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ABSTRACT

The liver is the predominant organ of metabolism for many endog-
enous and foreign chemicals. Cytosolic sulfotransferases (SULTs)
catalyze the sulfonation of drugs and other xenobiotics, as well as
hormones, neurotransmitters, and sterols, with consequences that
include enhanced drug elimination, hormone inactivation, and
procarcinogen bioactivation. SULTs are classified into six gene
families, but only SULT1 and SULT2 enzymes are expressed in
human liver. We characterized the developmental expression pat-
terns of SULT1 and SULT2 mRNAs and proteins in human liver
samples using reverse transcription quantitative polymerase chain
reaction (RT-qPCR), RNA sequencing, and targeted quantitative
proteomics. Using a set of prenatal, infant, and adult liver speci-
mens, RT-qPCR analysis demonstrated that SULT1A1 (transcript
variant 1) expression did not vary appreciably during development;

SULT1C2, 1C4, and 1E1mRNA levelswere highest in prenatal and/or
infant liver, and 1A2, 1B1, and 2A1mRNA levelswere highest in infant
and/or adult. Hepatic SULT1A1 (transcript variant 5), 1C3, and 2B1
mRNA levels were low regardless of developmental stage. Results
obtained with RNA sequencing of a different set of liver specimens
(prenatal and pediatric) were generally comparable results to those
of the RT-qPCR analysis, with the additional finding that SULT1A3
expression was highest during gestation. Analysis of SULT protein
content in a library of human liver cytosols demonstrated that
protein levels generally corresponded to the mRNAs, with the major
exception that SULT1C4 protein levels were much lower than
expected based on mRNA levels. These findings further support
the concept that hepatic SULTs play important metabolic roles
throughout the human life course, including early development.

Introduction

Experimental and epidemiologic studies increasingly indicate that
early life exposures to environmental stressors can increase a person’s
risk for developing diseases, such as cancer and metabolic syndrome,
later in life (Murray et al., 2007; Drake et al., 2010; La Merrill et al.,
2013; Merlo et al., 2014; Shen et al., 2014). The vulnerability of a
developing fetus to the adverse effects of xenobiotic exposures is
modulated by the defense systems that are present in mother and child. It
is well known that xenobiotic-metabolizing enzymes and transporters
undergo temporal changes in expression during development, and three
major patterns of hepatic expression have been described: 1) class I,
where expression is highest in prenatal liver; 2) class II, where

expression is relatively constant from prenatal to adult life; and 3) class
III, where expression is highest in adult liver (Hines, 2013).
The cytosolic sulfotransferases (SULTs) are xenobiotic-metabolizing

enzymes that add a sulfonate moiety to a suitable functional group on a
substrate molecule. These conjugation reactions protect against toxicity
produced by certain chemicals, such as acetaminophen (Reiter and
Weinshilboum, 1982; Yamamoto et al., 2015), as well as activate some
prodrugs, such as minoxidil (Falany and Kerl, 1990). SULTs also
regulate physiologic processes by sulfonating endogenous molecules,
thereby modulating their biologic activities. For example, several
SULTs, including SULT1A1, SULT1B1, SULT1C2, and SULT1E1,
can metabolize various forms of thyroid hormone, which regulates
multiple metabolic pathways (Wang et al., 1998; Kester et al., 1999; Li
et al., 2000). Another consequence of sulfonation is bioactivation of
certain procarcinogens, such as N-hydroxylated arylamines and hetero-
cyclic amines (Chou et al., 1995).
SULTs are expressed in hepatic and extra-hepatic tissues throughout

development. In a study quantifying the levels of five major SULT
proteins in human tissues, Riches et al. (2009) reported that SULT1A1,
SULT2A1, and SULT1B1 are the most abundant SULTs in adult human
liver, while SULT1E1 is present and SULT1A3 is not detectable. Using
a panel of 235 human liver cytosols prepared from donors ranging in age
from early gestation to 18 years, we previously reported that SULT1E1,
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1A1, and 2A1 proteins are expressed with class I, II, and III
developmental patterns, respectively (Duanmu et al., 2006). Additional
evidence indicates that SULT1A3 and SULT1C subfamily members are
also preferentially expressed in fetal liver (Cappiello et al., 1991; Her
et al., 1997; Sakakibara et al., 1998; Richard et al., 2001; Stanley et al.,
2005). These findings suggest that several SULT enzymes are poised to
play important roles in hepatic metabolism during prenatal life.
Interspecies variation in the expression of xenobiotic-metabolizing

enzymes has been well documented (DeKeyser and Shou, 2012).
Marked differences in SULT sequence, expression, and regulation have
been reported in multiple studies. For example, while human SULT1C2
shares greater than 90% sequence similarity with its apparent mouse, rat,
and rabbit counterparts, human SULT1C3 and SULT1C4 share less than
80% amino acid sequence similarity with any of the known SULT1C
proteins in the three animal species (Runge-Morris and Kocarek, 2013).
Interspecies differences in SULT sequences are reflected in differ-
ences in the orthologs’ substrate specificities. This is exemplified by
SULT1A1, where human SULT1A1 and its presumed mouse, rat, and
rabbit orthologs share 79%–85% amino acid sequence similarity and a
preference for sulfonation of phenolic substrates. However, human
SULT1A1 has much higher activity than the animal enzymes toward
troglitazone and 2-amino-49-hydroxy-1-methyl-6-phenylimidazo[4,5-
b]pyridine (Honma et al., 2001). As an interspecies difference in
regulation, we previously reported that activation of peroxisome
proliferator-activated receptor a increased expression of SULT2A1 in
primary cultured human but not rat hepatocytes (Fang et al., 2005).
Considering these interspecies differences, it is important to include the
use of human biospecimens and cellular models when studying the
expression and function of SULTs.
Studies examining SULT activity in human liver cytosols have

demonstrated that SULTs are enzymatically active during development,
and therefore likely play important roles inmodifying hormone activities
and detoxifying drugs and other xenobiotics (Richard et al., 2001;
Stanley et al., 2005). To gain more insight into the role of SULTs during
development, we characterized the expression patterns of these enzymes
at the RNA and protein levels using human liver specimens and cytosols
from different life stages. To achieve a high level of rigor in our
assessment, we evaluated SULT expression in three independent sets of
human liver specimens using three different methods of measurement,
two for mRNA and one for protein.

Materials and Methods

Materials. Human prenatal (18 to 19 weeks of gestation, n = 10), infant (1–12
months old, n = 10), and adult (18–50 years old, n = 10) liver specimens analyzed by
reverse transcription quantitative polymerase chain reaction (RT-qPCR) were
obtained from the University of Maryland National Institute of Child Health and
HumanDevelopment Brain and Tissue Bank for Developmental Disorders (National
Institutes of Health Contract Number HHSN275200900011C, Reference Number
N01-HD-9-0011). A separate set of prenatal (weeks 14–16, n = 10) and pediatric
(0 days–17 years, n = 52) human liver specimens was analyzed by RNA sequencing
(RNA-seq). The prenatal specimens were obtained from the Central Laboratory for
Human Embryology at the University of Washington (Seattle, WA). The pediatric
specimens were obtained from the National Institute of Child Health and Human
Development Brain and Tissue Bank for Developmental Disorders and the Liver
Tissue Cell Distribution System (National Institutes of Health Contract Number
N01-DK-7-0004/HHSN267200700004C). In addition, six samples were gener-
ously provided by Xenotech, LLC (Kansas City, KS). All tissues were maintained
at 280�C prior to use. The use of these tissues was reviewed and declared
nonhuman subjects research by the University of Missouri-Kansas City Pediatric
Health Sciences Review Board at Children’s Mercy Kansas City and the
institutional review board at Wayne State University. Donor information
(age, sex, and postmortem interval) for the human liver specimens is provided in
Supplemental Tables 1 and 2.

The library of human liver cytosols used for measurement of SULT protein
levels was previously described (Duanmu et al., 2006). One hundred ninety-three
samples from this library were available for the current analysis. The cytosols
were prepared from livers at different developmental stages, starting from week
8 of gestation until 18 years, and included prenatal samples from first trimester
(n = 15), second trimester (n = 34), and third trimester (n = 13); infants (0 to
1 years old, n = 76); and children (1–18 years old, n = 55). The preparation of the
subcellular fractions and donor information were previously described
(Koukouritaki et al., 2002; McCarver et al., 2017).

RNA Isolation and Gene Expression Analysis. For the samples analyzed by
RT-qPCR, liver specimens were thawed on ice, and 30–50 mg pieces were
dissected and homogenized in QIAzol Lysis Reagent using a TissueRuptor
(Qiagen Inc., Germantown,MD). Total RNAwas prepared using the RNeasy Plus
Universal Mini Kit (Qiagen), and RNA quality was determined using a
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). The RNA integrity
number (RIN) was used to assess the quality of the RNA samples. All prenatal
RNA samples had RIN values .8, whereas most of the infant and adult RNA
samples had RIN values.5. Three infant and three adult liver specimens yielded
RNA with RIN values,4. These samples were considered extensively degraded
and were excluded from the analysis. RNA samples (3 mg) were reversed
transcribed using the High Capacity cDNA Reverse Transcription Kit, according
to the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA). The
levels of nine SULT transcripts, CYP3A4, and CYP3A7 were measured using the
TaqMan Gene Expression Assays (Thermo Fisher Scientific) listed in Supple-
mental Table 3, 75 ng of cDNA, and a StepOnePlus Real-Time PCR System
(Thermo Fisher Scientific). The assays were performed as described previously
(Fang et al., 2007). The SULT or CYP3A4/7mRNA level in each sample was first
normalized to the corresponding 18S RNA level to calculate theD threshold cycle
(DCt). The DCt values in the various samples were then normalized to the median
DCt value of the prenatal group to calculate DDCt. Relative mRNA levels were
then calculated as 22DDCt (Livak and Schmittgen, 2001).

For the samples analyzed by RNA-seq, frozen liver specimens (20–30 mg)
were homogenized and total RNA was extracted according to the RNeasy
protocol (Qiagen) with on-column DNase I treatment. The quality of the isolated
RNA was assessed using an Experion Automated Electrophoresis Station (Bio-
Rad, Hercules, CA) and evaluated by the RNA quality indicator (RQI) value. All
samples analyzed by RNA-seq had RQI values.4.9, with 39 (out of 62) samples
having RQI values.8. Libraries were then prepared from 1mg total RNA of each
sample using the TruSeq Stranded Total RNA Sample Prep Kit (Illumina, San
Diego, CA). Paired-end sequencing (2� 101 base pairs) of high-output run mode
was performed using the HiSeq1500 instrument (Illumina). The resulting base
calling files were converted to FASTQ files and trimmed RNA-seq reads were
mapped to the human genome (GRCh37/hg19). Transcript assembly and
abundance estimation were conducted using the Tuxedo Suite pipeline and
reported in transcripts per kilobase of exon per million fragments mapped (i.e.,
transcripts per million). The transcripts per million values were log transformed
and differences in mRNA expression were compared between age groups. Age
groups were defined according to National Institute of Child Health and Human
Development Pediatric Terminology and are presented as follows: prenatal
samples, infants,1 year of age, children 1 to 2 years of age, children 2–5 years of
age, children 6–11 years of age, and adolescents 12–17 years of age (Williams
et al., 2012).

Targeted Quantitative Proteomics. Protein concentrations of liver cytosols
were estimated using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific). For each sample, 100 mg of protein was resolved on a 4%–12%
bis(2-hydroxyethyl)iminotris(hydroxymethyl)methane/Tris gel (Thermo Fisher
Scientific) in duplicate. The region between 30 and 40 kDa was excised and
proteins were reduced, alkylated, and digested with Trypsin In-Gel. Peptides were
eluted from the gel pieces and dried. Heavy proteotypic AQUA peptides with
labels on C-terminal lysine or arginine residues for eight SULTs were purchased
from Thermo Fisher Scientific, and aliquots were stored at280�C as 10X stocks
(40 fmol/ml). On the day of the assay, the dried sampleswere resuspended in 30ml
of 5% acetonitrile, 0.1% formic acid, and 0.005% trifluoroacetic acid buffer
containing 120 fmol of each heavy peptide, and 5ml was separated by C18 reverse
phase chromatography using an Easy nLC-1000 (Thermo Fisher Scientific) and a
20-minute gradient that increased from 5% to 40% acetonitrile over 20 minutes at
300 nl/min. Peptides were analyzed with a TSQ Vantage triple quadrupole mass
spectrometer (Thermo Fisher Scientific). Transition settings were optimized for
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Fig. 1. SULT mRNA developmental expression profiles in human liver specimens analyzed by RT-qPCR. RNA was isolated from human liver specimens from prenatal,
infant, and adult donors, and levels of SULT1A1 (TV1 or TV5), 1A2, 1B1, 1C2, 1C3, 1C4, 1E1, 2A1, and 2B1 were measured using TaqMan Gene Expression assays, as
described in Materials and Methods. CYP3A4 and CYP3A7 mRNA levels were measured for comparison. The median Ct value for each transcript and developmental stage is
shown as an estimation of abundance. For each transcript, data are normalized to the median mRNA level (Ct value) in the prenatal group and presented as scatter plots, with
the horizontal lines representing the median values (significantly different; *P , 0.05; **P , 0.01; ***P , 0.001).
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Fig. 2. SULT mRNA developmental expression profiles in human liver specimens analyzed by RNA-seq. RNA-seq was performed on human liver specimens from prenatal
and pediatric donors (divided into the following groups: infants, 1 to 2 years old, 2–5 years old, 6–11 years old, and 12–17 years old), and the transcripts per million values
for SULT1A1 (TV1/2, TV3/4, or TV5), 1A2, 1A3, 1B1, 1C2, 1C3, 1C4, 1E1, 2A1, and 2B1 and CYP3A4 and 3A7 were determined as described in Materials and Methods. For
each transcript, data are normalized to the median mRNA level in the prenatal group and presented 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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collision energies and peak retention times. Analysis time for each peptide
spanned over a 2-minute window during the 20-minute gradient. Instrument
settings included full width at half maximum of 0.7 and cycle time of 1.2 seconds.
Multiple reactions monitoring settings are shown in Supplemental Table 4.

Data were imported into Skyline (version 4.1.0; MacCoss Laboratory,
University of Washington). Integrated peaks were manually validated and those
with signal-to-noise ratios,3 were excluded. The areas under the curve (AUCs)
for each transition peak were summed per peptide, and final calculations for
absolute quantitation were obtained using the following equation:

fmol SULT per mg cytosol ¼ 20 fmol�
�
+ light transition AUCs

�

+ heavy transition AUCs

� 6
0:1mg

Samples were analyzed in duplicate; therefore, results represent the average of two
samples. The limit of detection was determined as the lowest concentration of a
standard curve where the transition ion ratios and coelution profiles of the unlabeled
synthetic peptide were similar to that of the labeled synthetic peptide. Additionally, a
signal-to-noise ratio $3 and a CV from triplicate measurements #25% were used.
The calculated on-column limit of detection values for SULT1C2 and 1C4 were
500 and 600 amol, respectively, which would correspond to detection of 30 and
36 fmol per milligram of cytosolic protein. For the purposes of plotting data and
performing statistical analyses, the level of a SULT protein in a sample with an
undetectable level of that protein was given a value of 0.

Data Analysis. Samples were grouped according to age, and scatter and box-
and-whisker plots were prepared for the mRNA and protein data, respectively.
Statistical comparisons among groups were performed using Kruskal-Wallis
nonparametric ANOVA and Dunn’s multiple comparisons test, using Prism
version 6 (GraphPad Software, La Jolla, CA).

Results

Developmental Expression of SULT mRNA in Human Liver.
There are currently few studies that evaluate the developmental
expression profiles of SULT mRNAs at multiple times during the
human life course. Therefore, we obtained specimens of pre- and
postnatal human liver and characterized the developmental expression of
SULT1 and SULT2 family genes using RT-qPCR and RNA-seq. While
CYP3A7 is established as a gene that is preferentially expressed during
fetal life, and remains detectable in many individuals until 2 years of age,
CYP3A4 is known to be primarily expressed in postnatal liver (Lacroix
et al., 1997; Stevens et al., 2003). Therefore, CYP3A7 and CYP3A4
mRNA levels were measured in our tissue sets to demonstrate that these
expected patterns of expression were observed (Figs. 1 and 2).
Figure 1 shows the levels of SULT mRNA in prenatal, infant, and

adult liver, as measured by RT-qPCR. Based on the information about
SULT1A1 transcript variants (TVs) published in GenBank (https://
www.ncbi.nlm.nih.gov/gene/6817) (five reported TVs), SULT1A1
mRNA was measured using two different TaqMan Gene Expression
Assays. The first was designed to detect TV1, reported to be the most
abundant transcript that encodes isoform a, and the second detected TV5,
which has a unique transcription start site that is located more than 10 kb
upstream from that of TVs 1–4 and encodes isoform b. SULT1A1 (TV1),
1A2, 1B1, 1C2, 1C4, 1E1, and 2A1 mRNAs were readily detectable (as
determined by Ct values ,30) in at least one of the developmental
stages, but SULT1A1 (TV5), 1C3, and 2B1 mRNAs were minimally
present at all stages (Ct$ 33) (Fig. 1). Although the differences were not
statistically significant, SULT1E1 showed a clear trend toward prefer-
ential expression in the prenatal specimens, while SULT2A1 expression
was highest in the postnatal specimens, in agreement with our previous
analysis of SULT1E1 and 2A1 immunoreactive protein in human liver
cytosols (Duanmu et al., 2006). Nevertheless, SULT2A1 mRNA levels
were relatively high in the prenatal specimens, as estimated by a median
Ct value of 25.5, which was the third lowest (approximately the same as

SULT1A1 TV1) after SULT1C4 and 1E1. Like SULT2A1, SULT1A2
mRNA levels were higher in the postnatal specimens than in the prenatal
specimens, while for SULT1B1, mRNA levels were highest in the adult
specimens. SULT1C2 and 1C4 were preferentially expressed in the
prenatal and infant liver specimens. However, the SULT1C2 and
SULT1C4 expression patterns were not identical since SULT1C2mRNA
content was highest in the infant livers, with a median level that was;3-
and 310-fold higher than it was in the prenatal and adult specimens,
respectively. By contrast, SULT1C4 mRNA content was highest in the
prenatal specimens, with a median level that was ;91- and ;192-fold
higher than it was in the infant and adult specimens, respectively.
A separate set of pre- and postnatal human liver specimens was

analyzed by RNA-seq, and the relative SULT transcript levels from this
data set were compared with the RT-qPCR findings. While both tissue
sets included prenatal and infant liver specimens, the set used for RNA-
seq included specimens from children ranging in age from 1 to
17 [evaluated as five age groups: infants (,1 year of age), and children
1 to 2, 2–5, 6–11, and 12–17 years of age] but did not include adult
specimens. As for the RT-qPCR data, CYP3A7 and 3A4 displayed the
expected patterns of predominantly prenatal and postnatal expression,
respectively (Fig. 2). The SULT1A1, 1A2, 1C2, 1C4, 1E1, and 2A1
developmental expression profiles determined by RNA-seq (Fig. 2)
were generally consistent with those observed by RT-qPCR (Fig. 1).
SULT1A1 was expressed at a relatively constant level throughout
development, with SULT1A1 TV1/2 being the most abundant transcripts
(Supplemental Table 5); SULT1A2 expression did not vary significantly
during development but showed a trend toward higher expression in the
postnatal periods (particularly in infants and children $2 years old);
SULT1C2, 1C4, and 1E1 mRNA levels were highest in the specimens
from prenatal donors; and SULT2A1 expression increased after birth
(Fig. 2; Supplemental Table 5). SULT1A1 TVs 3/4 and 5, 1C3, and 2B1
mRNA levels were low throughout development (Supplemental Ta-
ble 5). SULT1B1 mRNA levels in prenatal liver specimens were not
significantly different from those in infant liver, which is also consistent
with the RT-qPCR data, but were higher than they were in the specimens
from children ages 2–5 to 6–11. The higher SULT1B1mRNA levels that
were present in the adult liver specimens analyzed by RT-qPCR could
not be confirmed since the tissue set analyzed by RNA-seq did not
include adult specimens. SULT1A3 mRNA, which was not analyzed by
RT-qPCR, was also detected in prenatal and postnatal liver by RNA-seq,
with highest expression in specimens from prenatal donors, infants, and
children 1 to 2 years old. Two differences between the tissue sets
analyzed by RT-qPCR and RNA-seq were that SULT1B1 and 1C4were
the seventh and first most abundant transcripts in the prenatal samples in
Fig. 1 (as estimated by Ct values) but were the second and seventh most
abundant transcripts in prenatal samples in Supplemental Table 5 (as
estimated by the transcripts per million values).
SULT Protein Developmental Expression in Human Liver. Since

gene expression at the mRNA level does not always reflect protein
abundancy, we used targeted quantitative proteomics to measure the
protein levels of SULT1A1, 1A2, 1A3, 1B1, 1C2, 1C4, 1E1, and 2A1 in
human liver cytosols isolated from prenatal, infant (0–12 months old),
and child (1 to 2, 2–5, 6–11, and 12–18 years old) donors. One-half of
these SULTs (SULT1A1, 1C2, 1E1, and 2A1) were detected in at least
90% of the samples that were evaluated, while the others were detected
in smaller percentages of the samples (11%–69%). Most SULT proteins
were detected in the prenatal period, some as early as 9 to 10 weeks of
gestation, and their prenatal levels were generally highest at the
beginning of the second trimester (14–17 weeks) (Supplemental Fig. 1).
SULT1A1 was detected in all but two of the cytosols that were

analyzed (bothwere prenatal samples) and was themost abundant SULT
protein regardless of developmental stage (median levels of 1126–2681
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fmol per milligram of cytosolic protein among the age brackets).
SULT1A1 protein levels were relatively constant throughout the age
groups that were evaluated, although the levels appeared to trend upward
somewhat during later childhood (6–11 and 12–18 years) (Fig. 3).
SULT1A2 was detected in most (69%) of the cytosols that were

analyzed, with the frequency of detection ranging from 36% to 100%
among the various age groups. The median levels of SULT1A2 protein
were highest in the two oldest age groups (195 and 145 fmol/mg in
children 6–11 and 12–18 years old, respectively).
SULT1A3 was detected in only 34% of the samples and was detected

more frequently in samples from some of the earlier age groups [prenatal
(60%) and children 1 to 2 years of age (100%), although not infant
(16%)] than it was in samples from older children (13%–19%). The
median level of SULT1A3 in the prenatal samples was 144 fmol/mg.

SULT1B1 was detected in a relatively small percentage of the
samples that were analyzed (38%). The percentage of detection was
especially low in the prenatal samples (21%). Detection then trended
upward (except in children 2–5 years), from 36% of infant samples to
100% of children 1 to 2 years, and 56%–75% of children 6–18 years.
The median level of SULT1B1 in children 12–18 years was
331 fmol/mg.
SULT1C2 was detected in 95% of the samples that were evaluated.

The median levels of protein were significantly higher in the prenatal
samples (61 fmol/mg) than they were in children 2–18 years. Unlike
SULT1C2 protein, and unlike the findings for SULT1C4 mRNA,
SULT1C4 protein was detected in a small percentage of the samples
(11%). The largest percentage of detection of SULT1C4 protein
occurred in specimens from prenatal donors and children 1 to 2 years

Fig. 3. SULT protein developmental expression profiles in human liver cytosols analyzed by targeted quantitative proteomics. SULT1A1, 1A2, 1A3, 1B1, 1C2, 1C4, 1E1,
and 2A1 protein levels were measured by targeted quantitative proteomics in a library of 193 human liver cytosols from prenatal and pediatric donors (divided into the
following groups: infants, 1 to 2 years old, 2–5 years old, 6–11 years old, and 12–18 years old). The data for each developmental stage are presented as box and whisker plots
of femtomole SULT/mg cytosolic protein, where the whiskers indicate the fifth to 95th percentile. .LD indicates greater than the limit of detection = the number of samples
in each group with detectable levels of SULT protein. Groups not sharing a letter are significantly different from each other (P , 0.05).
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(27% and 44%, respectively). The majority of SULT1C4 protein
detected in the prenatal specimens was seen in the earliest ages that
were evaluated (;9–16 weeks) (Supplemental Fig. 3). No SULT1C4
protein was detected in children 2–18 years.
SULT1E1 was detected in all samples that were evaluated. SULT1E1

was the second most abundant SULT protein in prenatal liver cytosols
(873 fmol/mg) and its levels were lower in the postnatal groups (104–
185 fmol/mg).
SULT2A1 was detected in 90% of the samples and was detected at

approximately this frequency in all age groups (79%–100%). The
median levels of SULT2A1 in cytosols from prenatal donors and
children 12–18 were 45 and 158 fmol/mg, respectively.

Discussion

Previous studies have demonstrated that xenobiotic-metabolizing
enzymes are expressed during human development, as early as the first
trimester of fetal life (Koukouritaki et al., 2002, 2004; Stevens et al., 2003;
Duanmu et al., 2006). For example, flavin-containing monooxygenase
1 and SULT1E1 are detected in liver at 8weeks of gestation (Koukouritaki
et al., 2002; Duanmu et al., 2006). Many of these enzymes have dual roles
in the regulation of endogenous processes as well as in protecting the
developing human from exposures to drugs and environmental toxicants.
However, some of the detoxification enzymes that are expressed during
early development are capable of bioactivating procarcinogens and other
xenobiotics, thereby increasing the risk of developmental disorders and
diseases later in life. Therefore, identifying the enzymes that determine the
xenobiotic-metabolizing capacity of the liver during development is
important, both to understand the physiologic roles of these enzymes in
human development and the risks that are associated with xenobiotic
exposures during this critical life window of susceptibility.
To determine the developmental expression patterns of the major

SULTs that have been detected in human liver, we used liver specimens
that were mostly obtained from National Institutes of Health–supported
repositories. It is known that human tissue RNA is susceptible to
degradation due to postmortem processes as well as the handling and
storage procedures that are used (Holland et al., 2003). Although some
of the RNA samples we used for RT-qPCR were partially degraded, we
do not believe that this negatively affected our results. Previous studies
have indicated that the effect of RNA quality is minimal when: 1) Ct

values are normalized to a reference gene, 2) PCR products are short
(,200 base pairs), and 3) PCR reaction efficiency is high (Antonov
et al., 2005; Fleige et al., 2006; Weis et al., 2007; González-Herrera
et al., 2013). In this study, we used TaqMan Gene Expression Assays
that produce relatively short amplicons (,200 base pairs) and have
essentially 100% amplification efficiency, and we normalized mRNA
levels to 18S RNA levels, which were relatively stable among the
samples that were analyzed. As for the RNA-seq data, the RQI values
and total reads did not significantly correlate, suggesting that partial
degradation of some RNA samples did not adversely affect the analysis.
Additionally, the expression profiles of most SULTs that were de-
termined by RT-qPCR, RNA-seq, and mass spectrometry were
qualitatively similar, suggesting that RNA quality did not affect our
overall conclusions.
The RT-qPCR and RNA-seq data were generally consistent, although

some discrepancies were noted, such as the previously described
differences in SULT1B1 and 1C4 RNA abundance in the prenatal
specimens that were determined by the two methods. To some extent,
these discrepancies could reflect the small differences in developmental
ages of the prenatal specimens in the two data sets, since the specimens
analyzed by RNA-seq were from subjects at 14–16 weeks of gestation
while those analyzed by RT-qPCR were from donors at 18 to 19 weeks

of gestation. Differences could also reflect the nature of the two RNA
quantification approaches, where one targets a specific region of a
targeted transcript and the other assembles and aggregates counts of
sequence reads that map onto the human genome.
We recently investigated SULT expression in two cell culture models

of human hepatic development: primary cultures of fetal human
hepatocytes and HepaRG cells as they passed through the stages of
proliferation, confluency, and differentiation to hepatocyte-like cells
(Dubaisi et al., 2018). The most abundant SULTmRNAs (as determined
by RT-qPCR) in the primary cultured fetal human hepatocytes (in
approximate order of abundancy) were SULT1C4 . 1E1 . 1A1 �
2A1 . 1C2, which was the same order (as estimated by median Ct

values) that was seen in the prenatal sample set analyzed by RT-qPCR
(i.e., using the same assays). In the HepaRG model, SULT1B1, 1C2,
1C3, 1C4, and 1E1 mRNA levels were highest in confluent cells, with
markedly reduced expression in differentiated cells. SULT1A1 and
SULT2A1mRNAs were also abundant in confluent cells, but SULT1A1
expression was relatively constant throughout the differentiation pro-
cess, while SULT2A1 expression increased further with differentiation.
These patterns of SULT expression are consistent with the idea that
confluent HepaRG cells represent an early differentiation stage akin to
fetal liver, while differentiated HepaRG cells represent a stage that is
more like adult liver.
We also determined the profiles of SULT proteins during liver

development using a library of human liver subcellular fractions that has
been previously used by us and others to characterize the developmental
expression profiles of xenobiotic-metabolizing enzymes, including
flavin-containing monooxygenase 1 and 3 (Koukouritaki et al., 2002),
CYP2C9 and 2C19 (Koukouritaki et al., 2004), CYP2E1 (Johnsrud
et al., 2003), CYP3A (Stevens et al., 2003), and SULT1A1, 1E1, and
2A1 (Duanmu et al., 2006). These previous studies used western blot
and enzymatic activity analyses to demonstrate that xenobiotic-
metabolizing enzymes display three basic patterns of developmental
expression (Hines, 2013), and that enzymes belonging to the same
subfamily can have markedly different expression profiles.
In the current investigation, we used targeted quantitative proteomics

to measure SULT protein contents. Mass spectrometry–based ap-
proaches have been used to detect and quantify enzymes and transporters
involved in drug disposition (Gröer et al., 2014; Cie�slak et al., 2016;
Bhatt et al., 2019). As confirmation of the approach, SULT1A1, 1E1,
and 2A1 were found to exhibit the same expression profiles that we
previously reported when the liver cytosols were analyzed by western
blot (Duanmu et al., 2006).
In contrast to our observations, Nowell et al. (2005) did not detect

SULT1A2 protein in human hepatic or extra-hepatic normal tissue or
tumor samples that were analyzed by western blot. SULT1A2 mRNA
was previously detected by conventional RT-PCR in some tissues
including liver (Zhu et al., 1996; Dooley et al., 2000), and it was
suggested that SULT1A2 mRNA could not be translated into protein
because of a splicing defect. However, two later studies did detect low
levels of SULT1A2 protein in adult human liver (Meinl et al., 2006;
Teubner et al., 2007).
In agreement with our analyses, previous studies demonstrated that

SULT1A3 mRNA, protein, and enzymatic activity were detectable in
fetal liver, but protein and activity were very low or undetectable in adult
liver (Cappiello et al., 1991; Richard et al., 2001; Stanley et al., 2005;
Riches et al., 2009), although SULT1A3 mRNA was reported to be
detectable in adult liver (Wood et al., 1994; Dooley et al., 2000) and was
observed by RNA-seq in the current study.
SULT1B1 mRNA and protein have been reported to be expressed at

relatively high levels in adult human liver (Wang et al., 1998; Stanley et al.,
2005; Meinl et al., 2006; Riches et al., 2009), and Stanley et al. (2005)
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detected SULT1B1 mRNA, but not protein, in fetal liver. In the current
analysis, we determined that SULT1B1 protein levels increased during
development. These findings were consistent with the observed SULT1B1
mRNA expression pattern obtained by RT-qPCR, but not RNA-seq.
Unlike SULT1B1, SULT1C2mRNAand proteinwere previously detected
in fetal but not adult liver (Her et al., 1997; Stanley et al., 2005), consistent
with the findings of the current analysis. One study did report detectable but
very low levels of SULT1C2 mRNA in adult liver (Dooley et al., 2000).
The discrepancy between the SULT1C4 mRNA and protein abun-

dance in the prenatal liver appears to be at least partially attributable to the
expression of multiple SULT1C4 transcript variants, some of which do
not give rise to stable protein (S. Dubaisi, H. Fang, R. Gaedigk, C. A.
Vyhlidal, J. A. Caruso, T. A. Kocarek, andM. Runge-Morris, manuscript
in preparation).
We previously reported that SULT1E1 protein levels were higher in

cytosols from prenatal male than female livers (Duanmu et al., 2006).We
did not detect a significant sex difference in prenatal expression of
SULT1E1 in the current study, whichmight be attributable to the fact that
36 fewer cytosolic samples were available for analysis in the current
study than were previously available. We also did not detect significant
sex differences in the expression of any of the other SULTs. Therefore,
the few differences in the patterns of SULT expression that we observed
in the three tissue sets were probably not attributable to differences in the
numbers of male and female samples that were included in the tissue sets.
The abundant expression of several SULTs in prenatal liver suggests

that these enzymes play important roles in the regulation of key
physiologic processes during human development. By controlling the
amounts and activities of bioactive endogenous substrates, SULTs
would protect developing individuals against developmental errors that
could occur if these substrates were present in excess. For example, the
preferential expression of SULT1A3, 1C2, and 1E1 in fetal and infant
liver suggests that these SULTs are required to control the activities of
catecholamines, thyroid hormones, and estrogens during early develop-
ment (Dajani et al., 1999; Li et al., 2000; Adjei and Weinshilboum,
2002). At the same time, these SULTs are available to metabolize
xenobiotics that pass through the placenta, thereby providing a defense
system against toxic assault, or in some cases increasing the toxicity of
the exposure. Further studies are needed to clarify the roles of the SULTs
as determinants of health and disease during gestation and throughout
the human life course.
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Supplemental Table 1: Donor information for samples analyzed by RT-qPCR 

Developmental 
Stage Sample ID Sex Prenatal Age Postnatal Age 

Postmortem 
Interval 
(hours) 

Prenatal 

34 Female 18 weeks  1 
40 Female 18 weeks  1 
42 Female 18 weeks  1 
235 Female 19 weeks  1 
246 Male 19 weeks  1 
276 Male 18 weeks  1 
317 Male 19 weeks  1 
893 Female 19 weeks  2 
1330 Female 18 weeks  2 
1390 Female 18 weeks  1 

Infant 

75 Male  96 days 36 
82 Male  137 days 37 
83 Male  69 days 27 
326 Female  66 days 19 
1102 Male  119 days 22 
1472 Female  118 days 19 
1490 Female  70 days 23 

Adult 

289 Male  24 years, 362 days 5 
602 Male  27 years, 42 days 15 
819 Male  18 years, 217 days 28 
1021 Male  19 years, 242 days 14 
1028 Male  39 years, 11 days 14 
1539 Female  33 years, 177 days 23 
5611 Female  50 years, 183 days 15 
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Supplemental Table 2: Donor information for samples analyzed by RNA-seq 

Developmental 
Stage Sample ID Sex Prenatal Age Postnatal Age Postmortem 

Interval (hours) 

Prenatal 

20636 Male 14.7 weeks   <2 
21248 Female 14.7 weeks   <2 
21251 Male 14.7 weeks   <2 
21432 Male 16.1 weeks   <2 
21601 Male 16.4 weeks   <2 
21605 Male 14.7 weeks   <2 
21806 Female 16.4 weeks   <2 
21883 Male 16.4 weeks   <2 
21949 Female 16.1 weeks   <2 
21978 Female 15.6 weeks   <2 

Infant 

86 Male   56 days 11 
432 Male   4 days 2 
435 Male   274 days 10 
569 Male   133 days 16 
759 Male   35 days 7 
774 Male   273 days 10 
780 Male   0 days 13 
825 Male   334 days 11 
1055 Male   96 days 12 
1157 Female   20 days 14 
1281 Male   206 days 6 
1296 Male   98 days 16 
1325 Female   182 days 18 
1547 Male   259 days 10 

Child 

64 Male   15 years 13 
346 Male   3 years 11.17 
617 Female   1 year, 347 days 9 
677 Male   1 year, 353 days 13 
689 Female   5 years 19.5 
792 Male   4 years 14.5 
872 Male   2 years 14.5 
885 Male   17 years 12.5 
1860 Male   8 years, 2 days 5 
8902 Male   7 years Surgical specimen 
8906 Male   12 years Surgical specimen 
8910 Male   14 years Surgical specimen 
8917 Female   6 years Surgical specimen 
8920 Male   11 years Surgical specimen 
8924 Female   9 years Surgical specimen 
8925 Male   8 years Surgical specimen 
8926 Female   1 year, 304 days Surgical specimen 
8935 Male   17 years Surgical specimen 
9003 Female   7 years Surgical specimen 
9006 Male   10 years Surgical specimen 
9011 Female   3 years, 183 days Surgical specimen 
9013 Male   11 years Surgical specimen 
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9023 Female   2 years, 213 days Surgical specimen 
9027 Male   12 years Surgical specimen 
9032 Male   14 years Surgical specimen 
9036 Female   5 years Surgical specimen 
9101 Male   2 years Surgical specimen 
9127 Male   15 years Surgical specimen 
9608 Male   4 years Surgical specimen 
9609 Male   4 years Surgical specimen 
9611 Male   9 years Surgical specimen 
9612 Male   3 years Surgical specimen 
70898 Male   7 years Not recorded 
70994 Male   16 years 24 
71000 Male   6 years 12 
71008 Male   13 years 24 
71058 Female   10 years 15 
71281 Male   16 years 15 
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Supplemental Table 3: TaqMan Gene Expression Assays used for qRT-PCR 

Gene TaqMan Assay ID 

CYP3A4 Hs00604506_m1 
CYP3A7 Hs00426361_m1 
SULT1A1- TV1 APFVK4A1 
SULT1A1- TV5 Hs00738644_m1 
SULT1B1 Hs00234899_m1 
SULT1C2 Hs00602560_m1 
SULT1C3 Hs01371045_m1 
SULT1C4 Hs00923769_m1 
SULT1E1 Hs00193690_m1 
SULT2A1 Hs00234219_m1 
SULT2B1 Hs00190268_m1 
18S 4319413E 

1 Custom-designed assay 
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Supplemental Table 4: Multiple reaction monitoring (MRM) settings for SULT proteins 

   Parent Transition 

Protein Peptide 
Collision 
Energy 

(%) 
Label m/z z Fragment m/z z 

SULT1A1 VHPEPGTWDSFLEK 23 light 547.935 3 b2 237.135 1 
SULT1A1 VHPEPGTWDSFLEK 16 light 547.935 3 y6 738.367 1 
SULT1A1 VHPEPGTWDSFLEK 23 heavy 550.606 3 b2 237.135 1 
SULT1A1 VHPEPGTWDSFLEK 16 heavy 550.606 3 y6 746.381 1 
SULT1A1 VHPEPGTWDSFLEK 35 light 821.399 2 b2 237.135 1 
SULT1A1 VHPEPGTWDSFLEK 35 heavy 825.406 2 b2 237.135 1 
SULT1A2 VYPHPGTWESFLEK 19 light 563.947 3 y5 623.340 1 
SULT1A2 VYPHPGTWESFLEK 12 light 563.947 3 y12 714.351 1 
SULT1A2 VYPHPGTWESFLEK 19 light 563.947 3 y10 1193.584 1 
SULT1A2 VYPHPGTWESFLEK 19 heavy 566.619 3 y5 631.354 1 
SULT1A2 VYPHPGTWESFLEK 12 heavy 566.619 3 y12 718.358 1 
SULT1A2 VYPHPGTWESFLEK 19 heavy 566.619 3 y10 1201.598 1 
SULT1A3 AHPEPGTWDSFLEK 24 light 538.591 3 b2 209.103 1 
SULT1A3 AHPEPGTWDSFLEK 15 light 538.591 3 y5 623.340 1 
SULT1A3 AHPEPGTWDSFLEK 15 light 538.591 3 b7 690.321 1 
SULT1A3 AHPEPGTWDSFLEK 15 light 538.591 3 y6 738.367 1 
SULT1A3 AHPEPGTWDSFLEK 24 heavy 541.263 3 b2 209.103 1 
SULT1A3 AHPEPGTWDSFLEK 15 heavy 541.263 3 y5 631.354 1 
SULT1A3 AHPEPGTWDSFLEK 15 heavy 541.263 3 b7 690.321 1 
SULT1A3 AHPEPGTWDSFLEK 15 heavy 541.263 3 y6 746.381 1 
SULT1B1 NLNDEILDR 19 light 551.280 2 b2 228.134 1 
SULT1B1 NLNDEILDR 21 light 551.280 2 y3 403.230 1 
SULT1B1 NLNDEILDR 19 light 551.280 2 y7 874.426 1 
SULT1B1 NLNDEILDR 19 heavy 556.285 2 b2 228.134 1 
SULT1B1 NLNDEILDR 21 heavy 556.285 2 y3 413.238 1 
SULT1B1 NLNDEILDR 19 heavy 556.285 2 y7 884.435 1 
SULT1C2 IVQETSFEK 18 light 540.782 2 y5 611.304 1 
SULT1C2 IVQETSFEK 16 light 540.782 2 y6 740.346 1 
SULT1C2 IVQETSFEK 14 light 540.782 2 y7 868.405 1 
SULT1C2 IVQETSFEK 18 heavy 544.789 2 y5 619.318 1 
SULT1C2 IVQETSFEK 16 heavy 544.789 2 y6 748.360 1 
SULT1C2 IVQETSFEK 14 heavy 544.789 2 y7 876.419 1 
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SULT1C4 IVHYTSFDVMK 20 light 447.229 3 y2 278.153 1 
SULT1C4 IVHYTSFDVMK 23 light 447.229 3 b3 350.219 1 
SULT1C4 IVHYTSFDVMK 13 light 447.229 3 y4 492.249 1 
SULT1C4 IVHYTSFDVMK 20 heavy 449.900 3 y2 286.167 1 
SULT1C4 IVHYTSFDVMK 23 heavy 449.900 3 b3 350.219 1 
SULT1C4 IVHYTSFDVMK 13 heavy 449.900 3 y4 500.263 1 
SULT1E1 KPSEELVDR 22 light 536.785 2 y8 472.738 2 
SULT1E1 KPSEELVDR 26 light 536.785 2 y7 847.416 1 
SULT1E1 KPSEELVDR 26 light 536.785 2 y8 944.468 1 
SULT1E1 KPSEELVDR 22 heavy 541.789 2 y8 477.742 2 
SULT1E1 KPSEELVDR 26 heavy 541.789 2 y7 857.424 1 
SULT1E1 KPSEELVDR 26 heavy 541.789 2 y8 954.477 1 
SULT2A1 DEDVIILTYPK 19 light 653.350 2 y6 734.445 1 
SULT2A1 DEDVIILTYPK 18 light 653.350 2 y7 847.529 1 
SULT2A1 DEDVIILTYPK 19 light 653.350 2 y8 946.597 1 
SULT2A1 DEDVIILTYPK 19 heavy 657.358 2 y6 742.459 1 
SULT2A1 DEDVIILTYPK 18 heavy 657.358 2 y7 855.543 1 
SULT2A1 DEDVIILTYPK 19 heavy 657.358 2 y8 954.611 1 
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Supplemental Table 5: Median Transcript per Million (TPM) values for SULTs analyzed by 
RNA-seq 

SULT Transcript Prenatal Infant 1-2 years 2-5 years 6-11 years 12-18 years 
SULT1A1 (TV1/2) 11.01 14.41 4.44 9.80 10.98 17.87 
SULT1A1 (TV3/4) 0.62 0.59 0.38 0.41 0.86 1.44 
SULT1A1 (TV5) 0.06 0 0 0.13 0 0.22 

SULT1A2 1.66 4.11 2.88 4.65 4.81 2.03 
SULT1A3 5.40 2.91 4.15 2.30 1.44 2.18 
SULT1B1 24.07 17.23 17.94 11.30 13.13 16.61 
SULT1C2 8.58 2.63 0.15 0.43 0.13 0.21 
SULT1C3 0.05 0 0 0 0 0 
SULT1C4 4.44 0.83 0.22 0.35 0.22 0.21 
SULT1E1 34.63 3.63 1.35 0.54 0.60 1.31 
SULT2A1 10.03 68.42 21.36 92.25 40.07 150.80 
SULT2B1 0.05 0.02 0 0 0 0.02 
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Supplemental Figure 1. Developmental expression of SULT protein in human liver 
cytosols analyzed by targeted quantitative proteomics. SULT protein contents (fmol/mg) are 
shown as scatter plots against age of the donor. Age was divided into three groups: prenatal 
[estimated gestational age (EGA) in weeks (left)], infant [postnatal age (PNA) in months 
(middle)], and 1-18 years-old (PNA in years, right). 
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