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Retinoic Acid Inhibits Hydrocortisone-
Stimulated Expression of Phenol
Sulfotransferase in Bovine Bronchial
Epithelial Cells
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The airway epithelium, which is commonly exposed to xenobiotics, contains the
conjugative enzyme phenol sulfotransferase (PST). We have previously reported
that hydrocortisane (HC) stimulates the expression of PST severalfold in cultured
bovine bronchial epithelial cells (Beckmann et al., 1994, ). Cell. Physiol.
160:603-610). Here we report that this stimulation is attenuated by retinoic acid
(RA). Dose-response measurements of both enzyme activities and mRNA levels
indicated a 50% inhibition of HC stimulated PST expression with 0.05 nM RA,
Varied concentrations of RA had a general repressive effect on HC-stimu'ated
PST expression, with no change in the half-maximal HC stimulatory concentration
aof 12.5 nM. Steady state kinetic measurements indicated no significant changes
in apparent K,, values of 3—5 uM for the acceptor substrate, 2-naphthol; only
HC- and RA-dependent changes n V... were observed. These changes were
likely due 1o altered enzyme expression, as evidenced by immunoblot and North-
ern blot hybridization analyses. Thus, the expression of PST within bronchial
epithelial cells is not merely constitutive, but is subject to both paositive and

negative controls.  © 1996 Wiley-Liss, Inc,

The rising incidence and death rates from lung can-
cer, especially among women, may be largely attributed
to inhalation of potentially carcinogenic compounds
such as found in cigarette smoke (Wingo et al., 1995).
Airway epithelia are a primary source of chemically
mduced carcinomas {Auverbach et al., 1979; Cohen,
1982; Pfeifer et al., 188%), so xencbiotic metabolism
at this site is of obvious importance. Metabolism of
xenobiotics encountered during various exposures oc-
curs by several enzymatic mechanisms. The cyto-
chrome P-450s5 are well known, of which CYP1A1 in-
duction and CYP2D€ polymorphism may play im-
portant roles in lung cancer (Gonzalez, 1995). In
addition, conjugative reactions exist that usually per-
form a detoxification role. The glucuronosyl transferase
and glutathione transferase enzyme families are indue-
ible by xenobiotics (Bock et al., 1979; Bock and Lilien-
blum, 1979; Sims and Grover, 1974; Singh et al., 1987).
However, human lungs exhibit little if any glucuronida-
tion {Mehta and Cohen, 1979), and glutathione trans-
ferase is repressed in smokers (Gonzalez, 1995).

Sulfotransferases compose another class of diverse
conjugative enzymes often involved in xencbiatic me-
tabolism and detoxification (Falany and Wilborn,
1994). The phenol sulfotransferases (EC 2.8.2.1.) are
a subfamily of conjugative enzymes that catalyze the
sulfonation of hydroxylated aromatic compounds, using
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3'-phosphoadenosine 5’ -phosphosulfate (PAPS) as the
reaction cosubstrate (Sekura and Jakoby, 1979). The
observations that 44 and 24% of human and bovine
bronchial tissue benzo(a)pyrene metabolites were sul-
fate esters (Autrup et al., 1980) indicates the probable
importance of this pathway. Although sulfation of phe-
nolic compounds is generally a detoxification process,
esterification of certain molecules produces an ultimate
carcinogen (Surh et al., 1990; Vaught et al.,, 1981).
Therefore, regulation of phenol sulfotransferases and
perhaps other members of this enzyme family is now
an important. factor to consider when describing the
toxicology of many compounds.

Phenol sulfotransferases have been purified and
studied from several tissues and species, In humans
twao distinet enzymes exist: a thermolabile enzyme (TL.-
or M-PST) which is reactive with micromeolar concen-
trations of catecholamines (Whiitemore et al., 1985,
1986}, and a thermostable enzyme (TS- or P-PST) that
is preferentially reactive with low concentrations of
simple phenols {Campbell et al,, 1987, Falany et al.,
1990Q). Purification studies of bovine lung phenol suifo-
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transferase indicated thermeostable activity (Barane-
zyk-Kuzma and Szymczyk, 1987) that was inactive
with catecholamines (Baranczyk-Kuzma and Szymec-
zyk, 1986), thereby being most comparable to the hu-
man P-PST enzyme. This comparison is supported by
the molecular characterization of the bovine lung PST
cDNA, which revealed a predicted amino acid sequence
most similar to the human P-PST enzyme (Schauss
et al., 1995). In this context, the bovine lung may be
congidered as less complex than human lung with re-
spect to possible phenol sulfonation pathways.

As an initial mode] system with less potential com-
plexity than human, we have been examning the regu-
lation of phenol sulfotransferase expression using bo-
vine bronchial epithelium. This tissue has a low basal
level of phenol sulfotransferase expression as demon-
strated both enzymologically and immunchistologically
{Beckmann et al., 1993). Hydrocortisone and other cor-
ticosteroids, however, can stimulate the expression of
this enzyme in cultured bovine bronchial epithelial
cells by 3—5-fold (Beckmann et al., 1994). Here we re-
port that the stimulatory effects of hydrocortisone can
be attenuated with retinoic acid, which may have im-
portant implications for the dietary control of xenobi-
otic metabolism in the lung.

MATERIALS AND METHODS

Retinoic acid, hydrocortisone, and LHC-Basal me-
dium were from Biofluids, Inc. (Rockville, MD). Insulin
was from Sigma (St. Louis, MO) and bovine pituitary
extract was prepared as previously described (Beck-
mann et al., 1992). RPMI 1640, penicillin/streptomycin,
and fungizone were trom GIBCO (Grand Island, NY).
Unlabeled PAPS and [**S]-PAPS (2 Ci/mmiol) were from
Pharmacia (Piscataway, NJ) and New England Nuclear
(Boston, MA), respectively. 2-Naphthol was from Fluka
(Ronkonkoma, NY). Other reagents were of the highest
purities available.

Cell culture

Bovine bronchial epithehal cells were prepared and
cultured under serum-free conditions as previously de-
scribed (Beckmann et al., 1992). Total primary epithe-
lial cells were suspended in a partially supplemented
medium, LHC-D plus RPMI 1640 (1:1) containing pitu-
itary extract (100 pg protein/ml) and insulin (5 pg/ml,
LHC-D/RPMI + Pl). LHC-D is LHC-Basal medium
supplemented with calcium stock, stocks 4 and 11,
trace elements, ethanolamine/phosphoethanclamine
(Lechner and LaVeck 1985), penicillin (50 U/ml), strep-
tomycin (50 ug/mil}, and fungizone (1 pg/ml). From 2—
4 x 10° cells were plated per 35 mum tissue culture well,
which had been precoated with 30 pg type I bovine
collagen (Vitrogen, Collagen Corp., Palo Alto, CA}.
After gvernight attachment at 37°C in a 95% air/5%
CO, humidified atmosphere, the wells were washed
twice with LHC-I/RPMI to remove unattached cells
and refed with LHC-D/RPMI + PI. After 2 days, the
cultures received fresh LHC-D/RPMI + I, and were
then fed with hormone-free LHC-D/RPMI for 24 h prior
to hydrocortisone and retinoic acid exposures as indi-
cated in the figure legends.
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Enzyme extraction and analyses

Cell extracts were prepared by NP-40 detergent lysis
method number two as previously described (Beck-
mann et al., 1994). Total protein concentrations were
determined by a Coomassie Blue G-250 binding assay
(Bio-Rad, Richmond, CA) using bovine serum albumin
as the standard. Phenol sulfotransferase activities
were measured in triplicate at 23°C using a modified
(Beckmann, 1991; Beckmann et al,, 1994) radioisotopic
procedure (Ramaswamy and Jakoby, 1987; Sekura et
al., 1979). Activities in the cultured cell extracts were
normalized for total protein. Sigmoidal dose-response
eurves were analyzed using a general logistic function,
which includes a “slope factor” and the IC,, or ED,,
values as fitted parameters (DeLean et al., 1978).

Steady state kinetic analyses of phenol sulfotransfer-
ase activities in cell extracts were conducted using the
same assay method, except 2-naphthol concentrations
were varied from 0.75- 10 UM (Beckmann et al., 1994).
Measured rates of sulfonation were used to determine
K.\ Vi, and their standard errors using the weighted
procedure of Wilkinsen (Wilkinson, 1961}, these heing
calculated on a Maciniosh computer by the use of a
configured graphical spreadsheet program {(Cricket
Graph III, Computer Associates, Islandia, NY).

Antibodies and immunoblot analyses

Mouse anti-bovine phenol sulfotransferase was as
previously described (Beckmann et al., 1993). Cell ex-
tracts, prepared as described above, were subjected to
pelyacrylamide gel electrophoresis in the presence of
dodecyl sulfate (Laemmli, 1970) and electrophoretic
transfer (Towbin et al., 1979} to Immobilon membranes
(Millipore, Bedford, MA). Membranes were allowed to
air dry, rewet in methanol followed by water, and then
prubed as previously described (Beckmann et al., 1994)
using a chemiluminescence detection kit (ECL, Amer-
sham, Arlington Heighis, IL). Relative band intensities
were determined by Macintosh computer-facilitated in-
tegrative analysis after transmittance scanning densi-
tometry (Hoeffer, model G8-300, San Francisco, CA).

RNA extraction and analysis

Total cell RNA was extracted and purificd as pre-
viously described (Chomczynski and Sacchi, 1987).
Samples of 10-15 ng were electrophoretically sepa-
rated on 1% agarose gels (IMOPS/Aormaldehyde system,
Maniatis et al., 1982} and subsequently transferred by
capillary blotting to nitrocellulose membranes using
20x SSPE. After UV crosslinking fization (Stra-
talinker, Stratagene, La Jolla, CA), the Northern blots
were blocked with §x SSPE/1% SDS/5X Denhardt’s
solution, and then probed using a 459 bp 5’ portion of
the bovine PST cDNA (Schauss et al., 1995} labeled
with %P by random hexamer priming (Feinberg and
Vogelstein, 1984). Hybridization was at 42°C in 2x
SSPE/1 x Denhardt’'s/0.1% SDS/5% dextran sulfate/
650% formamide. Probed blots were washed 4—5 times
at room temperature in 0.1x SSPE/0.1% SDS prior to
exposure to DuPont Cronex film using one intensifying
screen at —80°C. As a leading control hybridization
probe, a mouse 5 tubulin cDNA was used (Sullivan
and Cleveland, 1986), which detects two transeripts for
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Fig. 1. Effects of increasing retinoic acid supplementation on the
stimulation of expression of phenol selfotransferase (PST) activity by
hydrocortisene in cultured bronchial epithelial cells. Primary cells
were initially cultured for 4 days in the presence of insulin, followed
by one day of culture in the absence of hormeonal supplementation (sea
Materials and Methods). Cultures were then exposed to the indicated
combinations of *hydrecortisene (HC, 20 nM) and retinoic acid at the
indicated concentrations for 48 b prior to extraction {see Materiale
and Methods). Values arve averages of triplicate measurements + 5D,
being nermalized per mg protein being assayed. The curve was derived
from the logistical equation (see Materials and Methods) using a
“slope factor” of —0.6 and an ICy; value of 0.05 nM.

double verification of load equivalencies. Quantitation
was achieved by densitomeiry as described above.

RESULTS
Effect of retinoic acid on phenol
sulfotransferase expression

We previously reported that nanomolar concentra-
tions of hydrocortisone stimulated bovine bronchial epi-
thelial cell phenol sulfotransferase expression (Beck-
mann et al., 1994}, Inclusion of additional supplements,
which included 3.3 nM retinoic acid, decreased the hy-
drocortisone response (Beckmann et al., 1994). To pre-
cisely evaluate the role of retinoic acid in the control
of phenol sulfotransferase expression, bronchial epithe-
lial cells were exposed for 48 h to hydrocortisone in the
presence of increaging concentrations of retinoic acid
(Fig. 1). Complete attenuation of the hydrocortisone
stimulatory effect was accomplished by 10-1,000 nM
retinoic acid, with a calculated ICs, value of 0.05 nM.
These effects were not due to direct inhibition of the
phenol sulfotransferase per se, because inclusion of up
to 1 uM retinoic acid in control extract enzyme assays
had no effects (not shown).

To examine the ability of retinoic acid to attenuate
the stimulation of phenol sulfotransferase activity by
hydrocortisone in greater detail, hydrocortisone dose-
response measurements were made at several fixed re-
tinoic acid concentrations (Fig. 2). Nanomolar retinoic
acid concentrations caused a general repressive effect
even at elevated hydrocortisone concentrations (Figure
2); there was no apparent change in the calculated ED;,
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Fig. 2. Retinvic acid (RA) attenuates stimulation of phencl
sulfotransferase (PST) expression even at elevated hydrocortisone
concentrations. Primary cells were cultared as deacribed in the legend
of Figure 1, and finally incubated for 30 h at the indicated concentra-
tians of hydrocortisone with varied amounts of RA. Open circles, no
RA; closed circles, 0.1 nM RA; cloged triangles, 10 nM RA; closed
squares, 1 pM RA. Symbols cover the +SD of triplicate measurements
unless the error bars indicate otherwise. The fitted curves were de-
rived from the iogistic function (see Materials and Methods} using a
“slope factor” of 0.85 and an ED., of 12,5 nM.

value of 12,5 nM for hydrocortisone stimulation in the
presence of incomplete retinoic acid blockade. Approxi-
mately 50% attenuation was achieved by 0.1 nM reti-
noic acid, which is consistent with the initial observa-
tion (Fig. 1). These results also demonstrate that reti-
noic acid alone (—o controls) has little if any effect on
the basal level of phenol sulfotransferase expression.

The effects of varied retinoic acid concentrations on
the time-courses for hydrocortisone induction of phenol
sulfotransferase activities were also measured (not
shown). Rates of enzyme induction during the first 4—
5 days after exposure to 20 nM hydrocortisone plus
varied retinoic acid concentrations were less than that
observed with hydrocortisone alone.

Immunoblot analyses of phenol sulfotransferase
protein levels

To determine if the changes in phenol sulfotransfer-
ase activities (Figs. 1 and 2) could be ascribed to simple
changes in protein level, immunoblot analyses were
performed. Exposure to hydrocortisone (20 nM, 72 h)
increased immunodeteciable protein by approximately
10-fold (Fig. 3). Coexposure with 0.1 nM retinoic acid
reduced this stimulation by about 50%, which is very
comparable to the degree of attenuation observed upon
measurement of enzyme activities (Fig. 2). Retinoic
acid alone had little if any effect on immunodetectable
protein level, once again compatible with enzyme mea-
surements (Fig. 2).

Steady state kinetic properties of expressed
phenol sulfotransferase
Previous studies with bronchial epithelial cell phenol
sulfotransferase activities across a very broad range
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Fig. 3. Immunchlot analysis indicates changes in expression of phe- and Methods. Each lane contained 40 pg protein. The left panel (R-

nol sulfotransferase protein in cultured bovine bronchial epithelial
cells. Cells were initially cultured as described in the legend of Figure
1, and subsequently exposed to = hydrocortisone (= HC, 20 nM}
and * relinoic acid (= R4, 0.1 nM) for 72 h. Cell extracts were pre-
pared, electrophoresed, blotted and probed as described 1n Matenials

(3.8 nM—-1 mM) of 2-naphthol cencentration have
shown a single “peak” of activity (Beckmann et al.,
1994). The apparent K,, value for 2-naphthol was not
changed by hydrocortisone stimulation. To test the pos-
sibility that retinocic acid might change this kinetic pa-
rameter, assays were conducted at numerous substrate
concentrations (Fig. 4). The simple converging linear
patterns observed regardless of hydrocortisone and re-
tinoid exposures indicated no overt alteration in appar-
ent K, values for 2-naphthol. Weighted analyses of
such data indicated expression of a “low K,,” PST (Table
1), with apparent K, values of 3-5 ¢M for 2-naphthol;
these values are within error of our previously reported
measurements (Beckmann et al., 1994). The deter-
mined V., values are consistent with the enzymatic
activities measured at 20 uM 2-naphthol (Figs. 1 and
2), which is a “saturating” substrate concentration.

Hydrocortisone and retinoic acid regulate PST
mRENA levels

The most common mechanism whereby steroids and
retinoids modulate protein expression is via gene regu-
lation by their corresponding receptor proteing (Evans,
1988; Yamamoto, 1985). To determine if this might also
apply to the positive and negative regulation of phenol
sulfotransferase expression by hydrocortisone and reti-
noic acid, respectively, Northern blot hybridization
analyses were performed (Fig. 5). Hybridization with
the bovine PST ¢DNA demonstrated a visually cbvious

250} is a gel stained for tatal protein to demonstrate overa!l loading
and blotting equivalence. Replicate blots were probed with mouse
anti-bovine phenol sulfotransferase (Anti-PST) and normal mouse se-
rum (contral). The arrow shows the 32 kDa PST protein detected by
chemiluminescence.
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Fig. 4. Retinoic acid and hydrecortisone do not alter the phenol
sulfotransferase K, values for the acceptor substrate. Extracts fram
control cultures {open circles), cultures exposed for 4 days to 20 nM
hydrocortisone (closed circles), or 4 day exposure to hydrocertisone
plus 100 nM retinoic acid (closed triangles) were assayed at the
indicated concentrations of 2-naphthel. 8ymbols encompass + ST}
of averaged triplicate measurements unleas error bars show other-
wisec. Results of weiphted analyses from additional experiments are
presented in Table 1.
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TABLE 1. Steady-state kinetic parameters {or 2-naphthol
sulfenation by bovine bronchial epithelial cell culture extracts’

HC (M) RA (M) K, * SE (uM¥

Voo _* SE (nmol/mg/miny*

0 0 368 * 0.38 0272 = 0L013
20 0 295 > 0.37 0.642 ~ 0.041
20 0.001 4.15 * 0,49 0.628 ~ 0.037
20 c.010 417 = 0.37 0.521 = 0.025
20 0.10 4.56 * 0.46 0.506 - 0.033
20 1.0 3.22 + 0.50 0.441 + 0.044
20 10 5.26 + 0.567 0.571 = 0.036
20 100 3.08 + 0.29 0.295 > 0.013
20 1000 3.01 = 0.16 0.292 > 9.007

Primary cells (see Materials and Methods) were exposed to the indicated concen-
trations of hydrocortisene {HC) and retinoic acid {RA) lor 4 days,

*Sready state kinetic constante and their standard errors were caleulated by the
weighted analysis of Wilkinson (1961 2-Maphthol corwcentrativne were variad
as shown in Figure 4.

increase in cognate transeript levels in response to hy-
drocortisone, which was attenuated by simultaneous
exposures to increasing concentrations of retinoic acid.
No obvious effect of retinoic acid alone was obhserved.
Using tubulin transcript levels as internal controls for
slight variations in loading, densitometric analyses re-
vealed a 10-fold inerease in PST mRNA levels in re-
sponse to hydrocortisone (not shown). The repression
of this stimulation by retinoic acid displayed a dose-
response very similar to that observed by analysis of
enzyme activities, with half-maximal inhibition at ap-
proximately 0.1 nM.

DISCUSSION

The current data reveal that nanomolar concentra-
tions of retinoic acid can prevent the hydrocortisone-
stimulated expression of phenol sulfotransferase activ-
ity, protein levels, and message levels within cultured
bovine bronchial epithelial cells. These results likely
explain our prior observation (Beckmann et al., 1994)
that inclusion of all hormonal supplements used to for-
mulate the LHC-9 culture medium {Lechner and La-
Veck, 1985) antagonized the stimulation of PST expres-
gion in these cells by hydrocortisone. Thus, the expres-
sion of PST in this system is not simply constitutive,
but it is subject to both positive and negative controls.

Retinoic acid displayed a general repressive effect on
phenol sulfotransferase expression, even in the pres-
ence of excess hydrocortisone (Fig. 2). This is in contrast
to a second possible result of a “rightward” shift in
the hydrocortisone dose-response curve. This strongly
suggests that the two hormones are acting via distinet
receptors, which is consistent with our current under-
standing of steroid and retinoid receptors. The retinoid
receptor(s) appears to exert a dominant effect over the
glucacorticoid receptor in the control of phenol sulfo-
transferase expression.

Retinoic acid also attenuates expression of choles-
terol sulfotransferase expression in rabbit and human
tracheobronchial epithelial cells during “squamous dif-
ferentiation” (Rearick et al., 1987a,b). While incom-
pletely characterized in these systems, current evi-
dence indicates sulfoconjugation of cholesterol by dehy-
droepiandrosterone sulfotransferase (Aksoy et al,
1993). This steroid sulfotransferase is biochemically
and genetically distinet from phenol sulfotransferases
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{Aksoy and Weinshilboum, 1995; Otterness et al., 1992;
Wilborn et al., 1993). Also, our cell culture extracts and
purified bovine phenol sulfotransferase enzyme display
non-detectable cholesterol sulfotransferase activities
(data not shown), Therefore, our observations are not
due to assays of a steroid sulfotransferase. However,
the previously reported assays of cholesterol sulfotran-
sferase were conducted in the presence of Triton X-
100, because the detergent was found to “activate” the
enzyme activity (Rearick et al., 1987a). Triton X-100 is
a substrate of phenol sulfotransferase (Spclter and
Rice, 1980), so it is possible that previous measure-
ments may be a mixture of steroid and phenol sulfo-
transferase activities.

Retinoic acid is a reported morphogen for the normal
differentiation of tracheobronchial epithelium to a
pseudostratified ciliated histology (Jetten et al., 1987).
In the absence of this dietary hormone, airway epithe-
lial squamous metaplasia occurs (Clark et al., 1980),
It is therefore interesting that phenol sulfotransferase
expression in human nasal polyp epithelium appears
restricted to regions of basal cell hyperplasia with squa-
mous cell metaplasia, whereas little expression is ob-
served in adjacent epithelia of normal histology (Beck-
mann et al., 1995). These results provide further evi-
dence for dynamic regulation of phenol sulfetransferase
expression in airway epithelial cells in vivo, as indi-
cated by the current results in vitro.

The control of gene expression by steroids and reti-
noids is complex. Although these hormones are fre-
quently positive modulators, repression of gene expres-
sion has also been observed (Felli et al,, 1991; Yang-
Yen et al., 1990). Retinoic acid antagonizes estrogen
stimulation of TGF-alpha and pS2 gene expression in
MCF-7 cells, although the mechanism is unknown
(Fontana et al., 1992). Retinoic acid also inhibits tyro-
sine aminotransferase gene induction by dexametha-
sone in a rat hepatocyte line {Pan et al., 1992). One
possible mechanism for such counter-regulation would
be mutually exclusive hinding to specific gene regula-
tory DNA sequences. Alternatively, there is evidence
for inhibitory protein-protein interactions between ste-
roid receptors and other transcription factors (Yang-
Yen et al., 1990), so perhaps such binding occurs with
the retinoic acid receptor in our cell culture system. A
more precise molecular mechanism for the repressive
effect of retinoic acid on phenol sulfotransferase gene
expression is not yet clear. We are currently character-
izing the bovine phenol sulfotransferase gene in order
to explain these observations. The presence of response
elements for the steroid receptor{s) seems likely, based
on reports of consensus estrogen and glucocorticoid re-
sponse sequences npstream of an estrogen sulfotransf-
erase gene {(Komatsu et al., 1993).

The most obvicus function of the phenol sulfotransf-
erase within the airway epithelium would be to provide
a route of xenobiotic detoxification (Mulder, 1981). Sul-
fonation of certain compounds such as N-hydroxylary-
lamines {Gilissen et al., 1994), however, results in their
bioactivation to the likely ultimate carcinogens. There-
fore, modulation of phenol sulfotransferase activity
may be an important determinant of detoxification vs.
carcinogenesis. The ability to regulate airway epithelial
cell phenol sulfotransferase activity in vitro will allow
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Fig. 5. Phenol sulfotransferase {PST) mRNA levels are regulated by
hydrocortisone and retinoic acid. Primary cells were incubated in the
absence of hydrocortisone (HC} and retinoic acid (RA) for § days before
50 h exposures to = 20 nM HC in the absence or presence of increasing

us to determine if any phenotypic endpoints can be
observed, such as varied resistance to cytotoxic pheno-
lic compounds. Such chemicals are of considerable in-
terest, being abundant pollutants within organic com-
bustion products such as cigarette smoke (Wynder and
Hoffmann 1979}, Whether our current results can ex-
plain the increased incidence of lung cancer in male
smokers with elevated dietary (-carotene (Alpha-To-
copherol, Beta Carotene Cancer Prevention Study
Group, 1994} will be an interesting question for further
investigation.
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