109B in human normal breast and in breast cancer
tissues. Irrespective of ER status, GPR109A expression was
decreased in more than 70% of primary breast cancer

samples compared with corresponding normal breast tis-
sues (Fig. 1A). Quantitative PCR analysis confirmed this
observation (Fig. 1B). We also analyzed GPR109A protein
expression using human tissue array, which has normal and
breast tumors at various stages of the disease. We found that
GPR109A expression was significantly reduced even in early
stage of breast tumor (stage IA) and almost undetectable in
advanced invasive (stage IIIB) breast tumor (Fig. 1C). The
decreased GPR109A expression was also evident in several
breast cancer cell lines (Fig. 1D and E). However, there was
no significant change in GPR109B expression in these sam-
ples. We also examined the expression of Gpr109a in normal
mammary glands at different developmental stages (virgin,
pregnant, lactation, and involution) and in three different
murine spontaneous mammary tumor tissues obtained from
MMTV-Neu-Tg, MMTV-PyMT-Tg, and MMTV-HRAS-Tg
mice. Gpr109a mRNA transcript was present in normal
virgin mammary tissues and drastically induced during
mammary gland involution, but the expression level was
markedly decreased in premalignant and malignant tumor
tissues from the three transgenic mice (Fig. 1F and G and
unpublished data).

We have previously shown that GPR109A is silenced in
human colon cancer cells by DNA methylation and that
treatment of these cells with the DNA methyltransferase
inhibitor 50-aza-20-deoxycytidine (AzadC) reactivated its
expression (9). To determine whether the decrease in
GPR109A expression in human breast cancer is also due to
DNA methylation, we treated immortalized normal mam-
mary epithelial and breast cancer cell lines with AzadC,
and examined the expression of GPR109A. The AzadC treat-
ment did not affect GPR109A expression in immortalized
normal cell lines. In contrast, the expression of the receptor
was reactivated in breast cancer cell lines (Fig. 2A and
Supplementary Fig. S1A). Furthermore, one of the GPR109A
agonists, butyrate, is a well-known histone deacetylase
(HDAC) inhibitor and studies have shown that HDAC inhi-
bitors can restore the expression of tumor suppressors in
cancer cells. We tested whether butyrate treatment alone
can restore GPR109A expression in breast cancer cells. We
treated two breast cancer cell lines with butyrate and
Trichostatin A (TSA), a pan-HDAC inhibitor. As a positive
control, we treated these cells with AzadC either alone or in
combination with HDAC inhibitors. Nicotinate was used as a
negative control. As shown in Fig. 2B and C and Supple-
mentary Fig. S1B, neither butyrate nor TSA treatment alone
was able to restore GPR109A expression. However, cotreat-
ment of HDAC inhibitors along with AzadC significantly
increased GPR109A expression.

Ectopic expression of GPR109A induces apoptosis in
human breast cancer cells

To determine the functional importance of GPR109A
in human mammary epithelial cells, we exposed MCF10A,
MCF7, and MB231 cells to GPR109A agonists niacin and
butyrate. The agonists did not have any effect in both
immortalized normal and breast cancer cell lines (Supple-
mentary Fig. S1D). We then transiently expressed GPR109A
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and control vector in these cells and the effects of niacin
and butyrate were evaluated. Ectopic expression of GPR109A
in human breast cancer cell lines induced apoptosis in
response to niacin and butyrate treatment (Supplementary
Fig. S1C and S1D). In contrast, these ligands did not affect
normal MCF10A cells or control vector-transfected breast
cancer cell lines, suggesting that activation of GPR109A
induces apoptosis specifically in breast cancer cells.
To study the functional implications of GPR109A in

breast cancer in more detail, we developed lentiviral
vector–mediated stable expression of GPR109A in ER-pos-
itive (ZR75.1) and triple-negative (MB231) breast cancer
cell lines. The expression of GPR109A mRNA and protein
was confirmed in these stable cells (Fig. 3A and Supple-
mentary Fig. S2A and S2B). The expression was further
confirmed by a ligand-binding assay using the nicotinate.

The binding of nicotinate was approximately 7-fold higher
in GPR109A-expressing cells than in vector controls
(Fig. 3B). The binding was specific and saturable as evident
from the competitive inhibition of [3H]-nicotinate binding
by unlabeled nicotinate (Supplementary Fig. S2C). To
confirm that the expressed GPR109A was functional, we
measured forskolin-stimulated cAMP levels in the presence
and absence of nicotinate in GPR109A-expressing MB231
cells. As shown in Fig. 3C, the GPR109A agonist nicotinate
efficiently decreased the forskolin-induced cAMP levels.
We then exposed these cells to nicotinate and butyrate
and performed cell-cycle analysis. As shown in Fig. 3D
and F, nicotinate and butyrate induced apoptosis in
GPR109A-expressing cells but not in control cells. Protein
expression analysis confirmed that GPR109A activation
leads to activation of caspases (9, 8, and 3), cleavage of

Figure 1. GPR109A expression is silenced in breast cancer. A and B, expression of GPR109A and GPR109B in ER-positive (ERþ) and ER-negative (ER�)
breast tumor tissues and corresponding normal tissues analyzed by semiquantitative and qPCR analyses, respectively. C, representative images of
GPR109A expression in normal and different breast tumor specimens. Images are shown at �10 magnification. D and E, GPR109A and GPR109B
expressions in human immortalized normal andERþandER�breast cancer cell lines. F andG,Gpr109a expression in normal, premalignant, and tumor tissues
of MMTV-Neu-Tg, MMTV-PyMT-Tg, and MMTV-HRAS-Tg mice. Data, means � SEM. ��, P < 0.01; ���, P < 0.001 by t test.
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PARP, and activation of proapoptotic proteins (Bax, Bim,
and Puma) with inhibition of antiapoptotic proteins (Bcl-2,
Bcl-xL, and Survivin) in both ZR75.1 (Fig. 3E) and MB231
cells (Fig. 3G).

GPR109A reactivation induces ligand-dependent
apoptosis in breast cancer cells

To test whether GPR109A reactivation by AzadC could
induce apoptosis upon activation with agonists, we treat-
ed three breast cancer cell lines with AzadC and then
exposed them to nicotinate or butyrate. Exposure to nico-
tinate and butyrate induced apoptosis in AzadC-treated
breast cancer cells but not in control cells (Fig. 2D–F),
showing that reactivation of endogenous GPR109A induces
apoptosis in breast cancer cells in the presence of GPR109A
agonists.

GPR109A expression inhibits cell survival and
antiapoptotic genes in human breast cancer cells

To determine the molecular mechanism of GPR109A-
induced apoptosis in human breast cancer, we performed
microarray analysis using MB231-pCDH and MB231-
GPR109A cells with and without niacin. Following the treat-
ment of cells with niacin, total RNA was isolated and the
quality was analyzed using Agilent 2100 Bioanalyzer (Sup-
plementary Fig. S3A). Based on differentially expressed gene
transcript, we generated a heat map for all four groups. As
shown in Supplementary Fig. S3B, there were no significant
changes between MB231-pCDH–untreated and niacin-trea-
ted samples. Similarly, there were very few changes between
MB231-pCDH–untreated and MB231-GPR109A–untreated
samples (Supplementary Table S2). However, we found that
1,219 genes that were differentially expressed (�2-fold)

Figure 2. DNA methylation inhibitor reactivates GPR109A expression in human breast cancer cells. A, GPR109A expression was analyzed in human
immortalized normalmammary epithelial cell lines and humanbreast cancer cell lineswith andwithout AzadC. B andC,GPR109A expressionwas analyzed in
two human breast cancer cell lines that were treated with HDAC inhibitors (butyrate and TSA) either alone or in combination with AzadC. Nicotinate,
which does not inhibit HDACs,was used as a negative control. D–F, three humanbreast cancer cell lineswere first treatedwith 50-AzadC and then treatedwith
nicotinate or butyrate. Cells were harvested and cell-cycle analysis was carried out using FACS. The apoptotic cell death was quantitated in sub-G0–G1

phase of the cell cycle. Values, means � SEM. ���, P < 0.001 by t test.
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between MB231-GPR109A–untreated and niacin-treated sam-
ples. As shown in Fig. 4A, we generated a heat map for 12
upregulated and 12 downregulated genes that are involved in
cell-cycle regulation and apoptosis. We also selected the top
100 highly up- and downregulated genes and shown in
Supplementary Tables S3 and S4. Furthermore, we selected
a few up- and downregulated genes and validated the changes
in the expression by qPCR analysis using gene-specific pri-
mers (Supplementary Table S1). We found that WEE1,
IQGAP3, apoptosis, caspase activation inhibitor (AVEN), and
polo-like kinase 1 (PLK1), which are involved in cell-cycle
progression, were significantly downregulated in MB231-
GPR109A cells treated with niacin and butyrate. Similarly,
we also found that IRF6, IL-24, RASSF2, and EGR2, which are

involved in tumor suppression, were significantly upregulated
in MB231-GPR109A cells treated with niacin and butyrate.

GPR109A activation differentially regulates genes
involved in cell cycle and DNA replication pathways in
human breast cancer

We created a functional analysis map using the Ingenuity
Pathway Analysis program and found that genes, which are
involved in cell cycle, DNA replication, cell death, and
survival, were differentially expressed between untreated
and niacin-treated samples (Supplementary Fig. S4A and
S4C). Similarly, genes that are involved in solid tumor,
epithelial neoplasia, breast cancer, and tumor rejection
were also differentially expressed between these two groups

Figure 3. Stable expression of GPR109A in human breast cancer cell lines induces agonist-dependent apoptosis. A, ectopic expression of GPR109A in
two human breast cancer cell lines. B, GPR109A protein function in MB231-GPR109A cells was assessed by nicotinate-binding assay. C, cAMP levels
in MB231-GPR109A cells in the presence and absence of forskolin (10 mmol/L) and nicotinate (1 mmol/L). D and F, percentage of apoptosis in
control and GPR109A-expressing stable cell lines in the presence and absence of nicotinate and butyrate in ZR75.1 and MB231 cells. Data, means �
SEM. ���, P < 0.001 by t test. E and G, expression of proapoptotic and antiapoptotic proteins in control and GPR109A-expressing stable cell lines in
the presence and absence of nicotinate or butyrate in ZR75.1 and MB231 cells.
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(Supplementary Fig. S4B). All these data suggest that
GPR109A activation specifically inhibits genes that are in-
volved in cell-cycle progression and antiapoptosis in breast
cancer cells.

GPR109A expression blocks colony formation and tumor
development in mouse xenografts

To confirm the above observations, we monitored the
ability of GPR109A in inhibition of colony formation in these
stable cells in the presence and absence of niacin. GPR109A
expression alone inhibited colony formation significantly
and a further dose-dependent inhibition of the colony for-
mation in both ZR75.1-GPR109A and MB231-GPR109A cells
when treated with niacin (Fig. 5A–D). However, niacin
treatment did not affect the colony formation in control
vector–transfected cells. This phenomenon was also con-
firmed in vivo in a mouse xenograft model. Mouse xenografts
with control cells grew in a time-dependent manner and
niacin, when administered in drinking water (10 mmol/L),
was unable to inhibit the growth of these tumor cells
(Fig. 5E–H). In contrast, the tumor growth was significantly

reduced in ZR75.1-GPR109A and MB231-GPR109A cells
even in the absence of niacin treatment. But niacin treat-
ment reduced tumor formation much more robustly in both
cell lines (Fig. 5E–H). These results suggest that GPR109A
activation in human breast cancer cells inhibits tumor
growth.

As seen in Fig. 5A–H, reexpression of GPR109A alone sig-
nificantly inhibited colony formation and mouse tumor
growth. However, the transcriptome analysis between control
vector and GPR109A-expressing MB231 cells did not show
notable changes in the gene expression (Supplementary
Fig. S3B). To understand the discrepancy between this 2D cell
culture and 3D colony and tumor growth, we performed a
dropout experiment using the nicotinate-binding assay.
First, we analyzed the nicotinate-binding assay using the
binding buffer (50 mmol/L Tris-HCl, pH7.4, and 2 mmol/L
MgCl2) and L15 media and found that nicotinate binding was
significantly reduced in the presence of L15 media (Supple-
mentary Fig. S5A), indicating that a component present either
in the cell culture medium or in the serum could be an agonist
for GPR109A. To investigate this further, we repeated the

Figure 4. GPR109A activation in breast cancer cells inhibits antiapoptotic genes and induces proapoptotic genes. A, the heat map generated for 12
genes that were up- and downregulated in MB231-GPR109A cells in the presence and absence of nicotinate. B and C, qPCR confirmation of the
changes in the expression of prosurvival and proapoptotic genes in control and GPR109A-expressing cells in the presence and absence of nicotinate
or butyrate. Data, means � SEM. �, P < 0.05; ��, P < 0.01; ���, P < 0.001 by t test.
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binding assay using binding buffer and culture media with and
without serum. Media alone, without serum, dramatically
reduced the nicotinate binding and addition of serum had

only a moderate effect (Supplementary Fig. S5B). This suggests
the presence of a GPR109A agonist in the culture medium. We
analyzed the formulation of both L15 and RPMI media and

Figure 5. GPR109A activation in breast cancer cells inhibits cell survival and mammary tumor growth. A–D, control and GPR109A-expressing ZR75.1 and
MB231 cells were subjected to colony formation assay in the presence or absence of nicotinate at various concentrations for 2 weeks and the resulting
colonies were stained with Giemsa dye (A and C) and the bound Giemsa dye was dissolved and quantified by spectrophotometer analysis (B and D). E–H,
two days before tumor induction, female athymic Balb/c nude mice (6 mice per group) were treated with and without nicotiante (10 mmol/L in
drinking water). Two days after nicotinate treatment, ZR75.1-pCDH and ZR75.1-GPR109A as well as MB231-pCDH and MB231-GPR109A cells
(1 � 107 cells in 100 mL PBS) were injected subcutaneously in the mammary fat pad. Treatment with or without nicotinate continued throughout
the experiment. Tumor volume was measured once in every 5 days for 40 days after cell injections (G and H). We compared tumor volume of pCDH cells
and GPR109A-expressing cells with and without nicotinate treatment and the statistical significance was calculated. At the end of the experimental
period, tumors were dissected and photographed. Representative images are shown (E and F). Data, means � SEM. ��, P < 0.01; ���, P < 0.001 by t test.
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found that both media contain 1 mg/L niacinamide, as the
source of niacin. Though niacinamide is not an agonist for
GPR109A, it could be converted into niacin by hydrolysis and
activate GPR109A when the cells are cultured for several days
as in the colony formation assay. However, the transcriptome
analysis was carried out in cells that were exposed for only
24 hours in the cultured media. This could explain the dis-
crepancy between the data obtained from the 2D cell culture
and 3D colony and tumor growth experiments.

Deletion of Gpr109a in mice increases spontaneous
mammary tumor development and provokes early onset
of mammary tumorigenesis

To investigate the tumor-suppressor function of GPR109A
further, we crossed Gpr109a-null mice with MMTV-Neu

transgenic mice and generated Gpr109aþ/þ-MMTV-Neu,
Gpr109aþ/�-MMTV-Neu, and Gpr109a�/�-MMTV-Neu mice
(Fig. 6A). To test whether loss of Gpr109a in mammary tumor
development is an early event or occurs during later stages
of tumor development, we analyzed Gpr109a expression in
the mammary tissue and mammary tumor harvested from
MMTV-Neu-Tg mice at different time points. As shown in
Fig. 6B, MMTV-Neu transgene expression itself resulted in a
significant reduction in Gpr109a expression. The expression of
the receptor decreased further in premalignant mammary
tissue and was almost undetectable in tumor tissues. We
next monitored the tumor incidence, time of tumor appear-
ance, tumor size, and histologic changes in all three Gpr109a-
MMTV-Tg genotypes. As shown in Fig. 6C, 53% of Gpr109aþ/þ

-MMTV-Neu, 69% Gpr109aþ/�-MMTV-Neu, and 80% of

Figure 6. Deletion ofGpr109a is associated with early onset of mammary tumor formation. A, representative PCR image of genotype analysis of wild-type and
Gpr109a-knockout mice in MMTV-Neu-Tg background. B, Gpr109a expression was analyzed in wild-type and MMTV-Neu-Tg mouse at different
time of premalignant (2, 4, and 6months) and different stages of tumor development (1, 2, and 4months after the formation of the tumors). n¼ 3mice in each
time point. Tumor incidence (C), time of tumor formation (D), tumor size (E), tumor weight (F), representative hematoxylin and eosin histologic sections
(�40), Ki67 (�40), and TUNEL immunostaining (�63; G) of Gpr109aþ/þ-, Gpr109aþ/�-, and Gpr109a�/� -MMTV-Neu-Tg mice. Data, means � SEM
(36 mice in each Gpr109aþ/þ-MMTV-Neu, Gpr109aþ/�-MMTV-Neu, and Gpr109a�/�-MMTV-Neu group). �, P < 0.05; ��, P < 0.01; ���, P < 0.001 by t test.
H, representative immunofluorescence images of tumor tissue sections fromGpr109aþ/þ- andGpr109a�/� -MMTV-Neu-Tgmice probed for Arginase I (Arg I),
F4/80, and 40,6-diamidino-2-phenylindole (DAPI). Images are shown at �40 magnification.
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Gpr109a�/�-MMTV-Neu mice developed mammary tumors.
Furthermore, there was a significant decrease in the number of
days needed for the onset of tumor formation in Gpr109a�/�

-MMTV-Neu mice (Fig. 6D). We also measured the tumor
volume and tumor tissue weight in all three genotypes. As
shown in Fig. 6E and F, significantly increased tumor volume
with corresponding increase in tumor weight was observed in
Gpr109a�/�-MMTV-Neu mice than in wild-type or heterozy-
gous genotype mice. Interestingly, tumors developed in
Gpr109aþ/�- and Gpr109a�/�-MMTV-Neu mice were highly
proliferative, more aggressive, and invasive (Fig. 6G). Ki67 and
terminal deoxynucleotidyl transferase–mediated dUTP
nick end labeling (TUNEL) staining showed a dramatically
increased cell proliferation with correspondingly reduced apo-
ptosis in tumors derived from Gpr109aþ/�- and Gpr109a�/�

-MMTV-Neu mice than those from wild-type mice (Fig. 6G).
All these results show that Gpr109a inactivation is associated
with early onset of mammary tumor formation with aggressive
tumor phenotype.

Deletion of Gpr109a in mice is associated with increased
lung metastasis and reduced survival rate

Tumors developed in MMTV-Neu mice usually metastasize
to the lung, and we found that about 48% of Gpr109aþ/þ

-MMTV-Neu, 69% of Gpr109aþ/�-MMTV-Neu, and 76% of
Gpr109a�/�-MMTV-Neu mice showed lung metastasis with
an average of 147, 106, and 93 days, respectively, after the initial
tumor formation at the primary site (Fig. 7A and B). Further-
more, the number of tumor nodules in the lung also increased
corresponding to the aggressiveness of the metastatic process
(Fig. 7C). The histologic sections from lung metastasis of
Gpr109a�/�-MMTV-Neu mice showed evidence of more
aggressive phenotype than the corresponding sections from
Gpr109aþ/þ-MMTV-Neumice (Fig. 7D). Thiswas corroborated
with Ki67 and TUNEL staining (Fig. 7D). The average survival
of Gpr109a�/�-MMTV-Neu mice was significantly decreased
(379 days) compared with Gpr109aþ/�-MMTV-Neu mice
(405 days) and Gpr109aþ/þ -MMTV-Neu mice (495 days;
Fig. 7E). These observations suggest that GPR109A plays a

Figure 7. Gpr109a deletion increased lung metastasis and reduced survival. The average percentage of lung metastasis (A), average time required for lung
metastasis from the onset of primary tumor (B), and average number of metastatic nodules (C) weremonitored inGpr109aþ/þ-,Gpr109aþ/�-, andGpr109a�/�

-MMTV-Neu-Tgmice. To determine themorphologic changes, we alsomonitored the hematoxylin and eosin histologic sections, Ki67, and TUNEL staining in
these three groups of mice (D). Images are shown at �40 magnification. The mean survival time for these mice was also monitored (E). Data, means � SEM
(36 mice each in Gpr109aþ/þ-, Gpr109aþ/�, and Gpr109a�/� -MMTV-Neu mice). �, P < 0.05; ��, P < 0.01; ���, P < 0.001 by t test.
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crucial role in cellular homeostasis in the mammary epithe-
lium and that inactivation of this gene is associated with early
onset of mammary tumorigenesis with accelerated lung
metastasis.

It is interesting to note that in spite of Gpr109a expression
being almost undetectable even in primary tumors, Gpr109
knockdown is associated with increased lung metastasis.
Though the molecular mechanism underlying this interesting
observation is not understood, one possibility is that Gpr109a
expressed in immune cells, especially in macrophages, could
play a role in the regulation of tumor growth and progression.
Furthermore, macrophages serve as a source for many proan-
giogenic factors, including VEGF and IL-6, which further
contribute to tumor growth (29). Tumor-associated macro-
phages (M2) have also been shown to infiltrate a number of
tumors and their number correlates with poor prognosis in
human malignancies including breast cancer (30). Thus, to
investigate this possibility, we analyzed macrophage expres-
sion in tumor tissue sections of Gpr109aþ/þ-MMTV-Neu-Tg
and Gpr109a�/� -MMTV-Tg mice using arginase I and F4/80
staining. As shown in Fig. 6H, Gpr109a�/�-MMTV-Tg mice
showed relatively more macrophage infiltration (colocaliza-
tion of arginase I and F4/80) than the respective control,
suggesting that Gpr109a plays a crucial role in regulation of
macrophage infiltration thereby controlling tumor growth and
metastasis.

Discussion
GPR109A is a newly discovered G-protein coupled recep-

tor for niacin and butyrate. Niacin has long been known for
its unique beneficial effect on lipid profiles in humans and it
is one of the most effective drugs for lowering triglycerides
with raising high-density lipoprotein (HDL) levels (31). The
role of niacin on lipid modification and antiatherosclerotic
effects has been well documented. However, there is no
conclusive evidence to support the role of niacin in preven-
tion and/or suppression of human malignancies. In breast
cancer, especially in postmenopausal breast cancer, diet and
obesity are positively associated with the risk. Obesity is
plausibly related to unfavorable lipid profiles, which have
been linked to breast cancer. Several epidemiologic studies
have investigated the lipid profiles in the context of breast
cancer and demonstrated possible associations between
cholesterol and lipoprotein levels and breast cancer risk
(32, 33). Previous studies have shown that a significantly
higher total and low-density lipoprotein cholesterol, trigly-
cerides, and free fatty acids with decreased HDL cholesterol
in breast cancer cases than in the respective controls
(34, 35). Similarly, studies have also shown that a low serum
HDL level is an independent predictor of increased post-
menopausal breast cancer risk, mainly because the low level
of HDL is associated with increased levels of cancer-pro-
moting hormones such as insulin, and IGF-I (36, 37). Thus,
the lipid-lowering potential of niacin could have a great
impact in suppression of breast cancer.

Similarly, butyrate is a naturally occurring fatty acid in the
large intestine in which it plays a critical role in inducing
differentiation in colonic epithelial cells and maintaining their

function through its ability to serve as a source of metabolic
energy and to inhibit HDACs. Breast milk constitutes the
primary source of butyrate in the mammary epithelium and
butyrate plays an important role in induction of cell differen-
tiation, growth arrest, and apoptosis. Recently butyrate has
been discovered as an agonist for GPR109A and butyrate-
induced GPR109A signaling induces apoptosis in colon cancer
cells (9). Furthermore, the tumor-suppressor role of butyrate
has been well documented and butyrate has been suggested as
a candidate for protection against several human malignan-
cies, including breast cancer. This suggests that niacin and
butyrate have therapeutic potential for the treatment of
human malignancies including breast cancer.

The present study describes a novel mode of action of niacin
and butyrate in the mammary epithelium, in which these two
ligands activate GPR109A. The gene expression analysis in
different tissues showed that mouse mammary gland
expresses Gpr109a at levels comparable with those in spleen
and intestine. We also found an abundant expression of
GPR109A in human and mouse normal mammary tissues and
in human immortalized normal mammary epithelial cell lines.
However, GPR109A expression is silenced in human breast
tumor tissues and cell lines and in three different mouse
mammary tumor models. This suggests that GPR109A may
function as a tumor suppressor in the mammary epithelium.
Previous studies have also shown that GPR109A expression is
silenced in human colon tumor tissues and cell lines and loss of
function of GPR109A in human squamous cell carcinoma cell
lines (9, 15). However, in keratinocytes GPR109A functions as a
prosurvival and GPR109A activation leads to induction of Cox-
2 expression (38). This tissue-specific differential function of
GPR109A is not known. However, in colon and mammary
epithelium, GPR109A activation leads to induction of
tumor-suppressor and proapoptotic genes, whereas in kerati-
nocytes it activates proangiogenic signaling. Thus, depending
on the cellular context, GPR109A functions as either a pro-
survival or a tumor suppressor.

Our studies also show that DNA methylation–associated
epigenetic mechanism is involved in GPR109A inactivation in
breast cancer, and that treatment with DNAmethyltransferase
inhibitors reactivates GPR109A expression and induces apo-
ptosis in the presence of its agonists. This observation is very
intriguing because it suggests that use of niacin alone may not
show significant efficacy in the treatment of breast cancer. This
is true in three previous studies in which the association
between niacin intake and disease progression was investigat-
ed in patients with breast cancer, and no significant associa-
tion was observed (39–41). This may be because GPR109A is
silenced in breast cancer, and niacin has no target once the
tumor is formed. However, the present studies show that it
may be beneficial to use niacin along with DNA methyltrans-
ferase inhibitors because the latter reactivate the niacin recep-
tor in tumor tissues.

In our study, we found that GPR109A activation in human
breast cancer cells inhibits several antiapoptotic and pro-
survival genes and induces several tumor-suppressor and
proapoptotic genes, suggesting that GPR109A-induced apo-
ptosis involves maintenance of low prosurvival and high
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proapoptotic gene expression in human breast cancer cells.
Furthermore, GPR109A activation in breast cancer cells blocks
colony formation and mammary tumor growth in mice. Inter-
estingly, deletion of Gpr109a in the MMTV-Neu transgenic
mouse model of mammary tumor increases tumor incidence,
provokes early onset of tumorigenesis, and promotes lung
metastasis. These data provide strong evidence that GPR109A
functions as a tumor suppressor in vivo. Overall, our study
suggests that either physiologic means to preserve the func-
tional GPR109A or pharmacologic means to reactivate this
receptor could have potential in the prevention and treatment
of breast cancer.
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