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SLC5A8 is a putative tumor suppressor that is inactivated in more than 10 different types of cancer, but neither the oncogenic
signaling responsible for SLC5A8 inactivation nor the functional relevance of SLC5A8 loss to tumor growth has been elucidated.
Here, we identify oncogenic HRAS (HRASG12V) as a potent mediator of SLC5A8 silencing in human nontransformed normal
mammary epithelial cell lines and in mouse mammary tumors through DNMT1. Further, we demonstrate that loss of Slc5a8
increases cancer-initiating stem cell formation and promotes mammary tumorigenesis and lung metastasis in an HRAS-driven
murine model of mammary tumors. Mammary-gland-specific overexpression of Slc5a8 (mouse mammary tumor virus-Slc5a8
transgenic mice), as well as induction of endogenous Slc5a8 in mice with inhibitors of DNA methylation, protects against HRAS-
driven mammary tumors. Collectively, our results provide the tumor-suppressive role of SLC5A8 and identify the oncogenic
HRAS as a mediator of tumor-associated silencing of this tumor suppressor in mammary glands. These findings suggest that
pharmacological approaches to reactivate SLC5A8 expression in tumor cells have potential as a novel therapeutic strategy for
breast cancer treatment.

SLC5A8 is a sodium-coupled transporter for short-chain fatty
acids (acetate, propionate, and butyrate), monocarboxylates

(lactate, pyruvate, and �-hydroxybutyrate), and the B-complex
vitamin nicotinate (1–5). SLC5A8 was first identified as a potential
tumor suppressor in the colon (6); since then, the transporter has
been shown to be silenced in cancers of many other organs, in-
cluding stomach, brain, thyroid, lung, breast, prostate, pancreas,
head and neck, lymphocytes, and kidney (7, 8). The tumor sup-
pressor function of SLC5A8 is mainly associated with inhibition of
histone deacetylases (HDACs) in tumor cells (9). Butyrate, one of
the substrates of SLC5A8, is a well-known HDAC inhibitor that
induces differentiation in normal epithelial cells but causes apop-
tosis in cancer cells (10–13). The tumor-selective sensitization of
the cells to apoptosis by butyrate involves the tumor cell-specific
induction of the death receptor pathway or activation of the pro-
apoptotic protein Bim (14–17). Butyrate is generated at high con-
centrations in the colonic lumen by bacterial fermentation of di-
etary fiber, and SLC5A8 is expressed in the lumen-facing apical
membrane of colonic epithelial cells, mediating the entry of bu-
tyrate into the cells (18, 19). This provides a molecular mechanism
for the transporter’s role as a tumor suppressor in the colon. How-
ever, SLC5A8 is silenced in tumors of various noncolonic tissues in
which butyrate is not relevant under physiologic conditions. At-
tempts in our laboratory to address this conundrum led to the
discovery that pyruvate, an endogenous metabolite and also a sub-
strate for SLC5A8, is a potent inhibitor of HDACs and an inducer
of tumor cell-specific apoptosis (11, 13). Further, SLC5A8 is a
transcriptional target of C/EBP� and p53 in the kidney, as well as
in mammary epithelium (20). All these findings explain not only
why SLC5A8 is silenced in many tumors but also why tumor cells
effectively convert pyruvate into lactate. Lactate is also a substrate
for SLC5A8, but it does not inhibit HDACs. In order to avoid the
entry of the HDAC inhibitors pyruvate and butyrate, tumor cells
purposely silence SLC5A8 to escape from cell death.

SLC5A8 inactivation in cancer occurs via hypermethylation of
the SLC5A8 promoter (6). However, the molecular mechanisms

responsible for this hypermethylation are not known. It has been
shown that increased DNA methyltransferase (DNMT) activity is
an early event in carcinogen-initiated lung tumorigenesis, and this
phenomenon has also been demonstrated in several other tumors,
cancer cell lines, and mouse tumor models (21–24). DNA hyper-
methylation is a hallmark of cancer (25, 26). DNA methylation is
catalyzed by DNMTs; in mammals, there are at least three DNMT
isoforms (DNMT1, DNMT3a, and DNMT3b). DNMT1 is re-
sponsible for maintaining the DNA methylation pattern during
embryonic development and cell division (27, 28). Further,
DNMT1 deregulation has been proposed to play a critical role in
cellular transformation; forced expression of DNMT1 in non-
transformed cells leads to cellular transformation (29), whereas
DNMT1 knockdown protects mice from cancer (30).

Several oncogenic signaling pathways, especially RAS/RAF/
MAPK signaling, lead to activation of DNMT1 through transcrip-
tional and posttranscriptional control (31–34). Stable expression
of HRASG12V induces transcription of DNMT1 through an AP-1
site in the promoter region (35). Further, RAS-induced DNMT1
activation is a prerequisite for fos-mediated cellular transforma-
tion (36). These observations suggest that oncogenic HRAS plays
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a prominent role in DNMT1 activation and subsequent cellular
transformation. Oncogenic transformation arises from accumu-
lation of both genetic and epigenetic alterations that result in ac-
tivation of oncogenes and inactivation of tumor suppressor genes.
Of the many oncogenes activated in human cancers, RAS is one of
the most extensively studied. Although the incidence of mutations
in RAS is very low in human breast cancer, over 50% of human
breast carcinomas express elevated levels of normal HRAS protein
(37, 38). High levels of HRAS protein have also been observed in
hyperplasias from patients who subsequently develop breast can-
cer (39). Since the silencing of SLC5A8 in tumors occurs via pro-
moter hypermethylation, we hypothesized that there could be a
functional link among RAS-induced cellular transformation,
DNMT1 activation, and SLC5A8 inactivation in breast cancer and
that this signaling pathway could be a very early event in mam-
mary tumor development. Here, we provide evidence in support
of this hypothesis.

MATERIALS AND METHODS
Cell lines, plasmids, and transfection. The human nontransformed nor-
mal mammary epithelial cell lines HMEC and MCF10A were grown in
complete mammary epithelial cell growth medium (MEGM; obtained
from Lonza Inc., Walkersville, MD). HBL100 cells were grown in Dulbec-
co’s modified Eagle’s medium (DMEM)–F-12 containing 10% fetal bo-
vine serum (FBS). MCF7 cells were grown in DMEM containing 10% FBS.
T47D, ZR75.1, MB231, MB453, and MB468 cells were grown in RPMI
medium containing 10% FBS with antibiotics at 37°C in the presence of
5% CO2. RNA prepared from these cells was used for expression analyses.
Nuclear extracts were prepared from the cells for use in measurement of
DNMT activity. Genomic DNA prepared from the cells was used for
methylation-specific (MS)-PCR analysis.

MCF10A cells and the series of oncogenic cell lines derived from this
cell line, which represent nontransformed normal (MCF10A1 [M1]),
transformed premalignant (MCF10AT1k.cl2 [M2]), ductal carcinoma in
situ (DCIS) (MCF10CA1h [M3]), and invasive breast cancer
(MCF10CA1a.cl1 [M4]) cells, were kindly provided by Fred Miller and
Steven Santner at the Barbara Ann Karmanos Cancer Institute, Detroit,
MI. M1 and M2 cells were grown in DMEM–F-12 containing 5% horse
serum, insulin (10 �g/ml), epidermal growth factor (EGF) (20 ng/ml),
hydrocortisone (0.5 �g/ml), and cholera toxin (100 ng/ml). M3 and M4
cells were grown in DMEM–F-12 containing 5% horse serum with anti-
biotics at 37°C in the presence of 5% CO2. RNA prepared from these cells
was used for microarray and gene expression analyses. Nuclear extracts
were prepared from these cells and used for measurement of DNMT ac-
tivity. Genomic DNA prepared from the cells was used for MS-PCR anal-
ysis.

The HCT116 cell line, which is positive for DNMTs (DNMT�/�), and
the isogenic cell lines with homologous deletion of DNMT1 (DNMT1�/�),
DNMT3b (DNMT3b�/�), and DNMT1 plus DNMT3b (double knock-
out [DKO]), were kindly provided by Bert Vogelstein at the Johns Hop-
kins University, Baltimore, MD. DNMT�/�, DNMT3b�/�, and DKO
cells were grown in McCoy 5A medium with 10% FBS, and DNMT1�/�

cells were grown in McCoy 5A medium with 10% FBS, 0.1 mg/ml hygro-
mycin B, and antibiotics at 37°C in the presence of 5% CO2.

The expression constructs pBaBe-Puro, HRASG12V-pBaBe-Puro, cy-
tomegalovirus-long terminal repeat (CMV-LTR), c-Myc, pcDNA3.1,
STAT3C, C/EBP�, Bcl-2, pCMV-neo, and E2F1 were transfected into
MCF10A cells using FuGene 6 according to the manufacturer’s instruc-
tions (Roche Applied Science). After 48 h of transfection, cells were har-
vested and processed for RNA and protein extraction for gene expression
analysis. We also extracted nuclear fractions from these cells for DNMT
assay. DNA from the cells was used for MS-PCR analysis.

Generation of HRASG12V stable cell lines. Transfection of M1 cells
with activated HRAS (HRASG12V) and selection from xenografted tumors

yielded the M2 cell line; this cell gives rise to premalignant lesions with the
potential for neoplastic progression (40). M3 and M4 cells were derived
from occasional carcinomas arising from xenografts of MCF10AT1k.cl2.
M3 cells give rise to predominantly well-differentiated carcinomas in xe-
nografts, while M4 cells give rise to relatively undifferentiated carcinomas
and also metastasize to the lung upon injection into the tail vein (41). In
the present study, we refer to these cell lines as M1, M2, M3, and M4.

Generation of the SLC5A8-pLVX stable cell line. SLC5A8 cDNA was
subcloned into the pLVX-TetOn-advanced vector (Clontech). Recombi-
nant lentivirus was produced by cotransfection of pLVX-TetOn vector or
SLC5A8-pLVX-TetOn with helper plasmids (Viral Power Lentiviral Ex-
pression System; Invitrogen) into HEK-293FT human embryonic kidney
cells using Lipofectamine 2000 transfection reagent. M4-SLC5A8-TetOn
cells were generated using virus produced from the SLC5A8-pLVX-
TetOn plasmid in the metastatic breast cancer cell line M4.

Generation of MMTV-Hras/Slc5a8�/� transgenic mice. Slc5a8�/�

mice (42) were backcrossed for at least 7 generations into an FVB/N ge-
netic background and then intercrossed to generate all three Slc5a8 geno-
typic mice. Genotyping was performed with appropriate primers (see Ta-
ble S2 in the supplemental material). A mouse mammary tumor virus
(MMTV) Hras transgenic (Tg) mouse was purchased from Jackson Lab-
oratory (stock number 004363), and the presence of the MMTV-Hras
transgene was confirmed by genotype analysis (see Table S2 in the supple-
mental material). To generate MMTV-Hras-Tg mice with three different
Slc5a8 genetic backgrounds (Slc5a8�/�, Slc5a8�/�, and Slc5a8�/�),
Slc5a8�/� mice were bred with MMTV-Hras-Tg mice, and the resulting
MMTV-Hras/Slc5a8�/� mice were crossed again to generate MMTV-
Hras/Slc5a8�/� mice.

Generation of the MMTV-Slc5a8-Tg mouse. Mouse Slc5a8 cDNA for
the coding sequence was amplified using the original mouse pSPORT1-
mSlc5a8 plasmid (3) as the template and then subcloned into pMMTV-
SV40-BSSK (Addgene plasmid 1824). The resulting plasmid, pMMTV-
SLC5A8-BSSK, consists of 2.3 kb of the MMTV LTR and 600 bp of the 5=
untranslated region (UTR) of c-Hras fused to a 5.34-kb Slc5a8-EcoRI/
XbaI fragment containing the Slc5a8 coding region, 3= UTR, and polyad-
enylation signal. This plasmid was used to generate the mammary-gland-
specific overexpression of SLC5A8. The transgenic mouse was generated
by standard techniques at the Mouse ES Cell and Transgenesis Core Fa-
cility, Georgia Health Sciences University. The MMTV-Slc5a8-Tg mouse
was genotyped and screened to confirm the overexpression of SLC5A8 in
the mammary gland.

Cloning of the DNMT1 promoter. The human DNMT1 promoter-
EGFP and DNMT1 promoter-Luc constructs were generated by cloning
the 1.2-kb DNMT1 promoter (obtained by PCR using human genomic
DNA as a template) into the pGEM-T Easy vector and then subcloned
using the SalI/NcoI site into pTurboGFP-PRL (Evrogen, Russia) and us-
ing the SacI/NcoI site into pGL3-Luc (Promega, Madison WI) vectors.
The primers used for PCR were 5=-GGCCCAATCATGGCTCATTGCA
G-3= (sense) and 5=-CCATGGCGGAGGCTTCAGCAG-3= (antisense).
For the transactivation assays, MCF10A cells (2 � 105) were seeded in
35-mm tissue culture dishes and allowed to grow in MEGM for 24 h. The
effector and reporter plasmids were transfected using FuGene 6. The en-
hanced green fluorescent protein (EGFP) expression was monitored by
epifluorescence after 36 h posttransfection under the fluorescence micro-
scope. With the luciferase reporter, cells were collected after 36 h post-
transfection, and the lysates were used for the measurement of luciferase
activity. The activity was normalized to �-galactosidase (�-Gal) levels and
compared with vector-transfected cells.

Knockdown of HRAS. To inactivate HRAS, we used retrovirus-medi-
ated expression of small interfering RNAs (siRNAs) that specifically target
HRASG12V (H1/siRNA) and the wild-type HRAS gene (H2/siRNA),
kindly provided by Jinson Liu at the University of Texas M. D. Anderson
Cancer Center. We transfected M4 and MB231 cells with H1/HRAS
siRNA to inactivate oncogenic HRAS (HRASG12V) and H2/HRAS siRNA
to inactivate wild-type HRAS, and this served as a control siRNA (43).
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Seventy-two hours postinfection, cells were collected for gene expression
analysis. For cell cycle analysis, cells were infected with H1/siRNA and
H2/siRNA for 72 h and then treated with 1 mM butyrate and pyruvate for
48 h. For the positive control, cells were treated with 1 �M tryptic soy agar
(TSA) for 48 h. After the treatment, cells were collected and processed for
cell cycle analysis.

Knockdown of C/EBP�. To knock down C/EBP�, an HRAS nuclear
effector, we transfected M4 and MB231 cells with scrambled siRNA and
C/EBP� siRNA, obtained from Santa Cruz Biotechnology, according to
the manufacturer’s instructions. Seventy-two hours posttransfection,
cells were collected for gene expression analysis. For cell cycle analysis,
cells were infected with scrambled and C/EBP� siRNAs for 72 h and then
treated with 1 mM butyrate and pyruvate for 48 h. For the positive con-
trol, cells were treated with 1 �M TSA for 48 h. After the treatment, cells
were collected and processed for cell cycle analysis.

5-AzaDC treatment. For 5-aza-2-deoxycytidine (5-AzaDC) (a pan-
DNMT inhibitor) treatment, MCF10A, HBL100, MCF7, MB231, M1, and
M4 cells (0.5 � 106) were seeded in 10-cm cell culture dishes. After 24 h,
the cells were treated with 5-AzaDC (Sigma) at 2 �g/ml for 24 h on days 2,
4, and 6. The medium was changed 24 h after addition of the 5-AzaDC
(i.e., on days 3, 5, and 7). Cells were collected on day 8 and processed for
gene expression analysis. For cell cycle analysis, cells were treated with
5-AzaDC for 72 h and then treated with 1 mM butyrate for 48 h. For the
positive control, cells were treated with 1 �M TSA for 48 h. After the
treatment, cells were collected and processed for cell cycle analysis.

Procainamide treatment. For procainamide (P-NH2) (a DNMT1-
specific inhibitor) treatment, MCF10A, HBL100, MCF7, and MB231 cells
(2 � 106) were seeded in 10-cm cell culture dishes. After 24 h, the cells
were treated with P-NH2 (Sigma) at 25 �g/ml for 72 h. The medium was
changed 24 h after addition of the P-NH2, and cells were collected and
processed for gene expression analysis. For cell cycle analysis, cells were
treated with P-NH2 for 72 h and then treated with 1 mM butyrate for 48 h.
For the positive control, cells were treated with 1 �M TSA for 48 h. After
the treatment, cells were collected and processed for cell cycle analysis.

U0126 treatment. M4 and MB231 cells were treated with 5 �M
U0126, a MEK/extracellular signal-regulated kinase (ERK) inhibitor ob-
tained from EMD Biosciences, for 48 h, and then cells were collected and
processed for gene expression analysis. For cell cycle analysis, cells were
treated with U0126 for 48 h and then treated with 1 mM butyrate and
pyruvate for another 48 h. For the positive control, cells were treated with
1 �M TSA for 48 h.

Sodium bisulfate treatment and MS-PCR. DNA samples from hu-
man nontransformed normal mammary epithelial cells, human breast
cancer cells, mouse normal mammary tissues, and mouse tumor tissues
were used for sodium bisulfite treatment to convert unmethylated cyto-
sine to thymidine using the EpiTect 96 Bisulfite DNA methylation assay
kit (Qiagen) following the manufacturer’s instructions. The primers used
to amplify the methylated allele were AS-meth-442-459s (5=-TCGAACG
TATTTCGAGGC-3=) and AS-meth-550as (5=-ACAACGAATCGATTT
TCCG-3=). We used MyoD1 as an internal control, and the primers used
for MyoD1 were 5=-CCAACTCCAAATCCCCTCTCTAT-3= (forward)
and 5=-TGATTAATTTAGATTGGGTTTAGAGAAGGA-3= (reverse).The
PCR parameters were 31 cycles of 95°C for 45 s, 56°C for 45 s, 72°C for 45
s, and 72°C for 10 min, and 4°C to cool. The amplified PCR products were
resolved in 2% agarose gels, stained with ethidium bromide, and photo-
graphed.

Generation of mammospheres and tumorospheres. For the mam-
mosphere and tumorosphere cultures, sorted cells were seeded in a 96-
well culture plate coated with Matrigel at a concentration of 1,000 cells per
well in DMEM–F-12 supplemented with B-27, recombinant human EGF
(rhEGF), recombinant human basic fibroblast growth factor (rhbFGF),
heparin, and penicillin/streptomycin. For suspension culture, cells were
seeded on ultra-low-adherence plates (Corning) at 20,000 cells/ml in
DMEM–F-12 containing B-27 supplement (Invitrogen), rhEGF (Invitro-

gen), rhbFGF (Invitrogen), heparin (Sigma), and penicillin/streptomy-
cin.

Ras kinase assay. The presence of GTP-bound Ras was determined by
using an active Ras pulldown and detection kit (Pierce, Rockford, IL).
Briefly, cells and tissues were lysed with lysis buffer (25 mM Tris-HCl, pH
7.2, 150 mM NaCl, 5 mM MgCl2, 1% NP-40, and 5% glycerol), and the
lysates (500 �g of protein) were incubated with glutathione S-transferase
(GST)-Raf1-RBD and the glutathione resin for 1 h at 4°C in a spin col-
umn. Then, the spin column was washed three times with lysis buffer and
eluted with 2� SDS sample buffer. The eluted samples were separated by
SDS-PAGE, transferred, and probed with anti-Ras antibody.

Immunoblot analysis. For immunoblot (IB) analysis, cell lysates were
prepared by sonication in cell lysis buffer with protease inhibitors. Protein
samples were fractionated on SDS-PAGE gels and transferred to Protran
nitrocellulose membranes (Whatman GmbH). The membranes were
blocked with 5% nonfat dry milk and exposed to primary antibody at 4°C
overnight, followed by treatment with appropriate secondary antibody
conjugated to horseradish peroxidase at room temperature for 1 h, and
developed with an enhanced chemiluminescence SuperSignal Western
system. In this study, we used anti-SLC5A8 (APR44110; Aviva System
Biology), anti-MCT1 (AB3428B; Millipore), anti-HRAS (Sc-520; Santa
Cruz Biotechnology), anti-�-actin (Sc-47778; Santa Cruz Biotechnol-
ogy), anti-E-cadherin (610181, BD Bioscience), and anti-green fluores-
cent protein (anti-GFP) (G6539; Sigma) antibodies. We used all primary
antibodies at 1:1,000 dilution and secondary antibodies at 1:5,000 dilu-
tion.

ChIP assays. MCF10A cells were transfected with expression con-
structs of HRASG12V, c-Myc, STAT3C, C/EBP�, Bcl-2, and E2F1. Chro-
matin immunoprecipitation (ChIP) assays were carried out using a ChIP
assay kit (Millipore), human DNMT1-specific antibody, and mouse IgG
antibodies. After ChIP, the protein-DNA complexes were eluted from the
beads, and the cross-linking was reversed. The DNA present in the immu-
noprecipitates was purified from the eluted solution and used for PCR
amplification of the SLC5A8 promoter using SLC5A8 promoter-specific
primers (see Table S2 in the supplemental material).

RT-PCR. Human SLC5A8, DNMT1, DNMT3a, and DNMT3b and
mouse Slc5a8, Dnmt1, Dnmt3a, and Dnmt3b expression was determined
by reverse transcription (RT)-PCR. Total RNA was isolated from
MCF10A cells transfected with various oncogenes and from mammary
gland and tumor tissues. RNA was reverse transcribed using the Gene-
Amp RNA PCR kit (Applied Biosystems), and PCR was performed on a
Veriti thermocycler (Applied Biosystems) using specific primers (see Ta-
ble S3 in the supplemental material). Representative images of triplicate
experiments are shown.

Real-time PCR analysis. Real-time PCR analysis was carried out in an
Applied Biosystems Step One Plus instrument using the power SYBR
green PCR master mix (Applied Biosystems, United Kingdom) according
to the manufacturer’s instructions. The primer sequences used for the
real-time PCR analysis are listed in Table S3 in the supplemental material.

Cell cycle analysis. Cells were fixed in 50% ethanol; treated with 0.1%
sodium citrate, 1 mg/ml RNase A, and 50 �g/ml propidium iodide; and
subjected to fluorescence-activated cell sorting (FACS) (Becton, Dickin-
son) analysis.

Measurement of HDAC activity. A commercially available kit (Bio-
vision, Mountain View, CA, USA) was used to determine HDAC activity
according to the manufacturer’s instructions. Cell lysates from human
nontransformed normal mammary epithelial cells, breast cancer cells, M1
to M4 cells, and nontransformed normal mouse mammary gland and
tumor tissues were prepared and used as the source of HDAC activity.

Measurement of DNMT activity. A commercially available kit (Epi-
gentek, Farmingdale, NY, USA) was used to determine DNMT enzymatic
activity according to the manufacturer’s instructions. Nuclear fractions
from human nontransformed normal mammary epithelial cells, breast
cancer cells, M1 to M4 cells, and nontransformed normal mouse mam-
mary gland and tumor tissues were prepared, using the commercially
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available kit (Epigentek, Farmingdale, NY, USA), and used as the source
of DNMT activity.

Mouse xenograft studies. Female athymic nude mice (6 to 8 weeks
old) were purchased from Taconic, Hudson, NY). The animals were
housed in a pathogen-free isolation facility with a light/dark cycle of 12
h/12 h and fed with rodent chow and water ad libitum. We included 6 mice
in each group. To test the tumor-forming potential of M1, M2, M3, and
M4 cells, 1 � 107 cells in 100 �l phosphate-buffered saline (PBS) were
injected subcutaneously into the mammary fat pad. Tumor incidence was
monitored for another 8 weeks, and tumor volume was quantified by
measuring the length and width of the tumor every 7 days for 8 weeks
using calipers. We repeated the experiment two times using 6 mice in each
group in each experiment.

To analyze the SLC5A8 substrates butyrate, pyruvate, and propionate,
which inhibit HDACs, and acetate, lactate, and nicotinate, which do not
inhibit HDACs, in tumor growth, we implanted M4-SLC5A8-pLVX sta-
ble cells (1 � 107) in 100 �l PBS subcutaneously in the mammary fat pad.
To induce SLC5A8 expression, doxycycline (2 mg/ml) in drinking water
was given on the same day as tumor implantation. Similarly, butyrate,
pyruvate, propionate, acetate, lactate, and nicotinate (2 mg/ml) were
given in drinking water 48 h after tumor implantation. Tumor size was
measured periodically with calipers, and tumor volume was calculated
using the following formula: (width2 � length)/2. These experiments
were approved by the Georgia Health Sciences University (GHSU) Insti-
tutional Animal Care and Use Committee (IACUC).

5-Azacytidine and butyrate implantation. Twelve- to 14-week-old
MMTV-Hras/Slc5a8�/�-Tg and MMTV-Hras/Slc5a8�/�-Tg mice were
anesthetized, and 3-mm pellets containing either 5-azacytidine (0.5 mg;
90-day release) or sodium butyrate (10 mg; 90-day release), obtained
from Innovative Research of America, were implanted either alone or in
combination subcutaneously in each animal’s back. The pellets provided
continuous release of 5-azacytidine and butyrate for 90 days. The tumor
incidence, time of tumor onset, number of tumors in each mouse, tumor
volume, and animal survival time were monitored.

Collection of tissue samples from mice. Mice were killed by CO2

asphyxiation, followed by cervical dislocation. For studies using frozen
sections, normal mammary tissues and mammary tumor and lung meta-
static tumor tissues were harvested and oriented in Tissue-Tek O. C. T.
compound. After slow freezing, the cryosections were prepared and
mounted on slides in the GHSU Histology and Pathology Core. The sec-
tions were stained with hematoxylin and eosin (H&E) and used for mor-
phometric studies. Additional cryosections were used for immunohisto-
chemical studies. To isolate RNA, DNA, and protein samples, tissue
samples were immediately processed or snap-frozen in liquid nitrogen.

Single-cell preparation. Normal inguinal mammary glands were ob-
tained from 12- to 16-week-old FVB/N female mice and tumors were
obtained from an MMTV-Hras-Tg mouse. Aseptic technique was main-
tained during adult mammary gland isolation and dissections for single-
cell preparations. Adult mammary glands and tumors were digested for 8
to 10 h at 37°C in DMEM–F-12 containing 10% FBS, 300 U ml�1 colla-
genase (Sigma), and 100 U ml�1 hyaluronidase (Sigma). Mammary or-
ganoids resulting from overnight digestion were centrifuged and treated
with ammonium chloride solution (Stem Cell Technology) and then
treated with trypsin, followed by dispase (Stem Cell Technology) and
DNase (Worthington), with washes and resuspension after each treat-
ment using Hank’s balanced salt solution (HBSS) supplemented with 2%
FBS. Single cells were collected by passing them through a 40-�m nylon
filter (BD Biosciences).

Stem cell medium. M1 and M2 cells were grown in DMEM–F-12
supplemented with B-27, 0.1% methylcellulose, heparin (Sigma), rhEGF,
rhbFGF (Invitrogen), and penicillin/streptomycin.

Flow cytometry procedures. Single cells were stained with the follow-
ing antibodies. Anti-CD49f (Stem Cell Technology) and anti-CD24 (Stem
Cell Technology) antibodies were used to label the mammary stem cell
and progenitor populations. For human cell lines, anti-CD49F (BD Bio-

science) and anti-CD24 (BD Bioscience) antibodies were used. Lineage-
negative (Lin�) cocktail was comprised of allophycocyanin (APC) anti-
CD31 (BD Bioscience), APC anti-CD45 (BD Bioscience), and Ter119
(ebioscience). To assess viability, cells were stained with 1 mg/ml pro-
pidium iodide (Sigma) for 10 min. FACS analysis and cell sorting were
performed using FACS LSRII, a MoFlo cell sorter, and FlowJo software.
The purity of sorted cell populations was routinely �90%.

Immunofluorescence. Cells were washed with PBS and fixed for 15
min in 4% paraformaldehyde (PFA) (Electron Microscopy Sciences),
washed three times in PBS, and permeabilized in 0.1% Triton X-100 for 10
min. The slides were washed again, blocked for 1 h in 10% goat serum
(Invitrogen) at room temperature, and then incubated with primary an-
tibodies overnight at 4°C, followed by secondary antibodies for 1 h. All
sections were imaged using a confocal microscope or a Zeiss LSM 710 laser
scanning confocal microscope. The antibodies used were anti-SLC5A8
(Aviva Systems Biology; 1:250), anti-CD49f (R&D; 1:500), and anti-
DNMT1 (Cell Signaling; 1:500).

Histological sections. Normal mammary glands and mammary tu-
mor and lung tumor tissues were harvested, fixed, stained with H&E, and
visualized at �40 and �63 magnifications.

Measurement of SLC5A8 transport function. The transport function
of SLC5A8 was monitored by Na�-coupled nicotinate uptake as described
in our previous report (5). Uptake of [14C]nicotinate (20 �mol/liter) for
15 min was measured in the presence of NaCl and N-methyl-D-glucamine
(NMDG)–Cl in monolayer cell cultures.

Measurement of MCT transport function. The transport function of
MCT was monitored by Na�-free uptake buffer containing 25 mM
HEPES-Tris (pH 7.5), 140 mM N-methyl-D-glucamine, 5.4 mM KCl, 1.8
mM CaCl2, 0.8 mM MgSO4, and 5 mM glucose, and transport activity was
monitored with a 2-min incubation period. Uptake of [3H]pyruvic acid
using 26.25 nM per assay (0.5 �Ci/well) in these cells was measured as
described previously (3, 5).

Northern blot analysis. Ten micrograms of RNA from each sample
was fractionated and analyzed by standard Northern blotting techniques.
32P-radiolabeled DNA probes for mouse keratin 18 (K18) and cyclophilin
loading controls were prepared from isolated cDNA clones.

Institutional compliance. All experimental procedures involving an-
imals adhered to the National Institutes of Health Principles of Labora-
tory Animal Care (44) and were approved by the Georgia Health Sciences
University IACUC and Biosafety Committee.

Statistical analyses. Statistical analysis was done using one-way anal-
ysis of variance (ANOVA), followed by a Bonferroni multiple-compari-
son test. The software used was Graph Pad Prism, version 5.0. A P value of
�0.05 was considered statistically significant.

RESULTS
HRAS inactivates SLC5A8 expression. To explore the oncogenic
signaling responsible for SLC5A8 inactivation in breast cancer, we
expressed the HRAS (HRASG12V), c-Myc, constitutively active
STAT3 (STAT3C), HRAS nuclear effector C/EBP�, antiapoptotic
protein Bcl-2, and cell cycle regulator E2F1 oncogenes in MCF10A
cells, a human normal nontransformed mammary epithelial cell
line, and analyzed SLC5A8 expression. Ectopic expression of the
HRAS oncogene, either alone or in combination with other onco-
genes, significantly decreased SLC5A8 expression and function
(Fig. 1A to D). c-Myc, STAT3C, and Bcl-2 by themselves de-
creased the levels of SLC5A8 mRNA, but the magnitude of the
effect was much smaller than that observed with HRAS. Since
SLC5A8 inactivation in cancers is associated with DNA methyl-
ation of the SLC5A8 gene promoter, we analyzed the methylation
status of the SLC5A8 promoter by methylation-specific PCR. Only
HRAS was able to induce methylation of the SLC5A8 promoter
(Fig. 1E). RAS was relatively inactive in normal nontransformed
mammary epithelial cell lines, whereas it was activated in cancer
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cell lines (see Fig. S1A in the supplemental material). There was a
reciprocal correlation between the RAS activity status and
SLC5A8 expression in these cell lines (see Fig. S1B in the supple-
mental material). The HRAS-induced silencing of SLC5A8 was
associated with methylation of the SLC5A8 promoter (see Fig. S1C
in the supplemental material).

HRASG12V transactivates DNMT1 expression and binds to
the SLC5A8 promoter. To examine the role of DNMTs in HRAS-
induced SLC5A8 silencing in breast cancer cells, we analyzed the
expression profiles of DNMTs (DNMT1, -3a, and -3b) and RAS
activity status in nontransformed normal and cancer cell lines. In
nontransformed normal cells, RAS activity was low, as was the
expression/activity of DNMTs. In cancer cells, RAS activity was
high, and this was accompanied by high expression levels of
DNMT1 and DNMT3b and high DNMT activity (see Fig. S1D and
E in the supplemental material). To explore the influence of HRAS

on DNMT expression directly, we monitored the expression levels
of DNMTs in MCF10A cells with and without ectopic expression
of HRAS and other oncogenes. Oncogenic HRAS induced
DNMT1 and DNMT3b but did not have any effect on DNMT3a
(Fig. 2A and B). c-Myc and E2F1 did not affect DNMT1 and
DNMT3a but induced DNMT3b. These results demonstrate that
HRAS-induced DNMT1 and DNMT3b may play a role in SLC5A8
inactivation in breast cancer. We had already shown, using
DNMT1�/�, DNMT1�/�, DNMT3b�/�, and DNMT1�/�/
DNMT3b�/� (DKO) isogenic HCT116 colon cancer cells, that
DNMT1 controls SLC5A8 expression (13). Here, we confirmed
these findings with SLC5A8 protein and activity data (see Fig. S2A
and B in the supplemental material). To determine if this was also
true with breast cancer cells, we treated normal nontransformed
mammary epithelial cell lines (MCF10A and HBL100) and breast
cancer cell lines (MCF7 and MB231) with 5-AzaDC, a pan-DNMT

FIG 1 HRASG12V inactivates SLC5A8 expression. (A and B) RT-PCR and real-time PCR analyses demonstrating that SLC5A8 transcript expression is inactivated
in MCF10A cells by ectopic expression of HRASG12V. The data are means and standard errors of the mean (SEM). *, P � 0.05; ***, P � 0.001 by t test. (C) Western
blot analysis showing downregulation of SLC5A8 protein in MCF10A cells by ectopic expression of HRASG12V. (D) [14C]nicotinate uptake demonstrating
HRASG12V-induced decrease in SLC5A8 functional activity in MCF10A cells. The data are means 	 SEM. ***, P � 0.001 by t test. (E) MS-PCR analysis providing
evidence for HRASG12V-induced SLC5A8 methylation in MCF10A cells. MyoD1 was used as an internal control. Lanes M, 1-kb plus DNA ladder.
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inhibitor, and P-NH2, a DNMT1-specific inhibitor, and analyzed
SLC5A8 expression. Both 5-AzaDC and P-NH2 reactivated SLC5A8
expression in breast cancer cells but not in nontransformed normal
mammary epithelial cells (see Fig. S2C in the supplemental material).
These results show that HRAS-induced DNMT1 expression specifi-
cally inactivates SLC5A8 in breast cancer cells.

The human DNMT1 promoter has several AP-1 and SP1 bind-
ing sequences, where oncogenic HRAS presumably binds and
transactivates transcription. This was supported by our findings
that oncogenic HRAS expression induced DNMT1 promoter-
driven EGFP fluorescence (Fig. 2C) and luciferase activity (Fig.
2D). c-Myc and STAT3C expression also induced DNMT1 pro-

FIG 2 HRASG12V transactivates DNMT1 expression and forms a complex with the SLC5A8 promoter. (A) RT-PCR analysis showing HRASG12V-induced
DNMT1 and DNMT3b transcript expression in MCF10A cells. (B) HRASG12V-induced increase in DNMT enzymatic activity in MCF10A cells. The data are
means and SEM. *, P � 0.05; **, P � 0.01; ***, P � 0.001 by t test. O. D., optical density. (C and D) Ectopic expression of HRASG12V in MCF10A cells
transactivates the DNMT1 promoter; reporters, EGFP (C) and luciferase (D). The data are means and SEM. *, P � 0.05; ***, P � 0.001 by t test. (E) Locations
of ChIP primers designed from the human SLC5A8 promoter. (F) ChIP-PCR analysis showing that HRAS-induced DNMT1 binds to the SLC5A8 promoter.
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moter activity to some extent (Fig. 2C and D), but the relative
contribution to SLC5A8 inactivation was minor (Fig. 1A to E). We
then wanted to determine whether oncogenic HRAS-induced
DNMT1 directly binds to the SLC5A8 promoter to inactivate
SLC5A8 gene transcription, and therefore, we performed ChIP
assays of the human SLC5A8 gene promoter from bp �2400 to �1
relative to the SLC5A8 gene transcription initiation site. For this,
we designed four PCR primers in the SLC5A8 promoter, two from
the CG-rich CpG island and two away from the CpG island. We
expressed vector controls, HRAS, c-Myc, STAT3C, C/EBP�,
Bcl-2, and E2F1 in MCF10A cells; performed chromatin immu-
noprecipitation with antibody specific for human DNMT1; and
examined the presence of the SLC5A8 promoter in the immune
complex by ChIP-PCR analysis. As shown in Fig. 2F, HRAS and
DNMT1 bind to the SLC5A8 promoter specifically in the CG-rich
CpG island. c-Myc and DNMT1 also bind to the SLC5A8 pro-
moter in the CG-rich CpG island and inactivate its gene transcrip-
tion to some extent. Although STAT3C and E2F1 induced
DNMT1 activity to a certain extent (Fig. 2D), they were unable to
bind to the SLC5A8 promoter and inactivate its gene transcrip-
tion. These results demonstrate that oncogenic HRAS-induced
DNMT1 binds to the SLC5A8 promoter and thereby inactivates
SLC5A8 gene transcription in mammary epithelial cells.

SLC5A8 inactivation is an early event in oncogenic HRAS-
induced cellular transformation. We analyzed the expression of
SLC5A8 in a series of MCF10A-derived and HRAS-transformed
cell lines: nontransformed normal (M1), HRAS-transformed pre-
malignant (M2), HRAS-transformed malignant (M3), and
HRAS-transformed metastatic and invasive (M4) cells (45). We
found high RAS activity (Fig. 3A) and correspondingly low ex-
pression and activity of SLC5A8 in M2, M3, and M4 cells (Fig. 3B
to D), as well as SLC5A8 promoter methylation in M2, M3, and
M4 cells, but not in M1 cells (Fig. 3E). We then monitored the
tumorigenic potential of M1, M2, M3, and M4 cells in BALB/c
nude mice. M1 cells did not form tumors, whereas M2 cells were
able to form tumors in 83% of the mice and M3 and M4 cells were
able to form tumors in 100% of the mice (see Table S1 in the
supplemental material). We compared the transcriptomes in
these four cell lines by microarray analysis: M1 versus M2, M1
versus M3, M1 versus M4, M2 versus M3, and M3 versus M4.
There were marked differences in gene expression between non-
transformed normal cells and transformed cells (Fig. 3F; see Fig.
S3A to D in the supplemental material). Interestingly, SLC5A8
expression was reduced drastically even in the premalignant M2
cell line compared to the nontransformed normal M1 cell line.
The expression level stayed low in the malignant M3 cell line and
the metastatic M4 cell line. We also analyzed the expression and
activity of DNMTs. HRAS-induced cellular transformation was
specifically associated with induction of DNMT1 even in the pre-
malignant M2 cell line (Fig. 3G and H). There was no significant
change in the expression of DNMT3a and DNMT3b at this early
stage. DNMT3b was induced in M3 and M4 cells. In addition, we
analyzed whether there is functional correlation among HRAS-
induced cellular transformation, DNMT1 expression, and mam-
mary stem cell numbers in the M1 and M2 cell lines using CD49f,
a mammary stem cell marker. The expression of both DNMT1
and CD49f was significantly increased in M2 cells compared to M1
cells (Fig. 3I; see Fig. S4A and B in the supplemental material).
Similarly, DNMT activity was positively associated with the

CD49f level in M1, M2, M3, and M4 cells (Fig. 3H; see Fig. S4A
and B in the supplemental material).

Involvement of the RAS/RAF/ERK signaling pathway in
HRAS-induced silencing of SLC5A8. HRAS is involved in a broad
spectrum of cellular processes, including cell proliferation and
oncogenesis, by regulating various signaling pathways, such as
RAF/MEK/ERK, RalGDS/Ral/RBP1, and phosphatidylinositol
3-kinase (PI3K)/AKT/mTOR. To identify the signaling pathway
that mediates HRAS-induced silencing of SLC5A8, we expressed
different HRAS-activating mutants that are known to control dif-
ferent signaling pathways: HRASG12V E37G, which allows binding
and activation of Ral-GEF but not Raf or PI3K; HRASG12V Y40G,
which allows binding and activation of PI3K but not Raf or Ral-
GEF; and HRASG12V T35S, which allows binding and activation of
Raf but not Ral-GEF or PI3K in MCF10A cells. We used similar
amounts of HRAS mutant plasmids for the transfection and used
the pEGFP plasmid to monitor the transfection efficiency. To con-
trol the different HRAS mutant expression levels, we used the
same amount of protein in each mutant and also analyzed HRAS
and GFP protein expression (see Fig. S5A in the supplemental
material). Then, we analyzed SLC5A8 expression, the methylation
status of SLC5A8, and DNMT activity. Neither HRASG12V E37G
nor HRASG12V Y40G was able to silence SLC5A8 expression, in-
duce DNMT1 expression, or increase SLC5A8 promoter methyl-
ation. On the other hand, HRASG12V T35S was able to elicit all
three of those effects (see Fig. S5B to D in the supplemental mate-
rial). These results suggest that HRAS-induced silencing of
SLC5A8 occurs through activation of RAF/MEK/ERK signaling
rather than through RalGDS/Ral/RBP1 and PI3K/AKT/mTOR
signaling. This observation was also confirmed by inhibition of
M4 cells, which constitutively express active HRASG12V, with
MEK inhibitor (U0126) that reactivates SLC5A8 expression and
function (see Fig. 7B; see Fig. S14E and F in the supplemental
material).

Slc5a8 inactivation is an early event in MMTV-Hras-driven
murine breast cancer. To translate our in vitro findings with cell
lines to in vivo circumstances, we analyzed Hras expression in
normal mammary glands, mammary glands from 5-month-old
MMTV-Hras-Tg mice that were premalignant with no visible tu-
mors, and breast tumors collected from 10- to 12-month-old
MMTV-Hras-Tg mice. RAS was activated in premalignant and
mammary-tumor tissues (Fig. 4A). In conjunction, Slc5a8 expres-
sion was significantly decreased in premalignant mammary tissue
and decreased further in mammary-tumor tissues (Fig. 4B and C).
The decrease in Slc5a8 expression followed the increased methyl-
ation status of the Slc5a8 promoter (Fig. 4D). To test whether the
epithelial contents in normal, premalignant, and tumor tissues
were comparable, we analyzed the epithelial cell markers E-cad-
herin and K18. We found that E-cadherin expression was also
lower in premalignant and tumor tissues than in the normal
mammary gland (see Fig. S6 in the supplemental material). How-
ever, keratin 18 expression levels were comparable in all three
tissues (see Fig. S6).

Further, a longstanding question in cancer research has been
whether cancer arises through mutations in stem cells or whether
differentiated cells undergoing malignant transformation reac-
quire stem cell characteristics through a process of dedifferentia-
tion (46, 47). Studies have shown that promoter DNA methyl-
ation of the repressed genes, such as SLC5A8, could lock into stem
cell phenotypes and initiate abnormal clonal expansion and can-
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cer (48). To determine whether there is a functional link between
loss of Slc5a8 expression and formation of mammary stem cells,
mammary progenitor cells, and cancer stem cells, we collected
mammary glands from healthy mice and premalignant glands and
tumor tissues from MMTV-Hras-Tg mice. From these tissues, we
isolated mammary stem cells and progenitor cells using specific
cell surface markers. The normal tissue and premalignant tissue
had three distinct cell populations: fibroblasts and stromal cells
(Lin� CD49f�/CD24�), progenitor cells (Lin� CD49flow/
CD24high), and stem cells (Lin� CD49fhigh/CD24low). However,
the tumor tissue had only one population, which was almost ex-
clusively stem cells (Lin� CD49fhigh/CD24low). There was a grad-
ual increase in the number of stem cells from normal to premalig-
nant to tumor (9.87% versus 19.9% versus 34.6%) (Fig. 4E). We
also analyzed Slc5a8 expression in stromal, luminal, and myoepi-

thelial or basal cell types from the normal mouse mammary gland.
Slc5a8 is mainly expressed in basal and relatively less in luminal
but not in stromal cell types (see Fig. S7A and B in the supplemen-
tal material). Interestingly, Slc5a8 expression was significantly
lower in cancer stem cells than in the normal basal cell type (see
Fig. S7C). Further, to correlate the expression of Slc5a8 with that
of DNMT1 in stem cells, we generated mammospheres (wild type
and premalignant) and tumorospheres (tumor tissue). The mammo-
spheres from stem cells of normal mammary glands were smaller and
fewer than those from stem cells of premalignant glands. The values
were even larger for the tumorospheres from stem cells of tumor
tissues (Fig. 4F and G). The expression of Dnmt1 and CD49f was very
low or undetectable in mammospheres generated from the wild-type
mammary gland. However, their expression was significantly in-
duced in mammospheres generated from premalignant mammary

FIG 3 SLC5A8 inactivation is an early event in oncogenic HRAS-induced cellular transformation. (A) RAS kinase assay demonstrating RAS activation in M2,
M3, and M4 cells. (B) RT-PCR and Western blot analyses showing that SLC5A8 mRNA and protein expression is silenced in M2, M3, and M4 cells. (C) Real-time
PCR analysis demonstrating SLC5A8 inactivation in M2, M3, and M4 cells. The data are means and SEM. ***, P � 0.001 by t test. (D) [C14]nicotinate uptake
demonstrating that SLC5A8 functional activity is significantly decreased in M2, M3, and M4 cells. The data are means 	 SEM. ***, P � 0.001 by t test. (E)
MS-PCR demonstrating SLC5A8 methylation in M2, M3, and M4 cells. MyoD1 was used as an internal control. (F) Microarray heat map showing differential
gene expression between MCF10A cells and HRASG12V-expressing MCF10A cells. The SLC5A8 gene transcript is downregulated 
80-fold in M2 cells compared
to M1 cells. 1, 2, and 3 indicate triplicates of each sample. (G) RT-PCR analysis showing DNMT1, DNMT3a, and DNMT3b transcript expression in M1, M2, M3,
and M4 cells. (H) DNMT enzymatic activity showing that constitutive expression of HRAS in MCF10A cells increased DNMT activity. The data are means and
SEM. ***, P � 0.001 by t test. (I) Immunofluorescence data showing that DNMT1 expression and CD49f expression are induced in M2 cells compared to M1 cells.
DAPI (4=,6-diamidino-2-phenylindole) was used to label nuclei.

SLC5A8 Is a Target of Oncogenic HRAS in Breast Cancer

October 2013 Volume 33 Number 19 mcb.asm.org 3927

http://mcb.asm.org


glands. The increase was even greater in tumorospheres developed
from tumor tissues (Fig. 4H and I). These observations suggest that
Hras-induced mammary tumor formation leads to Dnmt1 activation
and subsequent Slc5a8 inactivation. This is associated with increased
cancer-initiating stem cell formation.

Deletion of Slc5a8 in mice is associated with early onset of
mammary tumor formation, accelerated lung metastasis, and
decreased overall survival. If SLC5A8 functions in vivo as a tumor

suppressor, absence of the transporter should promote breast can-
cer. We tested this in a mouse model of MMTV-Hras-driven
mammary tumorigenesis by comparing the incidence, progres-
sion, and lung metastasis of breast cancer between MMTV-Hras/
Slc5a8�/� mice and MMTV-Hras/Slc5a8�/� mice. The incidence
of tumors was 64% in MMTV-Hras/Slc5a8�/� mice, 75% in
MMTV-Hras/Slc5a8�/� mice, and 92% in MMTV-Hras/
Slc5a8�/� mice (Fig. 5A), indicating that deletion of Slc5a8 in-

FIG 4 Slc5a8 inactivation is an early event in MMTV-Hras-driven mammary tumorigenesis. (A) RAS kinase assay demonstrating RAS activation in premalig-
nant mammary tissue and in tumor tissue derived from MMTV-Hras-Tg mice. WT, wild type. (B and C) RT-PCR and Western analyses demonstrating that
Slc5a8 gene transcript and SLC5A8 protein expression are downregulated in premalignant mammary tissue and in tumor tissue derived from MMTV-Hras-Tg
mice. (D) MS-PCR analysis demonstrating Slc5a8 methylation in premalignant mammary tissue and in tumor tissue derived from MMTV-Hras-Tg mice. (E)
Representative images of FACS data showing induction of cancer-initiating stem cells (Lin� CD49fhigh CD24low) in premalignant mammary tissue and in tumor
tissue derived from MMTV-Hras-Tg mice. (F) Representative images of mammospheres (wild-type and premalignant mammary glands) and tumorospheres
(tumor tissue) demonstrating increased numbers of mammospheres and tumorospheres in premalignant and tumor tissues. (G) Quantification of mammo-
spheres and tumorospheres in premalignant and tumor tissue. The data are means 	 SEM. ***, P � 0.001 by t test. (H) Representative immunofluorescence data
showing induced expression of DNMT1 and CD48f in premalignant and tumor tissues. DAPI was used to label nuclei. (I) DNMT enzymatic activity showing
increased DNMT activity in premalignant mammary and tumor tissues of MMTV-Hras-Tg mice. The data are means and SEM. ***, P � 0.001 by t test.
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creased the incidence of tumors in a dose-dependent manner in
MMTV-Hras-Tg mice. The deletion of Slc5a8 also significantly
decreased the age of the animals at which tumors began to appear
and increased the number of tumors per animal and the tumor
size (Fig. 5B to D). Tumors in MMTV-Hras/Slc5a8�/� mice were
aggressive; histopathology and Ki-67 immunostaining suggested
that these tumors were highly invasive ductal adenocarcinomas
(Fig. 5E; see Fig. S8A and B in the supplemental material). There
were also marked differences in cancer stem cell populations in
tumors depending on the Slc5a8 genotype. The population of can-
cer stem cells (Lin� CD49fhigh/CD24low) increased from 17% in
MMTV-Hras/Slc5a8�/� mice to 35% in MMTV-Hras/Slc5a8�/�

mice and to 48% in MMTV-Hras/Slc5a8�/� mice (see Fig. S9 in

the supplemental material). Tumors in MMTV-Hras/Slc5a8�/�

mice metastasized to the lung occasionally, but the incidence of
lung metastasis increased significantly with Slc5a8 deletion (Fig.
5F). The time needed for lung metastasis decreased, and the mul-
tiplicity of metastatic nodules increased dramatically with Slc5a8
deletion (see Fig. S10A and B in the supplemental material). His-
topathology and Ki-67 immunostaining of the nodules indicated
that the metastasized tumors were more aggressive in MMTV-
Hras/Slc5a8�/� mice than in MMTV-Hras/Slc5a8�/� mice (Fig.
5G). These changes in MMTV-Hras/Slc5a8�/� mice were accom-
panied by substantially decreased survival time (Fig. 5H).

To investigate the molecular mechanisms underlying the ag-
gressiveness of mammary tumors associated with Slc5a8 deletion,

FIG 5 Deletion of Slc5a8 in mice is associated with early onset of mammary tumorigenesis, accelerated lung metastasis, and decreased overall survival. (A to H)
Tumor incidence (A), age of animals at tumor onset (B), number of tumors in each mouse (C), tumor size (D), H&E and Ki-67 staining of tumors (E), lung
metastasis (F), H&E and Ki-67 staining of metastatic lung tumors (G), and average survival time (H) in MMTV-Hras/Slc5a8�/� mice, MMTV-Hras/Slc5a8�/�

mice, and MMTV-Hras/Slc5a8�/� mice. The data are means 	 SEM (number of mice in each group, 36). *, P � 0.05; **, P � 0.01; ***, P � 0.001 by t test. (I)
Upregulation of specific genes in MMTV-Hras/Slc5a8�/� mouse tumors compared to tumors from MMTV-Hras/Slc5a8�/� mice (number of mice in each
group, 3).
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we subjected tumor tissue RNA samples from MMTV-Hras/
Slc5a8�/� mice and MMTV-Hras/Slc5a8�/� mice to cancer path-
way finder real-time PCR array analysis. The five most upregu-
lated and the five most downregulated genes are shown in Fig. 5I
(see Fig. S11 in the supplemental material). The upregulated genes
included the prometastatic genes Fgfr2, Angptl4, and Mmp9, and
the downregulated genes included the anti-proliferative gene
Cdkn2a.

Carcinogen-induced mammary tumors are associated with
HRAS activation and subsequent SLC5A8 inactivation. We eval-
uated the interplay among HRAS, DNMT1, and SLC5A8 in a car-
cinogen-induced murine mammary-tumor model to corroborate
our findings in MMTV-Hras mice. We used DMBA [7,12-dim-
ethylbenz(a)anthracene] to induce mammary tumors in mice.
DMBA-induced mammary tumors have been shown to result in a
gain-of-function mutation in HRAS (49, 50). We found decreased
expression of Slc5a8 in DMBA-induced tumors (see Fig. S12A and
B in the supplemental material). We then compared the carcino-
genic potentials of DMBA in wild-type mice and Slc5a8�/� mice.
The incidence of carcinogen-induced tumors was significantly
higher in Slc5a8�/� mice than in wild-type mice (see Fig. S12C in
the supplemental material). DNMT activity was higher in tumors
than in normal mammary glands, but the difference was increased
even further with Slc5a8 deletion (see Fig. S12D in the supplemen-
tal material).

Overexpression of SLC5A8 in mammary glands protects
against Hras-driven tumorigenesis. The tumor-suppressive
function of SLC5A8 in mammary glands would be further sup-
ported if overexpression of the transporter specifically in mam-
mary glands protects against breast cancer. To examine this, we
generated the MMTV-Slc5a8 transgenic mouse for mammary-
gland-specific overexpression of SLC5A8 (Fig. 6A and B). Since
the transgene is under the control of the MMTV promoter, its
expression is not silenced in tumors. The specific expression of
the transgene in mammary glands was confirmed at the mRNA
and protein levels (Fig. 6C; see Fig. S13A in the supplemental
material). We then used this mouse line to generate MMTV-
Hras/MMTV-Slc5a8 double-transgenic mice, as confirmed by
PCR (see Fig. S13B in the supplemental material). We com-
pared tumor incidence, time to tumor onset, tumor size, lung
metastasis, and average survival time between MMTV-Hras
mice and MMTV-Hras/MMTV-Slc5a8 mice. As shown in Fig.
6D to H, mammary-gland-specific overexpression of SLC5A8
provided significant protection against Hras-induced mam-
mary tumorigenesis, delayed the time of tumor onset, de-
creased the tumor size and lung metastasis, and increased the
survival time.

Blockade of tumor-associated silencing of endogenous
Slc5a8 decreases mammary-tumor growth and progression.
SLC5A8-dependent tumor suppression is related to its ability to
transport the HDAC inhibitors butyrate and pyruvate into cells.
This was confirmed by reactivation of SLC5A8 in the metastatic
breast cancer cell lines M4 and MB231 by siRNA-induced silenc-
ing of HRAS and reduced cell survival in the presence of its sub-
strates butyrate and pyruvate (Fig. 7A; see Fig. S14A in the supple-
mental material). Silencing of HRAS-induced SLC5A8 expression
in these cells and subsequent exposure of the cells to butyrate or
pyruvate caused apoptosis. Similar results were obtained if
SLC5A8 was induced with an inhibitor of RAF/MEK/ERK signal-
ing (Fig. 7B; see Fig. S14B in the supplemental material) or by

siRNA-induced silencing of C/EBP� (see Fig. S14C in the supple-
mental material). In these experiments, we used TSA, which
causes HDAC inhibition independently of SLC5A8, as a positive
control.

Since tumor-associated silencing of SLC5A8 occurs through
DNA methylation, we reactivated SLC5A8 in M4 and MB231 cells
with 5-AzaDC, a pan-DNMT inhibitor, and P-NH2, a DNMT1-
specific inhibitor, and examined the influence of butyrate and
pyruvate on cell survival. Again, exposure of the cells to these
HDAC inhibitors following reactivation of SLC5A8 promoted
apoptosis (Fig. 7C; see Fig. S14D in the supplemental material).
To test whether the reactivation of SLC5A8 by HRAS siRNA,
C/EBP� siRNA, MEK, and DNMT inhibitors is functional in M4
and MB231 cells, we performed nicotinate uptake assays (see Fig.
S14E and F in the supplemental material). Further, we confirmed
these findings in vivo using MMTV-Hras transgenic mice. We
implanted 90-day slow-release 5-azacytidine (5-Aza) and butyrate
tablets, either alone or in combination, in 12-week-old MMTV-
Hras mice and then monitored the tumor incidence and time to
tumor onset. We also harvested tumor tissues from these mice and
analyzed Slc5a8 expression and measured DNMT and HDAC ac-
tivities. As shown in Fig. 7D, treatment with 5-Aza decreased tu-
mor incidence, and the combination of 5-Aza and butyrate de-
creased it even further. The same was true for tumor incidence and
the time required for tumor onset (Fig. 7E and F). As expected, the
DNMT activity was less in tumor tissues from 5-Aza-treated mice
than in tumor tissues from untreated mice, and HDAC activity
was less in tumor tissues from 5-Aza– butyrate-treated mice than
in tumor tissues from untreated mice (see Fig. S15 in the supple-
mental material). Interestingly, 5-Aza and butyrate implantation
itself reactivated SLC5A8 expression significantly, and this induc-
tion was further accelerated by the combination of 5-Aza plus
butyrate (Fig. 7D, inset; see Fig. S16A and B in the supplemental
material). Since 5-Aza is expected to induce not only SLC5A8 but
also other genes, we also performed these experiments in MMTV-
Hras/Slc5a8�/� mice and MMTV-Hras/Slc5a8�/� mice in paral-
lel. The effects of 5-Aza and 5-Aza plus butyrate were significantly
blunted in MMTV-Hras/Slc5a8�/� mice compared to MMTV-
Hras/Slc5a8�/� mice (Fig. 7E and F), indicating the relevance of
reactivated Slc5a8 to the observed findings. We also analyzed
Slc5a8 expression in MMTV-Hras/Slc5a8�/� mice and MMTV-
Hras/Slc5a8�/� mice that were treated with 5-Aza, butyrate, and a
combination of the two. As shown in Fig. S16C and D in the
supplemental material, 5-Aza, butyrate, and the combination re-
activated Slc5a8 only in MMTV-Hras/Slc5a8�/� mice but not in
MMTV-Hras/Slc5a8�/� mice. Interestingly, butyrate treatment
itself significantly reduced tumor incidence and onset of tumor
formation in wild-type mice but not in Slc5a8-null mice, suggest-
ing that functional Slc5a8, even a residual amount, is required to
transport butyrate in the tumor tissue. Further, treatment of
breast cancer cell lines with butyrate alone modestly induced
apoptosis, and the combination of 5-Aza plus butyrate signifi-
cantly enhanced the effect (Fig. 7A), while butyrate transplanta-
tion itself in MMTV-Hras-Tg mice significantly reduced tumor
incidence and onset (Fig. 1D to F), suggesting that persistent bu-
tyrate exposure could relieve SLC5A8 from the suppressor com-
plex and reactivate its expression or that butyrate itself induces
SLC5A8 transcription (Fig. 7D; see Fig. S16 in the supplemental
material). However, this observation needs to be confirmed by
detailed analysis.
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SLC5A8-transported butyrate and pyruvate, but not lactate
and nicotinate, induce apoptosis and suppress tumor growth.
To demonstrate that the tumor suppressor function of SLC5A8 is
mainly associated with its transportable substrates butyrate, pyru-
vate, and propionate, which inhibit HDACs, but not due to ace-
tate, lactate, and nicotinate, which do not inhibit HDACs, we
made a TetOn system-regulated lentivirus-mediated stable cell
line in the metastatic breast cancer cell line M4. SLC5A8 expres-
sion and function were confirmed in the presence and absence of
doxycycline (2 �g/ml) for 24 h (see Fig. S17A to C in the supple-
mental material). Then, we treated these cells or not with the
SLC5A8 substrates butyrate, pyruvate, and propionate, which in-
hibit HDACs, and acetate, lactate, and nicotinate, which do not

inhibit HDACs, and measured apoptosis. Butyrate, pyruvate, and
propionate induced significant apoptosis in SCL5A8-induced M4
cells, but acetate, lactate, and nicotinate were unable to induce
apoptosis in these cells (see Fig. S17D in the supplemental mate-
rial). To analyze the tumor suppressor function of SLC5A8, we
made a mouse xenograft using an M4-SLC5A8-pLVX stable cell
line. SLC5A8 expression was induced with doxycycline (2 mg/ml
in drinking water) and then treated with butyrate, pyruvate, pro-
pionate, acetate, lactate, and nicotinate (2 mg/ml) in drinking
water. As shown in Fig. S17E to G in the supplemental material,
butyrate, pyruvate, and propionate efficiently reduced tumor
growth, but there were no significant changes in acetate-, lactate-,
and nicotinate-treated animals (see Fig. S17H to J in the supple-

FIG 6 Mammary-gland-specific expression of SLC5A8 in mice protects against MMTV-Hras-driven mammary tumorigenesis. (A) Diagrammatic representa-
tion of the construct for generation of MMTV-Slc5a8-Tg mice. CDS, coding sequence. (B) Genotype analysis confirming the expression of the transgene. IC,
internal control. (C) RT-PCR and Western blot analyses demonstrating overexpression of the Slc5a8 gene transcript and protein in mammary glands from
MMTV-Slc5a8-Tg mice. (D to H) Tumor incidence (D), age of mice at tumor onset (E), tumor size (F), lung metastasis (G), and average survival time (H) in
MMTV-Hras-Tg mice and MMTV-Hras/Slc5a8 double-transgenic mice. The data are means 	 SEM (number of mice in each group, 27). *, P � 0.05; **, P �
0.01; ***, P � 0.001 by t test.
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mental material). These results confirmed that SLC5A8-induced
tumor suppression is mainly associated with its ability to transport
the HDAC inhibitors butyrate, pyruvate, and propionate but not
acetate, lactate, and nicotinate.

Constitutively active HRAS expression induces MCT1 ex-
pression and function in normal nontransformed mammary
epithelial cell lines. A recent study has shown that the monocar-
boxylate transporter MCT1, which also transports butyrate, pyru-
vate, and lactate in a sodium-independent manner, is silenced in
some breast cancer cell lines (51). Because both SLC5A8 and
MCT1 transport monocarboxylates, we wanted to analyze

whether MCT1 also plays a role in HRAS-induced cellular trans-
formation and associated mammary-tumor formation. First, we
analyzed MCT1 expression and function in M1, M2, M3, and M4
cells. MCT1 expression and function were higher in the HRAS-
induced transformed cell line (M2) than in M1 cells and further
increased in M3 and M4 cells (see Fig. S18A and B in the supple-
mental material). Further, we also tested the expression and func-
tional status of MCT1 in M1 and M4 cells treated with DNMT
inhibitors (5-AzaDC and P-NH2) and a MEK inhibitor (U0126).
As shown in Fig. S18C and D in the supplemental material,
DNMT inhibitors did not affect either MCT1expression or func-

FIG 7 Reactivation of endogenous Slc5a8 inhibits mammary tumorigenesis and reduces tumor cell survival. (A) RT-PCR and FACS analysis showing that
siRNA-induced silencing of HRAS in M4 cells reactivates endogenous SLC5A8 gene expression (inset) and induces apoptosis in the presence of butyrate or
pyruvate (HDAC inhibitors and substrates for SLC5A8; 1 mM). TSA (1 �M) was used as a positive control for HDAC inhibition. The data are means 	 SEM from
three independent experiments. (B) RT-PCR and FACS analysis showing that blockade of the ERK signaling pathway by U0126 reactivates endogenous SLC5A8
gene expression (inset) and induces apoptosis in the presence of butyrate (But) or pyruvate (Pyr). The data are means 	 SEM from three independent
experiments. (C) RT-PCR and FACS analysis showing that inactivation of DNMTs by 5-AzaDC and of DNMT1 by P-NH2 reactivates endogenous SLC5A8 gene
expression (inset) and induces apoptosis in the presence of butyrate. The data are means 	 SEM from three independent experiments. (D) Tumor incidence in
MMTV-Hras-Tg mice without any treatment and in MMTV-Hras-Tg mice treated with either 5-Aza or butyrate, independently or together, by implantation of
slow-release pellets. The data are means and SEM (number of mice in each group, 12). *, P � 0.05; **, P � 0.01; ***, P � 0.001 by t test. (Inset) RT-PCR analysis
showing the reactivation of Slc5a8 gene expression in mammary glands of mice treated with 5-azacytidine, butyrate, or 5-azacytidine plus butyrate. (E and F)
Tumor incidence (E) and age of mice at the time of tumor onset (F) in MMTV-Hras/Slc5a8�/� transgenic mice and MMTV-Hras/Slc5a8�/� double-transgenic
mice under conditions of no treatment (control) or treatment with 5-azacytidine, treatment with butyrate, or treatment with 5-azacytidine plus butyrate via
implantation of slow-release pellets. The data are means 	 SEM (number of mice in each group, 12). **, P � 0.01; ***, P � 0.001 by t test.
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tion. However, the MEK inhibitor significantly reduced MCT1
expression and function, suggesting that HRAS-induced MCT1
expression does not occur through HRAS-induced DNA methyl-
ation. We also confirmed the involvement of HRAS in the activa-
tion of MCT1 expression and function using HRAS siRNA (see
Fig. S18E and F in the supplemental material). Finally, we ana-
lyzed Mct1 expression in normal and tumor tissues obtained from
DMBA-induced mammary tumors, as well as MMTV-HRAS-Tg
mouse mammary tumors. The expression of MCT1 was lower in
normal mammary tissues, but there was a significant increase in
mammary-tumor tissues (see Fig. S18G in the supplemental ma-
terial). All these results suggest that MCT1 and SLC5A8 are recip-
rocally regulated by HRAS in the mammary epithelium and that
constitutively active HRAS silences SLC5A8 but activates MCT1.

DISCUSSION

SLC5A8 is a candidate tumor suppressor whose inactivation is a
common event in many cancers. Even though tumor-associated
silencing of SLC5A8 has been shown to occur primarily through
DNA methylation, little is known about the signaling pathways
that underlie this phenomenon. Here, we have shown for the first
time that oncogenic HRAS is responsible for this process. Onco-
genic RAS proteins are commonly detected in many cancers, sug-
gesting that RAS plays a key role in tumor development (52, 53).
Although mutations of RAS genes are rare in breast cancer, �50%
of breast carcinomas express elevated levels of HRAS protein (37–
39, 54). Activated RAS plays an important role in epigenetic inac-
tivation of several tumor suppressor genes, and there is evidence
for functional cross talk between oncogenic HRAS and DNMT1
(33, 55). Here, we have shown that the candidate tumor suppres-
sor SLC5A8 is a downstream target for HRAS/DNMT1 and that
the RAS/RAF/MAPK pathway is involved in the process. The mi-
croarray data also confirmed that SLC5A8 is the most abundantly
downregulated gene in HRAS-transformed premalignant, malig-
nant, and metastatic breast cancer cells. SLC5A8 inactivation in
papillary thyroid carcinoma is associated with BRAF mutation
(56). BRAF, a member of the RAF family of serine/threonine ki-
nases, mediates cellular responses to growth signals through the
RAS/RAF/MAPK signaling pathway (57, 58), and BRAF-activat-
ing mutations have been reported in more than 70% of cancers
(59, 60). Since there is a positive correlation between BRAF-acti-
vating mutations and DNA hypermethylation in cancer (61), we
speculate that activated BRAF may silence SLC5A8 in cancer
through DNA hypermethylation. We have shown in the present
study that Slc5a8 is silenced in murine mammary tumors, either
induced by Hras or caused by a carcinogen. The silencing of Slc5a8
in MMTV-Hras mouse tumors is associated with an increase in
tumor-initiating stem cells (Lin� CD49fhigh CD24low), suggesting
that prevention of cancer stem cell formation is one of the mech-
anisms underlying the tumor-suppressive function of SLC5A8.

Even though several studies have shown tumor-associated si-
lencing of SLC5A8 in a variety of cancers and have demonstrated
the tumor-suppressive function of the transporter in vitro with
cancer cell lines, there has been no documentation of this trans-
porter functioning as a tumor suppressor in vivo. Here, we have
provided unequivocal evidence for its tumor-suppressive role in
vivo using multiple animal models and experimental approaches.
Deletion of Slc5a8 in the MMTV-Hras transgenic-mouse model of
mammary tumors increases tumor incidence, accelerates the on-
set of tumors, increases the size and number of tumors, and pro-

motes lung metastasis. Similarly, Slc5a8�/� mice are more suscep-
tible to carcinogen-induced mammary tumors. Overexpression of
SLC5A8 in mammary glands decreases tumor incidence and pro-
gression and also lung metastasis. These data provide strong evi-
dence that SLC5A8 functions as a tumor suppressor in vivo. A
recent study (42) attempted to examine the role of SLC5A8 in
tumor progression in vivo using Slc5a8�/� mice. The investigators
focused on colon cancer because SLC5A8 was first identified as a
putative tumor suppressor in the colon (6). With the ApcMin/�

mouse as a model of intestinal/colon cancer, the investigators
found no difference in colon cancer incidence and progression
between wild-type mice and Slc5a8�/� mice, leading to the con-
clusion that SLC5A8 does not function as a tumor suppressor in
vivo. Our present studies with breast cancer have yielded a totally
opposite conclusion. The differences in the concentrations of bu-
tyrate in the colon versus mammary glands might offer a rational
explanation for the discrepancy between the two studies. Butyrate
is present in millimolar concentrations in the colon as a result of
bacterial fermentation of dietary fiber. Since SLC5A8 transports
butyrate with high affinity, the transporter is obligatory for bu-
tyrate entry into cells only at micromolar concentrations; butyrate
at millimolar concentrations can enter the cells by diffusion with-
out the transporter. This is not the case in mammary glands, in
which pyruvate rather than butyrate is the metabolite that is rele-
vant to SLC5A8-dependent HDAC inhibition. Pyruvate is present
in circulation only at micromolar concentrations, at which the
transporter is obligatory for the entry of the metabolite into cells.

If SLC5A8 is silenced in breast cancer, how can the transporter
be exploited for cancer treatment? Our present studies address this
issue. Silencing of SLC5A8 in tumors occurs via DNA methyl-
ation, and inhibitors of DNA methylation induce reactivation of
SLC5A8. We have shown in the present study that treatment of
mice with inhibitors of DNA methylation induces SLC5A8 expres-
sion in breast cancer cell lines and in mouse models of breast
cancer. This reactivation of the gene is associated with tumor sup-
pression. These data show that pharmacological strategies to re-
activate SLC5A8 in tumors might have potential in cancer treat-
ment. 5-Azacytidine is in clinical use for treatment of certain
cancers. This DNA methylation inhibitor might also have poten-
tial in the treatment of breast cancer. Our previous studies have
shown that SLC5A8 is silenced in all subtypes of breast cancer:
estrogen receptor (ER) positive, ER negative, and triple negative
(11). This means that pharmacological reactivation of this tumor
suppressor may have potential for treatment of breast cancer irre-
spective of its ER status.
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