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Sphingolipid metabolites, such as ceramide (Cer), sphingo-
sine (SPH), and sphingosine 1-phosphate (S1P), contribute to
multiple aspects of carcinogenesis including cell proliferation,
migration, angiogenesis, and tumor resistance. The cellular bal-
ance between Cer and S1P levels, for example, is an important
determinant of cell fate, with the former inducing apoptosis and
the later mitogenesis. Acid ceramidase (ASAH1) plays a pivotal
role in regulating the intracellular concentration of these two
metabolites by hydrolyzing Cer into SPH, which is rapidly phos-
phorylated to form S1P. Genistein is a phytoestrogen isoflavone
that exerts agonist and antagonist effects on the proliferation of
estrogen-dependent MCF-7 cells in a dose-dependent manner,
primarily as a ligand for estrogen receptors. Genistein can also
activate signaling throughGPR30, aG-protein-coupled cell sur-
face receptor. Based on the relationship between bioactive
sphingolipids and tumorigenesis, we sought to determine the
effect of genistein onASAH1 transcription inMCF-7 breast can-
cer cells. We show herein that nanomolar concentrations of
genistein induceASAH1 transcription through aGPR30-depen-
dent, pertussis toxin-sensitive pathway that requires the activa-
tion of c-Src and extracellular signal regulated kinase 1/2
(ERK1/2).Activationof thispathwaypromoteshistoneacetylation
and recruitment of phospho-estrogen receptor � and specificity
protein-1 to the ASAH1 promoter, ultimately culminating in
increasedceramidase activity. Finally,we showthat genistein stim-
ulates cyclin B2 expression and cell proliferation in anASAH1-de-
pendent manner. Collectively, these data identify a mechanism
through which genistein promotes sphingolipid metabolism and
support a role for ASAH1 in breast cancer cell growth.

The soybean isoflavone genistein (4,5,7-trihydroxyisofla-
vone) exerts many cellular effects including activating apopto-
sis, inhibiting protein-tyrosine kinase activity, and suppressing
angiogenesis (1, 2). Genistein also acts in a dose-dependent
manner to both positively (3–7) and negatively (8–14) regulate
tumorigenesis. In estrogen receptor (ER)2-positive cells, high

doses of genistein (�10�M) are associatedwith tumor suppres-
sion, whereas low doses (0.01–1 �M) have a mitogenic effect
(10, 15, 16). Genistein promotes proliferation of estrogen-de-
pendent breast and thyroid cancer cells (11, 17, 18), and induces
the expression of vascular endothelial growth factor (19), c-FOS
(20), peroxisome proliferator-activated receptor � (21), and
proteinase inhibitor 9 (22). The proliferative properties of
genistein are mostly due to its ability to activate multiple
genomic and non-genomic estrogenic pathways by binding to
ER� and -� (12). Furthermore, genistein activates GPR30 (also
called GPER-1) (17, 20, 23), a transmembrane G-protein-cou-
pled receptor that binds most ER ligands and mediates rapid
estrogenic signaling (24, 25). The binding of 17�-estradiol (E2)
to GPR30 stimulates the cAMP pathway (26), increases intra-
cellular Ca2� (24, 25), and induces epidermal growth factor
receptor transactivation in ER-negative breast cancer cells (27,
28). Signaling through GPR30 promotes the proliferation of
multiple carcinomas (29, 30), stimulates cell migration through
induction of the connective tissue growth factor gene (31), and
promotes c-FOS (20), BCL-2 (32, 33), cyclin D2 (34), and estro-
gen-related receptor � (35) gene expression.

Sphingolipids are a large family of lipids involved in many
aspects of cell regulation (reviewed in Ref. 36–38). Notably,
ceramide (Cer) and sphingosine 1-phosphate (S1P) have been
extensively studied for their opposing roles in the regulation of
various aspects of cancer pathogenesis and therapy (39). Cer
inhibits cell growth and promotes apoptosis and senescence,
whereas S1P induces cell proliferation andmigration by signal-
ing through five S1P receptors (40–42). In this manner, the
relative concentrations of these two molecules determine
whether the cell undergoes apoptosis or proliferates (39). Con-
sequently, targeting pathways that elevate Cer or decrease S1P
accumulation has been a promising therapeutic approach in
cancer treatment (43).
Acid ceramidase (encoded by ASAH1) is a lipid hydrolase

that directly regulates Cer metabolism by catalyzing its degra-
dation to sphingosine (SPH) and a free fatty acid (44). SPH is
phosphorylated by sphingosine kinases (SPHK) to form S1P.
Because Cer hydrolysis is the major pathway for SPH genera-
tion (45), ASAH1 plays a key role in regulating cellular homeo-
stasis by controlling the Cer/SPH/S1P balance within the cell.
In addition, the aberrant expression of ASAH1 in various
human cancers (46–49), including breast cancer (50),
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prompted the emergence of this enzyme as a potential target for
chemotherapy (48, 51, 52). Inhibitors of ASAH1 such as B13
and LCL464 were shown to cause Cer accumulation and pre-
vent tumor growth (51, 53). At the transcriptional level, func-
tional characterization of ASAH1 has been previously reported
(44, 54), and we (55) and others (56) have established that
cAMP-responsive element-binding protein and kruppel-like
transcription factor 6 are important transcriptional regulators
of this gene.
Despite the prominent roles of sphingolipids in cancer devel-

opment and the proliferative actions of low doses of genistein,
little is known about the relationship between these two factors
in cancer progression. Therefore, based on the importance of
ASAH1 in sphingolipid metabolism, the role of Cer/S1P bal-
ance in carcinogenesis, and the numerous biological effects of
genistein in cancer cells, we sought to determine the role of
genistein in ASAH1 gene transcription inMCF-7 breast cancer
cells. We show that genistein induces ASAH1 gene expression
through an ERK1/2-dependent mechanism involving both
GPR30 and ER�. Furthermore, we demonstrate that ASAH1
expression is required for genistein-stimulated cyclin B2
expression and MCF-7 cell proliferation.

EXPERIMENTAL PROCEDURES

Reagents—Genistein (5,7-dihydroxy-3-(4-hydroxyphenyl)
chromen-4-one),U0126, PP2, pertussis toxin, andLY294002were
purchased from EMD Chemicals Inc. (Gibbstown, NJ). ICI-
182780 (Fulvestrant) and 17�-estradiol (E2) were purchased
fromSigma.G-1 (1-[4-(6-bromobenzo[1,3]dioxol-5-yl)-3a,4,5,9b-
tetrahydro-3H-cyclopenta[c]quinolin-8-yl]-ethanone) and G-15
((3a-4–9b)-4-(6-bromo-1,3-benzodioxol-5-yl)-3a,4,5,9b-3H-cyc-
lopenta[c]quinoline) were purchased from Cayman Chemicals
(AnnArbor,MI). All compounds were dissolved in dimethyl sulf-
oxide, except E2, which was dissolved in ethanol.
Cell Culture—MCF-7 human breast cancer cells were

obtained from American Type Culture Collection (ATCC)
(Manassas, VA) and cultured in phenol red-free Eagle’s mini-
mum essential medium (Mediatech, Inc., Manassas, VA) sup-
plemented with 10% fetal bovine serum (Mediatech, Inc.), 11
mM sodium pyruvate (Sigma), 0.01 mg/ml of bovine insulin
(Sigma), antibiotics, and antimycotics. MDA-MB-231 human
breast cancer cells were obtained from ATCC and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Mediatech,
Inc.) supplemented with 10% bovine calf serum (Mediatech,
Inc.), antibiotics, and antimycotics.
Real Time RT-PCR—MCF-7 cells were subcultured into

12-well plates and 48 h later treated with 20 nM genistein or 10

nM G-1 for 1–24 h. In some experiments, cells were preincu-
bated with 100–200 nM G-15 for 1 h prior to treatment with
genistein or G-1. Total RNA was isolated and quantified by
qRT-PCR as previously described (55). Primers used are listed
under Table 1. ASAH expression was normalized to �-actin
mRNA levels and calculated using the �� cycle threshold
(��Ct) method.
RNA Interference (RNAi) and Real Time RT-PCR—MCF-7

cells were subcultured into 12-well plates and 24 h later trans-
fected with 75 nM nonspecific 100 nM GPR30 (L-005563-
00-0005, Dharmacon/Thermo Scientific), or 75 nM ER�
(L-003401-00-0005, Dharmacon/Thermo Scientific) small
interfering RNA (siRNA) oligonucleotides using HiPerfect
Transfection Reagent (Qiagen, Valencia, CA). Twenty-four h
later, cells were transfected again, incubated for an additional
24 h, and then treated with 20 nM genistein or 10 nM G-1 for
24 h. Total RNA was isolated and quantified by qRT-PCR as
described above. Reduction of GPR30 and ER� protein expres-
sion at the time of RNA isolation was confirmed by Western
blotting.
ER� Transient Transfection—MDA-MB-231 cells were sub-

cultured into 12-well plates and transfected with 1 �g of
pCMV-hER� (kindly provided by Dr. Ann Nardulli, University
of Illinois, Urbana, IL) using GeneJuice (EMD Biosciences).
Twenty-four h after transfection, cells were treated with 20
nM genistein or 5 nM E2 for 24 h. Total RNA was isolated and
ASAH1, pS2, and �-actin mRNA levels were quantified by
qRT-PCR as described above. Expression of ER� was con-
firmed by Western blotting 48 h after transfection.
Western Blotting—For quantification of ASAH1 protein

expression, MCF-7 cells were treated with 20 nM genistein for
24, 48, or 72 h and harvested into RIPA buffer (1� PBS, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS). Cell
lysates were isolated and separated by SDS-PAGE as previously
described (55).Western blots were incubatedwith anti-ASAH1
(HPA005468, Sigma) and anti-GAPDH (sc-25778, Santa Cruz
Biotechnology, Santa Cruz, CA) antibodies. For quantification
of ERK1/2 activation, MCF-7 cells were serum starved for 40 h,
then treatedwith 20 nM genistein for 0 to 30min. ERK1/2 phos-
phorylation was determined byWestern blotting using an anti-
phospho-ERK1/2 antibody (sc-7383, Santa Cruz) and normal-
ized to total ERK2 expression (sc-154, Santa Cruz). For
quantification of phosphorylated ER�,MCF-7 cells were serum
starved for 40 h, then treated with 20 nM genistein for 10, 30, or
60 min. ER� phosphorylation at serine 118 was determined by
Western blotting using an anti-phospho-Ser118-ER� antibody

TABLE 1
Sequences of primers used in quantitative RT-PCR and ChIP assays

Primer Forward sequence (5�–3�) Reverse sequence (5�–3�)

RT-PCR
�-Actin ACGGCTCCGGCATGTGCAAG TGACGATGCCGTGCTGCATG
ASAH1 GCACAAGTTATGAAGGAAGCCAAG TCCAATGATTCCTTTCTGTCTCG
ASAH2 GCATCAACACAGGAGAGTC GGAGGCAGAGGCATAGAG
ASAH3 ATCCGCCTGGTCTTCATC CTCCTTATTGCTGGTCTTCC

ChIP
ASAH1 (�123/�31) AGTCCCGCCTCCTCCGAGCGTTCCCCCT GACTAAGGCGACGCAACTCCGGCCCGGC
ASAH1 (�325/�214) ACGGGTGAAGCTCCCGGCCCCACCTA GAAAAGGGTGGCGTAGAGAAAGAGAGAG
ASAH1 (�500/�278) GGCCGCTTTTCTCAGAGGGCAAA GCGTAGAGAAAGAGAGAGAGCC
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(clone NL-44, Millipore) and normalized to total ER� expres-
sion (H-184, Santa Cruz). For quantification of cyclin B2 pro-
tein expression, MCF-7 cells were serum starved for 48 h and
then pre-treated with 200 ng/ml of nocodazole (Calbiochem
Inc.) for 10 h. Cells were rinsed 3 times with PBS, serum-free
minimum essential medium was added to each well, and cells
were treated with 20 nM genistein for 6 or 12 h. In some exper-
iments, cells were transfected with 75 nM ASAH1 siRNA oligo-
nucleotides (M-005228-01-0005, Dharmacon/Thermo Scien-
tific) using HiPerfect Transfection Reagent (Qiagen) for 24 h
prior to pretreatment with nocodazole. Cell lysates were iso-
lated and separated by SDS-PAGE. Western blots were incu-
bated with anti-cyclin B2 (K0189–3, Cell Signaling), anti-
ASAH1 (Sigma), and anti-GAPDH (Santa Cruz) antibodies.
Protein expressionwas detected using an ECFWestern blotting
kit (GE Healthcare) and visualized using a VersaDoc 4000
Imager (Bio-Rad).
Transient Transfection and Reporter Gene Analysis—Clon-

ing of the human ASAH1 promoter and generation of deletion
constructs were previously described (55). MCF-7 cells were
subcultured into 24-well plates and transfected with 100 ng
of pGL3-ASAH1 or pGL3-ASAH1(EREmutant) and 1.5 ng of
pRL-TK (Promega) using GeneJuice (EMD Biosciences).
Some cells were co-transfected with 50 ng of pCMV-hER�.
Twenty-four h after transfection, cells were treated with 20
nM genistein for 16 h and the transcriptional activity of the
ASAH1 reporter gene was determined using a dual luciferase
assay kit (Promega). Firefly (pGL3-ASAH1) luciferase activ-
ity was normalized to Renilla luciferase activity (pRL-TK)
and expressed as fold-change over the mean of the untreated
control group.
Site-directed Mutagenesis—Mutagenesis of the putative ER

response element (ERE) at position 475/�457 of the ASAH1
promoter was carried out using a QuikChange site-directed
mutagenesis kit (Agilent, Santa Clara, CA) and confirmed by
sequencing. ERE was disrupted by mutating 4 consecutive res-
idues to alanine (underlined) using the following primer set:
forward 5�-GGG CAA AGA TGGAAA AGGGTGGGA TGT

TAC-3�, reverse 5�-ACATCCCACCCTTTTCCATCTTTG
CCC TCT-3�.
Chromatin Immunoprecipitation (ChIP)—MCF-7 cells were

subcultured into 150-mm dishes and treated for 1 h with 20 nM
genistein and ChIP assays were performed as described previ-
ously (57). The purified chromatin solutions were precleared
and immunoprecipitated using 5 �g of primary antibody (anti-
acetylhistone H3, anti-RNA polymerase II, anti-phospho-
Ser118-ER� (clone NL-44), anti-SRC-1, or anti-specificity pro-
tein-1 (Sp1)) and 30 �l of protein A/G Plus-agarose (Santa
Cruz). All antibodies used for ChIP were purchased from Mil-
lipore. Quantitative PCR was carried out using 20% output, 5%
input (diluted 1:4), the ABsolute qPCR SYBR Green Fluores-
cein Mix (Thermo Scientific) and the primer sets are listed
under Table 1.
Cell Proliferation—For quantitative proliferative assays,

MCF-7 cells were seeded in 96-well plates (5 � 103 cells/well)
and 24 h later transfected with 75 nM nonspecific siRNA oligo-
nucleotides or siRNA against ASAH1 or siRNA against ASAH2
(M-005229-00-0005, Dharmacon/Thermo Scientific) for 24 h.
In some experiments, cells were seeded in 96-well plates (5 �
103 cells/well) and 24 h later transfected with an ASAH1
expression plasmid (0.4 �g/well) for 24 h. Cells were then
treated with 20 nM genistein, 10 nM G-1, or vehicle (dimethyl
sulfoxide) for 24 h.After treatment, the cultureswere incubated
for an additional 6 h in the presence of 5-bromo-2-deoxyuri-
dine (BrdU; 10 �M). Cell proliferation was assayed by BrdU
incorporationmeasurementswith anELISAkit (RocheApplied
Science). Western blotting was used to confirm reduction of
ASAH1 and ASAH2 protein levels 48 h after siRNA transfec-
tion. Similarly, ASAH1overexpressionwas confirmed byWest-
ern blotting 48 h after transfection.
Cell Viability—MCF-7 cells were plated in 96-well plates and

24 h later transfected with 75 nM nonspecific siRNA oligonu-
cleotides or siRNA against ASAH1 (M-005228-01-0005, Dhar-
macon/Thermo Scientific). Twenty-four h later, cells were
treated for 12, 24, or 48 h with 20 nM genistein or dimethyl
sulfoxide. Cell viability was assessed using the CellTiter 96

*

*

FIGURE 1. Genistein induces ASAH1 transcription. A, MCF-7 cells were treated for 24 h with 20 nM genistein. Total RNA was isolated for analysis of acid
(ASAH1), neutral (ASAH2), and alkaline (ASAH3) ceramidase mRNA expression by qRT-PCR. B, MCF-7 cells were treated for 6, 12, or 24 h with 20 nM genistein (gen)
and ASAH1 and �-actin mRNA expressions were quantified by qRT-PCR. Data graphed are expressed as fold-change in ASAH mRNA expression normalized to
the mRNA expression of �-actin and represent mean � S.E. of three separate experiments, each done in triplicate. *, statistically different from untreated
control group (p � 0.05).
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AQueous One Solution Cell Proliferation Assay (Promega) fol-
lowing the manufacturer’s instructions. Reduction of ASAH1
protein levels was confirmed by Western blotting 48 h after
transfection.
Acid Ceramidase Activity—MCF-7 cells were subcultured

into 100-mm dishes and treated for 48 or 72 h with 20 nM
genistein and in vitro ASAH1 activity assay was performed as
previously described (55). TLC plates were visualized by fluo-
rescence scanning on aVersaDoc 4000 imager (Bio-Rad).NBD-
dodecanoic acid formation was quantified and normalized to
the protein content of each sample.
Statistical Analysis—One-way analysis of variance, Tukey-

Kramer multiple comparison, and unpaired Student’s t tests
were performed using GraphPad InStat software (GraphPad
Software Inc., San Diego, CA). Statistically significant differ-
ences from a compared value were defined as p � 0.05 denoted
by asterisks (*) or carats (∧).

RESULTS

Genistein Induces ASAH1 mRNA Expression—To evaluate
the effect of genistein on the transcription of ceramidase genes
(ASAH),MCF-7 cells were treatedwith 20 nMgenistein for 24 h.
ASAH1 mRNA expression was significantly increased by 2.5-
fold in response to low-dose genistein treatment (Fig. 1A).
Interestingly, ASAH2 mRNA expression was also induced by
2.6-fold in response to treatment, whereas the expression of
ASAH3 was unchanged (Fig. 1A). Because aberrant ASAH1
expression has been reported in cancer cells (46, 49, 50), we
focused on the effect of genistein on the transcription of this
ceramidase isoform. We carried out experiments to assess the
kinetics of the ASAH1 transcriptional response to genistein by
treating cells for 6, 12, and 24 h. As shown in Fig. 1B, ASAH1
mRNA levels begin to increase after 6 h of genistein stimulation
with maximal induction at the 24-h time point.

FIGURE 2. GPR30 and ER� mediate genistein-dependent ASAH1 transcription. A, MCF-7 cells were pre-treated for 1 h with 100 or 200 nM G-15 followed by
treatment with 10 nM G-1 or 20 nM genistein (gen) for 24 h. Some cells were treated with both G-1 and genistein in the presence or absence of 200 nM G-15. Total
RNA was isolated for analysis of ASAH1 mRNA expression by qRT-PCR. B, MCF-7 cells were transfected twice with 100 nM GPR30, 75 nM ER�, or 75 nM nonspecific
siRNA for 48 h (GPR30) or 24 h (ER�) followed by treatment with 20 nM genistein or 10 nM G-1 for 24 h. Total RNA was isolated and ASAH1 mRNA expression was
quantified by qRT-PCR and normalized to �-actin. Inset, Western blot of GPR30 and ER� protein expression at the time of RNA isolation. C, ER�, ER�, and GPR30
protein quantification in MCF-7 and MDA-MB-231 cells. D, ER� was expressed in MDA-MB-231 cells followed by treatment with 20 nM genistein (gen) or 5 nM

E2 for 24 h. ASAH1 and pS2 mRNA levels were quantified by qRT-PCR and normalized to �-actin. Inset, ectopic expression of ER�: �, control; �, ER�-transfected
cells. Data are graphed as fold-change in ASAH1 mRNA expression normalized to the mRNA expression of �-actin and represent mean � S.E. of three separate
experiments, each done in triplicate.
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GPR30 and ER� Mediate Genistein-induced ASAH1
Transcription—Genistein activates GPR30-mediated non-
genomic signaling in thyroid and breast cancer cells (17, 20).
Therefore, to investigate the involvement of GPR30 in the up-
regulation of ASAH1 expression in response to genistein stim-
ulation, we quantified ASAH1 mRNA levels in MCF-7 cells
treated with 10 nM of the high-affinity GPR30 agonist G-1 (58)
for 24 h. As shown in Fig. 2A, G-1 significantly increased
ASAH1 transcription by 2.6-fold, which parallels the fold-in-
crease elicited by genistein. Furthermore, neither genistein nor
G-1 were able to induce ASAH1 expression in the presence of
the high-affinity GPR30 antagonist G-15 (59) (Fig. 2A). Signif-
icantly, the transcriptional response was not enhanced by G-1
in combination with genistein (Fig. 2A). Because G-1 and G-15
are not ligands for ER-� or -� (58, 59), these data suggest that
GPR30 plays a key role in genistein-stimulated ASAH1 tran-
scription. The selectivity of genistein for GPR30 is further sup-
ported by the inability of ICI-182780, an ER antagonist (60), to
repress genistein-induced ASAH1 mRNA expression (supple-
mental Fig. S1A). ICI-182780 is also a high-affinity GPR30 ago-
nist (25), which is consistent with an increase inASAH1mRNA
transcript levels observed in ICI-182780 only treated cells (sup-
plemental Fig. 1A).
To determine whether GPR30 is required for ASAH1 tran-

scription, we suppressed GPR30 translation (Fig. 2B, inset) and
assessed the effect of reduced GPR30 expression on genistein-
and G-1-stimulated ASAH1 mRNA expression. As shown in
Fig. 2B, neither genistein nor G-1 were able to induce ASAH1
transcription in cells transfected with GPR30 siRNA oligonu-
cleotides. Because genistein can also signal through ER� (15)
and GPR30 can work together with ER� in certain estrogen-
mediated activities (29, 61, 62), we also determined the effect of
ER� suppression onASAH1 transcription. Surprisingly, similar
to GPR30, ER� suppression by siRNA (Fig. 2B, inset) signifi-
cantly reduced both genistein- and G-1-stimulated ASAH1
transcription (Fig. 2B). Collectively, these data suggest that
both GPR30 and ER� are required for the induction of ASAH1
mRNA expression by genistein.
Consistent with other reports (24, 61), MCF-7 cells express

ER�, ER�, and GPR30 protein, whereas MDA-MB-231 cells
only express ER� (Fig. 2C). Therefore, to further investigate the
role of ER� in genistein-mediated ASAH1 transcription,
ASAH1 mRNA expression was quantified in genistein-treated
MDA-MB-231 cells transfected with an ER� expression plas-
mid (Fig. 2D, inset). Significantly, although ectopic expression
of ER�was capable of inducing pS2 transcription, a well known
ER� target gene (also known as TFF1), expression of the recep-
tor was not sufficient to promote ASAH1mRNA expression in
genistein-treated cells (Fig. 2D).
Genistein-induced ASAH1 Transcription Occurs via a Per-

tussis Toxin-sensitive Pathway That Requires c-Src and ERK1/2
Activation—GPR30 signaling activates various downstream
signaling cascades including ERK and phosphoinositol-3-ki-
nase (PI3K)/Akt pathways (27). Therefore, to determine which
kinases are activated by genistein stimulation, we tested the
ability of genistein to increase ERK1/2 phosphorylation. As
shown in Fig. 3A, genistein rapidly increased the phosphoryla-
tion of ERK1/2 in MCF-7 cells, but genistein did not activate

FIGURE 3. Genistein-induced ASAH1 mRNA expression requires G�i,
c-Src, and ERK1/2. A, MCF-7 cells were serum-starved for 40 h followed by
treatment with 20 nM genistein for 0 –30 min or 25 ng/ml of EGF for 10 min.
Cell lysates were harvested and separated by SDS-PAGE followed by Western
blotting using anti-phospho-ERK1/2 and ERK2 antibodies. B, MCF-7 cells were
serum starved for 40 h, pre-treated with G-15 for 1 h, and then treated with 10
nM G-1 (top panel) or 20 nM genistein (lower panel) for 5 or 15 min. Cell lysates
were harvested and separated by SDS-PAGE followed by Western blotting
using anti-phospho-ERK1/2 and ERK2 antibodies. C, MCF-7 cells pre-treated
for 1 h with 1 �M U0126, 10 �M PP2, 1 pg/ml of pertussis toxin, or 10 �M

LY294002 were followed by treatment with 20 nM genistein for 24 h. Total
RNA was isolated for analysis of ASAH1 mRNA expression by qRT-PCR. Data
are graphed as fold-change in ASAH1 mRNA expression normalized to the
mRNA expression of �-actin and represent mean � S.E. of three separate
experiments, each done in triplicate. *, statistically different from an untreated
control group (p � 0.05). D, MCF-7 cells were serum-starved for 40 h followed by
treatment with 20 nM genistein (top panel) or 10 nM G-1 (lower panel) for 0–60
min. Lysates were isolated and separated by SDS-PAGE followed by Western blot-
ting using antibodies against phospho-Ser118-ER� or ER�.
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Akt (data not shown). In addition, the effect of genistein on
ERK1/2 activation was mimicked by G-1 (Fig. 3B, top panel)
and G-15 prevented ERK1/2 phosphorylation induced by both
G-1 (top panel) and genistein (bottom panel) (Fig. 3B). Addi-
tional experiments geared toward identifying effector kinases
in the ERK pathway revealed that genistein also activated Raf-1
and c-Src (supplemental Fig. 1B), and that activation of these
kinases was required for ERK phosphorylation (supplemental
Fig. 1C). Consistent with theseWestern blot data, inhibition of
ERK, c-Src, and G�i activation attenuated genistein-stimulated
ASAH1 mRNA expression (Fig. 3C). Furthermore, in agree-
ment with the modulation of nuclear ERs by membrane-initi-
ated signaling (reviewed in Ref. 63) and ligand-independent
activation of ER by ERK signaling (64), both genistein (top
panel) and G-1 (bottom panel) rapidly increased the levels of
phospho-Ser118-ER� by 1.6- and 1.5-fold after 30 min, respec-
tively (Fig. 3D).
Genistein Promotes the Recruitment of ER� and Sp1 to the

ASAH1 Promoter—To further define the mechanism by which
genistein modulates ASAH1 mRNA expression, MCF-7 cells

were transfected with a luciferase reporter construct that con-
tains 2.7 kb of the ASAH1 promoter and treated with 20 nM
genistein for 16 h. As shown in Fig. 4A, genistein treatment
significantly increased the transcriptional activity of the 2.7-kb
reporter gene by 1.8-fold. To identify the genistein-responsive
region(s) on the ASAH1 promoter, different lengths of the
ASAH1 promoter (55) were tested for their ability to activate a
luciferase reporter construct. Although deletion of the region
between �2740 to �496 bp had no significant effect on the
ability of genistein to stimulate reporter gene activity, removal
of 250 bp (from the �496 bp construct) completely abolished
the genistein response (Fig. 4A).
Next we performed in silico promoter analysis and identified

putative binding sites for Sp1 and ER (ER response element,
ERE) within the first 500 bp upstream of the transcription ini-
tiation site of the ASAH1 gene (Fig. 4B). To define key ER tran-
scriptional elements within the genistein-responsive region, a
putative ERE at position �475/�457 bp of the ASAH1 pro-
moter (Fig. 4B) was mutated and genistein-dependent ASAH1
reporter gene activity was determined in luciferase assays. As

FIGURE 4. Genistein stimulation promotes the recruitment of ER� and Sp1 to the ASAH1 promoter. A, MCF-7 cells were transfected with reporter gene
plasmids (pGL3-ASAH1) containing varying regions of the ASAH1 promoter and a Renilla luciferase plasmid (pRL-TK). Twenty-four h after transfection, cells
were treated with 20 nM genistein for 16 h and luciferase activity was quantified by luminometry. Data are graphed as fold-change � S.E. of three separate
experiments, each done in triplicate, and normalized to �120-bp construct. Asterisks (*) and carats (∧) denote statistically significant differences from untreated
control within each transfection group or from the untreated �120-bp construct, respectively (p � 0.05). B, diagram of putative binding sites for Sp1 and ER
within the genistein-responsive region of the ASAH1 promoter. Letters A, B, and C denote regions amplified by each primer set used for ChIP assay. The ERE at
position �475/�457 bp that was mutated for further analysis in C is denoted by a gray-shaded square. C, MCF-7 cells were transfected with pGL3-ASAH1– 496
(WT) or pGL3-ASAH1– 496-EREmutant (EREmut) reporter gene plasmid, pCMV-hER�, and a Renilla luciferase plasmid (pRL-TK). Twenty-four h after transfection,
cells were treated with 20 nM genistein for 16 h and luciferase activity was quantified by luminometry. Data are graphed as fold-change � S.E. of three separate
experiments, each done in triplicate and normalized to untreated WT-transfected controls. Asterisks and carats denote statistically significant differences from
untreated control within each transfection group or from untreated WT controls, respectively (p � 0.05). D, representative agarose gels of the PCR products
from ChIP assays obtained for region B (�325/�214). � and � denote untreated or genistein-treated, respectively. E, MCF-7 cells were treated for 1 h with 20
nM genistein, cross-linked with 1% formaldehyde, and the sheared chromatin immunoprecipitated with antibodies against phospho-Ser118-ER�, Sp1, RNA
polymerase II, acetyl-histone H3, or SRC-1 and recruitment to regions A (�500/�278), B (�325/�214), or C (�123/�34) of the ASAH1 promoter assessed by
qPCR. DNA purified was quantified by real time PCR and normalized to the �Ct values of input DNA. Data are graphed as fold-enrichment over untreated
control � S.D.
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shown in Fig. 4C, ER� significantly increased the transcrip-
tional activity of the wild type ASAH1 promoter, but failed to
increase the reporter gene activity in cells transfected with an
ASAH1 reporter plasmid harboring a mutation in the ERE.
Interestingly, mutation of this ERE not only abolished the abil-
ity of genistein to stimulate promoter activity but also signifi-
cantly decreased reporter gene activity in untreated cells, sug-
gesting that this ERE may play a role in maintaining basal
transcription (Fig. 4C). We next performed ChIP analysis on
chromatin isolated from MCF-7 cells treated for 1 h with 20
nM genistein. Phospho-Ser118-ER� is enriched by 2.8-fold at
region A (�500/�278) and 2.5-fold at region B (�325/
�214) of the ASAH1 promoter in response to genistein (Fig. 4,D
and E). Sp1 and the coactivator SRC-1 were also recruited to
regions A and B in response to genistein stimulation (Fig. 4E).
Furthermore, genistein increased acetylation of histone H3 in all
regions, indicating that genistein-stimulatedphospho-Ser118-ER�
and Sp1 binding occurs concomitant with histone H3 modifica-
tion (Fig. 4E).
Genistein Increases ASAH1 Protein Expression and Enzy-

matic Activity—Next, we determined if genistein also increased
protein expression by carrying out Western blot analysis of
lysates isolated fromMCF-7 cells thatwere treated for 24, 48, or
72 hwith 20 nM genistein. As shown in Fig. 5,A andB, genistein
significantly increased ASAH1 protein levels by 1.8- and 2.3-
fold after 48 or 72 h treatment, respectively. This increase in
ASAH1 protein content resulted in increased ceramidase activ-
ity (Fig. 5C).
Genistein Induces MCF-7 Cell Proliferation and Viability in

an ASAH1-dependent Manner—Given that genistein-induced
cell growth is mediated by GPR30 signaling (17), we examined
the role of ASAH1 in cell proliferation in cells transfected with
nonspecific, ASAH1, or ASAH2 siRNAs (Fig. 6A, inset). The
increase in BrdU incorporation elicited by both genistein and
G-1 was dependent on ASAH1 expression (Fig. 6A). Although
G-1 was able to induce cell proliferation by 1.3-fold in ASAH1-
depleted cells, this increase was significantly lower than the
3.4-fold increase observed in untransfected cells (Fig. 6A).
Importantly, suppression of ASAH2 had no effect on genistein-
or G-1-induced cell proliferation (Fig. 6A). Moreover, ASAH1
overexpression potentiated cell proliferation in response to
genistein and G-1 stimulation by 1.4- and 2.1-fold, respectively
(Fig. 6B). The role of ASAH1 in genistein-dependent cell pro-
liferation was further supported by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide assays (Fig. 6C). Finally,
to define the functional significance of ASAH1 on the cell cycle,
we determined the effect of ASAH1 silencing on the phosphor-
ylation state of cyclin-dependent kinase (CDK) 7 and CDK2,
and cyclin B2 protein levels in genistein-treated MCF-7 cells.
As shown in Fig. 6D, whereas cyclin B2 expression was
increased by 2.3- and 2.5-fold in response to 6- or 12-h genistein
treatment, respectively, this increase was attenuated in cells
transfected with ASAH1 siRNA oligonucleotides. Although
genistein induced the phosphorylation of both CDK7 and
CDK2, these events were independent of ASAH1 expression
(data not shown).

DISCUSSION

Genistein mediates many estrogen-dependent pathways by
binding to ERs (11, 18) and it has been reported that this phy-
toestrogen can promote breast cancer cell growth in a dose-de-
pendent manner (10, 15, 16, 65, 66). Although estrogen-acti-
vated non-genomic signaling is well documented (reviewed in
Ref. 63), the mechanisms by which phytoestrogens evoke
changes in cell growth are less defined. Therefore, we investi-
gated the role of genistein inASAH1 expression inMCF-7 cells.
GPR30 is increasingly recognized as an important mediator

of rapid non-genomic estrogenic action (27, 28, 31, 35). We

FIGURE 5. Genistein increases ASAH1 protein expression and enzymatic
activity. A, MCF-7 cells were treated for 24, 48, or 72 h with 20 nM genistein.
Total cell lysates were harvested and separated by SDS-PAGE followed by
Western blotting analysis using anti-ASAH1 and anti-GAPDH antibodies.
B, graphical analysis of data obtained from densitometric analysis of Western
blots. Data represent mean � S.D. of two separate experiments, each done in
duplicate. *, statistically different from untreated control group (p � 0.05).
C, MCF-7 cells were treated for 48 or 72 h with 20 nM genistein and cell lysates
were isolated for in vitro ASAH1 activity assays as described under “Experi-
mental Procedures.” TLC plates were visualized by fluorescence scanning.
NBD-dodecanoic acid formation was quantified and normalized to the pro-
tein content of each sample. Data represent mean � S.D. of three separate
experiments, each done in duplicate. *, Statistically different from untreated
control group (p � 0.05).
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show that 20 nM genistein and the high-affinity GPR30 agonist
G-1 induce ASAH1 transcription (Fig. 1) through a GPR30-de-
pendent (Fig. 2, A and B) ERK1/2 signaling pathway (Fig. 3).
Consistent with our findings, genistein has been shown to acti-
vate ERK1/2 throughGPR30 inMCF-7 and thyroid cancer cells
(17, 20). In addition,Maggiolini et al. (20) has shown that genis-
tein induces c-FOS gene expression through a GPR30-depen-
dent ERK1/2 cascade that requires c-Src kinase activity.
Importantly, we show that the transcriptional response elic-

ited by genistein requires both GPR30 and ER� (Fig. 2B). Stud-
ies have demonstrated that these two receptors act coopera-
tively to mediate cell proliferation in ER-positive cancer cells
(29, 62). Although it is possible that GPR30 and ER� are acting
in mutually exclusive signaling pathways, three lines of evi-
dence suggest that these two receptors are part of the same

signaling cascade: (a) genistein and G-1 do not have a synergis-
tic effect on ASAH1 transcription (Fig. 2A), (b) abrogation of
either GPR30 or ER� expression by siRNA prevents genistein-
dependent ASAH1 gene expression (Fig. 2B), and (c) ER� sup-
pression inhibits G-1-stimulated ASAH1 gene expression (Fig.
2B). Reconstitution of this pathway in ER�/GPR30-deficient
MDA-MB-231 cells (Fig. 2C) revealed that ER� alone is not
sufficient to promote ASAH1 transcription in response to
genistein, although E2-induced pS2 expression is restored in
the presence of the receptor (Fig. 2D).
ER-mediated transcription can be stimulated by ligand-inde-

pendent mechanisms involving second messenger signaling
systems (64). We show that stimulation with genistein and G-1
leads to phosphorylation of ER� at Ser118, a major target of
MAPK signaling (64, 67). Furthermore, promoter analysis

FIGURE 6. Genistein increases cell proliferation, cell viability, and cyclin B2 expression in an ASAH1-dependent manner. A, MCF-7 cells were seeded in
96-well plates at 5 � 103 cells/well and 24 h later transfected with 75 nM ASAH1, ASAH2, or nonspecific siRNA for 24 h. Cells were then treated with 20 nM

genistein or 10 nM G-1 and 24 h later, cell proliferation was measured with a BrdU incorporation ELISA kit. Data are expressed as mean % of control � S.E. of four
separate experiments, each done in quadruplicate. Inset, Western blot of ASAH1 and ASAH2 protein expression in siRNA-transfected cells 48 h after transfec-
tion. B, MCF-7 cells were seeded in 96-well plates at 5 � 103 cells/well and 24 h later transfected with 0.4 �g of an ASAH1 expression plasmid for 24 h. Cells were
then treated with 20 nM genistein or 10 nM G-1 and 24 h later, cell proliferation was measured with a BrdU incorporation ELISA kit. Data are expressed as mean
% of control � S.E. of three separate experiments, each done in quadruplicate. Inset, Western blot of ASAH1 protein expression in control (�) and transfected
(�) cells 48 h after transfection. C, MCF-7 cells were seeded in 96-well plates and transfected with 75 nM ASAH1 or nonspecific siRNA for 24 h. Cells were then
treated with 20 nM genistein for 12, 24, or 48 h and cell viability was measured with an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay kit.
Data represent mean � S.E. of three separate experiments, each performed in triplicate. Asterisks (*) indicate statistically significant differences from untreated/
untransfected or untreated/siRNA-transfected control groups, respectively (p � 0.05). D, MCF-7 cells were transfected with 75 nM ASAH1 siRNA for 24 h,
pre-treated with 200 ng/ml of nocodazole for 10 h, and then treated with 20 nM genistein for 6 or 12 h. Total lysates were harvested and separated by SDS-PAGE
followed by Western blotting analysis using anti-ASAH1, anti-cyclin B2, or anti-GAPDH antibodies. � and � denote untreated or genistein-treated groups,
respectively. Unsynchronized controls denote cells grown in regular minimum essential medium neither treated with nocodazole nor genistein.
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revealed that an ERE at position �475 bp of the ASAH1 pro-
moter is required for ER�-dependent ASAH1 reporter gene
activity (Fig. 4C), suggesting that ER� is recruited to this site
following genistein stimulation. Indeed, ChIP studies demon-
strated that phospho-Ser118-ER� is recruited to the ASAH1
promoter in response to genistein stimulation (Fig. 4D). Sp1,
which has been shown to interact with ER� to transactivate
target genes by binding to Sp1xEREmotifs (68), is also recruited
to the same promoter region (Fig. 4D). In agreement with our
findings, ASAH1 expression was shown to positively correlate
with ER status in breast cancer tumors (50) and ER-positive
tumors display higher ASAH1 expression (69), supporting a
role for ER in the transcriptional regulation of theASAH1 gene.

Significantly, we show that ASAH1 expression is required for
the increase in cell proliferation by genistein (Fig. 6A) and
ASAH1 overexpression potentiates this proliferative response
(Fig. 6B). These data suggest that ASAH1 mediates genistein-
stimulated cell proliferation. Furthermore, we show that genis-
tein increases cyclin B2 protein expression in an ASAH1-de-
pendent manner (Fig. 6D). Cyclin B2 expression during the
G2/M phase of the cell cycle facilitates the activation of CDK1,
regulates mitotic progression (70), and prevents DNA re-repli-
cation (71). Thus, our data suggests that endogenous ASAH1
mediates progression through the cell cycle in response to low
doses of genistein, at least in part, by triggering cyclin B2
expression. Of note, alkaline ceramidase 3 and neutral cerami-
dase (ASAH2) were both reported to modulate cell prolifera-
tion either by up-regulating cyclin-dependent kinase inhibitor
p21CIP1/WAF1 expression (72) or inducing cell cycle arrest at
G0/G1 and Rb protein dephosphorylation (73), respectively.
Genistein has been shown to promote cell proliferation of pan-
creatic �-cells (74), and breast (2, 18, 20), thyroid (17), and
prostate (75) cancer cells through multiple signaling pathways.
Because genistein has a dose-dependent effect on the growth of
breast cancer cells (10, 15, 16), it is noteworthy that the effect of
genistein on ASAH1 transcription was only observed at nano-
molar concentrations (micromolar concentrations had no
effect on ASAH1 transcription, data not shown), the same dos-
age at which it promotes tumor growth in vivo and in vitro (2,
10, 11, 22, 65, 66). Because genistein also induced the transcrip-
tion ofASAH2 (Fig. 1A) and SPHK1 (data not shown), it is likely
that this phytoestrogen may promote sphingolipid metabolic
changes by regulating the expression of multiple sphingolipid
genes. Indeed, mass spectrometric analysis revealed that genis-
tein evoked a 1.3-fold increase in the cellular concentration of
S1P.3 Total Cer levels were not significantly altered by genistein
stimulation, whereas sphingomyelin levels were modestly
increased by 1.2-fold in genistein-treated cells.3 Given the com-
plexity of the sphingolipid metabolic pathway and its many
metabolites, temporal genomic transcriptional and lipidomic
analysis is required to pinpoint themechanisms bywhich genis-
tein alters sphingolipid concentrations. Gupta et al. (76)
recently reported a quantitativemodel of the sphingolipid path-
way that illustrates the complexity of sphingolipid flux altera-
tions in response to pharmacological perturbations. Nonethe-

less, because S1P activates cell growth-related pathways in a
paracrine/autocrine manner by binding to S1P receptors (77,
78), it is possible that genistein also promotes S1P secretion.
Given that SK1 is overexpressed in breast cancer cells (79), it is
likely that an increase inASAH1 activity could lead to increased
S1P production. Of note, E2 was shown to promote breast can-
cer cell proliferation by activating SK1 (80) and Takabe et al.
(81) recently demonstrated that E2 induces ERK1/2 activation
in MCF-7 cells by stimulating SK1 activity and promoting a
rapid secretion of S1P in an ER�-dependent manner. Further
studies are required to establish that genistein evokes the
export of S1P via a similarmechanism.Nonetheless, because E2
treatment mirrored the stimulatory effects of genistein on
ASAH1 transcription and protein expression (data not shown),
we think that regulation of ASAH1 expression by this phytoes-
trogen adds to our current understanding of the molecular
mechanisms underlying estrogen-dependent mammary cell
proliferation. Because ceramide degradation is the only source
of cellular SPH (82, 83), ASAH1directly regulates SK1 substrate
availability. Thus, the effect of E2 on SK1 activity would benefit
from increased ASAH1 expression. Furthermore, long-term
exposure to genistein was recently shown to enhance E2
responsiveness in the rat uterus (84) and reverse the inhibitory3 N. C. Lucki and M. B. Sewer, unpublished observations.

FIGURE 7. Model pathway for genistein-induced ASAH1 transcription in
MCF-7 cells. Genistein (GEN) activates GPR30, which signals through G�i to
activate c-Src and subsequently the MAPK pathway. ERK1/2 activation pro-
motes the phosphorylation of ER� and its recruitment to the ASAH1 pro-
moter. Induction of ASAH1 gene transcription leads to an increase in protein
expression and subsequent up-regulation of enzymatic activity, which results
in the degradation of ceramide (CER) into sphingosine (SPH) and its phos-
phorylation into S1P. S1P is exported from cells via ABC transporters ABCC1
and ABCG2 and acts in a paracrine/autocrine matter to activate proliferative
signaling cascades by binding to cell-surface S1P receptors (S1PR). Concom-
itantly, ASAH1 mediates cyclin B2 expression.
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effects of tamoxifen (85, 86). Therefore, we hypothesize that
low doses of genistein may have a detrimental additive effect to
E2 in vivo by promoting sphingolipid-mediated breast cell
growth.
In conclusion, we propose a model whereby genistein

induces ASAH1 gene expression by activating a GPR30-depen-
dent pathway that culminates in ERK1/2 phosphorylation (Fig.
7). ERK1/2 activation induces the phosphorylation of ER� and
the binding of a complex containing the receptor, Sp1, and
SRC1 to theASAH1promoter.ASAH1 transcription is followed
by increased protein expression and enzymatic activity, which
results in increased S1P production. S1P can then be exported
(77) and activate proliferative pathways by binding to cell sur-
face S1P receptors (78) (Fig. 7). Concomitantly, ASAH1 medi-
ates cyclin B2 expression,which drivesmitotic progression and,
consequently, cell growth. Further studies are needed to deter-
mine whether S1P is involved in genistein-dependent cyclin B2
expression. In light of the growing interest in the role of phy-
toestrogens in cancer progression and treatment and the devel-
opment of chemotherapeutic strategies to modulate sphingo-
lipid metabolism, our results provide evidence for the integral
role of ASAH1 inmaintaining the cellular proliferative capacity
of ER-positive breast cancer cells.
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mann, S., Grösch, S., Geisslinger,G.,Holtrich,U., Karn, T., andKaufmann,
M. (2008) Breast Cancer Res. Treat. 112, 41–52

70. Gong, D., Pomerening, J. R., Myers, J. W., Gustavsson, C., Jones, J. T.,
Hahn, A. T., Meyer, T., and Ferrell, J. E., Jr. (2007) Curr. Biol. 17, 85–91

71. Bellanger, S., deGramont, A., and Sobczak-Thépot, J. (2007)Oncogene 26,
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