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Abstract 

 

Cytosolic sulfotransferases (SULTs) are expressed during early life and therefore metabolize 

endogenous and xenobiotic chemicals during development. Little is currently known about the 

regulation of individual SULTs in the developing human liver. We characterized SULT 

expression in primary cultures of human fetal hepatocytes and the HepaRG model of liver cell 

differentiation. SULT1A1 (transcript variants 1 – 4), SULT1C2, SULT1C4, SULT1E1, and 

SULT2A1 were the most abundant transcripts in human fetal hepatocytes. In HepaRG cells, 

SULT1B1, SULT1C2/3/4, and SULT1E1 mRNA levels increased during the transition from 

proliferation to confluency and then decreased as the cells underwent further differentiation. By 

contrast, SULT2A1 mRNA levels increased during differentiation, while SULT1A1 and SULT2B1 

mRNA levels remained relatively constant. The temporal patterns of SULT1C2, SULT1E1, and 

SULT2A1 protein content were consistent with those observed at the mRNA level. To identify 

regulators of SULT expression, cultured fetal hepatocytes and HepaRG cells were treated with 

a panel of lipid- and xenobiotic-sensing receptor activators. The following effects were observed 

in both fetal hepatocytes and HepaRG cells: (1) liver X receptor activator treatment increased 

SULT1A1 transcript variant 5 levels; (2) vitamin D receptor activator treatment increased 

SULT1C2 and SULT2B1 mRNA levels; and (3) farnesoid X receptor activator treatment 

decreased SULT2A1 expression. Activators of aryl hydrocarbon receptor, constitutive 

androstane receptor, pregnane X receptor, and peroxisome proliferator-activated receptors 

produced additional gene-dependent effects on SULT expression in HepaRG cells. These 

findings suggest that SULT-regulating chemicals have the potential to modulate physiological 

processes and susceptibility to xenobiotic stressors in the developing human liver. 
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Introduction 

 

As the primary organ responsible for maintaining metabolic homeostasis, the liver 

metabolizes both endogenous and xenobiotic molecules. The xenobiotic-metabolizing capacity 

of the immature human liver is different from that of the adult. Selected xenobiotic-metabolizing 

enzymes are expressed during early life and these likely influence the susceptibility of the 

developing human to the effects of drugs and environmental chemicals (Barker et al., 1994; Miki 

et al., 2002; Duanmu et al., 2006; Hines, 2007; Sadler et al., 2016). Characterizing the 

developmental expression of xenobiotic-metabolizing enzymes is essential for understanding 

the impact of the environment on human health. 

 The cytosolic sulfotransferases (SULTs) catalyze the conjugation of a sulfonate moiety 

to a wide variety of xenobiotic and endogenous substrates that include hormones, 

neurotransmitters, and sterols (Falany et al., 1995; Li et al., 2000; Pai et al., 2002; Allali-Hassani 

et al., 2007). Addition of the charged sulfonate group makes a substrate more hydrophilic, which 

facilitates its elimination from the body. Sulfate conjugation can also cause prodrug activation 

(e.g., minoxidil) (Johnson et al., 1983; Hirshey and Falany, 1990), hormone inactivation (e.g., 

estradiol) (Falany et al., 1995), and pro-carcinogen bioactivation (e.g., N-hydroxy-2-

acetylaminofluorene) (Sakakibara et al., 1998). 

 There are thirteen human SULT genes, which are classified into four families. Some 

SULTs are expressed during early development, indicating that these enzymes contribute to 

metabolism during fetal life (Barker et al., 1994; Forbes et al., 1995; Her et al., 1997; Stanley et 

al., 2005; Duanmu et al., 2006). We previously reported that SULT1A1, SULT1E1, and 

SULT2A1 are expressed in fetal liver, with each enzyme displaying a distinctive pattern of 

developmental expression (Duanmu et al., 2006). While hepatic SULT1A1 expression remained 

relatively constant from prenatal life through adulthood, SULT1E1 was most highly expressed 

during early life and SULT2A1 expression was higher in the adult. 
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 SULT expression is regulated by lipid- and xenobiotic-sensing receptors, including aryl 

hydrocarbon receptor (AhR), constitutive androstane receptor (CAR), pregnane X receptor 

(PXR), liver X receptor (LXR), farnesoid X receptor (FXR), peroxisome proliferator-activated 

receptors (PPARs), and vitamin D receptor (VDR) in a species- and tissue-specific manner 

(Echchgadda et al., 2004a; Echchgadda et al., 2004b; Fang et al., 2005; Jiang et al., 2005; 

Fang et al., 2007; Fu et al., 2011; Kodama et al., 2011; Sueyoshi et al., 2011). Most studies of 

human SULT regulation have been performed using primary cultures of adult human 

hepatocytes (Fang et al., 2005; Fang et al., 2007; Uppal et al., 2007) or hepatic or extrahepatic 

cell lines (Song et al., 2001; Higashi et al., 2004; Jiang et al., 2005; Fu et al., 2011; Rondini et 

al., 2014; Barrett et al., 2016; Dubaisi et al., 2016), but none have been performed using human 

fetal hepatocytes or culture models of human liver cell differentiation. Consequently, little is 

known about the mechanisms that regulate SULT expression during human liver development. 

The HepaRG cell line was derived from an Edmonson grade I differentiated 

hepatocellular carcinoma. It has been classified as a bi-potent hepatic progenitor cell line that 

can be differentiated into both cholangiocyte-like and hepatocyte-like cells (Parent et al., 2004). 

Many studies have demonstrated that HepaRG-derived hepatocyte-like cells exhibit properties 

of adult human hepatocytes, including expression of xenobiotic-metabolizing enzymes, 

transporters, and the transcription factors that control hepatocellular gene expression (Aninat et 

al., 2006; Lubberstedt et al., 2011; Gerets et al., 2012; Hoekstra et al., 2013; Tsuji et al., 2014). 

Undifferentiated and differentiated HepaRG cells have distinct gene expression profiles that 

tend to reflect the patterns seen in fetal and adult human liver, respectively. Genes that are 

primarily expressed in fetal hepatocytes, such as CYP3A7 and pyruvate kinase muscle 

isozyme, are more highly expressed in undifferentiated HepaRG cells while genes that are 

predominantly expressed in adult hepatocytes, such as CYP3A4 and CYP2E1, are more highly 

expressed in differentiated HepaRG cells (Tsuji et al., 2014; Bucher et al., 2016). HepaRG cells 

are becoming established as a useful model for studying hepatocellular differentiation, 
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xenobiotic metabolism and toxicity, and development of liver diseases (Sharanek et al., 2015; 

Nunn et al., 2016; Rodrigues et al., 2016; Sayyed et al., 2016; Xia et al., 2016). In this study, we 

have defined the temporal patterns of SULT expression in HepaRG cells during differentiation. 

We have also determined the effects of treatments with activators of lipid- and xenobiotic-

sensing receptors on SULT expression in undifferentiated and differentiated HepaRG cells as 

well as in primary cultures of human fetal hepatocytes. 
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Materials and Methods 

 

Materials: Cell culture media and supplements (except insulin) were purchased from Invitrogen 

(Carlsbad, CA). Human recombinant insulin (Novolin R) was purchased from Novo Nordisk 

Pharmaceuticals, Inc. (Princeton, NJ). 3-[2-[2-Chloro-4-[[3-(2,6-dichlorophenyl)-5-(1-

methylethyl)-4-isoxazolyl]methoxy]phenyl]ethenyl]benzoic acid (GW4064, purity ³ 97%) and 2-

[[4-[2-[[(cyclohexylamino)carbonyl](4-cyclohexylbutyl)amino]ethyl]phenyl]thio]-2-

methylpropanoic acid (GW7647, purity ³ 99%) were purchased from Tocris Biosciences 

(Minneapolis, MN). Chenodeoxycholate (CDCA, purity ³ 97%), 6-(4-chlorophenyl)imidazo[2,1-

b][1,3]thiazole-5-carbaldehyde O-(3,4-dichlorobenzyl)oxime (CITCO, purity ³ 98%), 

rosiglitazone (purity ³ 98%), rifampicin (purity ³ 97%), 1α,25-dihydroxyvitamin D3 (VitD3, purity ³ 

99%), 3-[3-[[[2-chloro-3-(trifluoromethyl)phenyl]methyl](2,2-

diphenylethyl)amino]propoxy]benzeneacetic acid hydrochloride (GW3965, purity ³ 98%), and 

dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO), and 2,3,7,8- 

tetrachlorodibenzo-p-dioxin (TCDD, purity ~98%) was purchased from Midwest Research 

Institute (Kansas City, MO). Other materials were obtained from the sources indicated below. 

 

HepaRG culture and treatments: HepaRG cells were obtained from Biopredic International 

under a Material Transfer Agreement with INSERM-Transfert (Paris, France). Cells were plated 

into 6-well plates at a density of 250,000 cells/well in growth medium consisting of Williams’ 

Medium E (WME) supplemented with 10% fetal bovine serum (FBS), 5 μg/ml insulin, 0.1 µM 

triamcinolone acetonide, 100 U/ml penicillin, and 100 μg/ml streptomycin. Fourteen days after 

plating, the medium was changed to differentiation medium, consisting of growth medium with 

2% DMSO, and the cells were incubated for 14 more days, with medium replenishment every 2-

3 days. Differentiated HepaRG cells were then incubated in treatment medium, consisting of 
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growth medium with 2% FBS but without DMSO, 72 hours prior to treatment. Confluent (10 days 

post-plating) and differentiated (after 72-hour incubation with treatment medium) HepaRG cells 

were treated with vehicle (0.1% DMSO or 0.1% ethanol) or a transcription factor activator for 48 

hours at the concentrations indicated in the figure legends (treatments were renewed after 24 

hours). The concentrations used for the various agonists were selected based on previous 

demonstrations that these concentrations produce optimal regulation of known target genes as 

well as some of the SULTs (Fang et al., 2007; Rondini et al., 2014; Barrett et al., 2016; Dubaisi 

et al., 2016). 

 

Primary human fetal hepatocyte culture and treatments: De-identified tissues were obtained 

from Magee Women’s Hospital (Pittsburgh, PA) and the University of Washington Department 

of Pediatrics, Division of Genetic Medicine, Laboratory of Developmental Biology (Seattle, WA) 

after obtaining written informed consent by a protocol approved by the Human Research 

Review Committee of the University of Pittsburgh (Honest broker approval number HB015 and 

HB000836). Human fetal hepatocytes were isolated from fetal livers obtained after the 

termination of pregnancy performed at 12–22 weeks of gestation (Supplemental Table 1). 

Primary human fetal hepatocytes were isolated by digesting the tissue in Eagle’s Minimum 

Essential Medium (Lonza, Walkersville, MD) containing 0.5 mg/ml of collagenase (Type XI, 

Sigma-Aldrich) on a laboratory shaker for 40 minutes. Viability was assessed by trypan blue 

exclusion and was routinely >85%. Hepatocytes were plated at a density of 130,000 cells/cm2 

on type I rat tail collagen-coated 12- well plates (Corning, Corning, NY). Cells were cultured 

overnight with Dulbecco’s Modified Eagle Medium (Life Technologies, Carlsbad, CA) containing 

100 U/ml penicillin, 100 μg/ml streptomycin, 0.1 µM insulin (Sigma-Aldrich), and 5% bovine 

serum albumin (Life Technologies). Hepatocytes were then treated with vehicle (0.1% DMSO or 

0.1% ethanol) or a transcription factor activator for 48 hours as indicated in the legends to Figs. 

1 and 2 (treatments were renewed after 24 hours). 
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RNA isolation and analysis: Total RNA was isolated from HepaRG cells and freshly isolated 

and cultured human fetal hepatocytes using the Purelink RNA Mini Kit (Life Technologies). 

Samples of RNA (1.5 µg) were reversed transcribed to cDNA using the High-Capacity cDNA 

Reverse Transcription Kit, according to the manufacturer’s instructions (Life Technologies). 

RNA levels were quantified using the TaqMan Gene Expression Assays (Life Technologies) 

listed in Supplemental Table 2, 2 μl of diluted cDNA (1:2), and a StepOnePlus Real-Time PCR 

System (Applied Biosystems, Foster City, CA). The assays were performed as described 

previously (Fang et al., 2007). 

 

Western blot analysis: HepaRG cells were plated into 6-well plates at a density of 250,000 

cells per well and harvested after 5, 9, 14, 19, 26, or 30 days for preparation of whole cell 

lysates, as previously described (Rondini et al., 2014). Protein concentrations were determined 

using the BCA Protein Assay Kit (ThermoFisher Scientific, Waltham, MA). Proteins (20-30 μg) 

were resolved on 12.5% sodium dodecyl sulfate-polyacrylamide gels, transferred onto 

polyvinylidene difluoride membranes, and incubated for one hour with blocking buffer [2.5% 

non-fat dry milk in Tris-buffered saline with Tween 20 (Sigma-Aldrich)]. The membranes were 

then incubated overnight at 4°C with mouse monoclonal anti-SULT1C2 (clone OTI5A4; Origene, 

Rockville, MD) diluted 1:5,000, anti-SULT1E1 (clone E-12; Santa Cruz Biotechnology, Dallas, 

TX) diluted 1:2,000, or anti-SULT2A1 (clone OTI4D7; Origene) diluted 1:5,000 followed by 

incubation with horseradish peroxidase-conjugated goat anti-mouse IgG (sc-2005; Santa Cruz 

Biotechnology) diluted 1:20,000 (for membranes probed with anti-SULT1E1 or anti-SULT2A1) 

or 1:25,000 (for membranes probed with anti-SULT1C2). Enhanced chemiluminescence and a 

FluorChem E detection system (ProteinSimple, San Jose, CA) were used to visualize the 

immunoreactive bands. The blots were then incubated in stripping buffer (60 mM Tris-HCl, 70 

mM sodium dodecyl sulfate, and 100 mM β-mercaptoethanol) at 37°C to remove the antibodies 
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and re-probed with b-actin antibody (clone AC15; Sigma-Aldrich) diluted 1:40,000 followed by 

horseradish peroxidase-conjugated goat anti-mouse IgG diluted 1:100,000. Band densities were 

quantified with ImageJ32 software (Schneider et al., 2012). 

 

Statistical analysis: All experiments, except where indicated in the figure legends, were 

repeated at least three times. Gene expression data are presented as means ± SEM (with three 

or more independent experiments) or range (with two independent experiments) relative to 

control. Statistical analyses were performed using Prism (version 6; GraphPad, La Jolla, CA). 

Data were analyzed using two-tailed unpaired t-tests or one- or two-way analysis of variance 

followed by Tukey’s post hoc test, with p<0.05 considered significantly different. 
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Results 

 

Expression and regulation of SULTs in primary cultures of human fetal hepatocytes. To 

study the regulation of SULTs in a model of human fetal liver, hepatocytes were isolated from 

five fetal livers, placed into primary culture, and the cultures treated for 48 hours with a vehicle 

(0.1% DMSO or 0.1% ethanol) or panel of nuclear receptor activators. SULT mRNA levels were 

then measured, together with CYP3A7 and CYP3A4 for comparison since these genes are well 

known to be predominantly expressed in fetal or adult liver, respectively. Since several 

SULT1A1 transcript variants (TVs) have been described (5 confirmed mRNAs, NCBI SULT1A1 

UniGene Hs.567342), we used three different TaqMan Gene Expression Assays to measure (1) 

TV1 separately, since this variant is described as being most abundant, (2) TVs 1-4 as a group, 

since these four variants likely utilize the same transcription start site, and (3) TV5 separately, 

since this variant’s transcription start site is distinct from that of TVs 1-4 (i.e., more than 10 Kb 

upstream). The mRNA levels measured in the DMSO-treated hepatocytes were considered as 

estimates of basal expression. As expected, CYP3A7 was highly expressed [as estimated by 

cycle threshold (Ct) values] in the cultured fetal hepatocytes (Ct= 23.6) while CYP3A4 

expression was minimal (Ct= 32.7) (Fig. 1). Of the SULTs, SULT1C4 was most highly 

expressed (Ct= 25.9), followed by SULT1E1 (Ct= 26.4), while SULT1A1 (TVs 1 and 1-4, Ct= 

28.2 for both assays), SULT2A1 (Ct= 28.4), and SULT1C2 (Ct= 28.6) mRNA levels were 

somewhat lower but still readily detectable. SULT1A1 TV5 (Ct= 35.8), SULT1B1 (Ct= 30.7), 

SULT1C3 (Ct= 36.6), and SULT2B1 (Ct= 32.6) mRNA levels were low or barely detectable (Fig. 

1). To evaluate the impact of placing freshly isolated human fetal hepatocytes into primary 

culture on SULT expression, the ratios of the mRNA levels in cultured relative to freshly isolated 

hepatocytes were calculated. Culturing the fetal hepatocytes reduced the expression of 

SULT1C2 (by 82%), SULT1E1 (92%), and SULT2A1 (94%) but increased the expression of 

SULT1A1-TV5 (3-fold), SULT1B1 (14-fold), and SULT2B1 (6-fold) (Supplemental Fig. 1). 
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CYP3A7 and CYP3A4 expression was also decreased by primary culture, by approximately 

91% and 38%, respectively (Supplemental Fig. 1). 

 Treatment of the human fetal hepatocyte cultures with a panel of nuclear receptor 

activators produced several effects that were reproducibly seen across the five preparations. 

Treatment with the LXR agonist GW3965 (10 μM) significantly increased the amount of 

SULT1A1 TV5 by an average of 7.2-fold (relative to DMSO-treated control) and treatment with 

the VDR agonist VitD3 (0.1 μM) significantly increased SULT1C2 and SULT2B1 mRNA content 

by an average of 2.2-fold and 2.0-fold, respectively (relative to ethanol-treated control). VitD3 

treatment also increased CYP3A4 and CYP3A7 mRNA levels (by 2.7- and 2.9-fold, 

respectively). While not significant, treatment with the PPARα agonist GW7647 (10 μM) or 

PPARγ agonist rosiglitazone (1 μM) increased the amount of SULT2A1 mRNA by 1.9-fold, while 

treatment with the FXR agonist GW4064 (10 μM) decreased SULT2A1, CYP3A4, and CYP3A7 

mRNA levels (by 78 to 85%). None of the treatments produced clear changes in the levels of 

SULT1A1 TVs 1-4, SULT1B1, SULT1C4, or SULT1E1 mRNA (Fig 2).  

 

Temporal expression of SULTs in HepaRG cells. The approximately one-month protocol for 

converting proliferating cultures of HepaRG cells into a mixed population of hepatocyte-like and 

cholangiocyte-like cells consists of growing the cells to confluency, maintaining them at 

confluency for several more days, and then incubating them in DMSO-containing medium (Fig. 

3A). To characterize the temporal expression of the SULTs in HepaRG cells as they progressed 

through the differentiation process, cells were plated and then harvested every 2-3 days for 

mRNA measurements (Fig. 3B). Again, CYP3A4 and CYP3A7 mRNA levels were measured for 

comparison. CYP3A4 expression was low in the proliferating cultures, increased somewhat 

during the confluent phase, and then further increased during the differentiation phase (Fig. 3B). 

By comparison, CYP3A7 expression was highest during the confluent phase and then 

decreased during the differentiation phase (Fig. 3B). The SULT2A1 expression profile was 
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comparable to that for CYP3A4, with highest expression occurring in the differentiated cells (Fig. 

3B). Most of the other SULTs were expressed with patterns resembling that for CYP3A7 (i.e., 

SULT1B1, SULT1C2, SULT1C3, SULT1C4, and SULT1E1), where expression was highest in 

the confluent cultures and then reduced in the differentiated cultures (Fig. 3B). The expression 

of SULT1A1 transcripts and SULT2B1 did not vary markedly throughout the differentiation 

process (Fig. 3B). SULT1A1 TV 1-4 levels were abundant, while expression of SULT1A1 TV5 

and SULT2B1 was low.  

 The protein levels for three of the SULTs (SULT1C2, SULT1E1, and SULT2A1) showing 

the two major expression patterns that were observed at the mRNA level were also measured at 

several time points. Consistent with the patterns observed at the mRNA level, SULT1C2 and 

SULT1E1 protein content was highest in the confluent cells and then decreased after 

differentiation was induced by DMSO, while SULT2A1 protein reached its highest level in the 

differentiated HepaRG cells (Fig. 4). 

 

Effects of lipid- and xenobiotic-sensing receptor activators on SULT expression in 

HepaRG cells. To identify nuclear signaling pathways that regulate SULT expression in the 

HepaRG model of human liver cell differentiation, cells were treated for 48 hours with activators 

of the AhR and several lipid- and xenobiotic-sensing nuclear receptors that have been reported 

to regulate SULT expression in other human cell systems (Song et al., 2001; Higashi et al., 

2004; Fang et al., 2005; Jiang et al., 2005; Fang et al., 2007; Fu et al., 2011; Rondini et al., 

2014; Barrett et al., 2016; Dubaisi et al., 2016). Both confluent and differentiated HepaRG cells 

were treated to consider the possibility that cells in the two stages could differ in their responses 

due to differences in their content of transcriptional machinery. However, measurement of 

marker transcripts for the various nuclear signaling pathways indicated that all treatments 

activated their targeted transcription factors by comparable amounts in confluent and 

differentiated cells (Supplemental Figs. 2 and 3). 
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 As shown in Fig. 5, treatment of confluent cells with the AhR agonist TCDD (0.01 μM) 

significantly decreased the mRNA levels of all SULTs that were measured, except for 

SULT1C3, and decreases of at least 50% were seen for SULT1A1 TV5 (69% decrease), 

SULT1B1 (51%), SULT1C4 (77%), SULT1E1 (86%), and SULT2A1 (86%). Treatment with the 

CAR agonist CITCO (1 μM) also significantly decreased the mRNA levels of several SULTs 

(SULT1B1, SULT1C3, SULT1C4, SULT1E1, and SULT2B1), although these decreases were 

generally modest and none exceeded 38%. Treatment with the PXR agonist rifampicin (10 μM) 

significantly increased SULT1C4 mRNA content (by 2.8-fold) and decreased the mRNA levels 

of SULT1B1 (63% decrease), SULT1C3 (68%), SULT1E1 (63%), and SULT2A1 (62%). 

GW3965 treatment (LXR agonist, 10 μM) significantly increased the amount of SULT1A1 TV5 

(by 1.7-fold) and SULT1C4 mRNA (1.9-fold) and decreased the mRNA levels of SULT1C3, 

SULT1E1, SULT2A1, and SULT2B1, with the reduction of SULT1C3 mRNA being especially 

pronounced (>90% decrease). GW4064 treatment (FXR agonist, 1μM) significantly decreased 

the expression of several SULTs (SULT1B1, SULT1C2, SULT1C3, SULT1C4, SULT1E1, 

SULT2A1), with the largest decreases seen for SULT1C3 (64%) and SULT2A1 (68%). 

Treatment with CDCA (50 μM), another FXR agonist, produced effects that were comparable to 

those of GW4064, with the largest effects being reduction of SULT1C3 (60% decrease) and 

SULT2A1 (55%) mRNA levels. GW7647 treatment (PPARα agonist, 10 μM) significantly 

increased SULT1B1 mRNA content, although the increase was only 1.2-fold, and decreased 

SULT1A1 (only with the assay measuring TV1-4), SULT1C2, SULT1C3, and SULT2B1 mRNA 

levels, with the largest reduction seen for SULT1C3 (81%). The PPARγ agonist rosiglitazone 

(10 μM) had little effect on SULT expression, other than to decrease SULT1C3 mRNA content 

(72% decrease). Treatment with VitD3 (VDR agonist, 0.1 μM) significantly increased the 

amounts of SULT1C2, SULT1C4, and SULT2B1 mRNA by 1.4- to 1.8-fold and decreased 

SULT1A1 (only with the assay measuring TV1), SULT1B1, SULT1C3, SULT1E1, and SULT2A1 

mRNA levels, with the largest reduction seen for SULT1C3 (68% decrease).  
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 Fig. 6 shows the effects of the treatments on SULT expression in differentiated HepaRG 

cells. Many of the effects were comparable to those seen in the confluent cultures, including (1) 

TCDD treatment decreased the expression of most SULTs; (2) CITCO treatment had relatively 

little effect on SULT expression; (3) rifampicin treatment significantly increased SULT1C4 

mRNA content (by 6.3-fold) and decreased SULT1B1, SULT1C3, and SULT2A1expression; (4) 

GW3965 treatment significantly increased SULT1A1 TV5 and SULT1C4 mRNA levels and 

markedly reduced (by >90%) SULT1C3 mRNA content; levels of SULT2A1 and 

SULT2B1mRNA were also decreased; (5) GW4064 and CDCA treatments significantly 

decreased the mRNA levels of several SULTs, including SULT1C2, SULT1C3, SULT1E1, and 

SULT2A1; (6) GW7647 treatment modestly but significantly increased SULT1B1 mRNA content 

and decreased the amount of SULT1C3 mRNA; (7) rosiglitazone treatment decreased 

SULT1C3 expression; and (8) VitD3 treatment significantly increased SULT1C2 and SULT2B1 

mRNA levels (SULT1C4 mRNA content also increased ~2-fold although this effect was not 

significant in the differentiated cells) and decreased SULT1A1 (TV1), SULT1B1, SULT1C3, and 

SULT2A1 mRNA levels. Differences that were noted between the differentiated and confluent 

HepaRG cells were (1) TCDD treatment significantly decreased SULT1C2 mRNA content only 

in confluent cells and increased SULT1C3 mRNA only in differentiated cells; (2) rifampicin 

treatment significantly decreased SULT1E1 expression only in confluent cells and reduced 

SULT1A1 (TV1-4) but induced SULT2B1 in differentiated cells; (3) GW3965 treatment 

decreased the expression of SULT1A1 (TV1-4) by almost 50% only in differentiated cells; and 

(4) VitD3 treatment significantly decreased SULT1E1 expression only in confluent cells. 
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Discussion 

 

Xenobiotic-metabolizing enzymes exhibit distinct patterns of developmental expression 

(Hines, 2008), and the particular combination of enzymes that is expressed at each life stage is 

a major determinant of the risk for developing an adverse response to a particular chemical 

exposure. For example, the gastroprokinetic drug cisapride was once prescribed to treat 

gastroesophageal reflux and other gastrointestinal disorders in neonates and infants. However, 

due to low CYP3A4 activity, cisapride treatment of neonates was associated with significant 

adverse effects on heart rhythm (Kearns et al., 2003). 

SULTs are among the most highly expressed conjugating enzymes in fetal tissues 

(Coughtrie, 2015). In a concurrent study, we have expanded our previous characterization of the 

developmental expression of SULT1A1, SULT1E1, and SULT2A1 in human liver (Duanmu et 

al., 2006) by defining the developmental expression of multiple SULTs at the mRNA and protein 

levels (S Dubaisi, JA Caruso, R Gaedigk, CA Vyhlidal, DG McCarver, RN Hines, TA Kocarek, 

and M Runge-Morris, Developmental Expression of the Cytosolic Sulfotransferases in Human 

Liver, in preparation). These data show that SULT1A1, SULT1C2, SULT1E1, and SULT2A1 

mRNA and protein are substantially expressed in prenatal liver, while SULT1C4 is substantially 

expressed only at the mRNA level. SULT1C4 was recently shown to metabolize estrogenic 

compounds, including estradiol and environmental estrogens (Guidry et al., 2017). While 

hepatic expression of the SULT1C genes and SULT1E1 decreases during the transition from 

fetal to adult life, SULT1A1 expression stays relatively constant while SULT2A1 expression 

increases. 

There is currently no published information about SULT expression or regulation in 

primary cultured human fetal hepatocytes. We show that the profile of SULT expression in 

freshly isolated fetal hepatocytes is comparable to that observed in the above-described study 

of liver specimens from tissue banks, in that SULT1A1, SULT1C2, SULT1C4, SULT1E1, and 
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SULT2A1 are the most highly expressed SULTs. Placement of fetal hepatocytes into primary 

culture decreased the expression of several SULTs. A notable exception was SULT1B1, which 

is reported to be the third most highly expressed SULT in adult human liver (Riches et al., 

2009). SULT1B1 mRNA content increased 14-fold after the fetal hepatocytes were placed into 

culture, implying a difference in the mechanism(s) controlling basal expression of SULT1B1 

relative to other SULTs. 

To identify mechanisms that regulate SULT expression in human fetal hepatocytes, 

primary cultures were treated with several activators of lipid- and xenobiotic-sensing receptors. 

Several significant effects and non-significant trends were observed, and are discussed in the 

context of previous findings. VDR activation significantly increased SULT1C2 as well as 

CYP3A7 and CYP3A4 mRNA levels. Although liver is not a classical VitD3-responsive organ, 

VDR is expressed in liver (Berger et al., 1988) and its activation has been shown to increase 

expression of several cytochromes P450, including CYP3A4, in primary cultured adult human 

hepatocytes (Drocourt et al., 2002). We recently reported that VDR activation increases 

SULT1C2 expression in LS180 colorectal adenocarcinoma cells (Rondini et al., 2014; Barrett et 

al., 2016). Also, treatment of fetal hepatocyte cultures with an agonist of PPARα (GW7647) or 

PPARγ (rosiglitazone) increased expression of SULT2A1 by approximately 2-fold, which is 

consistent with our previous report that treatment with the PPARα agonist ciprofibrate produced 

approximately that level of SULT2A1 induction in primary cultured adult human hepatocytes 

(Fang et al., 2005). In addition, treatment with the FXR agonist GW4064 suppressed SULT2A1 

in the cultured fetal hepatocytes, which is consistent with the FXR-mediated suppression of 

SULT2A1 that has been previously reported in mouse liver and HepG2 human hepatoma cells 

(Miyata et al., 2006). 

A novel finding in the cultured fetal hepatocytes was that treatment with the LXR agonist 

GW3965 significantly increased expression of SULT1A1 TV5. TV5 is reported to be a rare 

variant that contains a distinct 5'-untranslated region and lacks part of the 5'-coding region, and 
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its transcription start site is located more than 10 Kb upstream from that of other SULT1A1 

transcripts (NCBI information for NM_177536 and SULT1A1 gene). The distinct location of the 

TV5 promoter provides a plausible explanation for the unique regulation of this SULT1A1 variant 

by LXR, which prompts speculation that SULT1A1 TV5 could play a role in sterol metabolism. 

Most studies using HepaRG cells have used differentiated cells as a model to 

complement the use of primary cultured human hepatocytes (Josse et al., 2008; Lubberstedt et 

al., 2011; Gerets et al., 2012; Klein et al., 2015). However, few studies have evaluated the 

changes in xenobiotic-metabolizing enzyme expression that occur as HepaRG cells pass 

through the stages of the differentiation process (Aninat et al., 2006; Hart et al., 2010; Ceelen et 

al., 2011; Tsuji et al., 2014; Bucher et al., 2016), and no studies have determined expression of 

the individual SULTs. We found that SULT1B1, SULT1C2, SULT1C3, SULT1C4, and SULT1E1 

mRNA levels were highest in confluent HepaRG cells, whereas SULT2A1 RNA levels increased 

throughout the differentiation process. The temporal trends of gene expression, whereby the 

SULTs that are preferentially expressed in fetal livers and hepatocytes are also preferentially 

expressed in confluent HepaRG cells while the SULT that is preferentially expressed in adult 

liver and hepatocytes is expressed at the highest level in differentiated HepaRG cells, provide 

additional support to the suggestion that HepaRG cells at these stages of the differentiation 

protocol can serve as experimental models of human hepatocyte development. 

We also evaluated the effects of activators of lipid- and xenobiotic-sensing transcription 

factors on SULT expression in HepaRG cells, comparing effects at the confluent and 

differentiated stages. More activator-mediated changes in SULT expression were observed in 

the HepaRG cells than in the primary cultured fetal hepatocytes. However, while there were 

marked temporal changes in SULT expression as the cells underwent differentiation (noted 

above), most of the transcription factor activator-mediated changes were comparable in the 

confluent and differentiated HepaRG cells, indicating that the evaluated nuclear signaling 

pathways were already functional in the confluent cells. As seen in the human fetal hepatocytes, 
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GW3965 and VitD3 treatment increased SULT1A1 TV5 and SULT1C2 mRNA levels, 

respectively, while FXR agonists GW4064 and CDCA suppressed SULT2A1 expression. 

Treatment with GW4064 or CDCA also significantly suppressed SULT1E1 expression in 

confluent HepaRG cells, but GW4064 only produced a slight reduction of SULT1E1 mRNA 

content in primary cultured fetal hepatocytes. FXR was recently reported to suppress SULT1E1 

expression in HepG2 cells by inhibiting binding of PPARγ coactivator 1α to hepatocyte nuclear 

factor 4α (Wang et al., 2017). 

The effects of the PXR agonist rifampicin differed between HepaRG cells and fetal 

hepatocytes. Rifampicin treatment increased SULT1C4 expression and suppressed SULT1E1 

and SULT2A1 in HepaRG cells but not in the fetal hepatocytes. We previously reported that 

rifampicin-mediated PXR activation suppresses hepatic SULT2A1 expression (Fang et al., 

2007), while the mechanism of PXR-mediated suppression of SULT1E1 was described by 

Kodama et al. (2011). Rifampicin treatment also did not increase CYP3A4 or CYP3A7 

expression in the cultured fetal hepatocytes, suggesting that PXR was not functional in these 

cells. Our findings agree with a previous report by Maruyama et al. (2007), who evaluated 

cytochrome P450 expression in human fetal liver cells prepared from a pool of six normal 

human fetal livers (average 13 weeks of gestation). These cells expressed CYP3A4 and 

CYP3A7, and treatment with dexamethasone, which is an effective agonist of rodent but not 

human PXR, significantly increased CYP3A4 and CYP3A7 mRNA levels (Maruyama et al., 

2007). However, treatment of the fetal liver cells with rifampicin did not increase CYP3A4 or 

CYP3A7 expression, and PXR mRNA was not detected by RT-PCR (Maruyama et al., 2007). 

Vyhlidal et al. (Vyhlidal et al., 2006) have also reported that PXR expression is lower in fetal 

relative to postnatal livers. These findings demonstrate that although confluent HepaRG cells 

model some aspects of the fetal hepatocyte, the presence of PXR signaling in confluent 

HepaRG cells and its absence in fetal hepatocytes indicates that confluent HepaRG cells do not 
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fully recapitulate all aspects of the fetal hepatocyte, at least at the culture and gestation times 

that were evaluated.  

To date, SULT1C3 mRNA has only been detected in human intestinal tissue and cells 

(Duniec-Dmuchowski et al., 2014). In this study, we detected SULT1C3 mRNA in HepaRG cells, 

mainly at the confluent stage where the mRNA levels were approximately the same as those for 

SULT1C4. SULT1C3 expression was significantly reduced in the HepaRG cells by most of the 

treatments that were evaluated, with almost complete suppression by the LXR agonist GW3965. 

It seems possible that these suppressive effects contribute to the lack of SULT1C3 expression 

that has generally been seen in human liver samples. 

TCDD treatment was also found to suppress the expression of most SULTs in HepaRG 

cells. This finding is consistent with the suppressive effects of AhR agonist treatments on SULT 

expression that we have previously reported in rat hepatocytes (Runge-Morris, 1998) and 

MCF10A human breast epithelial cells  (Fu et al., 2011). 

Several SULTs are expressed in human fetal liver, indicating that these enzymes play 

important roles during early life, likely in the metabolism of both endogenous and xenobiotic 

substrates. This study represents the first effort to define patterns of SULT expression in cell 

culture models of human fetal liver and liver cell differentiation and identify signaling pathways 

that regulate SULT transcription in these cells. Further studies are warranted to understand the 

regulation of the SULTs during human development. 
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Figure Legends 

 

Figure 1: SULT, CYP3A4, and CYP3A7 expression in primary cultured human fetal 

hepatocytes. Freshly isolated hepatocytes from five fetal livers were incubated in medium 

containing 0.1% DMSO for 48 hr, after which the cells were harvested and SULT, CYP3A4, 

CYP3A7, and GAPDH (used as normalization gene) mRNA levels were measured using 

TaqMan Gene Expression Assays. Each bar represents the mean relative mRNA level ± SEM 

for the five independent experiments compared to SULT1C4, which had the highest expression 

of the SULTs. Relative CYP3A4 and 3A7 mRNA levels are shown for comparison. 

 

Figure 2: Effects of nuclear receptor agonists on SULT, CYP3A4, and CYP3A7 expression 

in primary cultured human fetal hepatocytes. Freshly isolated hepatocytes from five fetal 

livers were incubated in medium containing 0.1% DMSO, 0.1% ethanol (EtOH), 10 μM 

rifampicin (Rif), 10 μM GW3965, 10 μM GW4064, 10 μM GW7647, 1 μM rosiglitazone (Rosi), or 

0.1 μM VitD3 for 48 hr, after which the cells were harvested and SULT, CYP3A4, CYP3A7, and 

GAPDH (used as normalization gene) mRNA levels were measured. Each bar represents the 

mean relative mRNA level ± SEM compared to control (0.1% ethanol for VitD3; 0.1% DMSO for 

other agonists) for the five independent experiments. *Significantly different from control, p< 

0.05. 

 

Figure 3: Temporal expression of SULTs, CYP3A4, and CYP3A7 in HepaRG cells. (A) 

HepaRG differentiation protocol showing proliferating, confluent, and differentiated phases and 

times when treatments were begun. (B) HepaRG cells were plated (day 0) and harvested on the 

indicated days for measurement of mRNA levels. mRNA levels were normalized to the levels 

measured on day two (i.e., first harvest day). The data show the expression patterns of eight 

cytosolic SULTs as well as CYP3A4 and CYP3A7 from the proliferative to the confluent phase 
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(open bars) and then through the differentiation phase (gray bars). The cycle threshold (Ct) 

values for the various genes measured on day 14 (i.e., time of highest expression for several of 

the genes) are shown on the graphs as estimations of their relative expression levels. Data 

were normalized to GAPDH and are shown as means ± SEM from three independent 

experiments. *Significantly different from day 14 mRNA level, p<0.05. 

 

Figure 4: SULT1C2, SULT1E1, and SULT2A1 immunoreactive protein levels in HepaRG 

cells harvested at different time points. HepaRG cells were plated (day 0) and harvested on 

the indicated days for measurement of SULT1C2, SULT1E1, and SULT2A1 protein levels by 

western blot analysis. b-actin was used as the loading control. The images shown are from one 

representative experiment. For each protein, the last lane contains a standard consisting of 

whole cell lysate prepared from SULT cDNA-transfected HEK293 cells (EV, empty vector-

transfected HEK293 cells). Band densities were quantified using image J, and data are shown 

normalized to the protein levels measured at day 5. Each bar represents the mean ± SEM from 

three independent experiments. *Significantly different from day 14 (P< 0.05). 

 

Figure 5: Effects of lipid- and xenobiotic-sensing receptor activators on SULT mRNA 

levels in confluent HepaRG cells. Ten days after plating, confluent HepaRG cells were 

incubated in treatment medium containing 0.1% DMSO, 0.1% ethanol, 0.01 µM TCDD, 1 μM 

CITCO, 10 μM rifampicin (Rif), 10 μM GW3965, 1 μM GW4064, 50 µM CDCA, 10 μM GW7647, 

10 μM rosiglitazone (Rosi), or 0.1 μM VitD3 for 48 hr, after which cells were harvested and SULT 

and TATA-box binding protein (used as normalization gene) mRNA levels were measured. Each 

bar represents the mean relative mRNA level ± range (for rosiglitazone treatment only) or SEM 

compared to control (0.1% ethanol for VitD3; 0.1% DMSO for all other agonists) for two (for 

rosiglitazone) or three independent experiments. *Significantly different from control, p<0.05. 
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Figure 6: Effects of lipid- and xenobiotic-sensing receptor activators on SULT mRNA 

levels in differentiated HepaRG cells. Four weeks after plating, differentiated HepaRG cells 

were incubated with treatment medium alone for 72 hr and then treatment medium containing 

0.1% DMSO, 0.1% ethanol, 0.01 µM TCDD, 1 μM CITCO, 10 μM rifampicin (Rif), 10 μM 

GW3965, 1 μM GW4064, 50 µM CDCA, 10 μM GW7647, 10 μM rosiglitazone (Rosi), or 0.1 μM 

VitD3 for 48 hr, after which cells were harvested and SULT and TATA-box binding protein (used 

as normalization gene) mRNA levels were measured. Each bar represents the mean relative 

mRNA level ± SEM relative to control (0.1% ethanol for VitD3; 0.1% DMSO for all other 

agonists) from three independent experiments (except for SULT1A1/TV1 and SULT1A1TV1-4 

for the CITCO, GW4064, CDCA, GW7647, and Rosi treatment groups, where each bar 

represents mean ± range from two independent experiments). *Significantly different from 

control, p<0.05. 
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