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The bioavailability of drugs administered topically
or orally depends on their metabolism by epithelial
enzymes such as the cytosolic sulfotransferases
(SULT). Reverse transcriptase-polymerase chain reac-
tion (RT-PCR) methods were established to detect ex-
pression of 8 SULT genes and 4 arylsulfatase (ARS)
genes in human tissues of epithelial origin and in cul-
tures of normal and transformed (cancer) cells. The
results indicate: (i) SULT 1A1, 1A3, ARSC, and ARSD
genes are ubiquitously expressed; (ii) expression is
frequently similar between cell lines and correspond-
ing tissues; (iii) SULT gene expression in normal cul-
tured cells is generally comparable to the expression
in associated transformed (cancer) cell lines; (iv)
SULT 1A1 promoter usage is mainly tissue specific;
however, both promoters are frequently used in SULT
1A3 expression; and (v) the expression profile of SULT
1A1, 1A3, 1E1, and 2B1a/b suggests that one or more of
these isoforms may be involved in the cutaneous sul-
foconjugation of minoxidil and cholesterol. o 2000
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The biocavailability and activity of therapeutic drugs
following topical or oral administration often depends
on intracellular metabolism within the epithelia. Sev-
eral key drug-metabolizing gene superfamilies are
present in epithelia and include isozymes of cyto-
chrome P.s, glucuronosyl transferase, glutathione sul-
furtransferase, and cytosolic sulfotransferase. The cy-
tosolic sulfotransferases (SULTs) have been of
particular interest to our laboratory in view of their
critical roles in the metabolism of both xenobiotic and
endogenous compounds within skin and other epithelia
(1, 2). SULTSs catalyze the transfer of the sulfonate
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group from phosphoadenosine phosphosulfate (PAPS)
to a suitable acceptor group (typically a hydroxyl resi-
due) on a substrate to form either a sulfate ester or a
sulfamate (3). Sulfonation usually results in the bioin-
activation of the substrate, but occasionally an active
metabolite is produced.

The substrates recognized by the SULTSs are struc-
turally diverse, including various drugs, neurotrans-
mitters, thyroid hormones, steroids, and procarcino-
gens, thus implicating these enzymes in numerous
fundamental metabolic and physiologic processes. The
enzymes have been categorized into two major classes
based on amino acid sequence relatedness, substrate
specificity, and genomic organization (i.e., exon struc-
ture). The two major classes are capable of sulfating
either (a) phenols, catecholamines, thyroid hormones,
and estrogens, or (b) hydroxysteroids such as dehydro-
epiandrosterone, DHEA (1-9). A superfamily of at
least nine human cytosolic SULT genes has been dis-
covered and cloned to date, and are summarized in
Table I. The enzymes have different but overlapping
substrate recognition properties, and the preferred
(i.e., low K,,) substrates are noted.

Phenol sulfotransferase (PST) enzymes are ex-
pressed in many human tissues including liver, intes-
tine, brain, adrenal gland, skin, olfactory epithelium,
and platelets (10-18). PSTs play essential roles in the
metabolism of various xenobiotics (i.e., planar phenols,
such as naphthol and p-nitrophenol, and drugs such as
acetaminophen and minoxidil) and endogenous com-
pounds (i.e., catecholamines and thyroid hormones).
The major forms of human PST are the phenol-
preferring/thermostable PST, P-PST, and the mono-
amine neurotransmitter-preferring/thermolabile PST,
M-PST (10-12, 18, 19). The M-form of this enzyme,
which is abundant in the intestines, has a lower K, of
ca. 1 uM for dopamine than the P-form. The dramatic
post-prandial increase in expression of M-PST in the
intestine has been recently suggested to reflect a “gut-
blood” barrier for detoxifying dietary biogenic amines
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TABLE 1

Human Cytosolic Sulfotransferase (A) and Aryl Sulfatase (B), Gene Superfamilies,
Their Gene Loci, and Preferred Substrates

A
SULT Gene Enzyme Locus Substrate In this work
1A1 (STP1) P-PST-1 16p Phenols +
1A2 (STP2) P-PST-2 16p Phenols (high Km) +
1A3 (STM) M-PST 16p Catecholamines +
1B1 — ST1B2 — Thyroid hormones +
1C1 — SULTIC1 2q Hydroxyarylamines +
1C2 — SULTI1C2 — Hydroxyarylamines
1E1 (STE) EST 4q Estrogens +
2A1 (STD) DHEA-ST 199 Hydroxysteroids +
2Bla — SULT2Bla 19q Hydroxysteroids +
2B1b — SULT2B1b 19q Hydroxysteroids +
B
Gene Locus Substrates In this work
ARSA 22q Sulfated glycolipids
ARSB 5q Dermatan sulfate
Chondroitin sulfate
ARSC Xq Cholesterol sulfate +
Steroid sulfates

ARSD Xq ? +

ARSDS Xq ? +

ARSE Xq ? +

ARSF Xq ?

(20). P-PST, which is abundant in the liver, exhibits a
K., in the mM range (i.e., lower activity) for dopamine.
The reverse is observed for the substrate p-nitro-
phenol.

At least one isoform of PST has been implicated
in the enzymatic bioactivation of the hairgrowth-
stimulating agent minoxidil (21), the active ingredient
in topical Rogaine. The identity of the minoxidil-
sulfating form of PST in human skin has not been
rigorously established, although the most likely candi-
date proposed by us and other investigators is P-PST
(i.e., SULT 1A1 gene). Our prior immunohistochemical
results indicated that an enzyme in rat skin homolo-
gous to human P-PST is restricted in localization to the
lower outer root sheath (ORS) of actively growing ana-
gen hair follicles in pelage skin and vibrissa (22). Ap-
parently, a PST isozyme plays a key role in the sulfa-
tion of minoxidil within the epithelial ORS cells of the
temporary portion of anagen hair follicles.

Given that minoxidil sulfate is the active metabolite
in skin, it follows that the genetic variation in sulfation
capacity found in the human population, as has been
reported for the SULT 1A1 gene (23), may account for
the differential efficacy of topical minoxidil therapy.
Although it is not yet clear which of the PST mRNAs
are expressed in human hair follicles or interfollicular
epidermis, it appears that multiple isozymes, including
both P- and M-PST, are capable of sulfating minoxidil

in vitro (24). While immunolocalization and in situ
hybridization studies of human PSTs have been per-
formed on brain, kidney, lung, liver, breast, and colon
(18, 25-27), similar approaches have not been per-
formed on human skin at present.

Numerous cDNAs encoding PSTs have been reported
by various groups including our laboratory (1, 2). The
SULT 1A1, 1A2, and 1A3 genes, which we have
mapped to the short arm of chromosome 16 (28-30),
have been well characterized biochemically as recom-
binant proteins. Unlike the other two PST enzymes,
the recombinant proteins of SULT 1A2 cDNA alleles
are significantly less active against simple phenolic
substrates, and are inactive against dopamine (31, 32).
No data have been published indicating the presence of
SULT 1A2 gene expression at either the mRNA or
protein level in human tissues or cell lines, and it is
uncertain whether the SULT 1A2 genes actually pro-
duces a functional enzyme in vivo.

Among the PST family, heterogeneity has been dem-
onstrated in the 5’ untranslated regions (UTR) of the
cDNAs (30, 32-37). It is possible that the PST genes
have at least two separate cis-acting promoter se-
quences. In the case of SULT1A1L, one promoter ap-
pears to be proximal to exon Il (containing the ATG
start codon), producing an unspliced mRNA; and the
other is located at an upstream site, resulting in an
intron in the UTR. The coding regions of the allelic
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forms of a given PST are either identical or very sim-
ilar. The use of alternate promoters has been suggested
to reflect tissue-specific expression, however the full
consequence of their presence is uncertain.

Sulfation of the 3-OH or 17-OH moieties of steroid
hormones (e.g., estrogens and DHEA) can be mediated
by several of the SULT isozymes in both of the major
gene families. SULT 2A1 and 1E1 are considered to be
two of the principal genes involved in this process in
view of their efficient substrate recognition properties.
The expression of these genes has been demonstrated
in a small number of human tissues such as adrenal
gland, liver, kidney, and mammary epithelium (38—
40). Both gene products catalyze the formation of
receptor-insensitive sulfate esters of steroid hormones.
Using anti-DHEA-ST antisera in immunohistochemis-
try studies, we have determined that SULT 2Al is
expressed in the human adrenal cortex, where it plays
a role in neuroendocrine metabolism of hydroxy-
steroids (39). Steroid sulfates are likely to be trans-
ported outside of SULT-expressing cells by membrane-
associated pumps, such as MDR1 P-glycoprotein or
MRP (41). Subsequently, the sulfate ester must be
de-sulfated by steroid arylsulfatase, STS, referred to
as arylsulfatase C (ARSC) located in the target tissues
to regenerate the free active steroid molecules.

Cholesterol sulfate (CS) was once thought to solely
function as a lipid ingredient of the skin that aids in
the prevention of transepidermal water loss. However,
it also appears to play a critical role as a mediator of
differentiation (42, 43). CS has been identified as an
activator of several isoforms of protein kinase C (PKC)
in mammalian keratinocytes (44—48). One of the CS-
activated calcium-independent isozymes, PKC,, is ex-
pressed at high levels in the epidermis and lung (47,
48), but at negligible levels in many other tissues.
Activation of PKC,, results in the transcriptional ac-
tivation of epidermal transglutaminase 1 (TGase 1)
(49). TGase 1 crosslinks the protein precursors of the
intracellular cornified envelope during terminal differ-
entiation. Thus, the CS pathway, among others, plays
a key role in determining the thickness of the epider-
mis, and in the formation of the dead stratum corneum
layers.

The critical role played by CS in skin differentiation
is further underscored by the discovery of the genetic
basis of human X-linked ichthyosis (42). This genetic
disorder produces thickening of the epidermis and as-
sociated scaling of the stratum corneum. It is caused by
a mutation affecting the steroid sulfatase ARSC, which
encodes a microsomal enzyme that removes the sulfate
ester from CS (50-52). Mutations of the ARSC gene in
X-linked ichthyosis alter the ratio of CS to free choles-
terol and affect the normal differentiation profile of
keratinocytes. Aberrantly high levels of CS result in
the premature induction of differentiation of keratino-
cytes within the suprabasal layers. Since CS activates
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PKC.., Which in turn increases TGase 1 activity, it is
also interesting to note that a genetic defect in TGase
1 results in autosomal recessive lamellar ichthyosis,
another epidermal differentiation disorder (49). Taken
together, this biochemical and genetic evidence indi-
cates that the cholesterol sulfate pathway (i.e., “choles-
terol sulfotransferase,” ARSC, PKC.,, and TGase 1)
serves a critical role in epidermal differentiation and
thickness. Thus, it is of great interest to identify the
SULT isozyme responsible for sulfonation of cholesterol.

Unlike the genes mentioned above, far less is known
about SULT 1B1, 1C1, 1C2, and 2B1, which have more
recently been cloned. The recombinant enzymes pro-
duced by SULT 1B1 effectively sulfates thyroid hor-
mones (53). The SULT 1C1 and 1C2 gene products
sulfate carcinogenic hydroxyarylamines (54). The re-
combinant product of SULT 2B1 recognizes hydroxy-
steroids similar to DHEA sulfotransferase (55). The
genomic organization of SULT 2B1 is highly similar to
SULT 2A1 and unlike that of other distantly related
cytosolic SULTSs (55). One gene encodes two SULT 2B1
isoforms, SULT 2Bla and b that differ at the 5'-
termini.

The ultimate fate of sulfonated compounds is often
influenced by the action of sulfatases. Members of the
sulfatase gene family catalyze sulfate hydrolysis, fre-
quently leading to restoration of activity. As in the case
of the steroid hormones, this may allow the biologically
inactive form of the compound to be transported to a
specific site where activity can be regained. The sulfa-
tase gene family contains at least seven members as
described in Table I. ARSC, ARSD, ARSDg, ARSE and
ARSF are capable of hydrolyzing sulfonates produced
by the cytosolic SULTSs.

Here we describe the establishment of RT-PCR
methods to detect mRNA from 8 members of the SULT
gene superfamily, SULT 1A1, 1A2, 1A3, 1B1, 1C1, 1E1,
2A1, and 2Bla and -1b, with B-actin as a positive
control. We surveyed the patterns of expression at the
MRNA level of a variety of normal human epithelia and
cell culture models, focusing our attention on the
SULT genes implicated in metabolism in skin and
other epithelia. Comparisons of gene expression pro-
files were made between normal and transformed cells
in vitro. RT-PCR was also used to gather information
regarding the use of alternate promoters for SULT 1A1
and 1A3 as well as to detect the presence of four mem-
bers of the arylsulfatase gene family that are capable of
hydrolyzing products formed by the cytosolic sulfo-
transferases. These findings should contribute to our
understanding of drug metabolism and bioavailability
in human epithelia and cultured cells.

MATERIALS AND METHODS

Human tissue samples were routinely obtained as surgical-discard
material. A few samples were obtained at the time of autopsy from
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TABLE 11
RT-PCR Primer Pairs Specific to (A) SULT and B-Actin, (B) SULT 1A1 and 1A3 Promoter Regions, and (C) ARS Genes

Gene Amplimer (bp) Forward primer [5'-3'] Reverse primer [5'-3']
1A1 122 GCAACGCAAAGGATGTGGCA (RP1) TCCGTAGGACACTTCTCCGA (RP2a)
1A2 307 GAGGAGACTGTGGACCTCATGGTTG (RP3) TTATTCTGGAGCCTCTTGGTCAGGC (RP4)
1A3 199 TGAGGTCAATGATCCAGGGGAA (RM1) CGCCTTTTCCATACGGTGGAAA (RM2)
1B1 170 CAGTTCCATAGCAGACCAGATG AATCCAGGGAGAGTCATTTCCAAC
1C1 460 GGTTTGGGGTTCCTGGTTTGAC (STC F) GGCTGGGACTGAAGGATTGAAG (STC R)
1E1 127 TTGCCACCTGAACTTCTTCCTGCC (RE1) TTGGATGACCAGCCACCATTAGAA (RE2)
2A1 159 TGGTTTGAAGGCATAGCTTTCC (RD1) GGAGTGCATCAGGCAGAGAATC (RD2)
2Bla 283 ATGGCGTCTCCCCCACCTTT CACCCACAATGGTCTCACAC
2B1b 307 CAGATCCCGGGCTTGTGGGA CACCCACAATGGTCTCACAC
B-Actin 652 CACCCACACTGTGCCCATC (Actinl) CTAGAAGCATTTGCGGTGG (Actin2)

B
1A1 distal 340 AGGCCAGGTTCCCAAGAGCT AGTCGTGGGGCCGGTGTGTC
1A1 prox. 353 GTAAGGGAACGGGCCTGGCT AGTCGTGGGGCCGGTGTGTC
1A3 distal 340 GACCTGATCTGGCTGTGCCA CTGAGGGTTCCCCTGGATCA
1A3 prox. 332 ATACTCAGCCCCTGCAGGCA CTGAGGGTTCCCCTGGATCA
C

ARSC 164 GGTTCCAGGCATCCTTCGTT CTTCAAGCAGGGGCATCAGA
ARSD 201 ATGGAGGACATTTAGAGGCAAGAG GCTGGACCACAGTAGGGAACA
ARSDg 381 GGGCTGCCTGTTTTTCATCTC GCTGGACCACAGTAGGGAACA
ARSDB 381 GGGCTGCCTGTTTTTCATCTC GAAGGAAGACAGCGTCTCTGC
ARSE 340 GTGAGAGGTTTCTGCACGCAG AGCCACGGTCTCCAGATGTT

cadavers. The tissues were obtained from both male and female
adults and were frozen at —80°C until processed for RNA isolation.

Normal human cell cultures were obtained commercially and
grown as adherent monolayer cultures on disposable plastic culture-
ware. Normal human epidermal keratinocytes (NHEK, adult and
neonatal) and normal human epidermal melanocytes (NHEM) were
obtained from Clonetics for growth as submerged cultures according
to manufacturer’s recommendations. Normal infant human foreskin
fibroblasts (HFF) were maintained in Dulbecco’'s modified Eagle
medium (DMEM), supplemented with 10% fetal calf serum and
penicillin-streptomycin. All cultures were routinely maintained in
the media recommended by the supplier at 37°C in 5% CO,.

Transformed (tumor-derived) human cell lines were obtained from
American type culture collection or other sources (listed below) and
grown as adherent cultures on disposable plastic cultureware. Cells
were cultured in DMEM supplemented with 10% fetal calf serum
and penicillin-streptomycin at 37°C in 5% CO,, unless stated other-
wise by the supplier. The following transformed human cell lines
were analyzed: MS7 (primary cutaneous melanoma; c/o Paula Gram-
matico), SK Mel28 (metastatic cutaneous melanoma), HT1080 (fibro-
sarcoma), and squamous cell carcinomas (SCC) 9, 12, 15 (oral), and
13 (cutaneous) (c/o James Rheinwald).

Molecular biology methods. All methods are noted in prior pub-
lications from our laboratory or in Sambrook et al. (56), unless
otherwise stated. Total RNA was prepared from the tissue samples
and some of the cultured cells using RNeasy Total RNA isolation
system according to manufacturer’s instructions (Qiagen Corp.). The
mRNA samples were isolated from cell cultures using the Oligotex
Direct mRNA Kit (Qiagen Corp.).

Primer pairs specific to each of the 8 cytosolic SULT genes (SULT
1A1, 1A2, 1A3, 1B1, 1C1, 1E1, 2A1, and the 2B1 isoforms, -1la and
1b), the proximal and distal promoter region of SULT 1Al and 1A3,
the four ARS genes (ARSC, ARSD, ARSDg, and ARSE) and B-actin
(internal positive control) were prepared to perform the reverse

transcriptase-polymerase chain reactions (RT-PCR). The oligonucle-
otide primers were designed based on the following criteria: (i) select
from regions of maximal sequence differences among the genes; (ii)
the 3’ terminal nucleotide correctly matches the gene of interest, but
mismatches the other genes; and (iii) primer pairs flank at least one
intron, if possible. This allows the detection of unspliced pre-mRNAs
or genomic DNA amplimers by electrophoresis as larger bands com-
pared to the correct RT-PCR amplimers. The oligonucleotide primers
are displayed in Table Il. The expected mRNA fragment sizes are
included.

RT-PCR amplifications were performed using the GeneAmp RT-
PCR Kit (Perkin Elmer) and isoform specific primer pairs. The am-
plification reactions included an initial denaturation for 1 min, 45 s
at 95°C, 35 cycles of 15 s at 95°C, and 30 s at 55°C (or 62°C for the
SULT promoter reactions), a final extension for 7’ at 60°C and a 4°C
soak. The reaction products were resolved by 3% or 4% Nusieve 3:1
agarose gel electrophoresis, stained with ethidium bromide, and
photographed under UVC illumination. Relative band intensity was
determined by visual inspection. B-actin was established as the
reference intensity. The RT-PCR products were verified by auto-
mated DNA sequence analysis using an ABI model 377 automated
DNA sequencer and Perkin Elmer sequencing reagents.

RESULTS AND DISCUSSION

The SULT 1A1 and 1A3 genes (which produce
P-PST1 and M-PST, respectively) appear to be ex-
pressed ubiquitously in human tissues based on our
RT-PCR method (Table I11). The available published
information concerning expression at the protein level
(i.e., either enzymatic or immunodetection studies)
suggests their presence is manifest in a more restricted
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TABLE 11
RT-PCR Profiles of SULT and ARS Gene Expression in Normal Human Tissues

Sulfotransferase Sulfatase
Normal tissues Sex 1Al 1A2 1A3 1B1 1C1 1E1 2A1 2Bla 2Bl1b ARSC ARSD DB ARSE Actin
Skin-scalp M + —(+) + - - + - +++ + + + - - +++
Skin-breast F + —(+) ++ - - - - ++ +/— + +1— - - +++
Skin-abdomen M ++ —(+) ++ — - + — +++ ++ + + — — +++
Skin-foreskin M + —(+) + - - + - ++ - + +/— + - + 4+
Skin-vulva F ++ = (+)  ++ - - +/— - +++ - + + + - +++
Vagina F ++ = (+) + - ++ - + +++ + + + - +++
Oral mucosa F + —(+) +++ - - +/— - + +++ + + + — +++
Esophagus F + —(+) + +/— - - - + + ++ + - - +++
Stomach M + = (+) + +++ - - + +/— + + + - +4+
Duodenum M + +(+) + +++ - + + + +/— + + + - +4++
Colon M ++ = (+) ++ - + - + +/= ++ + +/— - +++
Colorectal M +++  + ++ 4+ + + - - +4+4+  ++++ H+++ + - +++
Adrenal F + - + - — ++ T
Kidney F +++  +(+)  ++ ++ ++ - - - - +4+++ +++ + + 4+
Lung M + +(+) ++ + - + - + + +4+++ + + - +++
Trachea M + —(+) + - — - - + + + - + — +4++
Prostate M + —(+) ++ — - + — + +++ ++ +4++ + - +4++
Liver 1 M ++ o+ ++  +++ + ++  +++ +++
Liver 2 M - - ++ +4++ - + +++
Ovary F ++ +(+) +++ +++ + + + - — ++ ++ +/— - 4+
Total brain M ++  + () ++ ++ - + - - - +4 ++ - + +4+
Cerebellum M +++ +(+) +++ + + - - - ++ ++ - + +++
Cerebral cortex M ++ 4 (+) + + - ++ - - - ++ ++ - + +++
Frontal lobe M +++ +(+) +++ ++ + + - - - +++ ++ - + +4+

Note. The presence of unspliced SULT 1A2 is indicated in parentheses. Analyses were performed on samples of 0.5 pg total RNA or 0.1 pg

MRNA.

manner than is indicated by our results. At least two
possible explanations may account for this apparent
difference. The presence of PST mRNAs may not cor-
relate with ribosomal translation into functional pro-
teins, possibly due to posttranscriptional and/or post-
translational effects. It is more likely, however, that
widespread detection of the two mRNAs by RT-PCR is
due to the high sensitivity of this method in compari-
son with methods of detection at the protein level. The
extensive expression of M-PST, if present at the pro-
tein level, may be important in delimiting the auto-
crine/paracrine effects of the ubiquitous catechol-
amines, while the extensive expression of P-PST, if
present at the protein level, may provide a general
chemical defense role due to its ability to efficiently
sulfate a broad range of substances.

Preliminary data suggested that a portion of the
SULT 1A2 RNA is incorrectly spliced. The unexpected
and frequent finding of an amplimer of approximately
430 bp, generally alone, or less often in combination
with the anticipated spliced amplimer of 307 bp, in
most SULT 1A2 reactions, suggested the presence of
an intron within the longer RNA species. DNA se-
quencing of the RT-PCR amplimer verified this as-
sumption. We speculate that the SULT 1A2 gene rep-
resents a possible gene duplication of SULT 1Al that

has undergone mutations rendering it an ineffective or
quasi-effective pseudogene, albeit expressed occasion-
ally as RNA (1, 2). When expressed as a recombinant
enzyme in vitro, the activity is 10—100 fold less active
than the SULT 1A1 gene product (P-PST1) on planar
phenolic substrates. The reason for this inaccurate
splicing is not clear as the 5'-GU ... AG-3’ rule is
evident. Perhaps sequences internal to the intron af-
fect splicing efficiency.

SULT1B1 appeared to have widespread expression
except among skin samples from various sites. The role
of the SULT1B1 gene product to sulfonate thyroid hor-
mone and target it for irreversible inactivation via
deiodination is important in maintaining thyroid hor-
mone levels within relatively narrow limits. Since this
hormone is involved in regulating the metabolic pro-
cesses of most tissues, it is not surprising that
SULT1B1 displays extensive expression. SULT1E1,
most commonly identified with estrogen sulfonation,
was also found in most tissues. However, unlike
SULT1B1, it was present in most skin samples. Many
of these tissues are generally known to be estrogen-
responsive. Other tissues, such as those of the Gl tract
are exposed to environmental estrogens where local
inactivation by sulfonation may prevent undesired sys-
temic effects.
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TABLE IV

RT-PCR Profiles of SULT and ARS Gene Expression in Human Normal (N) and Transformed (T) Cell Cultures:
(A) Keratinocytes and Carcinomas, (B) Melanocytes and Melanomas, and (C) Fibroblasts and Fibrosarcomas

Sulfotransferase

Sulfatase

Cell line N/T 1A1 1A2 1A3 1B1 1C1 1E1 2Al1 2Bla 2Bl1b ARSC ARSD ARSDB ARSE B-Actin
A
NHEK adult? N ++ —(+) ++ + - + - + +++ A+ + - +++
NHEK neonatal®* N  ++ ++(+) ++ ++  ++ + - + +++ + ++ + - +++
SCcC 9° T + —(+) ++ + - + - + ++ ++ ++ + + +++
SCC 12* T + - ++ - - - - + ++ +++  +++ - - +++
SCC 13° T + —(+) ++  ++ - + - + +++  ++ ++ + + +++
SCC 15° T ++ +(+) ++ A+ - + - + ++ ++ ++ ++ + +++
B
NHEM" N + —(+) ++  ++  ++ =+ + - ++ ++ + - +++
MsS7° T + - ++ - +- - - - - ++ + + + +++
SK Mel 28° T + —(+) ++  ++ ++ - + - - + + + - +++
C
HSF* N + - + + + - - + + ++ ++ + - +++
HT 1080° T ++ +(+) ++ 4+ - - - - - + + + + +++

® Samples represent 0.1 png of mMRNA.

® MS7 cells represent 0.1 ug of MRNA. NHEM and SK Mel 28 cells represent 0.5 ug total RNA.
¢ Samples represent an unknown quantity of mMRNA. The presence of unspliced SULT 1A2 is indicated in parentheses.

The spatial expression of the steroid sulfating
isozymes SULT 2A1 and 2Bla/b appears to be more
limited than that of the other profiled sulfotrans-
ferases, both in vivo and in cultured cells with SULT
2A1 demonstrating the most restricted pattern of ex-
pression. This may reflect the limited distribution of
hydroxysteroid hormone-producing and -responsive
tissues. The involvement of these isozymes in regulat-
ing hormone bioavailability implies their association
with hormonally influenced developmental processes.
A high level of expression of SULT 2Bl1a and b in the
placenta has suggested a role in fetoplacental unit
functioning during pregnancy (55). Little information
is currently available about the endogenous substrates
of the SULT2B isoform products.

The survey of arylsulfatases in tissues indicates the
extensive presence of ARSC and D. ARSC hydrolyzes
sulfate esters of a wide range of steroids and choles-
terol, and possibly xenobiotic phenols. Endogenous
substrates of ARSD have not been identified. Although
ARSC is known to play an important role in restricting
steroid activity to target organs, the widespread ex-
pression of ARSC and D indicates extensive involve-
ment in multiple processes or a housekeeping type
function. The limited expression of ARSD and highly
restricted expression of ARSE may indicate unique
roles for these sulfatases.

The expression patterns of cultured keratinocytes
and samples of skin were evaluated for identification of

candidate STs responsible for cholesterol sulfation,
since cholesterol sulfate is a mediator of differentia-
tion. All of the isoforms profiled in this study appeared
to be expressed in cultured normal human epidermal
keratinocytes (NHEK) of adult origin except SULT
1A2, 1C1, and 2A1 (Table IV). SULT 2A1 was not
expressed in either adult or neonatal NHEK cell lines.
There was evidence of SULT 2A1 in melanocytic cells
but it was not detected in five samples of skin obtained
from different sites. Therefore, the leading SULT can-
didates responsible for cholesterol sulfation in skin
appear to be SULT 1E1 (encoding estrogen ST) and
SULT 2Blasb. Both SULT 2Blasb isoforms are capa-
ble of sulfating the prototypic hydroxysteroid DHEA.
Although structural similarities between cholesterol
and the steroid hormones implicate the involvement of
SULT 1E1 or 2B1la/b, the possibility remains that one
of the phenol sulfotransferases, SULT 1A1 (P-PST1) or
1A3 (M-PST), may be involved in cholesterol sulfation.
SULT 1A1 and 1A3 continue to be the leading candi-
dates for sulfation of minoxidil in the skin. Enzymatic
profiling of each isotype with various substrates and/or
immunolocalization is required to resolve these issues.

We had presumed that the patterns of expression of
SULTs and ARSs would be similar for a given tissue
and cells derived from that tissue when grown in cul-
ture. In general, this premise has been confirmed.
However, our survey has demonstrated some excep-
tions to this rule. For example, SULT 1B1 and 1C1
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TABLE V

RT-PCR Profiles of SULT 1A1 and 1A3 Distal and Proximal Promoter Use in (A) Human Tissues
and (B) Human Normal (N) and Transformed (T) Cell Lines

A
1A1 1A3
Normal tissues Sex Distal Prox Distal Prox B-Actin
Skin-scalp M - + ++ + +++
Skin-breast F - + + + +++
Skin-abdomen M + - ++ + +4++
Skin-foreskin M + - ++ + +++
Skin-vulva F + — ++ + 44 +++
Vagina F + - +++ ++ +4++
Oral mucosa F +1— ++ ++ +++
Esophagus F + — + + +++
Stomach M + - +/— +/— +++
Duodenum M + + +++ +++ +++
Colon M + - + + 4+
Colorectal M + + + + +4+
Kidney F ++ + ++ + +++
Lung M + - ++ + +++
Trachea M - + + + 4+
Prostate M + - +++ ++ +++
Ovary F + - + + +++
Liver M + - + + 4+
Total brain M + + ++ + +++
Cerebellum M + + ++ + +++
Cerebral cortex M ++ + ++ + 4+
Frontal lobe M +++ + ++ + +4++
B
1A1 1A3

Cell line Norm/tran Distal Prox Distal Prox Actin
NHEK adult N + + + + +++
NHEK neonatal N + + + + +++
SCC9 T + + ++ ++ +++
SCC 12 T + - + + +4+
SCC 13 T + + ++ + +++
SCC 15 T + + + + NS
NHEM N + + + + +++
MS7 T + + ++ ++ +++
SK Mel 28 T + +/- ++4 + +4++
HSF N + + ++ ++ +++
HT 1080 T + - ++ + o+

were absent in five skin samples of different origins but
appeared to be present in some normal keratinocyte,
melanocyte and fibroblast cell lines as well as some of
the corresponding transformed cell lines. Differences
were also noted with regard to previous investigations
conducted at the protein level. Whereas immunohisto-
chemical methods failed to detect PST isozymes in
fibroblasts (non-epithelial cells) in vivo, we detected
the mRNA for several PSTs in normal fibroblast cul-
tures (HSF) and a transformed fibrosarcoma cell line
(HT1080). Although these findings may reflect differ-

ences in detection sensitivities between the methods, it
may also reflect artifactual upregulation of certain en-
zymes by specific artificial in vitro monolayer culture
conditions. Changes in expression that occur as a re-
sult of culture conditions may have a significant effect
on the interpretation of in vitro pharmacologic drug
and cytotoxicity screens based on cell lines that are
capable of metabolizing the test agents. Isozyme pro-
files would provide general information relevant to
questions of: (i) the bioavailability of therapeutic drugs
in vivo; (ii) the identification of appropriate cell lines
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and tissue culture models for the development of in
vitro pharmacologic assays, and (iii) the manifestation
of inverse activity of some potential therapeutic com-
pounds when tested in vitro vs in vivo.

In general, the patterns of expression of the SULT
and ARS genes in the transformed (cancer) cell lines
reflect patterns in the corresponding normal cell lines.
An exception was the presence of ARSE in the majority
of the transformed cell lines and its absence in the
corresponding normal cell lines. The appearance of
ARSE in five of the seven transformed cell lines may
indicate a role for this sulfatase in the transformation
process.

Heterogeneity in the 5’ untranslated regions (UTR)
of cDNAs for members of the PST genes has suggested
the presence of at least two separate cis-acting pro-
moter sequences. Tissue specific promoter usage has
been supported by experimental findings. As an initial
step to understanding the regulation of gene expres-
sion, we were interested in determining promoter use
of the SULT1A1l and 1A3 genes in skin and skin-
derived cells in culture due to their probable role in
bioactivation of minoxidil and possible role in sulfation
of cholesterol. As indicated in Table V, there was site-
specific SULT 1A1 promoter usage in skin tissue,
whereas both putative distal and proximal promoters
generally appear to be functioning in cultured normal
and transformed cells of skin origin. Tissue specific
promoter usage was seen in the majority of tissues
tested, however there was evidence that both promot-
ers were functional in several tissues, particularly
those of neural origin. Evidence of promoter activity at
both putative distal and proximal sites of SULT 1A3
was manifest in both skin tissues and cultured cells of
skin origin. Utilization of two promoters suggests di-
verse modes of regulation are operative in the expres-
sion of SULT 1A3 within a given tissue.

We anticipate that future comparisons of the cytoso-
lic SULT gene expression profiles for tumor cells with
the profiles of the corresponding normal cells will be
helpful to oncologists and pharmacologists. A limited
amount of reports have been published to date on the
expression of SULT isozymes within selected cancer
histiotypes vs. normal epithelia. An example includes
selected human breast cancer cell lines (e.g., MCF-7),
which were tested biochemically for P-PST, M-PST,
EST and DHEA-ST enzymatic activity (40). Only EST
is detectable in normal breast epithelia homogenates,
however, the carcinomas displayed high levels of ex-
pression of the PSTs and only trace amounts of EST
and DHEA-ST activity. Coughtrie and coworkers have
demonstrated by immunohistochemistry that STD
(DHEA-ST) is expressed in human ductal-type mam-
mary carcinomas, but is lacking in normal breast epi-
thelia (57). All other major cancer histiotypes remain
to be screened for SULT expression patterns.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Expressed SULTs may account for intratumoral
bioinactivation of anti-cancer therapeutic molecules,
leading to their excretion and thus abrogating their
effects. If a selected chemotherapeutic agent is bioin-
activated within the tumor cells by sulfonation, then
the SULT gene(s) expressed by the cells may account
for increased resistance to the therapeutic compound
independent of conventional drug resistance mecha-
nisms (i.e., multidrug resistance proteins—MDR1,
MRP, etc.).

Hormonally regulated epithelial tissues are depen-
dent on, for example, androgens (e.g., prostatic epithe-
lia) or estrogens (e.g., breast epithelia) for maintaining
the homeostasis of differentiation vs. proliferation. Itis
possible that induction of SULT expression may con-
vert a hormone-sensitive epithelial tissue (normal or
malignant) into a hormone-insensitive tumor by inac-
tivating the hormone. These epithelia adapt to the lack
of functioning hormone by activating alternate path-
ways and thus would be predicted to grow well in the
absence of hormone. Therapy-refractory and hormone-
insensitive prostate and breast cancers have been well
recognized by the oncology community, and pose a sig-
nificant problem in terms of therapy and prognosis.
Expression studies may provide insight into the possi-
bility of bioinactivation of hormones and therapeutic
molecules (e.g., anti-androgens or anti-estrogens) within
tumors.

Sulfotransferases can contribute to the activation or
inactivation of carcinogens or mutagens via sulfon-
ation, which might be implicated in the chemical car-
cinogenesis process per se within the relevant epithe-
lia. Therefore, expression of the SULT enzymes within
normal epithelia exposed to chemical carcinogens or
procarcinogens is likely to contribute to the mecha-
nisms and incidence of tumorigenesis, both positively
and negatively, depending on the substrate recognition
characteristics of the compounds and on their muta-
genic and carcinogenic potential.

To shed further light on this RT-PCR profiling ex-
periment reported here, future studies will focus on
improved immunodetection techniques to determine
the presence of the SULTSs at the protein level in hu-
man tissue samples and cultured cells.
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