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Background: MicroRNA-21 (miR-21) is an oncomiR in human hepatocellular carcinoma and is highly expressed in liver,
but its regulation is uncharacterized.
Results: Dehydroepiandrosterone (DHEA) rapidly increases miR-21 transcription in HepG2 cells by activating G-protein-
coupled estrogen receptor (GPER).
Conclusion: miR-21 transcription is regulated by DHEA through GPER.
Significance: GPER may be among the activators of miR-21 expression in human hepatocellular carcinoma.

Little is known about the regulation of the oncomiR miR-21 in
liver. Dehydroepiandrosterone (DHEA) regulates gene expression
as a ligand for a G-protein-coupled receptor and as a precursor for
steroids that activate nuclear receptor signaling. We report that 10
nM DHEA increases primary miR-21 (pri-miR-21) transcription
and mature miR-21 expression in HepG2 cells in a biphasic manner
with an initial peak at 1 h followed by a second, sustained response
from 3–12 h. DHEA also increased miR-21 in primary human
hepatocytes and Hep3B cells. siRNA, antibody, and inhibitor stud-
ies suggest that the rapid DHEA-mediated increase in miR-21
involves a G-protein-coupled estrogen receptor (GPER/GPR30),
estrogen receptor �-36 (ER�36), epidermal growth factor recep-
tor-dependent, pertussis toxin-sensitive pathway requiring activa-
tion of c-Src, ERK1/2, and PI3K. GPER antagonist G-15 attenuated
DHEA- and BSA-conjugated DHEA-stimulated pri-miR-21 tran-
scription. Like DHEA, GPER agonists G-1 and fulvestrant
increased pri-miR-21 in a GPER- and ER�36-dependent manner.
DHEA, like G-1, increased GPER and ER�36 mRNA and protein
levels. DHEA increased ERK1/2 and c-Src phosphorylation in a
GPER-responsive manner. DHEA increased c-Jun, but not c-Fos,
protein expression after 2 h. DHEA increased androgen receptor,
c-Fos, and c-Jun recruitment to the miR-21 promoter. These
results suggest that physiological concentrations of DHEA activate
a GPER intracellular signaling cascade that increases pri-miR-21
transcription mediated at least in part by AP-1 and androgen
receptor miR-21 promoter interaction.

Dehydroepiandrosterone (DHEA)4 and its sulfated deriva-
tive, DHEA-S, produced in the adrenal (1), is the most abundant

endogenous circulating steroid hormone. Plasma DHEA-S and
DHEA decline from a peak around age 20 (�6 �M and 24 nM in
women and 11 �M and 22 nM in men, respectively) to �1 �M

DHEA-S and 7 nM DHEA in women and 2.5 �M DHEA-S and 6
nM DHEA in men ages 60 – 80 (2). DHEA is metabolized to
androgens and estrogens. In rats DHEA induces hepatocellular
tumors in a dose-, gender-, and strain-dependent manner (3).
In contrast, treatment of HepG2 hepatocellular carcinoma (HCC)
cells with 100–200 �M DHEA inhibited cell proliferation (4).
DHEA is used as a non-Food and Drug Administration-regulated
dietary supplement varying widely in preparation in the United
States but as a hormone in Europe (5). Although beneficial effects
of DHEA in mood disorders and cardiovascular disease in humans
have been reported, the long term effects of DHEA remain
unknown (5, 6).

The mechanisms of DHEA action remain to be fully eluci-
dated. DHEA binds intracellular steroid/nuclear receptors, e.g.
pregnane X receptor/steroid and xenobiotic receptor (PXR/
SXR), estrogen receptors � and � (ER� and ER�), and androgen
receptor (AR) with Kd in the �M range (7). DHEA binds plasma
membrane (PM) receptors in a cell-specific manner (7). In vas-
cular endothelial cells, DHEA binds (Kd � 49 nM) and activates
specific PM-associated G-protein-coupled receptors (GPCR)
leading to MAPK and endothelial nitric-oxide synthase activa-
tion (8, 9). In PC12 rat adrenal pheochromocytoma cells, DHEA
or membrane-impermeable BSA-conjugated DHEA bound to
“membrane DHEA binding sites” and rapidly (5–30 min) acti-
vated PI3K/AKT, Src, PKA, PKC, and MAPK pathways by
interaction with the sigma-1 receptor (10).

Males have a 2– 4-fold higher incidence of HCC than females
(11), and estrogens are protective, whereas androgens are del-
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eterious in animal models (for review, see Ref. 12). Studies
showed that male 5�-reductase type 1 knock-out (5�R1�/�)
mice were protected against dietary fat-induced HCC by
decreased dihydrotestosterone (DHT) availability and gluco-
corticoid clearance (13). AR was increased in human HCC
compared with normal livers and liver-specific ablation of AR
reduced the incidence of carcinogen- and hepatitis B- induced
HCC tumors in mice (14). A role for acetylcholine-activated AR
in HCC migration and invasion was reported (15). The gender
disparity in HCC may be due to higher interleukin-6 (IL-6) in
males as 17�-estradiol (E2) inhibits IL-6 production (16). Other
studies dispute this claim and implicate a role for Foxa1/2 in
carcinogen-induced HCC in mice (12). E2-ER� inhibited
tumor-associated macrophage activation in orthotopic HCC
xenografts in mice and inhibited Hepa1– 6 HCC cell invasion
(17). Thus, although yet unresolved, E2 appears to act through
multiple mechanisms to inhibit HCC, whereas androgens stim-
ulate HCC.

miR-21 is the most overexpressed oncomiR in HCC (18) and
in the serum of HCC patients (for review, see Ref. 19). miR-21 is
1 of the 10 most abundant miRNAs in human and mouse liver
(20) and is an established survival factor during liver injury and
HCC development (21). miR-21 down-regulates the expression
of a number of tumor suppressor proteins, e.g. Programmed
Cell Death 4 (Pdcd4/PDCD4) (22). Pdcd4 protein is reduced in
human HCC tumors (23) and is inversely correlated with
miR-21 in HCC (24).

The mechanisms regulating miR-21 in HCC remain elusive.
Thyroid hormone (T3) increased transcript levels of both
miR-21 and the TMEM49/VMP1 gene in which it is encoded in
HepG2 cells stably overexpressing thyroid hormone receptor
�1 (TR�1) or TR�1 (25). IL-6 was reported to increase miR-21
in normal human hepatocytes by activating Stat3 recruitment
to the miR-21 promoter (21). We recently reported that DHEA
was metabolized to steroids, increasing AR and ER� recruit-
ment to the miR-21 promoter, resulting in increased primary
miR-21 (pri-miR-21) transcription after 6 h of treatment in
HepG2 cells (26). In this study we demonstrate that DHEA
rapidly (within 15 min) increases pri-miR-21 transcription in
HepG2 cells and investigate the mechanism of the acute
increase in miR-21. Our results suggest that GPER activation is
involved in DHEA-stimulated miR-21 transcription, and we
dissect the molecular mechanisms downstream, revealing roles
for ER�36, EGFR, MAPK, AP-1, and AR.

Experimental Procedures

Chemicals—Chemicals were purchased as follows: Sigma:
E2, wortmannin (PI3K inhibitor), methyl-�-cyclodextrin
(M�CD, lipid raft disruptor), cycloheximide (CHX, translation
inhibitor), pertussis toxin (PT), 4-hydroxytamoxifen, and acti-
nomycin D (ActD, a transcriptional inhibitor); Calbiochem: 4-a-
mino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine
(PP2, a selective Src tyrosine kinase inhibitor) and AG1478 (tyr-
phostin); Tocris (Ellisville, MO): fulvestrant (ICI 182,780), G-1 (a
GPER/GPR30 agonist), and G-15 (a GPER/GPR30 antagonist);
Cell Signaling Technology (Beverly, MA): PD98059 (MEK1/2
inhibitor); Steraloids (Wilton, NH): DHEA, DHT, and 5-andro-
sten-3�-ol-17-one 17-carboxymethyloxime:BSA (DHEA-BSA,

cat. no. A8507-000). The AR antagonist bicalutamide (Casodex)
was generously provided by Astra Zeneca (Macclesfield, UK).

Cells and Treatments—Human hepatocellular liver carci-
noma HepG2 (male) and Hep3B (male) and liver adenocarci-
noma SK-HEP-1 (male) cells were purchased from ATCC and
were used within nine passages. Cells were grown in DMEM
(Cellgro, Manassas, VA) supplemented with 5% fetal bovine
serum (FBS) and 1% penicillin/streptomycin at 37 °C under an
atmosphere of 5% CO2. Before ligand treatment the medium
was replaced with phenol red-free DMEM supplemented with
5% dextran charcoal-stripped FBS for 48 h (“serum-starved”).
Where indicated, HepG2 cells were pretreated with 100 ng/ml
PT for 16 h (27), 100 nM ICI for 6 h, 50 �M PD98059 (28), 100 nM

wortmannin (29), 2 �M PP2 (30), 10 �g/ml CHX (31) for 1 h or
10 mM M�CD for 30 min (32, 33), 10 �M bicalutamide for 1 h
(34) before ligand treatment. For some experiments HepG2
cells were preincubated with 500 nM (35) or 50 �M (36) AG1478
(tyrphostin), an EGFR tyrosine kinase inhibitor, for 1 h before
ligand treatment. Cells were treated with DMSO (vehicle con-
trol), 10 nM E2, or 10 nM DHEA alone or after pretreatment for
1 h. Where indicated, HepG2 cells were preincubated with a
1:200 dilution of rabbit IgG or anti-GPER (Novus Biologicals
NBP1–31239, Littleton, CO), EGFR antibody 528 (Santa Cruz
Biotechnology sc-120, Santa Cruz, CA), or ER�36 (Cell Appli-
cations, CY1109, San Diego, CA) antibodies.

Human Hepatocytes and Treatment—Human hepatocytes
(female) were obtained from BioreclamationIVT, (Baltimore,
MD) and stored in liquid nitrogen until use. InVitroGRO™ CP
medium (Bioreclamation IVT) was prewarmed to 37 °C. Hepa-
tocytes were thawed in a 37 °C water bath for �90 s, and the
contents of 1 vial placed in 5 ml of InVitroGRO™ CP medium.
Hepatocytes were counted, and concentration was adjusted to
0.7 � 106 cells/ml and plated in collagen-coated 12-well plates.
After 24 h the cells were washed with PBS and incubated in
phenol red-free DMEM supplemented with 5% dextran char-
coal-stripped FBS for 48 h (serum-starved before treatment.
Cells were treated with DMSO (vehicle control) or 10 nM

DHEA for 1 or 6 h.
ER�36 Transient Transfection—HepG2 cells were trans-

fected with 1.5 or 2.5 �g of empty vector or pCR3.1-ER�36
expression vector (37) or pRNAT-U6.1/Neo empty vector or
containing shER�36 (38), kindly provided by Dr. Zhaoyi Wang
of Creighton University School of Medicine, for 48 h.

Quantitative Real-time PCR (qPCR) Analysis of miRNA and
mRNA Expression—Total RNA was isolated with the miR-
CURYTM RNA isolation kit (Exiqon, Vedbaek, Denmark)
according to the manufacturer’s instructions. The quality and
quantity of the isolated RNA was analyzed using a NanoDrop
spectrophotometer. Quantification of miR-21 was performed
using the miRCURY LNATM Universal RT microRNA PCR kit
(Exiqon) and SYBR Green master mix (Exiqon). RNU48 and 5 S
RNA were used for normalization of miRNA expression. For
analysis of PDCD4, ESR1 (ER�), ESR2 (ER�), primary miR-21
(pri-miR-21), and TMEM49/VMP1 mRNA expression. 1 �g of
RNA was reverse-transcribed by the High Capacity cDNA
Reverse Transcription kit (Applied Biosystems, Inc., Carlsbad,
CA), and quantitation was performed using TaqMan primers
and probes sets with TaqMan Gene Expression Master Mix
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(Applied Biosystems), and 18S was used for normalization.
The sequences of the real-time primers for GPER were as
follows: forward, 5�-AGTCGGATGTGAGGTTCAG-3�; reverse,
5�-TCTGTGTGAGGAGTGCAAG-3� (39). The sequences of the
primers for qPCR for ER�36 are from Dumond and co-workers
(40) and Wang and co-workers (41). SYBR� Green ROXTM qPCR
Master Mix (Qiagen, Valencia, CA) was used for analysis of GPER
and ER�36. qPCR was run using a ViiA7 real-time PCR system
(Applied Biosystems) with each reaction run in triplicate. Analysis
and -fold change were determined using the comparative thresh-
old cycle (CT method). The change in miRNA or mRNA expres-
sion was calculated as -fold change, i.e. relative to DMSO-treated
(control).

RNA Interference—HepG2 cells were grown to 70% conflu-
ency in 6-well plates in DMEM supplemented with 5% dextran
charcoal-stripped FBS. The siRNA oligonucleotides designed
to target GPER/GPR30 were as follows: sense strand, 5�-CU-
GACACCGUCGACCAGGATT-3�; antisense strand 5�-UC-
CUGGUCGACGGUGUCGTT-3� (42). As a control, cells were
transfected with negative control siRNA (Ambion). In all cases
cells were transfected with 90 pmol of siRNA/well using 7 �l
of Lipofectamine RNAiMAX (Invitrogen) in antibiotic-free
medium and incubated for 72 h. Cells were subsequently
treated with DMSO (vehicle control), 10 nM DHEA, or 10 nM

E2 for 1 h. RNA and protein lysates were prepared for qPCR
and Western blot analysis.

Western Blotting—Cells were treated as indicated in the indi-
vidual figure legends, and whole cell extracts (WCE) were pre-
pared in modified radioimmune precipitation assay buffer
(Sigma) with the addition of protease and phosphatase inhibi-
tors (Roche Applied Science). Western analysis was performed
and quantitated as described (43). Proteins were separated by
10% SDS-PAGE and transferred to PVDF membranes (Bio-
Rad). Dual color precision protein molecular mass markers
(Bio-Rad) were separated in parallel. Antibodies were pur-
chased as follows: ER� (D-12, sc-8005), EGFR (sc-03), and
GPER/GPR30 (sc-48524-R) from Santa Cruz Biotechnology;
Tyr(P)-1068-EGFR (#2236), PDCD4 (9535P), pERK (9101S),
ERK (9102), cJun (9165P), cFos (2250P), pSrc (2101S), and Src
(2108) from Cell Signaling Technology; phospho-Ser-118-ER�
(#2511) from Abcam (Cambridge, MA); GPER/GPR30 (NBP1–
31239) from Novus Biologicals; ER�36 (CY1109) from Cell
Applications; �-actin from Sigma; �-tubulin (MS-581-P1) from
Thermo Scientific/Lab Vision (Fremont, CA). The ER�36 anti-
body was supplied by Dr. Zhaoyi Wang of Creighton University
School of Medicine (37). Chemiluminescent bands were visu-
alized on a Carestream Imager and quantified using Carestream
Molecular Imaging software (New Haven, CT).

Chromatin Immunoprecipitation (ChIP) Assays—ChIP
assays were performed using the MAGnify™ ChIP System kit
(Invitrogen). In brief, HepG2 cells were serum-starved (as
above) for 48 h and then treated with DMSO, 10 nM DHEA, 10
nM E2, 10 nM G-1, or 10 nM DHT for 15 or 60 min. Chromatin
was cross-linked using 1% formaldehyde for 5 min. The soni-
cated extracts were incubated with antibodies or normal rabbit
IgG from Santa Cruz Biotechnology: anti-c-Jun (H-79, sc-1694);
anti-ER� (HC-20, sc-543), anti-ER� (H-150, sc-8974), or anti-AR
(N-20, sc-816). Anti-c-Fos (38–4950) was purchased from Invit-

rogen. The primers used for PCR of the miR-21 promoter and a
negative control region in the TMEM49/VMP1 gene are listed in
Table 1. CT values were normalized against input chromatin, and
relative promoter region enrichment compared with IgG is plot-
ted (44).

Transient Transfection and Luciferase Reporter Assay—
HepG2 cells were transfected with a luciferase reporter con-
taining 1.5 kb of the human MIR21 promoter in the pGL3-basic
vector (Promega, Fitchburg, WI) or a mutant within ARE1 (45),
plus pRL-TK Renilla luciferase (Promega) and luciferase assays
were performed as described in Teng et al. (26).

Statistics—Statistical analyses were performed using Student’s t
test or one-way analysis of variance followed by Student-New-
man-Keuls or Dunnett’s post-hoc tests using GraphPad Prism
(San Diego, CA).

Results

Biphasic Induction of Primary and Mature miR-21 Tran-
script Expression by DHEA—miR-21 is up-regulated in HCC
(19) to which males are more susceptible than females (11). We
examined the time-course of primary miR-21 (pri-miR-21) and
mature miR-21 expression in response to 10 nM DHEA (Fig.
1A). A reproducible biphasic response in both pri-miR-21 and
miR-21 was seen with an initial peak at 1 h followed by a
decrease at 90 min, a sustained second peak from 3– 6 h, and
increased miR-21 expression still detected at 24 h (Fig. 1A). To
our knowledge this is the first report of biphasic regulation of
pri-miR-21 transcription.

DHEA Stimulates miR-21 Expression in Primary Human
Hepatocytes and in Hep3B Cells—DHEA also increased pri-
miR-21 (data not shown) and miR-21 expression in primary
human hepatocytes (Fig. 1B) and in Hep3B cells (Fig. 1C), with
higher expression detected at 1 h than at 6 h.

Stimulation of miR-21 Transcription by DHEA Involves
Plasma Membrane-initiated Signaling Pathways—To investi-
gate the possible mechanisms involved in the rapid increase in
pri-miR-21 and miR-21 transcript expression, HepG2 cells
were selected as a model system because they were derived
from a male patient, are not hepatitis B-positive, and are a com-
monly used HCC cell line in mechanistic studies. HepG2 cells
were treated with pathway-specific inhibitors at concentrations
and for times selected to minimize “off target” effects (see
“Experimental Procedures”) (Fig. 1D). The DHEA-induced
increase in pri-miR-21 and miR-21 detected at 1 h was inhibited
by the transcriptional inhibitor ActD, suggesting a primary
transcriptional effect. In contrast, pretreatment with the pro-
tein synthesis inhibitor CHX did not inhibit DHEA-induced
miR-21, indicating that protein synthesis is not required for
DHEA stimulation of miR-21 expression. Pretreatment of

TABLE 1
Primers used for ChIP assays on the miR-21 promoter and negative
control
MatInspector identified three putative AP-1 binding sites in the ARE region. F,
forward; R, reverse.

ARE-F, 5�-TCCCAATCATCTCAGAACAAGCT-3�
ARE-R, 5�-TGCACAGAAACTCCAGTACATTAGTAAC-3�
Negative control F, 5�-ATTGGCTATCTTTGTGTGCCTTG-3�
Negative control R, 5�-TGCTCAATAAAACACATTGTTCTTCAT-3�
12,038 bp in the 3� end of TMEM49/VMP1
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HepG2 cells with PT, which inhibits G-protein heterotrimer
interaction with GPCRs, inhibited DHEA-induced pri-miR-21
and miR-21 expression. M�CD removes cholesterol from the
PM of cultured cells and is used to examine the necessity of
intact caveolae and PM integrity in intracellular signaling (46).
M�CD inhibited DHEA-induced pri-miR-21 and mature
miR-21 transcript expression. Pretreatment of HepG2 cells
with the EGFR kinase inhibitor AG1478 (tyrphostin), Src kinase
inhibitor PP2, MEK/MAPK inhibitor PD98059, and PI3K/AKT
inhibitor wortmannin also inhibited DHEA-induced pri-
miR-21 transcription and mature miR-21 transcript expres-
sion. Fig. 1E demonstrates that the 0.5 and 50 �M AG1478
concentrations used inhibited EGF-stimulated EGFR phos-
phorylation. Together, these data suggest that the rapid
DHEA-induced increase in pri-miR-21 and miR-21 is a tran-
scriptional response that requires GPCR signaling, EGFR
activation, Src kinase activity, intact PM structure, and
MAPK and PI3K activity.

DHEA Stimulates TMEM49/VMP1 Transcription by a
Mechanism Different from That of miR-21—Most studies of
miR-21 regulation have not evaluated TMEM49/VMP1 expres-
sion in parallel with pri-miR-21 and mature miR-21. The
miR-21 gene was initially reported to be regulated indepen-
dently of TMEM49 in which it is encoded (47). However, there

is evidence of read-through of TMEM49 increasing miR-21
expression (48). DHEA increased TMEM49 expression 1 h after
treatment to a similar extent as pri-miR-21 (Fig. 2A). DHEA-
induced TMEM49 transcription was inhibited by PT, PD98059,
M�CD, and PP2, but not by wortmannin, in contrast to the
inhibition of pri-miR-21 and miR-21 transcription (Fig. 2B and
Fig. 1D). These results suggest differences between DHEA reg-
ulation of pri-miR-21 and TMEM49 transcription by PI3K/
AKT that should be ascribed elsewhere.

DHEA Regulation of miRNA Transcription Appears to Be
miR-specific—To examine the specificity of DHEA activation of
miR-21 expression in HepG2 cells, the effect of 10 nM DHEA on
the expression of miRNAs deregulated in HCC and two with no
reported roles (miR-340 and miR-665, as potential negative
controls) was assessed (Table 2). DHEA had no effect on miR-
340 or miR-665. DHEA increased miR-16, let-7d, and miR-22
and reduced let-7f expression. To test if DHEA-stimulation of
miR-22 involved a pathway similar to that for miR-21 up-regu-
lation, similar inhibitor studies were performed (Fig. 2C), with
different outcomes. The increase in miR-22 was not inhibited
by ActD or PT, suggesting different mechanisms for DHEA
regulation of miR-21 and miR-22 expression. Furthermore, the
MAPK and PI3K pathway inhibitors PD98059 and wortmannin
differentially affected let-7f, miR-200a, and miR-22 expression

FIGURE 1. DHEA increases pri-miR-21 transcription and mature miR-21. For all panels, cells were serum-starved, i.e. incubated in phenol-red free DMEM
medium containing 5% dextran charcoal-stripped FBS, for 48 h before treatment to reduce steroid hormone levels. qPCR was used to examine miR-21 and
pri-miR-21 expression relative to RNU48 and 18S rRNA, respectively. A, HepG2 cells were incubated with DMSO (vehicle control) or 10 nM DHEA for the indicated
times. Relative expression is -fold change normalized to DMSO at time zero. Values are the average of 2– 4 separate experiments � S.E. B, primary human
hepatocytes (B) or Hep3B human hepatoma cells (C) were treated with DMSO or 10 nM DHEA for 1 or 6 h, and qPCR was performed for miR-21. Values are the
average of three determinations within one experiment � S.E. *, p � 0.05 versus DMSO. D, where indicated, HepG2 cells were preincubated with the following
inhibitors: 10 �g/ml ActD, 10 �g/ml CHX, 100 ng/ml PT, 10 �M M�CD, 500 nM AG-1478 (tyrphostin), 2 �M PP2, 50 �M PD98059, or 50 nM wortmannin before 1 h
of treatment with DMSO or 10 nM DHEA. Values are the mean � S.E. of three-four separate experiments/time point. *, p � 0.05 versus DMSO vehicle; #, p � 0.05
versus 10 nM DHEA. E, to confirm that AG1478 blocks EGFR activity in HepG2 cells at the concentrations used, cells were treated with 10 ng/ml EGF � the
indicated concentrations of AG1478 for 15 min. Whole cell lysates, 40 �g of protein, were immunoblotted first for Tyr(P)-1068-EGFR. The membrane was
stripped and re-probed for EGFR.
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compared with miR-21 (Fig. 2C). Together these data suggest
that DHEA regulation of miR-21 transcription is not mediated
by a common cellular response to DHEA and reflects the like-
lihood that miRNAs are individually regulated by complex
networks.

GPER/GPR30 Activation Increases miR-21 Transcription—A
recent study reported that a DHEA metabolite, 7�-hydroxy-
epiandrosterone, activates GPR30/GPER (49). To examine if
DHEA acts through GPER in HepG2 cells, we first confirmed
that HepG2 cells express GPER (42) by demonstrating GPER

mRNA and protein expression in HepG2 cells (Fig. 3, A and B,
and data not shown).

To test the role of GPER in DHEA activation of miR-21 tran-
scription, HepG2 cells were transfected with control siRNA or
siRNA targeting GPER. An �50% reduction in GPER mRNA
(Fig. 3A, gray bars) and an �60% decrease in protein (Fig. 3B)
was detected. We observed that DHEA stimulated GPER
mRNA and protein expression. DHEA-induced GPER mRNA
transcription was blocked by siGPER at 1 h but not 6 h (Fig. 3A).
siGPER inhibited DHEA-stimulated GPER protein expression
by 70% at 1 h and 85% at 6 h (Fig. 3B). Knockdown of GPER
completely abrogated the acute (1 h) DHEA stimulation of pri-
miR-21 and miR-21 expression (Fig. 3C). Furthermore, 10 nM

G-1, a selective GPER agonist that has no affinity for ER� or
ER� (50), stimulated pri-miR-21 and miR-21 to an extent sim-
ilar to 10 nM DHEA and in a GPER-dependent manner (Fig.
3C). Knockdown of GPER inhibited pri-miR-21 but not miR-21
expression stimulated by DHEA 6 h after treatment (Fig. 3C),
whereas knockdown of GPER ablated the stimulation of both
pri-miR-21 and miR-21 by 6 h of treatment with G-1. Less inhi-
bition of DHEA-induced pri-miR-21 expression by siGPER was
detected at 6 h compared with 1 h (complete versus 43%; Fig.
3C). These data suggest that DHEA activation of GPER stimu-
lates miR-21 transcription observed 1 h after treatment, but
after 6 h of DHEA treatment a mechanism in addition to DHEA

FIGURE 2. DHEA regulation of TMEM and other miRNAs. A–C, HepG2 cells were serum-starved for 48 h before treatment. A, TMEM49/VMP1 mRNA transcript
levels were normalized by GAPDH and measured after 1 h of treatment with DMSO or 10 nM DHEA. Values are the average of 15 separate experiments � S.E.
*, p � 0.05 versus DMSO vehicle; #, p � 0.05 versus TMEM49. B and C, cells were pretreated with ActD, CHX, M�CD, PP2, PD98059, or wortmannin (Wort, as in Fig.
1) before 1 h of treatment with DMSO or DHEA. B, TMEM49 transcript levels were normalized by 18S. C, Let-7f, miR-200a, and miR-22 levels were normalized by
RNU48. Values are the average of three separate experiments � S.E. *, p � 0.05 versus DMSO vehicle; #, p � 0.05 versus 10 nM DHEA.

TABLE 2
Effect of DHEA on the expression of other miRNAs in HepG2 cells
HepG2 cells were serum-starved for 48 h and treated with DMSO (vehicle control)
or 10 nM DHEA for 1 h. Expression values are relative to that of miRNA, normalized
to RNU38, at time 0 (no treatment). CHC, chronic hepatitis C infection; NAFLD,
non-alcoholic fatty-liver disease. Values are the mean of triplicate determinations �
S.E.

miRNA DHEA Role in HCC

miR-16 2.2 � 0.03a Reduced (67) or elevated (68) in sera of NAFLD,
CHC, and HCC patients

Let-7d 2.9 � 0.08a Reduced in HCC tumors (69)
Let-7f 0.8 � 0.01 Reduced in HCC tumors (69)
miR-22 1.5 � 0.02a Down-regulated in male HCC tumors (70)
miR-200a 0.9 � 0.01 Down-regulated in HCC tumors (69)
miR-340 0.7 � 0.01
miR-744 0.9 � 0.01 Reduced in HCC tumors (71)
miR-765 1.1 � 0.01

ap � 0.05 versus vehicle control.
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activation of GPER is involved in pri-miR-21 transcription.
This fits the metabolism of DHEA to ER� and AR agonists that
stimulate pri-miR-21 transcription described in Teng et al.
(26).

Like DHEA and G-1, fulvestrant (ICI 182,780), an ER antagonist
and GPER agonist (51), also increased GPER mRNA expression in
a concentration-dependent manner (Fig. 3D and data not shown).
GPER antagonist G-15, which binds neither ER� nor ER� (52),
abrogated DHEA-, G-1-, and fulvestrant-induced GPER expres-
sion (Fig. 3D). Also like DHEA, both G-1 and fulvestrant increased
pri-miR-21 and miR-21 in a concentration-dependent manner
that was abrogated by G-15 (Fig. 3E and data not shown).
Together, these data suggest that DHEA, like GPER agonists G-1
and fulvestrant, increases pri-miR-21, miR-21, and GPER expres-
sion in a GPER-dependent manner (Fig. 3F).

ER�36 Contributes to DHEA-regulated miR-21 Expression—
ER�36 is a PM-associated splice variant of ER� that has been
proposed to mediate the membrane-initiated effects of E2 and
G-1 as a direct transcriptional target of GPER activation of the
Src/MEK1/2/AP-1 pathway (41). Because DHEA activated

GPER and increased GPER expression and G-1 activation of
GPER increases ER�36 (41), we evaluated if DHEA increased
ER�36 expression. One hour of treatment of HepG2 cells with
either 10 nM DHEA or G-1 increased ER�36 mRNA, which was
abrogated by siGPER (Fig. 4A). However, in contrast to the
sustained increase in GPER by DHEA (Fig. 3A), the increase in
ER�36 was transient as levels returned to basal after 6 h of
DHEA or G-1 treatment (Fig. 4A). ER�36 protein was also
increased by DHEA (Fig. 4B). As positive controls, E2 and DHT
increased ER�36 in HepG2 cells (Fig. 4B), similar to findings in
TCam-2 seminoma cells (40).

Preincubation of Cells with Antibodies to GPER, ER�36, or EGFR
Inhibits DHEA-induced Pri-miR-21 and miR-21 Expression—To
further investigate the roles of ER�36 and GPER in DHEA-
induced miR-21 expression, HepG2 cells were preincubated
with antibodies recognizing ER�36 or GPER for either 15 min
or 2 h. Identical preincubation with IgG served as a negative
control with no effect on DHEA- or G-1-induced miR-21
expression (Fig. 4C). Preincubation with antibodies recogniz-
ing either ER�36 or GPER inhibited DHEA-induced pri-

FIGURE 3. DHEA increases GPER/GPR30 and knockdown of GPER inhibits DHEA-induced pri-miR-21 transcription. A, B, and C, HepG2 cells were trans-
fected with an siRNA control or targeting GPER for 48 h and serum-starved during that time. Cells were treated with DMSO (vehicle control), 10 nM DHEA, or 10
nM G-1, a GPER agonist, for 1 or 6 h as indicated. A, GPER expression was determined by qPCR relative to 18S values, and values are the average � S.E. of triplicate
determinations in one experiment. B, WCEs (25 �g) were immunoblotted for GPER, and the blot was stripped and re-probed for �-actin. The arrows indicate the
two GPER bands, monomer and putative dimer, that were quantitated as estimated molecular mass bands of 85 and 45 kDa. The values above the �-actin blot
are the quantitation of the sum of the GPER bands/�-actin relative to the 1 h DMSO siRNA control that was set to 1. The values below the �-actin blot are the
quantitation of the sum of the GPER bands/�-actin relative to the DHEA siRNA control. C, pri-miR-21 and miR-21 expression was determined by qPCR relative
to 18S and RNU48, respectively. Values are the mean � S.E. of three separate experiments. *, p � 0.05 versus DMSO vehicle; #, p � 0.05 versus 10 nM DHEA
(siControl); , p � 0.05 versus 10 nM G-1 (siControl). D and E, HepG2 cells were serum-starved for 48 h before treatment with DMSO, 10 nM DHEA, the indicated
concentrations of GPER agonist G-1, GPER antagonist G-15, or ICI 182,780 (ICI, fulvestrant, a nuclear ER�/� antagonist, and GPER agonist) alone or in combi-
nation for 1 h. Values are the mean � S.E. of three separate experiments. *, p � 0.05 versus DMSO vehicle; #, p � 0.05 versus 10 nM DHEA; , p � 0.05 versus 10
nM G-1. F, a diagram summarizes the results shown here.
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miR-21 and miR-21 expression to a similar extent (Fig. 4C).
However, the anti-ER�36 antibody did not inhibit G-1-induced
miR-21 expression, which was ablated by anti-GPER (Fig. 4C).
Transfection with an ER�36-specific shRNA expression vector
(38) reduced basal pri-miR-21 and miR-21 and inhibited
DHEA-induced expression of both (Fig. 4C). Additionally,
transfection of cells with an ER�36 expression vector (37) for
48 h increased ER�36 (Fig. 4, D and E), pri-miR-21, and miR-21

expression (Fig. 4F). These data suggest that DHEA activates
both GPER and ER�36, whereas G-1 activates only GPER in
HepG2 cells.

Preincubation with an EGFR monoclonal antibody 528,
known to bind the extracellular domain of the EGFR and antag-
onize ligand binding, thus blocking EGFR activation and down-
stream signaling (53), ablated EGF- and DHEA-induced pri-
miR-21 and miR-21 expression (Fig. 4G). The EGFR antibody

FIGURE 4. DHEA activates PM-bound GPER and increases pri-miR-21 transcription. For all panels, HepG2 cells were serum-starved for 48 h before
treatment. A, where indicated, HepG2 cells were transfected with siRNA control or siRNA against GPER for 48 h. Cells were treated with DMSO (vehicle control),
10 nM DHEA, or 10 nM G-1 for 1 or 6 h. qPCR used two different primer sets specific for ER�36 (Dumond (40) and Wang (41); see “Experimental Procedures”. Values
are the average � S.E. of triplicate determinations. B, Western blot for ER�36 using 25 �g of WCE from HepG2 cells treated with DMSO, 10 nM E2, 10 nM DHEA,
or 10 nM DHT for 1 or 6 h. The membrane was stripped and re-probed for �-actin. The values are the ratio of ER�36/�-actin normalized to 1 h DMSO. C, HepG2
cells were preincubated with 1:200 dilution of rabbit IgG or antibodies (Ab) against GPER or ER�36 for 24 h and then treated with DMSO, 10 nM DHEA, or 10 nM

G-1 (shaded gray) for 1 h. Where indicated cells were transfected with pRNAT-U6.1 vector control or the shER�36 plasmid for 48 h before 1 h treatment with
DMSO or 10 nM DHEA. Values are the mean � S.E. of three separate experiments. *, p � 0.05 versus DMSO control. #, p � 0.05 from the indicated treatment
(DHEA or G-1) without antibody or control plasmid. D, HepG2 cells were transfected with the indicated amounts of empty expression vector (EV) or pCR3.1-
ER�36 (37) for 48 h before qPCR for ER�36 relative to 18S. Values are the average � S.E. of triplicate determinations. *, p � 0.05 versus empty vector control. E,
Western blot of ER�36 relative to �-actin. F, transfection of HepG2 cells with ER�36 for 48 h increased pri-miR-21 and miR-21 levels. Values are the average �
S.E. of triplicate determinations. *, p � 0.05 versus empty vector control. G, EGF stimulation of pri-miR-21 and miR-21 expression is blocked by EGFR monoclonal
antibody 528. Cells were incubated with 1 �g/ml EGFR antibody 528 or mouse IgG for 3 h before the addition of DMSO (vehicle control) or 10 nM DHEA for 1 h.
Values are the average � S.E. of triplicate determinations within one experiment. *, p � 0.05 versus DMSO vehicle; #, p � 0.05 versus EGF or DHEA, as indicated.
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528 also inhibited G-1 activation of pri-miR-21, and miR-21
expression was, like DHEA, inhibited by EGFR kinase inhibitor
AG1478 (Fig. 1D), reflecting GPER-EGFR cross-talk (54) (data
not shown). These data suggest that DHEA activates EGFR sig-
naling, an established downstream response to GPER activation
(54).

DHEA-BSA Increases pri-miR-21 and miR-21 Expression in a
GPER-dependent Manner—To further examine the possibility
that PM-associated GPER was activated by DHEA, we tested
the ability of membrane-impermeable BSA-conjugated DHEA
to increase pri-miR-21 and miR-21 expression in a time-depen-
dent manner (Fig. 5, A and B). Some cells were preincubated
with 1 �M G-15 to inhibit GPER activation before the addition
of the DHEA-BSA. Like DHEA, DHEA-BSA increased pri-
miR-21 and miR-21 expression in a GPER-dependent manner
with a peak at 60 min. We observed that the DHEA- and
DHEA-BSA- stimulated increase in pri-miR-21 and miR-21
expression at 6 h was not significantly inhibited by G-15 (data
not shown), suggesting GPER independence at that later time
point. To examine if AR is involved in the rapid increase in
pri-miR-21 and miR-21 stimulated by DHEA and DHEA-BSA,
cells were preincubated with the AR antagonist bicalutamide,
previously shown to inhibit DHEA-induced miR-21 expression

after 6 h of treatment (26). Bicalutamide had no statistically
significant effect on the DHEA- or DHEA-BSA-induced
increase in pri-miR-21 or miR-21 expression (Fig. 5C), suggest-
ing a lack of AR involvement.

DHEA Inhibits PDCD4 Expression—Because DHEA and
DHEA-BSA increased miR-21, expression of the tumor sup-
pressor PDCD4, a bona fide target of miR-21 (22), should be
reduced in DHEA- or DHEA-BSA-treated HepG2 cells. Indeed,
DHEA and DHEA-BSA reduced PDCD4 transcript and protein
expression (Fig. 5, D and E). Bicalutamide did not abrogate the
decrease in PDCD4 after DHEA or DHEA-BSA treatment. AS-
miR-21 increased PDCD4 protein in DHEA-treated HepG2
cells (Fig. 5F), showing direct targeting of PDCD4 by miR-21 in
HepG2 cells. DHEA also decreased PDCD4 transcript levels in
HepG3 and primary human hepatocytes (Fig. 5G). These data
suggest that the increase in miR-21 after DHEA treatment has a
functional outcome: reducing PDCD4 in HCC cells and hepa-
tocytes. Furthermore, AR is not involved in the reduction of
PDCD4 transcript 1 h after DHEA treatment in HepG2 cells.

DHEA Stimulates MAPK and Src Phosphorylation in a GPER-
dependent Manner—Activation of GPER increases MAPK
activity and ERK1/2 phosphorylation (54). We examined if
DHEA increased MAPK and Src phosphorylation in HepG2

FIGURE 5. DHEA rapidly activates MAPK, ER� phosphorylation, and Src phosphorylation and increases c-Jun in HepG2 cells. For all panels, HepG2 cells
were serum-starved for 48 h before treatment. A and B, HepG2 cells were treated with DMSO, 10 nM DHEA, and 10 nM DHEA-BSA for the indicated times. Where
indicated, cells were preincubated with 1 �M G-15 (GPER antagonist) for 1 h before the addition of DHEA or DHEA-BSA. Values are the average � S.E. of three
separate experiments. *, p � 0.05 versus DMSO vehicle; #, p � 0.05 versus 10 nM DHEA or 10 nM DHEA-BSA. C and D, HepG2 cells were treated with DMSO, 10 nM

DHEA, and 10 nM DHEA-BSA for 1 h. Where indicated, cells were preincubated with 10 �M bicalutamide (AR antagonist) for 1 h before treatment. qPCR for
pri-miR-21 and miR-21 were normalized by RNU48, and PDCD4 was normalized by 18S. Values in the DMSO-treated samples were set to one, and values are the
mean � S.E. of three-five separate experiments. *, p � 0.05 versus DMSO. E, HepG2 cells were treated with DMSO or 10 nM DHEA for the times indicated, and WCE
(20 �g of protein) were immunoblotted for PDCD4, a bona fide miR-21 target. The membrane was stripped and re-probed for �-actin. The values are the ratio
of PDCD4/�-actin normalized to DMSO at time zero. F, HepG2 cells were transfected with anti-miR-21 inhibitor or anti-miR control (AS control or AS miR-21) for
24 h before incubation under serum starvation conditions for an additional 48 h before WCE preparation. WCE (20 �g of protein) were immunoblotted for
PDCD4. The membrane was stripped and re-probed for �-actin. The values are the ratio of PDCD4/�-actin normalized to non-transfected cells (lane 1). G,
HepG2, HepG3, and primary human hepatocytes wee serum-starved for 48 h before 1 h of treatment with DMSO or 10 nM DHEA. qPCR for PDCD4 was
normalized to 18S. Values are the average � S.E. of 3 replicate wells within one experiment. *, p � 0.05 versus DMSO vehicle
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cells. DHEA rapidly increased the relative pERK/ERK ratio,
peaking at 5 min. Preincubation with G-15 inhibited DHEA-
induced MAPK activation (Fig. 6A). The pERK/ERK ratio
remained elevated (�1) up to 6 h after DHEA treatment (Fig.
6B). DHEA also increased ER� Ser-118 phosphorylation (Fig.
6C), an established target of MAPK (55). DHEA increased the
pSrc/Src ratio in HepG2 cells with the peak at 5 min, and this
stimulation was inhibited by GPER antagonist G-15 (data not
shown).

Activation of GPER increases the expression of downstream
transcription factors. For example, G-1 increased c-Jun and
c-Fos in a MAPK-dependent manner in PC-3 prostate cancer
cells (56). We observed that DHEA increased c-Jun but had no
effect on c-Fos protein levels in HepG2 cells (Fig. 6D). Together
these data suggest that DHEA activation of GPER and ER�36
activates Src, EGFR, and MAPK, resulting in increased c-Jun
protein expression (Fig. 6E).

Recruitment of AR and AP-1 (c-Fos/c-Jun) and Release of ER�
from the miR-21 Promoter—ChIP assays were performed to
examine ER�, AR, and AP-1 (c-Fos and c-Jun) recruitment to
the miR-21 promoter in HepG2 cells treated for 15 min or 1 h
with DMSO (vehicle control), 10 nM DHEA, or 10 nM G-1.
Primers for qPCR were selected to examine recruitment of each
receptor to the AP-1 binding site/ARE in the miR-21 promoter
(Fig. 7A). DHEA increased AR, cFos, and c-Jun recruitment to
the AP-1/ARE site in the miR-21 promoter, with DHEA show-
ing a larger effect on c-Jun recruitment (Fig. 7B). DHEA
reduced ER� recruitment to the AP-1/ARE region (Fig. 7B).
Similar results were observed in GPER agonist G-1-treated cells
except that equivalent c-Fos and c-Jun recruitment was
observed. These data are consistent with a model of DHEA
activation of signaling pathways that activate AP-1 and AR.

To further address DHEA activation of MIR21 transcription,
HepG2 cells were transiently transfected with a MIR-21 pro-

moter luciferase reporter (Fig. 7C). DHEA-induced luciferase
activity was inhibited by G-15 and bicalutamide and by muta-
tion of the ARE. These data are consistent with roles for GPER
and AR in DHEA-induced miR-21 transcription. AP-1 activa-
tion of miR-21 transcription has been reported (47).

Discussion

Although miR-21 is 1 of the 10 most abundant miRNAs in
human and mouse liver (20) and its expression is elevated in
HCC (18, 19), the mechanisms regulating miR-21 expression in
liver are largely undefined (26). Here we observed that nM con-
centrations of DHEA, physiologically relevant for men and
women 40 – 60 years of age (2), rapidly increased pri-miR-21
transcription and miR-21 expression in primary human hepa-
tocytes, HepG2 cells, and Hep3B cells. Based on reports of rapid
activation of a DHEA-specific GPCR in vascular endothelial
cells (8), PC12 cells (9), and DU145 and Caco2 cells (57), we
hypothesized that the first temporal peak of miR-21 transcrip-
tion detected in HepG2 cells involved plasma membrane-initi-
ated signaling by DHEA. Indeed, we demonstrate here that
inhibition of G-protein heterotrimer interaction with GPCRs
by PT, PM integrity by M�CD, EGFR kinase by AG1478, and
Src kinase by PP2, MAPK, and PI3K block DHEA-induced pri-
and miR-21 transcription, supporting membrane-mediated
signaling by DHEA in HepG2 cells.

Three different experimental approaches demonstrated that
rapid DHEA activation of GPER is involved in increased pri-
miR-21 transcription. The acute increase in pri-miR-21 and
miR-21 transcription at 1 h was abrogated by GPER knock-
down, by preincubation of HepG2 cells with anti-GPER anti-
body, and by GPER-specific antagonist G-15. Although the cel-
lular location of GPER is cell- and context-specific as well as
dynamic (51, 58, 59), DHEA-induced pri-miR-21 transcription
was inhibited by M�CD, which indicates the necessity of intact

FIGURE 6. DHEA increased MAPK and Src activity in a GPER-dependent manner and increases ER phosphorylation. For all panels, HepG2 cells were
serum-starved for 48 h before treatment. Where indicated (A), cells were preincubated with 1 �M G-15 (GPER antagonist) for 15 min. A, the phospho-ERK blot
was stripped and re-probed for total ERK and then stripped and re-probed for �-tubulin. Values are the quantification of pERK/ERK relative to the DMSO control
(lane 1). B, the values are the quantification of pERK/ERK relative to the 1 h DMSO. C, cells were treated with DMSO, 10 nM E2, 10 nM DHEA, or 10 nM DHT as
indicated. The membrane was probed first for phospho-Ser-118-ER� and then stripped and reprobed for ER� and �-actin. The ratios of p-Ser-118-ER�/�-actin
or p-Ser-118-ER�/ER� relative to the 1 h DMSO control are indicated. Un Tx, untreated. D, cells were treated with 10 nM DHEA for the indicated times. WCE (25
�g of protein) were immunoblotted for c-Jun, and the membrane was and stripped and reprobed for c-Fos, then stripped and re-probed for �-tubulin. Values
are the quantification of c-Jun/�-tubulin or c-Fos/�-tubulin relative to time 0 control. E, a model summarizes the suggested conclusions from these data, those
in the preceding figures and those for the GPER-ER�36-EGFR (41) and GPER-Src-EGFR-MAPK-cJun pathways reported previously (51). The dashed arrow
indicates the order of activation remains to be determined.
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caveolae and PM integrity (46). Cell-impermeable DHEA-BSA
showed a similar time-course of induction of pri-miR-21 and
miR-21 expression that was inhibited at 1 h by G-15, suggesting
that DHEA-BSA activated GPER in a manner similar to DHEA.

We found that c-Jun and c-Fos (AP-1) were recruited to the
AP-1/ARE region in the miR-21 promoter. c-Jun phosphoryla-
tion promotes heterodimerization and DNA binding leading to
increased activation of AP-1. AP-1 members are downstream
targets of the JNK and ERK signaling pathways; therefore, it is
possible that the recruitment of AP-1 to the miR-21 promoter
may result from phosphorylation of c-Fos and/or c-Jun. In addi-
tion, GPER activation of MAPK and PI3K increased c-Fos and
c-Jun expression and AP-1 activation, promoting transcription
of targets such as cyclin D1 in breast cancer cells (60). Based on
review of the GPER/GPR30 literature, e.g. Refs. 51, 54, 59, and
the experiments performed here, we suggest a model (Fig. 8)
where DHEA activation of GPER activates Src, in turn activat-
ing EGFR, MAPK, and PI3K, leading to increased pri-miR-21
transcription via AP-1 activation and recruitment to the pri-
miR-21 promoter. Others have reported rapid (5–15 min) Src
activation in HepG2 cells by 1–100 ng/ml EGF (61) and by 10
nM TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) (30), indicat-
ing the presence of these signaling pathways in this cell line.

In HepG2 cells, DHEA did not increase c-Fos protein but did
increase c-Jun after 2 h of treatment. Our data in HepG2 cells
suggest cell-specific differences in the control of AP-1 expres-
sion in response to GPER activation. The increase in c-Jun pro-
tein in HepG2 cells after 2 h of DHEA treatment does not cor-

respond to the initial peak of miR-21 transcription, supporting
a potential role of phosphorylation of AP-1 mediating the
DHEA-GPER signaling pathway for miR-21 expression. Others
have reported that AP-1 activates miR-21 transcription after
4 h of PMA treatment in HL-60 cells (47). To our knowledge
there are no reports of DHEA increasing c-Jun protein
expression.

There is some evidence that the membrane-initiated effects
of E2 and G-1 in breast cancer cells are not mediated by GPER
but require ER�36, a splice variant of ER� lacking exons 1, 7,
and 8 and having an added unique 27-amino acid exon at the C
terminus (36). ER�36 was reported to be higher in HCC com-
pared with normal or cirrhotic liver (62). We observed that
DHEA and G-1 increased ER�36 mRNA and protein in HepG2
cells. This is, to our knowledge, the first report of ER�36 expres-
sion in HepG2 cells and its up-regulation by DHEA. DHEA-
induced ER�36 mRNA expression was ablated by siGPER, in
agreement with cross-talk between GPER and ER�36 in breast
cancer cells (36).

Preincubation of HCC38 breast cancer cells with an ER�36
antibody inhibited E2-induced cell proliferation and PKC activ-
ity (63). Similarly, preincubation of HepG2 cells with an ER�36
antibody inhibited DHEA-induced miR-21 expression at 1 h.
The pathway of rapid membrane-initiated E2 signaling by
ER�36 is thought to involve activation of PLC, PKC, Src, and
ERK1/2 (63). The connection between ER�36 and GPER in
HepG2- and DHEA-induced miR-21 expression likely involves
these pathways, as indicated by the ability of Src kinase inhibi-

FIGURE 7. DHEA rapidly increases AR, c-Fos, and c-Jun recruitment to and dismisses ER� from the miR-21 promoter. A, the diagram shows the chromo-
somal location of the pri-miR-21 promoter within the VMP2/TMEM49 gene (see the Atlas of Genetics and Cytogenetics in Oncology and Haematology). The
location and sequences of the AP-1/ARE and the primers (black arrows) used for ChIP are indicated. MatInspector identified three AP-1 binding sites in the ARE
region. B, HepG2 cells were serum-starved for 48 h and then treated with DMSO, 10 nM DHEA, or 10 nM G-1 for 60 min. ChIP was performed using antibodies for
ER�, AR, c-Fos, and c-Jun as described under “Experimental Procedures.” Values are -fold enrichment of the PCR product in the immunoprecipitated samples
relative to input control and are the average � S.E. of three separate experiments, performed in triplicate within each biological replicate. *, p � 0.05 versus
DMSO. C, HepG2 cells were transfected with a firefly luciferase reporter constructs driven by the 5�-flanking region of human MIR21 in the sense orientation or
with mutations in ARE1 (ARE1mut) (26). The cells were treated with DMSO (�, vehicle control) or 10 nM DHEA for 24 h. Where indicated, cells were preincubated
for 15 min with 1 �M G-15 or 6 h with 100 nM bicalutamide (AR antagonist). The results are expressed relative to DMSO in the full-length MIR21 reporter after
normalization with Renilla luciferase (mean � S.E., n 	 triplicate wells in one experiment). *, p � 0.05 versus DMSO; #, p � 0.05 versus 10 nM DHEA.
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tor PP2 and MAPK inhibitor PD98059 to inhibit DHEA-in-
duced miR-21 transcription. There is also evidence of interac-
tions between GPER and EGFR (58, 59) as well as between full
length ER�, ER�36, ER�46, and GPER, suggesting “complex
stimulatory networks” (for review, see Ref. 64) that require fur-
ther elucidation.

ER� is usually a tumor suppressor (65), and unliganded ER�
occupies AP-1 sites when overexpressed in U2OS cells (66).
The “dismissal” of ER� from the miR-21 promoter in cells
treated with DHEA or G-1 at the time of AP-1 recruitment is
consistent with these data. ER� and other nuclear receptors
show cell-specific and ligand-dependent DNA binding sites,
and ER�-ChIP-RNA seq and Argonaut 2-HITS-CLIP will be
required to fully characterize the DHEA transcriptome and
which miRNA-mRNA pairs are DHEA-regulated in HepG2
cells. Although the AR antagonist bicalutamide did not affect
DHEA-induced pri-miR-21 transcription, we observed an
�2-fold increase in AR recruitment to the miR-21 promoter
with DHEA treatment, suggesting a direct role for AR in medi-

ating the rapid increase in pri-miR-21 transcription stimulated
by DHEA in HepG2 cells. We note that DHEA-BSA activated
miR-21 transcription, a result that cannot be attributed to
intracellular AR, although we cannot exclude the potential for
direct DHEA-AR binding (dotted line in Fig. 8). However, this
seems unlikely as most of our mechanistic experiments used 10
nM DHEA, well lower than the Kd � 1–2 �M for DHEA-AR
binding (7).

Nuclear receptors and AP-1 recruit coregulators that are reg-
ulated by phosphorylation and other post-translational modifi-
cations. Because DHEA rapidly activated MAPK and the stim-
ulation of pri-miR-21 transcription was inhibited by the PI3K/
AKT inhibitor wortmannin, it is possible that coactivators
involved in pri-miR-21 transcription are stabilized or in some
other manner “activated” in response to DHEA treatment
(dashed line in Fig. 8). Future studies are necessary to determine
the contribution of AP-1, AR, and co-activator phosphoryla-
tion on DHEA-mediated miR-21 expression in HepG2 cells.

In summary, this study revealed that a rapid increase in
miR-21 transcription stimulated by DHEA in HepG2 cells
involves GPER and ER�36, which activate Src, EGFR, ERK1/2,
and PI3K/AKT signaling and AR and AP-1 recruitment to the
miR-21 promoter. The increase in miR-21 reduced PDCD4.
Whether DHEA or its metabolites contribute to gender differ-
ences in HCC by increasing oncomiR-21 requires further
examination.
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