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HEMOSTASIS, THROMBOSIS, AND VASCULAR BIOLOGY

Physical Interaction Between Retinoic Acid Receptor and Sp1:
Mechanism for Induction of Urokinase by Retinoic Acid

By Yasuhiro Suzuki, Jun Shimada, Koichi Shudo, Masatoshi Matsumura, Massimo P. Crippa, and Soichi Kojima

Induction of urokinase plasminogen activator (uPA) by reti-
noic acid (RA) is the initial event preceding certain subse-
quent biological changes in vascular endothelial cells. We
investigated the molecular mechanism by which RA stimu-
lates the expression of uPA, which lacks a canonical RA
receptor (RAR)-responsive element, in bovine and human
aortic endothelial cells. Upon stimulation with RA, mRNA
levels of RARa and B transiently increased in parallel with
the induction of uPA, and this increase was inhibited by
cycloheximide. Results of transient transfection of RAR/RXR
cDNAs and experiments using specific agonists and antago-
nists suggested that uPA induction is dependent upon RAR
(initially, RARa) with the help of RXRa. Deletion analysis of

region within the uPA promoter. This was further supported
by inhibition of Sp1 binding to this region. Coimmunoprecipi-
tation studies, glutathione S-transferase pull-down experi-
ment, and mammalian two-hybrid assays suggested a physi-
cal interaction between RAR/RXR and Sp1. Furthermore, gel
shift studies showed that the binding of Sp1 to the uPA GC
box is significantly potentiated in the presence of RARs/
RXRs. Finally, Sp1 and RAR/RXR synergistically enhanced
the transactivation activity of the uPA promoter. These
results suggest that (1) RA induces RARs mainly via RARa
and that (2) RAR/RXR physically and functionally interact
with Sp1, resulting in a potentiation of uPA transcription.
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the uPA promoter suggested that RAR/RXR acts on GC box

ETINOL (VITAMIN A) and its derivatives (retinoids) cent studies have indicated that RARS/RXRs, upon binding to

exert profound effects on the regulation of cell growth ligands, promote transcription through interaction with co-
and differentiation, mainly through two families of nuclear activators such as SRC-1, GRIP1, p/CIP, and p300/CBP after
receptors, the retinoic acid (RA) receptors (RARs) and thedissociation from corepressors such as NCoR and S#MRT.
retinoid X receptors (RXRs)? These receptors are ligand- However, not all RA-inducible genes contain RARE se-
dependent transcription factors that bind dis-acting DNA  quence(s) within their promoter.
sequences, called RAR-responsive elements (RAREs) and In many cell types, RA enhances the production of plasmino-
RXR-responsive elements (RXRES), located in the promoteigen activator (PA), an enzyme responsible for the conversion of
region of their target genés The RAR and RXR gene families plasminogen to plasmit? There are two immunologically
are each composed of three subtypes, name@, and vy. distinct PAs, urokinase PA (uPA) and tissue PA (tPA). uPA is
Expression of RARs increases in an autocrine manner immedithought to be related to tissue remodeling and metastasis,
ately after stimulation with RA, because these receptors contaimhereas tPA has high affinity for fibrin and mainly participates
typical RARE sequencés} RARs bind to the RARE in in vascular thrombolysi&? In bovine aortic endothelial cells
response to both attansRA (atRA) and 9cis-RA (9cRA), (BAECs) and rat liver stellate cells, RA enhances cellular
whereas RXRs bind and activate transcription in response tdibrinolytic levels through rapid stimulation of the expression of
only 9cRA. To recognize an RARE, RARs usually must form a uPA and related genes, resulting in the induction of active
heterodimer with RXRs under physiological conditivhRe- transforming growth factog- (TGF-3), that subsequently medi-
ates some of the actions of RA in these c&li¥

These sequential changes, induced in BAECs by RA, are
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culture medium to yield a final ethanol concentration of 0.5%. Human(Renilla luciferase, 100 ng/dish; Promega) as an internal standard to
Spl was obtained from Promega (Madison, WI). RARs-glutathionenormalize transfection efficiency. Total DNA transfected was always
Stransferase (GST) and RXRs-GST fusion proteins were purified fromadjusted to 1.225 pg/dish with empty pSG5 vector. After 4 hours of
Escherichia coliBL21 transformed with the pGEX-6P (Pharmacia incubation, the cultures were overlaid with an additional 1 mL of
Biotech, Uppsala, Sweden) vector containing inserted human RAR andnedium containing 20% newborn calf serum and further incubated for
murine RXR cDNAs, respectively. Briefly, after induction by 2 mmol/L 24 hours. The cells were then washed with PBS and treated or untreated
isopropylB-D-thiogalactopyranoside (IPTG) for 4 hours, the cells were with 1 umol/L atRA or 9cRA for an additional 12 hours in serum-free
disrupted by sonication and the fusion proteins were purified usingmedium. Thereafter, cell lysates were prepared by scraping cells into
glutathione-Sepharose (Pharmacia) from cell homogenates. The glutd-20 pL of lysis buffer, and the luciferase activity of each cell lysate was
thione used to elute the proteins was removed from protein fractions byneasured using the Dual-Luciferase Reporter Assay System (Promega).
dialysis before using them for the gel shift assays or immunoprecipita-Changes in firefly luciferase activity were calculated and plotted after
tion studies. cDNAs for human RARs and murine RXRs were generousiormalization with changes iRenilla luciferase activity in the same
gifts from Dr P. Chambon (INSERM, University Louis Pasteur, sample. The uPA promoter-luciferase expressing vector, pGL2-2350,
Strasbourg, Francé}:2’ contains the human uPA promoter 2345 to +32)*° cloned into the
Treatment of cells with retinoids.BAECs were isolated and grown Kpn 1I/Bgl Il site of pGL2-Basic (Promega). Its deletion mutant,
in a minimal essential mediunuMEM) containing 10% newborn calf  pGL2-GC, containing the first 65 bp and GC box and TATA box region
serum (Hyclone Laboratories, Logan, UT). Human aortic endothelial(—2345 to—2280 and—91 to +32, respectively) was constructed by
cells were purchased from Kurabo Biomedical Business (Osaka, Japamigestion of pGL2-2350 witfTth111l andBIp I, followed by blunting
and maintained in attached Humedia-EG2 medium. After the cells wereand religation. Another deletion mutant, pGBRZC, which contains
grown to confluence, the cultures were rinsed with phosphate-bufferediPA promoter devoid of the GC box region, was constructed by ligation
saline (PBS), pH 7.4, and incubated in either serum-idéEM of the pGL2 vector containing the TATA box-28 to +32) with the uPA
containing 0.1% bovine serum albumiaM[EM-BSA) or Humedia- promoter fragment deficient in the GC and TATA boxes2@345 to
EG2 medium containing 50 umol/L L-ascorbic acid (Sigma), respec-—71). The TATA box-containing vector was prepared by digestion of
tively, plus either 0.5% ethanol or various concentrations of retinoids.pGL2-GC with Apa |, blunt-ending of the DNA, and successive
At the indicated time, the medium was aspirated, the cultures wereligestion withKpn I. The uPA promoter fragment deficient in the GC
washed with PBS, and (1) lysed with guanidium isothiocyanate solutionand TATA boxes was thKpnI-fragment of a polymerase chain reaction
and stored at-80°C until isolation of RNA, (2) lysed with 0.5% Triton  (PCR) product that used pGL2-2350 as template. The following primers
X-100in 0.1 mol/L Tris-HCI, pH 8.1, and stored aR0°C until assay of =~ were used to generate this product: sense primer (based on the vector
cellular PA levels, or (3) lysed with 0.6% NP-40 solution and stored atsequence located upstream of the cloning site in pGL2 vector),
—80°C until the preparation of nuclear extracts. CTTCCCTTCCTTTCTCG CCAC; and antisense primer (based on a
Isolation of RNA and Northern blot analysisTotal RNA was gene-specific sequence corresponding—t@1 to —91 of the uPA
extracted from the cells using the acid guanidinium isothiocyanate-promoter), TCCCCTGTCTTGCAGCGCTCA. The DR5-luciferase re-
phenol-chloroform extraction meth@8Each RNA (20 pg) was sepa- porter plasmid, pGL3-DR5, was constructed by insertion of DR5 globin
rated through 1% agarose-formaldehyde gel electrophoresis and tranpromoter fragment (a gift from Dr S. Kato, Tokyo University, Tokyo,
ferred to the Biodyne A nylon membranes (Pall Biosupport, PortJapany!into theKpn I/Bgl I site of pGL3-Basic (Promega). Sp1-Gal4
Washington, NY) according to the published protod8islembranes  expressing vector, which contains Sp1 fused with DNA binding domain
were hybridized with cDNA probes for either human RARARR, or of yeast Gal4 protein, and its reporter plasmid Gal4-UAS fused to
RARy; mouse RXR, RXRB, or RXRy; or bovine uPA (a gift from Dr  luciferase, were kindly supplied from Dr S.L. Friedman (Mount Sinai
Wolf-Dieter Schleuning, Research Laboratories of Schering AG, Berlin,Medical Center, New York, NYJ232 The Spl expression vector,
Germany}*and were rehybridized with a probe for chicken glyceralde- pClneo-Sp1, was constructed as follows. Human Spl cDNA, obtained
hyde-3-phosphate dehydrogenase (GAPDH). The cDNA probes weréom pSp1-778C (a gift from Dr J.T. Kadonaga, UCSD, San Diego,
labeled with f-32P]dCTP (Du Pont, Wilmington, DE) via random CA),3* was subcloned first intéNot I/Hindlll site of pPROEX-HTb
priming using the kit (Boehringer Mannheim, Mannheim, Germany). vector (GIBCO BRL), then int&pel/Hindll site of pBluescript SK Il
After hybridization for 1 hour at 68°C using QuickHyb reagent (+) (Stratagene), and finally into th¥ba I/Acc | site of pClneo
(Stratagene, La Jolla, CA), blots were washed twice wkthSSC, 0.1%  mammalian expression vector (Promega).
sodium dodecyl sulfate (SDS) at room temperature for 15 minutes. The Preparation of nuclear extracts and gel shift assaluclear
final wash was performed with <L SSC, 0.1% SDS at 65°C for 30 extracts were prepared in the following manner. Cells were detached
minutes. For rehybridizations, blots were washed twice inK0SISC, from dishes, washed with Tris-buffered saline, and resuspended in
0.1% SDS at 97°C for 15 minutes and stripped. Autoradiography wadce-cold 10 mmol/L HEPES, pH 7.9, containing 10 mmol/L KCI, 0.1
performed using a Fujix BAS 2,000 Bio-imaging analyzer (Fuji mmol/L EDTA, 0.1 mmol/L EGTA, 1 mmol/L dithiothreitol, and 0.5
Photo-Film, Tokyo, Japan). Each band was scanned, and the signahmol/L phenylmethylsulfonyl fluoride. After being incubated on ice for
intensity was normalized to that obtained with GAPDH. 15 minutes, cells were ruptured in the presence of 0.6% Nonidet NP-40,
Assay of cellular PA activity. The levels of cellular PA activity were  and the nuclear fraction was collected by centrifugation at 15890
measured using the chromogenic substrate S-2403, as described pre@@ seconds at 4°C. Nuclei were lysed by shearing through a 27-gauge
ously!and expressed as urokinase units per milligram of protein in theneedle in ice-cold 50 mmol/L Tris-HCI, pH 8, containing 150 mmol/L
sample. Protein concentration was measured by BCA (Pierce, RockNaCl, 5 mmol/L 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
ford, IL) assay using BSA as the standard. sulfonate (CHAPS; Sigma), and the Complete protease inhibitor
Transient transfection and luciferase assaBAECs were seeded cocktail (Boehringer Mannheim), and nuclear extracts were obtained as
and grown in 35-mm dishes using phenol-red ftedEM supple- supernatants after centrifugation at 105§@6r 1 hour at 4°C. The
mented with 10% newborn calf serum until approximately 70% protein concentrations were determined by BCA assays. Oligonucleo-
confluence on the day of the transfection. The cultures were rinsed witltides corresponding to uPA GC box-63 to —32), its mutant
PBS and the cells were cotransfected using Lipofectamine Plus reageitsequences presented in Fig 4B), and consensus GC box (ATTCGATC-
(GIBCO BRL Life Technologies, Inc, Rockville, MD) in 1 mL of GGGGCGGGGCGAGC; Santa Cruz Biotechnology, Santa Cruz, CA)
serum-free medium containing a reporter plasmid plus RAR and/omwere synthesized, double-stranded, and end-labeled wittP]ATP by
RXR expressing vectors (250 ng each/dish), along with pRL-CMV T4 polynucleotide kinase using the kit from Boehringer Mannheim. For

20z Aen 81 uo 3sanb Aq ypd y9ZH/E6EYSIL/YITYITLIEE/HPA-B0IME/POO|gARU sUOREdlqNdysE//:diY Wwol) papeojumoq



4266 SUZUKI ET AL

binding reactions, either 1 pg of nuclear proteins or 10 to 20 ng ofsynthesis was inhibited by cycloheximide (Fig 1B). RA stimula-
purified Sp1 (Promega) were preincubated with or without 200 ng oftion did not alter the degradation rate of uPA mRNA after
purified RAR-GST and/or RXR-GST for 15 minutes on ice in the actinomycin D treatment, suggesting that RA did not signifi-
absence and presence of unlabeled oligonucleotides, and then 40 fmebntly stabilize uPAmMRNA (Fig 1C). A similar induction of uPA

of labeled oligonucleotide (10,000 uCi/mol) was added in the presence . : .
of 1 pg of di-dC (Pharmacia) in 20 to 40 uL of binding buffer (20 and RAR was observed in human aortic endothelial cells

mmol/L HEPES, pH 7.4, containing 1 mmol/L MgCl10 umol/L (Fig 1D_). These results imply that the induction of _uPA mRNA
ZnSQ, 20 mmoliL KCI, and 8% glycerol). The reaction mixture was BY RAis due to upregulation of uPA gene expression, which is
incubated for 15 minutes on ice and separated on a 4% polyacrylamiddependent on new protein synthesis, and might be promoted by
gel at 4°C. The gel was dried and exposed on films for a Fujix BAS RARS, initially in particular by RAR. To address the role of
2,000 Bio-imaging analyzer (Fuji Photo-Film). RARs, we examined the effect of subtype-specific agonists and
Immunoprecipitation and Western blottingAfter a preincubation  antagonists (Fig 2). The agonists and antagonists used here have
of 100 ng of Spl with 200 ng of each of RARs-and/or RXRs-GST gifferent receptor selectivities and can bind to and transactivate
prote|_ns in P_BS orin nu<_:|ear extr(_;lct for 2 hours on ice, sample's Wereyithar RARs or RXRs or one of receptor subtypes (gg,
combined with either anti-RAfRantibody, M-454 (final concentration, or y).162 Agonists capable of binding to and activating RAR

10 pg/mL; Santa Cruz Biotechnology), which uniformly recognizes . . .
threig subtypes of RARS, or anti-gQRantibody AN 1{97 (fir?al enhanced cellular PA levels almost identically (Fig 2A, panels a

concentration, 10 pg/mL; Santa Cruz Biotechnology), which uniformly through d), whereas RAR or RARy-selective agonists showed
recognizes three subtypes of RXRs, and were incubated for 2 hours & much weaker effect (Fig 2A, panels e and f, respectively).
4°C or overnight on a rotating mixer. Protein A-Sepharose beadsRXR-selective agonists administered alone were not effective
(Pharmacia) were then added and the samples were incubated f§Fig 2A, panels g and h) and weakly inhibited uPA induction
another 2 hours at the same temperature. The beads were then washg#hen combined with atRA (Fig 2A, panel i). The enhancement
three times with PBS containing 0.05% Tween 20, and immunoprecipiof cellular PA levels by atRA, Ch55, and Am580 was abolished
tated proteins were eluted intox4reducing sample buffer for SDS- by both the RAR- and RAR3-selective antagonists (Fig 2B).

polyacrylamide gel electrophoresis (SDS-PAGE) and subjected ©rhe specificities of the agonists and antagonists to discriminate

electrophoresis. Western blotting was performed using rabbit polyclona| .
anti-Spl antibody, PEP2 (final concentration, 1 pg/mL; Santa Cruzi?ARS and RXRs from each other are strict, whereas those to

Biotechnology) as described previoulyexcept that peroxidase- discriminate each receptor subtype are relatively low (ie, 10-to
conjugated protein A (1/2,000 dilution; Sigma) was used instead of100-fold specific). So, these data suggest the involvement of
peroxidase-conjugated second antibody. Protein bands were visualizddARs in uPA induction. To confirm the involvement of RARS in
using the Amersham ECL system (Amersham, Buckinghamshire, UK).uPA transcription, transfection studies were performed with the
GST fusion protein interaction assayThe P®S]methionine-  uPA promoter-luciferase and RARs and/or RXRs expressing
radiolabeled Sp1 protein was prepared by in vitro translation reactionjectors (Fig 3A). Luciferase activity was enhanced 1.2-fold
using the TNT T7 S¥Stem (Promega) according ;O thehmalr‘“faﬁt“rerysafter treatment with atRA (sample 2). A significant increase
instructions. GST fusion proteins were mixed wit utathione- : .
Sepharose 4B beads (Pharrr)nacia) for 2 hours at 4°C in ginding buffe‘.wg_fOld) was induced when cells were Cotrgnsfected _Wlth
(50 mmol/L Tris-HCl, pH 7.6, containing 50 mmol/L NaCl, 0.02% €ither RARx or RXRa (samples 3 an8, respectively). Their
Tween 20, 0.02% BSA, and the Complete protease inhibitor cocktail) €f€CtS were dose-dependent, and a similar effect was obtained
The glutathione beads, preincubated with RABST, were washed ~With other isoforms (data not shown). Cotransfection with
three times with binding buffer and further incubated for 30 minutes atRARa plus RXRx gave the largest increase §-fold; sample
4°C with [?>S]methionine-radiolabeled Spl present in 15 pL of the 7). Interestingly, these enhancing effects were not dependent on
reaction mixture after in vitro translation reaction, in a final volume of the presence of ligands (samples 4, 6, 8, and 9), although ligand
300 uL with the binding buffer. After washing five times with the dependence was observed in a parallel experiment in which
washing buffer (50 mmol/L Tris-HCI, pH 7.6, containing 150 mmol/L pR5-|yciferase was used as reporter (Fig 3B). Collectively, the
NaCl, 0.02% Tween 20, and the Complete protease inhibitor COtha”)above-noted results suggest that RA causes induction oftRAR

SDS-PAGE and subjected 0 Slecrophoresisfolowe by frogranhy 5 !l 25 RAR in endothelial cels, which leads to enanced
] p Y I"aPYPA transcription with the help of RXRs.

Statistics. Each number in the figures represents the avetaG® - . N
(n=23). Involvement of Spl in RA induction of uPAComputer

analyses have shown that the uPA promoter used for the reporter
assays does not contain any hitherto known RARES, suggesting
RESULTS that RARs and or RXRs must transactivate the uPA promoter by
Induction of uPA through RAR.To analyze the molecular a unique mechanism such as the interaction between RARs/
mechanism underlying the RA regulation of uPA transcription RXRs and other transcription factors. Recently, Safe et al have
in endothelial cells, we first investigated whether RARs and/orreported that estrogen receptor, another member of the nuclear
RXRs might be involved. As seen in Fig 1A, upon stimulation hormone receptor super family, physically interacts with the
with atRA, the expression of RAR increased significantly ubiquitous transcription factor Sp1 and regulates the transactiva-
along with a strong and transient induction of RB\Ronsistent  tion of its target gene¥.3” We noticed that promoters of
with previous findings in other cell typés:1935> Although ~ RA-inducible genes, including uPA, uPA receptor, and transglu-
RARy decreased until 9 hours, the sum of the three RARtaminase, contain GC box&%383°the cognate binding motif
isoforms increased. In contrast, such a distinctive increase wa®r Sp14° Therefore, we hypothesized that RARS/RXRs might
not observed for RXRs, of which RXxRwas the major species. also physically interact with Sp1 and regulate transactivation of
The induction of uPA concurred with the increase of RA&d  uPA promoter. To explore this idea, we first examined whether
RARB, whereas this induction did not occur when protein Spl might be involved in the enhancing effect of RAR/RXR on
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Fig1l. Induction of uPA and RARs by RA in endothelial cells. (A) Cell lysates were prepared from confluent BAEC cultures after the cultures had
been incubated in «aMEM-BSA with 1 pmol/L atRA for varying lengths of time. Total RNA was isolated from cell lysates, and the changes in uPA
mMRNA levels as well as RARs and RXRs mRNA levels were assessed by Northern blotting as described in Materials and Methods. (B) After BAECs
were treated for the indicated times with 1 pmol/L atRA in the absence or presence of 6 pg/mL cycloheximide (CHX), changes in uPA mRNA
levels were determined by Northern blotting. (C) After exposure to either vehicle or 1 pmol/L atRA for 12 hours, BAECs were treated for the
indicated times with 1 pg/mL actinomycin D. The rate of disappearance of uPA mRNA was determined by Northern blotting. Because mRNA for
GAPDH also decreased along with incubation with actinomycin D, we presented ethidium bromide-labeled 28S RNA as internal. (D) Northern
analyses were performed using total RNA isolated from human aortic endothelial cells treated with 1 pmol/L atRA for 12 hours.

uPA promoter transactivation. We used three different uPApreviously®® Transfection with RAR/RXRa uniformly en-
promoter-luciferase constructs, including wild-type uPA pro- hanced the transactivation of these three constructs, suggesting
moter (pUK-Luc) or its mutants, either containing only GC and a potential existence of RAR/RXR responsible element(s) in
TATA boxes (pUK GC-Luc) or deficient in GC boxes (pUK both GC box and out-of-GC box regions within the uPA
AGC-Luc). As shown in Fig 4A, the basal activities of pUK promoter. However, the majority of enhancing effects by
GC-Luc (sample 4) and pUKAGC-Luc (sample 7) were, RAR/RXR on pUK-Luc was reproduced in pUK GC-Luc
respectively, 93% and 27% of that of the wild-type pUK-Luc (samples 5 and 6), implying that Sp1 might be involved in RA
(sample 1), indicating the importance of GC box region for induction of uPA. We, therefore, examined this possibility by
driving basal transactivation of uPA gene, as already reporteanodifying Spl function in two ways. First, we found that the
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Fig 2. Induction of uPA in
BAECs by RAR-activating reti-
noids. Cellular PA levels were
determined using a chromogenic
substrate, S2403, after treatment
of BAECs for 12 hours in aMEM-
BSA either with (A) various con-
centrations of atRA (panel a),
9cRA (panel b), Ch55 (panel c),
Am580 (panel d), CD2019 (panel
e), CD666 (panel f), Ro47-5944
(panel g), and R025-7386 (panel
h) or with a combination of vari-
ous concentrations of atRA and
0.1 pmol/L Ro47-5944 (panel i)
or (B) with 108 mol/L atRA (sam-
ple 2), Ch55 (sample 3), and
Am580 (sample 4) in the absence
or presence of 10-5> mol/L Ro41-
5253 (A) or LE135 ([I). The speci-
ficity and characterization of each
compound are described under
Materials and Methods. Data are
expressed as urokinase (UK)
units (U) per milligram of protein
in the sample. Each point repre-
sents the average = SD (n = 3).
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Fig3. Enhancement of uPA promoter transactivation activity by RARa and RXRa. BAECs were cotransfected with UK promoter-luciferase (0.4
rg/dish; A) or DR5-luciferase (0.4 pg/dish; B) plus RARa and/or RXRa expressing vectors (250 ng each/dish), along with pRL-CMV (Renilla
luciferase, 100 ng/dish) as described in Materials and Methods. Total DNA transfected was adjusted to 1.225 pg/dish with pSG5. The next day of
transfection, the cells were treated or untreated with 1 pmol/L atRA or 9cRA for 12 hours. Luciferase activity of each cell was measured using the
Dual-Luciferase Reporter Assay System, and changes in firefly luciferase activity were calculated and plotted after normalization to Renilla
luciferase activity. Sample 1, reporter only; sample 2, atRA; sample 3, RARa; sample 4, RARa + atRA; sample 5, RXRa; sample 6, RXRa + 9cRA;
sample 7, RARa and RXRe; sample 8, RARa and RXRa + atRA; sample 9, RARa and RXRa + 9cRA. Each number represents the average = SD
(n = 3). Each similar experiment was repeated three times and representative results are shown here.

Spl decoy, a 32-mer oligonucleotide, the sequence of whiclfFig 5C). The physical interaction between RAR/RXR and Sp1l
was derived from the uPA GC box, dose-dependently reducedvas further supported by the results of the mammalian two-
the induction of uPA levels (Fig 4B, curve b), whereas anhybrid assays (Fig 5D). Transactivation by Sp1 of Gal4-UAS-
oligonucleotide containing the mutated Spl site had no effectuciferase was potentiated by cotransfection with RAdhd/or
(Fig 4B, curve a). The action of the Spl decoy was specific. tRXRa (samples 3, 5, and 7), suggesting a direct interaction
did not block the binding of other transcription factors, includ- between RAR/RXRa with Spl in vivo. Again, in this assay,
ing RAR, and did not influence cell viability (data not shown). A obvious ligand dependence was not observed for RA&am-
similar suppression was obtained when cells were treated witlple 4). However, RXRe alone or RAR/RXRa showed some
mithramycin (Fig 4C, curve b), a specific inhibitor of the ligand dependence (samples 6, 8, and 9). Similar results were
binding of Sp1 to the GC box (Fig 4D}:*3The concentration obtained for other subtypes of RARs/RXRs (data not shown).
of mithramycin used under the current experimental condition Using gel shift assays, we next examined whether the direct
was not toxic to the cells, and the specificity of mithramycin hasinteraction between RAR/RXR and Sp1l affected the ability of
been ensured in the previous rep8it? Collectively, these Spl to bind to DNA. We tested the effect of RARon the
results suggest that RA induction of uPA is dependent on Sp1 ifbinding of various amounts of Sp1 to both the uPA GC box and
addition to RARS/RXRs. consensus GC box. As shown in Fig 6A, RARotentiated the
Physical interaction between RARs/RXRs and Spte next  binding of Sp1 to both GC box sequences. The binding of Sp1l
explored whether RARs/RXRs and Spl would interact physi-to these GC boxes was dose-dependent and drew a sigmoid
cally. Figure 5A shows the results of immunoprecipitation curve, and RAR functioned to shift this curve toward lower
studies. Spl was coprecipitated with either anti-RAR or RXRconcentration range. Namely, when the basal Spl (DNA
antibody, only in the presence of RARlane 4) or RXRx (lane binding) activity was low, the potentiating effect became large,
5), but not in their absence (lanes 6 and 7), suggesting a physicathereas when the basal activity was high, the potentiating effect
interaction between RARXRa and Spl. The physical inter- was small. A similar potentiating effect was obtained with
action was also observed f8¥S-labeled Sp1l in reticulocyte RXRa administered either alone or in combination with RAR
lysates incubated with RARGST (Fig 5B) as well as for Sp1 (Fig 6B, lanes 7 and 9). RARand RXRx either alone or in
incubated with RAR/RXR present in BAEC nuclear extracts combination did not bind to the uPA GC box (Fig 6B, lanes 4, 6,
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Fig4. Involvement of Splin RA induction of uPA. (A) Promoter assay. Transfection study was performed as described before using wild-type
pUK-luciferase (pUK-Luc, samples 1 through 3), pUK GC box-luciferase (pUK GC-Luc, samples 4 through 6), and pUK-luciferase deficient in GC
box (pUK AGC-Luc, samples 7 through 9). Data are expressed as the relative luciferase activity compared with the activity of pUK-Luc
cotransfected with empty pSG5 and untreated with 9cRA (sample 1). Samples 1, 4, and 7, reporter only; samples 2, 5, and 8, RAR«a and RXRa;
samples 3, 6, and 9, RAR«a and RXRa + 9cRA. (B) Transcription factor decoy experiments. After BAECs were transfected with various amounts of
Sp1ldecoy or its mutant, whose sequences are presented above the illustration, the cultures were incubated either with vehicle or with 1 pmol/L
atRA for 12 hours, cell lysates were prepared, and cellular PA levels were determined. Curves a and b, RA-treated cells; curves ¢ and d,
unstimulated cells. Curves a and d, mutant oligo; curves b and ¢, Sp1 decoy. (C) Cellular PA levels were determined after treatment of BAEC
cultures with various concentrations of atRA for 12 hours in the absence (curve a) or presence (curve b) of 10 nmol/L mithramycin. For (A)
through (C), the results are presented by the average + SD (n = 3). Each similar experiment was repeated three times and representative results
are shown here. (D) After treatment of BAECs with 1 pwmol/L atRA for 12 hours in the absence (lane 1) or presence (lane 2) of 10 nmol/L
mithramycin, nuclear extracts were prepared and Sp1 binding to uPA GC box was determined by gel shift assays as described in Materials and
Methods.
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Fig5. Physical interaction between RARa/RXRa and Spl. (A) After the mixture of Sp1l plus either RARa or RXRa was incubated, respectively,
with anti-RAR or RXR antibody at 4°C for 2 hours, proteins were precipitated with protein A-Sepharose, eluted, and analyzed by Western blotting
with anti-Sp1 antibody. Lanes 1 through 3, pure proteins; lane 1, Sp1; lane 2, RARq; lane 3, RXRa. Lanes 4 through 7, proteins precipitated with
anti-RAR or RXR antibody; lane 4, Spl preincubated together with RARa and precipitated with anti-RAR antibody; lane 5, Sp1 preincubated
together with RXRa and precipitated with anti-RXR antibody; lane 6, Sp1 incubated with anti-RAR antibody without RARe; lane 7, Sp1 incubated
with anti-RXR antibody without RXRa. (B) 3°S-labeled Spl protein generated by in vitro translation reaction was incubated with GST or
RARa-GST immobilized on glutathione-Sepharose beads. After extensive washings, the bound proteins were eluted and subjected to SDS-PAGE
followed by autoradiography. Lane 1 input (0.5 pL of the total reaction mixture); lane 2, proteins bound to GST; lane 3, proteins bound to
RARa-GST. (C) After the mixture of Spl and RARa/RXRa was incubated with nonimmune antibody or anti-RXR antibody in BAEC nuclear
extracts at 4°C overnight, proteins were precipitated with protein A-Sepharose, eluted, and analyzed by Western blotting with anti-Sp1
antibody. Lane 1, pure Sp1; lane 2, proteins precipitated with nonimmune (NI) antibody; lane 3, proteins precipitated with anti-RXR antibody. (D)
BAECs were cotransfected with a combination of Sp1-Gal4 expressing vector (0.125 pg/dish) and Gal4-UAS-luciferase (0.5 pg/dish), plus RAR«a
and/or RXRa expressing vectors (250 ng each/dish), along with pRL-CMV (100 ng/dish; Promega) as described before. The day after transfection,
the cells were treated or untreated with 1 pmol/L atRA or 9cRA for 12 hours. Luciferase activity of each cell was measured, and relative changes
in firefly luciferase activity were plotted after normalization to Renilla luciferase activity. Sample 1, reporter only; sample 2, atRA; sample 3,
RARq; sample 4, RARa + atRA; sample 5, RXRa; sample 6, RXRa + 9cRA; sample 7, RARa and RXRa; sample 8, RARa and RXRa + atRA; sample 9,
RARa and RXRa + 9cRA. Each number represents the average = SD (n = 3). A similar experiment was repeated three times and representative
results are shown here.
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Fig6. Potentiation of Sp1 binding to uPA GC box by RARa and/or RXRa. (A)
After Spl (10 to 20 ng) was preincubated in the absence or presence of
RARa-GST (200 ng), the reaction mixture was incubated with 32P-labeled uPA
GC box or consensus GC box, and thereafter protein-DNA complexes were
separated by a 4% polyacrylamide gel electrophoresis and visualized on an
image analyzer. Odd numbers, Sp1l alone; even numbers, Spl plus RARa. (B)
Gel shift analyses were performed as before using both RARa-GST and
RXRa-GST. Lane 1, Spl (10 ng) alone; lane 2, GST alone; lane 3, Sp1 plus GST;
lane 4, RARa alone; lane 5, Sp1 plus RARq; lane 6, RXRa alone; lane 7, Sp1 plus
RXRe; lane 8, RARa and RXRe; lane 9, Spl plus RARa/RXRa. (C) Control
experiments. Lane 1, control (Sp1l [10 ng] plus RARa/RXRa); lane 2, + 20-fold

Free probe p»

1 2 3 4 5 6 7 8 9 excess of unlabeled oligonucleotide (cold); lane 3, + 50-fold excess of unla-

spt + — + — + — + — + beled oligonucleotide (cold); lane 4, + 0.5% ethanol (vehicle); lane 5, +

GST — + + — — — — — — 1 pmol/L atRA; lane 6, + 1 pmol/L 9cRA,; lane 7, + nonimmune (NI) antibody

(IgG); lane 8, + anti-Sp1 IgG; lane 9, + anti-RAR IgG; lane 10, + anti-RXR IgG;

RARC — — — + + — — + + lane 11, + both anti-RAR IgG and anti-RXR IgG. The final concentration of each
RXRoa. — — — — — + 4+ + + antibody was 80 pg/mL.

and 8), suggesting that RAR/RXR binding to DNA is not probably affinity between RAR/RXR and Spl might be rela-
required for exertion of synergism. The potentiating effect oftively weak compared with the interaction between RAR and
RARa/RXRa on Spl binding was not influenced by adding RXR,124445as observed for association between RAR/RXR
atRA or 9cRA (Fig 6C, lanes 5 or 6). No RAR-Sp1 or RXR-Sp1 and coactivator or corepressdrHence, although Sp1 bound to
complex was detected, as judged from supershift experimentscreased numbers of radiolabeled uPA GC box after physical
(Fig 6C, lanes 8 through 11). The detected band was supeinteraction with RARe and/or RXRx, RAR-Sp1 and RXR-Spl
shifted with anti-Sp1 antibody (lane 8) but not with anti-RAR associations could be disrupted during electrophoresis. In fact,
antibody and/or anti-RXR antibody (lanes 9 through 11), when we performed the immunoprecipitation from the mixture
suggesting that the increased band detected does not contaiontaining RAR, Sp1, and radiolabeled uPA GC box oligonucleo-
RARa/RXRa. We cannot explain this reason, but predict that tide, we succeeded in detecting specific radioactivity in anti-
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RAR antibody-precipitated fraction. This radioactivity repre- reporter assays (Figs 3A and 4A; apparent independence),
sents a specific binding of Sp1 to uPA GC box, suggesting thatwo-hybrid assays (Fig 5D; partial dependence), and gel shift
RAR, Sp1, and radiolabeled uPA GC box may form complexesassays (Fig 6C; apparent independence). If the ligand-
in solution. The potentiating effect on Spl binding was notindependence of the RAR/RXR-Sp1 effect is genuine, then the
observed when BSA was used instead of RARS/RXRs (data najjuestion arises as to which factor is responsible for the
shown). We observed a similar result when comparing theRA-dependency in uPA induction by RA. One likely answer is
binding of endogenous Spl present in the nuclear extract ofhat at the very least RA is needed to increase RARs in the cells,
control versus RARSs transfected cells (data not shown). Collecalthough there are many other possibilities. RAR/RXR may act
tively, these results suggest that physical interaction betweepredominantly to strengthen the weak Spl binding. Alterna-
RARs/RXRs and Spl may potentiate Spl binding to the uPAively, RAR/RXR may act both increasing Sp1 binding and
GC box and enhance uPA transcription. Finally, we confirmedenhancing the transcription of Sp1. We predict that effects on
this potentiation by a cotransfection experiment. When transcripDNA binding may be ligand independent, whereas effects on
tional activity of the uPA promoter was enhanced about fivefoldtransactivation may be ligand dependent.
by transfection of either Sp1 or RARRXR« alone, cotransfec- We demonstrated that RARRXRa enhanced the transacti-
tion of these resulted in a 17-fold increase in activity. vation of the wild-type UPA promoter-luciferase construct
approximately sixfold (Fig 4A) and that of Gal4-UAS-
luciferase construct about 25- to 30-fold in the mammalian
First, we demonstrated that RARs potentiate transactivationwo-hybrid system (Fig 5D). This difference can be explained as
of the uPA gene, which lacks a canonical RARE, with help of follows. As can be seen in Fig 6A, the binding of Sp1 to the GC
RXRs. Interestingly, this effect appeared to be ligand-box is dose-dependent and draws a sigmoid curve, and RAR/
independent, suggesting a novel underlying mechanism. IIRXR function to shift this curve toward lower concentration
support of this idea, we next demonstrated that RARs/RXRgange. Namely, when the basal Sp1 (DNA binding) activity is
directly interact with Sp1l and enhance transactivation of thelow, the potentiating effect becomes large, whereas when the
uPA promoter, at least in part, by potentiating the binding of Splbasal activity is high, the potentiating effect is small. A similar
to the uPA GC box. The result shown in Fig 6A suggests that theheory can be said for reporter assays. The basal activity of the
effect of RAR/RXR we found is a more general effect on Gal4-UAS-luciferase is low, because, theoretically, only Gal4
Spl-mediated transcription. The result shown in Fig 3A isfusion protein is able to transactivate this reporter gene. In
thought to reflect the synergism between endogenous Spl armbntrast, the full-length uPA promoter-luciferase is transacti-
transfected RARs/RXRs. We cannot explain the discrepancy ivated to some extent by endogenous Spl as well as other
ligand dependency among different experimental settings, edranscription factors. Therefore, the potentiating effect of RAR/

DISCUSSION
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RXR is more dominant in the former assays compared with theSp1l-mediated transcription, but also allows RAR/RXR to drive
latter assays. transcription by enabling binding to the GC box via Sp1l. Figure
The three subtypes of RARs seem to share equivalent abilitpD demonstrates RARand RXRx enhancement of the tran-
in terms of interacting with and potentiating Sp1. Therefore, thescriptional activity of a chimeric transcription factor, Sp1-Gal4,
dominant function of each subtype may be determined by thesuggesting that RAR/RXR alter the transactivation domain of
nature of the subtype expressed at a particular time. Under th8pl and/or bind to Spl-activation domain and confer their
present conditions, endothelial cells expressed RA&d  transactivation activity. (2) We predict that RARs may act as
RARYy initially, whereas the expression of RARand RAR3 allosteric effectors that change the conformation of Sp1. Thus, it
was dramatically increased upon stimulation. The results showwill be important to determine the nature of the change in Spl
ing that the expression of RARand RARB increased and that structure induced by binding to RARs/RXRs that is responsible
specific antagonists of these factors blocked the induction ofor increased binding to GC box. (3) It will also be important to
uPA indicate the participation of RARand RARB, but fail to elucidate whether other nuclear factors, including corepressors
elucidate a role for RAR. Although the contribution of RARR ~ and coactivators, modulate the RAR/RXR-Sp1 interaction. (4)
appeared to be minimal, judging by the results obtained usindrinally, because functional repression of gene expression through
the RARy-selective agonist (Fig 2A, panel f), our data do not interaction between RAR and AP-1, NF-IL6, or Myb has been
rule out the involvement of RAR N this system, especially ~reportecb®***one may ask whether the RAR/RXR-Sp1 interac-
after 12 hours, when the expression of RABd RAR3 started  tion affects other transcription factors shown to be important for
to decrease, in contrast to the expression of RARhich basal as well as induced transcription from the uPA gene, such
started to increase (Fig 1A). Complementary expression ofs Egr-1, PEA3, NkB, CREB, UEF1-4, and AP-1>>°\We are
RARB and RARy has been reported in the developing mousenow trying to map the binding site(s) in both RAR and Spl
embryo?-48 A similar argument can be raised about the role of molecules as the first step towards answering these questions.
RXRs. Although the expression of RX®&3 did not change as
observed for RAR/B (Fig 1A) and RXR-selective retinoids ACKNOWLEDGMENT
were ineffective in enhancing uPA expression by BAECs The authors thank F. Blasi and S.L. Friedman for helpful advice and
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