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ABSTRACT
Filtered glucose is mostly reabsorbed by sodium-glucose
cotransporter 2 (SGLT2) in the proximal tubules. SGLT2 is
predominantly expressed in the human kidney. However, the
regulatorymechanisms forSGLT2 gene expression in the human
kidney remain unclear. We in this work elucidated the transcrip-
tional regulatory mechanisms for the SGLT2 gene by nucleo-
some occupancy in the SGLT2 promoter region. Expressions of
SGLT2 mRNA and protein were markedly weaker in human
kidney-derived HK-2 cells than the human kidney. The nucleo-
some occupancy level in the SGLT2 promoter region was low in
the kidney, but high in HK-2 cells. A treatment with a histone
deacetylase inhibitor trichostatin A (TSA) decreased nucleo-
some occupancy in the promoter region and increased SGLT2

expression levels in HK-2 cells. The upregulation of SGLT2
expression by histone acetylation was accompanied by a higher
binding frequency of hepatocyte nuclear factor (HNF) 1a, a
transcriptional modulator of SGLT2 in the human kidney, to the
promoter region. The transfection of a HNF1a expression
plasmid into HK-2 cells resulted in the upregulation of SGLT2
mRNA expression in the presence of TSA, but not in the
treatment of dimethylsulfoxide as a control. Nucleosome occu-
pancy in the promoter region wasmarkedly higher in the liver and
small intestine than the kidney. Our results indicate that tissue-
specific nucleosome occupancy plays an important role in the
regulation of SGLT2 gene expression via HNF1a binding at the
SGLT2 promoter region.

Introduction
The kidney plays an important role in the reabsorption of

glucose from the glomerular filtrate. Approximately 180 g
glucose is typically filtered by the kidneys each day and
reabsorbed in proximal tubule epithelial cells (PTECs) by
sodium-glucose cotransporters (SGLTs) (Wright, 2001; Chen
et al., 2010; Gerich, 2010; Pérez López et al., 2010). In the S1
and S2 segments of the proximal tubule, approximately 90% of
filtered glucose is reabsorbed through SGLT2 (Gerich, 2010).
Previous studies demonstrated that a deficiency in SGLT2
expression decreased blood glucose levels. The knockout of
Sglt2 in diabetic mice reduced blood glucose levels and
prevented glomerular hyperfiltration (Vallon et al., 2013).
Therefore, the inhibition of SGLT2 activity in the kidney is
regarded as an effective strategy for glycemic control in
diabetic patients. SelectiveSGLT2 inhibitors havebeendeveloped
as a new class of oral medication for the treatment of type
2 diabetes mellitus. These drugs reduce glucose reabsorption
by SGLT2 in the proximal tubules, thereby increasing urinary

glucose excretion and lowering plasma glucose levels (Jabbour
and Goldstein, 2008; Bołdys and Okopie�n, 2009; Misra, 2013).
Previous studies focused on the regulation of SGLT2

expression by transcription factors. Hepatocyte nuclear factor
(HNF) 1a, which has been characterized as a modulator of
SGLT2 expression, was shown to directly bind to the SGLT2
59-flanking region (59-FR) and control SGLT2 gene expression
(Pontoglio et al., 2000; Freitas et al., 2008; Zhao et al., 2016).
Additionally, HNF4a and SP1 have been reported to play an
important role in SGLT2 expression (Kothinti et al., 2010;
Bonner et al., 2015). Although these transcription factors are
expressed in various tissues such as the liver and intestines,
SGLT2 is not. Therefore, anothermechanism for the regulation
of SGLT2 expression appears to contribute to tissue-specific
gene expression. The nucleosome is a basic unit of chromatin
and consists of approximately 147 bp of DNA wrapped around
histones. Nucleosome occupancy plays an important role in
the epigenetic regulation of gene expression by inhibiting the
initiation of transcription at gene promoters (Lorch et al.,
1987; Workman, 2006). Previous studies demonstrated that
nucleosomes control tissue-specific transcription factor bind-
ing to gene promoters, and, thus, contribute to tissue-specific
gene expression (Hoffman et al., 2010; Hu et al., 2011; Tsui
et al., 2011; Yang et al., 2013; Zhang et al., 2015). However, the
relationship between nucleosome occupancy and tissue-
specific SGLT2 expression remains unknown. Therefore, a
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clearer understanding of nucleosome occupancy at the SGLT2
promoter may provide significant insights into transcriptional
regulatory mechanisms for the SGLT2 gene in the human
kidney.
In the present study, we focused on the transcriptional

regulation of the SGLT2 gene by nucleosome occupancy in
SGLT2 59-FR in the human kidney. We demonstrated that
decreasing nucleosome occupancy in the SGLT2 promoter
plays a critical role in the upregulation of SGLT2 expression.
We also revealed that HNF1a binds to the SGLT2 promoter in
the human kidney, and the activation of SGLT2 transcription
by HNF1a requires low nucleosome occupancy through his-
tone acetylation in the SGLT2 promoter.

Materials and Methods
Human Tissue. A human kidney cortex and small intestine

obtained from surgical specimens were purchased from Integrated
Laboratory Services-Biotech (Chestertown, MD). A human liver
sample was obtained from a Caucasian donor at the National Disease
Research Interchange (Philadelphia, PA). All assays using human
tissue samples were performed by three independent experiments
(n 5 3). The use of human tissues was approved by the Kyushu
University Institutional Review Board for Human Genome/Gene
Research (Fukuoka, Japan).

Cell Culture. HK-2 cells were obtained from the American Type
Culture Collection (Manassas, VA). Cells were cultured in DMEM/F12
medium (ThermoFisher Scientific,Waltham,MA) supplementedwith
10% fetal bovine serum at 37°C in an incubator with 5% CO2.

Construction of SGLT2 Reporter Plasmids. The DNA frag-
ment of SGLT2 59-FR (23185/118) was amplified by a polymerase
chain reaction (PCR) using primers (described as 23185 and 118
in Supplemental Table 1) and human genomic DNA as a template. The
pGL4.10 vector (Promega, Madison, WI) was digested by KpnI and
HindIII restriction enzymes and then ligated with the PCR prod-
uct using the In-Fusion HD Cloning kit (TaKaRa, Shiga, Japan).
Deletion constructs [22320/118, 21587/118, 2485/118, 2154/118,
244/118, and del-(251/237)] were generated by In-Fusion cloning or
the QuikChange II site-directed mutagenesis method (Supplemental
Table 1) using the23185/118 construct as a template. The sequences of
these plasmids were confirmed by direct sequencing using primers
(Supplemental Table 2) described previously (Nishimura et al., 2014).

Construction of a HNF1a Expression Plasmid. The coding
region of HNF1a was amplified by PCR using cDNA synthesized from
the human kidney and primers (Supplemental Table 3). The
pcDNA3.1(1) vector (Invitrogen, Carlsbad, CA) was digested by EcoRI

and EcoRV restriction enzymes and then ligated with the PCR product
using the In-Fusion HD Cloning kit. The sequence of the plasmid was
confirmed by directed sequencing using primers (Supplemental Table 3).

Luciferase Assay. HK-2 cells were seeded on 24-well culture
plates at 0.2 � 105 cells/well and incubated for 24 hours. A series of
reporter constructs [equimolar amounts of the empty pGL4.10
plasmid (250 ng)], 500 ng HNF1a expression plasmid or the empty
pcDNA3.1(1) plasmid, and 25 ng internal standard pGL4.70 (Promega)
were transfected into HK-2 cells using FuGENE HD Transfection
Reagent (Promega), according to the manufacturer’s instructions. After
48 hours, luciferase activities weremeasured using theDual-Luciferase
Reporter Assay System (Promega) and a TD-20/20 Luminometer
(Promega). Transcriptional activities were expressed as the ratio of
Firefly luciferase to Renilla luciferase activity.

RNA Interference. The transfection mix was prepared in Opti-
MEM (Invitrogen) with HNF1a small interfering RNA (siRNA)
(siHNF1a; Sigma-Aldrich, St. Louis, MO) or control siRNA (MISSION
siRNA Universal Negative Control; SIC-001; Sigma-Aldrich) and
Lipofectamine RNAiMAX (Invitrogen), according to the manufacturer’s
directions. The final concentrations of siRNA and lipofectamine
added to the cells were 20 nM and 2 ml/ml, respectively. HK-2 cells
were cultured in the presence of the transfection mixture for
24 hours, and cells were treated with dimethylsulfoxide (DMSO) or
1.0 mM trichostatin A (TSA; Wako, Osaka, Japan) for 24 hours.
siHNF1a sequences were as follows: 59-CAGUGAGACUGCAGAA-
GUAtt-39 (sense sequence) and 59-TACTTCTGCAGTCTCACTGtt-39
(antisense sequence).

Total RNA Isolation and Capture of Nascent RNAs. HK-2
cells were seeded on a six-well plate at 1.5 � 105 cells/well and
incubated for 24 hours, and cells were then transfected with 500 ng
HNF1a expression plasmid or pcDNA3.1(1) plasmid using the
FuGENE HD Transfection Reagent (Promega). After 48 hours, cells
were treated with DMSO or 1.0 mM TSA, together with 0.2 mM
5-ethynyl uridine for 24 hours. Total RNA was isolated from the
human kidney and HK-2 cells using ISOSPIN Cell & Tissue RNA
(Nippon Gene, Tokyo, Japan). Ethynyl uridine–labeled nascent RNA
was biotinylated and captured using a Click-iT Nascent RNA Capture
Kit (Invitrogen), according to manufacturer’s instructions.

cDNA Synthesis and Quantitative PCR. Total RNA (500 ng) or
nascent RNA (200 ng) was transcribed using the Verso cDNA
Synthesis Kit (Thermo Fisher Scientific). Quantitative PCR was
performed on a StepOnePlus Real-Time PCR System (Applied
Biosystems, Foster City, CA) with SYBR Premix Ex Taq (TaKaRa)
under the following conditions: 95°C for 2 minutes, followed by
40 cycles at 95°C for 3 seconds and 60°C for 30 seconds. SGLT2 and
HNF1a mRNA levels were normalized to 60S ribosomal protein L13
(RPL13) mRNA levels. The primers used in this study are listed in
Supplemental Table 4.

Fig. 1. Analysis of transcriptional activity of SGLT2 59-FR and SGLT2 expression levels in HK-2 cells. (A) Luciferase activity of a series of reporter
constructs containing SGLT2 59-FR in HK-2 cells. Results are expressed as fold increases in pGL4.10. (B) SGLT2 mRNA levels in HK-2 cells and the
human kidney were measured by quantitative PCR and normalized to RPL13mRNA levels. Results are expressed relative to SGLT2mRNA levels in the
human kidney. (C) Western blot analyses of SGLT2 and b-actin protein expression in HK-2 cells and the human kidney. SGLT2 protein levels represent
the density ratio for the bands of SGLT2 and b-actin. Results are expressed relative to SGLT2 protein levels in the human kidney. Results represent the
mean 6 S.D. of three independent experiments. *P , 0.05.
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Nucleosome Occupancy and Methylome Sequencing. Nucle-
osome occupancy and methylome sequencing (NOMe-Seq) were per-
formed according to the manufacturer’s instructions (Active Motif,
Carlsbad, CA), with slight modifications. Approximately 50 mg frozen
human tissues and 7.5 � 105 of HK-2 cells were cross-linked by 1%
formaldehyde at room temperature for 15 and 5 minutes, respectively,
and cross-linking was quenched by adding 1.25 M glycine. Cells were
homogenized in lysis buffer with 40 strokes of a Potter–Elvehjem
homogenizer (Wheaton Industries, Millville, NJ). Homogenized
kidney tissues were filtered through an 80-mmNylonWoven Net Filter
(Merck Millipore, Darmstadt, Germany) to remove tissue debris.
Chromatin was sheared to fragments larger than 1 kb. Sheared

chromatin was treated with 0 or 20 U GpC methyltransferase at 37°C
for 4 hours. Reactions were stopped by the addition of stop solution and
incubated at 95°C for 15 minutes. Bisulfite conversion was then
performed on DNA. Bisulfite-converted DNA was used for PCR
amplification with primers for SGLT2 59-FR (Supplemental Table 5).
PCR products were cloned into the pGEM-T easy vector (Promega).
Twenty colonies inGpCmethyltransferase-treatedDNAand10 colonies
in nontreated DNA were subjected to colony PCR, followed by se-
quencing with primers (Supplemental Table 5) for the assessment of
nucleosome occupancy andCpGmethylation, respectively. GpCpG sites
were removed from the analysis of nucleosome occupancy as they are
both a GpC and CpG context.

Fig. 2. Analysis of epigenetic regulation in SGLT2 59-FR in HK-2 cells and the human kidney. (A and B) NOMe-Seq data of SGLT2 59-FR in HK-2 cells
and the human kidney. The arrow indicates the SGLT2 TSS. (A) Vertical lines indicate CpG sites. White circles represent unmethylated CpG sites, and
black circles represent methylated CpG sites. (B) Vertical lines indicate GpC sites. White circles represent unmethylated GpC sites, and black circles
representmethylated GpC sites. Deep gray bars represent nucleosome occupancy, which is the region of consecutive unmethylated GpC sites over 147 bp.
(C) NuSA data of 59-FR inHK-2 cells (black circles) and the human kidney (white circles). Relative nucleosome occupancy is expressed relative to the level
of nucleosome occupancy in each sample without the micrococcal nuclease treatment and indicated by the midpoints of each amplicon. Results represent
the mean 6 S.D. of three independent experiments. *P , 0.05 for HK-2 cells versus the human kidney.
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Nucleosome Scanning Assay. A nucleosome-scanning assay
(NuSA) was performed using the EpiScope Nucleosome Preparation
Kit (TaKaRa), according to the manufacturer’s protocol, with slight
modifications. Approximately 20mg frozen human kidney or 2.0� 106

of HK-2 cells was washed with ice-cold phosphate saline buffer and
incubated in lysis buffer for 10 minutes. Tissue samples were
homogenized and filtered, as described above. The nuclei released
were treatedwith 0 or 4 Umicrococcal nuclease for 30minutes at 37°C
and purified using NucleoSpin Gel and PCR Clean-up (TaKaRa).
Nucleosomal DNA enrichment was evaluated by quantitative PCR
with overlapping primer pairs (Supplemental Table 6), producing a
high-resolution, quantitative map of the nucleosome location and
occupancy. Relative nucleosome occupancy was presented by the ratio
to the nucleosomal DNA enrichment of LINE-1 as a reference gene
using the Pfaffl method (Pfaffl, 2001).

Chromatin Immunoprecipitation Assay. Chromatin immuno-
precipitation (ChIP) assays were performed using the EpiQuik ChIP
or Tissue ChIP kit (Epigentek, Farmingdale, NY), according to
manufacturer’s instructions. Briefly, approximately 50 mg human
kidney or 1.0 � 106 of HK-2 cells were cross-linked, homogenized, and
filtered, as described above. Chromatin was sheared to fragments
ranging from 300 to 600 bp. The sonicated lysate (5 ml) was used to
quantify the total amount of DNA (input). Immunoprecipitation was
performed for 90minuteswith 2mg antibodies: anti-acetylated histone
H3 (Merck), anti-HNF1a (sc-393925; Santa Cruz Biotechnology,
Santa Cruz, CA), or normal mouse IgG as the negative control.
Immunoprecipitated DNA and input DNA were analyzed by semi-
quantitative PCR or quantitative PCR using primers for SGLT2 59-FR
(Supplemental Table 7). Semiquantitative PCR was performed using
Gene RED PCRMix Plus (Nippon Gene). PCR products were resolved
by electrophoresis on a 2% agarose gel and stained with ethidium
bromide. The intensity of bands was quantified with the Lumino
Image Analyzer LAS-3000 and Multi Gauge (Fujifilm, Tokyo, Japan).

Western Blot Analysis. The human kidney was pulverized and
dissolved inradioimmunoprecipitationassaybuffer (10mMTris-HCl,pH7.5,
150 mM NaCl, 1% sodium deoxycholate, 1% Nonidet P-40, and 0.1% SDS).
HK-2 cellswere harvested andhomogenizedwith radioimmunoprecipitation
assay buffer 24 hours after the TSA treatment. Deglycosylation was
performed by incubation with peptide-N-glycosidase F (New England
Biolabs, Ipswich, MA). Lysate samples were separated on 9%
SDS-polyacrylamide gels and transferred to polyvinylidene difluoride
membranes by Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell
(Bio-Rad, Richmond, CA). Membranes were blocked in phosphate-
buffered saline with 0.1% Tween 20 and 5% nonfat dry milk at room
temperature for 20 minutes and incubated with the primary
anti–b-actin (ab6276, diluted at 1:5000; Abcam, Cambridge, UK),
anti-SGLT2 (sc-393350, diluted at 1:200; Santa Cruz Biotechnology),
and anti-HNF1a (sc-6547, diluted at 1:1000; Santa Cruz Biotechnology)
antibodies at 4°C overnight. After washing, the membrane was
incubated at room temperature for 1 hour with the ECL Mouse IgG,
horseradish peroxidase–linked whole Ab (NA931, diluted at 1:10,000;
GE Healthcare, Little Chalfont, UK), or donkey anti-goat IgG-
horseradish peroxidase (sc-2020, diluted at 1:10,000; Santa Cruz
Biotechnology). After washing the membrane, immune complexes were
visualizedusing a chemiluminescence reagent (AmershamECLSelect;GE
Healthcare) and captured with the Lumino Image Analyzer LAS-3000.

Statistical Analysis. Results from three independent experi-
ments are expressed as the mean 6 S.D. Statistical analyses were
performed with the statistical software program R. The means of two
groups were compared with an unpaired Student’s t test (two-tailed).
Comparisons of themeans ofmultiple groupswere performedwith the
Tukey–Kramer test. Two-way analysis of variance was used to
examine the effects of two factors on an experimental response. All
tests were considered significant at P , 0.05.

Results
Analysis of SGLT2 mRNA Levels and Nucleosome

Occupancy in HK-2 Cells and Human Kidney Tissue.
SGLT2 is primarily expressed in the cortex of the kidney and
located in the S1 and S2 segments of the proximal tubule. The
HK-2 cell line, an immortalized PTEC line from a normal
adult human kidney, is available as a human PTEC model
(Ryan et al., 1994; Wilmer et al., 2010). However, a luciferase
assay with HK-2 cells showed no significant changes in the
luciferase activity of SGLT2 59-FR reporter constructs
(Fig. 1A). Quantitative PCR with cDNA synthesized from
total RNA and Western blot analyses demonstrated that
SGLT2 mRNA and protein levels were markedly lower in
HK-2 cells than in the human kidney (Fig. 1, B and C). These
results suggest different regulatory mechanisms for SGLT2 gene

Fig. 3. Influence of the TSA treatment on SGLT2 expression and histone
acetylation in SGLT2 59-FR in HK-2 cells. HK-2 cells were treated with
DMSO or TSA for 24 hours. (A) SGLT2 mRNA levels were measured by
quantitative PCR and normalized to RPL13 mRNA levels. Results are
expressed relative to SGLT2mRNA levels in DMSO-treated cells (control).
(B) Scheme of the ChIP assay in 59-FR. The upper arrow indicates the
SGLT2 TSS. Lower arrows indicate two sets of PCR primers targeting
59-FR, designated as distal and proximal. (C) ChIP analyses targeting
59-FR in DMSO- or TSA-treated cells using antibodies against normal IgG
(white bars) and acetylated histone H3 (black bars). (D) Semiquantitative
analyses of acetylated histone H3 enrichment in two regions in ChIP
analyses in (C). Results are expressed as the percentage of the immuno-
precipitate over total input DNA. Results represent the mean 6 S.D. of
three independent experiments. *P , 0.05.
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expression betweenHK-2 cells and the human kidney. Therefore,
we performed NOMe-Seq to identify endogenous DNA methyl-
ation and the distribution of nucleosome occupancy in 59-FR in
HK-2 cells and the human kidney. NOMe-Seq results of CpG
methylation profiles showed that 59-FRwas highlymethylated in
HK-2 and the human kidney (Fig. 2A). In NOMe-Seq, GpC
methyltransferase may artificially methylate GpC sites that
are not protected by nucleosomes or DNA-binding proteins.
GpC methylation patterns represent the sites of a genome
occupied by nucleosomes. To confirm whether GpC sites in GpC
methyltransferase-treated samples were successfully methyl-
ated, we assessed GpC sites in the GAPDH promoter. These
GpC sites were highly methylated in extracted DNA samples
(Supplemental Fig. 1). The 59-FR was occupied by more nucleo-
somes in HK-2 cells than in the human kidney (Fig. 2B;
Supplemental Fig. 2A). We then performed NuSA to confirm
nucleosome occupancy in SGLT2 59-FR. Relative nucleosome
occupancy was markedly higher in HK-2 cells than in the human
kidney (Fig. 2C). These results indicated that SGLT2 59-FR in
HK-2 cells is highly occupied by nucleosomes.
Influence of the TSA Treatment on SGLT2 Expres-

sion and Nucleosome Occupancy in SGLT2 59-FR in
HK-2 Cells. Histone acetylation is a well-known mechanism

for epigenetic regulation that upregulates gene expression.
Histone deacetylase inhibitors stimulate gene expression by
enhancing histone acetylation. In the present study, HK-2
cells were treated with TSA, the most common histone
deacetylase inhibitor, to evaluate the effects of histone
acetylation on SGLT2 expression and nucleosome occupancy
in SGLT2 59-FR. Quantitative PCR with cDNA synthesized
from total RNAs showed that the TSA treatment significantly
upregulated SGLT2 mRNA expression (Fig. 3A). The ChIP
assay showed that the TSA treatment induced the acetylation
of histone H3 in the region between 2145 and 1135 bp
upstream of the SGLT2 transcription start site (TSS),
whereas histone H3 acetylation between 2547 and 2212 bp
upstream of the TSS was not significantly induced (Fig. 3,
B–D). We then performed NOMe-Seq and NuSA to assess
changes in nucleosome occupancy in 59-FR. The nucleosome
occupancy level within approximately 300 bp upstream of the
TSS was decreased by the TSA treatment, whereas nucleo-
some occupancy was not changed in the region between 2500
and 2300 bp upstream of the TSS (Fig. 4; Supplemental
Fig. 2B). NOMe-Seq results also showed that the TSA
treatment had no effect on endogenous DNA methylation in
59-FR (Supplemental Fig. 3). These results indicate that

Fig. 4. Influence of the TSA treatment on nucleosome occupancy in SGLT2 59-FR in HK-2 cells. (A) NOMe-Seq data of SGLT2 59-FR in DMSO- or TSA-
treated cells. Vertical lines indicate GpC sites. White circles represent unmethylated GpC sites, and black circles represent methylated GpC sites. Deep
gray bars represent nucleosome occupancy, which is the region of consecutive unmethylated GpC sites over 147 bp. (B) NuSA data of 59-FR in DMSO
(black circles)- or TSA (white circles)-treated cells. Relative nucleosome occupancy is expressed relative to the level of nucleosome occupancy in each
sample without the micrococcal nuclease treatment and indicated by the midpoints of each amplicon. Results represent the mean 6 S.D. of three
independent experiments. *P , 0.05 for DMSO group versus TSA group.
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histone acetylation by the TSA treatment upregulates SGLT2
expression and decreases nucleosome occupancy levels within
approximately 300 bp upstream of the TSS.
Analysis of HNF1a Expression and HNF1a-Binding

Frequency After the TSA Treatment in HK-2 Cells.
Transcription factors capable of binding to SGLT2 59-FR were
screened by the Database Center for Life Science Galaxy
(Institute in Research Organization of Information and Sys-
tems, Chiba, Japan). A binding site of HNF1a, which is a
transcriptional modulator of SGLT2 in the human kidney,
was found between 251 and 237 bp (251/237) upstream of
the SGLT2 TSS. Chromatin immunoprecipitated (ChIP)
assays with quantitative PCR demonstrated that HNF1a
binding was detected in the region between 2144 and 126
bp upstream, including the predicted HNF1a binding site
(251/237), in the human kidney (Fig. 5A). TSA-treated HK-2
cells showed a significantly higher binding frequency than
DMSO-treated cells (Fig. 5A). We next performed RNA inter-
ference with siHNF1a to evaluate a role for HNF1a in
regulatingSGLT2 gene expression inHK-2 cells. Quantitative
PCR and Western blot analyses showed that the TSA
treatment caused the upregulated HNF1a mRNA (Supple-
mental Fig. 4) and protein expression (Fig. 5, B and C). The
transfection of siHNF1a in DMSO- or TSA-treated HK-2 cells
significantly decreased HNF1a mRNA (Supplemental Fig. 4)
and protein expression (Fig. 5, B and C). The knockdown of
HNF1a decreased SGLT2 mRNA expression in TSA-treated
HK-2 cells, whereas no significant changes were observed in
DMSO-treatedHK-2 cells (Fig. 5D). These results suggest that
the TSA treatment upregulates SGLT2 gene expression by
increased HNF1a binding in SGLT2 59-FR in HK-2 cells.
Deletion Analysis of SGLT2 59-FR in HNF1a-Express-

ing HK-2 Cells. We performed luciferase assays using
HNF1a-expressing HK-2 cells to clarify whether the pre-
dicted HNF1a binding site contributes to the transcription of
the SGLT2 gene (Fig. 6). The transfection of the HNF1a-
negative plasmid (pcDNA3.1) showed that luciferase activity
levels were not significantly different in the four reporter
constructs containing SGLT2 59-FR from the control reporter
plasmid (pGL4.10). The transfection of the HNF1a expres-
sion plasmid significantly enhanced the luciferase activities
of the2154/118 construct and2485/118 construct, whereas
no significant differences were observed in luciferase activ-
ities between 2154/118 and 2485/118. These constructs
contained the predicted HNF1a binding site (251/237). We
then measured the luciferase activity of the HNF1a binding
site–deleted construct [del-(251/237)]. Cells transfected with
del-(251/237) demonstrated that the deletion of the binding
site resulted in loss of HNF1a-mediated luciferase activity.
These results suggest that the predicted HNF1a binding site
(251/237) is essential for HNF1a-mediated transcription of the
SGLT2 gene.
Quantitative Analysis of Effects of the TSA Treat-

ment on SGLT2 mRNA Levels in HNF1a-Expressing
HK-2 Cells. Quantitative PCR with cDNA synthesized from
total RNA and nascent RNA was performed to evaluate the
effects of the TSA treatment on SGLT2 mRNA expression in
HNF1a-expressingHK-2 cells (Fig. 7). In the present study, the
nascent RNA was defined as RNA transcribed after the DMSO
or TSA treatment. Total and nascent SGLT2mRNA expression
levels were significantly higher in HNF1a-expressing cells
treated with TSA than in pcDNA3.1-transfected cells. Nascent

Fig. 5. Analysis of HNF1a expression and HNF1a-binding frequency
after the TSA treatment inHK-2 cells. (A) ChIP analyses with quantitative
PCR targeting the HNF1a binding site in SGLT2 59-FR in DMSO- or TSA-
treated cells and the human kidney using antibodies against normal IgG
(white bars) and HNF1a (black bars). The relative binding frequency of
HNF1a was measured by quantitative PCR and normalized to that of the
input. (B) HK-2 cells were reverse transfected with negative control or
siHNF1a for 24 hours and then treated with DMSO or TSA for 24 hours.
Western blot analyses representingHNF1a and b-actin protein expression
in HK-2 cells. (C) Protein levels represent the density of the ratio for the
bands of HNF1a and b-actin in (B). Results were normalized to HNF1a
protein levels in DMSO-treated cells (control). (D) SGLT2 mRNA levels
were measured by quantitative PCR and normalized to RPL13 mRNA
levels. Results are expressed relative to SGLT2 mRNA levels in DMSO-
treated cells. Results represent the mean 6 S.D. of three independent
experiments. *P , 0.05.
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SGLT2 mRNA levels were 1.8-fold higher than total SGLT2
mRNA in HNF1a-expressing cells treated with TSA. In con-
trast, no significant changes in SGLT2mRNA expression levels
were observed in HNF1a-expressing cells treated with DMSO.
These results indicate that histone acetylation induced by the
TSA treatment plays an important role in theHNF1a-mediated
upregulation of the SGLT2 gene.
Analysis of NucleosomeOccupancy in Human Kidney,

Liver, and Small Intestine Tissues. HNF1a is expressed
in various tissues, such as the liver and intestines, whereas
SGLT2 is not. We attempted to identify nucleosome occu-
pancy in 59-FR containing the HNF1a binding site in the
human liver and small intestine. The region within approx-
imately 300 bp upstream of the SGLT2 TSS showed mark-
edly higher nucleosome occupancy in the liver and small
intestine than in the kidney (Fig. 8). These results suggest
that tissue-specific nucleosome occupancy in 59-FR plays an
important role in the regulation of SGLT2 expression via
HNF1a binding.

Discussion
In the present study, we focused on the transcriptional

regulatory mechanisms of the SGLT2 gene in the human

kidney. SGLT2 is known to be expressed in PTECs of the
human kidney. Some PTEC lines, such as LLC-PK1, KPT2,
and MDCK cells, have been used to analyze expression and
regulation of the SGLT2 gene in the kidney (Da Costa-Pessoa
et al., 2014; Jiang et al., 2014; Zapata-Morales et al., 2014).
The human kidney-derived HK-2 cell line, which is available
as a human PTEC model (Ryan et al., 1994; Wilmer et al.,
2010), has been used to evaluate the regulatory mechanism
for the SGLT2 gene in PTECs of the human kidney
(Panchapakesan et al., 2013). The principal portion of the
kidney was divided into two distinct regions: renal cortex and
renal medulla. The expression level was extremely higher in
renal cortex than the renal medulla (You et al., 1995; Chen
et al., 2010). The proximal tubule, which contains PTECs, is a
portion of the renal cortex. Therefore, we performed in vitro
analyses using the HK-2 cells derived from PTECs and the
renal cortex to reveal the transcriptional profiles of theSGLT2
gene in the human kidney.
The regulatory mechanisms for SGLT2 gene expression in

the human kidney remain unclear. Our results showed that
HK-2 cells exhibited weak transcriptional activity for the
SGLT2 gene (Fig. 1A). We demonstrated that the levels of
SGLT2mRNAandprotein expressionwere extremely lower in
HK-2 cells than the human kidney (Fig. 1, B and C). These
results suggest that SGLT2 expression is not activated in
HK-2 cells, which is derived from the PTEC of the human
kidney. DNA methylation, which is a well-known epigenetic
mechanism for transcriptional silencing (Jones and Baylin,
2007), plays an important role in the regulation of tissue-
specific gene expression by inhibiting the binding of transcrip-
tion factors to DNA (Song et al., 2005; Moore et al., 2013;
Medvedeva et al., 2014). Previous studies have reported that
kidney-specific expression of various genes is associated with
DNA methylation of the promoter region around the TSS
(Aoki et al., 2008; Kikuchi et al., 2010; Azuma et al., 2012). Our
results of the assessment of CpG methylation using NOMe-
Seq demonstrated that all CpG sites in SGLT2 59-FR were
highly methylated in HK-2 cells and the human kidney
(Fig. 2A), suggesting that endogenous DNA methylation is
not involved in the regulation of SGLT2 expression. In
contrast, we found that 59-FR in HK-2 cells was occupied by
more nucleosomes than in the human kidney (Fig. 2B). The
highly occupied 59-FR in HK-2 cells was confirmed by NuSA
(Fig. 2C). Nucleosome occupancy may regulate transcription
by inhibiting the access of transcription factors to promoters
(Lorch et al., 1987; Kornberg and Lorch, 1999). These results
suggest that the weak SGLT2 transcriptional activity of HK-2
cells is due to high nucleosome occupancy in SGLT2 59-FR.

Fig. 6. Deletion analysis of SGLT2 59-FR
in HNF1a-expressing HK-2 cells. HK-2
cells were transfected with a series of re-
porter constructs or a control reporter plasmid
(pGL4.10), togetherwith theHNF1a-negative
plasmid (pcDNA3.1, white bars) or HNF1a
expression plasmid (black bars). The posi-
tion of the deleted region is indicated with
Del-(251/237). Relative luciferase activity
is expressed as a fold increase in pGL4.10
and represents the mean 6 S.D. of three
independent experiments. *P , 0.05.

Fig. 7. Quantitative analysis of effects of the TSA treatment on SGLT2
mRNA levels in HNF1a-expressing HK-2 cells. HK-2 cells were trans-
fected with the HNF1a-negative plasmid (pcDNA3.1, white circles) or
HNF1a expression plasmid (black circles) and treated with DMSO or TSA
for 24 hours. Total and nascent SGLT2 mRNA levels were measured by
quantitative PCR and normalized to RPL13 mRNA levels. Results are
expressed relative to SGLT2mRNA levels in empty pcDNA3.1-transfected
cells treated with DMSO. Results represent the mean 6 S.D. of three
independent experiments. *P , 0.05 for HNF1a group versus pcDNA3.1
group.

Nucleosome Positioning and Gene Regulation of the SGLT2 Gene 959

 at A
SPE

T
 Journals on A

pril 18, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Our results showed that the TSA treatment upregulated
SGLT2 mRNA expression, induced the acetylation of histone
H3, and decreased nucleosome occupancy in 59-FR within
approximately 300 bp upstream of the SGLT2 TSS (Figs. 3
and 4). TSA strongly increases the acetylation of the
N-terminal tails of histone H3, which is a well-established
acetylation target in nucleosome dynamics and gene activa-
tion (Choi and Howe, 2009; Hansen et al., 2010). Previous
studies reported higher levels of histone H3 acetylation and
lower nucleosome occupancy at active genes in promoter
regions (Strenkert et al., 2011). Histone acetylation alters
the nucleosomal conformation, which may increase the acces-
sibility of transcriptional factors (Norton et al., 1989; Lee
et al., 1993). Most transcribed genes have low nucleosome
occupancy at promoters (Bell et al., 2011). These findings
suggest that decreased nucleosome occupancy in SGLT2
59-FR altered by the TSA-induced acetylation of histone H3
is involved in the upregulation of SGLT2 expression via the
binding of transcription factors to 59-FR.
Previous studies demonstrated that the TSA-mediated

upregulation of gene expression is associated with histone
H3 acetylation and the recruitment of HNF1a to the promoter
(Yang et al., 2010). Our results using TSA-treated HK-2 cells
showed an enhanced HNF1a-binding frequency in SGLT2
59-FR (Fig. 5A). The knockdown of HNF1a decreased HNF1a
protein levels in DMSO- or TSA-treated HK-2 cells (Fig. 5, B
and C), but SGLT2 mRNA expression level was significantly
decreased in TSA-treated cells, not in DMSO-treated cells
(Fig. 5D). Furthermore, the HNF1a overexpression, which
was confirmed byWestern blot analysis (Supplemental Fig. 5),
significantly enhanced the transcriptional activity of 59-FR
(Fig. 6). These results suggest that the upregulation of SGLT2
mRNA expression after the TSA treatment is associated with
the enhanced HNF1a-binding frequency in 59-FR. In contrast,
the loss of HNF1a-mediated transcriptional activity was
caused by the deletion of the predicted HNF1a binding site
(Fig. 6). Previous studies reported that a promoter region of
the rodent Sglt2 gene is located in 59-FR around the HNF1a
binding site (Pontoglio et al., 2000; Freitas et al., 2008). In
addition, reduction in the HNF1a-binding frequency at the
binding site suppresses SGLT2mRNA expression (Zhao et al.,
2016). Collectively, our results suggest that 59-FR around the
HNF1a binding site is a promoter region of the SGLT2 gene.
The upregulation of SGLT2 mRNA expression by HNF1a

was observed in TSA-treated HK-2 cells (Fig. 7). The TSA
treatment also caused a decrease in nucleosome occupancy in
59-FR containing the HNF1a binding site (Fig. 4). Histone
acetylation decreases nucleosome occupancy and enhances
the accessibility of transcription factors to promoter regions

(Li et al., 2005; Zampetaki et al., 2007; Haberland et al., 2009).
These results indicate that nucleosome occupancy in 59-FR
plays a critical role in interfering with the binding of HNF1a,
thereby regulating SGLT2 expression.
Previous studies reported that SGLT2 is predominantly

expressed in the human kidney (Chen et al., 2010; Wright
et al., 2011), whereas HNF1a is strongly expressed in the
human kidney, liver, and small intestine (Cereghini, 1996;
Harries et al., 2009; D’Angelo et al., 2010). Our results
revealed markedly higher nucleosome occupancy in the
human liver and small intestine than in the kidney (Fig. 8).
In contrast, the results of the assessment of CpG methylation
demonstrated that all CpG sites in SGLT2 59-FR were highly
methylated in the human kidney, liver, and small intestine
(Fig. 2A; Supplemental Fig. 3B). These results suggest that
the different nucleosome occupancy levels in these tissuesmay
affect tissue-specific HNF1a-binding frequency and, thus,
lead to tissue-specific SGLT2 expression. This hypothesis is
supported by previous findings demonstrating that tissue-
specific gene expression is associated with tissue-specific
nucleosome occupancy in the upstream region of the TSS
(Kikuchi et al., 2010; Chen et al., 2017).
The inhibition of SGLT2 has been reported as a new

therapeutic strategy for diabetes (Chao and Henry, 2010;
Terami et al., 2014). Previous studies demonstrated that
SGLT2 expression levels are increased in patients with type
2 diabetes (Rahmoune et al., 2005; Wang et al., 2017). In
contrast, the recent study reported that SGLT2 expression
was significantly higher in healthy controls than participants
with type 2 diabetes (Solini et al., 2017). Decreased SGLT2
expression levels were observed in patients with maturity
onset diabetes of the young type 3 (Pontoglio et al., 2000),
caused by mutations in theHNF1a gene (Menzel et al., 1998).
However, the mechanisms responsible for the regulation of
SGLT2 expression in these diabetic patients remain unclear.
Our results demonstrated that SGLT2 expression levels are
associated with the HNF1a-binding frequency in 59-FR. An
increased HNF1a-binding frequency in the Sglt2 promoter
region is involved in the diabetes-induced overexpression of
Sglt2 in the rat kidney (Freitas et al., 2008). In addition, a high
sodium intake suppresses SGLT2 expression by reducing the
HNF1a-binding frequency in 59-FR (Zhao et al., 2016).
Therefore, a clearer understanding of the HNF1a-binding
frequency in 59-FR in the human kidney will provide new
insights into how SGLT2 expression is regulated in diabetic
patients.
In conclusion, our results clearly demonstrate that the

transcriptional regulatory mechanisms for the SGLT2 gene
are controlled by nucleosome occupancy and HNF1a binding

Fig. 8. Analysis of nucleosome occupancy
in human kidney, liver, and small intestine
tissues. NOMe-Seq data ofSGLT2 59-FR in
the human kidney (white squares), liver
(white circles), and small intestine (black
circles). Graph represents the proportion of
nucleosome-occupied GpC sites in 59-FR in
the three tissues. The arrow indicates
the SGLT2 TSS. Vertical lines indicate
GpC sites.
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in the SGLT2 promoter. This is the first study on epigenetic
mechanisms to regulate SGLT2 expression in human tissues.
Further studies are required to investigate in more detail the
histone modifications causing alterations in nucleosome occu-
pancy in the SGLT2 gene related to the regulation of SGLT2
expression.
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Supplemental Table 1 
Primer sequences for the cloning of SGLT2 reporter plasmids 

aThe restriction site is underlined, and nucleotide changes are marked in bold letters.  

Primer  Sequence (5’ to 3’)a Annealing (°C) Restriction enzymes 

Cloning of the SGLT2 5’-flanking region   

-3185 Forward TGGCCTAACTGGCCGGTACCTTCCCGACCGCCT 
60.0 - 

+18 Reverse AGTACCGGATTGCCACTCCCCAGGATCTGCCCC 

In-Fusion cloning and site-directed mutagenesis   

Del-(-51/-37) Forward GGCTCAGTGCCCCTGCTTCCCCTGGGGGAATCC 
60.0 - 

Reverse CAGGGGCACTGAGCCGACAAGTCCCCCAGGTCT 

-2320 Forward GTTTGTTAATGAAGGAAGGTACCAGGAAGGAAGGAAAGA 
60.0 Kpn� 

Reverse TCTTTCCTTCCTTCCTGGTACCTTCCTTCATTAACAAAC 

-1587 Forward CCAACTGCTCTTTGTGGTACCCTGACAAATGACACAC 
60.0 Kpn� 

Reverse GTGTGTCATTTGTCAGGGTACCACAAAGAGCAGTTGG 

-485 Forward CAAAAATCTGGGCTGGGTACCTTAAAGGAGTGGGAAAGGA 
60.0 Kpn� 

Reverse TCCTTTCCCACTCCTTTAAGGTACCCAGCCCAGATTTTTG 

-154 Forward TGGAAGGGCCCAGGTACCCAAGACCAGCC 
60.0 Kpn� 

Reverse GGCTGGTCTTGGGTACCTGGGCCCTTCCA 

-44 Forward GGCTCAGTGCCCCTGAGGTACCCATTAATCCTTC 
60.0 Kpn� 

Reverse GAAGGATTAATGGGTACCTCAGGGGCACTGAGCC 
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Supplemental Table 2 
Direct sequence oligonucleotides for the cloning of SGLT2 reporter plasmids 

 

Supplemental Table 3 
Primer sequences and oligonucleotides for the cloning of the HNF1α expression plasmid 

 

Supplemental Table 4 
Primer sequences for quantitative PCR 

  

Location  Sequence (5’ to 3’) 

SGLT2 

Antisense TGAGAGAAATCCAGTGCCAAGT 

Antisense CCTGAGATGAGAATTTGTGTGC 

Sense GCTTTGTTGGTTTTTCTCCTTGTT 

Sense CCACACCCAGCCAGTCCTAC 

Sense GGAAGGATGAGCGGGAATTG 

pGL4.10 Sense GCAGGTGCCAGAACATTTCT 

Primer  Sequence (5’ to 3’) 

Cloning of the HNF1α coding region 

 Forward CAGTGTGGTGGAATTATGGTTTCTAAACTGAGCCA 

 Reverse GCCACTGTGCTGGATTTACTGGGAGGAAGAGGC 

Direct sequencing 

HNF1α Sense AGCAGTTCACCCATGCAGG 

T7 Sense TTGTAATACGACTCACTATAG 

BGH Antisense TAGAAGGCACAGTCGAGG 

Gene  Sequence (5’ to 3’) Position 

SGLT2 Forward TTCAGTCTCCGGCATAGCAA 1700 to 1719 

Reverse CATCTCCATGGCACTCTCTGG 1807 to 1787 

HNF1α Forward CCCTGGGTCCTACGTTCA 1463 to 1480 

Reverse GGGTCACATGGCTCTGCA 1657 to 1640 

RPL13 Forward GAGACAGTTCTGCTGAAGAACTGAA 486 to 510 

Reverse TCCGGACGGGCATGAC 551 to 536 
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Supplemental Table 5 
Primer sequences for NOMe-Seq 

 

  

Primer  Sequence (5’ to 3’) Position 

Bisulfite PCR 

SGLT2 Forward TGGGAAAGGATTTTTGATTTTTTT -477 to -454 

Reverse CCCCTAAATTCCCCCAAAAA -14 to -33 

GAPDH Forward GGGTTTTTGTTTTTGATTTTTTAGTGTTT -220 to -192 

Reverse CAATCCCAGCCCAAAATCTTAAA +25 to +3 

Colony PCR 

T7 Forward TTCAGTCTCCGGCATAGCAA  

SP6 Reverse CATCTCCATGGCACTCTCTGG  



Hiroaki Takesue, Takeshi Hirota, Mami Tachimura, Ayane Tokashiki, Ichiro Ieiri 
 
Nucleosome positioning and gene regulation of the SGLT2 gene in the human kidney 
 
Molecular Pharmacology 
 
 
Supplemental Table 6 
Primer sequences for NuSA 

 

 

  

Position  Sequence (5’ to 3’) Midpoint 

-547 to -522 Forward TTTGGTGGGGATAAAATATCTGGTCA 
-462 

-377 to -400 Reverse TCTTCAGCCTGATTTCCAATCCTG 

-508 to -487 Forward GCAAAAATCTGGGCTGGGTAGG 
-445 

-383 to -405 Reverse GCCTGATTTCCAATCCTGGTCAT 

-454 to -430 Forward CTAGATTTGGTTTGGAGAAGCAGGG 
-381 

-309 to -334 Reverse TTTTCAAATCCAAGTCTGACAGGGTC 

-419 to -402 Forward GCGGGAATTGGGGCATGA 
-353 

-287 to -318 Reverse TTTAACTAATCCAGAGGAATCATTTTCAAATC 

-365 to -342 Forward GAGCTATGGAGGGTTCCTGAGGAG 
-289 

-214 to -237 Reverse TGCTCCAGGCTCAAAATCACTCTT 

-316 to -287 Forward TTTGAAAATGATTCCTCTGGATTAGTTAAA 
-258 

-200 to -217 Reverse CGCCCTCTCCCCTGTGCT 

-316 to -287 Forward TTTGAAAATGATTCCTCTGGATTAGTTAAA 
-236 

-157 to -179 Reverse GCCCTTCCAAGTTCAAGAGCACT 

-237 to -214 Forward AAGAGTGATTTTGAGCCTGGAGCA 
-170 

-104 to -131 Reverse TGTTTAGCTGAATCAGGTCATATCAAGG 

-181 to -158 Forward AGAGTGCTCTTGAACTTGGAAGGG 
-123 

-65 to -84 Reverse CCGACAAGTCCCCCAGGTCT 

-144 to -120 Forward GACCAGCCTTCAGCCTTGATATGAC 
-69 

+6 to -13 Reverse CCCCATCCAGGAACCAGCC 

-91 to -71 Forward GGGAATGAGACCTGGGGGACT 
-25 

+41 to +20 Reverse CTGCCTCTGTGTGCTCCTCCAT 

 -17 to +1 Forward GGGGCTGGTTCCTGGATG 
+51 

+119 to +95 Reverse GGAAATATGCAGCAATGACTAGGAT 

+3 to +23 Forward GGCAGATCCTGGGGAGAATGG 
+74 

+144 to +124 Reverse CACAAGCCAACGCCAATGACC 
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Supplemental Table 7 
Primer sequences for the ChIP assay 

 

 

 

  

Name  Sequence (5’ to 3’) Position Annealing (°C) 

Semi-quantitative PCR  

Distal Forward TTTGGTGGGGATAAAATATCTGGTCAA -547 to -521 
60.0 

Reverse TGTGCTCCAGGCTCAAAATCACTC -212 to -235 

Proximal Forward AGACCAGCCTTCAGCCTTGATATGA -145 to -121 
60.0 

Reverse ACGCCAATGACCAGCAGGAAATA +135 to +113 

Quantitative PCR  

 
Forward GACCAGCCTTCAGCCTTGATATGACC -144 to -119  

Reverse CCTCCATTCTCCCCAGGATCTGC +26 to +4  
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Supplemental Figure 1 NOMe-Seq analysis of nucleosome occupancy in GAPDH 
5'-FR in HK-2 cells and human tissues. 
The arrow indicates the GAPDH TSS. Vertical lines indicate GpC sites. White circles 
represent unmethylated GpC sites and black circles represent methylated GpC sites. Gray 
bars represent nucleosome occupancy, which is the region of consecutive unmethylated 
GpC sites over 147 bp.  
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Supplemental Figure 2 Analysis of nucleosome occupancy in HK-2 cells and the 
human kidney 
NOMe-Seq data of SGLT2 5’-FR in (A) HK-2 cells and the human kidney, and (B) 
DMSO- and TSA-treated HK-2 cells. Graph represents the proportion of 
nucleosome-occupied GpC sites in 5’-FR in the three tissues. The arrow indicates the 
SGLT2 TSS. Vertical lines indicate GpC sites. 
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Supplemental Figure 3 Analysis of endogenous DNA methylation in HK-2 cells and 
human tissues. 
NOMe-Seq data of SGLT2 5'-FR in (A) DMSO- or TSA-treated HK-2 cells and (B) human 
liver and small intestine. The arrow indicates the SGLT2 TSS. Vertical lines indicate CpG 
sites. White circles represent unmethylated CpG sites and black circles represent 
methylated CpG sites. 
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Supplemental Figure 4 Analysis of HNF1α mRNA expression in siHNF1α-transfected 
HK-2 cells 
HK-2 cells were reverse-transfected with negative control (white bars) or siHNF1α (black 
bars) for 24 hours, and then treated with DMSO or TSA for 24 hours. HNF1α mRNA 
levels were measured by quantitative PCR and normalized to RPL13 mRNA levels. 
Results are expressed relative to HNF1α mRNA levels in the control group. Results 
represent the mean ± SD of three independent experiments. *P < 0.05. 
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Supplemental Figure 5 Analysis of HNF1α expression in HNF1α-expressing HK-2 
cells 
Western blot analyses representing HNF1α and β-actin protein expression in 
HNF1α-expressing HK-2 cells with DMSO or TSA treatment. 


