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ABSTRACT

Sulfotransferase 1a1 (Sult1a1) is a phase II enzyme that contributes
extensively to metabolism and detoxification of various drugs and
chemicals. Here we aimed to investigate a potential role of the clock
protein Bmal1 (brain and muscle Arnt-like protein-1) in circadian
regulation of Sult1a1 in mice. The regulatory effects of Bmal1 on
Sult1a1were assessedboth in vivo (usingBmal1- deficientmice) and
in vitro (using both normal and serum-shocked Hepa-1c1c7 cells).
The relativemRNA and protein levels of Sult1a1 in the cells ormouse
livers were measured by RT-qPCR and Western blotting, respec-
tively. Sulfation activities of two Sult1a1 substrates (i.e., p-nitrophenol
and galangin) were determined using mouse liver S9 fractions.
Transcriptional regulation of Sult1a1 by Bmal1 was investigated
using luciferase reporter, electrophoretic mobility shift (EMSA),
and chromatin immunoprecipitation (ChIP) assays. We first
showed that hepatic Sult1a1 was rhythmically expressed at both

mRNA and protein levels (higher expressions during the night
than the daytime). Consistently, the liver sulfation activities
toward two Sult1a1 substrates were circadian time dependent
with a higher activity at ZT14 than at ZT2. Furthermore, deletion of
Bmal1 in mice blunted the circadian rhythmicity of hepatic
Sult1a1 (with reduced expression levels). Likewise, Bmal1 posi-
tively regulated Sult1a1 expression in conventionally cultured
Hepa-1c1c7 cells, and Bmal1 knockdown blunted expression
rhythmicity of Sult1a1 in serum-shocked Hepa-1c1c7 cells. A
combination of promoter analysis, EMSA and ChIP assays
revealed that Bmal1 stimulated Sult1a1 transcription through its
specific binding to the2571- to 2554-bp region (an E-box
element) in the promoter. In conclusion, Bmal1 activated the
transcription of Sult1a1 and controlled circadian expression and
activity of the enzyme.

Introduction

Sulfation (also known as sulfonation) is a phase II metabolic
reaction that plays an important role in drug/chemical metabolism and
detoxification (Gamage et al., 2006; James and Ambadapadi, 2013).
The sulfation reaction turns the substrate molecules into hydrophilic
products (i.e., sulfated metabolites or sulfates) that are generally
biologically inactive and more excreteable (Chapman et al., 2004).
The enzymes catalyzing the sulfation reaction are a superfamily of
sulfotransferases (SULTs) that are divided into four families in
humans, namely, SULT1 (eight members), SULT2 (three members),
SULT4 (one member), and SULT6 (one member) (Blanchard et al.,
2004). The main contributors to xenobiotic sulfation are usually from
SULT1 and SULT2 families (Allali-Hassani et al., 2007). SULT1A1
is an important member of SULT1 family, with high expressions in
the liver and intestine (Teubner et al., 2007; Riches et al., 2009).
SULT1A1 contributes extensively tometabolism and detoxification of
structurally and chemically diverse compounds, including drugs (e.g.,
acetaminophen, epinephrine, and minoxidil) and other chemicals

[such as simple phenols (e.g., p-nitrophenol), polyphenols (e.g.,
flavonoids), and iodothyronines (e.g., 3,39,5-triiodothyronine)] (Glatt
et al., 2001; Dong et al., 2012).
Mammalian physiology and behaviors are subjected to circadian

rhythms (a rhythm of about 24 hours). Circadian rhythms are controlled
by the circadian clock that is a hierarchical multi-oscillator system
(Takahashi et al., 2008). The master clock (located in the hypothalamic
suprachiasmatic nucleus) synchronizes the peripheral clocks (present in
peripheral tissues) through neural and hormonal signals (Partch et al.,
2014; Ono et al., 2015). At the molecular level, all circadian clocks
consist of multiple core clock proteins [i.e., BMAL1 (brain and muscle
Arnt-like protein-1), CLOCK (circadian locomotor output cycles kaput),
PER (period), and CRY (cryptochrome)] that form a transcriptional-
translational feedback loop system. BMAL1 heterodimerizes with
CLOCK to activate the transcription of clock-controlled genes (CCGs),
including PER and CRY (Reppert and Weaver, 2002). Once reaching
critical levels, PER and CRY proteins inhibit the activity of BMAL1/
CLOCK dimer, thereby driving rhythmic expressions of CCGs
(Akhtar et al., 2002). Additional factors such as REV-ERB proteins
function to reinforce and maintain the robustness of circadian
oscillators (Solt et al., 2011).
There is accumulating evidence that the expressions of drug-

processing genes {including phase I [e.g., cytochrome P450 3A4
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(CYP3A4), CYP2E1, and CYP2D6], phase II (e.g., Sult1a1
and glucuronosyltransferase 2b34), and phase III genes (e.g.,
P-glycoprotein)} are subjected to circadian rhythms (Takiguchi et al.,
2007; Murakami et al., 2008; Zhang et al., 2009; Lu et al., 2013; Ko�sir
et al., 2013). Circadian expressions of drug-processing genes are
associated with time dependence of drug toxicity and tolerance
(Sukumaran et al., 2010). For instance, hepatotoxicity of acetaminophen
is more severe during the night than the daytime (Matsunaga et al., 2008;
DeBruyne et al., 2014). Mitoxantrone toxicity closely depends on
circadian dosing time, with the least toxicity at 16 hours after light onset
(Lévi et al., 1994). Interestingly, circadian expressions of multiple phase
I and III processing genes are attributed to the regulatory effects of one or
more clock genes such as E4 promoter-binding protein 4, DBP (D-box
binding protein), HLF (hepatic leukemia factor), and differentiated
embryo chondrocyte-2 (Takiguchi et al., 2007; Murakami et al., 2008;
Matsunaga et al., 2012). However, the molecular mechanisms for
rhythmic expression of phase II enzymes such as SULT1A1 remain
elusive.
As noted above, BMAL1 and CLOCK form the positive limb in

generation of circadian gene expression (Partch et al., 2014). The
BMAL1/CLOCK heterodimer essentially is a transcriptional activator
that stimulates the transcription of target genes (such as PER and CRY)
via binding to the E-box elements present in promoter regions (Buhr and
Takahashi, 2013). Although in most cases both BMAL1 and CLOCK
are required in transactivation of clock-controlled genes, BMAL1 can
independently regulate the expression of certain genes such as Dio2
(type II iodothyronine deiodinase) (Sawant et al., 2017). In addition to
regulating circadian rhythms, BMAL1 has regulatory roles in the
development of various diseases including hypertension, diabe-
tes, dyslipidemia, and obesity (Shimba et al., 2011; Pappa et al., 2013;
Richards et al., 2014).
Sult1a1 is one of three Sult genes showing diurnal expressions (Zhang

et al., 2009). In this study, we aimed to investigate a potential role of
Bmal1 in circadian regulation of Sult1a1 in mice. Sult1a1 expressions in
the livers of wild-type and Bmal1-knockout mice were determined every
4 hours around the clock. Sulfation activities of Sult1a1 substrates were
assayed using liver S9 preparations. Regulatory effects of Bmal1 on
Sutl1a1 were assessed using both normal and serum-shocked Hepa-
1c1c7 cells. The specific promoter region for Bmal1 binding was
identified through a combination of luciferase reporter, mobility shift,
and chromatin immunoprecipitation assays. We demonstrate for the first
time that Bmal1 controls circadian expression of Sult1a1.

Materials and Methods

Materials. Anti-Sult1a1 antibody was purchased from OriGene Technologies
(cat. no. TA501951; Rockville, MD). Antibodies against Bmal1 (cat. no. ab3350)
and glyceraldehyde-3-phosphate dehydrogenase (cat. no. ab9485) were pur-
chased from Abcam (Cambridge, MA). Anti-IgG antibody (cat. no. 7074) was
purchased from Cell Signaling Technology (Danvers, MA). p-Nitrophenol was
obtained from Shanghai Macklin Biotech (Shanghai, China). Galangin
was obtained from Weikeqi Biotech (Sichuan, China). pRL-TK vector was
purchased from Promega (Madison, WI). 39-Phosphoadenosine-59-phosphosul-
fate was purchased from Sigma-Aldrich (St. Louis, MO) (.95% purity). siRNA
targeting mouse Bmal1 (named siBmal1) was obtained from Transheep
(Shanghai, China). p-Nitrophenol sulfate and galangin sulfate were synthesized
according to the sulfation assay protocol and purified by chromatographic elution
(Sun et al., 2015).

Animal Studies. All animal care and experimental procedures were in
compliance with guidelines approved by the Institute of Laboratory Animal
Science of Jinan University (Guangzhou, China). Bmal1 knockout (Bmal1-KO)
mice on a C57BL/6J background were obtained from BangYao Biologic
Technology Co., Ltd. (Shanghai, China). All mice, receiving food and water ad
libitum, were housed in a temperature- and humidity-controlled room with a

standard 12-hour light/dark cycle (light on at 7:00 AM and off at 7:00 PM).Wild-
type (8 to 9 weeks of age, male, n = 6) and Bmal1-KO mice (8 to 9 weeks of age,
male, n = 5) were euthanized at each circadian time point (ZT2, ZT6, ZT10, ZT14,
ZT18, and ZT22), and the livers were isolated, snap-frozen, and stored at280�C
until processing for mRNA and protein analyses.

Plasmid Construction. Mouse Bmal1 cDNA (GenBank accession No
NM_007489.4) were synthesized and cloned into the XhoI and BamHI sites of
the expression vectors pcDNA3.1(2) (Biowit Technologies, Shenzhen, China).
Various versions of Sult1a1 promoter luciferase constructs (22018/+39, 2660/
+39, and2400/+39) were synthesized and cloned into the Bglll and Hindlll sites
of the blank pGL4.10 vector (Transheep). After verification by DNA sequencing,
the plasmids were transformed into Esherichia coli JM109 and purified using
EasyPure HiPure PlasmidMiniPrep kits (TransGen Biotech, Beijing, China).

Cell Culture and Transfection. Hepa-1c1c7 and HEK293 cells were
purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai,
China). The cells were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (FBS) at 37�C in a 5% CO2

humidified atmosphere. After seeding for 24 hours, the cells were transfected with
a 200-ng Bmal1 plasmid and/or 200-ng reporter plasmid using a JetPrime
transfection kit (Polyplus Transfection, Ill kirch, France). In gene knockdown
experiments, the cells were transfected with 100-nM siRNA using JetPrime
(Polyplus Transfection). On the next day, the cells were collected for mRNA
determination or luciferase activity measurements.

Serum Shock Experiments. Serum shock experiments were performed to
induce circadian gene expression in cultured Hepa-1c1c7 cells as previously
described (Matsunaga et al., 2012). In brief, Hepa-1c1c7 cells were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% FBS and trans-
fected with siBmal1 (or short interfering RNA for negative control as the control)
for 24 hours. This was followed by incubation in serum-free medium for 12 hours.
On the day of serum shock, 50% FBS was added for 2 hours, and then the cells
were changed back to serum-free medium. The cells were harvested for RNA
extraction at 0, 4, 8, 12, 16, 20, and 24 hours after the serum shock. The Sult1a1
mRNA levels were measured by RT-qPCR assays.

RT-qPCR Assay. Total RNA was extracted from mice livers with RNAiso
Plus reagent (Takara Bio Inc., Shiga, Japan) and used as a template for reverse
transcription. qPCR was performed using GoTaqR qPCR Master Mix (Vazyme,
Jiangsu, China) as previously described (Zhao et al., 2018). Amplification
reaction consisted of an initial denaturation at 95�C for 5 minutes, followed by
40 cycles of denaturation at 95�C for 15 seconds, annealing at 60�C for
30 seconds, and extension at 72�C for 30 seconds. Peptidyl-prolyl cis-trans
isomerase B was used as an internal control. The relative changes in gene
expression were derived using the 22DDCT method. All primer sequences are
summarized in Table 1.

Enzyme-Linked Immunosorbent Assay. Hepa-1c1c7 cells were seed into
six-well plates and transfected with a 2-mg Bmal1 plasmid (pcDNA3.1 as a
control) or a 100-nM siBmal1 (short interfering RNA for negative control as a
control) for 48 hours. Then, the culture media were removed and the cells
were lysed in 150-ml RIPA lysis buffer (Beyotime, Shanghai, China)
supplemented with 1 mM PMSF. After centrifugation, the supernatant was
collected for Sult1a1 measurement using a mouse Sult1a1 enzyme-linked
immunosorbent assay kit (MEIMIAN, Jiangsu, China) according to the
manufacturer’s instructions.

Luciferase Reporter Assay. HEK293 cells were seed into 48-well plates and
transfected 200-ng of Sult1a1 luciferase reporter plasmid, 20-ng of pRL-TK
vector (an internal control with renilla luciferase gene), and a fixed amount of
expression plasmid (Bmal1 or pcDNA3.1). Twenty-four hours later, the medium
was removed and the cells were lysed in 45ml passive lysis buffer (Promega). The
cell lysate was collected to determine the luciferase activities using the Dual-
Luciferase Reporter Assay System and GloMax 20/20 luminometer (Promega).
Firefly luciferase activities were normalized to renilla luciferase values and
expressed as relative luciferase units.

Western Blotting. Western blotting was performed as previously described
(Zhang et al., 2018). In brief, mouse liver homogenate or cell lysate (40 mg total
protein) was loaded and separated on 10% SDS-polyacrylamide gels and
transferred onto polyvinylidenefluoride membranes (Millipore, Bedford, MA).
Protein bands were visualized by enhanced chemiluminescence, and the band
density was analyzed by FlourChem software. Glyceraldehyde-3-phosphate
dehydrogenase was used as a loading control.
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Electrophoretic Mobility Shift Assay. Hepa-1c1c7 cells were transfected
with Bmal1 expression plasmid and then the nuclear proteins were extracted using
the nuclear and cytoplasmic protein extraction reagents (Beyotime Biotech).
Unlabeled and biotin-labeled probes were prepared by annealing complementary
sense and antisense oligonucleotides (Table 1). EMSA assaywas performed using
the chemiluminescent EMSA kit (Beyotime Biotech). In brief, 6 mg nuclear
protein and 10 mM unlabeled wide-type or mutated probes were mixed well in
EMSA binding buffer and incubated at room temperature for 10 minutes. Then, a
0.2-mM biotin-labeled probe was added to the reaction mixture and allowed
another 20-minute incubation at room temperature. The DNA-protein complexes
were loaded onto 4% nondenaturing polyacrylamide gels and subjected to
electrophoresis, followed by transfer to the Hybond-N+ membranes (Amersham,
Buckinghamshire, UK). The products were visualized by using the enhanced
chemiluminesence reagent and an Omega Lum G imaging system (Aplegen,
Pleasanton, CA).

Chromatin Immunoprecipitation. ChIP assays were performed using a
SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling Technology, Beverly,
MA) as previously described (Lu et al., 2017). In brief, liver tissue was crosslinked
with 37% formaldehyde, followed by quench with glycine and digestion with
micrococcal nuclease. After sonication, chromatin fragments were incubated
overnight with 10-mg of anti-Bmal1 or normal rabbit IgG (negative control) at
4�C. Protein G magnetic beads were then added to each ChIP sample and
incubated for 2 hours. Beads were collected by placing the tubes in a magnetic
separation rack and washed sequentially with low- and high-salt washes.
Chromatins were eluted from the antibody/protein G magnetic beads with the
elution buffer (30 minutes, 65�C). Crosslinking was reversed by incubation with
NaCl and proteinase K for 2 hours at 65�C. DNAwas purified using spin columns
and used as template for qPCR analyses using primers encompassing the Bmal1-
binding site (Table 1). The qPCR reaction consisted of an initial denaturation at
95�C for 5 minutes, followed by 50 cycles of denaturation at 95�C for 15 seconds,
annealing at 60�C for 30 seconds, and extension at 72�C for 30 seconds.

Sulfation Assay. The livers were collected from wild-type and Bmal1-KO
mice euthanized at ZT2 and ZT14. Liver S9 fraction were prepared by
centrifugation at 9000 g for 10 minutes (Richardson et al., 2016). Liver sulfation
activity was determined using an incubation method as previously de-
scribed (Wang et al., 2017). In brief, liver S9 fraction (0.6 mg total protein),
39-phosphoadenosine-59-phosphosulfate (50 mM), and p-nitrophenol (2 mM) or
galangin (4 mM) were incubated in potassium phosphate buffer (50 mM, pH 7.4)
at 37�C for 3 hours. The total volume of the incubation mixture was 200 ml. The
reaction was terminated by the addition of 100 ml ice-cold methanol (containing
internal standard), followed by vortex and centrifugation (15 minutes, 13,000 g).
The supernatant was collected and subjected to ultra-performance liquid
chromatography/quadrupole time-of-flight mass spectrometry analysis.

Quantification of Sulfates. Sulfated metabolites were quantified using an
ACQUITY ultra-performance liquid chromatography/quadrupole time-of-flight
mass spectrometry system (Waters, Milford, MA) and an ACQUITY BEH C18
column (2.1� 50 mm, 2.6 mm;Waters). The mobile phase was 0.1% formic acid
(mobile phase A) and 0.1% formic acid in acetonitrile (mobile phase B).
The gradient elution program was 10% B at 0 to 1 minute, 10%–90% B at
1–3.5minutes, 90%B at 3.5–4.5 minutes, and 90%–10%B at 4.5–5minutes. The
flow rate was set at 0.3 ml/min. Mass spectrometer was operated at the negative
ion full scan mode. Peak areas of p-nitrophenol sulfate and galangin sulfate were
recorded with the exact mass of m/z 218.8 6 0.05 and 348.9 6 0.05 Da,
respectively.

Statistical Analysis. Data are presented as mean 6 S.D. A two-way
analysis of variance was performed to determine significant differences
between groups (time � siBmal1 treatment). One-way analysis of variance
was used to analyze gene/protein differences across several circadian time
points. All other analyses were performed using the Student’s t test. The
level of significance was set at P , 0.05.

Results

Circadian Expression and Activity of Sult1a1 in Mouse Liver.
The Sult1a1 mRNA in mouse liver displayed a significant circadian
fluctuation (Fig. 1A). In general, the mRNA levels were higher during
the night than the daytime (Fig. 1A). Also, hepatic Sult1a1 protein
showed a circadian rhythm with a zenith at ZT18 (Fig. 1B). In line with
circadian mRNA pattern, Sult1a1 protein levels during the night were
higher than those in the daytime (Fig. 1B). The sulfation activity of
hepatic Sult1a1 was determined using p-nitrophenol and galangin as the
substrates (Frame et al., 2000; Otake et al., 2002). Consistent with the
protein levels, hepatic Sult1a1 showed a higher sulfation activity toward
both p-nitrophenol and galangin at ZT14 than at ZT2 (Fig. 1C).
Bmal1 Deletion Blunts Circadian Rhythmicity of Hepatic

Sult1a1. We first showed that Bmal1 was absent in Bmal1 knockout
(Bmal1-KO or KO) mice by PCR analyses of the tails from the genetic
mice (Fig. 2A, primers provided in Table 1). RT-qPCR analyses further
confirmed that Bmal1-KO mice did not express Bmal1 mRNA in the
liver and that Dbp (a target gene of Bmal1, Stratmann et al., 2012) was
markedly downregulated (Fig. 2B). Genetic deletion of Bmal1 down-
regulated Sult1a1 mRNA levels in the liver and blunted its circadian
rhythmicity (Fig. 2C). Consistent with the mRNA changes, hepatic
Sult1a1 protein was significantly reduced, and its rhythmicity was

TABLE 1

Oligonucleotides used in this study

Gene Forward (59 to 39) Reverse (59 to 39)

Genotyping
Bmal1 GCCCATGACCTCAGTGCCACA CCGGCTTTAAGGCTATTGATTT

RT-qPCR
Sult1a1 CACAAGGGTCCTCTCCTTAGC TGACAGCGGAACGTGAAGTC
Bmal1 CTCCAGGAGGCAAGAAGATTC ATAGTCCAGTGGAAGGAATG
Dbp ACATCTAGGGACACACCCAGTC AAGTCTCATGGCCTGGAATG
Ppib TCCACACCCTTTTCCGGTCC CAAAAGGAAGACGACGGAGC

Plasmid construction
Bmal1 GATCTCGAGCCACCATGGCGGACCAGAGAATGGAC GATGGATCCCTACAGCGGCCATGGCAAGTCAC

Promoter construction
Sult1a1 (22018/+39) GCCTCGAGGATATCAAGATCTGCCAAAATGGATTCCTCAG CAGTACCGGATTGCCAAGCTTGCCTCCCTCGGTGC
Sult1a1 (2660/+39) CCGGTACCTGAGCTCGCTAGCCAGCCTCTTGTCTTTG CCGGTACCTGAGCTCGCTAGCCAGCCTCTTGTCTTTG
Sult1a1 (2400/+39) GCCTCGAGGATATCAAGATCTCCAGGCATCGCTG CAGTACCGGATTGCCAAGCTTGCCTCCCTCGGT

EMSA
Sult1a1 TCTCCACCAGTCACGTGTGGTATTGGA TCCAATACCACACGTGACTGGTGGAGA
Sult1a1 (mutant) TCTGCACCCGTATCACGTTGAATTGGA TCCAATTCAACGTGATACGGGTGCAGA

CHIP
Dbp TGGGACGCCTGGGTACAC GGGAATGTGCAGCACTGGTT
Sult1a1 TGTCTTTGCAGAGGGTGA GAATGATGGGAAGGAGCA
Sult1a1(distal) CTTTTAAGTATGCACAGG AGAACTGACTGCTACATG

Ppib, peptidyl-prolyl cis-trans isomerase B.
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markedly dampened in Bmal1-KOmice (Fig. 2D). Furthermore, hepatic
Sult1a1 activity at ZT14 was downregulated consistent with the enzyme
expression changes (Fig. 2E). It was also noted that the sulfation activity
differences ceased to exist due to Bmal1 deletion (Fig. 2E). These data
strongly indicated that Bmal1 regulated circadian expression of Sult1a1.
Bmal1 Knockdown Blunts Sult1a1 Rhythmicity in Serum-

Shocked Hepa-1C1c7 Cells. We next investigated the regulatory
effects of Bmal1 on Sult1a1 using mouse hepatoma Hepa-1c1c7 cells.
Overexpression of Bmal1 led to upregulation of Sult1a1 mRNA and
protein (Fig. 3A). Consistent with this activation effect, siRNA targeting
Bmal1 (named siBmal1) caused reductions in Sult1a1mRNAand protein
(Fig. 3B). It was noteworthy that Sult1a1 protein levels in cell samples
were determined by enzyme-linked immunosorbent assay rather than
Western blotting. The exact reasons as to why Western blotting failed to
detect cellular Sult1a1 were unknown. Low expression of Sult1a1 in the
cells may be a contributing factor. A serum shock did generate rhythmic
expressions of both Bmal1 and Sult1a1 (Fig. 4). As expected, siBmal1
effectively decreased mRNA levels of Bmal1 during a 24-hour period
after serum shock (Fig. 4A). Interestingly, Bmal1 knockdown blunted
rhythmic expression of Sult1a1 inHepa-1c1c7 cells (Fig. 4B), confirming
a critical role of Bmal1 in circadian regulation of Sult1a1.
Bmal1 is a Transcriptional Activator of Sult1a1. A Sult1a1

luciferase reporter (with22.0 kb proximal promoter) was first constructed
to investigate a potential role of Bmal1 in transcriptional regulation of
Sult1a1. The Bmal1 expression plasmid dose-dependently enhanced the
promoter activity of Sult1a1, suggesting a positive role of Bmal1 in
transcriptional regulation of Sult1a1 (Fig. 5A). Consistently, siBmal1 was
found to significantly reduce the transcriptional activity of Sult1a1 (Fig.
5B). Sequence analysis of mouse sult1a1 promoter revealed three potential
Bmal1 binding sites (i.e., E-box elements, located at 2800/2780, 2571/
2554, and2343/2320 bp) (Fig. 5C). Accordingly, two shorter (truncated)
promoter constructs with the deletion of one or two E-box elements

(i.e., 20.66- and 20.4-kb constructs) were prepared for pinpointing the
exact site for Bmal1 binding (Fig. 5C). Bmal1 increased the promoter
activities of both 2.0- and 0.66-kb constructs (Fig. 5C). However, the
activity of 0.4-kb construct was unaffected in the presence of Bmal1 (Fig.
5C). Furthermore, mutation of the E-box at 2571/2554 bp led to loss of
luciferase reporter activity (Fig. 5C). These data suggested that the Bmal1
binding site was located between20.66 and20.4 kb (probably the2571/
2554-bp region).
Next, electrophoretic mobility shift assay (EMSA) was performed to

determine the binding potential of Bmal1 protein to Sult1a1 promoter
using a biotin-labeled oligonucleotide (probe) encompassing the2571/2554-bp
region. The biotin-labeled Sult1a1 probe was able to form a DNA-
protein complex with Bmal1 (Fig. 6A). The complex band disappeared
in the presence of unlabeled probe, but reappeared in the presence of
mutated unlabeled probe (Fig. 6A). The results indicated that Bmal1 can
bind directly to the 2571/2554-bp region of Sult1a1 promoter.
Chromatin immunoprecipitation assay (ChIP) was further performed

to determine potential in vivo interactions of Sult1a1 promoter with
hepatic Bmal1 protein. The sequence encompassing the2571/2554-bp
region (an E-box element) was amplified from the precipitated
chromatin DNA (Fig. 6B). The Sult1a1-E-box enrichment for anti-
Bmal1 sample was markedly higher than that for anti-IgG sample,
indicating significant recruitment of Bmal1 protein to Sult1a1-E-box
(Fig. 6B). Similar results were observed for Dbp (a target gene of Bmal1)
(Stratmann et al., 2012) (Fig. 6B). Taken together, our data indicated that
Bmal1 transactivated Sult1a1 through its specific binding to the 2571-
to 2554-bp region (an E-box element) in the promoter region.

Discussion

In this study, we showed that the expression and activity of hepatic
Sult1a1 enzyme were circadian time dependent (Fig. 1). More
importantly, we for the first time demonstrated that the clock protein

Fig. 1. Circadian (24-hour) rhythms of Sult1a1 mRNA (A), protein (B), and activities (C) in mouse liver. Data are mean 6 S.D. (n = 3 or 6). (A and B) *P , 0.05 (one-way
ANOVA analyses of gene/protein differences across six circadian time points). Liver homogenates were used for Western blotting. Each Western blot is representative of
three independent experiments. *P , 0.05 (t test). Unshaded box represents the light period and the shaded box represents the dark (lights off) period.
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Bmal1 activated the transcription of Sult1a1 and controlled circadian
expression of this enzyme (Figs. 2–6). We provided several lines of
evidence for transcriptional activation of Sult1a1 by Bmal1. First,
hepatic Sult1a1 expression was diminished in Bmal1-KO mice (Fig. 2).

Second, overexpression of Bmal1 upregulated Sult1a1 in Hepa-1c1c7
cells, whereas Bmal1 knockdown downregulated Sult1a1 expression
(Fig. 3). Third, Bmal1 dose-dependently induced the promoter activity
of Sult1a1 in luciferase reporter assays, whereas siBmal1 inhibited the

Fig. 3. Effects of Bmal1 overexpression (A)
and knockdown (B) on Sult1a1 mRNA and
protein in Hepa-1c1c7 cells. Hepa-1c1c7 cells
were seeded onto six-well plates. The cells
were transfected with Bmal1 expression plas-
mid or siBmal1 for 24 or 48 hours. The mRNA
and protein levels were quantified by RT-qPCR
and enzyme-linked immunosorbent assay, re-
spectively. *P , 0.05 (t test).

Fig. 2. Bmal1 ablation blunts circadian rhythmicity of Sult1a1. (A) PCR genotyping of mouse tails from wild-type (WT), heterozygotes (+/2), and Bmal1-KO (or KO) mice. (B)
RT-qPCR analyses of Bmal1 and Dbp in the livers of wild-type and Bmal1-KO mice at ZT0. *P, 0.05 (t test) (C) Time-dependent mRNA levels of Sult1a1 in the livers of wild-type
and Bmal1-KO mice. *P, 0.05 (one-way ANOVA or two-way ANOVA). (D) Time-dependent protein levels of Sult1a1 in the livers of wild-type and Bmal1-KOmice. EachWestern
blot is representative of three independent experiments. *P, 0.05 (one-way ANOVA or two-way ANOVA). (E) Hepatic sulfation activities of wild-type and Bmal1-KO mice toward
two Sult1a1 substrates (i.e., p-nitrophenol and galangin) at ZT2 and ZT14. Sulfation activities were expressed as percentage of the wild-type value at ZT2. *P, 0.05 (t test). Data are
mean 6 S.D. (n = 3 or 5). n.s., not significant. Unshaded box represents the light period and the shaded box represents the dark (lights off) period.
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promote activity (Fig. 5, A and B). Fourth, Bmal1 protein bound directly
to an E-box element (i.e., the 2571- to 2554-bp region) in Sult1a1
promoter based on a combination of promoter truncation, EMSA, and
ChIP assays (Figs. 5 and 6). The evidence for regulation of rhythmic
Sult1a1 by Bmal1 was also strong. Genetic deletion of Bmal1 in mice
blunted the circadian rhythmicity of hepatic Sult1a1 (Fig. 2). Likewise,
Bmal1 knockdown dampened the expression rhythmicity of Sult1a1 in
serum-shocked Hepa-1c1c7 cells (Fig. 4).
It was a novel discovery that the core clock gene (Bmal1) can directly

regulate Sult1a1 (a drug-processing gene) and is responsible for the
enzyme’s diurnal expression. This contrasted with an indirect role of
core clock genes in circadian regulation of drug-processing genes such
as Cyp2b10 and Mdr1a in previous studies (Gachon et al., 2006;
Murakami et al., 2008). In these studies, the clock output genes such as

the PAR bZip transcription factors DBP, HLF, TEF (thyrotroph
embryonic factor), and/or E4 promoter-binding protein 4 contribute
extensively to circadian expressions and activities of Cyp2b10 and
Mdr1a (Gachon et al., 2006; Murakami et al., 2008). For instance,
circadian expression of Cyp2b10 was generated through the rhythmic
Car (constitutive androstane receptor, a transcriptional activator of
Cyp2b10) that was directly regulated byDBP, TEF, and HLF rather than
the core clock genes (Gachon et al., 2006).
Hepatic Sult1a1 mRNA in mice peaked at the day-to-night transition

time consistent with a previous study (Zhang et al., 2009). By contrast,
the circadian protein profile showed a zenith at ZT18 (Fig. 1). A delay of
4–6 hours in the translation of mRNA to protein appeared to be within
the normal range (Narumi et al., 2016). The finding that Sult1a1 with
higher protein and activity levels during the night (the active phase for

Fig. 5. Transcriptional activation of Sult1a1 by
Bmal1 in luciferase reporter assays. (A) Bmal1
dose-dependently induces the Sult1a1 promoter
activity. Hepa-1c1c7 cells were transfected
with different amounts of Bmal1 expression
plasmid. (B) Effects of Bmal1 knockdown on
the Sult1a1 promoter activity. Hepa-1c1c7 cells
were transfected with siBmal1 for 24 hours. (C)
Effects of Bmal1 on the activities of different
versions of Sult1a1 luciferase reporters. Hepa-
1c1c7 cells were cotransfected with different
versions of Sult1a1 luciferase reporters and
Bmal1 expression plasmid for 24 hours. Data
shown are the mean 6 S.D. (n = 5). *P , 0.05
(t test).

Fig. 4. Bmal1 knockdown blunts Sult1a1
rhythmicity in serum-shocked Hepa-1c1c7
cells. (A) mRNA level change of Bmal1 in
Hepa-1c1c7 cells after siBmal1 transfection
and serum shock. (B) mRNA level change of
Sult1a1 in Hepa-1c1c7 cells after siBmal1
transfection and serum shock. *P , 0.05
(one-way ANOVA or two-way ANOVA).
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mice) than the daytime (the rest phase for mice) was consistent with the
notion that the body tends to develop a greater detoxification ability in
the active phase with greater chances for xenobiotic challenges
(Dallmann et al., 2016).
Identifying circadian genes among drug-processing genes and

elucidating the circadian regulation mechanisms assume great impor-
tance in advancing chronopharmacokinetics (a discipline concerning
time-dependent absorption, distribution, metabolism, and excretion)
(Lemmer, 1999). Chronopharmacokinetics is strongly associated with
chronotherapeutics that aim to find out the best timing (highest drug
activity and least toxicity) for drug administration (Ballesta et al., 2017).
Although a number of drug-processing genes have been shown to
undergo circadian changes based solely on the mRNA determinations
(Zhang et al., 2009), a full characterization of these genes at protein and
activity levels is lacking. This is the first report revealing a phase II
enzyme (Sult1a1) as a circadian gene at the protein and enzymatic
activity (in vitro) level. However, due to the lack of an in vivo functional
marker (or a compound exclusively metabolized by Sult1a1), we were
unable to determine in vivo activity of Sult1a1 and to characterize time
dependency of Sult1a1 activity in vivo.
Since BMAL1 and CLOCK form a heterodimer to activate the

transcription of many clock output genes including PER and CRY, it is
essential to test whether CLOCK also regulates Sult1a1. Surprisingly,
Clock failed to induce Sult1a1 transcription in luciferase reporter assays
and showed no effects on Bmal1 transactivation of Sult1a1 (data not
shown), suggesting independent regulation of Sult1a1 by Bmal1. In fact,
BMAL1 can independently regulate the expression of certain genes such
as Dio2 (type II iodothyronine deiodinase) (Sawant et al., 2017).
Although direct transcriptional activation of Sult1a1 by Clock is
unlikely, Clock may participate in regulation of Sult1a1 via forming a
heterodimer with Bmal1 for promoter binding.
The serum shock method was employed herein to investigate the

effect of Bmal1 on rhythmic expression of Sult1a1 at a cellular level
because a serum shock (with a high concentration of serum) can induce
circadian gene expression in the cells (Balsalobre et al., 1998). This is
probably because in response to a high serum level, the serum response
factor stimulates the expression of its target genes (including the core
clock genes Per and Bmal1), thereby inducing circadian gene expression
(Gerber et al., 2013). Themethod has been successfully used to study the
molecular mechanisms for circadian regulation of several CYP enzymes
including CYP2D6, CYP2E1, and CYP3A4 (Takiguchi et al., 2007;
Matsunaga et al., 2008, 2012). Considering instantaneous effect of
siRNA (for Bmal1 silencing), the serum shock experiments were

conducted for 24 hours.Within this time period, both Bmal1 and Sult1a1
mRNA display obvious fluctuations (Fig. 4). The rhythmicity of Sult1a1
mRNA was strongly suppressed in Bmal1 knockdown cells, supporting
a critical role of Bmal1 in circadian regulation of Sult1a1 (Fig. 4).
In summary, hepatic Sult1a1 was rhythmically expressed at both

mRNA and protein levels. The clock protein Bmal1 transactivated
Sult1a1, thereby controlling circadian expression of the enzyme.
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