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Abstract 

Mesenchymal stem cells can differentiate into mature chondrocytes, osteoblasts, and adi-
pocytes. Excessive and dysfunctional visceral adipocytes increase upon menopause and 
importantly contribute to altered metabolism in postmenopausal women. We previously 
showed both plasma membrane and nuclear estrogen receptors alpha (ERα) with en-
dogenous estrogen are required to suppress adipogenesis in vivo. Here we determined 
mechanisms by which these liganded ER pools collaborate to inhibit the peroxisome 
proliferator-activated gamma (PPARγ) gene and subsequent progenitor differentiation. In 
3T3-L1 pre-adipocytes and adipose-derived stem cells (ADSC), membrane ERα signaled 
through phosphatidylinositol 3-kinase (PI3K)-protein kinase B (AKT) to enhance ERα nu-
clear localization, importantly at the PPARγ gene promoter. AKT also increased overall 
abundance and recruitment of co-repressors GATA3, β-catenin, and TCF4 to the PPARγ 
promoter. Membrane ERα signaling additionally enhanced wingless-integrated (Wnt)1 
and 10b expression. The components of the repressor complex were required for es-
trogen to inhibit rosiglitazone-induced differentiation of ADSC and 3T3-L1 cells to mature 
adipocytes. These mechanisms whereby ER cellular pools collaborate to inhibit gene ex-
pression limit progenitor differentiation to mature adipocytes.
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Postmenopausal women often develop several meta-
bolic diseases with greater frequency than premenopausal 
women, including osteoporosis, glucose intolerance or 
frank diabetes mellitus, and obesity (1). Important con-
tributors include loss of bone mineral density and increased 
bone resorption, and increased amounts and altered func-
tions of visceral fat that commences shortly after meno-
pause (2, 3). In humans and animal models, estrogen acts 
through estrogen receptor alpha (ERα) to inhibit visceral 
fat development, thereby impeding obesity (4, 5). Estrogen 
also diminishes food consumption and stimulates energy ex-
penditure through ERα in discrete hypothalamic nuclei (6). 
Thus, the significant diminution of ovarian 17-β-estradiol 
(E2) importantly contributes to several metabolic diseases 
in aging women, in part related to body fat distribution 
(7, 8).

E2 and genistein (a phytoestrogen) inhibit human bone 
marrow progenitor commitment to the adipocyte lineage, 
limiting visceral fat development (9). Additionally, total 
ERα knockout mice show abundant visceral fat and re-
lated metabolic abnormalities (5), but it is not clear in what 
cell and organ the sex steroid is acting. More recently, in 
adipose niche progenitors, E2 and ERα were reported to 
stimulate subcutaneous fat development that is considered 
metabolically advantageous (10). Functionally, trans-
forming growth factor-β action has been implicated in E2 
effects on bone marrow–derived stem cells (BMSC) (9, 11), 
but additional mechanisms are likely although not well 
understood.

We recently showed that extranuclear (plasma mem-
brane–localized) and nuclear ERα are both required for 
estrogen to inhibit rosiglitazone (Rosi)-stimulated differen-
tiation of BMSC and 3T3-L1 cells into mature adipocytes, 
also seen from in vivo mouse abdominal fat (12). This work 
utilized BMSC and in vivo studies in wild-type and trans-
genic mice, the latter engineered to only delete either the 
membrane or nuclear ERα pool, respectively resulting in 
nuclear ERα-only (NOER) (13) or membrane ERα-only 
(MOER) mice (14, 15). Extranuclear and nuclear ERα are 
the same protein that results from the same mRNA (16) 
and all cellular ERα pools are lost upon deletion of the 
esr1 gene in mice (5). Neither ERβ (17) nor the putative 
estrogen receptor, GPR30, are important for E2 to inhibit 
adipogenesis (12). This is consistent with ERβ (17) not im-
portantly contributing to adipocyte suppression when ERα 
is present (5, 18). The 2 cellular pools of ERα are both 
required to inhibit key mRNAs/proteins for visceral fat de-
velopment in normal mice, and in wild-type (WT) mouse 
BMSC, and in 3T3-L1 cells (12).

Excessive adipose-derived stem cell (ADSC) differenti-
ation to mature adipocytes is considered to contribute to the 
altered metabolism that often occurs in the postmenopausal 

state in women (19). Here we report how membrane and 
nuclear ERα collaborate in pre-adipocytes and pluripotent 
ADSC to inhibit differentiation. Additionally, our results 
address how extranuclear and nuclear steroid receptor 
pools together regulate key gene transcription that is es-
sential to organ development. We identify specific signals 
generated by membrane ERα and subsequent targets that 
impact and collaborate with nuclear ERα as essential for 
steroid receptor function.

Materials and Methods

Mice

Transgenic MOER and NOER mice were created as pre-
viously described (13, 14). The MOER mice have only the 
steroid-binding domain targeted to the plasma membrane 
of all organs/cells, and no other pools of ERα, as this mouse 
were created on the background of total ERα depletion. 
MOER mice show E2-induced rapid signal transduction 
that is identical to WT mouse organs/cells. The point mu-
tant (C451A) NOER knock-in mice show only deletion 
of the plasma membrane pool resulting from the loss of 
ERα palmitoylation that is necessary for trafficking of the 
steroid receptor to that cell location. Signal transduction 
in response to estrogen is lost in this mouse (13). These 
and WT mice were used for experiments that conform to 
relevant regulatory standards as approved by the Animal 
Studies and the Research and Development Committees at 
the Department of Veteran’s Affairs Long Beach Healthcare 
Facility. All mice were fed Teklad 8604 mouse chow 
(Madison, WI, USA) with relatively low fat. At 16 weeks 
of age, ovary-intact females were used for experiments. For 
visceral fat studies, anesthetized mice were weighed, the ab-
domen opened, and fat was dissected free from viscera.

Experimental model and subject details

ADSC cells were isolated from visceral adipose fat depot in 
the abdomen. 3T3-L1 cells were obtained from American 
Type Culture Collection (Manassas, VA).

ADSC isolation

Using the Adipose Tissue Dissociation Kit for rodents 
(Miltenyi Biotec, Auburn, CA, USA), ADSCs were isolated 
from abdominal visceral adipose depots of WT, MOER, and 
NOER mice as described previously (20). Mouse adipose 
depots were excised and cut with scissors into pieces of 1 to 
2 mm using sterile techniques. The minced adipose tissue was 
digested with 1.0 mg/mL collagenase type 4 (Worthington 
Biochemical Corporation NJ, USA; LS004174; 5  mL per 
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mouse adipose depot) prepared in sterile Hank’s Balanced 
Salt Solution (HBSS) containing 3% bovine serum albumin 
(BSA), 1.23  mM CaCl2, 1.03  mM MgCl2, and 0.83  mM 
ZnCl2 for 2 hours at 37 °C in a shaking water bath. Floating 
adipocytes were separated from the stromal vascular frac-
tion (SVF) by centrifugation at 600g  for 10 minutes. 
The SVF pellet was resuspended in HBSS–3% BSA wash 
buffer and filtered through sterile 70 µm (BD Biosciences, 
CA, USA; product number 352350)  nylon mesh filters. 
Adipose tissue-derived progenitor cells were isolated using 
the Mouse Tissue Progenitor Cell Isolation Kit (Miltenyi 
Biotec, Auburn, CA, USA) per manufacturer’s instructions. 
In brief, nontarget cells were magnetically labeled with the 
Non-Adipocyte Progenitor Depletion Cocktail, a cocktail of 
monoclonal antibodies conjugated to MACS Microbeads. 
The magnetically labeled nontarget cells were depleted 
using a MACS Column in the magnetic field of a MACS 
Separator that retains the labeled cells while the unlabeled 
adipose tissue progenitor cells flow through the column. 
In the second step, the progenitor cells were labeled with 
the Adipocyte Progenitor Isolation Cocktail and purified 
by positive selection separation using a MACS Column. 
ADSC cells were fluorescently stained with lineage markers 
(CD31/CD45/Anti-Ter-119-APC) and Anti-Sca-1-FITC (# 
130-102-297) and analyzed by flow cytometry using the 
FacsCalibur Analyzer.

Cell culture and treatments

3T3-L1 and ADSC cells were grown to approximately 80% 
confluence in culture medium (Dulbecco’s modified Eagle’s 
medium [DMEM] containing 10% bovine calf serum 
[Denville Scientific, South Plainfield, NJ, USA], 100 units/mL 
penicillin, 100 µg/mL streptomycin, 2 mM L-glutamine, and 
1 mM sodium pyruvate) in a 10% CO2 incubator at 37 °C. 
To induce differentiation, the cells were switched to me-
dium containing dialyzed 10% fetal bovine serum (Gemini 
Bio-products, Sacramento, CA, USA), 10  µg/mL insulin 
(Sigma-Aldrich, St. Louis, MO, USA), 1  µM dexametha-
sone (Sigma-Aldrich), 0.5 mM 3-isobutyl-1-methylxanthine 
(IBMX, Sigma-Aldrich) for 2 days, followed by culture for 
up to 8 days in the same medium without insulin but with 
1  μM rosiglitazone (Rosi) added. For some studies, cells 
were pretreated for 1 hour with PI3K inhibitor, 10  μM 
LY294002 (Sigma), or with MEK inhibitor, 1μM PD98059 
(Sigma) prior to treatment with 10 nM 17β-estradiol (E2) 
(Sigma) or vehicle (0.05% DMSO) control.

Oil Red O staining assay

Maturation of all cells on day 8 of treatments was con-
firmed by Oil Red O (Sigma-Aldrich, St. Louis, MO, USA) 

staining and lipid vesicle formation as described in our pre-
vious studies (11). Oil Red O staining was performed with 
modifications, to avoid dye precipitation during incubation 
with cells. For dye preparation, 0.35 g Oil Red O was dis-
solved in 100 mL isopropanol overnight at room tempera-
ture and filtered. Thirty mL of water were added to 60 mL 
of the solution (0.1% working solution) and left overnight 
at 4 °C. The working solution was filtered twice and added 
to the cells. Adherent cells were rinsed with phosphate-
buffered saline (PBS) and fixed in 4% paraformaldehyde 
for 1 h, followed by rinsing with PBS once and with water 
twice. After the rinsing, staining with 0.1% Oil Red O was 
performed for 1 to 2 hours. The plates were rinsed 3 times 
with water, and images of the cells on plates were taken in 
water. For quantification, the dye was extracted with iso-
propanol, and absorbance was determined at 492 nm.

siRNA studies

Wnt1, Wnt10b, β-catenin, TCF-4, and GATA-3 protein ex-
pression was knocked down using commercially available, 
pooled specific siRNAs (Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA). During induction of adipogenesis, 3T3-
L1 and ADSC cells were transfected with 100 nM specific 
siRNAs or scrambled siRNA using Lipofectamine 2000 
(Invitrogen). Protein expression was analyzed by immuno-
blotting 2 days after transfection.

Immunoprecipitation and Western blotting

The cells were lysed using 50  mM Tris-HCl, pH 7.4, 
150  mM NaCl, 0.25% deoxycholic acid, 1% NP-40, 
1 mM EDTA (RIPA lysis buffer, Millipore) containing pro-
tease and phosphatase inhibitor cocktail (Sigma-Aldrich, 
USA). The protein concentration was determined using the 
Quick Start Bradford protein assay (Bio-Rad). A quantity 
of 20 to 100 μg of the lysates were separated on 4% to 
20% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad) 
transferred to the PVDF membrane (GVS North America, 
ME, USA). Blots were probed with primary antibodies in 
5% milk or BSA (Santa Cruz Biotechnology, TX, USA) at 
4  °C overnight as detailed in Table  1. After washing the 
membrane in TBS buffer, membranes were probed with 
respective secondary antibodies; the blot was incubated 
in horseradish peroxidase (HRP) secondary antibody in 
5% milk or BSA for one hour. The blot was then washed, 
subjected to chemiluminescence detection, and exposed 
to x-ray film. For some studies, we used the Odyssey in-
frared imaging system (LI-COR Bioscience, Lincoln, NE) 
for imaging the Western blots. The immunoreactive bands 
were detected by using goat anti-rabbit IR Dye 800 sec-
ondary antibodies (1:20 000, LI-COR Bioscience, Lincoln, 
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NE), and goat anti-mouse IRDye-680 secondary antibodies 
for β-actin (1:20  000, LI-COR Bioscience, Lincoln, NE, 
USA). As a measure of kinase activation, phosphorylation 
of active sites in each kinase were detected by Western 
blotting with anti-phospho antibodies. The primary anti-
bodies (Table 1) used were: p-Akt1 (Ser 473) HRP (1:100, 
sc-293125 HRP Santa Cruz Biotechnology), p-Akt1 (Ser 
473)  (1:500, 9271, Cell Signaling Technology), Akt1 
(A-11) (1:1000, sc-377457, Santa Cruz Biotechnology), 
Akt1(1:1000, 9272, Cell Signaling Technology), β-catenin 
(1:500, 9562, Cell Signaling Technology), ERα (1:250, 
sc-787X ChIP Santa Cruz), Ezh2 (1:500, 5246S, Cell 
Signaling Technology), pEZH2/KMT6 (phospho S21) 
(1:250, ab84989, Abcam), GATA3 (1:500, M00593, Boster 
Biological Technology), tri-methyl histone H3 (lysine 
27)  (1:250, MA5-1198, Thermo Fisher Scientific), TCF4 
(1:500, 2566, Cell Signaling Technology), Wnt1 (1:250, 
36-5800, Thermo Fisher Scientific), and Wnt10b (1:250, 
PA5-72461,Thermo Fisher Scientific).

Immunoprecipitation assays were performed using 
Dynabeads Protein G Immunoprecipitation Kit as per 
manufacturer’s instructions. Cells were lysed, and proteins 
were extracted using RIPA buffer and then centrifuged 
at 12  000g for 15 minutes at 4  °C. Supernatants were 
precleared with 50 μL of Dynabeads Protein G (Invitrogen). 

Dynabeads magnetic beads (50 μL each) were transferred 
to 1.5-mL tubes. The tubes were placed on the DynaMag 
magnet stand to separate the beads from the solution and 
the supernatant was removed. The tubes were removed 
from the magnet and incubated with 2 µg or 1:50 dilution 
of specific antibodies for 60 minutes at room temperature 
with rotation. The tubes were placed on the magnet and the 
supernatant was removed. The antibody was crosslinked to 
the Dynabeads magnetic beads BS3 (bis[sulfosuccinimidyl] 
suberate), the water-soluble form of DSS (disuccinimidyl 
suberate) crosslinking reagent as per manufacturer’s in-
structions. The Dynabeads magnetic beads-Ab complex 
was then resuspended in 200 μL of Ab binding and washing 
buffer and washed twice by placing the tube on the magnet 
and removing the supernatant. The magnetic bead-Ab 
complex was then incubated with protein samples (100-
200 µg in100 μL of Ab Binding and Washing Buffer) for 60 
minutes at room temperature with rotation. The magnetic 
bead-Ab-Ag complex was washed 3 times using 200  μL 
Washing Buffer by placing the tubes on the magnet to re-
move the supernatant. The bound proteins were eluted by 
incubating the magnetic beads with 20 μL of Elution Buffer 
and 10 μL of premixed SDS-Sample Buffer and heating for 
10 minutes at 70 °C. The eluted proteins were collected by 
removing the supernatants after placing the tubes on the 

Table 1. Antibodies

Target Manufacturer Catalog # RRID

Ezh2 Cell Signaling Technology 5246S AB_10694683 (21)
p-Akt1 Antibody (Ser 473) HRP Santa Cruz Biotechnology sc-293125 HRP AB_2847909 (22)
p-Akt1 Antibody (Ser 473) Cell Signaling Technology 9271s AB_329825 (23)
Akt1 Antibody (A-11) Santa Cruz Biotechnology sc-377457 AB_2864303 (24)
Akt1 Antibody Cell Signaling Technology 9272s AB_329827 (25)
GATA3 Boster Biological Technology M00593 AB_2864304 (26)
ERα Santa Cruz Biotechnology sc-787 (ChIP) AB_627554 (27)
Wnt10b Thermo Fisher Scientific PA5-72461 AB_2718315 (28)
Wnt1 Thermo Fisher Scientific 36–5800 AB_2533269 (29)
Anti-tri-methyl histone H3 (Lys 27) Thermo Fisher Scientific MA5-11198 AB_11000749 (30)
KMT6 / EZH2 (phospho S21) Abcam ab84989 AB_1860363 (31)
A/G Plus-Agarose Santa Cruz sc-2003 AB_10201400 (32)
TCF4 Cell Signaling Technology 2566 AB_2864320 (33)
β-catenin Cell Signaling Technology 9562 AB_331149 (34)
PPARγ Abcam ab233218 AB_2864366 (35)
FLAG (M2 mouse)  Sigma-Aldrich F3165 AB_259529 (36)
FLAG (R rabbit)  Sigma-Aldrich F7425 AB_439687 (37)
IRDye 800CW Goat anti-Mouse IgG LI-COR Biosciences 926–32210 AB_621842 (38)
IRDye 800CW Goat anti-Rabbit IgG LI-COR Biosciences 926–32211 AB_621843 (39)
IRDye 680LT Goat anti-Mouse IgG LI-COR Biosciences 926–68020 AB_10706161 (40)
mouse anti-rabbit IgG-HRP Santa Cruz Biotechnology sc-2357 AB_628497 (41)
mouse anti-goat IgG-HRP Santa Cruz Biotechnology sc-2354 AB_628490 (42)
goat anti-mouse IgG-HRP Santa Cruz Biotechnology sc-2031 AB_631737 (43)
Goat anti Rabbit IgG Alexa Fluor 488 Thermo Fisher Scientific A27034 AB_2536097 (44)
Donkey anti Mouse IgG Alexa Fluor 488 Thermo Fisher Scientific A32766 AB_2762823 (45)
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magnet. The supernatant/samples (15 μL) were separated 
on a 10% gel and transferred onto a PVDF membrane and 
analyzed by Western blotting.

Immunofluorescence studies

For immunofluorescence studies, cells (3 × 105) were cul-
tured on collagen (BD, Bedford, MA, USA)-coated glass 
cover slips. Twenty-four hours later, cells were treated with 
various agents, washed with PBS, and fixed with 4% fresh 
paraformaldehyde for 10 minutes at room temperature. For 
FLAG-TAG expression and nuclear quantification, fixed 
samples were washed, permeabilized with 0.2% Triton 
X-100 in PBS for 5 minutes, and washed 3 times with PBS. 
Before antibody incubation, cells were blocked with serum 
from the same species as the secondary antibody or 2% 
BSA at room temperature for 30 minutes. Cells were in-
cubated with FLAG-TAG primary antibody (dilution 1:50 
in 0.5% BSA-PBS) at room temperature for 2 hours. The 
cells were then incubated for 1 hour with Goat anti Rabbit 
IgG Alexa Fluor 488 (1:125, Thermo Fisher Scientific Cat# 
A27034, RRID: AB_2536097) or Donkey anti Mouse IgG 
Alexa Fluor 488 Thermo (1:125 Fisher Scientific Cat# 
A32766, RRID: AB_2762823) (Table 1) at room tempera-
ture in dark. Cells were washed with PBS and the coverslips 
were mounted with antifade mounting medium. Images 
were acquired using the Spot Software with the SPOT 
FLEX camera (Diagnostic Instruments, Sterling Heights, 
MI) mounted on the Nikon Eclipse E600 Epi fluorescence 
microscope and were analyzed using the Image J software 
with the MBF “ImageJ for Microscopy” plugins from the 
National Institutes of Health. For each image, integrated 
intensity was analyzed in 10 random regions within the nu-
cleus. The relative level of fluorescence (au) was calculated 
as integrated intensity minus the background intensity. The 
data was analyzed using Prism Graph Software.

Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation was performed using 
ChIP-IT Express Enzymatic kit (Active Motif, Carlsbad, 
CA) according to the manufacturer’s instruction. Briefly, 
the 3T3 cells were grown in 15-cm dishes to confluency and 
treated as needed. The culture media were poured off and 
the cells were fixed with 1% formaldehyde at room tem-
perature for 10 minutes. The fixation reaction was stopped 
with glycine stop-fix solution. The cells were washed with 
PBS and scrapped into 15-mL tubes. After centrifugation, 
the pellets were resuspended in lysis buffer for 30 minutes 
on ice. To aid in the release of nuclei, the cells were hom-
ogenized using the Dounce homogenizer and transferred 

to microcentrifuge tubes. The samples were centrifuged for 
10 minutes at 5000 rpm and the nuclei pellets were resus-
pended in 350 μL Digestion Buffer with Enzymatic Shearing 
Cocktail (provided in the kit) for 12 minutes at 37 °C. The 
sheared chromatin samples were centrifuged for 10 min-
utes at 15 000 rpm at 4 °C, and supernatants were collected 
to microcentrifuge tubes. Ten microliters of sheared chro-
matin were transferred to microcentrifuge tubes as “Input 
DNA,” and 50 μL of sheared chromatin was removed and 
subjected to cross-link reversal, proteinase K digestion, and 
purification using phenol/chloroform. The DNA was sep-
arated in 1% agarose gel to assess the efficiency of DNA 
shearing, and the DNA concentration was determined by 
spectrophotometer.

Twenty micrograms of sheared chromatin were 
immunoprecipitated with 3  μg of ChIP grade antibodies 
ERα (Santa Cruz Biotechnology, TX, UA), GATA3 (Boster 
Biological Technology, CA, USA), β-Catenin, TCF4 (Cell 
Signaling Technology, MA, USA), or rabbit ANTI-FLAG 
(Sigma-Aldrich, MO) as detailed in Table  1, with 25  μL 
of magnetic beads (provided in the kit) in a total volume 
of 200 μL for overnight at 4°C on an end-to-end rotator. 
The magnetic beads were washed with the kit buffer and 
chromatin was eluted in elution buffer. The eluted chro-
matin and input DNA were reverse crosslinked by heating 
at 95  °C for 15 minutes and digested with protein pro-
teinase at 37 °C for 1 hour. The eluted ChIP samples were 
further subjected to DNA clean-up for real-time poly-
merase chain reaction (PCR) analysis. We used the Active 
Motif Chromatin IP DNA Purification Kit (Catalog No. 
58002)  for ChIP DNA purification. The DNA samples 
were added with purification binding buffer and placed on 
a DNA purification column. The samples were centrifuged 
(14 000 rpm for 1 minute) and washed with buffer (pro-
vided in the kit). Fifty μL of DNA purification buffer was 
added to the column and ChIP DNA was collected after 
centrifugation. ChIP DNA was used for real-time PCR de-
tection of the binding sites for ERα, GATA3, and TCF4 
in the PPARγ promoter (Table 2) and for binding sites for 
ERα in Wnt1 and Wnt10b promoters (Table 3).

Potential binding sites in mouse PPARγ promoter for 
ERα, GATA3, and the TCF4 were identified. We used pub-
lished results regarding transcription factor binding sites 
particularly at gene promoters and determined if a similar 
motif was present in the PPARγ promoter. For ERα we 
looked for both canonical and noncanonical ERα binding 
sites in the PPARγ promoter. We also did this for TCF4 and 
GATA3 binding to the PPARγ promoter and ER binding to 
the Wnt1 and Wnt10b promoters. Real-time PCR was per-
formed using the CFX96 Real-Time PCR Detection System 
(Bio-Rad Laboratories, Hercules, CA) Typically, 2 μL ChIP 
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DNA was mixed with the primers (final concentration, 
300 nM) using SsoFast EvaGreen Supermix (Bio-Rad) in a 
total volume of 20 μL. Quantitative PCR (qPCR) was per-
formed at 95 °C for 1 minute, followed by 2-step PCR: 40 
cycles of 95 °C for 10 seconds, and 56°C for 30 seconds. 
The qPCR results were analyzed using either Percent Input 
Method or Fold Enrichment Method.

RNA extraction and qRT-PCR

Total RNA was extracted using the Qiagen RNeasy Plus 
Mini Kit and the concentration was determined using 
spectrophotometer. One μg total RNA was used for 
cDNA synthesis using iScript cDNA synthesis Kit (Bio-
Rad Laboratories, Hercules, CA), and then subjected 
to qPCR. Primers were designed using NCBI Primer-
BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/, 
RRID:SCR_003095) and synthesized by Eurofins Genomics 
(Huntsville, AL). Primers are used for validation of target 
genes and 18S rRNA (control) and are listed in Table 4.

The qPCR was performed using the SsoFast EvaGreen 
Supermix (Bio-Rad) and carried out in CFX96 Real-Time 
PCR Detection System (Bio-Rad). Cycling conditions were 
95 °C for 1 minute, followed by 40 cycles of 95 °C for 10 
seconds, and 56 °C for 30 seconds. All samples were run in 
triplicate and relative quantification of gene expression was 
determined by 2−ΔΔCT method.

Statistical analysis

Most in vitro studies were carried out 3 times, and for these 
studies, the mean and standard error of the mean (SEM) 
for parameters were analyzed by 2-way analysis of vari-
ance (ANOVA) plus Schefeʼs test at a level of significance 

of P < 0.05. Expression of mRNAs was normalized using 
18s rRNA and protein expression was normalized using 
β-actin.

Results

Membrane ERα signals to nuclear ER recruitment 
at the PPARγ promoter

Rosi is a PPARγ agonist that stimulates PPARγ expression 
and activity, a master promoter of adipogenesis (46, 47). 
This underlies Rosi stimulating the differentiation of early 
(BMSC) and late progenitor cells to mature adipocytes, in-
hibited by E2 as we previously showed (12).

In 3T3-L1 cells expressing both membrane and nu-
clear ERα (12), we find E2 inhibits Rosi-stimulated PPARγ 
mRNA and protein by approximately 65% (Fig. 1A). These 
effects of E2 were significantly reversed by blocking AKT 
signaling from membrane ERα with a soluble inhibitor, 
LY29402 (12, 13).

We then determined whether signal transduction from 
membrane ERα enhanced recruitment of nuclear ERα to 
DNA. E2 exposure stimulated recruitment of nuclear ERα 
to a noncanonical estrogen response element (14) in the 
promoter of PPARγ (Fig. 1B). Shown by ChIP and qPCR, 
this occurred significantly in the absence or presence of 
Rosi, although Rosi partially limited the E2 effect. E2 en-
hancement of nuclear ERα localization at the PPARγ pro-
moter was significantly reversed by LY29402 (Fig.  1C), 
consistent with E2 stimulating AKT activation in these cells 
(Fig.  1D). In contrast, a MEK/ERK inhibitor (PD98059) 
did not significantly affect nuclear ERα localization at the 
PPARγ promoter (Fig. 1C).

Table 2. Transcription Factor Binding Sites in the PPARγPromoter

Gene Consensus sequence Location—position PCR primers

ERα 5′-AGTCAACATGGCC-3′ 1917-1904 bp f: 5′-TTCTCACTGAGTGTGGGATG-3′
r: 5′-ACTAACCATGCAAAGACTCC-3′

GATA3 5′-AGATAA-3′ 1507-1501 bp f: 5′-TGGTGAGGATGGTTTGTAC-3′
r: 5′-GCTTCTTGCTCAAGATGCTTC-3′

TCF4 5′-TACAAAG-3′ 1705-1698 bp f: 5′-GGTGGCACATGCCTTTAATC-3′
r: 5′-CTGGCTGTCCTGGAACTCAC-3′

Table 3. ERα Binding Sites in Wnt1 and Wnt10b Promoters

Gene Putative sequence Location—position PCR primers

Wnt1 5′-TGTGGCCCTGACC-3′ 304-291 bp f: 5′-TTCGCTCGCCACTCATTGTC-3′
r: 5′-TGACTGCAGTGAGAAGAGGCT-3′

Wnt10b 5′-GGCCCGAGTGACT-3′ 1507-1501 bp f: 5′-GGGCTGAACCCGACAGTTTC-3′
r: 5′-TCAGGTGCAGGATCCACAAG-3′
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How does AKT underlie E2-induced recruitment of nu-
clear ERα to the PPARγ promoter? To investigate this, we 
identified 3 putative AKT phosphorylation sites at serine 
residues 170, 171, and 172 in mouse ERα. Single serine-
to-alanine mutants at each site were made, and along with 
WT ERα, were each cloned into a vector with a Flag-tag 
(Sigma). Each construct was singly expressed in 3T3L1 
cells. We first determined that in the absence of E2, rela-
tively few cells showed nuclear Flag-WT ERα. However, 
the sex steroid caused strong translocation of the WT re-
ceptor into the nucleus (Fig. 1E). The serine 170-to-alanine 
(ser170ala) mutant responded to E2 comparably to the 
WT receptor. In contrast, ser171ala and ser172ala mu-
tants responded to the sex steroid with significantly dimin-
ished nuclear localization of ERα (Fig.  1E). Recruitment 
of WT and mutant(s) ERα to the PPARγ promoter was 
also assessed. Consistent with the nuclear localization re-
sults, WT and ser170-mutated ERα each showed compar-
able, E2-enhanced PPARγ promoter localization (Fig. 1F). 
However, ser171 and ser172 mutants each showed a mark-
edly diminished response to E2 in this regard. These results 
are also supported by the ability of the AKT inhibitor (48) 
to diminish endogenous ERα recruitment to the PPARγ 
promoter (Fig.  1C). Our findings support stimulation of 
AKT by E2/membrane ERα causes phosphorylation and 
resulting nuclear translocation of the steroid receptor. 
As a result, sex steroid–induced binding of ERα at the 
PPARγ promoter was significantly enhanced. It is feasible 
that additional mechanisms from AKT function, perhaps 
involving protein-protein interactions in the nucleus may 
also contribute.

To support important findings as also occurring in 
ADSC we isolated these cells from visceral, abdominal 
fat of WT, MOER, and NOER female mice and acutely 
cultured the cells. We determined PPARγ expression and 
found that E2 substantially inhibited Rosi-induced mRNA 
only in cells from the WT, but not the MOER or NOER 
mice (Fig.  1G). This is consistent with this suppressive 
effect of E2 requiring both membrane and nuclear ERα, as 
shown in 3T3-L1 and BMSC cells (12).

We also determined the effects of E2 on differentiation 
of ADSC from WT, MOER, and NOER mice. Upon ex-
posure of the cultured ADSC from the 3 mice to Rosi, a 
significant increase in differentiation was seen (Fig.  1H). 
However, only WT cells were inhibited in this regard by 
E2. MOER cells but not NOER cells are capable of AKT 
stimulation upon E2 exposure (12). However, neither 
MOER nor NOER ADSC showed E2-inhibition of Rosi-
induced PPARγ expression and differentiation (Fig. 1G and 
H). Thus, AKT alone is insufficient for E2 to diminish Rosi-
induced differentiation of ADSC since both receptor pools 
are required.

E2 stimulates co-repressor expression and 
recruitment to DNA

Multiple co-regulatory proteins have been implicated in al-
tering expression of key adipogenic genes such as PPARγ 
and C/EBPα. Increased occupancy at regulatory DNA by 
co-repressor proteins contributes to inhibition of key genes 
in basal adipogenesis (49-51). However, the inhibition of 
actively induced adipogenic genes and progenitor differ-
entiation to mature adipocytes is not well understood. We 
speculated that enhanced expression and recruitment of 
co-repressors to regulatory DNA significantly results from 
membrane ERα signaling, collaborating with nuclear ERα 
to inhibit adipogenesis.

Several co-repressors of adipogenesis have been investi-
gated mainly in the basal state. GATA3 inhibits key genes 
that promote basal adipogenesis (51). We find that E2 sig-
nificantly stimulates GATA3 mRNA and protein in 3T3-L1 
cells (Fig. 2A). Additionally, E2 enhances the presence of 
GATA3 at the PPARγ promoter (Fig. 2B). This occurred in 
the presence of Rosi, suggesting this mechanism may con-
tribute to E2/ER inhibition of Rosi-stimulated PPARγ ex-
pression (12).

We then determined whether membrane ERα signaling 
recruited GATA3. The PI3K-AKT pathway was involved 
in E2-enhancing binding of GATA3 to the PPARγ pro-
moter, since LY29402, an inhibitor of this pathway, 

Table 4. Mouse Primers

Gene Forward primer Reverse primer

PPARγ CGGTTTCAGAAGTGCCTTGC ATCTCCGCCAACAGCTTCTC
GATA3 AAGGCAGGGAGTGTGTGAAC TTGATAAGGGGCCGGTTCTG
ERα TTCGCTCGCCACTCATTGTC ACTAACCATGCAAAGACTCC
TCF4 GGTGGCACATGCCTTTAATC CTGGCTGTCCTGGAACTCAC
βCatenin AAGGTGCTGTCTGTCTGCTC AAGTCGCTGACTTGGGTCTG
Wnt1 GCTGTGCGAGAGTGCAAATG ACGATCTTGCCGAAGAGGTG
Wnt10b TGAAACAGAGCGTCCTTCG CACTCCTCTCTGCCGCTTC
18S CAGGATTGACAGATTGATAGCTCTT GAGTCTCGTTCGTTATCGGAATTAA
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strongly reversed this E2 effect in the presence of Rosi 
(Fig. 2B). This was selective, since MEK-ERK inhibition 
(PD90859) had no significant effect. This indicates a 
potential additional contribution from membrane ERα 
signaling (15) to the inhibition of adipogenesis. To sup-
port this mechanism, we used pooled GATA3 siRNAs that 
strongly diminished the basal and E2-stimulated target 
protein expression (Fig.  2C). GATA3 knockdown aug-
mented Rosi-stimulated PPARγ mRNA and, importantly, 
reduced E2 inhibiting PPARγ expression in this setting 
(Fig. 2D). We also found that E2 inhibiting Rosi-induced 
progenitor cell differentiation was significantly comprom-
ised by knockdown of GATA3 (Fig.  2E, lanes 3 and 4 
compared to lanes 7 and 8). Additionally, Rosi-induced 
differentiation was potentiated by GATA3 siRNAs. These 
results indicate that GATA3 upregulation and recruitment 
to PPARγ regulatory DNA by E2/ER is an important 
mechanism for sex steroid inhibition of adipogenesis. To 
better understand how AKT signaling from membrane 
ERα plays a significant role, we carried out additional 
studies. Three AKT sites in mouse GATA3 were identi-
fied as being functional for interferon gamma regulation 
in T-helper type 2 cells (52). We mutated each of these 
sites and determined the effects on nuclear transloca-
tion and binding to the PPARγ promoter. In ADSC cells 
expressing Flag-tagged, WT GATA3, E2 caused strong 
binding (Fig. 2F) and translocation of GATA3 from cyto-
plasm to the nucleus (Fig.  2G). In contrast, a ser308ala 
and a threonine 315 (thr315ala) mutation each resulted 
in significantly decreased binding to the GATA3 site on 
the PPARγ promoter and decreased nuclear localization. 
However, mutation of ser316 to alanine had little effect, as 
the response to E2 was comparable to WT GATA3. These 
findings for GATA3 are consistent with the role of AKT 
for promoting nuclear localization of ERα and binding to 
the PPARγ promoter (Fig. 1E and 1F).

Wnts regulation from ER signaling underlies 
PPARγ and cell differentiation inhibition

It is established that Wnt signaling and its target transcrip-
tion factor, β-catenin, inhibit adipogenesis (53-55). Whether 
this pathway contributes to ER inhibition of adipogenesis 
was determined in 3T3-L1 cells. E2 significantly stimu-
lated Wnt1 and Wnt 10b mRNAs and proteins (Fig. 3A). 
Although Rosi significantly decreased the effects of E2, the 
stimulatory effects persisted, in comparison with control. 
These effects of E2 were also significantly limited by sol-
uble inhibitors of AKT and the MEK-ERK pathway, re-
spectively (Fig. 3B). Wnt10b increase by E2 was especially 
sensitive to the MEK inhibitor. These findings indicate sev-
eral kinase pathways from membrane ERα contribute to 
expression of these Wnts.

We then determined that E2, in the absence or presence 
of Rosi, stimulated the recruitment of nuclear ERα to the 
promoters of Wnts1 and 10b (Fig. 3C and 3F). Interestingly, 
inhibiting the PI3K-AKT pathway but not the MEK-ERK 
pathway significantly reversed these E2 effects. Using specific 
pools of siRNAs for each Wnt (Fig. 3D and 3G), we asked 
whether they are mechanistically important. The ability of 
E2 to inhibit Rosi-induced differentiation of the 3T3-L1 
cells to mature adipocytes was significantly prevented by 
Wnt1 (Fig. 3E) or Wnt10b (Fig. 3H) respective knockdowns 
(lanes 3 and 4 vs lanes 7 and 8). The Wnt(s) siRNAs also 
augmented Rosi-induced cell differentiation (lanes 3 and 7). 
These findings are consistent with the ability of PPARγ to in-
hibit Wnt gene expression in progenitor cells (56, 57).

Epigenetic regulation of Wnt1 from membrane 
ER signaling

How might AKT signaling that exclusively arises from 
membrane ERα (13, 14) contribute to the enhanced ex-
pression of the Wnts? One possibility is membrane ERα 
signaling via AKT kinase phosphorylates ser21 of the 
EZH2 protein, inactivating this key PRC2 complex protein 
(58). EZH2 functions as a histone 3 methylase, conveying 
me2 and me3 marks on chromatin, thereby restraining ex-
pression of some genes. Active EZH2 represses Wnts1, 6, 
10a, and 10b, facilitating adipogenesis (59, 60). We pro-
pose AKT-inactivation of EZH2 by E2 signaling enhances 
Wnt(s) expression, subsequently inhibiting adipogenesis.

We found that E2 caused phosphorylation of ser21 
of EZH2 that was reversed by LY29402, the PI3K-AKT 
inhibitor (Fig.  3I). As a result, H3K27me3 was signifi-
cantly decreased by E2 (Fig. 3J), also reversed by AKT 
inhibition. Considering E2 stimulation of AKT import-
antly contributed to enhanced Wnt expression (Fig. 3B), 
we propose this epigenetic mechanism is likely involved. 
Although Rosi partially inhibited E2-stimulated ser21 
EZH2 phosphorylation and PPARγ is known to inhibit 
Wnts expression (56, 57), E2 maintained a significant 
inhibition of EZH2 activity.

E2 stimulates Wnts 1 and 10b complexing and 
roles for β-Catenin and TCF4

We found that from siRNA knockdown of Wnt1 or Wnt 
10b each significantly contributes to E2-inhibition of 
Rosi-induced cell differentiation. This might occur in 
part through the 2 Wnts complexing. We found that E2 
stimulated the association of these 2 proteins, seen from 
immunoprecipitation and immunoblotting carried out in 
each direction (Fig.  3K). Thus, this repressor-enhancing 
Wnts complex likely augments nuclear ERα action by 
stimulating Wnt effectors.
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Figure 1. Nuclear ERα is recruited to the PPARγ promoter by membrane ERα signaling to inhibit adipogenesis. Cells were treated with 10 nM 17β-
estradiol (E2) and/or 1 μM rosiglitazone (Rosi), or vehicle (control) for 4 hours (D), 4 days (A-C, E, G), or 8 days (H). For some studies, cells were 
pretreated for 1 hour with PI3K inhibitor (10 μM LY294002 [LY]), or MEK inhibitor (1μM PD98059 [PD]) prior to treatments. A. Rosi stimulates PPARγ 
mRNA and protein (right), inhibited by E2. The mean ± SEM results are from 3 experiments combined. Data were analyzed by ANOVA + Schefe’s test. 
All mRNAs are normalized for 18S expression and protein normalized to β-actin. *P < 0.05 for control vs Rosi; + P < 0.05 for Rosi vs Rosi plus E2, 10nM. 
++ P < 0.05 for Rosi plus E2 vs Rosi plus E2+ LY. B. E2 stimulates nuclear ERα binding to an estrogen response element in the PPARγ promoter including 
in the presence of Rosi. Results in the bar graph are the mean ± SEM from 3 ChIP/qPCR experiments combined in 3T3-L1 cells. *P < 0.05 for control 
vs E2; + P < 0.05 is E2 vs Rosi plus E2. C. ERα binding to the PPARγ promoter. Left, E2-stimulated binding of nuclear ERα to the PPARγ promoter is de-
pendent on AKT signaling. Data are from 3 experiments combined. *P < 0.05 for control vs E2, +P < 0.05 for E2 vs E2 + LY29402. Right, MAP/ERK kinase 
(MEK) inhibition with PD98059 does not appreciably alter ERα recruitment. D. E2 stimulates AKT activity as phospho-AKT, significantly inhibited by LY 
and corrected for total AKT. Data are from 3 experiments. *P < 0.05 for control vs E2; + P < 0.05 for E2 vs Rosi plus E2. E. E2 promotes wild-type and 
ser170ala mutant ERα translocation to the nucleus but less for ser171ala or ser172ala mutant ER. Data are mean ± SEM from counting expressed Flag-
tagged WT or mutant ERα nuclear fluorescence in 50 random 3T3 L1 cells per condition, exposed or not to E2 (n = 2 experiments). * P < 0.05 for control 
nuclear ERα expression vs E2 for WT or S170A mutant ERα. +P < 0.05 for E2 exposed WT ERα vs E2 exposed ser171ala or ser172ala ERα. F. Localization 
of expressed Flag-tagged WT or mutant ERα at the PPARγ promoter in E2-exposed ADSC cells. Duplicate determinations by ChIP in 2 experiments pro-
vide mean ± SEM results. *P < 0.05 for steroid effects in WT or ser316ala mutant ERα vs control. +P < 0.05 for effects of E2 in WT vs same in ser308ala 
or thr315ala cells. G. E2 inhibits Rosi-stimulated PPARγ mRNA in visceral ADSC from WT but not NOER or MOER mice. Data are determined in pooled 
cells from 4 mice of each type, mean ± SEM from 3 experiments. *P < 0.05 for Rosi or Rosi+ E2 vs control for PPARγ mRNA; + P < 0.05 for Rosi vs Rosi + 
E2 in WT mice. H. E2 only inhibits Rosi-induced differentiation of WT ADSC into mature adipocytes determined by Oil Red O staining absorbance. Data 
are from 3 experiments. *P < 0.05 for control vs Rosi; + P < 0.05 for E2 + Rosi vs Rosi. ++P < 0.05 for E2 + Rosi vs same +LY.

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/161/11/bqaa175/5911730 by U

niversity of C
alifornia, Irvine user on 26 August 2021



Endocrinology, 2020, Vol. 161, No. 11 10

Figure 2. GATA3 is a co-repressor for E2-inhibition of adipogenesis. Cells were treated with 10 nM 17β-estradiol (E2) and/or 1 μM rosiglitazone (Rosi) 
for 4 days (A-D, F, G) or 8 days (E). Cells treated with PBS/DMSO (vehicle) served as controls. For some studies, cells were treated with GATA3 siRNA 
or control siRNA for 2 days, or with PI3K inhibitor 10 μM LY294002 (LY), or with MEK inhibitor 1μM PD98059 (PD) for 1 hour prior to treatments. A. 
E2 stimulates the expression of GATA3 mRNA and protein in 3T3-L1 cells. Bar graphs are mean ± SEM from 3 experiments combined. *P < 0.05 for 
control vs E2; +P < 0.05 for E2 vs Rosi+ E2. B. E2 stimulates GATA3 binding at the PPARγ promoter, dependent on AKT signaling. Data are from 3 
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Roles for β-catenin and TCF4 in estrogen actions

In the canonical Wnt signaling pathway, β-catenin and TCF 
transcription factors often mediate the effects of Wnts to 
regulate key genes and cell biological functions (53, 59, 61). 
This occurs when Wnt signaling inhibits Axin-mediated 
β-catenin phosphorylation, thereby stabilizing β-catenin 
protein that translocates into the nucleus.

It is established that Wnt signaling inhibits adipogenesis 
(54), while PPARγ inhibits Wnt/β-catenin signaling (56). 
The latter contributes to Rosi-induced PPARγ expression, 
and subsequent precursor cell maturation to mature adipo-
cytes (57). We investigated potential roles for β-catenin and 
TCF4 to modulate E2 inhibition of adipogenesis.

We first found that E2 stimulated and Rosi reduced the 
expression of β-catenin mRNA and protein in the 3T3-L1 
cells (Fig.  4A). Effects of Rosi alone were completely re-
versed by E2, overall enhancing β-catenin abundance. We 
also validated the ability of pooled β-catenin siRNAs to in-
hibit E2 + Rosi effects on the β-catenin protein, compared 
with control siRNAs (Fig. 4A). β-catenin pooled siRNAs 
alone reduced expression of the target protein by approxi-
mately 80% compared with control siRNA.

Whether E2 enhanced recruitment of β-catenin to the 
PPARγ promoter was then determined. As seen in Fig. 4B, 
E2 in the absence or presence of Rosi significantly stimu-
lated an increase of β-catenin detected at the PPARγ pro-
moter. Importantly, this was not significantly mediated 
by PI3K or MEK-ERK signaling. However, most often 
β-catenin regulates gene expression not by directly binding 
DNA but rather by interacting with members of the TCF/
LEF family that bind regulatory sites in gene promoters and 
enhancers (53). There is evidence that the TCF4 response to 
Wnt signaling inhibits adipogenesis (54, 62).

We therefore determined the interactions of β-catenin 
and TCF4 at the PPARγ promoter. We first found a puta-
tive TCF4 binding site at the PPARγ promoter (TACAAAG) 
that is identical to a TCF4 site in the 5′ regulatory sequence 
in the promoter of the c-myc gene (63, 64). By ChIP/
qPCR, E2 alone or in the presence of Rosi stimulated re-
cruitment of TCF4 to the defined binding site within the 
PPARγ promoter (Fig.  4C). This effect was significantly 

reversed by the PI3K-AKT inhibitor, LY29402, but not by 
the MEK inhibitor, PD98059. Therefore, AKT kinase acti-
vation from E2/membrane ERα promotes TCF binding to 
regulatory DNA.

As mentioned, β-catenin often complexes with TCF 
family proteins enhancing TCF binding to DNA. We de-
termined whether signal transduction from E2/membrane 
ERα influenced β-catenin/TCF4 complexing. E2 strongly 
increased TCF4/β-catenin interactions, determined by 
immunoprecipitation followed by immunoblot; alternating 
the order for these 2 proteins (Fig. 4D). Interestingly, in-
hibition of either PI3K-AKT or MEK-ERK pathways each 
decreased E2-enhanced complexing of β-catenin and TCF4. 
Thus, E2 stimulation of signal transduction by membrane 
ERα importantly contributes in several ways to the acti-
vation of the Wnt/β-catenin/TCF4 pathway. This probably 
underlies the sex steroid inhibition of PPARγ upregulation 
by Rosi and the resulting differentiation of 3T3L1 cells into 
mature adipocytes.

To establish the functional effects of β-catenin and TCF4, 
we knocked down these proteins with siRNAs. Decreasing 
β-catenin resulted in a significant reversal of E2 inhibiting 
Rosi-induced maturation of 3T3-L1 cells (Fig. 4E, lanes 3 
and 4 versus lanes 7 and 8). Also, the ability of Rosi alone to 
stimulate the full differentiation of these cells was enhanced 
by β-catenin pooled siRNAs. Similarly, diminished TCF4 
expression from siRNAs (Fig. 4F) augmented Rosi-induced 
cell maturation and decreased the ability of E2 to oppose 
the Rosi-induced effect (Fig.  4G). Thus, the components 
of the Wnt-β-catenin-TCF4 pathway are important to the 
ability of E2/ERα to inhibit adipogenesis. Furthermore, the 
membrane receptor pool importantly contributes through 
kinase(s) activation, providing some mechanistic under-
standing of how membrane and nuclear ERα are both re-
quired to suppress excessive adipogenesis (12).

Discussion

Postmenopausal women often develop several metabolic 
diseases compared with premenopausal women, including 
glucose intolerance and visceral obesity (1). Significant 

experiments. *P < 0.05 for control vs E2 or E2 + Rosi; +P < 0.05 for E2+Rosi vs same + LY29402. C. Validation of GATA3 protein knockdown by pooled 
siRNAs. Data are 2 experiments. *P < 0.05 for E2 + control siRNA vs control siRNA, + P < 0.05 for E2+ control siRNA vs E2 + GATA3 siRNAs, **P < 0.05 
for control siRNA vs GATA3 siRNAs. D. GATA3 siRNA impedes E2-inhibition of Rosi-stimulated PPARγ mRNA. Data are from 3 experiments. *P < 0.05 
for Rosi + control siRNA vs control siRNA, ** P < 0.05 for Rosi + control siRNA vs Rosi + GATA3 siRNA. +P < 0.05 for Rosi vs Rosi + E2, both with con-
trol siRNAs, ++P < 0.05 for E2 + Rosi + control siRNA vs E2 + Rosi + GATA3 siRNAs. E. E2 inhibits Rosi-induced maturation of 3T3-L1 cells, dependent 
on GATA3 expression. *P < 0.05 for Rosi + control siRNA vs control siRNA alone; +P < 0.05 for Rosi vs Rosi + E2; ** P < 0.05 for Rosi + control siRNA 
vs Rosi + GATA3 siRNAs. ++P < 0.05 for Rosi and E2 plus control siRNA vs Rosi and E2 plus GATA3 siRNAs. Data are from 3 experiments. F. AKT 
phosphorylation of GATA3 AKT substrate sites in expressed GATA-3 in 3T3-L1 cells. WT or single mutant AKT substrate sites were expressed, and 
phosphorylation was quantified by measuring binding of DYK-tagged GATA3 constructs to the PPARγ promoter. Data are from 2 experiments and du-
plicate cells for each condition each time. *P < 0.05 for E2 vs control, +P < 0.05 for E2 treatment of mutant vs WT GATA3-expressing cells. G. Nuclear 
localization of expressed WT and mutant GATA3, Data are from duplicate cells per condition in 2 experiments. *P < 0.05 for E2 vs control, +P < 0.05 
for E2 treatment of mutant vs WT GATA3-expressing cells.
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Figure 3. Wnts are involved in E2 inhibition of adipogenesis. Cells were treated with 10 nM 17β-Estradiol (E2) and/or 1 μM rosiglitazone (Rosi) for 4 
hours (I and J), 4 days (A-D, F, G and K), or 8 days (E and H). Cells treated with PBS/DMSO (vehicle) served as controls. For some studies, cells were 
treated with either Wnt1 siRNA, Wnt10b siRNA, or control siRNA for 2 days, or with PI3K inhibitor, 10 μM LY294002 (Sigma), or MEK inhibitor, 1μM 
PD98059 (Sigma) for 1 hour prior to treatments. A. E2 stimulates the expression of Wnts 1 and 10b mRNA and protein. Mean ± SEM data are from 
3 experiments combined, *P < 0.05 for control vs E2, +P < 0.05 for E2 vs E2 + Rosi. B. Stimulations by E2 are decreased by inhibition of PI3K-AKT 
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decrease in the synthesis of E2 from the ovary contrib-
utes to the altered metabolic state (7, 8). Excessive size and 
amounts of mature visceral adipocytes and altered func-
tions of fat have been described in postmenopausal women 
(2, 3). In mouse models and in humans, estrogen acting 
through ERα limits visceral fat development, mitigating 
obesity (4, 5). Estrogen and progesterone replacement in 
women who have undergone menopause favorably alters 
central fat distribution and reduces body weight and body 
fat (3, 65). In ovariectomized mice, a high-fat diet promotes 
insulin resistance and alters adipose tissue immunity and 
reduces eating behavior and activity (66, 67). Also, in an 
adipocyte-specific ERα deleted mouse, some markers of fi-
brosis and inflammation were found in visceral fat (68), 
contributing to insulin resistance and perhaps enhanced 
lipolysis.

Others and we previously showed that phytoestrogen 
and E2/ERα acts in progenitor cells (the latter using mouse 
BMSC and 3T3-L1 cells) to limit differentiation of these 
cells into mature adipocytes (9, 12). We found E2/ERα 
also mitigates visceral fat hypertrophy and hyperplasia in 
vivo. Additionally, global ERα knockout mice show abun-
dant visceral fat and related metabolic abnormalities (5), 
although it is not clear in what cells and organs the sex 
steroid was acting. We showed that extranuclear (plasma 
membrane–localized) and nuclear ERα are both required 
for estrogen to inhibit Rosi-stimulated differentiation of 
BMSC and 3T3-L1 cells, and mouse abdominal fat (12). 
Here we report new insights as to how membrane and 
nuclear ERα inhibit progenitor differentiation into adipo-
cytes. This also addresses important issues for the steroid 
receptor field, as to how cellular pools collaboratively regu-
late gene expression in progenitor cells, impacting organ 
development.

Endogenous membrane and nuclear ERα are present 
in 3T3-L1 cells and WT mouse ADSC. Excessive ADSC 
differentiation to mature adipocytes (hyperplasia) is con-
sidered important to the altered metabolism that often 

occurs after menopause (19). We showed that loss of ei-
ther membrane or nuclear ERα in mice also resulted in 
extreme adipocyte hypertrophy compared with WT mice 
(12). Excess hypertrophy and insulin resistance likely con-
tribute to abnormal metabolic function. By contrast, E2 
and ERα stimulate subcutaneous fat development from 
adipose niche progenitors, this form of fat considered to 
be metabolically advantageous (10). Whether ER pool col-
laboration is required for this is unknown. Similarly, there 
may be additional mechanisms in various visceral and sub-
cutaneous fat depots.

Here we identify specific signals generated by membrane 
ERα in 3T3-L1 progenitors, confirmed in ADSC, that im-
pact targets to collaborate with nuclear ERα. The collab-
oration results in inhibition of PPARγ expression, a master 
stimulator of adipogenesis (46, 47). In addition, stimula-
tion of AKT kinase by E2 engaging membrane ERα re-
sulted in phosphorylation of nuclear ERα at putative AKT 
sites. A soluble inhibitor of AKT reduced both endogenous 
ERα binding to the PPARγ promoter and inhibition of 
Rosi-stimulated PPARγ expression. Mutation of putative 
AKT substrate sites significantly reversed E2-enhanced nu-
clear localization of the receptor and recruitment to the 
promoter of PPAR, inhibiting PPARγ expression.

Interestingly, both PPARγ expression and subsequent 
differentiation of the progenitors is quite low until Rosi is 
added. This supports our observations in many cells/organs 
and biological processes (12, 15). E2 often does not cause 
significant changes until a second stimulus in the opposite 
direction is included that estrogen opposes. For instance, 
in mature adipocytes, E2 strongly opposes insulin-induced 
lipogenesis but has little effect on basal lipogenesis in ma-
ture adipocytes (12).

Other studies showed that several kinases phosphor-
ylate ERα and this enhances transcription, but it was not 
determined how this occurs (69, 70). Previously we re-
ported nuclear ERα recruitment to an estrogen response 
element in the pS2 (TIFF1) promoter enhanced expression 

(LY29402) or MEK-ERK (PD98059). *P < 0.05 for control vs E2, +P < 0.05 for E2 vs E2 plus kinase inhibitor. C. E2 promotes nuclear ERα binding to 
the Wnt1 promoter, dependent on AKT signaling. ChIP and qPCR were performed in 3 experiments, data combined. *P < 0.05 for control vs E2 or 
E2 + Rosi; +P < 0.05 for E2 + Rosi vs same + LY29402. D. Validation of Wnt1 siRNAs. Data are from 2 experiments. *P < 0.05 for control siRNA vs same 
+E2; ** P < 0.05 for control siRNA vs Wnt1 siRNAs; +P < 0.05 for E2 + control siRNA vs E2 + Wnt1 siRNAs. E. 3T3-L1 cell differentiation into mature 
adipocytes. Data are from 3 experiments. *P < 0.05 for control siRNA vs same + Rosi; + P < 0.05 for control siRNA + Rosi vs control siRNA + E2 +Rosi; 
**P < 0.05 for control siRNA + Rosi vs Wnt1 and siRNAs + Rosi; ++ control siRNA + E2 + Rosi; Diminished inhibition by E2 of Rosi-stimulated differ-
entiation (delta ratio of lanes 3 and 4) upon knockdown of Wnt1 (delta ratio of lanes 7 and 8). F. E2 promotes nuclear ERα binding to the Wnt10b 
promoter, dependent on AKT signaling. ChIP and qPCR were performed in 3 experiments, data combined. *P < 0.05 for control vs E2 or E2 + Rosi; 
+P < 0.05 for E2 + Rosi vs same + LY29402. G. Validation of Wnt10b siRNAs. Data are from 2 experiments. *P < 0.05 for control siRNA vs same +E2; 
** P < 0.05 for control siRNA vs Wnt10b siRNAs; +P < 0.05 for E2 + control siRNA vs E2 + Wnt10b siRNAs. H. 3T3-L1 cell differentiation into mature 
adipocytes. Data are from 3 experiments. *P < 0.05 for control siRNA vs same + Rosi; + P < 0.05 for control siRNA + Rosi vs control siRNA + E2 + Rosi; 
**P < 0.05 for control siRNA + Rosi vs Wnt10b siRNAs + Rosi; ++ control siRNA + E2 + Rosi vs Wnt10b siRNA + E2 + Rosi; Diminished inhibition by E2 
of Rosi-stimulated differentiation (delta ratio of lanes 3 and 4) upon knockdown of Wnt10b (delta ratio of lanes 7 and 8). I. E2 stimulates serine 21 
phosphorylation of EZH2, dependent upon AKT, and adjusted for total EZH2. Data are from 3 experiments. *P < 0.05 for control vs E2, + P < 0.05 for 
E2 vs E2 + LY29402 or Rosi. J. E2 inhibits H3K27me3 in the vicinity of the Wnt1 promoter. P < 0.05 for control vs E2, + P < 0.05 for E2 vs E2 + LY29402. 
K. E2 stimulates Wnts 1 and 10b proteins complexing in 3T3 cells. The study was done 2 times.
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Figure 4. β-Catenin and TCF4 underlie the adipogenic suppressive effects of E2 in 3T3-L1 cells. Cells were treated with 10 nM 17β-Estradiol (E2) and/or 
1 μM rosiglitazone (Rosi) for 4 days (A-D and F), or 8 days (E and G). Cells treated with PBS/DMSO (vehicle) served as controls. For some studies, cells 
were treated with either β-catenin siRNA, TCF4 siRNA, or control siRNA for 2 days, or with PI3K inhibitor, 10 μM LY294002 (Sigma), or MEK inhibitor, 
1μM PD98059 (Sigma) for 1 hour prior to treatments A. E2 stimulates β-catenin mRNA and protein and opposes Rosi-induced inhibition of β-catenin. 
Data are from 3 experiments combined. Left, *P < 0.05 for mRNA from control vs E2 incubation, +P < 0.05 for control vs Rosi, ++P < 0.05 for E2 + Rosi 
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of this mRNA, resulting from membrane signaling through 
the MEK-ERK pathway (13). However, we did not deter-
mine how kinase activation accomplished this. We now 
implicate specific phosphorylation of ERα by AKT en-
hances nuclear localization and binding at promoter DNA. 
It is conceivable that cell specific additional signals from 
membrane ERα contributes to nuclear steroid receptor 
recruitment to promoters and enhancers in a variety of 
cells, including protein-protein interactions that lead to 
tethering of nuclear ER. This could also occur from other 
posttranslational modifications of nuclear ERα and/or 
co-regulators. Significant additional studies will be needed 
to understand the extent and impact of this mechanism for 
multiple organ development and functions. In addition, 
extranuclear (71, 72) and nuclear steroid receptors for an-
drogens and progesterone may also show comparable col-
laboration. Possibly this extends to other, non-sex, steroid 
receptors such as glucocorticoid and thyroid hormone re-
ceptors that have both extranuclear and nuclear pools (48, 
73).

We have reported in multiple cells, both in vitro and 
in vivo, that membrane ERα (12, 15) or ERβ (74, 75) 
signal though kinases and phosphatases to alter transcrip-
tion factor abundance and cell compartment localization. 
This modulates expression of key gene(s) that underlies 
important physiological or pathological states. In cardiac 
myocytes, membrane ERβ signaling also impacts histone 
deacetylase location and action, thereby inhibiting pro-
hypertrophic transcription factor nuclear localization 
and function (74). Such signaling to transcription factor 
cellular localization is both required and sometimes suffi-
cient for sex steroid action (13-15). Relevant to the studies 
here, estrogen signaling to suppression of triglyceride syn-
thesis and storage in fully differentiated adipose cells re-
sults exclusively from membrane ERα (12). This occurs 
from kinase activation, resulting in phosphorylation and 
resulting cytoplasmic sequestration of the transcription 
factor ChREBP.

In the studies here, we define key signaling targets for 
ER inhibiting adipogenesis, notably the Wnt-β-catenin-
TCF4 pathway. Increased expression of Wnts 1 and 10b 
resulted in increased abundance and nuclear localization 

of β-catenin. The latter protein complexed with TCF4 to 
inhibit PPARγ expression and progenitor differentiation to 
mature adipocytes. Many of these steps were dependent on 
AKT and sometimes MEK-ERK signaling from membrane 
ERα, ultimately resulting in recruitment of the co-repressor 
TCF4 to a DNA-binding element in the PPARγ pro-
moter. Furthermore, regarding the pathway, membrane 
ER signaling through AKT phosphorylated ser21 of the 
H3K27me3 methylase protein, EZH2. AKT-dependent 
phosphorylation inactivates EZH2 methylase activity 
(58), while active EZH2 inhibits Wnt(s) expression and 
adipogenesis (59). We found that AKT-dependent phos-
phorylation of EZH2 resulted in the loss of H3K27me3 in 
the vicinity of the Wnt1 promoter region. This is consistent 
with our finding that membrane ERα signaling through 
AKT increased Wnts1 and 10b expression, supporting a 
derepression mechanism. However, this epigenetic con-
tribution subsequently requires nuclear ERα action, since 
cells only expressing a functional form of membrane ERα 
(MOER BMSC) are incapable of inhibiting PPARγ expres-
sion and stem cell differentiation to mature adipocytes (12). 
Supporting this here, differentiation of ADSC from MOER 
or NOER mice do not show E2-inhibition. The functional 
importance of Wnts1 and 10b, β-catenin, and TCF4 was 
shown in that siRNAs knockdown of each protein com-
promised E2 inhibition of Rosi-induced PPARγ expres-
sion and progenitor differentiation into mature adipocytes. 
Interestingly, E2 stimulation of AKT also promoted en-
hanced complexing of the 2 Wnts. This may in part ex-
plain how both Wnts are involved in the repressor actions 
of E2/ERα, since siRNA-induced reduction of either Wnt 
disrupted complex formation.

It has been recently reported that mesenchymal pluripo-
tent stem cells in vitro respond to osteogenic culture medium 
with enhanced activation of multiple transcription factors 
that stimulate osteogenesis and also suppress adipogenic 
genes (76). An example of this is the Runx2 osteoblast 
transcription factor (77, 78) that is in turn inhibited by 
PPARγ expression (78, 79). Since E2 stimulates progenitor 
cell commitment to osteogenesis (80) while inhibiting 
adipogenesis (12), E2/ERα action likely requires both cel-
lular pools. Importantly, we showed that stimulation by 

vs Rosi. Right, *P < 0.05 for protein expression under control siRNA vs control siRNA + Rosi or E2 conditions, +P < 0.05 for control siRNA + Rosi 
vs control siRNA + Rosi + E2, ++P < 0.05 for control siRNA + Rosi + E2 vs β-catenin siRNA + Rosi + E2. B. β-catenin recruitment to the PPARγ pro-
moter. *P < 0.05 for control vs E2, +P < 0.05 for E2 vs E2 + Rosi. C. E2 enhances binding of TCF4 to the PPARγ promoter involving AKT. *P < 0.05 for 
control vs E2 or E2 + Rosi. +P < 0.05 for E2 + Rosi vs same + LY29420. D. Complex between β-catenin and TCF4 proteins. Data from 3 experiments 
reflect immunoprecipitation of TCF4 followed by immunoblot of β-catenin, and reverse order (right). * P < 0.05 for control vs E2, +P < 0.05 for E2 vs 
same + LY29402 or PD98059. E. β-catenin contributes to E2-inhibition of 3T3-L1 cell differentiation (n = 3 experiments). *P < 0.05 for control siRNA vs 
same + Rosi. +P < 0.05 for control siRNA + Rosi vs control siRNA + Rosi + E2, **P < 0.05 for control siRNA + E2 + Rosi, vs β-catenin siRNA + E2 + Rosi; 
++ P < 0.05 for E2 + Rosi + control siRNA vs E2 + Rosi + TCF4 siRNA. F. Validation of TCF4 siRNAs. Data are from 2 experiments. *P < 0.05 for con-
trol siRNA vs same + E2, + P < 0.05 for control siRNA + E2 vs TCF4 siRNAs + E2. **P < 0.05 for control siRNA vs TCF4 siRNAs. G. TCF4 siRNAs im-
pair E2-inhibition of cell differentiation. *P < 0.05 for control siRNA vs same + Rosi, +P < 0.05 for control siRNA + Rosi vs control siRNA + Rosi + E2, 
**P < 0.05 for Rosi + control siRNA vs Rosi + TCF4 siRNA, ++P < 0.05 for control siRNA + Rosi + E2 vs TCF4 siRNA + Rosi + E2.
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estrogen of many genes in osteoblasts requires both nuclear 
and membrane ERα (81). Further supporting ER cellular 
pool collaboration as necessary for regulating mesen-
chymal precursor lineage commitment, signaling through 
the Wnt canonical pathway stimulates osteoblastogenesis 
(82). Undefined membrane ERα signaling may also recruit 
additional co-repressors to enhancers of adipogenic genes, 
promoting the function of nuclear ERα.

In this respect, E2/membrane ERα signaling through 
AKT stimulated GATA3 expression, nuclear localiza-
tion, and binding to a defined GATA3 site in the PPARγ 
promoter. This inhibited in part Rosi-induced differ-
entiation of pre-adipocytes to mature fat cells that 
were GATA3 dependent. Interestingly, Wnt/β-catenin 
signaling has been shown to stimulate GATA3 (51). 
This is consistent with findings of Rauch et  al (76) 
showing that various co-activators/transcription factors 
for osteogenic genes show strong regulatory relation-
ships. Here we show that a similar relationship contrib-
utes to E2 inhibition of a key adipogenic gene, thereby 
inhibiting Rosi-stimulated differentiation of precursor 
cells into mature adipocytes.

In conclusion, signaling by membrane ERα results 
in the enhanced expression and nuclear localization of 

co-repressors and ERα to inhibit PPARγ and adipogenesis 
(Fig.  5). Also, posttranslational modification of key re-
pressor proteins from signal transduction was required for 
these inhibitory effects of E2.
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