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ABSTRACT
Cytosolic sulfotransferase 1C3 (SULT1C3) is the least character-
ized of the three human SULT1C subfamily members. Originally
identified as an orphan SULT by computational analysis of the
human genome, we recently reported that SULT1C3 is expressed
in human intestine andLS180 colorectal adenocarcinomacells and
is upregulated by agonists of peroxisome proliferator-activated
receptor (PPAR)a and g. To determine themechanism responsible
for PPAR-mediated upregulation, we prepared reporter plasmids
containing fragments of the SULT1C3 59-flanking region. During
initial attempts to amplify a 2.8-kb fragment from different sources
of human genomic DNA, a 1.9-kb fragment was sometimes
coamplified with the expected 2.8-kb fragment. Comparison of
the 1.9-kb fragment sequence to the published SULT1C3 59-
flanking sequence revealed an 863-nt deletion (nt2146 to21008
relative to the transcription start site). Transfection analysis in

LS180 cells demonstrated that PPARa, d, and g agonist treat-
ments induced luciferase expression from a reporter plasmid
containing the 2.8-kb but not the 1.9-kb fragment. The PPAR
agonists also activated a 1-kb reporter containing the 863-nt
deletion region. Computational analysis identified three peroxi-
some proliferator response elements (PPREs) within the 863-nt
region and serial deletions and site-directed mutations indicated
that the most distal PPRE (at nt2769) was essential for obtaining
PPAR-mediated transcriptional activation. Although agonists of all
three PPARs could activate SULT1C3 transcription, RNA interfer-
ence analysis indicated the predominance of PPARg. These
data demonstrate that the PPARg regulatory network includes
SULT1C3 and imply that this enzyme contributes to the control of
such PPARg-regulated intestinal processes as growth, differenti-
ation, and metabolism.

Introduction
The cytosolic sulfotransferases (SULTs) are conjugating

enzymes that catalyze the transfer of a sulfonate group
(SO3

-) from 39-phosphoadenosine 59-phosphosulfate to numer-
ous alcohol, phenol, amine, N-oxide, and N-hydroxy substrates.
SULTs regulate various physiologic processes by sulfonating
endogenous molecules, including hormones, bile acids, and
neurotransmitters such as dopamine. SULTs also play
important roles in the detoxification of xenobiotics but can
also contribute to the bioactivation of some procarcinogens
(Yamazoe et al., 1995; Zhang et al., 2012).
The human genome contains 13 SULT genes that are

classified into four families (Blanchard et al., 2004). Of these,

the SULT1 (phenol sulfotransferases) and SULT2 families
(hydroxysteroid sulfotansferases) have been best character-
ized and are further divided into subfamilies (Dooley et al.,
2000; Glatt et al., 2001). The human SULT1C subfamily
includes three members, SULT1C2 (previously known as
SULT1C1), SULT1C3, and SULT1C4 (previously known as
SULT1C2), which are located in a cluster on chromosome
2 (Freimuth et al., 2000, 2004; Blanchard et al., 2004). Human
SULT1C2 has been detected in fetal and adult kidney, liver,
and small intestine, as well as adult stomach (Her et al., 1997;
Teubner et al., 2007), whereas human SULT1C4 has been
detected in fetal lung, kidney, and heart, as well as in adult
kidney and in colon cancer cells (Sakakibara et al., 1998;Meinl
et al., 2008b). SULT1C3 is a relatively uncharacterized
(orphan) enzyme that was predicted through computational
analysis of the human genome (Freimuth et al., 2004). The
predicted SULT1C3 gene has a duplication of exons 7 and
8 and theoretically could be transcribed and processed into
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four splice variants containing exons 7a/8a, 7a/8b, 7b/8a, or
7b/8b that encode isoforms SULT1C3a-d, respectively
(Freimuth et al., 2004). The SULT1C3 mRNA reference
sequence (NM_001008743) contains exons 7b/8b, which en-
codes SULT1C3d. This transcript was not detected in any of
20 human tissues, including liver and kidney, that were used
for expression profiling (Freimuth et al., 2004; Meinl et al.,
2008a). Using reverse transcription-polymerase chain reac-
tion and rapid amplification of cDNA ends (RACE) analysis,
we detected SULT1C3 mRNA containing exons 7a/8a, encod-
ing SULT1C3a, in human small intestine and colon and in
LS180 colorectal adenocarcinoma cells (Duniec-Dmuchowski
et al., 2014). We also reported that SULT1C3 expression in
LS180 cells is regulated by activators of several transcription
factors, including peroxisome proliferator-activated receptors
(PPARs), farnesoid X receptor (FXR), liver X receptor (LXR),
pregnane X receptor (PXR), and aryl hydrocarbon receptor
(AhR) (Rondini et al., 2014).
There are three PPARs: PPARa, PPARd, and PPARg. These

nuclear receptors are differentially expressed in mammalian
tissues, including small and large intestine, where they regulate
a variety of genes that are involved in energy metabolism, lipid
metabolism, and other cellular processes (Huin et al., 2000; Su
et al., 2007). Lipid- and xenobiotic-sensing receptors, including
PPARs, are known to regulate expression of human SULTs
(Fang et al., 2005, 2007; Jiang et al., 2005; Echchgadda et al.,
2007; Kodama et al., 2011). For example, we previously reported
that PPARa regulates human SULT2A1 transcription through
a peroxisome proliferator response element (PPRE) in the distal
59-flanking region of the SULT2A1 gene (Fang et al., 2005). In
this study, we explored the regulation of SULT1C3 by PPAR
activation in LS180 cells. Specifically, we established regulation
by PPARg and identified a functional PPRE in a polymorphic
region of the SULT1C3 promoter.

Materials and Methods
Materials. Ciprofibrate was provided by Sterling Winthrop

Pharmaceuticals Research Division (Rennselaer, NY). 4-[[[2-[3-
fluoro-4-(trifluoromethyl)phenyl]-4-methyl-5-thiazolyl]methyl]-
thio]-2-methylphenoxyacetic acid (GW0742), 3-[3-[[[2-chloro-3-
(trifluoromethyl)phenyl]methyl](2,2-diphenylethyl)amino]propoxy]-
benzeneacetic acid hydrochloride (GW3965), 3-[2-[2-chloro-4-[[3-
(2,6-dichlorophenyl)-5-(1-methylethyl)-4-isoxazolyl]methoxy]phenyl]-
ethenyl]benzoic acid (GW4064), and 2-[[4-[2-[[(cyclohexylamino)-
carbonyl](4-cyclohexylbutyl)amino]ethyl]phenyl]thio]-2-methylpropanoic
acid (GW7647) were purchased from Tocris Biosciences (Minneapolis,
MN). Rosiglitazone, rifampicin, and dimethyl sulfoxide (DMSO)
were purchased from Sigma-Aldrich (St. Louis, MO), and 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) was purchased from Midwest
Research Institute (Kansas City, MO). Cell culture media and supple-
ments and LipofectAMINE 2000 were purchased from Life Technol-
ogies (Grand Island, NY) Oligonucleotides were purchased from
Integrated DNA Technologies (IDT, Coralville, IA).

Cell Culture. LS180 cells were purchased from the American
Type Culture Collection (Manassas, VA) and cultured in Eagle’s
minimum essential medium (MEM) supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 1 mM sodium pyruvate, MEM
nonessential amino acids, 100 U/ml penicillin, and 100 mg/ml strep-
tomycin. HEK293A cells were purchased from Life Technologies and
cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, 100 U/ml penicillin, and 100mg/ml strepto-
mycin. Cells were maintained in a humidified atmosphere of 5% CO2

and 95% air at 37°C.

Preparation of SULT1C3 Reporter Plasmids. Genomic DNA
was isolated from MCF10A and LS180 cells using the DNeasy Blood
and Tissue Kit (Qiagen, Valencia, CA). Genomic DNA (100 ng),
Herculase II Fusion DNA polymerase (Agilent Technologies, Santa
Clara, CA), and a primer set that was predicted to amplify a 2.8-kb
fragment of the SULT1C3 59-flanking region (nt 22780: 138), as
identified by our previous 59-RACEanalysis, were used for polymerase
chain reaction (PCR) (Duniec-Dmuchowski et al., 2014). The resulting
PCR fragments were ligated into the KpnI and XhoI sites of the
promoterless pGL4.10[luc2] firefly luciferase reporter plasmid (Prom-
ega Corporation, Madison, WI). The plasmid containing the 2.8-kb
insert was used as template to prepare a construct containing ∼1 kb of
the SULT1C3 59-flanking sequence (nucleotides 21008: 138), which
was subsequently used as template to prepare a series of deletion
constructs that were designed based on the positions of three PPRE
motifs, at nucleotides 2769, 2446, and 2383, that were predicted by
computational analysis using MatInspector (Genomatix, Ann Arbor,
MI) (Quandt et al., 1995; Cartharius et al., 2005). All primer sequences
are shown in Table 1. The sequences of all SULT1C3 clones were
confirmed using the services of the Applied Genomics Technology
Center at Wayne State University.

Site-Directed Mutagenesis of PPRE Motifs. Mutations were
introduced into the three predicted PPREs using the wild-type or
singly mutated (at the 2446 PPRE) SULT1C3 1-kb construct as
template and the QuikChange II Site-Directed Mutagenesis Kit
according to the manufacturer’s instructions (Agilent Technologies,
Santa Clara, CA). The mutagenic primers are listed in Table 1.

Transient Transfection Analysis and Treatments. Approxi-
mately 250,000 LS180 cells/well in 1 ml of supplemented MEM were
plated into 12-well plates. Cells were transfected 48–72 hours after
seedingwith a complex containing 4 ml of LipofectAMINE 2000, 1.6mg
of a firefly luciferase reporter plasmid, and 1ng pRL-CMV (Promega)
per well diluted in 400 ml of Opti-MEM (Life Technologies). Twenty-
four hours after transfection, fresh supplemented MEM was added
containing either DMSO (0.1% final concentration) or a transcription
factor activator (at concentrations indicated in the following text and
figure legends). Treatment medium was changed after 24 hours. Cells
were lysed and collected after 48 hours of treatment, and firefly and
Renilla luciferase activities were measured using the Dual-Luciferase
Reporter Assay System (Promega) and a Glomax Luminometer
(Promega). For each sample, the firefly luciferase value was normal-
ized to the corresponding Renilla luciferase value.

PPARg in Vitro Binding Assay. A PPARg expression plasmid
(pTR151) was provided by Dr. Todd Leff (Wayne State University).
HEK293A cells were plated into 100-mm dishes and transiently
transfected with a complex containing 50 ml of LipofectAMINE 2000,
4 mg of PPARg expression plasmid, 0.8 mg of a Tet-off plasmid, and
15.2mg of pBluescript II KS1 (Agilent Technologies). Forty-eight hours
after transfection, cells were harvested and nuclear extracts were
prepared using the NucBuster Protein Extraction Kit (Millipore,
Billerica, MA). Competitive binding experiments were performed
using the TransAM PPARg Kit (Active Motif, Carlsbad, CA), an
enzyme-linked immunosorbent assay. Each well in the 96-well plate
contained an immobilized biotinylated oligonucleotide probe that
included a consensus PPRE sequence. Competitor oligonucleotides
containing the wild-type or mutated SULT1C3 PPRE (at nt 2769) or
CYP4A1 PPRE as positive control (Aldridge et al., 1995) were
designed (sequences are shown in Table 1), purchased, and annealed
by heating at 95°C for 5 minutes, followed by slowly cooling to room
temperature. Binding assays were performed according to the man-
ufacturer’s instructions. Incubations included 5 mg of nuclear protein
extract and 0, 30, or 100 pmol of competitor oligonucleotide and were
performed for 1 hour. PPARg binding to the biotinylated probe was
determined by colorimetric analysis using a microplate reader
(CLARIOstar, BMG LABTECH, Cary, NC) at wavelengths of 450
and 655 nm.

RNA Interference. LS180 cells were plated into 12-well plates
and cotransfected with 1.6 mg of the SULT1C3 1-kb reporter plasmid
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and 20 pmol of a small interfering RNA (siRNA) pool targeting
PPARa, PPARd, or PPARg mRNA (ON-TARGETplus SMARTpool
siRNA; Dharmacon, Lafayette, CO) or a negative control siRNA pool
(ON-TARGETplus nontargeting control siRNA, Dharmacon). Cells
were transfected using 4 ml of LipofectAMINE 2000 and 1 ng pRL-
CMVperwell. Twenty-four hours after transfection, cells were treated
with DMSO (final concentration of 0.1%), rosiglitazone (1 mM),
GW7647 (10 mM), or GW0742 (10 mM). Treatment medium was
changed after 24 hours. After 48-hour treatment, cells were collected
to measure firefly and Renilla luciferase activities as described above.
A luciferase reporter containing the PPRE from the promoter of the
CYP4A1 gene was used as a positive control for detection of PPAR
knockdown (Kocarek and Mercer-Haines, 2002).

Statistical Analysis. Statistical analysis was performed using
GraphPad Prism (version 6; GraphPad, La Jolla, CA). Data were
analyzed using one-way analysis of variance followed by the Neuman-
Keuls post-hoc test. P , 0.05 was considered significantly different.
Data are presented asmeans6 S.D. relative to DMSO control. In each
experiment, all treatments were performed in triplicate. Each exper-
iment was repeated three times.

Results
Evaluation of the SULT1C3 59-Flanking Region for

Responsiveness to Transcription Factor Activators.
We previously reported that SULT1C3 mRNA levels in
LS180 cells were increased by treatments with several
transcription factor activators, including ciprofibrate (PPARa),
rosiglitazone (PPARg), GW4064 (FXR), GW3965 (LXR), ri-
fampicin (PXR), and TCDD (AhR) (Rondini et al., 2014). To
determine the mechanisms underlying the regulation of
SULT1C3 by these transcription factor activators, luciferase
reporter constructs containing portions of the 59-flanking
region of SULT1C3 were prepared. While attempting to
amplify a 2.8-kb fragment (22789:136) using human genomic
DNA from two different sources, LS180 cells and theMCF10A
mammary epithelial cell line, both the expected 2.8-kb
fragment and a 1.9-kb fragment were generated from LS180
cells, whereas only the 1.9-kb fragment was amplified from
MCF10A cells (Fig. 1A). Sequencing of the two fragments
revealed that the 1.9-kb fragment had an internal deletion of
863 nt (21008:2146) relative to the 2.8-kb fragment (Fig. 1A).

LS180 cells were transiently transfected with a reporter
plasmid containing the 2.8-kb or 1.9-kb fragment and then
treated for 48 hours with 100 mM ciprofibrate, 10mM rosigli-
tazone, 1 mM GW4064, 10 mM GW3965, 30 mM rifampicin, or
0.01 mM TCDD. Of these treatments, ciprofibrate and rosigli-
tazone significantly increased luciferase activity from the
2.8-kb reporter construct by ∼1.5-fold and 3.0-fold, respec-
tively, but did not increase activity from the 1.9-kb reporter,
suggesting that the 863-nt deletion region contained essential
elements for PPAR-mediated activation of SULT1C3 tran-
scription (Fig. 1B). In support of this conclusion, treatment
with rosiglitazone, the strongest activator of SULT1C3 tran-
scription, also significantly increased luciferase activity from
a reporter containing only the 863-nt deletion and more
proximal promoter region (1-kb construct; nt 21008: 136)
(Fig. 2A). Whereas GW3965 and GW4064 treatments signif-
icantly increased luciferase activity from both the 2.8-kb and
1.9-kb reporter constructs, these effects could not be attrib-
uted to SULT1C3 transactivation since these treatments also
significantly activated the empty reporter plasmid (Fig. 1B).
Rifampicin and TCDD treatments did not increase expression
from any of the reporter constructs (Fig. 1B). Therefore,
transcriptional regulation of SULT1C3 by AhR, FXR, LXR,
or PXR was not considered further in this study.
Concentration-Dependent Effects of PPARa, PPARd,

and PPARg Agonists on SULT1C3 Transcriptional
Activation. To evaluate the SULT1C3 863-nt deletion region
further for its responsiveness to PPARactivation,we determined
the concentration-dependent effects of agonists for the three
PPARs on SULT1C3 reporter activity. For these studies, LS180
cells were transfected with the 1-kb reporter construct and then
treated with varying concentrations (0.1–10 mM) of rosiglitazone
(PPARg), GW7647 (PPARa), or GW0742 (PPARd). Rosiglitazone
treatment maximally increased reporter activity at the lowest
concentration tested,which is consistentwith its high potency for
PPARg (Fig. 2B). AlthoughGW7647 andGW0742 also increased
reporter activity, the submicromolar concentrations that would
reflect the high reported potencies of these compounds for their
respective receptors had little or no effect, whereas the higher
concentrations that might reflect cross-activation of another

TABLE 1
Primers used to prepare reporter constructs and competitor oligonucleotides used for PPARg in vitro binding assay

Name Sequence

Primers for reporters
SULT1C3-TSS reversea 59-GGG CTC GAG GCT CCA GGA CAC TGT GCA AGC AA-39
SULT1C3-2.8Kb forward 59-GGG GGT ACC TCT GGT CCT CCT TCA TTC CCG CAA-39
SULT1C3-1Kb forward 59-GGG GGT ACC ATG CTC TAC ATA ATT CAC GTC-39
SULT1C3-DEL1 forward 59-GGG GGT ACC ACA GAG GAC AGA CAA TGT AAA T-39
SULT1C3-DEL2 forward 59-GGG GGT ACC TTT TAT TAC AGG CCT TGT GGT-39
SULT1C3-DEL3 forward 59-GGG GGT ACC TTT CTA CAG GGT CAA AGG GA-39
SULT1C3-DEL4 forward 59-GGG GGT ACC AAC AGG ATG AAA TAA TTG TGC-39
SULT1C3-MUT1 senseb 59-GGA GTT AAG TAA ATA TTG TAC AGA AGG TAT TGT TAA AAT

TCC ATA TAT TTA CAT TGTT CTG TCC TCT GTT TTG CAA-39
SULT1C3-MUT2 sense 59-CCG TAG TTA AAA TTG GTG TAG AAG AAA AAG CTT TTT AGG

AAA CCA CAA GGC CTGT TAA AAC-39
SULT1C3-MUT3 sense 59-ACT TGC ACA ATT ATT TCA TCC TGT TCC CTG GAT CCC TGT

AGA AAA TAT ATT CTA TTG CCT CT-39
Competitor oligonucleotides for PPARg in vitro binding assay

SULT1C3-WT PPRE senseb 59- AAC AAT GAA CTC TGT ACA ATA TTT -39
SULT1C3-MUT PPRE sense 59- AAC AAT ACC TTC TGT ACA ATA TTT -39
CYP4A1-WT PPRE sense 59- GAA ACT AGG GTA AAG TTC AGT GAG -39
CYP4A1-MUT PPRE sense 59- GAA ACT CGG AGC ACG TTA AGT GAG -39

aThe same reverse primer was used to prepare the 2.8-kb, 1.9-kb, 1-kb, DEL1, DEL2, DEL3, and DEL4 SULT1C3 fragments.
bOnly sense-strand sequences are shown for site-directed mutagenesis primers and in vitro binding assay oligonucleotides.
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PPARproduced concentration-dependent increases that reached
∼3-fold at 10 mM, which is comparable to the magnitude of
increase produced by rosiglitazone (Fig. 2B). Treatment with
10 mM GW7647 and GW0742 also induced luciferase activity
from the reporter containing the longer 2.8-kb region but not the
1.9-kb construct lacking the 863-nt fragment (Fig. 2C), as seen for
ciprofibrate and rosiglitazone (Fig. 1B).
Identification of a Functional PPRE within the 863nt

Deletion Region of the SULT1C3 Gene. Computational
analysis identified three putative PPREs within the 1Kb
reporter fragment (21008: 136) located 2769, 2446, and 2383
nt upstream from the transcription start site. To determine
the functionality of these predicted PPREs, we first prepared
four reporter constructs that progressively deleted the three
PPREs from the 1-kb fragment and transfected them into LS180
cells. Treatment with rosiglitazone (1 mM), GW7647 (10 mM), or
GW0742 (10mM) for 48 hours increased the luciferase activity of
the 1-Kb construct and deletion construct containing all three
PPREs (2808: 136) by 3- to 5- fold relative to DMSO-treated
controls but did not increase the activity of the three reporters
that lacked the first PPRE at 2769 (Fig. 3A). These data
implicate the PPRE at nt 2769 as an essential element for
obtaining PPAR-mediated SULT1C3 transactivation.

To confirm the importance of the PPRE at 2769 and
determine the involvement of the other two predicted PPREs
in the transcriptional activation of SULT1C3, mutations were
introduced into each of the PPREs. LS180 cells were trans-
fected with reporters containing either the wild-type 1-kb
fragment or the 1-kb fragment with one or two mutated
PPREs. Mutation of the distal PPRE (at nt 2769) eliminated
the response of the 1-kb reporter to rosiglitazone, GW7647,
and GW0742 treatments (Fig. 3B); however, the PPAR

Fig. 2. Effects of PPAR agonists on transcription of SULT1C3 reporter
constructs. (A) LS180 cells were transiently transfected with a luciferase
reporter plasmid containing either the 2.8-kb or 1.9-kb SULT1C3 59-
flanking region fragment, with the 1-kb reporter containing the deleted
region or with control empty vector. Twenty-four hours after transfection,
the cells were treated with DMSO (0.1%) or rosiglitazone (10 mM) for
48 hours. (B) LS180 cells transfected with the 1-kb reporter were treated
with DMSO (0.1%) or with 0.1–10 mM rosiglitazone (PPARg agonist),
GW7647 (PPARa), or GW0742 (PPARd) for 48 hours. (C) LS180 cells
transfected with the 2.8-kb, 1.9-kb, or 1-kb reporter or with control empty
vector were treated with DMSO (0.1%), GW7647 (10mM), or GW0742
(10mM). The cells were then harvested for measurement of luciferase
activities. Each column represents the mean6 S.D. of normalized (Firefly/
Renilla) luciferase measurements relative to the corresponding DMSO
control (n = 3 wells per treatment) from one cell culture experi-
ment. Similar data were obtained in two additional independent experi-
ments. *, **, ***Significantly different from DMSO-treated control at P ,
0.05, 0.01, and 0.001, respectively.

Fig. 1. Impact of a deletion in the 59-flanking region of the SULT1C3 gene
on its regulation by transcription factor activators. (A) PCRwas performed
with primers designed to amplify a 2.8-kb fragment of the SULT1C3 59-
flanking region using genomic DNA from MCF10A or LS180 cells. The
PCR products were resolved on a 1% agarose gel (1-kb ladder also shown).
A schematic representation of the 2.8-, 1.9-, and 1-kb SULT1C3 59-flanking
fragments is shown adjacent to the gel image. (B) LS180 cells were
transiently transfected with the SULT1C3-2.8-kb or 1.9-kb luciferase
reporter plasmid or with the pGL4.10 [luc2] empty reporter vector and
then treated with DMSO (0.1%), ciprofibrate (PPARa agonist, 100 mM),
GW3965 (LXR, 10 mM), GW4064 (FXR, 1 mM), rifampicin (PXR, 30 mM),
rosiglitazone (PPARg, 10 mM), or TCDD (AhR, 0.01 mM) for 48 hours. The
cells were then harvested for measurement of luciferase activities. Each
column represents the mean 6 S.D. of normalized (Firefly/Renilla)
luciferase measurements relative to DMSO control (n = 3 wells per
treatment) from one cell culture experiment. Similar data were obtained
in two additional independent experiments. *, **, ***Significantly differ-
ent from DMSO-treated controls at P, 0.05, 0.01, and 0.001, respectively.
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agonists were all able to produce significant activation of
reporters in which one or both of the more proximal PPREs (at
nt 2446 and 2383) were mutated (Fig. 3B). Mutation of the
PPRE at 2446 did cause some reduction in reporter activity;
however, since both the control (i.e., DMSO-treated) and
PPAR agonist-mediated activities were reduced, the PPAR
agonist-mediated fold increases were comparable to those
seen for the wild-type reporter. These data indicate that only
the PPRE at 2769 is essential for obtaining PPAR-mediated
activation of SULT1C3 transcription.
A competitive enzyme-linked immunosorbent-based in vitro

DNA-binding assay was used to determine the ability of PPARg
to bind directly to the distal PPRE. As shown in Fig. 4, the
addition of 30 or 100 pmol of a double-stranded competitor
oligonucleotide containing the wild-type SULT1C3 PPRE, but
not the mutated SULT1C3 PPRE, significantly decreased the
amount of PPARg that bound to a biotinylated capture probe.
This level of inhibition was approximately the same as that
produced by a competitor containing the CYP4A1 PPRE.
Predominance of PPARg in the Transcriptional

Regulation of SULT1C3. Rosiglitazone, GW7647, and
GW0742 are potent and selective agonists of PPARg, PPARa,
and PPARd, respectively, although each agonist can cross-
activate nontarget PPAR receptors at sufficiently high

concentrations. As shown in Fig. 2, whereas rosiglitazone
increased SULT1C3 reporter expression at low concentrations
consistent with PPARg activation, the effects of GW7647 and
GW0742 were evident only at relatively high concentrations,
suggesting that these compounds might have increased
SULT1C3 transcription by cross-activating PPARg rather than
by activating their target receptors. To test this possibility, we
assessed the impact of siRNA-mediated knockdown of each
PPAR on activation of the 1-kb reporter construct by 1 mM
rosiglitazone, 10 mM GW7647, and 10 mM GW0742. The
knockdown of PPARg decreased activation of the positive
control CYP4A1-PPRE reporter and the SULT1C3 1-kb re-
porter by almost 90%, not only by rosiglitazone, but also by
GW7647 and GW0742 (Fig. 5A); however, knockdown of
PPARa or PPARd had little to no effect on reporter activation
by rosiglitazone, GW7647, or GW0742 (Fig. 5, B and C). These
data indicate that the effects of all three PPAR agonists on
SULT1C3 transcription can mainly be attributed to the
activation of PPARg.

Discussion
The intestine is a major portal of entry for many drugs,

environmental chemicals, and other xenobiotics, and the

Fig. 3. Evaluation of three computation-
ally predicted PPREs within the deleted
region of the SULT1C3 59-flanking region.
LS180 cells were transiently transfected
with a series of reporter plasmids with
progressive 59-deletions from the 1-kb
SULT1C3 reporter plasmid that were
designed based on the positions of compu-
tationally predicted PPREs (A) or with the
1-kb SULT1C3 reporter plasmid contain-
ing either the wild-type sequence or site-
directed mutations at one or two of the
predicted PPREs (B). Transfected cells
were treated with DMSO (0.1%), rosigli-
tazone (1 mM), GW7647 (10 mM), or
GW0742 (10 mM) for 48 hours and then
harvested for measurement of luciferase
activities. Each column represents the
mean 6 S.D. of normalized (Firefly/
Renilla) luciferasemeasurements relative
to the DMSO-treated, empty vector-trans-
fected group (n = 3 wells per treatment)
from one cell culture experiment. Similar
data were obtained in two additional in-
dependent experiments. *, **, ***Signi-
ficantly different from DMSO-treated
controls at P , 0.05, 0.01, and 0.001,
respectively.
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intestine is therefore equipped with many xenobiotic-
metabolizing enzymes, including several SULTs. SULT1A1,
SULT1A3, and SULT1B1 are abundantly expressed through-
out the gastrointestinal tract, whereas SULT1E1 and
SULT2A1 are expressed in the jejunum, ileum, and cecum
(Teubner et al., 2007; Riches et al., 2009). SULTs expressed in
the intestine, including SULT1A1 and SULT2A1, are involved
in endogenous molecule metabolism, xenobiotic elimination,
and procarcinogen activation. SULT1A1 can metabolize hor-
mones such as di-iodothyronine and estrogens (Falany, 1997;
Richard et al., 2001), drugs such as minoxidil (Falany and
Kerl, 1990) and troglitazone (Honma et al., 2002), and
procarcinogens such as the heterocyclic amine 2-amino-3-
methyl-9H-pyrido [2,3-b]indole (Glatt et al., 2004), whereas
SULT2A1 can sulfonate bile acids, dehydroepiandrosterone,
and benzylic alcohol procarcinogens (Falany et al., 1995; Glatt
et al., 1995). SULT1C enzymes are also expressed in the
gastrointestinal tract. SULT1C2 is expressed in stomach,
duodenum, and colon, whereas SULT1C4 has been detected
in some human intestinal cell lines (Dooley et al., 2000; Meinl
et al., 2008b), although not in LS180 cells (Rondini et al.,
2014).
Studies to evaluate SULT1C3 (isoform d) activity have

indicated that this enzyme can sulfonate large benzylic
alcohols, including metabolites of polycyclic aromatic hydro-
carbons, and the steroid-related compounds a-zearalenol and
lithocholic acid (Allali-Hassani et al., 2007; Meinl et al.,
2008a). Also, a recent study reported that SULT1C3 had the
lowest Km and highest Vmax of 12 human SULTs tested for
sulfonation of tolvaptan, which is a selective vasopressin
V2-receptor antagonist that possesses a benzylic hydroxy
group (Fang et al., 2015).
We previously reported that SULT1C3 expression in LS180

cells is increased in response to treatment with activators of
AhR, FXR, LXR, PPARa, PPARg, and PXR (Rondini et al.,
2014); however, we report here that only PPAR agonists
activated SULT1C3 transcription through sequence informa-
tion contained within a 2.8-kb fragment (22789: 136) of the
gene’s 59-flanking region. This finding implies that the cis-
elements controlling SULT1C3 expression by the other
transcription factors are located in other regions of the
SULT1C3 gene, possibly further upstream or within the

7.1-kb intron that separates noncoding exon 1 from exon
2 (Duniec-Dmuchowski et al., 2014). Computational analysis
of the SULT1C3 gene using MatInspector indicated the pres-
ence of several candidate binding sites for AhR, FXR, LXR,
and PXR in the region spanning from 10-kb upstream of the
transcription start site through intron 1.

Fig. 5. Effect of PPAR knockdowns on SULT1C3 transcriptional activa-
tion by different classes of PPAR agonist. LS180 cells were transiently
cotransfected with either the SULT1C3 1-kb or the CYP4A1 PPRE
reporter plasmid (positive control) and 20 pmol of either nontargeting
(NT) siRNA or siRNA targeting PPARg (A), PPARa (B), or PPARd (C).
Twenty-four hours after transfection cells were treated with DMSO
(0.1%), rosiglitazone (1 mM), GW7647 (10 mM), or GW0742 (10 mM) for
48 hours and then harvested for measurement of luciferase activities.
Each column represents the mean 6 S.D. of normalized (Firefly/Renilla)
luciferase measurements (three wells per treatment). Similar data were
obtained in two additional independent experiments. *, **, ***Signifi-
cantly different fromDMSO-treated controls at P, 0.05, 0.01, and 0.001,
respectively.

Fig. 4. In vitro binding of PPARg to the predicted SULT1C3 PPRE at nt
2769. In vitro binding was determined by incubating a biotinylated
oligonucleotide containing a consensus PPRE with PPARg-containing
nuclear extract in the absence or presence of unbiotinylated competitor
oligonucleotide (30 or 100 PM) containing wild-type ormutated CYP4A1 or
SULT1C3 PPRE, as described in Methods. Each column represents the
mean 6 S.D. absorbance relative to the control absorbance (no competitor
added; n = 4). ***Significantly different from control at P , 0.001.
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While attempting to amplify a 2.8-kb fragment of the
SULT1C3 59-flanking region, we found that amplicons of two
different sizes were generated from LS180 genomic DNA; the
expected 2.8-kb fragment and a smaller fragment with an
internal 863-nt deletion, from 21008 to 2146 relative to the
transcription start site; however, only the smaller fragment
was detected in MCF10A cells, indicating that there was
variability in the SULT1C3 59-flanking sequence among
sources of genomic DNA. This sequence variability appears to
be attributable to a deletion polymorphism since the
1000 Genomes Project includes this structural variant in its
database (esv3591922) (Abecasis et al., 2012). Since this
deletion region contains a functional PPARg binding site, it
is plausible that SULT1C3 expression may vary among
individuals, depending on whether they carry the variant
allele.
The three PPARs are expressed in fetal and adult human

intestine (Abbott et al., 2010), and we have shown that PPARa
and PPARg are expressed in LS180 cells (PPARd was not
evaluated) (Rondini et al., 2014). In the current investigation,
we found that rosiglitazone, a potent and selective PPARg
agonist, significantly increased the activities of luciferase
reporter plasmids containing the deletion region of the
SULT1C3 59-flanking region (i.e., the 2.8-kb and 1-kb re-
porters). Although the luciferase activity of these reporters
was also increased by PPARa and PPARd agonist treatments,
these effects were probably attributable to cross-activation of
PPARg since: 1) relatively high concentrations of the PPARa
and PPARd agonists were needed to induce the reporter
activity, and 2) siRNA targeting PPARg abolished reporter
activation by all PPARagonists while siRNA targeting PPARa
or PPARd had little effect. These data indicate that PPARg is
the predominant PPAR that regulates SULT1C3 transcrip-
tion in LS180 cells.
PPARg is highly expressed in the various regions of human

intestine, at levels that are comparable to those detected in
adipocytes, and this transcription factor could play a role in
gastrointestinal morphogenesis during fetal development
(Fajas et al., 1997; Huin et al., 2000; Abbott et al., 2010). In
the intestine, PPARg signaling has been linked to growth
arrest, apoptosis, and differentiation (Sarraf et al., 1998;
Gupta et al., 2001, 2003; Drori et al., 2005). Several studies
classified PPARg-regulated genes into three functional cate-
gories: regulation of lipid metabolism, signal transduction,
andmotility and adhesion (Chen et al., 2006; Bush et al., 2007;
Su et al., 2007). SULT1C3 could play a role in intestinal
physiology bymetabolizing one ormore endogenousmolecules
that function in the regulation of these PPARg-regulated
processes.
In summary, we have identified a functional PPRE in the 59-

flanking region of the SULT1C3 gene, thereby establishing
SULT1C3 as a direct PPARg target in intestinal cells. This
finding implies that SULT1C3 could play a role in PPARg-
regulated processes associated with intestinal development
and function. Since the PPRE is located within a polymorphic
region of the SULT1C3 gene, our findings also provide a
mechanistic rationale to hypothesize that there could be
considerable differences among individuals in the intestinal
expression of SULT1C3. Further studies are needed to
establish the genotype-phenotype relationship between the
presence of the PPRE and intestinal SULT1C3 expression.
The structural variant lacking the PPRE appears to be a fairly

common polymorphism (the overall allele frequency of
esv3591922 in the 1000 Genomes Database is reported to be
0.3329), with variable frequency in different populations
(allele frequencies for African, Ad Mixed American, East
Asian, European, and South Asian superpopulations of
0.2852, 0.3329, 0.1091, 0.4394, and 0.5184, respectively). It
is possible that interindividual differences in intestinal
SULT1C3 expression could have pharmacologic and toxico-
logic implications, for example, by modifying the risk for
intestinal bioactivation of procarcinogenic molecules.
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