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Abstract: This study investigated the transcriptional activity (gene reporter assay) of
some putative estrogen responsive elements (EREs) in the Slc2a4 gene promoter region,
which could contribute to understanding the estrogen receptor 1 (ESR1) mediated
enhancer role of estradiol (E2). In 3T3L1 adipocytes, E2 and ESR1-selective agonist (PPT)
increased (by 35%, p<0.01) the expression of Slc2Za4 mRNA; ESR1-selective antagonist
(MPP) abrogated the E2 effect. In transiently transfected HEK293-FT cells, the basal
Slc2a4-Luciferase activity of 5’-500, 5’-250 and 5’-149 bp segments of the promoter
revealed that the loss of the -500/-250 bp segment reduces the unstimulated Sl{c2a4-Luc
activity (60%, p<0.001), a response attributed to the loss of seven known binding-sites of
enhancer transcription factors. Besides, E2/PPT increased (~150%, p<0.001) the relative
Slc2a4-Luc activity of all constructs, revealing that the ESR1-mediated E2-induced
transcriptional activity is preserved in all constructs, and that the putative ERE half-sites,
encompassed in -250/-149 bp segment, do not display transcriptional activity. Finally, 5’-
500 bp and 5’-149 bp constructs, containing four mutated nucleotides in the putative
complete Slc2a4 ERE, lost their responsiveness to E2. In conclusion, this study reveals an
imperfect complete Slc2a4 ERE site (-59/-46 bp), which is involved in the ESR1-mediated
E2-induced enhancing of the Slc2a4 gene expression.

Keywords: diabetes mellitus, insulin resistance, GLUT4, 17B-estradiol, PPT, estrogen
receptor.

INTRODUCTION

More than half a century ago the estrogen-induced improvement of glycemic control started
to be reported in hypoestrogenic women [1-4]. Since then, both hypoestrogenism and
hyperestrogenism have been associated with insulin resistance (IR) and impaired glycemic
homeostasis in women [1-3,5-7] and men [8-11].

The glucose transporter protein GLUT4 (solute carrier family 2, facilitated glucose
transporter member 4), codified by the Slc2a4 (solute carrier family 2 member 4) gene, is
responsible for insulin-stimulated glucose uptake in muscle and adipose tissues [12], thus
participating in the glycemic homeostasis [13]. Reduced expression of the Slc2a4/GLUT4 is
a feature in IR, even under preserved insulin-stimulated translocation [14], depicting the
importance of the reduced Slc2a4/GLUT4 expression in the chronic IR condition such as type
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2 diabetes (T2D). Estrogen mechanism of action is mainly mediated by two estrogen
receptors, ESR1 (estrogen receptor 1; formerly ER alpha) and ESR2 (estrogen receptor 2;
formerly ER beta), codified by genes ESR1 and ESR2, and belong to the nuclear receptor
family, thus playing a role of transcription factor [15,16]. Although ESR1 and ESR2 have
similar affinity to 17B-estradiol (E2), and bind into the same estrogen responsive element
(ERE) in the DNA of target genes, they display variable capacity to recruit a range of co-
regulatory protein complexes, and that may greatly change their final biological effect [16].

Classical mechanism of ESRs binding has been described to occur as homo- or
heterodimers into a ERE binding-site [15,16], such as the perfect palindromic ERE consensus
sequence AGGTCANNNTGACCT, and also in imperfect ERE sequences; besides ESRs can bind,
usually as a monomer, in perfect/imperfect ERE half-sites [17-20]. Moreover, in monomeric
binding, secondary protein interaction is facilitated, favoring an estrogen-induced
cooperative mechanism involving one ESR monomer bound into one ERE half-site and other
transcriptional factor bound in its respective responsive element nearby [15,18,21].

Since the remarkable studies investigating the GLUT4 expression in skeletal muscle
of ESR17~ and ESR2”- mice [22,23], ESRs have made a great contribution to the
understanding of the glycemic homeostasis regulation by estrogen. Those studies have
revealed that ESR1 enhances, whereas ESR2 represses, the Slc2a4/GLUT4 expression; and
changes in the amount of each receptor reflects in glycemic homeostasis: ESR1~~ mice show
IR and develop T2D, whereas ESR2”~ mice exhibit increased insulin sensitivity with fasting
hypoglycemia [23-25]. Furthermore, it was clearly reported that the ESR2 is much more
abundant in skeletal muscle, whereas ESR1 is predominant in adipose tissue, illustrating the
complex participation of ESRs in the metabolic network [25].

Once the GLUT4 plays an important role in glycemic control, the SLC2A4 gene has
become a promising target for pharmacogenomics of IR [26], and transcriptional regulation
of the gene expression has been investigated [27]. Several transcriptional factors have
already been reported as modulators of the expression of SLC2A4/Slc2a4 (human/murine
genes, respectively), most of them acting as enhancers and a few as repressors [28,29];
besides, their DNA-binding sites in the promoter of the SLC2A4/Slc2a4 gene were also
identified [30-38]. Nevertheless, despite functional demonstration of ESRs-mediated E2-
induced regulation of the Slc2a4 gene expression, the genomic mechanisms involved are
unclear. In-silico analysis of the 5’-400 bp segment of the Slc2a4 promoter identified five
putative half-sites of ERE (60%-67% homology with the consensus ERE half-sites) and one
putative complete ERE (73% homology with the consensus complete ERE) [27]. However, the
participation of these EREs domains in the Slc2a4 expression has never been investigated.
Thus, the aim of the present study is to demonstrate the transcriptional activity of a
putative imperfect complete ERE sequence in the Slc2a4 promoter, in which ESR1 must play
an enhancer role, acting as a cis-regulatory element.

MATERIALS AND METHODS

Cell Cultures and Treatments

Mouse 3T3-L1 fibroblasts, obtained from the American Type Culture Collection (ATCC®: #CL-
173TM, Rio de Janeiro Cell Bank, Rio de Janeiro, Brazil), were treated to generate
differentiated adipocytes as described [39,40]. These cells were used to confirm the ESR1-
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mediated enhancer effect of 17B-estradiol (E2) on the Slc2a4 gene expression in an insulin
sensitive cell. For that, differentiated adipocytes were cultivated without any treatment
(control, C) or treated for 24 h with: 10 nM of water-soluble 178-estradiol (E2) (E4389,
Sigma-Aldrich, St Louis, MO, USA); 10 nM of a selective ESR1 agonist PPT [1,3,5-Tris(4-
hydroxyphenyl)-4-propyl-1H-pyrazole] (Sigma-Aldrich; St. Louis, MO, USA); 1 pM ESR1
antagonist MPP [1,3-bis(4-hydroxyphenyl)-4-methyl-5-(4-(2-piperidinylethoxy)phenol)-1H-
pyrazoledihydrochloride] (Tocris, Avonmouth, Bristol, UK); and the combinations of E2+PPT
or E2+MPP. At the end of the treatments, the cells were subjected to total RNA extraction
for reverse transcription and quantitative polymerase chain reaction (RT-qPCR) analysis of
Slc2a4 mRNA, using Gapdh mRNA as internal control [40, 41].

Human embryonic kidney derived HEK293-FT cells, obtained from the American Type
Culture Collection (ATCC®#CRL-3249, Rio de Janeiro Cell Bank, Rio de Janeiro, Brazil), were
used for transient transfection of Slc2a4 constructs. The cells were allowed to proliferate
in DMEM (Dulbecco’s modified Eagle medium), 10% FBS (fetal bovine serum) and 1%

penicillin/streptomycin (Vitrocell/Embriolife, Campinas, SP, Brazil), in 75 cm? flasks, until
reaching 90% confluence. Thus, cell samples were transferred to a 24-well plate, and
allowed to reach 80% confluence. Thus, cells were transiently transfected with Slc2a4
promoter fragments, carrying or not a mutation in the putative imperfect complete ERE, as
detailed below in the luciferase assay section. After that, transfected cells were untreated
or treated with E2, PPT and E2+PPT, under the same conditions described above for the
3T3-L1 adipocytes.

Luciferase Assay

Fragments of the 5’-flanking promoter of the mouse Slc2a4 gene (Slc2a4 transcript
ENSMUST00000018710.12-GRCm38, https://www.ensembl.org, accessed on 12/2020),
spanning the 5’-500, 5’-250 and 5’-149 regions, were PCR-amplified from mouse genomic
DNA, using primers described in Supplementary Table S1. Restriction sites for Knpl and Xhol
were incorporated at the 5’ends of the forward and reverse primers, respectively, to enable
directional cloning upstream of the luciferase reporter gene in the pNL1.1[Nluc] vector
(Promega, Madison, Wi, USA). Mutations in four bp of the putative ERE, located at positions
-59/-46, in both fragments -500/-1 and -149/-1, were introduced using the primers
described in Supplementary Table S1, and a mutagenesis kit (QuickChange XL Site-Directed
Mutagenesis Kit, Agilent Technologies, Santa Clara, CA, USA), following suppliers’
instructions. HEK293-FT cells were transiently transfected with either an empty Nanoluc
vector or Nanoluc constructs of a wild-type or ERE-mutated SlcZ2a4 promoter fragments, as
described [38]. After transfection, cells were incubated for 8 h, in the presence of E2, PPT,
or E2 + PPT, or without any drug, for further luciferase activity analysis, using the Nano-
Glo® Dual-Luciferase® Reporter Assay System (Promega, Madison, Wisconsin, USA).
Luminescence was expressed as the Nanoluc/Firefly ratio.

Statistical Analysis

Data were expressed as mean + standard error of mean (SEM) of 4 to 7 samples, from at
least two different batches of experiments, as specified in the legends. Comparisons among
the groups were performed by one-way analysis of variance (ANOVA), followed by the
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Tukey’s multiple comparisons test, after confirming the normality of the data distribution
by the Shapiro-Wilk test. Analyses were performed using GraphPad Prism (version 10.4.2).

RESULTS

ESR1 Mediates the Increase of Slc2a4 mRNA Expression Induced by E2 in 3T3-L1
Adipocytes

As a proof of concept, we demonstrated that 3T3-L1 adipocytes cultivated for 24 h with E2
(E) or the selective ESR1 agonist PPT (P) increased (by 35%, p<0.01 vs. C) the Slc2a4 mRNA
expression (Figure 1a); besides, the treatment with the selective ESR1 antagonist MPP (M)
treatment abolished (p<0.01 E+M vs E) the stimulating effect of E on Slc2a4 mRNA expression
(Figure 1b).
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Figure 1. ESR1 mediates the increase of Slc2a4/GLUT4 expression induced by estrogen in
3T3-L1 adipocyte. Slc2a4 mRNA (A,D) and GLUT4 protein (B,C,E,F) expression were
analyzed in differentiates 3T3-L1 adipocytes cultivated for 24 h with 10 nM 17B8-estradiol
(E), 10 nM ESR1 agonist PPT (1,3,5-Tris(4-hydroxyphenyl)-4-propyl-1H-pyrazole) (P) or 1 uM
ESR1 antagonist MPP (1,3-Bis(4-hydroxyphenyl)-4-methyl-5-[4-(piperidinylethoxy)phenol]-
1H-pyrazol dihydrochloride) (M), and compared with a control treatment without any drug.
The Slc2a4 mRNA was analyzed by RT-qPCR, using the Gapdh mRNA as a loading control; the
GLUT4 protein was quantified in a total cellular membrane protein fraction, by Western
blotting, using the Ponceau-stained membrane as a loading control. GLUT4 images
representative of the results, with the respective Ponceau-stained membrane, are shown
(C,F). Results were normalized considering the mean of C values as 1.0. Data are expressed
as mean + SEM of 5 (B) and 7 (A,D,E) samples, from at least 3 different batches of
experiments. The means were compared by one-way ANOVA, followed by Tukey’s multiple
comparisons test (* p < 0.05, * p < 0.01 and p < 0.001 vs C; && p < 0.01 and &&& p < 0.001
vs E). AU, arbitrary units; C, control; E, 178-estradiol; Gapdh, glyceraldehyde-3-phosphate
dehydrogenase; GLUT4, solute carrier family 2, facilitated glucose transporter member 4;
M, MPP (ESR1 antagonist); P, PPT (ESR1 agonist); Slc2a4, solute carrier family 2 member 4.
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Progressive 5’-deletion of the -500/-1 Slc2a4 Gene Promoter Modulates the Basal Sic2a4
Transcriptional Activity

Firstly, we demonstrated that the nuclear ESR1 protein is spontaneous and abundantly
expressed in HEK293-FT cells; however, its expression was modulated neither by E2 nor by
PPT (Supplementary Figure S1).

a Transcription factors acting on the 5-500 bp of mouse Slc2a4 gene promoter

Protein DNA Binding Site Position Reference
KLF15 CACCC -486/-482 | Gray, 2002 [34]
MYOD/HIF1A | CATTTGGC -472/-465 | Santalucia, 2001 [33]
MEF2 TAAAAATAGC -446/-437 | Liu, 1994 [31]
TR-alpha GGGTTACTTCGGGGCA | -430/-415 | Torrance, 1997 [32]
NR1H3 GGGTTACTTCGGGGCA | -430/-415 | Dalen, 2003 [35]
CREB/CREM TTACTTCG -427/-420 | Alves-Wagner, 2019 [38]
CEBPA TTCAGAAAT -275/-266 | Kaestner, 1990 [30]
SP1 GGGGCGTGGCC -141/-131 | Im, 2006 [36]
NFKB GGGCGTGGCC -140/-131 | Furuya, 2013 [37]
SREBP CTGGGGTGTG -127/-119 | Im, 2006 [36]
NFKB GGGCGTGTCT -90 /-81 Furuya, 2013 [37]
b
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Figure 2. Progressive 5’-deletion of the 5’-500/-1 Slc2a4 promoter modulates the basal
Slc2a4 tran-scriptional activity. a, Transcription factors acting on the 5’-500/-1 sequence of
mouse Slc2a4 gene with their respective DNA binding site sequence, segment position and
reference. b, Schematic location of the binding sites for stimulatory (+) and inhibitory (-)
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transcription factors encompassed in the -500/-250, -250/-149 and -149/-1 bp segments of
the Slc2a4 promoter. ¢, Basal Slc2a4-Luc promoter activity in HEK293-FT cells. Cells were
transiently transfected with -500/-1, -250/-1 and -149/-1 Slc2a4-Luc reporter constructs
(gray bars) and maintained for 8 h without any drug; after that, the respective basal Slc2a4-
Luc reporter activity was measured and expressed as the ratio of NanoLuc to Firefly
luminescence (white bars). Data are expressed as mean + SEM of 4 samples, from at least
two different batches of experiments. The means were compared by one-way ANOVA,
followed by Tukey’s multiple comparison test (*** p < 0.001 vs. -500/-1 construct). CEBPA,
CCAAT/enhancer-binding protein alpha; CREB, cyclic AMP-responsive element-binding
protein; CREM, cAMP-responsive element modulator; HIF1A: hypoxia-inducible factor 1-
alpha; KLF15: Krueppel-like factor 15; MEF2: myocyte-specific enhancer factor; MYOD:
myoblast determination protein; NFKB: nuclear factor NF-kappa-B; NR1H3: nuclear receptor
subfamily 1 group H member 3 (former LXRa); SREBP: sterol regulatory element-binding
protein; SP1: transcription factor Sp1; TRa: thyroid hormone receptor alpha.

Figure 2a shows several transcription factors characterized as modulators of the
Slc2a4 expression, with their respective DNA binding site sequence and segment position in
the promoter. Figure 2b shows the schematic location of the binding sites of these
transcription factors, with the indication of their stimulatory (+) or inhibitory (-) effect, in
the three segments of the Slc2a4 promoter analyzed. The complete segment (-500/-1 bp)
encompasses eleven binding sites (for 9 enhancers and 2 inhibitors); the shortest segment
(-149/-1 bp) encompasses three binding sites (for 2 inhibitors and 1 enhancer).

Figure 2c shows the basal SlcZa4-Luc activity of HEK293-FT cells transiently
transfected with the three Slc2a4-Luc reporter constructs. Compared with the -500/-1 bp
segment, the transcriptional activity (ratio of NanoLuc to Firefly luminescence) of the -
250/-1 bp and of the -149/-1 bp decreased (p<0.001) by 66% and 56%, respectively. These
results show that the loss of seven transcriptional activating sites of -500/-250 bp segment
(Figures 2a,b) reduced the Slc2a4 transcriptional activity by more than 50%.

The ESR1-mediated Estrogen-induced Enhancement of the Slc2a4 Promoter Activity
Involves the Imperfect Complete ERE Site Located at the -59/-46 Segment

Figure 3a shows the location of four short sequences similar to the first half-site of the
consensus ERE, one short sequence similar to the second half-site of the consensus ERE, and
a putative imperfect complete ERE site, all with their respective DNA sequences.

Figures 2b-d show the relative Slc2a4-Luc activity of the 5’-500 bp, 5’-250 bp and 5’-
149 bp constructs, transfected into HEK293-FT cells, which were cultivated with E2 (E), PPT
(P), the addition of E plus P (E+P) or maintained without any drug (C, control) for 8 hours.
As compared with C cells, E, P and E+P similarly increased the Slc2a4-Luc activity of all
three constructs by values from 130% to 190% (p<0.05 to p<0.001). For each construct, no
difference was detected among the three treatments: E, P or E+P. Furthermore, the
magnitude of the response to E, P and E+P, for the 5’-250 bp and for the 5’-149 bp, was not
statistically different as compared by two-way ANOVA (comparison not shown in Figure 3).
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Figure 3. The ESR1-mediated estrogen-induced enhancement of Slc2a4 promoter activity
involves its binding into a putative imperfect complete estrogen responsive element (ERE)
site located at the -59/-46 segment of the promoter. a, Localization in the -500/-1 sequence
of mouse 5’ Slc2a4 promoter gene of four short sequences like to the first half-site of the
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consensus ERE, one short sequence similar to the second half-site of the consensus ERE, and
a putative imperfect complete ERE site, with their respective DNA binding sequences. b,c,d,
ESR1 mediates the estrogen-induced expression of Slc2a4 gene reporter. HEK293-FT cells
were transiently transfected with the 5’-500 bp (b), 5’-250 bp (c) and 5’-149 bp (d) segments
of Slc2a4-Luc constructs and then cultivated for 8 h with 10 nM 17B-estradiol (E), 10 nM
ESR1 agonist PPT (1,3,5-Tris(4-hydroxyphenyl)-4-propyl-1H-pyrazole) (P), E plus P (E+P) or
were maintained without any drug (C). Relative Slc2a4-Luc activities in each construct were
normalized considering the mean of C values as 1.0. Data are expressed as mean + SEM of 4
samples, from at least two different batches of experiments. The means were compared by
one-way ANOVA, followed by Tukey’s multiple comparison test (* p < 0.05, ** p < 0.01, **p
< 0.001 vs. C). e, Comparison among the consensus ERE, the putative Slc2a4 ERE, and a
mutant Slc2a4 ERE. The vertical lines indicate equal nucleotides between the sequences. In
the mutant ERE sequence, four nucleotides (underlined) were replaced in the first half-site
of the putative ERE. f,g, Relative Slc2a4-Luc activity of the ERE-mutated 5’-500 bp (f) and
5’-149 bp (g) segments does not increase in response to estrogen. HEK293-FT cells were
transiently transfected with the 5’-500 bp or the 5’-149 bp Slc2a4-Luc con-structs,
containing the mutant Slc2a4 ERE and then cultivated for 8 h with 10 nM 17B-estradiol (E),
10 nM ESR1 agonist PPT (1,3,5-Tris(4-hydroxyphenyl)-4-propyl-1H-pyrazole) (P), E plus P
(E+P) or were maintained without any drug (C). The transcriptional Slc2a4-Luc activity of
the ERE-mutated segments was analyzed as described for panels B-D. Data are expressed as
mean + SEM of 6 samples, from at least two different batches of experiments. The means
were compared by one-way ANOVA; no significant differences were observed among the
groups. ERE, estrogen responsive element; ESR1, estrogen receptor 1 (former ER-q).

Figure 3e shows the comparison among the consensus complete ERE sequence, the
putative imperfect ERE at the -59/-46 segment of the Slc2a4 promoter, and the mutant
sequence of the Slc2a4 putative ERE, in which the first four nucleotides AGGT were replaced
by CTTG as well. Vertical lines between the sequences indicate the same nucleotide.

Finally, Figures 3f,g show the relative SlcZ2a4-Luc activity of HEK293-FT cells
transiently transfected with the 5’-500 bp or the 5’-149 bp Slc2a4-Luc constructs containing
the mutant Slc2a4 ERE. Compared with untreated cells (C), neither E nor P nor E+P had any
effect in the Slc2a4-Luc activity, either in the 5’-500 bp or in the 5’-149 bp ERE-mutated
Slc2a4-Luc constructs.

DISCUSSION

Estradiol (E2) exerts effects on the adipose tissue development, dyslipidemia, insulin
resistance and inflammation, influencing the risk of developing obesity, metabolic syndrome
and T2D [4,42-45]. Considering the estrogen pro-adipogenic effect [40], a hyperplasic
development of adipose tissue is expected, thus improving glycemic homeostasis [4,44,46].

The complexity of the estrogen-dependent modulation of metabolic homeostasis
may involve the estrogen receptors regulation of the Slc2a4/GLUT4, since estradiol may
enhance or inhibit the Slc2a4 gene, as it acts via ESR1 or ESR2, respectively [22-
25,27,39,41]. Regarding the adipose tissue specifically, estrogen increases Slc2a4/GLUT4
expression [24, 41], because the adipocyte preponderantly expresses ESR1 [25]. Here, we
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first confirmed the ESR1-mediated enhancer effect of E2 in the Slc2a4 mRNA expression in
adipocytes, by mimicking the E2 effect with the selective ESR1-agonist PPT, and abrogating
the E2 effect with the selective ESR1-antagonist MPP, regulations that have already been
proposed [27,39,41,47].

Concerning the Slc2a4 gene expression regulation, we focused on the 5’-500 bp
segment of the promoter, where most transcription factors bind [28], and putative
imperfect ESR binding sites were proposed [27]. The basal Slc2a4-Luc reporter activity of
HEK293-FT cells transfected with the constructs -500/-1 Slc2a4-Luc, -250/-1 Slc2a4-Luc and
-149/01 Slc2a4-Luc reporter reveals that the loss of the 5’-500/-250 bp reduced more than
50% the transcriptional activity of the Slc2a4-Luc reporter, due to the presence of seven
binding sites for important enhancer transcriptional factors in this segment.

To investigate the putative EREs of the Slc2a4 gene in the transfected HEK293-FT
cell, we first investigate the spontaneous expression of ESR1 in nuclear extract, which is
abundant, but not modulated by E2 or PPT. That can be explained by the fact that this cell
is derivative of the human embryonic kidney (HEK) 293 cell line, and the expression of ESR
in embryonic kidney is well known [48].

As commented on above, the 5’-500 bp Slc2a4 promoter contains five putative ERE
half-site sequences, in which ESR1 might be regulating transcription as a monomer [15,17-
21]. However, results show that the Slc2a4-Luc activity had been similarly increased either
by E2 or PPT, in both the 5’-500 bp and the 5’-149 bp, and considering that from the -500
bp to the -149 bp segments four putative ERE half-sites were lost, it is tempting to speculate
that ESR1 is not acting as a monomer in these ERE half-sites.

The most important result concerns the response of HEK293-FT cells transfected with
the 5’-500 bp or 5’-149 bp ERE-mutated, in which neither E2 nor PPT increased in the Slc2a4-
Luc activity, highlighting the relevance of the putative imperfect ERE site. These data led
us to propose that the E2- and PPT-induced increase in Slc2a4 transcriptional activity is an
ESR1-mediated effect, involving the complete imperfect ERE (AGGTGGCTTCAGCT) located
in the -59/-46 segment of the Slc2a4 promoter. Furthermore, the complete absence of the
enhancer effect of E2/PPT in the ERE-mutated 5’-500 bp reinforces that all half-sites
encompassed in this segment are not being activated by ESR1 in a monomeric way in this
cell.

ESR monomer is used to binding in ERE half-site, participating in cooperative
regulation with other transcription factors [21, 27]. Regarding the Slc2a4 gene expression
in adipocytes, positive cooperative ESR1 regulation was proposed to occur in response to E2
and PPT with the transcription factor Sp1 (SP1) [47]. Although this cooperation might involve
some ERE half-site, the fact that the mutated complete Slc2a4 ERE completely lost the
E2/PPT effect indicates that this cooperative regulation is not involving the direct ESR1
binding into a Slc2a4 ERE half-site, even bearing in mind that these cells spontaneously
express SP1 [49]. On the other hand, the ESR1/SP1 cooperative mechanism may also occur
in a ligand-independent way, in which activated ESR1binds into SP1 and induces the SP1
direct binding into the DNA [18]. This ligand-independent mechanism is in agreement with
previous study in 3T3L1 adipocytes reporting that PPT has increased the nuclear content of
ESR1/SP1 complex as well as the SP1 binding into the Slc2a4 promoter [47].

The proliferator-activated receptor gamma (PPARG) is a bizarre modulator of the
Slc2a4 expression, exerting repressive or stimulating effects, according to the ligand [50].

Vol. 13 No. 02 (2026): British Journal of Healthcare and Medical Research Page | 162



Scholar Publishing

PPARG dimerizes with retinoid acid receptor RXR-alpha (RXRA), to bind into a consensus
sequence presenting two repeats of AGGTCA (AGGTCANAGGTCA) [51]. Interestingly, the
first half-site of the consensus ERE (AGGTCA) matches perfectly with the two half-sites of
the PPARG/RXRA binding site, and ESR/PPARG/RXRA interactions have already been
reported [51]. Despite the fact that PPARG-induced regulation of the Slc2a4 gene (repressor)
has been extensively investigated [50,51], to our knowledge, the exact PPARG/RXRA binding
site into the Slc2a4 gene is still unknown. A study related to this field described that
PPARG/RXRA binds to the -66/+163 bp segment of the mouse Slc2a4 gene, which includes a
large transcriptional segment, without indicating its exact binding site [52]. Since in silico
analysis indicates that there is no AGGTCA sequence in the 5’500 bp segment investigated
here [27], the possible PPARG/ESR interaction was not analyzed in the present study.

CONCLUSIONS

This study reports the presence of one functional imperfect complete ERE
AGGTGGCTTCAGCT in the Slc2a4 gene, located at -59/-46 domain of the promoter region,
which is important for the ESR1-mediate enhancing effect of 17B-estradiol on S{c2a4 mRNA
expression. We hope that these results will be helpful in the future to establish some
estrogen-related pharmacogenomic approach, capable of regulating GLUT4 abundance and
ultimately contributing to improve glycemic homeostasis.

ABBREVIATIONS

Abbreviations (and names) of genes and proteins are in accordance with the HGNC and
UniProt databases, respectively.

ANOVA: analysis of variance

AU: arbitrary units

CEBPA: CCAAT/enhancer-binding protein alpha

CREB: Cyclic AMP-responsive element-binding protein

CREM: cAMP-responsive element modulator

E2: 17B-estradiol; ERE: estrogen responsive element

ESR: estrogen receptor protein

ESR1: estrogen receptor 1 protein (former ERa)

ESR1: estrogen receptor 1 (human gene)

Esr1: estrogen receptor 1 (mouse gene)

ESR2: estrogen receptor 2 protein (former ERB)

ESR2; estrogen receptor 2 (human gene)

Gapdh: glyceraldehyde-3-phosphate dehydrogenase (mouse gene)
GLUT4: solute carrier family 2, facilitated glucose transporter member 4

HEK: human embryonic kidney
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HIF1A: Hypoxia-inducible factor 1-alpha
IR: insulin resistance

Luc: luciferase reporter

M: MPP (ESR1 antagonist)

MEF2: Myocyte-specific enhancer factor

MPP: 1,3-Bis(4-hydroxyphenyl)-4-methyl-5-[4- (piperidinylethoxy)phenol]-1H-pyrazol
dihydrochloride

MYOD: Myoblast determination protein

NFKB: Nuclear factor NF-kappa-B

NR1H3: Nuclear receptor subfamily 1 group H member 3 (former LXRa)
P: PPT (ESR1 agonist)

PPT: 1,3,5-Tris(4-hydroxyphenyl)-4-propyl-1H-pyrazole

RT-gPCR; reverse transcription and quantitative polymerase chain reaction
SEM: standard error of the mean

Slc2a4: solute carrier family 2 member 4 (mouse gene)

SREBP: Sterol regulatory element-binding protein

SP1: Transcription factor Sp1

T2D: type 2 diabetes

TRa: Thyroid hormone receptor alpha.
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Supplementary Table S1

Table S1. Sequences of primers used to obtain the 5’-500, 5’-250 and 5°-149 bp segments of the mouse Slc2a4

gene, and to acquire a putative ERE-mutated domain. In lowercase letters, the sites for restriction enzymes; in bold

letters, the mutated nucleotides.

Primer Forward Reverse
-500/-1 gcggtaccGGGACAGGCTGGGACACCCGG gactcgagTCTCCGGGATCTAGTGAGACC
-250/-1 gcggtaccTTTGGATGGCGGGAAGAGCCT gactcgagTCTCCGGGATCTAGTGAGACC
-149/-1 0gcggtaccAGGGGTGGGGGCGTGGCCTTT gactcgagTCTCCGGGATCTAGTGAGACC

Mutant GCGGAGAGCTGAAGCCCAAGCCCCACTCC  CGGGGCGGGAGTGGGGCTTGGGCTTCAGC

CGCCCCG TCTCCGC

ERE, estrogen responsive element; Slc2a4: solute carrier family 2 member 4 (mouse gene).
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Supplementary Figure S1
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Figure S1. HEK 293FT cells express ESR1, but that is not modulate by E2 or PPT. ESR1
protein expression was analyzed in HEK 293FT cells cultivated for 24 h with 10 nM 17f3-
estradiol (E), 10 nM ESR1 agonist PPT (1,3,5-Tris(4-hydroxyphenyl)-4-propyl-1H-pyrazole)
(P) or E+P, and compared with a control treatment without any drug. The ESR1 protein was
guantified in a nuclear protein extract, by Western blotting, using the Ponceau-stained
membrane as a loading control. Results were normalized considering the mean of C values
as 1.0. A, Data expressed as mean + SEM of 6 samples, from at least 3 different batches of
experiments. The means were compared by one-way ANOVA, followed by Tukey’'s multiple
comparison test (** p < 0.01, **p < 0.001 vs. C; &&& p<0.01vs E; # p < 0.05vs M). B,
Images of one immunoblotting, with the respective Ponceau-stained membrane used for
normalization. AU, arbitrary units; C, control; E, 17B-estradiol; ESR1, estrogen receptor 1
(former ER-a); M, MPP; P, PPT.
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