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Opposing cytokine-specific effects of all trans-retinoic acid on
the activation and expression of signal transducer and
activator of transcription (STAT)-1 in THP-1 cells
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SUMMARY

The regulation of signal transducer and activator of transcription-1 (STAT-1) by cytokines and all-
trans-retinoic acid (RA) was investigated in THP-1 monocytic cells cultured with RA and
stimulated with lipopolysaccharide (LPS), tumour necrosis factor-o (TNF-o), interferon-f8
(IEN-PB), and IFN-y, individually or in combinations. While RA (10™®Mm) alone did not alter
STAT-1 activation or expression in THP-1 cells, RA enhanced or prolonged STAT-1 activation
(tyrosine 701 phosphorylation) and gene expression (mRNA and protein) induced by either IFN-f3
or [IFN-y. However, in contrast, RA reduced STAT-1 activation and gene expression induced by LPS
and/or TNF-a by about 50-70%, and lowered in vitro DNA binding activity to both a STAT-1
consensus element and a nuclear factor kappa B (NFxB) binding element. These results imply that
RA can significantly rebalance STAT-1-dependent responses, and that one of the mechanisms may

be through the inhibition of the NFxB pathway.

INTRODUCTION

Signal transducer and activator of transcription-1 (STAT-1), a
member of a family of latent cytoplasmic proteins,' plays an
essential role in the intracellular signalling pathways induced by
certain cytokines and growth factors that regulate cell prolif-
eration, differentiation, immune responses and homeostasis.'™
As its name indicates, STAT-1 functions not only as a transducer
of signals from cell-surface receptors but, after activation and
translocation to the nucleus, as a transcription factor capable of
regulating numerous genes involved in antiviral, antibacterial
and antiproliferative responses.® The activation of STAT-1 in-
volves phosphorylation on a specific tyrosine residue (Y701)
that renders STAT-1 competent to form homo- or heterodimers,
and another phosphorylation on serine (S727) which is neces-
sary for full transcription factor activity.*> While rapid protein
phosphorylation is critical for the STAT-1’s transactivation
function, the level of STAT-1 gene expression may also deter-
mine its signalling potential.>” STAT-1 transduces signals for
inflammatory and immune stimuli such as interferons (IFN-o/3
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and IFN-y, two distinct families of IFNs) and many interleu-
kins,®? and is important to IEN-mediated antiviral responses'®”
'2 and to cellular responses to bacterial products and mediators
of inflammation, including lipopolysaccharide (LPS) and
tumour necrosis factor-o. (TNF-o).

Vitamin A is a dietary factor required for uncompromised
immunity.'>'* All-frans-retinoic acid, a natural oxidative meta-
bolite of vitamin A," is well known to exert its hormonal
influence on diverse processes including cell proliferation,
differentiation and apoptosis.'®!” Most biological actions of
retinoids are mediated by their association with one or more
members of two subfamilies of ligand-activated nuclear recep-
tors, RARs and RXRs, which bind to retinoid response elements
(RARE?5) in target genes to induce, or sometimes inhibit, gene
transcription.'®

Interactions between retinoic acid (RA) and various pro-
inflammatory factors have been demonstrated previously in
several contexts. For example, RA was shown to inhibit the
production of TNF-o and interleukin-1 (IL-1) in cultured
macrophages, and to inhibit the induction of nitric oxide
production and nitric oxide synthase 2 (iNOS) gene expression
by LPS or IFN-v in macrophages'® and mesangial cells.'® These
effects may account for the reported anti-inflammatory effect of
RA. However, RA may also sensitize cells to the effects of
cytokines, as we have recently shown for RAW264.7 macro-
phages exposed to LPS and IFN-y, in which nitric oxide
production induced by low concentrations of LPS or IFN-y
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was increased in cells exposed to RA.?® Moreover, RA is well
recognized as a potent inducer of cell differentiation and an
immune modulator."* RA is capable of enhancing IFN-induced
cell differentiation in vitro and in vivo, and is receiving attention
for cancer therapy.>'**> With respect to its interactions with
IFNs, RA improves the clinical efficacy of IFN-f in the treat-
ment of multiple sclerosis, a disease related to unbalanced T
helper type 1 cell activity.* These various observations indicate
the existence of cross-talk, perhaps at several levels, between
the RA receptor-mediated signalling pathways and cytokine-
initiated signalling pathways.

For the present studies on retinoid-regulated STAT-1
responses to immune stimuli, we investigated the ability of
RA to induce STAT-1 activation and gene expression indepen-
dently, as well as to modulate the induction of STAT-1 signalling
by several immune stimuli including LPS and TNF-o,, IFN-f
and IFN-y in THP-1 cells. THP-1 cells were chosen as a model
system because they are known to differentiate into macro-
phage-like cells in response to RA, as well as activated vitamin
D and phorbol esters.>*® We observed that RA is capable of
modulating the ability of cytokines to induce STAT-1 expression
and activation in THP-1 cells. This modulation is differential, as
all-trans-RA enhanced the potential of IFNs to induce STAT-1
activation in THP-1 cells, which is consistent with previous
reports in other cell types,7‘27 but it strongly inhibited the
activation and expression of STAT-1 induced by TNF-a and
LPS. These results thus indicate that LPS, TNF-a and IFNs may
regulate STAT-1 gene expression and activation through differ-
ent pathways, and that RA can differentially control the signal-
ling pathways activated by these cytokines at different points.
Because we observed that RA could inhibit LPS- and TNF-a-
induced activity of nuclear factor kappa B (NFxB), which is an
important molecule in TNF-o and LPS signalling pathways, we
propose that the inhibitory effect of RA may be mediated at least
partially through the inhibition of NFkB activation.

MATERIALS AND METHODS

Cells and reagents

THP-1, a human monocytic leukaemia cell line, was purchased
from the American Type Culture Collection (Rockville, MD).
All-trans-RA was obtained from Sigma Chemicals (St Louis,
MO), Escherichia coli LPS (055:B5) was from List Biological
Laboratory, Inc. (Campbell, CA), recombinant human TNF-o
was from R & D Systems (Minneapolis, MN), and recombinant
human IFN-B and IFN-y were from Biosource International
(Camarillo, CA) and PreproTech Inc. (Rocky Hill, NJ), respec-
tively. Antibodies specific for STAT-1 protein and phosphotyr-
osine residues (PY20) were purchased from Transduction
Laboratory (Lexington, KY), and anti-STAT-17°! was obtained
from Cell Signaling Technology (Beverly, MA). Protein G agar-
ose, used in immunoprecipitation, and double-stranded DNA
oligonucleotide binding elements, used in electrophoresis mobi-
lity shift assay (EMSA), were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). Electrophoresis reagents were from
BioRad (Cambridge, MA) and nitrocellulose membranes were
from Amersham (Piscataway, NJ). The enhanced chemilumines-
cence (ECL) detection system was from Pierce (Rockford, IL).

Cell culture and treatment

Stock cultures of cells were maintained in RPMI-1640 medium
(Life Technologies, Rockville, MD) supplemented with 10%
heat-inactivated fetal bovine serum (FBS, Life Technologies)
and 107> M B-mercaptoethanol. For experiments, cells were
plated in plastic Petri dishes and incubated at 37° in a 5%
CO,—air incubator at a density of 2-5 x 103/ml in medium with
reduced FBS concentration (3% unless otherwise indicated) for
6hr, then incubated for another 16hr in the presence and
absence of all-trans-RA ( 10~% M, unless otherwise indicated).
Immune stimuli (LPS, TNF-a, IFN-B, or IFN-y), either indivi-
dually or in the combinations indicated in the text or the figure
legends, were added to cultures for varying times.

Cells were plated at 2-5 x 10°/ml in six-well tissue culture
plates. After treatment with stimuli, cells were harvested and
washed once with cold phosphate-buffered saline (PBS). Follow-
ing procedures described previously,?® cell pellets were lysed
using RIPA buffer (1% Nonidet P-40, 0.5% sodium deoxycho-
late, 0.1% SDS in PBS) (Santa Cruz Inc. Santa Cruz, CA)
containing a protease inhibitor cocktail (Roche, Nutley, NJ) and
1 mM sodium orthorvanidate (Sigma) as phosphatase inhibitor.
Whole cell lysates were obtained by centrifugation at 15000 g
for 15 min at 4°. The protein concentration in the supernatants
was measured using the bio-rad protein (BSA) assay (BioRad).
Fifty microgrammes of total cellular protein was dissolved in
1x sodium dodecyl sulphate (SDS) sample buffer with 100 mM
dithiothreitol (DTT) as reducing agent, then boiled for 10 min
and loaded onto an 8% polyacrylamide gel for separation by
SDS—polyacrylamide gel electrophoresis (SDS-PAGE). After
separation, proteins were transferred to nitrocellulose mem-
branes. Each blot was incubated with an appropriately diluted
primary antibody, followed by washing three times with TBST
(10 mMm Tris—HCI, pH 8-0, 150 mM NaCl, and 0-05% Tween-20).
It was then incubated with horseradish peroxidase-labelled
secondary antibody and visualized using an ECL detection
system. Afterwards, the membrane was stained with Ponceau
S which was used to demonstrate equal loading of samples.?®

Immunoprecipitation

THP-1 cell lysate (500 pg of protein in 500 pl of RIPA buffer)
was incubated first with anti-STAT-1 antibody at 4° for 1hr
before protein G agarose (20 pul) was added and incubated with
the lysate at 4° overnight. The mixture was washed twice with
RIPA buffer with proteinase and phosphatase inhibitors, as
stated above, and twice with cold PBS, 1x SDS sample buffer
was then added to the agarose beads, and the beads were boiled
for 10 min to release and denature the protein. The precipitates
were subjected to SDS—PAGE and Western blot analysis.?®

Reverse transcription—polymerase chain reaction (RT-PCR)

THP-1 cells, 5 x 10° cells/ml, were plated in 100-mm plastic
Petri dishes and, after stimulation, total cellular RNA was
isolated using a RNeasy Kit (Qiagen, Valencia, CA) according
to the manufacturer’s instructions. One microgramme of total
RNA was subjected to RT (Promega, Madison, WI). One-tenth
of the reaction mixture was used for PCR analysis. To detect the
differential expression of human Stat-1o and Stat-1 mRNAs, a
set of primers was designed which share a common forward
primer for both Stat-1 isoforms with specific reverse primers for
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Stat-1o and Stat-1p, respectively. The forward primer sequence
for both Stat-1 isofomrs is 5-AAGGAAGCACCAGAGC-
CAATGG; the sequence of the reverse primer for Stat-la is
5'-CACTTGCTATCAACAGGTTGCAGC; and that of the
reverse primer for Stat-1p is 5'-AATGCTGATAGGCAGTAA-
CACGG. These primers, located in different exons of the Stat-1
gene, are expected to generate amplicons of Stat-1o and Stat-18
of 345 base pairs (bp) and 242 bp, respectively. The cytochrome
P450 Cyp26 gene, known to be RA-inducible, was also ampli-
fied as a positive control.*® Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was employed as a housekeeping gene and
internal control for RNA integrity and RT-PCR amplification.
The primer sequence for the GAPDH forward primer is 5'-
TGAAGGTCGGAGTCAACGGATTTGGT; and that for the
reverse primer is 5-CATGTGGGCCATGAGGTCCACCAGC;
the size of the amplicon is 982 bp. During PCR amplification,
0-5 nCi of [0-**P]dATP was added to the PCR reaction to label
the PCR product. PCR conditions were optimized as denaturing
at 94°, 1 min, annealing at 60° for 1 min and extension at 72° for
1 min. Stat-1, Cyp26 and GAPDH genes were amplified by 22
cycles, 30 cycles and 17 cycles, respectively. After amplifica-
tion, the PCR products were separated on a 5% non-denaturing
acrylamide gel for 2hr.>' The gel was dried and exposed to
Kodak MS X-ray film with markers to determine exactly the
product position. Individual bands were cut from the dried gel
and counted in 3ml ScintiVerse scintillation fluid (Fisher
Scientific, Houston, TX) by liquid scintillation counting to
quantify the relative gene expression level.

EMSA

Nuclear protein was extracted from THP-1 cells following a
procedure we have described previously.®' Briefly, cell pellets
were homogenized in a hypotonic buffer [10 mm HEPES, pH 7.9,
1-5mM MgCl,, 10mM KCI, 0-2mM phenylmethylsulphonyl
fluoride (PMSF), 0-5mM DTT, 1 mM sodium orthovanadate,
0-5% nonidet P-40] using a Dounce tissue homogenizer. Nuclei
were recovered by centrifugation at 2500 ¢ at 4° for 10 min.
Then a hypertonic bufter (20 mm HEPES, pH 7-9, 10% glycerol,
1-5 mM MgCl,, 400 mM KCl, 0-2 mM ethylenediaminetetraace-
tic acid, 0-2 mM PMSF, 0-5mM DTT, 1 mM sodium orthovana-
date) was added to extract nuclear protein. After 30 min
incubation on ice, the mixture was centrifuged at 15000g
for 30 min. The supernatant was divided into aliquotes and
stored at —80°. For each EMSA reaction, 2 pg of nuclear protein
was incubated with 10 000 c.p.m. of an appropriate [y->>P]ATP
end-labelled probe for 30min on ice. For competition or
super shift assay, unlabelled oligonucleotides, such as IFN-
stimulated response element/y-IFN activated site (ISRE/GAS),
mutant ISRE/GAS (MulSRE/GAS), NFxB, and mutant NFkB
(MuNFkB) binding sites, or specific or irrelevant antibodies
were first incubated with nuclear protein for 30 min on ice, the
probe was then added to the reaction and the mixture was
incubated further for 30 min on ice. The reaction mixtures were
then loaded onto a 5% native polyacrylamide gel. After elec-
trophoresis, the gel was dried and subjected to autoradiography.

Statistical analysis

The data were presented as mean +SD. One-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparison
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test was used to analyse the data. P <0-05 was considered
significant.

RESULTS

RA inhibits STAT-1 protein accumulation and
phosphorylation induced by LPS and TNF-a

In preliminary experiments, STAT-1 gene expression and pro-
tein phosphorylation were determined in THP-1 cells incubated
in the absence or presence of all-frans-RA over the range of
concentrations from 107° to 107> M. STAT-1 protein was
detected by Western blot analysis with an antibody specific
for STAT-1 protein, and STAT-1 protein phosphorylation was
determined using an antibody against STAT-1 protein phos-
phorylated at Y701, the critical site for STAT-1 protein activa-
tion.” Over this wide range of RA doses, we did not detect any
significant alteration of STAT-1 protein and phosphorylation
levels (data not shown). When cells were treated with LPS
(100 ng/ml) or TNF-a (5 ng/ml), alone or in combination, there
was a strong up-regulation of STAT-1 protein (Fig. 1a). The
induction of STAT-1 protein was detectable by 6 hr of stimula-
tion and continued to increase with time, reaching a maximum
at ~72 hr. Since the pattern was the same at each time-point, the
24-hr image was selected for illustration in Fig. 1(a) to represent
the regulatory effects of LPS and TNF-o. Protein staining with
Ponceau S is illustrated in the figure to demonstrate the equal
loading and proper transfer of the protein.

The tyrosine phosphorylation status (PY701) of STAT-1
protein was detected under the same culture conditions. Treat-
ment of cells with LPS and/or TNF-a induced STAT-1 protein
phosphorylation, which was detectable at 4—6 hr and maximum
at 48 hr of stimulation. The 24-hr image is illustrated in Fig. 1(b)
as a representative example. Interestingly, pretreatment of cells
overnight (16 hr) with 1078 M RA, a concentration considered
physiological, reduced the inducibility of STAT-1 protein
expression and phosphorylation by LPS and TNF-o (Fig. 1a,b).
STAT-1 expression and activation were reduced by about 50—
70%. To confirm the specificity of the signal, we performed
immunoprecipitation analysis with THP-1 cell lysate collected
after 24 hr of treatment. The lysate was first precipitated with
anti-STAT-1 antibody and then subjected to Western blot ana-
lysis using an anti-phosphotyrosine (PY20) (Fig. 1c), and anti-
STAT-1 antibody (not shown). This experiment, by a second
approach, also demonstrated that LPS and TNF-o induced
STAT-1 protein and tyrosine phosphorylation, and that pretreat-
ment with RA strongly inhibited the induction of STAT-1 and its
activation in THP-1 cells.

The experiments above were performed with THP-1 cells
cultured in RPMI-1640 medium supplemented with 3% FBS,
which is the minimum FBS concentration needed to maintain
good growth and morphology of THP-1 cells. To determine if
serum concentration has a significant effect on the responsive-
ness of THP-1 cells to cytokines and RA, we determined STAT-
1 protein levels in the presence of different concentrations of
serum. As shown in Fig.2(a), cytokine stimulation in the
presence of 10% serum resulted in stronger induction of
STAT-1 protein in the presence of LPS/TNF-a, while 3% serum
resulted in similar but lower induction. However, the inhibition



202 Q. Chen et al.

LPS - - + 4+ - - + +
TNFo - - - - + + + =+
RA

' —STAT-10
- STAT-1B
—Ponceau S
staining
5.0 b O Medium
RA
<
2
°
F]
S
£
3
o
e
Control LPS TNFo. LPS+TNFo
Treatment
(b) ()
LPS -+ - -+ - LPS . .+ s
TNFa - - + - + - + + TNFa - - + +
RA - . B
STAT-1
STAT-1a
STAT-1p
— Ponceau S
staining NS
50
c RA
o
‘6 =
3 g
= 2
h=} @
o
- g
Control LPS TNFa  LPS+TNFa Control RA  LPS+TNFa LPS;‘;NFQ
+
Treatment Treatment

Figure 1. Retinoic acid (RA) inhibits lipopolysaccharide (LPS)- and tumour necrosis factor-o. (TNF-o)-induced STAT-1 protein
expression and phosphorylation. THP-1 cells were pretreated with RA (10~® M) or vehicle (control) for 16 hr, then with LPS (100 ng/
ml) or TNF-a (5 ng/ml) and fresh RA for 24 hr. Fifty microgrammes of protein was subjected to Western blot analysis to determine
STAT-1 protein and phosphorylated STAT-1 (PY701) levels. (a) Western blot analysis. The top image shows the STAT-1 protein
detected by monoclonal anti-human STAT-1, and the Ponceau S staining of the membrane is shown underneath. The bar graph shows
the results of densitometric analysis (fold induction, mean +SD) from three independent experiments. Control value for each group set
to 1-0. Stimulated groups were significantly different from the non-stimulated control group (P < 0-01), and from the stimuli plus RA
groups (P < 0:01). (b) Western blot analysis using antibody recognizing the phosphorylated tyrosine, PY701. Bar graph shows results
from two independent experiments. (c) Immunoprecipitation and Western blot assay of THP-1 cells pretreated with RA overnight and
then with LPS, TNF-o and fresh RA for 24 hr. Protein lysates were first subjected to immunoprecipitation with anti-STAT-1 antibody,
and then to Western blot analysis with anti-phosphotyrosine antibody (PY20). A non-specific band (NS), which might be the
immunoglobulin heavy chain cross-reacting with the secondary antibody used in Western blot procedure, is included to indicate the
even loading of the gel. Similar results (not shown) were observed when anti-STAT-1 was used for immunoprecipitation followed by
detection with anti-STAT-1 antibody.

as aresult of RA was clear whether 3%, 5% (r%ot shown), or 10% RA inhibits LPS- and TNF-s-induced Stat-1 mRNA
serum was used, and was dose dependent (Fig. 2b). The rest of
our experiments were performed with medium supplemented
with 3% FBS and 107®M RA, considered a physiological To determine whether the inhibitory effect of RA on STAT-1
concentration. protein also occurs at the mRNA level, total cellular RNA was

expression
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Figure 2. Effect of medium fetal bovine serum concentration on the regulation of STAT-1 protein in the presence of LPS/TNF-o and
RA. THP-1 cells were plated in RPMI-1640 medium with different concentrations of FBS. Cells were pretreated with RA (10~° or
107°M as indicated) for 16 hr and then LPS and TNF-a were added to cells with fresh RA for anther 48 hr of incubation. (a) Western
blot analysis showing the induction of STAT-1 protein with 10 and 3% FBS in the presence or absence of 10~ M RA. Bar graph shows
results from two experiments (control value for each group set to 1-0). (b) Analysis of Western blot data showing the regulation of
STAT-1 protein by LPS/TNF-o. and RA (10~® and 10~°M) in the presence of 10% FBS. Means +SD from two experiments.

isolated from cultured THP-1 cells and RT-PCR was performed
to quantify Stat-1o and Stat-1 mRNAs, two isoforms derived
by differential RNA processing.32 Quantitative isoform-specific
RT-PCR was performed (see the Materials and methods sec-
tion). A housekeeping gene, GAPDH was included as an
internal control, and Cyp26, a gene of the cytochrome P450
family that is known as an enzyme for RA metabolism and to be
inducible in the presence of RA,*® was included as a positive
control to show the functionality of RA. The PCR products for
these genes are shown in Fig. 3(a). Consistent with the results of
the STAT-1 protein assays, RA had no apparent effect on Stat-1
gene expression at RA concentrations from 107'° to 107°Mm
(Fig.3b). Stat-1 mRNA expression was up-regulated by LPS
(Fig.3a,c). Similar results were observed in cells treated with
TNF-a and in those given the combination of LPS and TNF-a
(data not shown). In THP-1 cells pretreated with RA, the
induction of Stat-1 mRNA expression was reduced by about
50-70% (P < 0-02).

RA enhances IFN-regulated STAT-1 protein expression
and phosphorylation

Next we tested the interaction of RA and IFNs in regulating
STAT-1 protein level and phosphorylation status in THP-1 cells
because IFNs are cytokines that are well documented to activate
STAT-1 protein. As shown in Fig. 4, submaximal concentrations
of IFN-f induced STAT-1 protein accumulation and phosphor-
ylation significantly. Although RA alone did not significantly
alter the amount of STAT-1 protein in THP-1 cells, RA had a
synergistic regulatory effect on IFN-B-induced STAT-1 protein
accumulation (Fig.4a), and also increased the magnitude of
IFN-B-evoked STAT-1 protein phosphorylation (Fig. 4b).

To explore further the opposing effects of RA on TNF-o-and
IFN-induced STAT-1 activation and protein expression, it was of
interest to determine whether these effects are likely to occur
through independent mechanisms, which might be expected to
be additive, and whether RA potentiates STAT-1 expression in
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THP-1 cells stimulated with IFN-y, as for IFN-f. Thus, in this
experiment THP-1 cells were stimulated with both TNF-o. and
IFN-vy, with and without RA pretreatment. As in the previous
experiment using IFN-f, STAT-1 expression was induced by
IFN-y and treatment with RA augmented this induction (lanes 5
and 6 in Fig.5). When TNF-o and IFN-y were combined in
stimulating THP-1 cells (lane 7), they produced a stronger
induction of STAT-1 gene expression than did either cytokine
alone (lane 3 and lane 5 compared with lane 7). In THP-1 cells
treated with RA and the combination of TNF-o and IFN-vy (lane
8), the level of STAT-1 induction was intermediate to the levels
in cells treated with RA plus TNF-a (lane 4) and in cells treated
with IFNs and RA (lane 6). Similar phenomena were observed
in cells treated with TNF-a, IFN-B and RA (data not shown).
These results further imply that RA interacts with TNF-o and
IFN signalling pathways in THP-1 cells through different,
additive mechanisms.

RA inhibits STAT-1 DNA binding activity induced by
cytokines

Since we have observed the inhibitory effect of RA on STAT-1
gene expression and activation, we asked if RA also inhibits
STAT-1’s DNA binding activity. THP-1 cells were pretreated
with RA for 16 hr and then TNF-o. and/or LPS were added to
cells along with fresh RA. Nuclear protein extracts were pre-
pared after 2 and 24 hr of incubation, and EMS A was performed.
As shown in Fig.6, STAT-1 binding activity to a STAT-1
consensus element (ISRE/GAS) was induced after stimulation
of cells with TNF-a and/or LPS. Complex formation was
detectable at 2 hr of treatment with LPS and LPS plus TNF-
o, while induction by TNF-oo was apparent after 24 hr of
stimulation. Pretreatment of cells with RA strongly inhibited
the induction of STAT-1 binding activity (Fig. 6a). Western blot
analysis of nuclear protein extracts under these conditions
confirmed the induction of STAT-1 PY”" and its reduction
by RA (Fig.6b). To confirm the specificity of the STAT-1
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Figure 3. Retinoic acid (RA) inhibits lipopolysaccharide (LPS)-induced Stat-1 gene expression at the mRNA level. THP-1 cells were
pretreated with RA for 16 hr and then stimulated with LPS in the presence and absence of RA for 24 hr. Total RNA was isolated and 1 pug
of total RNA was subjected to RT-PCR. (a) A representative RT-PCR analysis showing the **P-labelled amplicons of Stat-1, Cyp26 and
GAPDH genes in THP-1 cells treated with RA (10~® M) and/or LPS. (b) Graph showing Stat] gene expression (c.p.m. mRNA) in the
presence of various concentrations of RA. THP-1 cells were treated with RA for 48 hr. Total RNA were isolated and subjected to RT-
PCR to detect Stat-1 gene expression. The values represent mean +SD of two experiments. (c) Regulation of Stat-1 gene expression by
RA and LPS. The values indicate mean +SD of four replicates. Stimulated groups were significantly different with non-stimulated
control group (P < 0-02), and with stimuli plus RA groups (P < 0-02). Con, control.
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Figure4. Retinoic acid (RA) enhances the interferon-f (IFN-B)-induced STAT-1 expression and phosphorylation. THP-1 cells were
pretreated with RA (1078 M) for 16 hr, and then IFN-f (2-5 U/ml) was added to cells for the times indicated. (a) Time—course of total
STAT-1 protein accumulation induced by IFN-fB and RA (a Western blot analysis using anti-STAT-1 antibody and then assessed by
densitometry). (b) Cells were treated with IFN-f (0-5 or 2-5 U/ml) for 2 hr after 16 hr RA pretreatment. Phosphorylated STAT-1 protein
was detected by Western blot analysis (anti-PY701 antibody and densitometric analysis).

binding complex, competition assays were performed using an supershift assay was also performed using anti-STAT-1 anti-
excess of unlabelled wild type and a mutant form of STAT-1 bodies and a non-related antibody (anti-iNOS antibody) as a
oligonucleotide (see the Materials and methods section), as well control (Fig. 6¢). The binding complex fully competed with the

as a non-related fragment such as an Sp-1 binding site. A wild-type STAT-1 binding site, and the complex formation was
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Figure 5. Opposing effects of retinoic acid (RA) on tumour necrosis factor-o. (TNF-a) and interferon (IFN) -induced STAT-1 protein
expression. THP-1 cells were pretreated with or without RA ( 1078 m) for 16 hr and then treated with TNF-o (5 ng/ml) and/or IFN-y
(2:5U/ml) for 24 and 48 hr in the presence and absence of fresh RA. Cells were harvested and Western blotting was performed to detect
STAT-1 protein. The upper panels are Western blot analyses showing STAT-1 protein accumulation 24 and 48 hr after cytokine
stimulation and Ponceau S staining of the membranes. The lower panels are the corresponding graphs showing the relative induction of

STAT-1 protein (mean £SD of two independent experiments).

specifically blocked by an anti-STAT-1 antibody specific for the
protein’s N terminus, the region required for dimer formation.
The binding complex was supershifted by the antibody against
STAT-1 PY701, indicating the specificity of the binding inter-
action between STAT-1 and the consensus STAT-1 binding site.

The inhibitory effect of RA on TNF-o/LPS-regulated STAT-
1 activity may be mediated through the NFxB pathway

It is known that the bioactivities of LPS and TNF-o are evoked
through the activation of the NFkB pathway.**** To determine
whether RA impedes LPS/TNF-a signalling by blocking NFxB
activation, we tested the nuclear NFxB binding activity of THP-
1 cells by EMSA using the nuclear protein extracts described
above. As shown in Fig.7(a), LPS and TNF-a both induced
NFkB binding activity. Similar to the STAT-1 binding activity to
the STAT-1 DNA binding element described above, the NFxB
DNA binding activity was rapidly induced in cells treated with
LPS or LPS plus TNF-o, while TNF-o alone induced binding
activity at 24 hr of stimulation. In cells pretreated with RA, the
induction of NFkB DNA binding activity was significantly
reduced to the control level. In competition and supershift
experiments carried out to confirm the specificity of the com-
plex, we observed a complete competition with the wild-type
NFxB DNA binding site and a supershift of the binding complex
when anti-p65 antibody was added (Fig. 7b).

DISCUSSION
The present study has demonstrated the differential regulatory

effect of RA, a principal active metabolite of vitamin A, on

© 2002 Blackwell Science Ltd, Immunology, 107, 199-208

cytokine-induced STAT-1 gene expression and protein activa-
tion. As we have observed in THP-1 cells, multiple diverse
stimuli such as LPS, TNF-o and IFNs can significantly activate
STAT-1 protein and increase its gene expression. While the
activation response of STAT-1 to IFNs has been studied fairly
extensively in several cell types,'* the STAT-1 response to LPS
and TNF-a has received little attention. Because STAT-1 is
considered a latent protein that is activated by phosphorylation,
less attention has been paid to its regulation at the level of gene
expression. Thus it was important in our studies to determine the
response of THP-1 cells to RA alone, as well as to these various
immune stimuli alone and in combination. RA alone has been
reported to induce STAT-1 protein phosphorylation as well as
gene expression in several promyelocytic leukaemia cell lines,
such as human HL-60 and U937 cells and murine RAW264.7
cells, and primary acute promyelocytic leukaemia cells.”*"*
Yang et al. also reported that in RA at 107 M could induce Stat-
1 expression in THP-1 cells, even more potently than IFN-y.%’
However, in multiple experiments we did not detect any appar-
ent alteration of STAT-1 expression and activation in THP-1
cells treated with RA alone, which was added in various doses
and for various times. We also tested the inducible expression of
STAT-1 in rat peritoneal macrophages and observed a similar
response to that of THP-1 cells (Q. Chen, unpublished observa-
tions), indicating that the result we obtained in the present
studies is not particular to THP-1 cells. LPS, TNF-o and IFNs
were all strong activators of STAT-1 gene expression, protein
level, and phosphorylation status in THP-1 cells, although the
kinetics of response were different for each of these stimuli.
With IFNs, STAT-1 protein was activated within seconds of
stimulation, while LPS required hours to achieve its effect, and
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Figure 6. Regulation of STAT-1 DNA binding activity by lipopolysac-
charide (LPS), tumour necrosis factor-o (TNF-o) and retinoic acid (RA).
Cells were pretreated with RA for 16 hr and then treated with LPS or/and
TNF-a for 2 or 24 hr in the presence and absence of fresh RA. Nuclear
protein was isolated and tested for binding activity with an ISRE/GAS
DNA element. (a) EMSA showing the protein—-DNA binding complex
formation after cell stimulation. (b) Western blot of STAT-1 PY”°! from
nuclear proteins extracted from 24-hr-treated samples. (c) Competition
assay and supershift assay showing the specificity of the binding
complex. Nuclear protein extract used was from the 24 hr LPS plus
TNF-a treated sample. Abbreviations used in figure: NPE, nuclear
protein extract; W, wild-type; Mu, mutant type; NS, non-specific
complex. Sp-1 was used as a non-related DNA competitor, and anti-
iNOS (inducible nitric oxide synthase) antibody was used as a non-
related antibody for supershift assay.

TNF-o induced activation more slowly. Despite RA alone
having little, if any, effect on STAT-1, treatment with RA
strongly (50-70%) inhibited the STAT-1 response induced by
LPS, TNF-a or their combination, both in terms of STAT-1
expression (MRNA and protein) and activity (phosphorylation
and STAT-1 DNA binding). Thus, under several experimental
conditions, the effect of RA on STAT-1 regulation was stimulus-
specific. While RA inhibited STAT-1 activation and gene
expression induced by LPS and TNF-q, it enhanced the same
processes induced by IFN. The nature of these differences
requires further study. A similar phenomenon was observed
in the regulation of IL-11 production in human alveolar and
bronchial epithelial cells, in which RA regulated the expression
of IL-11 in a stimulus-specific fashion, inhibiting IL-1-stimu-
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Figure 7. Retinoic acid (RA) inhibits nuclear factor kB (NFkB) bind-
ing activity induced by lipopolysaccharide (LPS) and tumour necrosis
factor-o. (TNF-a1). THP-1 cell nuclear protein extracts, as described in
Fig. 5, were also tested for NFkB activity. (a) EMSA showing binding to
a NFxB binding element in cells treated with RA, LPS, TNF-o and their
combinations. (b) Competition and supershift assays showing the
specificity of the binding complex. The nuclear protein extract was
from the 2 hr LPS plus TNF-o treated sample.

lated IL-11 production while augmenting transforming growth
factor-B-stimulated IL-11 production.®® Since the concentra-
tions of RA producing these effects are well within the phy-
siological range, the results suggest that RA at levels obtainable
physiologically could potentially be useful as a means to en-
hance antiviral/IFN-mediated responses, while limiting the often
detrimental pro-inflammatory activity of LPS and TNF-o.*
To our knowledge, this work provides the first evidence for
the negative regulatory activity of RA on TNF-o/LPS-induced
STAT-1 gene expression and activation. However, several
reports have demonstrated that RA could inhibit TNF-o/LPS-
induced gene expression for other genes in other cell types. For
instance, RA inhibited LPS-induced IL-12 production and
tissue factor expression by monocyte/macrophage cells,***!
and RA inhibited TNF-a-induced vascular cell adhesion mole-
cule-1 expression in endothelial cells.*> Mechanistic studies
have indicated that the negative regulation of RA on the
regulation of other genes may be at least partially mediated
through inhibition of the transcription potential of NFxB or
activator protein 1 (AP-1).*0*?* RA could inhibit NFkB or AP-
1 activity by the direct interaction of RXR with NFkB or AP-1
proteins, by reducing or preventing their DNA binding ability,
or by the competitive recruitment or sequestration of nuclear co-
activators.**** In our experiments, treatment of THP-1 cells
with RA inhibited the NFkB binding activity induced by either

© 2002 Blackwell Science Ltd, Immunology, 107, 199-208
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LPS or TNF-a. The ability of RA to regulate negatively the
LPS- and TNF-a-induced cell activation may help to explain the
anti-inflammatory effect that is often, but not consistently,
observed for RA and related retinoids. Further studies are
required to understand fully the cross-talk between the RA
and NFxB signalling pathways, which may provide insight
concerning the regulatory mechanisms of RA related to inflam-
mation. The regulation of STAT-1 may also differ significantly
among cell types, or with the particular cytokine combination to
which cells are exposed. It is interesting that, in a macrophage
cell line, Bacl.2F5, stimulation with LPS alone did not induce
significant STAT-1 activation and expression, in contrast to our
results with THP-1 cells. However, pretreatment of Bacl.2F5
cells with LPS for 1-3hr prior to stimulation with IFN-y
potentiated STAT-1 activity induced by IFN-y, while longer-
term treatments with LPS were inhibitory.** These results serve
to emphasize that the same stimuli (e.g. LPS and IFN-y) may act
co-operatively or opposingly, depending on timing or other
factors. In our studies with THP-1 cells, both LPS/TNF-« (alone
and combined) and IFNs strongly elicited STAT-1 expression
and activation, but a single hormonal regulator, RA, conversely
regulated the STAT-1 responses initiated by these different
stimuli. It would appear that, within the pathway leading to
STAT-1 activation, there are multiple points of regulation, or
points of divergence/convergence, that are regulated differently
depending on the presence of retinoid hormone and the initial
cytokine/receptor interaction.

In conclusion, our research has demonstrated the differential
regulatory function of RA on STAT-1 gene expression and
activity induced by two groups of activating factors, LPS/
TNF-o and IFNs. Further studies of the mechanisms involved
in the regulation by RA of cell signalling should help to
understand the molecular targets and signalling events leading
to the control of cell growth and differentiation, and in finding
optimal therapeutic modalities for the treatment of immune
diseases and cancer.
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