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ABSTRACT

The cytosolic sulfotransferases (SULTs) metabolize a variety of
xenobiotic and endogenous substrates. Several SULTs are
expressed in the fetus, implying that these enzymes have important
functions during human development. We recently reported that
while SULT1C4 mRNA is abundant in prenatal human liver speci-
mens, SULT1C4 protein is barely detectable. Two coding transcript
variants (TVs) of SULT1C4 are indexed in GenBank, TV1 (full-length)
and TV2 (lacking exons 3 and 4). The purpose of this study was to
evaluate expression of the individual TVs as a clue for understanding
the discordance between mRNA and protein levels. Reverse-
transcription polymerase chain reaction was initially performed to
identify TVs expressed in intestinal and hepatic cell lines. This
analysis generated fragments corresponding to TV1, TV2, and a third
variant that lacked exon 3 (E3DEL). Using reverse-transcription
quantitative polymerase chain reaction assays designed to quantify
TV1, TV2, or E3DEL individually, all three TVs were more highly
expressed in prenatal than postnatal specimens. TV2 levels were
∼fivefold greater than TV1, while E3DEL levels were minimal. RNA
sequencing (RNA-seq) analysis of another set of liver specimens

confirmed that TV1 and TV2 levels were highest in prenatal liver, with
TV2 higher than TV1. RNA-seq also detected a noncoding RNA,
which was also more abundant in prenatal liver. Transfection of
HEK293T cells with plasmids expressing individual Asp-Tyr-Lys-
Asp-Asp-Asp-Asp-Lys–tagged SULT1C4 isoforms demonstrated
that TV1 produced much more protein than did TV2. These data
suggest that the lack of correspondence between SULT1C4 mRNA
and protein levels in human liver is likely attributable to the inability
of the more abundant TV2 to produce stable protein.

SIGNIFICANCE STATEMENT

Cytosolic sulfotransferases (SULTs) metabolize a variety of xenobi-
otic and endogenous substrates, and several SULTs are highly
expressed in the fetus, implying that they have important functions
during human development. SULT1C4 is highly expressed in pre-
natal liver at the mRNA level but not the protein level. This study
provides an explanation for this discordance by demonstrating that
the predominant SULT1C4 transcript is a variant that produces
relatively little protein.

Introduction

The cytosolic sulfotransferases (SULTs) catalyze the conjugation of
a sulfonate moiety to a wide variety of endogenous and xenobiotic
substrates, including hormones, neurotransmitters, drugs, and environ-
mental chemicals. These enzymes therefore play important roles in both
the regulation of physiologic processes and the disposition of drugs and
other xenobiotics. SULTs are classified into six gene families, although
only four of these (families 1, 2, 4, and 6) are present in humans, and

only the SULT1 and SULT2 family genes are reported to be expressed in
human liver (Runge-Morris et al., 2013).
Of the xenobiotic-metabolizing enzymes, the SULTs are particularly

likely determinants of xenobiotic-metabolizing capacity in the de-
veloping human because several SULTs are prominently, if not
predominantly, expressed during prenatal and/or early postnatal life
(Barker et al., 1994; Richard et al., 2001; Miki et al., 2002; Stanley et al.,
2005; Duanmu et al., 2006; Dubaisi et al., 2019). We recently
characterized the developmental expression of SULT1 and SULT2
mRNAs and proteins in human liver using three sets of human liver
specimens (Dubaisi et al., 2019). In one set, SULT mRNA levels were
quantified by reverse-transcription quantitative polymerase chain re-
action (RT-qPCR) analysis in liver specimens from prenatal, infant, and
adult donors; in another set, SULT mRNA levels were determined by
RNA sequencing (RNA-seq) analysis of specimens from prenatal,
infant, and pediatric donors. SULT protein levels were measured by
targeted quantitative proteomics in a panel of 193 liver cytosolic
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fractions. The results demonstrated that SULT1A1 expression was high
throughout development; SULT1A3, 1C2, 1C4, and 1E1 expressionwas
highest in prenatal and/or infant liver; and SULT1A2, 1B1, and 2A1
expression was highest in infant and/or adult liver. For most of the
SULTs, mRNA and protein showed comparable patterns of expression.
SULT1C4 was a clear exception, however, because while RT-qPCR
and RNA-seq analyses indicated that SULT1C4 mRNA was abundant
in prenatal liver, SULT1C4 protein levels were very low (Dubaisi et al.,
2019).
SULT1C4 is a member of a gene subfamily that includes three human

members, SULT1C2, 1C3, and 1C4. Several studies have suggested that
SULT1C4 has the highest sulfonation capacity of the SULT1C enzymes
toward xenobiotics, including a wide range of drugs (e.g., acetamino-
phen), environmental chemicals (e.g., bisphenol A), and procarcinogens
(e.g., hydroxymethyl furans) (Sakakibara et al., 1998; Glatt et al., 2004,
2012; Allali-Hassani et al., 2007; Yasuda et al., 2007; Yamamoto et al.,
2015, 2016; Guidry et al., 2017; Rasool et al., 2017). SULT1C4 is also
capable of metabolizing estrogenic compounds, such as catechol and
methoxy estrogens (Allali-Hassani et al., 2007; Hui et al., 2008). Guidry
et al. (2017) recently reported that SULT1C4 has high sulfonation
capacity toward dietary flavonoids and environmental estrogens.
The discrepancy that we observed between SULT1C4 mRNA and

protein levels in human liver prompted us to seek the underlying
mechanism. It is increasingly appreciated that many genes are
transcribed and processed into multiple transcript variants (TVs), the
sequence and abundancy of which are important determinants of the
protein isoforms that are produced and the functionality of these proteins
(Her et al., 1998; Gardner-Stephen et al., 2004; Duniec-Dmuchowski
et al., 2014; Meloto et al., 2015). Several SULT1C4 TVs are indexed in
GenBank, including the full-length mRNA containing seven exons (TV1,
NM_006588), a variant mRNA lacking exons 3 and 4 (TV2,
NM_001321770), two noncoding RNA variants (TV3, NR_135776
and TV4, NR_135779), and a predicted TV (TVX1, XM_017003807).
An additional noncoding RNA (ENST00000494122.1) that consists of
two exons and a retained intron is indexed in the Ensembl database.
Because the specific SULT1C4 TVs that are expressed could have
a major impact on the amount of SULT1C4 protein that is present, we
decided to characterize and quantify the SULT1C4 transcripts that are
present in human hepatic and intestinal cells and liver specimens.

Materials and Methods

Human Liver Specimens and Cell Lines. The human liver specimens that
were used to measure SULT1C4 TV levels by RT-qPCR or RNA-seq in this study
are the same as those described in our recent publication (Dubaisi et al., 2019).
HepaRG cells were obtained and cultured as previously described (Dubaisi et al.,
2018). Caco-2 colorectal adenocarcinoma cells were obtained from the American
Type Culture Collection (Manassas, VA) andmaintained in Dulbecco’s Modified
Eagle Medium (high glucose) supplemented with 10% heat-inactivated fetal
bovine serum, 2 mM glutamine, 1 mM sodium pyruvate, 1� Minimum
Essential Medium nonessential amino acids, 100 U/ml penicillin, and
100 mg/ml streptomycin (Thermo Fisher Scientific, Waltham, MA).

59-Rapid Amplification of cDNA Ends. Total RNAwas isolated from Caco-
2 or confluent HepaRG cells using the Purelink RNA Mini Kit (Thermo Fisher
Scientific). 59-rapid amplification of cDNA ends (RACE) was performed using
the SMARTer RACE 59/39 kit (Takara Bio USA Inc., Mountain View, CA),
RACE-ready cDNA prepared from Caco-2 or HepaRG total RNA, and
a SULT1C4-specific reverse primer [located within exon 2 at nucleotide (nt)
573] (Supplemental Table 1), according to the manufacturer’s recommendations.
PCR conditions were five cycles of 94�C for 30 seconds and 72�C for 2 minutes;
five cycles of 94�C for 30 seconds, 70�C for 30 seconds, and 72�C for 2 minutes;
and 35 cycles of 94�C for 30 seconds, 65�C for 30 seconds, and 72�C for
2 minutes. PCR reactions were then resolved on a 0.8% agarose gel, and ethidium
bromide–stained amplified bands were identified by UV illumination, purified

using the QIAquick Gel Extraction Kit (Qiagen, Germantown, MD), and ligated
into the pUC19 plasmid. Individual clones (23 clones total from HepaRG and
Caco-2 cells) were sequenced by the Wayne State University Applied Genomics
Technology Center.

Gene Expression Analysis. RNAwas isolated from human liver specimens as
previously described (Dubaisi et al., 2019). RNA (1.5mg) was reverse transcribed
to cDNA using the High Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific), and a primer set predicted to amplify an approximately 1.2-kb
fragment from the SULT1C4 TV1 sequence (NM_006588.3; Supplemental
Table 1) was used to detect SULT1C4 transcripts in Caco-2 and HepaRG cells
by standard reverse-transcription polymerase chain reaction (RT-PCR). PCR was
performed using HotStar Taq DNA Polymerase (Qiagen) and the following
conditions: initial activation at 95�C for 5 minutes; 35 cycles of 94�C for 30
seconds, 61�C for 45 seconds, and 72�C for 2minutes; and final extension at 72�C
for 7 minutes. The resulting fragments were ligated into the XhoI site of the
pGL4.10[luc2] plasmid (PromegaCorporation,Madison,WI) using the In-Fusion
HD Cloning Plus Kit (Takara Bio USA Inc.) and sequenced, and these plasmids
were subsequently used as synthetic standards for RT-qPCR analysis. RT-qPCR
was performed using SYBRGreen (ThermoFisher Scientific), a common forward
primer (50 nM) spanning the exon 1 to 2 junction, and reverse primers (100 nM)
designed to span the unique exon-exon junction for each TV, i.e., exons 2 to 3 for
TV1, exons 2–5 for TV2, and exons 2–4 for E3DEL. Primers were designed using
Oligo 7 (Molecular Biology Insights, Cascade, CO) and visualized in silico
against SULT1C4 TV sequences using SnapGene 4.1 (GSL Biotech LLC,
Chicago, IL). Primer sequences are shown in Supplemental Table 1. RT-qPCR
was performed using a QuantStudio 3 system (Thermo Fisher Scientific). The
annealing temperature was 60�C for the TV1 and E3DEL primer pairs and 63�C
for the TV2 primer pair. A standard curve of threshold cycle versus attomole
plasmid DNA was prepared for each SULT1C4 TV, using the plasmid standards
described above. Least squares lines for these standard curves were generated
using Prism version 6 (GraphPad Software, La Jolla, CA) and used to calculate
RNA content of the TVs in the liver specimens (expressed as attomole SULT1C4
TV/microgram total RNA).

The procedure for RNA-seq analysis was described previously (Dubaisi et al.,
2018). SULT1C4 TV information was obtained using StringTie (Pertea et al.,
2015).

Expression of SULT1C4 TVs in HEK293T Cells. 59-Asp-Tyr-Lys-Asp-
Asp-Asp-Asp-Lys (DDK)-tagged SULT1C4 TV1 coding sequence was prepared
using 100 ng pKK233-2-SULT1C4 (Guidry et al., 2017) as template, Herculase II
Fusion DNA Polymerase (Agilent Technologies, Santa Clara, CA), the SULT1C4
primer pair indicated in Supplemental Table 1 (SULT1C4-HindIII-DDK-F and
SULT1C4-XhoI-R), and the following PCR conditions: 95�C for 2 minutes; 20
cycles of 95�C for 20 seconds, 64�C for 20 seconds, and 72�C for 30 seconds; and
72�C for 3 minutes. DDK-tagged SULT1C4 TV2 and E3DEL were prepared
using the TV2 and E3DEL plasmid standards (described in the section above) as
templates, HotStar Taq DNAPolymerase (Qiagen), and the same primer pair used
for TV1. The amplified fragments were digested with HindIII and XhoI and
ligated into pcDNA3.1 (Thermo Fisher Scientific) using the LigaFast Rapid DNA
Ligation System (Promega).

HEK293T cells were obtained from Thermo Fisher Scientific and maintained
in Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine
serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. To express the
individual SULT1C4 TVs, 1.5 million HEK293T cells were plated into 100-mm
culture dishes and the following day were transfected with a complex containing
5 mg of one of the DDK-tagged SULT1C4 TV expression plasmids or empty
pcDNA3.1, 15 mg pBluescript II KS+ (Agilent Technologies), and 50 ml
Lipofectamine 2000 in 2 ml of Opti-MEM (Thermo Fisher Scientific) for 72 hours.
Total RNAwas then prepared from one set of dishes using the Purelink RNAMini
Kit (Thermo Fisher Scientific) and reverse transcribed to cDNA as described
above. SULT1C4 TV levels were determined using TaqMan Gene Expression
Assay Hs00602560_m1 (Thermo Fisher Scientific), which targets the exon 6 to 7
boundary region of SULT1C4 mRNA and is therefore capable of detecting the
three SULT1C4 TVs.

To measure SULT1C4 TV-derived protein levels in the transfected
HEK293T cells by Western blot, whole-cell lysates were prepared as previously
described (Rondini et al., 2014). Protein concentrations were measured using the
BCA Protein Assay Kit (Thermo Fisher Scientific), and lysate samples containing
15 or 60mg proteinwere resolved on 12.5% sodiumdodecyl sulfate-polyacrylamide
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gels and transferred to polyvinylidene difluoride membranes. The membranes
were incubated for 1 hour with blocking buffer [2.5% nonfat dry milk in Tris-
buffered saline with Tween 20 (Sigma-Aldrich)], incubated overnight at 4�C with
mousemonoclonal anti-DDK antibody (Clone OTI4C5; Origene, Rockville,MD)
diluted 1:2000, and then incubated for 2 hours with horseradish peroxida-
se–conjugated goat anti-mouse IgG (sc-2005; Santa Cruz Biotechnology) diluted
1:20,000. Chemiluminescent bands were visualized using Pierce ECL Western
Blotting Substrate (Thermo Fisher Scientific) and a FluorChem E imager (Protein
Simple, San Jose, CA). The blots were then incubated in 60mMTris-HCl, 70mM
sodium dodecyl sulfate, and 100 mM b-mercaptoethanol at 37�C to remove
antibodies and reprobed 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.

To measure SULT1C4 TV-derived protein levels by mass spectrometry,
samples containing 100 mg whole-cell lysate protein were resolved on
a 4%–12% Bis-Tris gel (Thermo Fisher Scientific) in duplicate. The region
between 20 and 43 kDa was excised, and proteins were reduced, alkylated, and
digested with trypsin in-gel. Peptides were eluted from the gel pieces and dried.
The mass spectrometry analysis and quantification of SULT1C4 was performed
as previously described (Dubaisi et al., 2019). Samples were analyzed in triplicate;
therefore, results represent the average of three samples.

Statistical Analysis. Samples were grouped according to age, and scatter plots
were prepared for the mRNA data. Statistical comparisons among groups were
performed using the Kruskal-Wallis nonparametric analysis of variance and
Dunn’s multiple comparison test with Prism version 6 (GraphPad Software).

Results

Identification of SULT1C4 TVs Expressed in Human Intestinal
and Hepatic Cell Lines. SULT1C4 (termed humanSULT1C#2 in the
original publication) cDNA was originally cloned from a fetal lung
cDNA library (Sakakibara et al., 1998), and Freimuth et al. (2000)
subsequently used 59-RACE to determine the 59-end of the transcript in
fetal lung. We performed 59-RACE on the Caco-2 and HepaRG cell
lines, commonly used cellular models of human intestine and liver,
respectively, to determine whether the 59-end of the SULT1C4 transcript
in these cell lines was the same as that previously determined in fetal
lung. We and others have found that SULT1C4 is expressed at a high
level in Caco-2 cells (Meinl et al., 2008; Bourgine et al., 2012), and we
recently reported that SULT1C4 is expressed in confluent HepaRG cells
(Dubaisi et al., 2018). Ten 59-RACE clones from Caco-2 cells and 13
clones from confluent HepaRG cells were sequenced and aligned to
human chromosome 2 at the 59-region of the SULT1C4 gene (SULT1C4
gene address: NC_000003.12:108377954-108388989). The 59-positions
of the 23 59-RACE clones, as well as of the SULT1C4 reference
sequences for TV1 and TV2 (NM_006588 and NM_001321770), are
shown in Supplemental Table 2. The 59-ends of the 10 Caco-2 clones
were located 317–400 nt upstream of the translation start site, with six of
these clones beginning at nt 2380 to 2384 relative to the start codon,
which was approximately the same position as the 59-end of the
SULT1C4 mRNA reference sequences (nt 2384 relative to the start
codon). The 59-ends of 10 of theHepaRG cloneswere located 345–372 nt
upstream of the translation start site, with seven of these clones beginning
at nt2353 or2368 relative to the start codon. The 59-ends of three of the
HepaRG clones were further upstream at nt 2460, 2545, and 2690
relative to the start codon. Freimuth et al. (2000) previously reported that
the SULT1C4 gene does not contain a TATA box sequence and
suggested that transcription was likely initiated through an initiator
element. Consistent with this possibility, 11 of the 23 59-RACE clones
had 59-adenosines that were properly located within initiator element
consensus sequences, as defined in a recent report (VoNgoc et al., 2017).
Overall, our data did not demonstrate major differences in transcription
start site between the Caco-2 cells and HepaRG cells or between our
findings and those previously reported by Freimuth et al. (2000) and
confirmed that the translation initiation codon is located in exon 1.

Using this information, primers for RT-PCR were designed that were
predicted to amplify an approximately 1.2-kb fragment of the full-length
SULT1C4 transcript (TV1), with the forward primer located in exon 1
(118 nt upstream of the translation start site) and the reverse primer in
exon 7 (192 nt downstream of the stop codon). Use of these primers
resulted in amplification of three fragments from both Caco-2 and
HepaRG cells: the expected 1.2-kb fragment, a 1.1-kb fragment, and
a 1.0-kb fragment (Fig. 1). These fragments were isolated, cloned,
sequenced, and aligned with the reported SULT1C4 reference sequen-
ces. The results indicated that the 1.2- and 1.0-kb fragments corre-
sponded to TV1 (NM_006588, full-length) and TV2 (NM_001321770,
lacking exons 3 and 4), respectively. The 1.1-kb fragment lacked exon 3;
this fragment was therefore termed E3DEL. These data suggested the
potential expression of three SULT1C4 mRNA variants in human
intestinal and liver cells. Based on the relative band intensities, the data
further suggested that TV2, lacking exons 3 and 4, might actually be
more abundant than the full-length TV1 in the cell lines.
Developmental Expression of SULT1C4 TVs in Liver. Using two

sets of human liver specimens, we recently reported that SULT1C4
mRNA is expressed at high levels in prenatal human liver and at much
lower levels postnatally (Dubaisi et al., 2019). One set of specimens was
analyzed by RT-qPCR, using a TaqMan Gene Expression Assay that
targets the exon 6 to 7 boundary region. Therefore, this assay would
detect all of the SULT1C4 TVs identified in the Caco-2 and HepaRG
cells (i.e., TV1, TV2, and E3DEL). We therefore designed primers for
RT-qPCR that would amplify TV1, TV2, or E3DEL individually
(Fig. 2A) and used these primers to characterize the developmental
expression patterns of the three TVs. Plasmids containing the individ-
ual SULT1C4 TVs were used to generate standard curves to allow
conversion of threshold cycle values to absolute amounts of the
SULT1C4 transcripts (Fig. 2B). As shown in Fig. 2C (values provided
in Supplemental Table 3), prenatal, infant, and adult liver specimens
expressed the three SULT1C4 TVs, and all TVs were present at the
highest levels in the prenatal samples. TV2 was the most abundant
SULT1C4 transcript at all stages of development. The amount of TV2 in
prenatal liver (43.6 amol/mg) was more than fivefold higher than that of
TV1 (7.64 amol/mg). The amount of E3DEL transcript was very low in
all liver specimens.
We also previously evaluated SULT expression in a separate panel of

prenatal and pediatric (i.e., infants and children 1–18 years old) human
liver specimens by RNA-seq (Dubaisi et al., 2019). We therefore
evaluated those data for information about levels of SULT1C4 TVs. The
analysis identified three TVs expressed in liver, TV1, TV2, and
a noncoding TV (Ensembl Transcript ENST00000494122.1). Again,
these TVs were preferentially expressed in the prenatal livers, and TV2

Fig. 1. Amplification of three SULT1C4 TVs from Caco-2 and HepaRG cells. RNA
was isolated from Caco-2 and HepaRG cells and reverse transcribed to cDNA. PCR
was performed using primers predicted to amplify an approximately 1.2-kb fragment
from the full-length (TV1) cDNA sequence. PCR products were resolved on
a 1% agarose gel, stained with ethidium bromide, and visualized under UV
transillumination. The bands corresponding to SULT1C4 TV1, TV2, and E3DEL are
indicated.
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was the most abundant transcript, although the level of TV2 was only
;twofold greater than TV1 in the prenatal samples (Fig. 2D; Supplemental
Table 4). The noncoding TV was present at approximately the same level
as TV1 (Supplemental Table 4).
SULT1C4 Protein Expression from Individual TVs. While we

previously reported that SULT1C4 mRNA levels were high in prenatal
liver, SULT1C4 protein levels were very low (Dubaisi et al., 2019). The
SULT1C4 peptide sequence that was used for targeted quantitative
proteomics is located in exon 6 of the full-length protein sequence
(i.e., isoform derived from TV1, referred to as isoform 1, NP_006579, in

the GenPept database). Because deletion of exons 3 and 4 does not
change the reading frame, this same peptide sequence would be present
in an isoform derived from TV2 (isoform 2, NP_001308699). By
contrast, deletion of only exon 3 would alter the reading frame and
introduce a premature stop codon, so a protein derived from E3DEL
would not be detected by our proteomics assay. To determine the
abilities of the TV1, TV2, and E3DEL transcripts to generate proteins in
cells, expression plasmids containingDDK-tagged TVswere transfected
into HEK293T cells, and TV-derived mRNA and protein levels were
determined by RT-qPCR and Western blot, respectively. While all

Fig. 2. Developmental expression of SULT1C4 TVs in human liver. (A) Schematic representation of the SULT1C4 TVs that were identified in Caco-2 and HepaRG cells and
the primers designed to detect these transcripts individually (primers not drawn to scale). (B) A plasmid standard was prepared for each SULT1C4 TV, and standard curves
were prepared to permit quantification of transcript amounts. (C) RNA was isolated from specimens of prenatal (n = 10), infant (n = 7), and adult (n = 7) human liver, and
SULT1C4 TV levels were measured using RT-qPCR. For each TV, data were grouped according to developmental stage and are expressed as attomole SULT1C4 transcript/
microgram of RNA. Data are shown as scatter plots with the horizontal lines representing the median values. ***Significantly different, P , 0.001. (D) RNA was isolated
from prenatal (n = 10) and pediatric (n = 52) human liver specimens and analyzed by RNA-seq. Data are shown as scatter plots with the horizontal lines representing the
median values. Groups not sharing a letter are significantly different from each other, P , 0.05.
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transfected TVs produced comparable levels of mRNA (Fig. 3A),
the amount of TV1-derived DDK-immunoreactive protein in the
HEK293T cell lysates was much greater than was the amount of protein
derived from TV2 (Fig. 3B). No DDK-immunoreactive protein was
produced after transfection with E3DEL. As confirmation of these
findings, quantitative proteomics analysis revealed that TV1 transfection
produced a quantifiable amount of SULT1C4 protein (5.31 fmol/mg),
whereas the TV2-derived protein level was below the limit of
quantification (Supplemental Table 5).

Discussion

Xenobiotic-metabolizing enzymes that are expressed during early
development are essential determinants of environmental impacts on the
developing fetus. Although they generally play a protective role, some
xenobiotic-metabolizing enzymes can bioactivate certain compounds to
mutagenic species and could therefore enhance the susceptibility of the
fetus to cancer development (Banoglu, 2000; Perera et al., 2002; Murray
et al., 2007). Many studies have detected SULT mRNA, protein, and
activity in various human tissues isolated from prenatal donors (Hines,
2008), and therefore these enzymes presumably metabolize endogenous
and xenobiotic compounds during gestation.
SULT1C4 mRNA was previously reported to be abundantly

expressed in fetal lung and kidney (Sakakibara et al., 1998). Using
human liver specimens and in vitro models of human liver development
(i.e., HepaRG cells and primary cultures of fetal hepatocytes), we
demonstrated that SULT1C4 mRNA is primarily expressed in prenatal
liver or undifferentiated HepaRG cells (Dubaisi et al., 2018, 2019).
However, while SULT1C4mRNA levels were relatively high in prenatal
liver specimens, SULT1C4 protein levels were very low (Dubaisi et al.,
2019). In the current analysis, we describe three SULT1C4 mRNA

variants, TV1, TV2, and E3DEL, that are present in human hepatic and
intestinal cells and are coordinately expressed during human liver
development, with preferential expression in prenatal liver. TV2 and
E3DEL specifically lack exons 3 and 4 or exon 3, respectively, and are
therefore produced by the form of alternative splicing known as exon
skipping (Zhao, 2019).
Whether an exon is included in a mature mRNA depends on

information contained within the primary transcript. For example, the
flanking introns contain the canonical splice elements, i.e., 59 donor
splice site, branch site, and 39 acceptor splice site (Kornblihtt et al.,
2013). Constitutive exons, which are always present in the mature
mRNA, are well defined because they are demarcated by strong splice
sites. By comparison, alternative exons are less well defined, and their
proper recognition requires additional information, such as splicing
enhancer and silencer elements that are located within the alternative
exons themselves or within the flanking introns (Kornblihtt et al., 2013).
For example, exonic splicing enhancers function as binding sites for the
serine/arginine-rich family of proteins, which promote exon definition
by recruiting spliceosomal components and/or by antagonizing splicing
silencers (Cartegni et al., 2003). It therefore seems probable that the
alternative mRNA variants of SULT1C4 arise from the presence and
interactions of cis-acting splicing enhancers/silencers in the SULT1C4
gene. Several computational tools have been developed to analyze gene
sequences for features that control splicing, including donor and
acceptor splice sites, branch point sequences, and cis-acting splicing
enhancer and silencer elements (Brunak et al., 1991; Burge and Karlin,
1997; Cartegni et al., 2003; Desmet et al., 2009). While these analyses
might provide clues to the mechanisms controlling splicing of an
alternative exon, defining the actual mechanism requires substantial
experimental investigation.
Both RT-qPCR andRNA-seq indicated that TV2, lacking exons 3 and

4, is the most abundant transcript in human liver. This deletion does not
introduce a frameshift, and TV2 is predicted to encode a protein that has
a 75-amino-acid deletion relative to the full-length protein encoded by
TV1. Because the active site of SULT1C4 (catalytic histidine residue) is
located within exon 3, TV2 cannot encode a catalytically active
sulfotransferase enzyme (Allali-Hassani et al., 2007).
Our analysis of the abilities of SULT1C4 TV1, TV2, and E3DEL to

generate protein after transfection of expression plasmids into
HEK293T cells indicated that TV1 produced much larger amounts of
protein than did TV2 and that E3DEL produced no detectable protein,
even though all TVs produced comparable amounts of mRNA. The lack
of protein in E3DEL-transfected cells can be explained by the fact that
deletion of exon 3 causes a frameshift that introduces a stop codon into
exon 4 of the transcript. Introduction of this premature stop codonwould
likely cause nonsense-mediated decay of the mRNA, which might also
explain, at least in part, why only small amounts of E3DEL were
detected in Caco-2 and HepaRG cells and human liver samples. Our
finding in the transiently transfected HEK293T cells that E3DEL-
derived mRNA levels were not lower than TV1- or TV2-derived mRNA
levels does not rule out this possibility, as nonsense-mediated mRNA
decay from transiently transfected constructs was recently reported to be
deficient in HEK293 cells (Gerbracht et al., 2017). The lower protein
content observed in TV2-transfected cells is likely attributable to
instability of the generated protein, which would have a massive loss
of 75 amino acids relative to the wild-type protein.
The noncoding RNA that was detected in this study,

ENST00000494122.1, is described as containing two exons and one
retained intron, and it spans nt NC_000002:108,377,911 – 108,382,922
(i.e., 5012 nt in length) (Ensembl.org website). Alignment of
ENST0000494122.1 to the SULT1C4 gene sequence indicates that exon
1 and intron 1 of ENST0000494122.1 are the same as exon 1 and intron

Fig. 3. SULT1C4 mRNA and protein levels after transfection of expression
plasmids for individual TVs into HEK293T cells. Total RNA (A) and whole-cell
lysates (B) were prepared from HEK293T cells that were transfected with DDK-
tagged TV1, TV2, or E3DEL expression plasmid (or with empty vector, EV) and
analyzed by RT-qPCR and Western blot, respectively. (A) RNA levels are expressed
as mean 6 range (from two independent experiments) relative to the amount
measured in cells transfected with TV1. (B) A representative Western blot image
shows DDK-tag and b-actin (endogenous loading control) immunoreactivity.
Locations of the TV1- and TV2-derived proteins are indicated, as is the location of
a nonspecific band that was present in all groups. Note that one-fourth the amount of
TV1 lysate (15 mg total protein) was loaded compared with the other transfectant
lysates (60 mg protein). Similar results were obtained in two additional experiments.

Expression of SULT1C4 Transcript Variants in Human Liver 519

http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.120.090829/-/DC1
http://Ensembl.org


1 of TV1/2, whereas exon 2 of ENST0000494122.1 consists of exon 2,
intron 2, exon 3, and ;70% of intron 3, where it terminates within
a 29-nt–long tract of adenosine residues. The biologic function of this
noncoding RNA is unknown, including whether it plays any role in
controlling the expression and/or alternative splicing of SULT1C4mRNA.
It is now recognized that the vast majority of human genes are

alternatively spliced (Johnson et al., 2003; Kampa et al., 2004; Matlin
et al., 2005; Zhao, 2019). It is also recognized that many genes are
transcribed into both protein-coding mRNAs and noncoding RNAs.
This study establishes SULT1C4 as such a gene. While the gene can be
expressed as a transcript (TV1) that encodes a full-length protein with
robust sulfotransferase activity (isoform 1), a substantial portion of the
mRNA consists of a variant that lacks two internal exons (TV2). The
functional significance of TV2 is currently unclear, but this transcript
cannot encode a functional sulfotransferase enzyme and does not even
appear to generate a stable protein. It remains to be determined whether
TV2 can function as a regulatory RNA. The main conclusion of the
current study is that it provides a plausible explanation for our previously
observed discrepancy between the levels of SULT1C4 mRNA and
protein that were measured in human liver specimens: the more
abundant TV2 produces relatively little protein.
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