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Abstract 

Background: Estrogens are involved in glycemic regulation, playing an important role in the 
development and/or progression of insulin resistance. For that, estrogens regulate the expression of the 
glucose transporter protein GLUT4 (codified by the solute carrier family 2 member 4 gene, Slc2a4), thus 
modulating adipose and muscle glucose disposal. This regulation is a balance between ESR1-mediated 
enhancer effect and ESR2-mediated repressor effect on Slc2a4 gene. However, molecular mechanisms 
involved in these effects are poorly understood. Since the specificity protein 1 (SP1) participates in 
several ESR-mediated genomic regulations, the aim of the present study is to investigate the participation 
of SP1 in the ESR1/2-mediated regulation of Slc2a4 gene. 
Methods: Differentiated 3T3-L1 adipocytes were 24-hour challenged with 10 nM estradiol (E2) and 10 
nM ESR1 agonist (PPT) or 100 nM ESR2 agonist (DPN), added or not with E2. Slc2a4 and Sp1 mRNAs 
(RT-qPCR), total GLUT4 and nuclear ESR1, ESR2 and SP1 proteins (Western blotting), SP1 binding 
activity into Slc2a4 promoter (EMSA), and nuclear complexation of SP1/ESR1 (immunoprecipitation) 
were analyzed. 
Results: E2 and PPT increased (25-50%) whereas DPN reduced (20-45%) Slc2a4 and GLUT4 expression. 
Nuclear content of ESR1 and ESR2 remained unchanged. Nuclear content of SP1 increased (50 to 90%) by 
PPT and DPN added or not with E2; the highest effect observed with PPT alone. PPT also increased the 
nuclear content of SP1/ESR1 complex and the SP1 binding into the Slc2a4 promoter.  
Conclusions: ESR1 activation in adipocytes increased the nuclear content of SP1 protein, the SP1/ESR1 
interaction and SP1 binding into the Slc2a4 gene promoter, culminating with increased Slc2a4/GLUT4 
expression. No involvement of SP1 seems to occur in ESR2-mediated repressor effect on Slc2a4. We 
expect that this ESR1/SP1 cooperative effect can contribute to the development of new approaches for 
prevention or treatment of insulin resistance and diabetes mellitus. 
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Background 
Estrogens have been known for their role in the 

female physiology of reproduction; however, their 
participation in the physiology of the male 
reproductive system is a topic of growing importance 
[1, 2]. Besides, estrogens have been reported to 
participate in other physiological systems, in both 
female and male, as the regulation of glycemic 
homeostasis [3], thus becoming a potential player in 
the pathophysiology of diabetes mellitus (DM). In 

females, insulin resistance has been related to 
alterations in 17β-estradiol (E2) concentrations both in 
physiological states, such as menstrual cycle phase, 
pregnancy and menopause [4 -8], and in pathological 
conditions, such as gestational diabetes mellitus, 
polycystic ovary syndrome and Turner syndrome [4, 
5, 7, 9-11]. Besides, insulin resistance has also been 
detected in estrogen-deficient men [12, 13]. 
Interestingly, these conditions of impaired glycemic 
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homeostasis include both hyper and hypoestrogenic 
states, advancing that estrogen modulation of insulin 
sensitivity must be a very complex phenomenon. 

 Insulin resistance is a key mechanism in the 
physiopathology of type 2 diabetes mellitus (T2DM), 
and is characterized, among other features, by a 
reduced capacity of adipose and muscle tissue uptake 
glucose in response to the hormone [14, 15]). In this 
process, the insulin-regulatable glucose transporter 
GLUT4 (solute carrier family 2, facilitated glucose 
transporter member 4), codified by the Slc2a4 gene 
(solute carrier family 2 member 4 gene), plays an 
important role [14, 15], and regulation of 
Slc2a4/GLUT4 expression has become a target for 
prevention or treatment of insulin resistance [16]. 
Considering the above, we hypothesized that 
estrogen-related regulation of glycemic homeostasis 
would involve regulation of Slc2a4/GLUT4 
expression.  

The most important biological effects of 
estrogens are mediated by action of estrogen receptors 
ESR1 and ESR2, formers ER-alpha and ER-beta, 
respectively. ESRs can act by: 1) direct binding to 
palindromic sequences, the estrogen-responsive 
element (ERE), in the DNA of target genes [17-19]; 2) 
interaction with other transcriptional factors, which 
bind and regulate transcription of target genes [17-20]; 
and 3) extra-nuclear activation of several cellular 
signaling events, such as calcium mobilization, nitric 
oxide production and MAPK, SRC or AKT pathways 
[21-23].  

Remarkable studies in transgenic mice have 
demonstrated that ESR1 is an enhancer whereas ESR2 
is an repressor of Slc2a4/GLUT4 expression in muscle 
and adipose tissues [24-27]. Furthermore, some 
studies have demonstrated that ESR1 plays a 
dominant effect on adipocytes, whereas ESR2 plays a 
dominant effect on skeletal muscle [26, 28-30]. 
Consequently, E2 increases and decreases 
Slc2a4/GLUT4 expression in adipocytes and muscle 
cells, respectively [28, 29, 31].  

However, despite some studies reporting 
E2-induced and ESRs-mediated regulation of Slc2a4 
gene expression, the molecular mechanisms through 
which this regulation occurs are still obscure. 
Importantly, the Slc2a4 promoter contains neither the 
consensus palindromic estrogen responsive element 
(ERE) sequence AGGTCANNNTGACCT, nor a 
highly homologous domain. This suggests that ESRs 
regulation of Slc2a4 expression should involve 
non-classical genomic pathway, such as the ESR/SP1 
(specificity protein 1) cooperative mechanism, in 
which ESR activation triggers the SP1 binding and 
regulation of target genes [20]. SP1 is a transcription 
factor member of the Krüppel-like family, which has 

been described to bind into a consensus sequence 
5′-(G/T)GGGCGG(G/A)(G/A)(C/T)-3′ in target 
genes [20]. Regarding that, a SP1 binding site was 
identified in the Slc2a4 promoter, through which the 
SP1 triggers an enhancing effect on Slc2a4 
transcription [32]. Thus, considering that direct ESR 
activation of Slc2a4 gene is unlikely, we hypothesized 
that E2-induced regulations could be indirectly 
mediated by the ESR/SP1 interaction. In this paper, 
we demonstrated in adipocytes 3T3L1 that activation 
of ESR1 increases nuclear SP1 content, the SP1/ESR1 
interaction and SP1 binding into the Slc2a4 promoter. 
Collectively, the results reveal an indirect mechanism 
through which E2 enhances the Slc2a4/GLUT4 
expression, contributing to the improvement of 
glycemic homeostasis. We expect that this regulation 
will contribute to determining new targets for the 
regulation of Slc2a4 expression, which could 
contribute to the prevention or treatment of insulin 
resistance and diabetes mellitus.  

Methods 
3T3-L1 Cell Culture 

Mouse 3T3-L1 fibroblasts [American Type 
Culture Collection, Rio de Janeiro Cell Bank, Rio de 
Janeiro, RJ, Brazil (ATCC® Number: CL-173TM)] 
were propagated and differentiated as previously 
described [28-30]. Differentiated cells were starved in 
DMEM, without phenol red (Sigma-Aldrich, St Louis, 
MO, USA) and with dextran carbon-treated 10% FBS 
(Sigma-Aldrich, St Louis, MO, USA) for 24 hours prior 
to treatment. Cells were subjected to differentiation at 
passages 8 to 10. 

Cell treatments 
Differentiated adipocytes were cultivated for 24 

hours in the absence of any stimulus (control, C) or in 
the presence of 1) 10 nM of water-soluble 
17β-estradiol (E4389; Sigma-Aldrich, St Louis, MO, 
USA) (10E2); 2) 10 nM of e ESR1 agonist 
[4,4’,4’’-(4-Propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol] 
– PPT (H6036, Sigma-Aldrich, St. Louis, MO, USA); or 
3) 100 nM of ESR2 agonist– DPN (1494, Tocris, St. 
Louis, MO, USA) [28, 29]. PPT and DPN were 
additionally used in the presence of 10 nM E2 in some 
experiments, as indicated. Besides, PPT was 
solubilized in dimethyl sulfoxide (DMSO), and thus, 
DMSO was added to other media that contained no 
PPT. 

mRNA analysis by RT-qPCR 
RNA was reverse-transcribed (RT) using the 

ImProm-II® Reverse Transcription System (Promega 
Corporation, Madison, WI, USA). Gene expression 
was analyzed by real-time polymerase chain reaction 
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(qPCR), carried out in a StepOne Plus Instrument 
(Applied Biosystems Inc., Foster City, CA, USA). 
Slc2a4 and Gapdh expression was determined using 
TaqMan® PCR master mix kit (Applied Biosystems 
Inc., Foster City, CA, USA), assay identifiers ID: 
Mm01245502_m1 and Mm99999915_g1. Sp1 gene 
expression was determined by RT-qPCR using 
Platinum® SYBR® Green qPCR SuperMix UDG 
(TermoFisher Scientific) and using the following 
primers: Sp1 forward: GGCTACCCCTACCTCAAA 
GGA and reverse: TTGGAAGACTCGCTGCCATT; 
Gapdh forward: GAAGGTCGGTGTGAACGGAT 
reverse: AAGACACCAGTAGACTCCACGA. 

Protein analysis by Western blotting 
Total cellular GLUT4 content was measured in 

cells homogenate, using an anti-GLUT4 antibody 
(07-1404, EMD Millipore, Billerica, MA, USA), as 
previously described [28, 29].  

Nuclear protein extract was obtained from 
treated cells as previously described [32, 34], and used 
for quantification of SP1, ESR1 and ESR2 proteins as 
previously described (29, 30, 34]. Primary anti-SP1 (# 
5931, Cell Signaling), anti-ESR1 (#06-935, Millipore) 
and anti-ESR2 (#sc-6821, Santa Cruz Biotechnology 
Inc.) antibodies were used, followed by the 
appropriate secondary antibody and final 
chemiluminescence analysis. Blots were quantified by 
optical densitometry (ImageScanner III, GE 
Healthcare, Uppsala, Sweden). Protein-loaded 
normalization was undertaken by analyzing the 
Ponceau-stained membrane, and results were further 
normalized considering the mean of control values as 
1.0. 

SP1/ESR1 nuclear complex analysis 
 Nuclear interaction of SP1/ESR1 was analyzed 

by SP1 immunoprecipitation followed by ESR1 
immunodetection in samples of cells treated with 
ESR1 agonist PPT. Briefly, 400 μg of nuclear protein 
(prepared as described above) was incubated with 5 
μL of anti-SP1 antibody (# 5931, Cell Signaling), at 4 
oC, for 24 hours; thus, protein A-Sepharose ® (P3391, 
SIGMa, Merk KGaA, Darmstadt, Germany) was 
added, following an additional 24-hour incubation at 
4 oC. After that, the antibody/protein complexes were 
precipitated by centrifugation (1,000 x g, 2 min) and 
washed 4 times. The pellet was used for measurement 
of ESR1 protein by Western blotting as described 
above. Results were normalized considering the mean 
of control values as 1.0. 

SP1/Slc2a4 DNA binding activity 
SP1 protein binding into the Slc2a4 gene 

promoter was analyzed by electrophoretic mobility 
shift assay (EMSA), as previously described [28]. 

Nuclear proteins were extracted from treated cells as 
described above. The oligonucleotide used 
reproduces the -149/-125 segment of mouse Slc2a4 
promoter sequence, highlighting that this segment 
contains the SP1-binding-site previously character-
ized in rat and human genes [32]. Position of the 
segment is in accordance with the transcriptional start 
site of the mouse Slc2a4 promoter sequence described 
in www.ensembl.org.  

Double-stranded oligonucleotide was end- 
labeled with T4 polynucleotide kinase (Invitrogen Life 
Technologies, Carlsbad, CA, USA) and γ-32P-ATP 
(PerkinElmer Life, Waltham, MA, USA) in a final 
binding buffer [60 mM HEPES, pH 7.6, 150 mM KCl, 
10% glycerol, 0.6 mM EDTA, 1.93 mg/mL, bovine 
serum albumin, 2.3 mM dithiothreitol, and 0.25 μg 
polydeoxyinosinicdeoxycytidylic acid (polydI-dC)] 
(GE Health Care Life Sciences), for 20 min at room 
temperature. Competition binding assays were 
conducted with the addition of 100-fold molar of 
unlabeled oligonucleotide or 5 μL anti-SP1 antibody 
(# 5931, Cell Signaling). The DNA-protein complexes 
were electrophoresed on 4% non-denaturing 
polyacrylamide gel. The gel was dried, subjected to 
autoradiography and their blots were quantified by 
optical densitometry (ImageScanner III, GE 
Healthcare, Uppsala, Sweden). Results were 
expressed as arbitrary units, considering the mean of 
control values as 1.0. 

Data analysis 
Results were expressed as mean ± standard error 

of mean (SEM). Means were compared by one-way 
ANOVA (Tukey’s post-test) or by unpaired two tailed 
Student t-test, as appropriate, after confirming the 
normality of the data distribution (Shapiro-Wilk test). 
P values ≤ 0.05 were considered statistically 
significant.  

Results 
ESR1 stimulates E2-induced expression of 
Slc2a4/GLUT4 

Figures 1A and 1B show that the expression of 
both Slc2a4 mRNA and GLUT4 protein increases in 
response to E2 (by 30% and 40%, respectively; P<0.05 
vs. control). Besides, the results show that PPT (ESR1 
agonist) increases (similarly to E2; P<0.01 vs. control), 
whereas DNP (ESR2 agonist) decreases the 
Slc2a4/GLUT4 expression (by 35% and 20%, 
respectively; P<0.001 vs. control), confirming a 
preponderant effect of ESR1 in adipocytes. 
Furthermore, addition of 10 nM E2 to PPT or DPN did 
not change the isolated effect of the agonists, 
indicating that their effects were maximal. 
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Figure 1. ESR1 activity increases Slc2a4/GLUT4 expression and nuclear content of SP1 in adipocytes Adipocytes (3T3-L1) were treated (24 hours) with no stimulus (C), 
with estradiol (E2), ESR1 agonist alone (PPT) or with E2 (PPT+E2), and ESR2 agonist alone (DPN) or with E2 (DPN+E2). Slc2a4 mRNA (A), total cellular GLUT4 protein (B), 
nuclear ESR1 (C), nuclear ESR2 (D), Sp1 mRNA (E) and nuclear SP1 (F) contents were measured. For each protein analyzed, a representative immunoblot and respective Ponceau 
stained membrane are shown; lanes are in the same sequence of the graph bars. Data are means ± SEM of 5 different samples, compared by one-way-ANOVA, followed by 
Tukey’s post-test, after to confirm the normality of the data distribution by the Shapiro-Wilk test. *P<0.05, **P<0.01 and ***P<0.001 vs C; #P<0.05, ##P<0.01 and ###P<0.001 
vs E2; §P<0.05 and §§§P<0.001 vs PPT; fP<0.05. ffP<0.01 and fffP<0.001 vs PPT+E2; &&P<0.01 vs DPN. 

 

E2 does not alter nuclear content of ESR1 or 
ESR2 

Once we determined the participation of ESR1 
and ESR2 on E2-induced regulation of the 
Slc2a4/GLUT4 expression, we examined whether this 
participation was a consequence of changes in nuclear 
content of ESRs. The results revealed that neither the 
nuclear content of ESR1 (Figure 1 C) nor the nuclear 

content of ESR2 (Figure 1D) was altered after 
treatment with E2 and or the selective agonists. 

ESR1 and ESR2 modulate Sp1 gene expression 
and nuclear content of SP1 protein 

Figure 1E shows that PPT+E2 enhanced Sp1 
mRNA (by 45%; P<0.01 vs. control); however, 
curiously, neither PPT nor E2 alone was capable of 
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altering Sp1 expression. Besides, comparison between 
DPN and DPN+E2 showed a statistical difference 
(45%; P<0.01), although these groups were not 
different from either C or E2 groups. Differently, PPT 
and DPN, added or not with E2, increased the nuclear 
content of SP1 (from 44% to 88%; P<0.05 to P<0.001 vs. 
control); however, E2 alone did not alter the SP1. 
Interestingly, PPT alone induced the largest increase, 
significantly different from the increase of PPT+E2 
(30% higher; P<0.05). 

Slc2a4 gene promoter has a SP1-binding site 
close to putative ESR-binding sites 

Figure 2A shows the consensus sequence of SP1- 
and ESR-binding sites [20, 32, 34] used for analyses in 
the present study. Figure 2B shows a 200 nucleotides 
segment of mouse Slc2a4 promoter, which contains 
the SP1 responsive element [32] analyzed in the 
present study. Several sequences are indicated in the 
segment, such as: the oligonucleotide constructed for 
EMSA analysis containing the core of the SP1-binding 
site, 2 sequences homologous to the complete 
(palindromic) ESR-binding site, 3 sequences 
homologous to the first half-site of the ESR-binding 
site and 1 sequence homologous to the second 
half-site of the ESR-binding site. These data reveal 
how this SP1-binding site is surrounded by several 
putative ESRs-binding sites. 

ESR1 stimulates SP1 binding activity into 
Slc2a4 gene promoter 

Figure 2C shows typical image of nuclear 
proteins binding into the SP1 binding site of the Slc2a4 
gene promoter (EMSA), using the oligonucleotide 
indicated in Figure 2B. Competition with 100-fold 
molar unlabeled probe depicts the specificity of the 
protein/DNA complex. Besides, reduction in the 
binding activity observed with addition of anti-SP1 
antibody confirmed the presence of SP1 protein in the 
complex.  

 Considering that only the ESR1-mediated 
regulation of Slc2a4 expression could involve the 
participation of SP1, EMSA analysis was performed in 
cells treated with E2, PPT or both. Figure 2D shows 
that only PPT treatment induced a significant increase 
in the SP1 binding activity (by 30%; P<0.01 vs control, 
E2 and PPT+E2), although E2 and PPT+E2 have 
shown a slight tendency to increase as well.  

Finally, to confirm whether this PPT-induced 
increase in SP1 binding activity could be related to a 
molecular interaction between ESR1/SP1, SP1 protein 
was immunoprecipitated from nuclear protein 
extract, and the immunoprecipitated samples were 
subjected to ESR1 quantification by Western blotting. 
Figure 2E shows that PPT treatment significantly 

increased (72%; P=0.0388) the amount of ESR1 
arrested by SP1 immunoprecipitation.  

Discussion 
Estrogen has been proposed as a modulator of 

the glycemic homeostasis, and thus involved in the 
pathophysiology of obesity, insulin resistance and 
diabetes [3]. That is related to the estrogen capacity to 
modulate muscle and adipose tissues glucose 
disposal, an effect in which the GLUT4 plays an 
important role. In fact, estrogen-induced regulation of 
GLUT4 protein expression has been reported as a 
balance between ESR1-mediated increase and 
ESR2-mediated decrease of Slc2a4/GLUT4 expression 
[25, 27]. However, the mechanisms by which estrogen 
receptors trigger those inverse effects are still 
unknown. In this study, we determined the 
participation of SP1 protein in ESR1/2-mediated 
regulation of Slc2a4 gene expression in adipocytes. 
We demonstrated that ESR1 activation increases the 
nuclear content of SP1 protein, the SP1/ESR1 
interaction and the SP1 binding into the Slc2a4 gene 
promoter. No involvement of SP1 seems to occur in 
ESR2-mediated repressor effect on Slc2a4 gene. 

 Firstly, we investigated the expression of 
Slc2a4/GLUT4. PPT (ESR1 agonist) increased whereas 
DPN (ESR2 agonist) decreased Slc2a4/GLUT4 
expression; besides, E2 also increased the expression, 
revealing the preponderant effect of ESR1 in 
adipocytes. Predominance of ESR1 in nucleus of 
adipose cells has already been described (Dieudonne 
et al., 2004, Barros et al., 2009), explaining that the 
effect of E2 follows the ESR1 effect. Besides, those 
regulations of the GLUT4 have already been 
confirmed to be accompanied by parallel regulations 
of cellular glucose uptake [28], thus evincing a 
mechanism by which E2 can modulate glycemic 
homeostasis.  

 ESRs-induced effects may be determined by 
changes in the amount of receptors. Although 24-hour 
E2 treatment was shown to increase Esr1 mRNA [30], 
the present results depict that nuclear content of ESR1 
and ESR2 was unchanged in response to E2 and/or to 
their selective agonists. Recently, it was demonstrated 
by immunocytochemistry that 24-hour E2 can induce 
a clear translocation of ESR1 from nucleus to the 
plasma membrane [29]. Whether this different result 
is or not a consequence of distinct methodological 
approaches must be determined. Importantly, the 
present study aimed to demonstrate the potential 
ESR/SP1 mediated regulation of Slc2a4 expression; 
thus, we must focus on nuclear content of ESR 
proteins. 
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Figure 2. ESR1-mediated stimulation of Slc2a4 gene transcription involves a SP1’s cooperative mechanism. A: ESR-binding and SP1-binding consensus sequences [20, 35]. 
B: -239/-40 segment of Slc2a4 promoter depicting: the -149/-125 sequence used for EMSA analysis (in the box), containing the SP1-binding site (shaded); and 2 large sequences 
homologous to the complete (palindromic) ESR-binding site, 3 short sequences homologous to the first half-site of the ESR-binding site and 1 short sequence homologous to the 
second half-site of the ESR-binding site (underlined). C: EMSA analysis of SP1 binding into the -149/-125 segment of Slc2a4 gene promoter. D: SP1 binding activity into Slc2a4 
promoter measured in 3T3-L1 cells 24-hour treated in culture medium alone (C) or supplemented with estradiol (E2), ESR1 selective agonist (PPT) or both (PPT+E2). At the top, 
representative experiment shows blots of the SP1/DNA complexes, in the same sequence of the graph bars. Data are means ± SEM of 5 different samples, compared by 
one-way-ANOVA, followed by Tukey’s post-test, after to confirm the normality of the data distribution by the Shapiro-Wilk test. **P<0.01 vs C and ##P<0.01 vs E2. E: ESR1 
protein measured by Western blotting in SP1-immunoprecipitated nuclear proteins from 3T3-L1 cells after 24-hour treatment in culture medium alone (C) or supplemented with 
ESR1 selective agonist (PPT). At the top representative images corresponding to the graph bars. Data are means ± SEM of 4 control and 6 PPT samples, compared by unpaired 
two-tailed Student t-test. *P<0.05 vs C. 

 
 The SP1 gene and protein expression were also 

analyzed. Although only PPT+E2 increased the Sp1 
mRNA expression, the nuclear content of SP1 protein 
was increased by both PPT and DPN, added or not 
with E2. Similar discrepancies between Sp1 mRNA 
expression and SP1 protein content were already 
described in HepG2 cell and related to a 

PI3K/AKT-mediated stabilization of SP1 protein [36], 
highlighting that activation of this pathway has 
already been observed in 3T3-L1 adipocytes in 
response to ESR1 activation [29]. That could explain 
the PPT effect here observed in nuclear content of SP1; 
however, the absence of E2 effect and the positive 
effect of DPN lack appropriate explanation at present. 
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Importantly, considering that DPN is a repressor of 
Slc2a4 and it increased the nuclear content of SP1 
(classic Slc2a4 enhancer), it seems clear that the 
ESR2-mediated effect must not be related to the SP1 
cooperative effect, as ESR1 seems to be. 

Both ESR1 and ESR2 may regulate expression of 
target genes by binding to promoter regions 
containing palindromic consensus of estrogen 
responsive element (ERE) AGGTCANNNTGACCT, 
imperfect ERE sequences, or preserved or not ERE 
half sites [20, 35, 37]. The ERE half sites became more 
and more important, since the demonstration that 
they can participate in the novel genomic mechanism 
of ERE-dependent transactivation, including 
cooperative ESR1/SP1 interaction [20]. In this process, 
SP1/ESR1 interact and bind each one to their 
responsive element, which includes similar ERE 
half-sites [20]. In several E2-responsive genes, this 
interaction was characterized as involving SP1 and 
ESR1 motifs close to each other, separated by 3 to 68 
nucleotides [20]. In the Slc2a4 gene promoter, a 
well-documented SP1 binding site [32] is located at 
-141/-132 segment, and nearby this SP1 domain there 
are two whole EREs, three first half sites of ERE and 
one last half site of ERE (Figure 2B). All these domains 
display 67% similarity to the consensus sequence; and 
half-sites similarities can increase when compared to 
other half-sites already functionally reported [20]. 
Furthermore, these domains are located 8 to 88 
nucleotides far from the SP1RE (Figure 2B), and thus 
the proximity between the SP1RE and the EREs make 
the SP1/ESR1 cooperativity highly probable in the 
Slc2a4 gene regulation.  

 Considering that only the ESR1 enhancer effect 
upon Slc2a4 gene expression might be involving the 
SP1 cooperativity, we continued the study focusing 
on the ESR1 activity. EMSA analysis reveals that PPT 
alone increased the SP1 binding into Slc2a4 promoter, 
and that must participate in the ESR1 enhancer effect 
on Slc2a4 expression. However, regarding SP1/DNA 
binding, unexpected responses were also observed 
such as: 1) E2 did not alter the SP1 binding, despite 
the isolated effect of PPT; and 2) the PPT effect 
disappeared when E2 was added. 

 Concerning the first unexpected effect, 
divergent responses to E2 and PPT, in cells that 
primarily express the ESR1, have already been 
reported in vivo, in cerebral areas related to feeding 
behavior [38], and in vitro, in HepG2 cell proliferation 
regulation by leptin [39]. Although the discrepancy 
was not discussed in the HepG2 cell study, in the 
feeding behavior study it was related to time after E2 
or PPT stimulation (6 or 24 hours), and some 
mechanisms were hypothesized: 1) accessibility to 
nuclear compartment, 2) distinct capacity of E2 or PPT 

to trigger signals related to plasma membrane 
associated to ESR1 or to GPER1 (G protein coupled 
estrogen receptor 1), and 3) activation of intracellular 
pathways that lead to genomic effects [38]. Besides, 
distinct capacity of E2 or PPT to induce ESR1 nuclear 
exclusion should also be considered. Additionally, we 
must consider that E2 effects are currently described 
as dose-dependent [31, 38-40], and the doses of E2 and 
PPT used [41] may not trigger the exact same grade of 
ESR1 activation in the 3T3-L1 adipocytes. Thus, both 
modulators of biological effect (time and dose) may be 
involved in the present response, and we can 
hypothesize that handling cell treatment based on 
dose and/or time, the effects of E2 and PPT might be 
equal.  

 The second unexpected response regards the 
disappearance of the increased PPT-induced SP1 
binding with the addition of E2, highlighting that E2 
alone has no effect. At first sight, we might have 
supposed that E2 introduced an ESR2-mediated 
opposite effect, as described for the NFKB (nuclear 
factor NF-kappa-B) binding into the Slc2a4 promoter 
[29]. However, the data concerning ESR2 effect upon 
SP1 regulation do not support that supposition: 
firstly, because nuclear content of SP1 also increased 
in response to DPN (ESR2-agonist); and, secondly, 
because preliminary analysis suggests that DPN 
treatment did not alter SP1 binding into the Slc2a4 
(data not shown). Thus, ESR2-mediated effect on 
nuclear regulation of SP1 may be important to other 
E2-target genes, but not to Slc2a4. 

 In summary, the EMSA results reveal that 
PPT-induced ESR1 activity stimulates SP1 binding 
activity, although this effect, as discussed above, 
could not be observed in response to E2 based on dose 
and time studied here. In fact, in breast cancer cells 
transfected with SP1 and ESR1, both E2 and the 
antiestrogens tamoxifen and fulvestrant are able to 
induce reporter gene activity of E2-responsive genes 
[20]. Those observations indicate that the ESR1/SP1 
interactions can really promote unexpected and even 
contrary regulations. 

Once the EMSA analysis indicated that PPT 
simulates the SP1 binding into Slc2a4 promoter, and 
that can be related to cooperative effect between SP1 
and ESR1, we checked whether ESR1 and SP1 were 
complexing in nucleus of PPT treated cells. In fact, the 
preceding SP1 immunoprecipitation of nuclear 
proteins, followed by immunodetection of ESR1, 
confirmed that these proteins are complexed; besides, 
the amount of this complex increased after 24-hour 
treatment with PPT. This result reinforces the 
potential cooperativity of SP1/ESR1 in response to 
activation of ESR1. 
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Conclusions 
In this study, we demonstrated in 3T3L1 

adipocytes that activation of ESR1 increases nuclear 
SP1 content, SP1/ESR1 interaction and SP1 binding 
into the Slc2a4 promoter. Collectively, the results 
reveal a novel mechanism through which E2 enhances 
Slc2a4/GLUT4 expression. We hope this novel 
ESR1-induced regulation of Slc2a4 gene expression 
will help determine new targets for the development 
of approaches, contributing to the prevention or 
treatment of insulin resistance and diabetes mellitus.  
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