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ABSTRACT

During cholestasis, the bile acid-conjugating enzymes, SULT2A1
and UGT2B4, work in concert to prevent the accumulation of
toxic bile acids. To understand the impact of sulfotransferase
deficiency on human hepatic gene expression, we knocked down
3’-phosphoadenosine-5’-phosphosulfate synthases (PAPSS) 1 and
2, which catalyze synthesis of the obligate sulfotransferase co-
factor, in HepG2 cells. PAPSS knockdown caused no change in
SULT2A1 expression; however, UGT2B4 expression increased
markedly (~41-fold increase in UGT2B4 mRNA content). Knock-
down of SULT2A1 in HepG2 cells also increased UGT2B4
expression. To investigate the underlying mechanism, we trans-
fected PAPSS-deficient HepG2 cells with a luciferase reporter
plasmid containing ~2 Kb of the UGT2B4 5'-flanking region,
which included a response element for the bile acid-sensing
nuclear receptor, farnesoid X receptor (FXR). FXR activation or

overexpression increased UGT2B4 promoter activity; however,
knocking down FXR or mutating or deleting the FXR response
element did not significantly decrease UGT2B4 promoter activity.
Further evaluation of the UGT2B4 5’-flanking region indicated
the presence of distal regulatory elements between nucleotides
—10090 and —10037 that negatively and positively regulated
UGT2B4 transcription. Pulse-chase analysis showed that increased
UGT2B4 expression in PAPSS-deficient cells was attributable to
both increased mRNA synthesis and stability. Transfection analysis
demonstrated that the UGT2B4 3’-untranslated region decreased
luciferase reporter expression less in PAPSS-deficient cells than in
control cells. These data indicate that knocking down PAPSS
increases UGT2B4 transcription and mRNA stability as a compen-
satory response to the loss of SULT2A1 activity, presumably to
maintain bile acid-conjugating activity.

Introduction

Cytosolic sulfotransferases (SULTs) and UDP-glucuronosyltransferases
(UGTs) are biotransformation enzymes that catalyze the conjuga-
tion of a variety of xenobiotics and endogenous compounds to
sulfonate or glucuronate moieties. SULTs and UGTs recognize
similar substrates and are regulated by nuclear signaling pathways
involved in normal metabolic processes, suggesting some co-
ordinated action. For example, SULT2A1 and UGT2B4 metabo-
lize steroids and bile acids (BAs) and play important roles in BA
homeostasis. Due to the cytotoxic properties of BAs, bile homeostasis is
a tightly regulated process. During pathophysiological conditions where
bile flow is obstructed (i.e., cholestasis), urinary elimination of BAs
increases to circumvent the accumulation of intracellular BAs and liver
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damage, and more urinary BAs are in the sulfonated and glucuronidated
forms (van Berge Henegouwen et al., 1976; Takikawa et al., 1986; Pillot
et al., 1993). Under these conditions enhanced metabolism by SULT2A1
and UGT2B4 acts as a defensive mechanism preventing BA cytotoxicity.

Recently, we reported the upregulation of hepatic Sult2al in
hyposulfatemic NaS1 null mice (Barrett et al., 2013). These mice are
unable to reabsorb sulfate and display physiologic alterations that
include elevated serum BA levels and altered hepatic lipid metabolism
(Dawson et al., 2003, 2006). We hypothesized that Sult2al
upregulation in NaS1 null mice was attributable to reduced hepatic
sulfotransferase activity, resulting in increased levels of BAs able to
activate the BA-sensing farnesoid X receptor (FXR) in an attempt to
restore BA homeostasis (Barrett et al., 2013). To investigate this regulatory
mechanism, a human liver cell model with diminished sulfonation capacity
was created by knocking down 3’-phosphoadenosine-5’-phosphosulfate
(PAPS) synthases (PAPSS) 1 and 2 in HepG2 cells (shPAPSS1/2
cells) (Barrett et al., 2013). The suppression of PAPSS1 and 2 would
decrease the levels of obligate cofactor and sulfate donor PAPS and
reduce cellular sulfotransferase activity (Klaassen and Boles, 1997).
Higher mouse Sult2al promoter activity was observed when reporter

ABBREVIATIONS: BA, bile acid; DMEM, Dulbecco’s modified Eagle’s medium; EU, ethynyl uridine; FXR, famesoid X receptor; FXRE, famesoid X
receptor response element; GW4064, 3-(2,6-dichlorophenyl)-4-(3'-carboxy-2-chlorostilben-4-yljoxymethyl-5-isopropylisoxazole; HDCA, hyodeoxycholic
acid; HRP, horseradish peroxidase; LCA, lithocholic acid; LS, linker scanning; NT, non-targeting; PAPS, 3'-phosphoadenosine-5’-phosphosulfate; PAPSS,
3'-phosphoadenosine-5’-phosphosulfate synthase; gRT-PCR, quantitative reverse transcription—polymerase chain reaction; siRNA, small interfering RNA;
SULT, cytosolic sulfotransferase; UGT, UDP-glucuronosyltransferase; 3'-UTR, 3'-untranslated region.
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constructs containing an intact inverted repeat of AGGTCA with
zero intervening nucleotide motifs were transiently transfected into
the shPAPSS1/2 cells compared with control cells. However,
a species difference was noted in that endogenous SULT2A1 was not
upregulated in PAPSS1/2 double knockdown HepG2 cells, whereas
the amount of UGT2B4 mRNA was significantly increased.
UGT2B4 is the predominant UGT in human liver that conjugates
BAs and is a known target of FXR (Pillot et al., 1993; Barbier et al.,
2003; Izukawa et al., 2009; Ohno and Nakajin, 2009; Court et al.,
2012). The upregulation of UGT2B4 may be a human-specific
compensatory response to the loss of BA sulfonation to prevent liver
damage in the event of sulfate depletion. In this study we investigate
the mechanism(s) responsible for the PAPSS1/2 knockdown-
mediated upregulation of human UGT2B4.

Materials and Methods

Cell Culture. HepG2 cells were engineered for stable knockdown of
PAPSS1 and PAPSS2 (shPAPSS1/2 cells) or SULT2A1 (shSULT2A1 cells), or
for stable expression of a non-targeting shRNA (shNT cells), as described
previously (Barrett et al., 2013). Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with nonessential amino acid mix,
100 U/ml penicillin, 100 pg/ml streptomycin, and 10% fetal bovine serum (all
purchased from Life Technologies, Grand Island, NY). Cells were maintained
under a humidified atmosphere of 95% air, 5% CO, at 37°C.

Microarray Analysis. Total RNA was prepared from four independent
batches of cultured HepG2 (shNT and shPAPSS1/2) cells using the RNeasy Mini
Kit (Qiagen, Valencia, CA) and evaluated for quality using a 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA). The RNA samples were labeled with
Alexa 647 or Alexa 555, using the Agilent Low Input Fluorescent Linear
Amplification Kit. Microarray analysis was performed using Human v.2. GE
4x44K Microarrays (Agilent Technologies), using a basic two-color hybridization
design to determine relative gene expression levels in sShPAPSS1/2 versus shNT
samples. Dye swaps were performed to account for dye bias effects such that for
the four arrays, in two of the arrays the shNT samples were labeled with Alexa
647 and the shPAPSS1/2 samples were labeled with Alexa 555, while in the other
two arrays the dye orientation was reversed. Microarrays were scanned using the
Agilent dual laser DNA microarray scanner, model G2565AA, and image
analysis was performed using Agilent Feature Extraction software. Outlier
features having aberrant image characteristics were flagged and excluded
from subsequent analysis. Fluorescent intensity values were adjusted using local
background subtraction. For each probe on the array, a log 2 ratio was calculated,
representing the relative abundance of transcript in shPAPSS1/2 cells relative
to shNT cells. Statistical analyses of microarray data were performed using
GeneSpring, version 7.3 (Agilent Technologies). The data from the four replicate
arrays were analyzed using ¢ tests (against zero) and the Benjamini and Hochberg
multiple test correction to control the false discovery rate to 5%.

Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-
PCR) Analysis of UGT2B4 and SULT2A1 Expression. Total RNA was
prepared from cultured HepG2 clones using the Purelink RNA Mini Kit
(Ambion/Life Technologies). RNA (1.5 ug) was reverse transcribed to cDNA
using the High Capacity cDNA Reverse Transcription Kit according to the
manufacturer’s instructions (Life Technologies). UGT2B4 and SULT2A1
mRNA levels were measured using TagMan Gene Expression Assays
Hs00607514_mH and Hs00234219_m1, respectively (Life Technologies) and
a StepOnePlus Real Time PCR System (Applied Biosystems/Life Technolo-
gies) as previously described (Barrett et al., 2013).

Western Blot Analysis of SULT2A1 and UGT2B4. Whole cell lysates
were prepared as previously described (Rondini et al., 2014). Protein
concentrations were quantified using the bicinchoninic acid protein assay
according to the manufacturer’s instructions (Thermo Fisher, Rockford, IL).
Lysate proteins (15-30 ug) were resolved by SDS-PAGE, using 10% or 12.5%
acrylamide gels and transferred onto polyvinylidene difluoride membranes.
For SULT2A1, membranes were developed using a mouse monoclonal
anti-SULT2A1 antibody (clone 4D7; Origene, Rockville, MD) diluted 1:5000
followed by horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG
(sc-2005; Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:20,000. The
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blots were reprobed with goat polyclonal B-tubulin antibody (ab21057; Abcam,
Cambridge, MA) diluted 1:1000 followed by HRP-conjugated donkey anti-goat
IgG (sc-2020; Santa Cruz Biotechnology) diluted 1:8000 or with mouse
monoclonal a-tubulin antibody (sc-5286, Santa Cruz Biotechnology) diluted 1:
250 followed by HRP-conjugated goat anti-mouse IgG diluted 1:5000. UGT2B4
was detected using rabbit polyclonal anti-UGT2B4 antibody (15425 1-AP;
Proteintech, Chicago) diluted 1:750 followed by HRP-conjugated goat anti-rabbit
I1gG (sc-2030; Santa Cruz Biotechnology) diluted 1:20,000. The blot was
reprobed with mouse monoclonal anti-B-actin (clone AC15; Sigma-Aldrich, St.
Louis, MO) diluted 1:30,000 or 1:40,000 followed by HRP-conjugated goat
anti-mouse IgG (sc-2005; Santa Cruz Biotechnology) diluted 1:75,000.
Immunoreactive proteins were detected by enhanced chemiluminescence and
visualized on X-ray film. Band densities were determined using AlphaView
software (Protein Simple, San Jose, CA). Data are reported as mean ratios of
UGT2B4/B-actin = S.E.M.

Preparation of UGT2B4 Reporter Plasmids. A fragment spanning from
~2 Kb upstream to 13 nucleotides downstream of the UGT2B4 transcription
start site (considered as the 5" position of NCBI RefSeq NM_021139.2) was
amplified by PCR using Herculase II Fusion Enzyme (Agilent Technologies)
and genomic DNA from MCF10A cells as template. The primer set used is
listed in Supplemental Table 1. The amplified ~2 Kb fragment was digested
with Xhol and BglIl and ligated into the promoterless pGL4.10 [luc2]
luciferase reporter vector (Promega Corporation, Madison, WI), resulting in the
(—1991:4+13)-UGT2B4-Luc reporter plasmid. This plasmid served as the
template to create a series of deletion constructs containing nucleotides —1648:
+13, —1119:+13, —804:+13, —484:+13, and —112:+13 (primer sets are listed
in Supplemental Table 1).

Reporter constructs containing a series of upstream fragments (~2000
nucleotides each) of the UGT2B4 gene 5'-flanking region extending ~16 Kb
upstream of the transcription start site were prepared from genomic DNA using
PCR (primer sets listed in Supplemental Table 1). After PCR, fragments were
digested with Sacl and Xhol and ligated into the construct (—112:+13)-
UGT2B4-Luc, which provided UGT2B4 core promoter elements. Additional
deletion constructs were prepared using the primer sets, plasmid templates, and
oligonucleotide pairs indicated in Supplemental Table 1. Preparation of a FXR
response element (FXRE) reporter plasmid (FXRE-Luc) has been described
previously (Kocarek and Mercer-Haines, 2002).

Site-Directed Mutagenesis of FXRE. A FXRE located at nucleotides —1193
to —1187 of the UGT2B4 5'-flanking region (Barbier et al., 2003) was mutated
using (—1991:+13)-UGT2B4-Luc as the template and the QuikChange II XL site-
directed mutagenesis kit (Agilent Technologies) according to the manufacturer’s
instructions. The mutagenic primers are listed in Supplemental Table 1.

Preparation of Linker Scanning (LS) Mutants of the (—10503:—10037)
(—112:+13)-UGT2B4-Luc plasmid. LS mutants spanning nucleotides
—10090 to —10037 in fragment (—10503:—10037) (Supplemental Fig. 1)
were prepared using the method described by Gustin and Burk (2000),
replacing successive six nucleotide sections with BamHI sites (GGATCC).
Briefly, three PCR reactions were performed for each mutant. Initially, PCR
reactions 1 and 2 were performed using LS primers 1 and 2 or LS primers 3 and 4
(Supplemental Table 1), respectively, the (—10503:—10037)(—112:+13)-UGT2B4-
Luc plasmid as the template, and HotStar HiFidelity DNA polymerase (Qiagen).
Each product from PCR reactions 1 and 2 was gel purified and digested with
BamHI, and the digested products were combined and ligated together. The
ligated product then served as the template for the third PCR reaction using
primers 1 and 4. The final 662 nucleotide fragment was gel purified, digested
with Sacl and HindIII, and ligated into the Sacl/HindIII-digested and gel-purified
pGLA4.10 [luc2] luciferase reporter vector. The sequences of all reporter constructs
were verified using the services of the Wayne State University Applied Genomics
Technology Center (Detroit, MI).

Preparation of UGT2B4-3'-Untranslated Region (3'-UTR) Reporter
Plasmid. The SMARTer RACE cDNA Amplification Kit (Clontech, Mountain
View, CA) was used to clone the 3'-region of the UGT2B4 mRNA sequence
including 155 nucleotides of the coding region and the entire 3'-UTR
(UGT2B4 gene-specific primer listed in Supplemental Table 1). RNA isolated
from shPAPSS1/2 cells served as the template. The blunt ends of the PCR
product were modified by A-Tailing with GoTaq DNA Polymerase according
to the manufacturer’s instructions (Promega), and the modified fragment was
ligated into pGEM-T Easy (Promega). This vector served as the template to
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amplify the UGT2B4 3'-UTR specifically using Herculase II Fusion Enzyme.
The primer set used is listed in Supplemental Table 1. The fragment was
digested with Sacl and Xhol and ligated into the pmirGLO Dual-Luciferase
miRNA Target Expression Vector (Promega), resulting in the UGT2B4-3'-
UTR/Luc reporter plasmid. Computational analysis of the UGT2B4 3'-UTR for
predicted micro-RNA binding sites was performed using 10 algorithms avail-
able through miRWalk (Dweep et al., 2011) (http://www.umm.uni-heidelberg.
de/apps/zmf/mirwalk/predictedmirnagene.html).

Transient Transfection Analysis. Approximately 250,000 shNT and
shPAPSS1/2 cells were seeded into the wells of 12-well plates and cultured
in 1 ml of supplemented DMEM. Forty-eight hours later, culture medium was
replaced with 1 ml of Opti-MEM I Reduced Serum Medium (Life
Technologies). Then, 200 ul was added of a premixed complex of 4 ul
Lipofectamine 2000 (Life Technologies) and plasmid DNA consisting of
selected combinations of the following: 1500 ng of FXRE-Luc or a UGT2B4-
Luc reporter plasmid, 150 ng pGL3-Promoter (Promega), 50 ng pcDNA3.1
(Life Technologies), 50 ng FXR expression plasmid (Origene), 1 ng pRL-SV40
(Promega), and sufficient pBluescript II KS* (Agilent Technologies) to keep
the total amount of DNA constant among samples. Six or 24 hours later, the
transfection medium was replaced with fresh supplemented DMEM alone or
containing 0.1% dimethylsulfoxide, 10 uM 3-(2,6-dichlorophenyl)-4-(3'-
carboxy-2-chlorostilben-4-yl)oxymethyl-5-isopropylisoxazole (GW4064), or
100 uM chenodeoxycholic acid. The cells were harvested the next day for
measurement of firefly and Renilla luciferase activities using the Dual Luciferase
Reporter Assay System and a GloMax Luminometer (Promega). Transfection
data from the shNT and shPAPSS1/2 cell lines were normalized and analyzed as
previously described (Barrett et al., 2013).

RNA Interference. shNT and shPAPSS1/2 cells were cultured as described
previously. Forty-eight hours after seeding, culture medium was replaced
with 1 ml of Opti-MEM I Reduced Serum Medium (Life Technologies). Then,
200 wl was added of a premixed complex of 4 ul Lipofectamine 2000,
plasmid DNA, and small interfering RNA (siRNA) consisting of selected
combinations of the following: 10 pmol FXR siRNA or nontargeting siRNA
(ON-TARGETplus SMART pools, Thermo Scientific, Waltham, MA), 1450 ng
FXRE-Luc or (—1991:13)-UGT2B4-Luc, 150 ng pGL3-Promoter (Promega),
1 ng pRL-SV40 (Promega), and sufficient pBluescript II KS* (Agilent
Technologies) to keep the total amount of nucleic acid constant among samples.
The following day, transfection medium was replaced with 1 ml of fresh
supplemented DMEM containing 0.1% dimethylsulfoxide or 10 uM GW4064.
Forty-eight hours post-transfection, cells were harvested for measurement of
firefly and Renilla luciferase activity.

UGT2B4 mRNA Synthesis and Stability. UGT2B4 mRNA synthesis and
stability in shNT and shPAPSS1/2 cells were assessed by pulse-chase analysis,
using the Click-iT Nascent RNA Capture Kit essentially according to the
manufacturer’s instructions (Life Technologies). shNT and shPAPSS1/2 cells
were incubated with DMEM containing the uridine analog ethynyl uridine (EU)
(0.5 mM) for 1 hour. A portion of the cells was then harvested and total RNA was
isolated for estimation of mRNA synthesis. The remaining cells were then rinsed
with Hanks’ balanced salt solution and the medium was replaced with EU-free
DMEM. Cells were then harvested during this chase period at time points ranging
from 2 to 10 hours after replacing the medium, and total RNA was isolated.
Newly synthesized EU-labeled RNA was biotinylated and then captured with
streptavidin Dynabeads. cDNA was synthesized from the captured EU-labeled
RNA and UGT2B4 mRNA levels were measured by qRT-PCR. For estimation of
UGT2B4 half-life, the relative level of EU-labeled UGT2B4 mRNA at each chase
time point was calculated relative to the amount at the first chase time point, and
the slope of the In(UGT2B4 mRNA) versus time plot was calculated. Assuming
first-order decay kinetics, t;, = 0.693/— slope.

Statistical Analysis. qRT-PCR and promoter transfection data were analyzed
using Student’s ¢ test or one-way analysis of variance followed by the Neuman-
Keuls multiple comparison test. P << 0.05 was considered statistically significant.

Results

UGT2B4 Expression in PAPSS1/2-Deficient HepG2 Cells.
Microarray analysis indicated that 2944 genes were significantly
differentially expressed in shPAPSS1/2 cells compared with
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shNT cells. Supplemental Table 2 shows the microarray results for the
differentially expressed genes with fold differences of 2 or greater.
The microarray analysis found no significant difference in SULT2A1
mRNA levels between the cell lines; however, UGT2B4 mRNA levels
were 23.8-fold higher in shPAPSS1/2 cells than in shNT cells. The
only other significant differences in UGT mRNA levels that were
observed in the shPAPSS1/2 relative to the shNT cells were (1) an
18.7-fold increase in a sequence described as UGT2B28 precursor; (2)
a 6.95-fold increase in UGT2AIl; and (3) a 1.31-fold decrease in
UGT2A3. In agreement with the microarray data, the qRT-PCR and
western blot analyses indicated no difference in SULT2A1 mRNA
(Fig. 1A) or protein (Fig. 1B) content between the shPAPSS1/2 and
shNT cells. Figure 2A shows that UGT2B4 mRNA content was ~41-
fold (40.7 = 22.7) higher in shPAPSS1/2 cells than in shNT cells,
while Fig. 2B shows that the amount of UGT2B4 protein was also
significantly increased in the sShPAPSS1/2 cells.

UGT2B4 Expression in SULT2A1-Deficient HepG2 Cells.
SULT2AL1 is the only human SULT that catalyzes BA sulfonation
(Comer et al., 1993) and along with UGT2B4 plays an important role
in hepatic BA homeostasis (Pillot et al., 1993). To determine whether
knocking down SULT2A1 specifically would recapitulate the effect of
global sulfotransferase suppression on UGT2B4, UGT2B4 expression
was assessed in a HepG2 clone stably expressing a SULT2A1-targeting
short hairpin RNA (shSULT2A1, described previously) (Barrett et al.,
2013). UGT2B4 mRNA content was ~7-fold (6.6 %= 6.1) higher in
shSULT2AI1 cells compared with control cells (shNT) (Fig. 3A), and
UGT2B4 protein content was also significantly higher (Fig. 3B).

Lack of a Role for FXR in PAPSS Knockdown-Mediated
Upregulation of UGT2B4. UGT2B4 is a known target gene of FXR
(Barbier et al., 2003), and Barrett et al. (2013) previously found that
FXR activation was ~2.5-fold higher in shPAPSS1/2 cells compared
with control cells. To examine whether FXR activation plays a role in
the significant upregulation of UGT2B4 expression in shPAPSS1/2
cells, a luciferase reporter plasmid containing ~2 Kb of the UGT2B4
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Fig. 1. Lack of effect of PAPSS1 and PAPSS2 knockdown on SULT2A1
expression in HepG2 cells. SULT2A1 mRNA (A) and protein (B) levels were
measured in shNT and shPAPSS1/2 cells using TagMan Gene Expression Assays
and western blot analysis, respectively. (A) Each bar represents the mean mRNA
level = S.E.M. (relative to shNT cells) from three independent experiments. (B)
Shows the immunoreactive bands from two independent experiments.
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Fig. 2. PAPSS1 and PAPSS2 knockdown increases UGT2B4 expression in HepG2
cells. UGT2B4 mRNA (A) and protein (B, C) levels were measured in shNT and
shPAPSS1/2 cells using TagMan Gene Expression Assays and western blot analysis,
respectively. (A) Each bar represents the mean mRNA level = S.E.M. (relative to
shNT cells) from four independent experiments. ***Significantly different from
shNT, P < 0.001 using ratio paired ¢ test. (B) Shows the immunoreactive bands from
one representative experiment; (C) shows the densitometrically quantified data
from four independent experiments; each bar represents the mean ratio of UGT2B4/
B-actin = S.E.M. (relative to shNT cells). **Significantly different from shNT, P <
0.01 by paired ¢ test.

5'-flanking region, which includes a FXRE at nucleotides —1193 to
—1187 (Barbier et al., 2003), was transiently transfected into shNT
and shPAPSS1/2 cells. Figure 4 shows that (—1991:+13)-UGT2B4-
Luc activity is ~4-fold higher when transiently transfected into
shPAPSS1/2 cells than when transfected into shNT cells. Treatment of
transfected shPAPSS1/2 cells with a FXR agonist, GW4064 or
chenodeoxycholic acid, for 24 hours increased UGT2B4 promoter
activity ~4- and ~2-fold, respectively, compared with dimethylsulfoxide-
treated shPAPSS1/2 cells (Fig. SA). Also, cotransfection of shPAPSS1/2
cells with a FXR expression plasmid increased (—1991:+13)-UGT2B4-
Luc activity ~4-fold compared with cotransfection with empty expression
vector (Fig. 5B).

To determine whether UGT2B4 transcriptional activation in HepG2 cells
with limited sulfonation capacity is mediated through FXR, FXR was
knocked down in shPAPSS1/2 cells. Cotransfection of shPAPSS1/2 cells
with a siRNA targeting FXR reduced GW4064-mediated activation of
a FXR-responsive reporter plasmid (FXRE-Luc) by 97% (Fig. 6A), de-
monstrating effective knockdown of FXR; however, transient silencing of
FXR did not diminish UGT2B4 reporter expression (Fig. 6B). Mutation of
the UGT2B4 FXRE caused a reduction in luciferase activity of 22%, relative
to UGT2B4 reporter containing the wild-type FXRE (Fig. 7). However, the
mutated FXRE reporter activity in shPAPSS1/2 cells was still 3-fold higher
than wild-type FXRE activity in shNT cells. These data indicate that FXR
agonist treatment and FXR overexpression can activate the (—1991:+13)-
UGT2B4-Luc reporter. However, FXR does not appear to be responsible for
the upregulation of UGT2B4 that occurs in shPAPSS1/2 cells.
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Fig. 3. SULT2A1 knockdown increases UGT2B4 expression in HepG2 cells.
UGT2B4 mRNA (A) and protein (B, C) levels were measured in shNT and
shSULT2A1 cells using TagMan Gene Expression Assays and western blot analysis,
respectively. (A) Each bar represents the mean relative mRNA level = S.E.M. from
three independent experiments. *Significantly different from shNT, P < 0.05 using
ratio paired 7 test. (B) Shows the immunoreactive bands from one representative
experiment; (C) shows the densitometrically quantified data from three independent
experiments; each bar represents the mean ratio of UGT2B4/B-actin = S.E.M.
(relative to shNT cells). *Significantly different from shNT, P < 0.05 by paired
1 test.

Transcriptional Regulation of UGT2B4 in PAPSS1/2-Deficient
HepG2 Cells. To search for other possible cis-acting elements in the
(—1991:+13)-UGT2B4-Luc reporter that could be responsible for
conferring PAPSS1/2 deficiency-mediated UGT2B4 upregulation,
a series of luciferase reporter plasmids containing UGT2B4 promoter
fragments ranging in size from 1661 to 126 nucleotides was evaluated
in shPAPSS1/2 and shNT cells (Fig. 8). The pattern of activity for all
five constructs was the same in both cell lines, although the luciferase
activity of each reporter was ~3-fold higher in shPAPSS1/2 cells than
in shNT cells. Deletion of the FXRE, which resides in the 529
nucleotide sequence upstream of the (—1119:+13) fragment, did not
reduce promoter activity, but rather increased activity. In fact, activity
of (—1119:+13)-UGT2B4-Luc was significantly higher compared
with all other constructs in shNT and shPAPSS1/2 cells. These data do
not clearly implicate any region for the upregulation of UGT2B4
expression in shPAPSS1/2 cells, but suggest that activity may be
conferred within the proximal 112 nucleotides.

To evaluate whether regions that contribute to UGT2B4 upregulation
in shPAPSS1/2 cells are located farther upstream than 2 Kb, we examined
up to ~16Kb of the 5'-flanking region of the UGT2B4 gene. Each
successive upstream fragment was ~2Kb in size and all upstream
fragments were ligated into (—112:4+13)-UGT2B4-Luc as a common core
promoter. Figure 9 shows the luciferase activities after the reporter series
was transiently transfected into shPAPSS1/2 or shNT cells. For analysis
of these data, luciferase activities were normalized to the activity of the
core promoter reporter (—112:4+13)-UGT2B4-Luc within each cell line, in
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Fig. 4. UGT2B4 promoter activity is greater in shPAPSS1/2 than shNT HepG2
cells. shNT and shPAPSS1/2 cells were transfected with a luciferase reporter
construct containing 1991 nucleotides of the 5'-flanking region of the UGT2B4
gene. Forty-eight hours after transfection, cells were harvested for measurement of
luciferase activities. Each bar represents the mean = S.D. normalized (firefly/
Renilla) luciferase activity relative to the activity that was measured for the
shNT cells (n = 9 wells per group, derived from combining data from three
independent experiments with triplicate transfection). ***Significantly different
from shNT, P < 0.001 by unpaired  test.

order to eliminate any contribution of the (—112:+13) fragment to
differences between cell lines. When the data were analyzed in this
manner, most constructs showed little or no difference in activity
between the shNT and shPAPSS1/2 cell lines. The exception was
(—12072:—10037)(—112:4+13)-UGT2B4-Luc, which showed ~2-fold
higher activity in shPAPSS1/2 cells than in shNT cells. The activity of
this construct in shNT cells was also higher than that of other
constructs containing more proximal UGT2B4 5'-flanking regions.
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Fig. 5. UGT2B4 promoter response to FXR agonists and FXR overexpression in
shPAPSS1/2 cells. (A) shPAPSS1/2 cells were transfected with a reporter construct
containing 1991 nucleotides of the 5'-flanking region of the UGT2B4 gene. Twenty-
four hours after transfection, cells were treated with 0.1% dimethylsulfoxide
(DMSO), 10 uM GW4064, or 100 uM chenodeoxycholic acid (CDCA). (B)
shPAPSS1/2 cells were cotransfected with (—1991:+13)-UGT2B4-Luc and FXR
expression plasmid or the empty expression vector, pcDNA3.1. Forty-eight hours
after transfection, cells were harvested and luciferase activities were measured. Each
bar represents the mean *= S.D. normalized (firefly/Renilla) luciferase activity
relative to the activity measured in DMSO-treated or pcDNA3.1-transfected cells
(n = 6 wells per group, derived from combining data from two independent
experiments with triplicate transfection). **Significantly different from DMSO, P <
0.01; ***Significantly different from DMSO or pcDNA3.1, P < 0.001 by one-way
analysis of variance and Neuman-Keuls test (A) or unpaired ¢ test (B).
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Fig. 6. Effect of knocking down FXR on UGT2B4 promoter activity in shPAPSS1/
2 cells. (A) shPAPSS1/2 cells were transfected with a FXR-responsive reporter
plasmid. Half of the cells were cotransfected with nontargeting siRNA, the other half
with siRNA targeting FXR. Twenty-four hours after transfection cells were treated
with 0.1% dimethylsulfoxide (DMSO) or 10 uM GW4064. (B) shPAPSS1/2 cells
were transfected with a reporter construct containing 1991 nucleotides of the 5'-
flanking region of the UGT2B4 gene; designated (—1991:+13)-UGT2B4-Luc. Half
of the cells were cotransfected with nontargeting siRNA, the other half with FXR
siRNA. Twenty-four hours after transfection, all cells were treated with 0.1%
DMSO. Forty-eight hours after transfection, cells were harvested and luciferase
activities were measured. Each bar represents the mean = S.D. normalized (firefly/
Renilla) luciferase activity (n = 6 wells per group, derived from combining data from
two independent experiments with triplicate transfection). In each panel, the mean
value for the DMSO-treated, nontargeting (NT) siRNA-transfected shPAPSS1/2 cell
group is defined as 1. Groups not sharing an upper case letter are significantly
different from each other, P < 0.05 (by one-way analysis of variance and Neuman-
Keuls test).

These data suggest that the (—12072:—10037) region of the UGT2B4 gene
contains information that (1) positively regulates UGT2B4 transcription and
(2) increases transcription to a greater extent in shPAPSS1/2 cells than in
shNT cells.

Progressively refined deletion series were prepared to identify the
region within the (—12072:10037) fragment that conferred enhanced
UGT2B4 promoter activity in shNT and shPAPSS1/2 cells (Supple-
mental Figs. 2-4). The data show that the UGT2B4 information
conferring increased luciferase activity is contained within the
—10111:—10037 region. Supplemental Fig. 4 also shows that when
(—10111:—10037) was shortened by 31 nucleotides, the promoter
activity increased ~2-fold, suggesting the presence of a suppressive
element between nucleotides —10111 and —10080.

LS mutagenesis analysis was then used to identify the sequence(s)
that conferred enhanced transcriptional activity (Fig. 10). LS mutants
LS1-LS9 were prepared to span nucleotides —10090 to —10037 using
the (—10503:—10037)(—112:+13)-UGT2B4-Luc reporter as a tem-
plate (schematic representation shown in Supplemental Fig. 1). The
shPAPSS1/2 and shNT cells were transfected with mutants LS1-LS9,
as well as with constructs (—10503:—10037)(—112:+13)-UGT2B4-
Luc, (—10111:—-10037) (—112:+13)-UGT2B4-Luc, and (—10080:
—10037)(—112:+13)-UGT2B4-Luc for comparison. Reporter activity
was normalized to the activity of the (—112:4+13)-UGT2B4-Luc
reporter within each cell line to exclude any contribution of the core
promoter region to differences between the cell lines.

Replacing nucleotides —10090 to —10085 with a BamHI site (LS1
mutant) resulted in a significant increase in luciferase activity rela-
tive to constructs (—10503:—10037) and (—10111:—10037) (Fig. 10).
The luciferase activity of LS1 was comparable to that of the (—10080:
—10037)(—112:+13)-UGT2B4-Luc deletion construct, and activity
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Fig. 7. Effect of mutating a FXRE on UGT2B4 promoter activity in shPAPSS1/2
cells. shPAPSS1/2 cells were transfected with a reporter construct containing 1991
nucleotides of the 5’-flanking region of the UGT2B4 gene, designated (—1991:
+13)-UGT2B4-Luc, with either the wild-type FXRE (WT FXRE) or mutated FXRE
(Mut FXRE). shNT cells were transfected with the reporter containing the WT
FXRE. Forty-eight hours after transfection, cells were harvested and luciferase
activities were measured. Each bar represents the mean * S.D. of normalized
(firefly/Renilla) luciferase measurements relative to the activity measured in WT
FXRE-transfected shPAPSS1/2 cells (n = 6 wells per group, derived from
combining data from two independent experiments with triplicate transfection).
Groups not sharing an upper case letter are significantly different from each other,
P < 0.05 (by one-way analysis of variance and Neuman-Keuls test).

shNT

was ~2-fold higher in shPAPSS1/2 cells than in shNT cells. Promoter
activity was reduced somewhat in mutants LS2-1L.S6 compared with
constructs (—10503:—10037) and (—10111:—10037), and activity in
LS2-LS6 was ~1.2- to 2-fold higher when transfected into shPAPSS1/
2 cells compared with shNT cells. Disrupting any of the last 18
nucleotides of the (—10503:—10037) fragment (mutant LS7, LS8, or
LS9) reduced luciferase activity to core promoter reporter levels.
Therefore, these data identified two distal cis-regulatory regions in the
5'-flanking region of the UGT2B4 gene that negatively and positively
regulated transcription: (1) between nucleotides —10090 and —10085
and (2) between nucleotides — 10054 and —10037. Computational
analysis was performed on nucleotides —10090 to —10037 to
identify putative transcription factor binding sites (Matlnspector
software; Genomatrix, Inc., Cincinnati, OH) (Quandt et al., 1995;
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Cartharius et al., 2005). Supplemental Table 3 lists the matrix,
description, strand, core and matrix similarity, sequence, and core
sequence location in the LS mutants. Twenty-four of the 32 predicted
binding sites are for homeodomain proteins, and several of these are
located within the LS1 mutation that marked a suppressive element
or within the LS7-9 mutations that indicated an enhancer(s). The
LS2-LS6 mutations, which all partially reduced reporter expression,
also contained predicted binding sites for homeodomain proteins,
such as the POU class 2 homeobox 1 (OCT1) (in LS2 and LS3),
which has been implicated in the regulation of UGT2B7 (Ishii et al.,
2000). The LS2-1.S6 region also contained sites for other transcription
factors that could be expected to contribute to UGT2B4 transcription,
such as the liver-enriched transcription factors, forkhead box factors (in
LS3) and CCAAT/enhancer binding protein « (in LS3 and L.S4), and the
lipid-activated nuclear receptor peroxisome proliferator-activated receptor
v (in LS4 and LS5).

Regulation of UGT2B4 mRNA Synthesis and Stability in
PAPSS1/2-Deficient HepG2 Cells. To determine whether increased
transcript stability contributes to the significant upregulation of
UGT2B4 mRNA in HepG2 cells with diminished sulfonation
capacity, we analyzed de novo mRNA synthesis and decay by
pulse-chase analysis. Following EU pulse labeling, UGT2B4 mRNA
synthesis was 15.6 = 4.8-fold higher in shPAPSS1/2 cells than in
shNT cells (mean = S.E.M. of seven independent experiments). The
decreases in EU-labeled mRNA levels during the chase period
indicated that the half-life of UGT2B4 mRNA in shNT cells was
2.23 = 0.35 hours, whereas the half-life in shPAPSS1/2 cells was
9.80 = 4.34 (means = S.E.M. of four experiments). Although the
data were somewhat variable across multiple independent experi-
ments, overall they suggest that the accumulation of UGT2B4 mRNA
in shPAPSS1/2 cells is likely attributable to a combination of a higher
de novo mRNA synthesis rate and longer half-life.

The 3’-UTR is known to regulate mRNA translation efficiency,
stability, and localization (Guhaniyogi and Brewer, 2001). To
determine whether the 3'-UTR of UGT2B4 influences mRNA levels
in shPAPSS1/2 cells, we ligated the UGT2B4 3’-UTR region
downstream from the Luc coding region and transfected this
reporter or the empty vector into shPAPSS1/2 and shNT cells.
Figure 11 shows that the UGT2B4 3’'-UTR reduced luciferase
activity more in shNT cells (31% reduction relative to empty vector)
than in shPAPSS1/2 cells (21% reduction), indicating that the
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+13)-UGT2B4-Luc, used in previous experiments (labeled
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UGT2B4 3'-UTR exerted a stabilizing effect in the shPAPSS1/2
cells relative to the shNT cells. Taken together with the pulse-chase data,
these results suggest that PAPSS knockdown increases the stability of
UGT2B4 mRNA through a mechanism that is mediated through its 3'-
UTR.

We performed a computational analysis of predicted micro-RNA
binding sites in the 3’-UTR of human UGT2B4. To reduce false
positives we used a consensus of 10 prediction algorithms available
through miRWalk (Dweep et al., 2011). This analysis identified 23
micro-RNAs that were predicted by at least five algorithms to target
UGT2B4 (Supplemental Table 4).

Discussion

Dawson et al. (2006) and Barrett et al. (2013) previously reported
that hyposulfatemic mice lacking the renal NaS1 transporter had
increased hepatic Sult2al expression in an apparent attempt to
compensate for reduced sulfonation capacity. Consistent with that
interpretation, knockdown of the enzymes responsible for synthesis of
PAPS (PAPSS1 and 2), the obligate cofactor for all sulfonation
reactions, activated transfected Sult2al promoter constructs in HepG2
cells. Specific knockdown of SULT2A1 in HepG2 cells also caused
activation of the mouse Sult2al promoter, suggesting that transcrip-
tional activation of mouse Sult2al occurs specifically in response to
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Le4 - o~ cde indicated. Forty-eight hours later, cells were harvested for
B measurement of luciferase activities. Each bar represents the
LS5 - > ac mean * S.D. of normalized (firefly/Renilla) luciferase
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i | L : fection). For shNT cells, groups not sharing an upper case
letter are significantly different from each other, P < 0.05.
ks O i : For shPAPSS1/2 cells, groups not sharing a lower case letter
are significantly different from each other, P < 0.05 (by
LS9 | r : E i::{\rPSSHZ one-way analysis of variance and Neuman-Keuls test).
— - 2
[ BamHI site, GGATCC 412 +13 A
0 2 4 6 8 10 12 14 16 18 20

Relative Luciferase Activity


http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.114.061440/-/DC1

1068

1.0
B
23
z$ 0.8
P
o
S E
@5 06
’-"—..
Sy
C =
32 oa
o
=
58
s o2
R0
2
0.0

shNT shPAPSS1/2

Fig. 11. Impact of UGT2B4 3’-UTR on luciferase activity in shNT and shPAPSS1/
2 cells. The UGT2B4 3'-UTR was ligated downstream from the Luc gene in the
pmirGLO luciferase reporter vector. UGT2B4-3'-UTR/pmirGLO or empty vector
was transfected into ShNT or shPAPSS1/2 cells, and 48 hours later cells were
harvested for measurement of luciferase activities. Each bar represents the mean
ratio £ S.EM. (n = 8 independent experiments) of normalized (firefly/Renilla)
UGT2B4 3'-UTR luciferase measurements relative to the activity measured in cells
transfected with the empty vector within each cell line. *Significantly different from
shNT, P < 0.05 by paired 1 test.

loss of SULT2A1-mediated metabolism of some endogenous molecule.
However, a major species difference between mice and humans was
observed because PAPSS1/2 knockdown did not cause upregulation of
endogenous SULT2A1 in HepG2 cells but instead caused marked
upregulation of UGT2B4. These results demonstrate a physiologic
linkage between SULT2A1 and UGT2B4 regulation in humans.

The concept of overlap between SULTs and UGTs is well
established since these enzyme systems share many substrates and
mechanisms of regulation. Sulfonation is generally considered to be
a high-affinity, low-capacity reaction while glucuronidation is a low-
affinity, high-capacity reaction (Parkinson et al., 2013). As substrate
concentrations increase and SULTs become saturated or PAPS is
depleted, glucuronidation increases (Morris and Pang, 1987; Zamek-
Gliszczynski et al., 2006).

Redundancy between conjugation pathways occurs as a protective
mechanism during cholestasis. In healthy adults, the biliary pathway
is the preferred route for BA excretion, and sulfonation is the
predominant detoxification pathway (Radominska et al., 1990; Comer
et al., 1993). However, under cholestatic conditions serum and urinary
BA sulfonates and glucuronides increase (Frohling and Stiehl, 1976;
van Berge Henegouwen et al., 1976; Stiehl et al., 1980; Meng et al.,
1997). The shift to the urinary pathway for BA excretion acts as
a defense mechanism to protect the hepatocytes from the harmful
effects of BA accumulation. Increased glucuronidation appears to act
as a back-up mechanism to detoxify excess BAs when the sulfonation
pathway becomes saturated.

A functional relationship between SULT2A1 and UGT2B4 in BA
detoxification has been established by their roles in metabolism of the
toxic secondary BA lithocholic acid (LCA) (Miyal et al., 1975).
SULT2AT1 has high activity toward LCA, and catalyzes this reaction
with an apparent Km of ~1.5 uM (Radominska et al., 1990).
However, SULT2A1 has relatively low activity toward the 6a-
hydroxylated metabolite of LCA, hyodeoxycholic acid (HDCA)
(Radominska et al., 1990). By contrast, UGT2B4 has little activity
toward LCA but efficiently glucuronidates HDCA (Radominska-
Pyrek et al., 1987; Pillot et al., 1993) with a Km of ~25 uM (Barre
et al., 2007). The available evidence suggests that LCA 6a-
hydroxylation is catalyzed mainly by CYP3A4 with a Km of ~45
uM (Araya and Wikvall, 1999; Deo and Bandiera, 2009). Therefore,
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under normal physiologic conditions, LCA is mainly detoxified by
SULT2A1-mediated sulfonation, and 6a-hydroxlyated BA levels
remain low (Summerfield et al., 1976; Shoda et al., 1990; Wietholtz
et al.,, 1996). Elevation of LCA levels results in increased HDCA
formation by CYP3A4-mediated 6a-hydroxylation, a reaction that is
facilitated by LCA-mediated activation of PXR (Staudinger et al.,
2001; Stedman et al., 2004). The HDCA that is formed is then
glucuronidated by UGT2B4.

The BA-sensing nuclear receptor FXR controls expression of
several genes that are involved in BA synthesis, transport, and
metabolism (Makishima et al., 1999; Wang et al., 1999; Goodwin
et al., 2000; Sinal et al., 2000; Song et al., 2001; Barbier et al., 2003;
Landrier et al., 2006; Kim et al., 2007), and Barrett et al. (2013)
previously reported higher FXR activity in PAPSS1/2-deficient
HepG?2 cells than in control cells. Additionally, Barrett et al. (2013)
attributed activation of murine Sult2al in shPAPSS1/2 cells to
a FXR-mediated mechanism. UGT2B4 has been reported to contain
a functional FXRE, although this FXRE is atypical in that it binds
FXR as a monomer (Barbier et al., 2003). We confirmed the FXR
responsiveness of the UGT2B4 promoter by showing that treatment
with a FXR agonist or FXR overexpression activated UGT2B4
promoter activity. However, activation through the reported FXRE
could not explain the marked upregulation of UGT2B4 that occurred
in shPAPSS1/2 cells, since neither knocking down FXR nor mutating
or deleting the FXRE reduced UGT2B4 promoter activity in shPAPSS1/2
to the level that was observed in control cells.

Our microarray analysis did not indicate that PAPSS knockdown
caused widespread regulation of genes that are involved in BA
homeostasis, although CYP7A1 mRNA content was 2.2-fold higher
and ATP-binding cassette, subfamily C, member 2 mRNA content
was 1.9-fold lower in the PAPSS1/2 knockdown cells. This suggests
that UGT2B4 upregulation by sulfonation deficiency is not part of the
paradigmatic mechanism for controlling BA homeostasis but is rather
part of a more restricted portion of BA regulation that specifically
controls conjugation as a detoxifying mechanism. In this regard,
several genes involved in BA conjugation were significantly regulated
by PAPSS knockdown (Supplemental Table 2). For example, UGT2A1,
which also catalyzes BA conjugation (Perreault et al., 2013), was
upregulated 6.95-fold by PAPSS knockdown. Also, CYP3A5 and
CYP3A7 were upregulated (~3-fold). As noted previously, CYP3A-
mediated catalysis is necessary to convert the BAs that are good
substrates for sulfonation into the 6a-hydroxylated metabolites that are
the preferred substrates for glucuronidation. Altogether, these gene
expression changes suggest that loss of sulfonation causes a shift toward
a phenotype that favors BA glucuronidation in an attempt to prevent
hepatotoxicity.

Evaluation of UGT2B4 5'-flanking sequences upstream of the
reported FXRE identified a region approximately 10-12 Kb upstream
of the transcription start site that augmented UGT2B4 promoter
activity in shPAPSS1/2 cells. Deletion and LS mutagenesis analyses
identified two closely localized regions from nucleotides —10090
to —10085 and nucleotides —10054 to —10037 that had opposing
effects on UGT2B4 transcription. The more upstream region nega-
tively regulated UGT2B4 transcription while the more downstream
region positively regulated transcription. Computational analysis
identified a large number of putative homeodomain binding sites
within these regions (Supplemental Table 3). We hypothesize that
these two regions function together as a composite regulatory module
and that at least some of the proteins that interact with this module are
sensitive to the sulfonation status of the cell. Detailed analysis is required to
identify the specific regulatory proteins that interact with this module and to
determine how sulfonation deficiency alters the activities of these factors.
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An increase in steady-state mRNA level could occur through an
increase in the rate of mRNA synthesis, a decrease in the rate of
degradation, or a combination of both. Pulse-chase analysis con-
firmed that increased mRNA synthesis was an important determinant
of increased UGT2B4 expression in shPAPSS1/2 cells but also
indicated that the half-life of UGT2B4 mRNA was longer in
shPAPSS1/2 cells than it was in control cells. This increase in
UGT2B4 mRNA stability is likely mediated through the 3’'-UTR
since reporter assays demonstrated that the suppressive effect of the
UGT2B4 3'-UTR was less in shPAPSS1/2 cells than in control cells.
3'-UTRs frequently contain regulatory sequences that can be bound
by trans-acting factors, such as RNA-binding proteins and micro-
RNAs, which positively or negatively modulate mRNA stability,
localization, or translation efficiency (Guhaniyogi and Brewer, 2001;
Mata et al., 2005; Wu and Brewer, 2012). Little is known about the
regulation of UGT2B4 by micro-RNAs. Of the miRNAs that were
computationally predicted to target the UGT2B4 3’'-UTR (Supple-
mental Table 4), at least five (miR-629, miR-101, miR-203, miR-
223, and miR-216b) have been reported to be expressed in HepG2
cells and regulate such processes as cell proliferation, DNA
methylation, hepatocyte nuclear factor 4« activity, cytochrome P450
activities, multidrug resistance, and lipoprotein cholesterol uptake
(Hatziapostolou et al., 2011; Huang et al., 2012; Wang et al., 2013;
Wei et al., 2013a,b; Yang et al., 2013; Takahashi et al., 2014; Liu
et al, 2015). Some evidence involving single nucleotide poly-
morphisms that have been identified in the 3’-UTRs of UGTs
suggests that post-transcriptional regulation might contribute to
interindividual variability in glucuronidation. For example, single
nucleotide polymorphism rs3100 of the UGT2B15 3'-UTR increased
expression from a luciferase 3'-UTR reporter, suggesting that this
single nucleotide polymorphism might increase UGT2B15 expres-
sion and activity (Sun et al., 2011).

In summary, knocking down sulfonation capacity in a human liver
cell model increases UGT2B4 expression by increasing transcrip-
tional activation and enhancing mRNA stability. The combined
effects of increasing both transcription and mRNA stability would
result in a greater accumulation of intracellular UGT2B4 mRNA that
is available for translation. The upregulation of this important BA-
conjugating UGT may occur as a compensatory mechanism in
response to the loss of sulfotransferase activity to prevent the
buildup of BAs. Further studies are required to elucidate the specific
activating and suppressive elements within the 5'-flanking region of
the UGT2B4 gene and the 3'-UTR of the UGT2B4 transcript, as well
as their respective binding factors, that operate as low sulfate sensors
in the upregulation of UGT2B4.
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