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Estrogen sulfotransferase (SULT1E1) metabolically inactivates estrogen and SULT1E1
expression is tightly regulated by multiple nuclear receptors. Human fetal, but not adult,
livers express appreciable amounts of SULT1E1 protein, which is mimicked in human
hepatoma-derived HepG2 cells cultured in high glucose (450 mg/dl) medium. Here, we
have investigated this glucose signal that leads to phosphorylation of nuclear receptor
RORα (NR1F1) at Ser100 and the transcription mechanism by which phosphorylated RORα
transduces this signal to nuclear receptor HNF4α, activating the SULT1E1 promoter. The
promoter is repressed by non-phosphorylated RORα which binds a distal enhancer (−943/
−922 bp) and interacts with and represses HNF4α-mediated transcription. In response to
high glucose, RORα becomes phosphorylated at Ser100 and reverses its repression of
HNF4α promoter activation. Moreover, the casein kinase CK1α, which is identified in an
enhancer-bound nuclear protein complex, phosphorylates Ser100 in in vitro kinase assays.
During these dynamic processes, both RORα and HNF4α remain on the enhancer. Thus,
RORα utilizes phosphorylation to integrate HNF4α and transduces the glucose signal to
regulate the SULT1E1 gene in HepG2 cells and this phosphorylation-mediated mechanism
may also regulate SULT1E1 expressions in the human liver.

Introduction
Estrogen is metabolically inactivated by sulfation and estrogen sulfotransferase (SULT1E1) specifically
and efficiently (Km∼ 4 nM) catalyzes this reaction [1]. SULT1E1 is a member of the cytosolic sulfo-
transferase (SULT) family of enzymes that collectively sulfate numerous endobiotics and xenobiotics
by transferring the sulfate group from 30-phosphoadenosine 50-phosphosulfate [2,3]. The expression of
SULT1E1 is tightly regulated in tissues and organs differently to regulate metabolic balances of estro-
gen. In the liver, SULT1E1 is barely expressed in normal mice but highly induced in diabetic mice
such as db/db mice [4]. SULT1E1 is also induced by treatments with therapeutics such as phenobar-
bital [5]. In human hepatoma-derived HepG2 cells, SULT1E1 is highly expressed when cells are cul-
tured in medium containing high glucose concentrations [6]. Whereas these observations indicate that
SULT1E1 may be involved in interplays between estrogen, glucose and diabetes, the cellular and
molecular regulation of SULT1E1 expression is not understood well.
Sult1e1 cDNA first cloned from mouse testis was utilized to demonstrate induced expression of

Sult1e1 mRNA in the liver of diabetogenic db/db mice [4]. Genetic aberrations in Sult1e1 improved
anti-inflammatory responses and metabolic dysfunction in the liver of ob/ob female mice [7]. This
suggests that SULT1E1 regulates estrogen’s anti-inflammatory function by altering hepatic levels of
active estrogen via sulfation. On the other hand, hepatic SULT1E1 is highly induced in
inflammatory-related disease conditions such as sepsis, a deteriorating disease prognosis [8,9].
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Therefore, by regulating levels of active estrogen, SULT1E1 can become either a beneficial or detrimental factor
in disease developments and a target of clinical treatments. For these notions, it is fundamental for us to under-
stand the molecular basis of SULT1E1 expression.
SULT1E1 is expressed in fetal livers and repressed in adult livers of humans [10] as well as in human

primary hepatocyte cultures [11]. The elevated SULT1E1 expression phenotype is modeled in human
hepatoma-derived HepG2 cells [6] when cells are cultured in a DMEM medium that contains high glucose
concentration (450 mg/dl). Consistent with this high expression, the promoter of the human SULT1E1 gene is
highly activated in HepG2 cells. This promoter contains a DR1 motif within the 100 bp distal enhancer
(−1000/−901 bp), to which nuclear receptor HNF4α binds and loops the enhancer closely to a proximal region
of the promoter to activate it [6]. Therefore, HepG2 cells may be a useful experimental model to investigate the
glucose response mechanism of SULT1E1 expression.
In addition to HNF4α, various other nuclear receptors are independently reported to regulate hepatic

SULT1E1 expression, which include glucocorticoid receptor (GR), liver X receptor (LXR), constitutive active/
androstane receptor (CAR), pregnane X receptor (PXR), farnesoid X receptor (FXR) and retinoid-related
orphan receptor α (RORα) [5,6,12–16]. Among these nuclear receptors, RORα is unique in its function to
co-activate CAR in mouse livers [5]. In response to phenobarbital, RORα interacts with CAR on the Sult1e1
promoter and undergoes phosphorylation at Ser100. Phosphorylated RORα co-activates CAR-mediated tran-
scription of the promoter. These observations suggest that this inducible phosphorylation enables RORα to
co-regulate other nuclear receptors. Therefore, we selected RORα as a possible candidate for regulating HNF4α
on the 100 bp enhancer of the SULT1E1 promoter in HepG2 cells and examined whether Ser100 is phosphory-
lated in response to glucose, allowing phosphorylated RORα to co-activate HNF4α.
In this manuscript, a phosphor-Ser100 peptide antibody was used to detect phosphorylated RORα. A 22 bp

sequence overlapping DR1 and RORE (−943/−922 bp) was delineated from the 100 bp enhancer of the
SULT1E1 promoter and analyzed by cell-based reporter and gel-shift assays. Co-immunoprecipitation assays
examined interactions between RORα and HNF4α. Chromatin immunoprecipitation and chromatin conform-
ation capture assays were employed to examine bindings of nuclear receptors in response to glucose concentra-
tions. The 22 bp DNA oligonucleotide was used in affinity chromatography to purify nuclear proteins for
subsequent mass spectroscopic analysis and identify candidate protein kinases that might phosphorylate RORα.
Experimental evidence will be presented to demonstrate that RORα bound to RORE is phosphorylated at
Ser100 by casein kinase 1α in response to high glucose concentrations, interacting with HNF4α and
co-activating the SULT1E1 promoter. Subsequently, a novel concept that nuclear receptors integrate their func-
tion through phosphorylation to regulate genes will be discussed.

Materials and methods
Chemicals, antibodies, plasmids and primers and siRNAs
Common chemicals, HRP conjugated anti-GFP, anti-M2 Flag, anti-V5 His antibodies and anti-Flag M2 affinity
agarose gel were from Sigma–Aldrich; media, supplements, reagents and primers (Supplementary Table S2) were
from Thermo Fisher Scientific; ATP [γ-32P] and [35S] phosphor-adenosine phosphosulfate (PAPS) were from
PerkinElmer; media and reagents were from Thermo Fisher Scientific; anti-phosphor Serine 100 of RORα and
anti-RORα antibodies were from GenScript; antibodies against HNF4α (H171 and H1), β-actin (C4) and goat
anti-rabbit or mouse HRP conjugated IgGs were from Santa Cruz Biotechnology; anti-human SULT1E1 antibody
was from Proteintech; anti-CK1α and anti-RACK7 antibodies were from Novus Biologicals and Bethyl
Laboratories, respectively; normal mouse and rabbit IgGs were from Cell Signaling Technology; anti-GFP sephar-
ose beads were kindly provided by the protein expression core at NIHES; the −1081 bp human SULT1E1 pro-
moter (-1081-SULT1E1) and the SULT1E1 construct containing a 175 bp SULT1E1 enhancer and a 105 bp
SULT1E1 promoter (Δ-1081-SULT1E1) were previously described [6]. Plasmids Flag-tagged pcDNA3.1-HNF4α
WT; pEGFP-HNF4α WT; Flag-tagged pcDNA3.1 RORα WT, RORα S100A and RORα S100D; GST-tagged
RORα WT and RORα S100A were previously described [17]. SMARTpool: ON-TARGETplus HNF4A siRNA
(L-003406-00-0005) and RORA siRNA (L-003440-00-0005) were from Dharmacon.

Cell cultures, treatments and subcellular fractionations
Human liver hepatocellular carcinoma cells Huh7, HepG2 and monkey kidney Cos-1 cells were obtained from
ATCC and cultured in standard DMEM medium. DMEM glucose-free media supplemented with different
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concentrations of glucose were used for cell treatments. Cell viabilities of these treated cells were measured by
using Cell Counting Kit-8 (Dojindo Laboratories). Cytosolic and nuclear proteins from cultured cells were pre-
pared as described previously [6]. Buffer A (10 mM HEPES pH = 7.6, 10 mM KCl, 1.5 mM MgCl2, 0.3%
NP-40, protease inhibitors cocktail) was used to obtain cytosolic fractions. NE buffer (10% glycerol, 10 mM
HEPES, 0.1 M KCl, 3 mM MgCl2, 300 mM NaCl, 0.1 mM EDTA, 1 mM NaVO4, protease inhibitors cocktail)
was used to extract nuclear fractions.

siRNA knockdown and quantitative reverse transcription PCR
Lipofectamine RNAiMAX and siRNAs were used for knockdown experiments in Huh7 cells. Total cellular
RNA was extracted from cells by using TRIzol reagent in accordance to the manufacturer’s instructions.
Extracted mRNAs were reverse transcribed to cDNAs by using High-Capacity cDNA Reverse Transcription
Kit. TaqMan probes (Supplementary Table S2) and Taqman Master mix were applied to measure respective
mRNA expressions. Relative mRNA expressions were compared with the β-actin housekeeping gene of the
treated cells. Real-time PCR was performed by using CFX96TM Real-time system (Bio-Rad Laboratories).

Estrogen sulfating activity assays
An amount of 20 mg of HepG2 cytosolic extract and [35S] PAPS as a sulfate donor were mixed in the presence
of 0.1 mM or 100 mM E2 in a final 25 ml reaction containing 50 mM HEPES-NaOH, pH = 7.0. Reactions were
first incubated at 37°C for 30 min, followed by 95°C for 5 min to inactivate reactions. The [35S] sulfated E2 in
supernatants was separated by using TLC procedures with ethyl acetate/n-butanol (2:1 by volume) on
Whatman silica gel plate (PGC Scientific) and was visualized on X-ray film, which was subsequently counted
in the Beckman LS6500 scintillation counter for radioactivity.

Electrophoretic mobility shift assays
The probes containing the respective DR1 and RORE spanning from −943 to −922 bp upstream of the
SULT1E1 translation start site and a consensus RORE are listed in Supplementary Table S2. These probes were
labeled with ATP [γ-32P] by using a T4 polynucleotide kinase (NEB) and purified using Illustra MicroSpin
G-25 Columns (GE Healthcare). Each probe was incubated with respective proteins, and/or antibodies in
binding buffer (10 mM Tris–HCl, pH = 7.5, 50 mM NaCl, 0.5 mM DTT, 10% glycerol, 0.5 mg poly (dI-dC),
0.05% NP-40). The samples were separated by electrophoresis on a non-denaturing 4% polyacrylamide gel in
running buffer (7 mM Tris–HCl, pH = 7.5, 3 mM NaAc, 1 mM EDTA). The radioactive signal was subse-
quently developed onto autoradiography film (Denville Scientific).

Site direct mutagenesis and reporter gene assays
A series of SULT1E1 promoter mutants were generated by using pGL3/Δ-1081-SULT1E1 as a template and
respective primers (Supplementary Table S2) according to manufacturer’s instructions (QuikChange
Site-Directed Mutagenesis Kit, Agilent Technologies). Luciferase reporter gene assays were conducted by trans-
fecting respective SULT1E1 promoters together with HNF4α or RORα into Huh7 cells, respectively. Luciferase
activities of the transfected cells were measured using the Dual-Luciferase Reporter Assay System (Promega).

Chromatin immunoprecipitation (ChIP) and co-immunoprecipitation (CoIP)
assays
ChIP samples of the treated cells were prepared using ChIP-IT Express Chromatin Immunoprecipitation Kit
(Active Motif ) according to the manufacturer’s instructions. Precipitated chromatins were then used as a tem-
plate for quantitative and real-time PCRs with specific primers (Supplementary Table S2). GFP-tagged HNF4α
was cotransfected with Flag-tagged RORα WT, RORα S100A or RORα S100D into Cos-1 cells, respectively.
Nuclear fractions of the transfected cells were obtained, which were used in CoIP reactions. 50 mg of nuclear
extract was diluted in 100 ml of IP buffer (20 mM Tris, pH = 7.4, 0.5 mM EDTA, 1% Triton-X100, 10%
Glycerol, 500 mM NaCl, protease inhibitors cocktail), which was incubated with 10 ml of anti-GFP antibody
conjugated sepharose beads for precipitating GFP-tagged HNF4α. The precipitated proteins and 10% of the
total input samples were subjected to SDS–PAGE for western blotting with anti-Flag-M2 HRP conjugated or
anti-GFP HRP conjugated antibody, respectively.
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In vitro phosphorylation assays and western blotting
Escherichia coli BL21 (DE3) (Agilent Technologies) bacteria expressed GST-hRORα WT and its alanine
mutant GST-hRORα S100A which were then purified by glutathione sepharose 4B (GE Healthcare). An
amount of 6 mg of each purified protein was incubated with or without 200 ng of GST-CK1α (Promega),
respectively, in 30 ml of kinase buffer (40 mM Tris pH = 7.5, 20 mM MgCl2, 0.1 mg/ml BSA, 50 μM DTT) and
200 mM ATP at 30°C for 30 min. Samples were denatured and subjected to SDS–PAGE for western blotting
analysis with antibodies against phosphorylated RORα at Ser100 or RORα, respectively. The membrane was
blocked in Tris-buffered saline containing 0.1% Tween 20 (TBS-T) and 5% non-fat milk for 1 h and probed
with the relevant antibody overnight at 4°C. HRP-conjugated secondary antibody was reacted with the probed
primary antibody after washing. Signal was developed by using Western Bright ECL or Sirius kit (Advansta).

Protein purification and mass spectrometry
HepG2 cells were seeded and exposed to low glucose or high glucose conditions for 48 h, respectively, followed
by nuclear protein extractions. The 22 bp SULT1E1 enhancer was repeated four times and was subcloned into
pGL3-TK basic plasmid between KpnI and BglII. The 4× SULT1E1 enhancer was amplified from the plasmid
by using the primers (Supplementary Table S2) and purified by using a QIAquick gel extraction kit
(QIAGEN). The purified DNAs were biotinylated by using DNA Polymerase I, Large (Klenow) Fragment
(NEB), and immobilized to Dynabeads M-280 Streptavidin (Thermo Fisher Scientific) for enriching the asso-
ciated gene regulatory complexes from the HepG2 cell nuclear extracts. Beads containing biotinylated DNAs
were incubated with the nuclear extracts for 3 h. The DNA-protein complexes were washed by the NE buffer,
then eluted by an elution buffer (5 mM Tris–HCl, pH = 7.5, 500 mM EDTA, 1 M NaCl), followed by mass
spectroscopic analysis. A complete list of enriched factors was submitted to the ProteomeXchange Consortium
via the PRIDE [18] partner repository with the dataset identifier PXD016385.

Chromosome conformation capture (3c) assays
3C assays were conducted as previously described with minor modifications [6]. 1.5 × 106 HepG2 cells were
seeded and treated with low glucose or high glucose conditions for 48 h, respectively. These cells were fixed with
formaldehyde [final 2% (v/v)] for 10 min. Cells were suspended in 2 ml lysis buffer (50 mM Tris pH = 7.5,
150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 1% Triton X-100, protease inhibitors). Cell pellets were harvested and
suspended in 600 μl restriction enzyme buffer 2.1 containing 0.3% SDS (w/v), which were incubated at 37°C for
1 h. Thereafter, Triton X-100 was added in the reaction to a final concentration of 2.1% (v/v), followed by incuba-
tion at 37°C for 1 h. The treated cells were digested by 600 U restriction enzyme BstYI (NEB) for 15 min at 60°C,
then overnight at 37°C. The digested chromatins were ligated by 20 ml T4 DNA ligase (NEB) in a 7 ml reaction
at 16°C overnight. Proteinase K, NaCl, and EDTA were added to the ligation mixtures to final concentrations of
40 mg/ml, 0.2 M and 1 mM, respectively for reverse cross-linking, 16 h at 65°C. RNase A was added to the mix-
tures to a final concentration of 40 mg/ml. The mixtures were incubated for 45 min at 37°C before purification by
using a QIAquick PCR purification kit (QIAGEN). The purified DNAs were subjected to RT-PCR and quantita-
tive PCR analysis of control and ligated fragments by respective primers (Supplementary Table S2).

Statistical analysis
Two group comparisons were analyzed by the student’s t-test. Multiple group comparisons were analyzed with
one-way or two-way analysis of variance (ANOVA) followed by the least significant difference post hoc test.
Differences were considered significant when P < 0.05.

Results
SULT1E1 is induced at high glucose cultured HepG2 cells
DMEM media containing different concentrations of glucose were utilized to treat HepG2 cells for 48 h, respectively,
followed by measuring SULT1E1 and STSmRNA expression levels. Low glucose (40 mg/dl), normal glucose (140 mg/
dl) and high glucose (450 mg/dl) were selected as they imitate hypoglycemia, normal and hyperglycemia conditions in
humans, respectively [19,20]. SULT1E1mRNA expression in HepG2 cells was 114 times higher at high glucose condi-
tion than it was at low glucose condition (Figure 1A). No significant differences were observed between the normal
glucose condition and high glucose condition. However, steroid sulfatase (STS), the enzyme that activates sulfated
estrogen to estrogen, was significantly repressed in the high glucose condition (Figure 1B). Consistent with mRNA
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expression, SULT1E1 protein expression was significantly induced in high glucose cultured HepG2 cells (Figure 1C,
D). Estrogen sulfation was significantly activated in high glucose treated HepG2 cells in the presence of both 0.1 mM
and 10 mM E2 as substrate (Figure 1E,F). This induction of SULT1E1 by high glucose was also observed in the HepG2
3D culture and Huh7 cells (Supplementary Figure S1A,B). Both low and high glucose exposures for HepG2 and Huh7
cells did not significantly affect their cell viabilities (Supplementary Figure S1C,D). These observations suggested that
glucose exposures regulate SULT1E1 gene expression in cells. The SULT1E1 activation and STS suppression at high
glucose conditions may serve as a negative feedback loop to inactivate estrogens in human liver cells.

A HNF4α and RORα overlapping enhancer on the SULT1E1 gene
To investigate how SULT1E1 is regulated in cells, a detailed DNA sequence analysis of the SULT1E1 promoter
was performed by using the software MatInspector [21]. Intriguingly, a putative DR1 (HNF4α binding) and a

Figure 1. High glucose induces SULT1E1 expression in HepG2 cells.

Glucose-responsive (A) SULT1E1 and (B) STS gene expressions were detected in HepG2 cells by qRT-PCR. The values (N = 3)

represent means ± S.D. Mean difference is significant from low glucose treated group at ** P < 0.005; * P < 0.05 (One-way

ANOVA). (C) SULT1E1 protein expressions in response to glucose exposures were measured in HepG2 cells by western

blotting, followed by (D) densitometry analysis of the SULT1E1 band intensity. Experiments were conducted in triplicates.

‘+’ indicates a bacterial expressed SULT1E1. (E) Estrogen sulfation was measured in both low glucose treated and high

glucose treated HepG2 cells in the presence of 0.1 mM or 10 mM E2. (F) [35S] sulfated E2 was separated by TLC procedures,

followed by measuring their radioactivities. The values (N = 3) represent means ± S.D. Mean difference is significant from low

glucose treated group at **** P < 0.0001; *** P < 0.0005; ** P < 0.005 (Student’s t-test).
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putative RORE (RORα binding) overlapping region was detected spanning from −943 to −922 bp upstream of
SULT1E1 translation start site (Figure 2A, boxed sequences). It was previously shown that HNF4α binds to the
DR1 element of the SULT1E1 gene, looping a 100 bp SULT1E1 enhancer (Figure 2A) to its proximal promoter
thereby activating gene expression [6]. However, the role of the putative RORE within the SULT1E1 enhancer in
the regulation of gene expression remains unclear. To decipher the possible bindings of HNF4α and RORα to the
SULT1E1 enhancer, two probes that represent the DR1 containing RORE half-site (DR1, solid line) and the
RORE containing DR1 half-site (RORE, dashed line) were utilized in gel shift assays. Incubating the DR1 probe
with a HepG2 nuclear extract resulted in the formation of two complexes, which are indicated by a solid arrow
(upper) and blank arrow (lower), respectively (Figure 2B, lane 2). However, the predominant complex was the
upper complex. Both complexes were supershifted by an antibody against HNF4α (Figure 2B, lane 3, dashed
arrow), suggesting the binding of HNF4α to the DR1 probe. The antibody against RORα significantly weakened
the binding for the upper complex and shifted the binding of the lower complex (Figure 2B, lane 4), indicating a
possible interaction between HNF4α and RORα and a weak binding of RORα to the DR1 probe. Similarly, the
same complexes were formed when incubating the RORE probe with a HepG2 nuclear extract, whereas the major
complex was the lower complex (Figure 2B, lane 7). The complexes were supershifted by both anti-HNF4α anti-
body (Figure 2B, lane 8) and anti-RORα antibody (Figure 2B, lane 9), respectively, which suggested RORα
binding and a possible interaction between RORα and HNF4α on the RORE probe. The consensus RORE which
is known for RORα binding was used as a positive control to validate the quality of the assays (Figure 2B, lanes
11–14). These observations indicated a HNF4α and RORα binding complex on the SULT1E1 enhancer.

Figure 2. Nuclear receptors HNF4α and RORα bind to the SULT1E1 gene.

(A) Schematic representation of the HNF4α (DR1) and RORα (RORE) binding elements on the SULT1E1 gene. A DR1 and

RORE overlapping region (boxed sequences) was detected ∼1000 bp upstream of the SULT1E1 promoter. The SULT1E1 DR1

containing RORE half-site (solid line), and the SULT1E1 RORE containing DR1 half-site (dashed line) were used as probes in

the gel shift assays. (B) Bindings of HNF4α and RORα to the SULT1E1 gene. The probes were radioactively labeled, which

were incubated with a HepG2 nuclear extract or an in vitro translated RORα (R), respectively. The antibodies against HNF4α

and RORα were used to supershift (dashed arrow) the formed protein/DNA binding complexes (solid and blank arrows). A

normal IgG was used as a negative control for the antibodies used in the study. The Cons RORE was served as a positive

control of the assays. Experiments were repeated three times.
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HNF4α and RORα cooperatively regulate SULT1E1 promoter
To characterize the roles of HNF4α and RORα in regulating SULT1E1 promoter activities, a −1081 bp
SULT1E1-Luc reporter, an 800 bp internal deleted Δ-1081 bp SULT1E1-Luc reporter containing the 22 bp
enhancer and the 105 bp proximal promoter, and their respective mutants on DR1 or/and RORE were con-
structed (Figure 3A). They were transfected into Huh7 cells for reporter gene assays. First, the internal deletion
of the SULT1E1 promoter increased its promoter activity about seven times compared with the full-length

Figure 3. Nuclear receptors HNF4α and RORα cooperatively regulate SULT1E1 via a 22 bp enhancer.

(A) Role of the 22 bp enhancer in regulating SULT1E1 promoter. -1081 SULT1E1-Luc, Δ-1081 SULT1E1-Luc or its mutants was

transfected into Huh7 cells, respectively for 24 h. Luciferase activities of the transfected cells were measured, which were

normalized by Renilla luciferase (transfection control) activities. The values (N = 4) represent means ± S.D. Mean difference is

significant from Δ-1081 SULT1E1-Luc transfected group at **** P < 0.0001 (One-way ANOVA). (B) Roles of HNF4α and RORα in

regulating SULT1E1 promoter. HNF4α and Δ-1081 SULT1E1-Luc or mutated Δ-1081 SULT1E1-Luc were cotransfected with

RORα WT, RORα S100A or RORα S100D into Huh7 cells, respectively for 24 h. Luciferase activities of the transfected cells

were measured, which were normalized by Renilla luciferase activities. The values (N = 4) represent means ± S.D. Mean

difference is significant from empty vector transfected group at **** P < 0.0001; *** P < 0.0005; and from HNF4α transfected

group at #### P < 0.0001; ### P < 0.0005 (Two-way ANOVA).
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promoter, confirming that the internal deletion facilitates the looping between the enhancer and the promoter
thereby activating its promoter activity (Figure 3A). Mutating the DR1 and RORE individually or in combin-
ation dramatically decreased promoter activity, illustrating critical roles of the DR1 and RORE in supporting
SULT1E1 promoter activity (Figure 3A). To investigate whether HNF4α, RORα and its mutants regulate
SULT1E1 promoter via the 22 bp enhancer, HNF4α and Δ-1081 SULT1E1-Luc or mutated Δ-1081
SULT1E1-Luc were cotransfected with RORα WT, RORα S100A (non-phosphorylatable mutant) or RORα
S100D (phosphomimetic mutant) into Huh7 cells, respectively. SULT1E1 promoter activity was significantly
repressed by RORα WT and RORα S100A, whereas RORα S100D did not affect promoter activity, and HNF4α
greatly activated it (Figure 3B). Intriguingly, HNF4α together with RORα WT or RORα S100A dramatically
repressed SULT1E1 promoter activity, while HNF4α along with RORα S100D significantly activated it
(Figure 3B). The mutation of the 22 bp enhancer on the SULT1E1 promoter remarkably lost its activity and
abolished its responsiveness to both HNF4α and RORα in Huh7 cells (Figure 3B). These observations, together
with the data shown in Figure 2, indicated that RORα interacting with HNF4α co-repress SULT1E1 transcrip-
tion, while phosphorylated RORα at Ser100 interacts with HNF4α to co-activate its expression via the enhan-
cer. The roles of HNF4α and RORα in regulating endogenous SULT1E1 transcription were further
demonstrated by siRNA knockdown experiments in Huh7 cells (Supplementary Figure S2). Additionally,
RORα S100D overexpression activated the endogenous SULT1E1 transcription in HepG2 cell, further demon-
strating that phosphorylated RORα and HNF4α activate the promoter in human liver cells (Supplementary
Figure S3).

Glucose responsive bindings of HNF4α and RORα to the SULT1E1 gene
Subsequently, ChIP assays were conducted to examine whether HNF4α and RORα are responsive to glucose
exposures and bind the SULT1E1 enhancer in human liver cells. The anti-phosphor Ser100 RORα antibody
was applied to detect whether the conserved phosphorylation site becomes a regulatory factor for SULT1E1
gene expression in response to glucose exposures. In HepG2 cells, binding of HNF4α to the SULT1E1 enhancer
was slightly weaker under low glucose conditions than it was with high glucose conditions, suggesting that
HNF4α may interact with different factors binding to the enhancer at both low glucose and high glucose condi-
tions (Figure 4A). In RORα ectopically expressed HepG2 cells, RORα weakly bound to the SULT1E1 enhancer
in low glucose conditions, whereas phosphorylated RORα was significantly enriched on it at high glucose con-
ditions (Figure 4B). Moreover, the phosphorylation of RORα at Ser100 was induced in high glucose treated
HepG2 cells (Figure 4C). In agreement with the results shown in Figures 2 and 3, RORα together with HNF4α
suppresses the SULT1E1 promoter while phosphorylated RORα and HNF4α activate its expression. We
hypothesize that RORα interacting with HNF4α binds SULT1E1 gene to co-repress its expression at low
glucose conditions. In response to high glucose signal, RORα is phosphorylated at Ser100, interacting with
HNF4α to co-activate SULT1E1 transcription. The phosphorylation of Ser100 on RORα may be a key factor to
regulate SULT1E1 in response to glucose exposures.

RORα forms a complex with HNF4α binding to the SULT1E1 gene
A series of CoIP and gel shift assays were deployed to illustrate the interactions between RORα and HNF4α on
the SULT1E1 enhancer. First, CoIP assays showed that HNF4α strongly interacted with RORα regardless of its
phosphorylation on Ser100 (Figure 5A), which is consistent with previous observations that HNF4α interacts
with RORα to bind the DR1 and RORE overlapping enhancer on the SULT1E1 gene (Figures 2–4). Incubating
the DR1 and RORE probe with a HepG2 nuclear extract resulted in the formation of two equal complexes
(Figure 5B, lane 1). An anti-HNF4α antibody shifted the HNF4α complex but not the RORα complex
(Figure 5B, lane 2), while both complexes were shifted by an anti-RORα antibody (Figure 5B, lane 3). This con-
firmed that RORα forms a complex with HNF4α to bind the enhancer and RORα itself binds to the enhancer
as well. The interaction between RORα and HNF4α was further demonstrated by using in vitro translated pro-
teins in gel shift assays (Supplementary Figure S4). Interestingly, the anti-phosphor Ser100 RORα antibody spe-
cifically shifted the HNF4α/RORα complex but not the RORα complex (Figure 5B, lane 7), suggesting that
phosphorylated RORα formed a complex with HNF4α binding to SULT1E1 enhancer. The specificity of this
binding was demonstrated by incubating the consensus RORE probe with a HepG2 nuclear extract and respect-
ive antibodies (Figure 5B, lane 8–12). These observations are consistent with previous results that phosphory-
lated RORα forms a complex with HNF4α to bind the SULT1E1 enhancer at high glucose conditions.
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Casein kinase 1α phosphorylates RORα at Ser100 on SULT1E1 enhancer
An emerging question as to how casein kinase may mediate RORα phosphorylation at Ser100 in response to
high glucose signal was then raised. To address this question, four times repeated DR1 and RORE overlapping
enhancer was used as bait to enrich the binding complexes from the low glucose cultured and high glucose

Figure 4. Glucose responsive RORα and HNF4α bindings to the SULT1E1 enhancer.

(A) HepG2 cells or (B) RORα overexpressed HepG2 cells were exposed to low glucose or high glucose medium, respectively

for 48 h, followed by chromatin immunoprecipitations. The antibodies against HNF4α, RORα and phosphorylated RORα were

used to precipitate protein/chromatin binding complexes from the treated cells. The precipitated chromatins were subjected to

both real-time PCR and qRT-PCR analysis with a specific primer set (Supplementary Table S2) amplifying the SULT1E1

enhancer region. A normal IgG was served as a negative control in the assays. The values (N = 4) represent means ± S.D. Mean

difference is significant from IgG group at **** P < 0.0001; ** P < 0.005 * P < 0.05; ns: non-significant (Student’s t-test).

(C) Phosphorylated RORα expression in response to glucose exposures was detected in HepG2 cells by western blotting with

anti-phosphor Ser100 RORα antibody. Non-phosphorylated RORα was served as a loading control.
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cultured HepG2 cell nuclear extracts, respectively. The enriched complexes on the DR1 and RORE overlapping
region were then subjected to mass spectroscopic analysis, from which the enriched kinases were listed in
Figure 6A. A complete list of enriched factors was submitted to the ProteomeXchange with identifier
PXD016385. A ratio (Low/High) between numbers of peptides detected at low glucose and numbers of peptides
detected at high glucose was calculated and subjected to Log2(Low/High) analysis. Of note, the casein kinase
1α (CK1α) and protein kinase C-binding protein 1 (RACK7) were significantly enriched at high glucose condi-
tion compared with low glucose condition (Figure 6A).
To test whether CK1α and RACK7 affect the binding of RORα to the SULT1E1 RORE, gel shift assays were

applied by incubating the RORE probe with a HepG2 nuclear extract and respective antibodies. The anti-CK1α
antibody significantly blocked the binding of RORα to the RORE (Figure 6B, lane 3), whereas the anti-RACK7
and normal lgG did not affect binding (Figure 6B, lanes 4–5), suggesting an interaction between CK1α and
RORα on the enhancer. The specificity of this interaction was illustrated by incubating the consensus RORE
with a HepG2 nuclear extract and respective antibodies (Figure 6B, lane 6–10). To further investigate if CK1α
mediates RORα phosphorylation at Ser100, in vitro phosphorylation assays were performed. First, sequence

Figure 5. Characterization of RORα/HNF4α binding complexes on the SULT1E1 enhancer.

(A) Physical interaction between HNF4α and RORα. GFP-tagged HNF4α was cotransfected with Flag-tagged RORα WT, RORα

S100A or RORα S100D into Cos-1 cells, respectively for 24 h, followed by CoIP reactions with their nuclear extracts. An

anti-GFP antibody was used to precipitate GFP-tagged proteins and an anti-Flag antibody was used to detect the proteins that

interacted with GFP-tagged HNF4α by western blotting. (B) EMSA assays detected the HNF4α and RORα binding complexes

on the SULT1E1 enhancer. The SULT1E1 DR1_RORE was radioactively labeled, which was incubated with a HepG2 nuclear

extract. The antibodies against HNF4α, RORα and phosphorylated RORα at Ser100 were used to supershift (dashed arrow) the

formed protein/DNA binding complexes (solid and blank arrows), respectively. A normal IgG was used as a negative control for

the used antibodies. The Cons RORE was served as a control to indicate specific interaction between phosphorylated RORα

and HNF4α on SULT1E1 enhancer. Experiments were conducted in triplicates.
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analysis of RORα unveiled a consensus CK1α phosphorylation motif on RORα (Figure 6C, rectangle) whose
conserved phosphorylation site (Ser100 of RORα) is within the motif [22]. Incubating RORα WT or non-
phosphorylatable RORα S100A mutant with or without CK1α, followed by western blotting with an antibody
against phosphorylated RORα at Ser100 showed that the RORα WT but not RORα S100A was phosphorylated
by CK1α (Figure 6D). These observations illustrate that CK1α phosphorylates RORα at Ser100 on SULT1E1
enhancer at high glucose conditions.

Figure 6. DNA enrichment mass spectrometry detects CK1α to phosphorylate RORα at Ser100.

(A) DNA enrichment mass spectrometry analysis. Biotinylated 4 × DR1_RORE of the SULT1E1 enhancer was incubated with

low glucose or high glucose medium treated HepG2 cell nuclear extract, respectively. The enriched binding complexes on the

SULT1E1 enhancer were subjected to quantitative mass spectrometry analysis. A ratio (Low/High) between numbers of

peptides detected from low glucose group and numbers of peptides detected from high glucose group was calculated and

subjected to Log2(Low/High) analysis. The enriched kinases were listed on a heat map. (B) EMSA assays reveal the binding of

CK1α to the RORα on SULT1E1 enhancer. Radioactive labeled SULT1E1 RORE was incubated with a HepG2 nuclear extract

and respective antibodies. Consensus RORE was served as a positive control. The formed RORα/DNA binding complex was

indicated by a blank arrow. (C) The Ser100 of RORα (red letter) is a conserved phosphorylation site within a perfect consensus

CK1α phosphorylation motif (S/T-X-X-S/T, rectangle). (D) RORα was phosphorylated at Ser100 by CK1α. GST-hRORα S100A

and GST-hRORα WT were incubated with or without GST-CK1α in kinase buffer containing ATP, respectively, followed by

western blotting analysis with the antibodies against phosphorylated RORα and RORα, respectively. Experiments were

repeated three times.
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SULT1E1 enhancer loops its promoter to regulate gene expression
Chromatin conformation capture (3C) assays were applied to detect the chromatin structure of the SULT1E1 pro-
moter in response to glucose exposures. HepG2 cells were treated by low glucose or high glucose DMEM for 48 h,
respectively, followed by chromatin DNA cross-linking and BstYI restriction enzyme digestion. SULT1E1 promoter
was cut at two restriction sites, −1832 bp and +39 bp from the transcription start site, respectively (Figure 7A).

Figure 7. SULT1E1 chromatin structures in response to glucose signals.

(A) Schematic diagram of 3C assay ligated position and primer positions on the SULT1E1 gene. A 125 bp control product was

amplified by using the primers CP1 and CP2 (blank arrows) and a 138 bp ligated product was amplified by using the primers TP1

and TP2 (solid arrows). (B) HepG2 cells were treated by low glucose or high glucose DMEM for 48 h, respectively, followed by

fixations and BstYI restriction enzyme digestions. After + ligation or — ligation, the 3C ligated product and the control product were

detected by real-time PCR and qRT-PCR, respectively. The values (N = 4) represent means± S.D. Mean difference is significant

from — ligation group at **** P< 0.0001; * P < 0.05 (Student’s t-test). (C) A model of glucose responsive SULT1E1 gene regulation.
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After ligation, the ligated point was checked by the primer set (TP1 and TP2, indicated by solid arrows) that ampli-
fies a 138 bp DNA fragment by PCR. Another primer set (CP1 and CP2, indicated by blank arrows) that amplifies
a 125 bp SULT1E1 enhancer fragment was used as loading control primers (Figure 7A). As expected, the SULT1E1
enhancer appeared to be looped to its promoter as a 138 bp DNA fragment was amplified by RT-PCR after ligation.
However, the looped chromatin conformation of the SULT1E1 gene in HepG2 cells was not affected by the glucose
exposures (Figure 7B). The sequences of the ligated fragment were then confirmed by DNA sequencing, from
which the joint point was shown in Supplementary Figure S5A. A non-coding region (from +7066 bp to +8570 bp)
of the SULT1E1 gene that has a similar size to the SULT1E1 promoter was also cut by BstY1 and used as a negative
control in the assays. The primer set (TP3 and TP4, indicated by solid arrows) did not amplify any fragments by
RT-PCR before or after ligation (Supplementary Figure S5B). The efficacy of these primer sets was validated by
RT-PCR using purified fragments (3C target and control) and synthetic DNA (non-3C target) as templates
(Supplementary Figure S5C). These results suggested that RORα and HNF4α remained on SULT1E1 promoter
regardless of glucose exposures. High glucose signal stimulated RORα phosphorylation at Ser100 by CK1α,
co-activating HNF4α to activate SULT1E1 transcription (Figure 7C).

Discussion
The liver produces and supplies glucose to peripheral tissues. Unregulated over-production causes diseases such
as diabetes and the development of diabetes-related complications including chronic organ inflammation [23].
Various endobiotics modulate these disease states, one of which is estrogen. Postmenopausal women have sig-
nificantly elevated blood glucose levels, insulin resistance as well as increased circulating inflammatory cyto-
kines, compared with premenopausal women [24–26]. Moreover, E2 administrations improved those diagnoses
of postmenopausal women with diabetes [27]. In both male and ovariectomized female mice, estrogen treat-
ment restored insulin action and glucose tolerance [28,29]. In mice fed with high-fat diets, estrogen treatment
decreased hepatic expression of glucose-6-phosphatase, lipogenic genes and fasting blood glucose [30]. For
these estrogen regulations, SULT1E1 may play a critical role in glucose signaling by metabolically inactivating
estrogen in the liver. In fact, hepatic SULT1E1 is induced in high plasma glucose conditions of various mouse
models [4,7,31]. Our microarray data revealed that glucose exposures have significantly altered xenobiotic
metabolism transcript levels in HepG2 cells (Supplementary Table S1). Sult1e1 KO mice were utilized to dem-
onstrate that its absence worsened diabetic inflammation to develop sepsis and hepatic ischemia-reperfusion
injury [7–9,32].
High glucose induces SULT1E1 expression by activating the SULT1E1 gene in HepG2 cells. A 22 bp DNA

sequence overlapping DR1 and RORE is characterized as the distal enhancer to which HNF4α and RORα bind,
respectively, regulating the SULT1E1 promoter. Phosphorylation of RORα at Ser100 is found to be the glucose
response regulator of the transcription. Non-phosphorylated RORα bound RORE interacts with HNF4α on the
DR1, which co-represses the SULT1E1 promoter in low glucose conditions. In response to high glucose, RORα
becomes phosphorylated at Ser100 by CK1α, converting its function to co-activate the promoter. During these
conversions and co-activation, both RORα and HNF4α remain on the enhancer and keep them in a looping
structure with the proximal promoter (Figure 7C). This phosphorylation-mediated mechanism provides us with
insights into understanding how two nuclear receptors communicate to regulate hepatic SULT1E1 expression
in prenatal livers as well as in diseases and drug treatments of humans.
SULT1E1 is repressed in the liver of adult mice and humans [4,10]. Up-regulation of hepatic SULT1E1

expression in liver-specific HNF4α KO mice suggests that the Sult1e1 gene is repressed by HNF4α [33]. The
molecular mechanism that regulates this repression remains un-investigated. Consistient with previous observa-
tions in human fetal livers [11], the SULT1E1 gene is activated in HepG2 cells in high glucose medium, but is
repressed in low glucose medium. HNF4α is found to function as both a transcription activator and repressor,
and RORα is characterized as a glucose response regulator of this HNF4α function. Phosphorylated RORα is a
glucose response co-activator that binds HNF4α to activate the enhancer. In low glucose medium, RORα is
dephosphorylated to bind and co-repress HNF4α. Thus, RORα converts its function from a high glucose
response co-activator to a low-glucose response co-repressor through phosphorylation-dephosphorylation of
Ser100. Previous studies also showed that an activation function of HNF4α can be repressed. The antibiotic
rifampicin activates nuclear receptor PXR which binds HNF4α and dissociates HNF4α from the SULT1E1 pro-
moter and represses its activity [6]. In other cases, ligand-activated nuclear receptor FXR suppressed the
SULT1E1 promoter by binding PGC1α and preventing it to co-activate HNF4α [12]. Bile acid activated FXR
was also found to restrain HNF4α driven SULT1E1 gene expression through the competitive binding of protein
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acetylase-CREB binding protein to the HNF4α, decreasing HNF4α acetylation and nuclear retention [16]. In
these types of ligand-dependent repressions, PXR and FXR execute a single function which is to remove the
activation activity of HNF4α. On the other hand, RORα plays the dual role of regulating HNF4α to which
RORα remains bound, and to either co-activate or co-repress it through phosphorylation.
CK1α is now purified by 22 bp DNA from the SULT1E1 enhancer-affinity chromatography and is identified

by mass spectrometry. RORα’s Ser100 constitutes a perfect consensus motif (S/T-X-X-S/T), and is phosphory-
lated by CK1α in in vitro kinase assays. CK1α forms a complex with RORα on the SULT1E1 promoter, which
results in the phosphorylation of Ser100 in response to high glucose. Apparently, CK1α is the kinase that trans-
duces this glucose signal to RORα in HepG2 cells. Previously, yeast casein kinase 1α (YCK1α) was reported to
be a down-stream target kinase of glucose signaling that regulates glucose transport and metabolism in yeast
cells [34]. The function of casein kinases as glucose signal transducers appears to be conserved cross-species.
CK1α is a member of the casein kinase superfamily. Vaccinia virus-related kinase 1 (VRK1), which also
belongs to this family, transduced the glucose signal to phosphorylate PXR at Ser350 within the ligand binding
domain to regulate gluconeogenesis in HepG2 cells [35]. Recently, we have identified the amino acid residue
phosphorylated to activate VRK1 down-stream kinases in response to high glucose in HepG2 cells and phos-
phorylated VRK1 (manuscript in preparation). VRK1 was also reported to phosphorylate FXR at Ser154 in
response to a ligand activation in HepG2 cells [17]; Ser154 resides within the DBD and corresponds to Ser100
of RORα. Casein kinases such as CK1α and VRK1 may be positioned at critical steps of glucose signaling and
conserved during evolution. Phenobarbital (PB), a sedative widely used to treat epileptic patients, activates the
Sult1e1 gene transcription in mouse liver [5]. As observed with RORα in HepG2 cells, RORα also repressed the
Sult1e1 gene in mouse liver and, following PB treatment, was phosphorylated at Ser100 to co-activate the
CAR-mediated transcription of this gene [5]. Phosphorylation of Ser100 is utilized as a common target of both
PB and glucose to transduce their signals to RORα. Future investigations may establish CK1α and/or VRK1 as
signal transducers that respond to not only glucose and PB but also various other endogenous and exogenous
stimuli.
RORα phosphorylated at Ser100 interacted with HNF4α and converted it to a co-activator. Ser100 is con-

served as a phosphorylation motif in 41 out of the total 46 human nuclear receptors and their mouse counter-
parts [36]. Phosphorylation of this motif and its regulation and regulatory function were first confirmed with
CAR at Thr38 in the liver [37]. Phosphorylation of Thr38 represses CAR’s constitutive activity and retains
CAR in the cytoplasm, conferring CAR with the capability to be activated via dephosphorylation. Subsequently,
in addition to RORα, FXR, RXRα and ERα were found to be phosphorylated at their motifs [17,38–40].
Phosphorylated ERα is expressed in neutrophils infiltrating into the mouse uterus and provides neutrophils
with migration capability [38]. RXRα is phosphorylated at Thr167 in mouse fat tissues. Our study with RXRα
T167A KI mice demonstrated that this phosphorylation regulates energy metabolism in fat tissue and blood
glucose levels [39]. Based on these observations, it may be that this conserved phosphorylation functions as a
common regulator for nuclear receptors to gain their functional specificities.
The Sult1e1 was activated in response to phenobarbital-treated or diabetic mouse livers, in which RORα was

shown to be phosphorylated at Ser100 to regulate this activation [5,40]. In addition to these drug and patho-
physiological responses, the Sult1e1 gene undergoes multiple and complex expressions, one of which is sexually
dimorphic regulation in the liver [41]. However, the lack of proper cell models that conserve this phenotype
prevented us to investigate whether phosphorylated RORα regulated sexually dimorphic expressions of the
Sult1e1 gene. HepG2 cells allowed us to specifically examine the glucose responsive regulation without any
involvement of hormones such as insulin, glucagon and glucocorticoid [35]. On the other hand, obtained find-
ings were not directly implicated to this regulation in the livers until proper animal models are developed in
the future.
In conclusion, we determined the glucose response mechanism by which nuclear receptors RORα and

HNF4α communicate to activate the SULT1E1 gene transcription in HepG2 cells. In response to high glucose,
CK1α phosphorylates RORα at Ser100 on the SULT1E1 promoter. Subsequently, phosphorylated RORα
co-activates HNF4α and, thereby, the promoter. In low glucose, RORα was dephosphorylated and co-represses
HNF4α. Thus, this phosphorylation serves as a glucose response ‘switch’ to transduce a glucose signal. Ser100
of RORα is conserved in the majority of mouse and human nuclear receptors. Future studies may characterize
CK1α, as a glucose sensor, targeting the corresponding residue of numerous nuclear receptors to integrate their
functions in both physiology and pathophysiology, such as in fetal livers and diabetes.
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