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Vascular Smooth Muscle Cell-Specific Regulation
of Cyclin-Dependent Kinase Inhibitor p21WAF1/cip?
Transcription by Sp1 Is Mediated via Distinct
cis-Acting Positive and Negative Regulatory
Elements in the Proximal p21WAF1/Cip1 Promoter

Mary M. Kavurma and Levon M. Khachigian*
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and Department of Haematology, Prince of Wales Hospital, Sydney, Australia

Abstract Smooth muscle cells (SMC) play a central role in common vascular pathologies such as atherosclerosis
and restenosis. Understanding the molecular regulation of SMC proliferation at a transcriptional level may provide
important clues for the targeted control of vascular hyperplasia. We recently reported the capacity of the transcription
factor Sp1 to down-regulate p21"WAT/CP! production thereby reducing p21VAT/CP!_cyclin D1-Cdk4 complex forma-
tion and inhibiting vascular SMC proliferation (Kavurma and Khachigian [2003] J. Biol. Chem. 278, 32537-32543). We
have now localized the Sp1-response elements in the p21"A"<P! promoter responsible for p21WAF/<PT repression in
WKY12-22 SMCs. The proximal region of the p21VAT /P hromoter contains five distinct Sp1-binding elements that we
have termed A, B, C, D, and E. Electrophoretic mobility shift analysis revealed that SMC nuclear Sp1 interacts with all five
Sp1-binding sites, and each of these sites is critical for Sp1 repression of the p21"VA™/SIP! promoter, since mutation in any
one element ablates repression, and in some cases results in activation. In contrast, only elements C, D, and E are bound by
Sp1 inendothelial cells. Sp1 overexpression activates the p21"VAT/<PT hromoter in this cell type. Furthermore, mutation in
any of these five elements is not sufficient to prevent activation of the p21"A"/“P! promoter by Sp1 in endothelial cells.
Surprisingly, double mutations of elements C and E facilitates superactivation by Sp1 in both cell types, whereas triple
mutations of C, D, and E inactivate the promoter. These findings demonstrate cell type-specific regulation of p21WAFV/ciP!
transcription by Sp1 via distinct cis-acting positive and negative regulatory elements in the proximal p21*"AF!/ciP!
promoter. J. Cell. Biochem. 93: 904-916, 2004. © 2004 Wiley-Liss, Inc.
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Spl, first described to bind and activate the
simian virus 40 (SV40) early promoter [Dynan
and Tjian, 1983] belongs to the Sp family of
transcription factors which are characterized by
a highly-conserved DNA-binding domain con-
sisting of three Krippel-like CoHj, zinc fingers.
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Sp1 can positively [Rafty and Khachigian, 1998;
Gartel et al., 2000; Kavurma et al., 2001;
Rance et al., 2003] or negatively influence gene
expression [Tang et al., 1999; Song et al., 2001;
Zaid et al., 2001] by direct interactions with
DNA or via interactions with other transcrip-
tion factors.

The cyclin-dependent kinase inhibitor
p21WAFVCIPL (ontrols multiple cellular proces-
ses including apoptosis, senescence, differen-
tiation, and the regulation of cell cycle events
[Dotto, 2000]. During mitogenic influences,
p21WAFVCIPL 40ts as an assembly factor, recruit-
ing D-type cyclins and Cdk4/6 to promote cell
cycle progression [Sherr and Roberts, 1999].
p21WAFVCIPL can also negatively regulate cell
cycle progression by inhibiting the activity of
cyclin E—Cdk2 complexes [Sherr and Roberts,
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1999] or proliferating cell nuclear antigen
(PCNA) [Kelman, 1997]. The stoichiometry of
p21WAFVCIPL within the cellular system appears
to control such processes [LaBaer et al., 1997,
Cheng et al., 1999; Kavurma and Khachigian,
2003].

p21WAFVCIPL Joyels and expression can be
influenced by a variety of agents such as FGF
[Johnson et al., 1998; Kivinen and Laiho, 1999],
EGF [Thomas et al., 1999], TGF-beta; [Kivinen
and Laiho, 1999; Yoo et al., 1999; Pardali
et al., 2000], IL-6 [Bellido et al., 1998], PMA
[Shanmugam et al., 2001; Lai et al., 2002], and
DNA damaging agents [Martinez et al., 2002].
The expression of p21WVAFVCPL capn also be
modulated by transcription factors that bind to
cis-regulatory elements located within the pro-
moter [reviewed by Gartel and Tyner, 1999].
p21WAFL/CIPL i hositively controlled by the STAT
family of transcription factors [Chin et al., 1996;
Matsumura et al., 1997; Coqueret and Gascan,
2000], Smad proteins [Moustakas and Kardas-
sis, 1998; Pardali et al., 2000], p300 [Snowden
et al., 2000; Zhang et al., 2001], Ets-1 [Zhang
etal., 2001], vitamin D receptor [Liu et al., 1996],
and Spl [Moustakas and Kardassis, 1998; Gartel
et al., 2000; Han et al., 2001]. Negative regula-
tion of p21WAFVCIPL transcription has also been
observed and involves the transcription factors c-
Myc [Gartel et al., 2001], Runx2 [Westendorf
et al., 2002], and c-Jun [Wang et al., 2000].

We recently demonstrated that Spl down-
regulates p21WVAFYCIPL oxpression reducing the
assembly of the p21WAFVCPl_cyelin D—Cdk4
complex and Rb phosphorylation, thereby inhi-
biting vascular SMC proliferation [Kavurma
and Khachigian, 2003]. Here we demonstrate
that negative regulation of p21WAFVCIPL trap.
scription in WKY12-22 SMCs depends upon
the integrity of each of the five separate cis-
acting elements in the proximal region of the
p21WAFVCIPL hromoter which bind Spl. Disrup-
tion in any of these sites abrogates the interac-
tion with Spl and converts these negative
regulatory elements to positive regulatory ele-
ments in a cell type-specific manner.

MATERIALS AND METHODS

Plasmid Constructs

A 1,975 bp fragment of the p21WAFVCipl
promoter was generated using the Erase-a-base
system (Promega Corporation, Annandale,
Australia) originally from 0-Luc (a gift from
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Dr. Wafik El-Diery, Howard Hughes Medical
Institute, University of Pennsylvania) and
cloned into pGL3-basic (3*6, Fig. 1A). CMV-
Spl was obtained from Robert Tjian (Howard
Hughes Medical Institute University of Califor-
nia), pPEBGNLS and pEBGSpl were obtained
from Gerald Thiel (Institute For Genetics,
University of Cologne), and pCEP-WAF1 was
obtained from Bert Vogelstein (John Hopkins
Oncology Centre). Mutations of Sp1 sites in 3*6
(Fig. 1A) were generated using the QuikChange
Site-directed Mutagenesis Kit (Stratagene,
Mount Waverley, Australia).

Cell Culture and Transfections

WKY12-22 SMCs were maintained at 37°C in
a humidified atmosphere of 5% CO, in Way-
mouth’s medium pH 7.4 (Invitrogen, Mount
Waverley, Australia). Primary bovine aortic
endothelial cells (used between passages 3 and
9) were maintained in Dulbeccos’ modified
medium (Invitrogen). The medium was supple-
mented with 10% fetal bovine serum, penicillin
10 U/ml, streptomycin 10 pg/ml, and 1 mM 1-
glutamine (Invitrogen). Transient transfections
were performed at 50—-60% confluence with
FuGENESG transfection agent (Roche Molecular
Biochemicals, Castle Hill, Australia) and indi-
cated plasmid constructs for 24 h. For assays
involving Luciferase, PRL-TK was co-trans-
fected as an internal control. Cells were har-
vested and luciferase activity was quantified
24 h later using the Dual Luciferase Assay
System (Promega). Luciferase activity was
normalized with data generated from pRL-TK.

BrdU Incorporation Studies

Cell proliferation following Spl overexpres-
sion was determined using the Cell Prolifera-
tion ELISA system version 2 (Amersham
Pharmacia Biotech, Castle Hill, Australia).
Briefly, 5,000 WKY12-22 SMC and endothelial
cells were plated into a 96 well-titre plate and
transfected with CMV-Spl or pcDNAS3. BrdU
(10 pM) was added to cells for 4 h prior to harvest
(24 h following transfection). Cells were fixed
and incubated with anti-BrdU for 90 min. The
plate was washed several times with PBS and
immune complexes were detected by subse-
quent substrate reaction and ODgs5q.

Electrophoretic Mobility Shift Assay (EMSA)

WKY12-22 SMCs and endothelial cells were
harvested for nuclear extract (NE) as previously



906 Kavurma and Khachigian

A Wild-type
A Cc D E
f;: ER = H GGGCGG |.| GGCGGGECEE Fh
Mutant
i A ¢ D E
— { TITCTT |-| GGGCGE H ceoeee HGGGOGG H GGCGGEECGE
3*6mB
|

— | cesces H TITCTT H £OOGCC HGGGCGG H GOCOGGE066 Fh
3'6mC I
— { coeoes H GGGOGE |.| AAAGAA H 5GG06E H GGOBEGE0GE @
3'6mD ,
— 1 GGGCGG H GGGOGGE H CCCGCC H TTTCTT H GGCGGEGEGELGEE E
36mE ,
o 1 GGGOGE H GGEGEIGGE H CCoGCC H GGGLGE H GGCTTTTCGG )ﬁ
_iﬁmcm : GGGOGG H GGGOGG HMAGAA H GGGOGE |-| GGCTTTTCGE )—ﬁ
3*6mC/D/E : GGGCGE H GGGLGEG HAAAGAA H TTTCTT H GECTTTTCoGE )—h
975

B A-73I-ﬁ8 B-63I-58

GCCTGGGCCC CGGGGAGGGC GGTCCCIGEGGC GGCGCGGTGG GCCGAGCGCG
o » ® ) 4
3631 D238 E-134

GGTICCCGCCIT CCTTGAGGCG GGLCCGGGCG GGGCGGITGT ATATCAGGGC

» 2 -9 -9 1

Fig. 1. Schematic depicting 3*6, a luciferase reporter vector driven by 1975 bp of the p21WAF/CiP!

promoter. A: Transverse mutations of individual Sp1 elements (A, B, C, D, and E) in 3*6. Mutant sequences
are in bold. B: Sequence of the proximal p21"VAFVCP1 promoter. Sp1 binding elements are shown in boxes.
Sequences of probes used for EMSA are underlined. Sequence positions of Sp1 elements are relative to

the TATA.

described [Kavurma et al., 2001; Kavurma and
Khachigian, 2003]. Briefly, NEs were incubated
on ice for 20 min with 10 mM Tris-HCI pH 8.0,
50 mM MgCl,, 1 mM EDTA, 1 mM dithiothrei-
tol, 5% glycerol, 1 ug of salmon sperm DNA, 5%
sucrose, 3 ug of poly(dI-dC), 1 mM PMSF, and

indicated 3?P-labeled double-stranded oligonu-
cleotides (Fig. 1B) in a total volume of 20 pul. In
our experience, these conditions are optimal for
Spl binding. In supershift assays, NEs were
incubated with an anti-rabbit polyclonal Spl
antibody (Santa Cruz Biotechnology, Santa
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Cruz, CA) that recognizes Spl of mouse to
human origin, for 15 min on ice, prior to
addition of the probe. Samples were resolved
by 6% non-denaturing polyacrylamide gel elec-
trophoresis, gels were dried and visualized by
autoradiography.

Western Immunoblot Analysis

WKY12-22 SMC and endothelial cells were
grown to 60% confluence. Cells were transfected
with 20 pg of CMV-Sp1 or pcDNAS for 24 h using
FUGENES. Cells were harvested for NE. Pro-
teins were resolved by 8% SDS—polyacrylamide
gel electrophoresis, transferred onto Immobi-
lon-P transfer membranes (Millipore, North
Ryde, Australia), and membranes were blocked
overnight in PBS containing 5% skim milk and
0.05% Tween 20. Spl was detected using a
rabbit polyclonal antibody (1:1,500) purchased
from Accurate Chemical Scientific.

RESULTS AND DISCUSSION

Sp1 Represses p21VAF/CP! promoter Activity

and WKY12-22 Cell Proliferation, but Increases
p21WAF/CP1 promoter Activity and Growth
in Endothelial Cells

We previously demonstrated that the zinc
finger transcription factor Spl inhibits vas-
cular SMC proliferation yet stimulates endo-
thelial cell proliferation in a p21WAFVCPL
dependent manner using a variety of appr-
oaches [Kavurma and Khachigian, 2003]. Spl
can repress p21WAFVCPL promoter activity and
gene expression in SMCs, a finding not observed
in endothelial cells [Kavurma and Khachigian,
2003], nor indeed, in multiple other cell types
including HepG2 [Moustakas and Kardassis,
1998], HaCaT keratinocytes [Pardali et al.,
2000], Caco-2 colon adenocarcinomas [Gartel
et al., 2000], metastatic prostate adenocarcino-
mas [Shan et al., 2000], HeLa cells [Xiao et al.,
2000], and PC12 cells [Yan and Ziff, 1997].

The proximal region of the p21WAFL/Cipl
promoter contains five distinct sites for Spl
[Koutsodontis et al., 2002]. We have termed
these sites:

A(C-GGGCGG %), B ("®3-GGGCGG %),
C (36.cCccGCC3Y), D ((2-GGGCGG ),
and E ("¥*-GGCGGGGCGG™*, in which
two Spl elements overlap) (Fig. 1B).

In this study, we hypothesized that cell-
specific Spl repression of p21WAFVCIPL trapn.

1 WAF1/Cip1
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scription is mediated by the differential utiliza-
tion of these elements by Spl. We overexpressed
Spl in a transient transfection setting with
a Firefly-luciferase reporter vector driven by
1,975 bp of the p21WVAFVCPL promoter (Fig. 1A).
Spl, as expected, repressed p21WVAFVCPL .
moter activity in SMCs, whereas it activated the
promoter in endothelial cells (Fig. 2A). Spl was
clearly overexpressed in both cell lines com-
pared to pcDNA3 transfectants (Fig. 2B). More-
over, overexpression of Spl reduced BrdU
incorporation into DNA in SMCs (Fig. 2C, left
panel), yet stimulated the synthesis of DNA in
endothelial cells (Fig. 2C, right panel).

WKY12-22 SMC Endogenous Sp1 Binds
all Recognition Elements in the
p21WAFI/CiP1 promoter

We next determined the capacity of the prox-
imal region of the p21VAFYCiP1 hromoter to inter-
act with endogenous Sp1l in NEs from WKY12-
22 SMCs. Electrophoretic mobility shift and
supershift analysis using 32P-labelled double-
stranded oligonucleotides p21WVAFVCiPl_g3/
—48], p21WAF1/Cip1[_44/_10], and p21WAF1/Cip1_
[—29/49] (Fig. 1B) revealed that Sp1 bound to
each of these promoter fragments in a sequence-
specific manner (Fig. 3A-C). Two Spl1-DNA
complexes were supershiftable with antibodies
to Spl using p21WVAFYCIPL [_44/-10] as probe
(Fig. 3B). Interestingly, only one Spl-DNA
complex was observed using SMC NE,
p21WAFICiPL [_ g3/ 48] and p21WAFLCipl [_og)
+9], even though these probes each contain two
Spl sites, suggesting cooperative binding. Muta-
tion of Spl elements A, B, and C completely
abrogated Spl binding (Fig. 3A,B); mutation of
sites D and E caused a dramatic reduction in Sp1
complex formation (Fig. 3B,C). These findings
demonstrate that in WKY12-22 SMCs, endogen-
ous nuclear Sp1 interacts with elements A—E in
the proximal p21WAFYCPL hromoter.

Repression of the p21VAF/CiP1 promoter

Activity by Sp1 in WKY12-22 SMCs
Involves not one but Multiple Sp1
Recognition Elements

We next determined the functional conse-
quence of the interaction of Sp1 with each of its
binding elements in the p21 VAFYCIP sromoter.
Mutations in each element were serially intro-
duced into the p21VAFVCiP! promoter construct
3%6 (Fig. 1A) and transient transfection analy-
sis was performed using WKY12-22 SMCs.
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Fig. 2. Sp1 repressess p21WAF”Cip1 promoter activity in
WKY12-22 SMCs, but activates in endothelial cells. A: Sp1
overexpression represses the p21"AF/SiP! promoter construct
3*6 in SMCs (right panel). Sp1 overexpression leads to
p21WAFI/CIPT bromoter activation in endothelial cells (EC, left
panel). Unless indicated, 5 pg of 3*6 was co-transfected with 3 g
of CMV-Sp1 or pcDNA3. Firefly luciferase activity was normal-
ized to Renilla activity. Error bars represent standard errors of the
mean. The data is representative of two independent determina-
tions. B: CMV-driven Sp1 is expressed in WKY12-22 SMC and
endothelial cells. Western immunoblot for Sp1 using nuclear

extracts (NEs) from SMC and endothelial cells. Twenty micro-
grams of CMV-Sp1 or pcDNA3 were transfected 24 h prior
to harvest. C: Sp1 overexpression inhibits DNA synthesis in
WKY12-22 SMCs (left panel) and stimulates DNA synthesis
in endothelial cells (right panel). BrdU incorporation is reduced
in WKY12-22 SMCs and increased in endothelial cells following
Sp1 overexpression compared to pcDNA3. BrdU incorporation
was assessed by ELISA 24 h post transfection as described in the
experimental procedures. Asterisk denotes statistical signifi-
cance P<0.05 (Student’s t-test).
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Fig. 4. Mutation of Sp1-binding sites in 3*6 reverts p21*WA/CiP1
promoter repression to activation following Sp1 overexpression
in WKY12-22 SMCs. A: Co-transfection of Sp1 with 3*6
containing mutations in Sp1-binding elements. B: Double
mutation (elements C and E; 3*6mC/E) leads to superactivation
of the p21WAFVCIPY hromoter. Triple mutation (elements C, D,
and E; 3*6mC/D/E) results in loss of promoter activity. Upper
panel demonstrates mean luciferase activity. Lower panel

To account for changes in basal expression of
mutant constructs, data from Figure 4 was
plotted in two ways: (i) mean luciferase activity
(upper panel) and (ii) fold change in luciferase
activity (lower panel). Figure 4A clearly demon-
strates loss of basal p21WAFVCPL hromoter
activity (upper panel, open bars) when sites A,

demonstrates fold change in luciferase activity. Transient
transfection analysis in WKY12-22 cells expressing Sp1 together
with mutant promoter constructs. The empty expression vector
(pcDNA3) has no affect. Firefly luciferase activity was nor-
malized to Renilla activity. Error bars represent standard errors of
the mean. The data is representative of two independent
determinations.

C, or D were mutated. No change in activity is
observed when sites B or E were mutated (upper
panel, open bars). Spl could no longer repress
when the integrity of even one of these elements
was disrupted (Fig. 4A). Mutations in some
sites (elements A, C, and E) following Spl
overexpression, even resulted in activation of

Fig. 3. (Overleaf) Endogenous SMC Sp1 interacts with all Sp1
elements in the p21WAT/CPT hromoter. A: Sp1 binds elements A
and B. EMSA using *2P-p21WAFVCIPT [_g3/_48] and WKY12-22
SMC NE. Mutation in elements A and B abrogate Sp1 binding.
B: Endogenous Sp1 binds elements C and D. EMSA using

32p_p2 1 WAFI/CIPY [_44/_10] and WKY12-22 SMC NE. Mutations
in elements C and D impedes binding of Sp1. C: Sp1 binds
element E. EMSA using *2P-p21WAFVCPT [_29/4 9] and WKY12-
22 SMC NE. Mutation of element E abrogates Sp1 binding. Arrow
denotes Sp1 supershift. Sp1 antibody is denoted by Sp1a.
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the promoter (Fig. 4A, lower panel). When a
double mutation (of elements C and E) was
introduced into construct 3*6 (to produce con-
struct 3*6mC/E; Fig. 1A), Spl activated the
promoter almost 7-fold (Fig. 4B, lower panel).
A triple mutation (of elements C, D, and E;
Fig. 1B) in construct 3*6mC/D/E completely
inactivated the promoter (Fig. 4B, upper panel).
The presence of all proximal Spl elements
is therefore critical for Spl repression of the
p21WAFLCiPL hromoter in WKY12-22 SMCs. We
have accordingly termed these Sp1 binding sites
negative Spl-response elements (NSREs).

Endogenous Endothelial Sp1 Binds
to and Activates the p21VAF!/Cip1
Promoter via Sites C, D, and E

The preceding binding and functional studies
in WKY12-22 SMCs revealed that Spl inter-
acts with all five NSREs in the p21WVAF1/Cipl
promoter and that disruption in any of these
elements results in the loss of Spl repression.
Because Spl activates the p21WVAFVCIPL prg.
moter (Fig. 2B) in endothelial cells, we next
investigated the role of these Spl binding
elements in this cell type. EMSA revealed that
endothelial nuclear Sp1 interacts with elements
C and D (Fig. 5B) as demonstrated by a subtle,
but reproducible Spl supershift and the loss
or significant decrease in complex formation
upon mutation of either site. The supershift
may be due to the occupancy of other proteins
in the complex which partially mask the anti-
body’s epitope in Spl. Moreover, while a classic
“supershift” (i.e., slower electrophoretic mobi-
lity) is not observed for element E (Fig. 5C), the
complex is totally eliminated by the Spl anti-
body, indicating therefore, the presence of
functional Spl in the complex. In contrast, we
found that elements A and B were not bound by
Splinendothelial cell extracts (Fig. 5A), despite
equivalent levels of DNA-binding activity by the
zinc finger transcription factor YY1 in WKY12-
22 and endothelial cells (data not shown). This
was demonstrated by the lack of a super-
shiftable complex in the presence of a rabbit-
Spl antibody (Fig. 5A). This lack of a super-
shiftable complex was not due to: (i) an antibody
of inferior quality, since the same antibody was
used in all our EMSA studies, (ii) poor quality of
extract, since Sp1 was supershifted in Figure 5B
and C, nor (iii) the probe, since p21WVAF1/Cipl
[-44/—10] produced an Spl supershift in
Figure 3B using SMC extracts. Therefore we

1 WAF1/Cip1
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conclude that in marked contrast to our findings
in WKY12-22 SMCs, endogenous endothelial
Sp1 only binds elements C, D, and E.
Co-transfection analysis in this cell type
using the mutant constructs revealed loss of
p21WAFVCIPL hromoter activity with elements C,
D, and E, consistent with the observed Spl
binding to these sites (Fig. 6A, upper panel).
Mutation of any of these elements (A-E) was
insufficient to ablate Spl activation of the
p21WAFVCIPL nromoter (Fig. 6A). Interestingly,
the p21WVAFVCPL nromoter construct bearing a
double mutation in sites C and E (3*6mC/E;
Fig. 1A) was activated 26-fold by Sp1 (Fig. 6B,
lower panel). These findings indicate that
p21WAFVCIPL hromoter elements C and E in
endothelial cells, as in WKY12-22 SMCs, serve
as NSREs, since loss of the capacity of Spl to
bind to these elements results in superactiva-
tion of the p21WVAFVCPL hromoter (Figs. 4A and
6A). In endothelial cells, element D is the only
site in 3*6mC/E able to interact with Sp1l. This
suggests that element D mediates Spl activa-
tion when elements C and E are inactivated.
Therefore, element D serves as a positive Spl
response element (PSRE) in endothelial cells
since basal expression of the p21WAFY/Cipl
promoter is significantly reduced, and Spl
activation is abolished in the triple mutant
(3*6mC/D/E; Fig. 1B) (Fig. 6B, upper panel).
We recently demonstrated that Spl suppres-
sion of p21WAFVCiPL plocked the formation of
p21WAFVCIPL _cuclin D1-Cdk4 complex as-
sembly, preventing phosphorylation of the
checkpoint tumor suppressor Rb, and subse-
quently inhibiting proliferation of vascular
SMCs [Kavurma and Khachigian, 2003]. The
present study, using WKY12-22 SMCs as a
model, provides the first evidence that endo-
genous Spl interacts directly with distinct cis-
acting elements in the p21WAFVCPL hromoter
resulting in repression of p21WAFVCIPL gepe
expression. The integrity of all elements is
critical, since not only are there relatively large
changes in basal expression upon mutation of
the Sp1 binding motifs, but mutation of a single
Spl response element was able to revert pro-
moter repression in this cell type to activation.
Altered basal p21WVAFYCIPL sromoter expression
upon mutation of the Sp1 binding sites suggests
that Spl plays a direct regulatory role in the
promoter and may play an indirect role through
co-operative interactions with other factors.
In marked contrast in endothelial cells, Spl
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Fig. 6. Sp1 activation of the p21WATVCPT promoter in endo-
thelial cells involves elements C, D, and E. A: serial mutation of
Sp1-elements in 3*6 do not lead to loss of p21 promoter activity
following Sp1 overexpression. B: Double mutant (elements C
and E; 3*6mC/E) leads to a 26-fold increase in p21WAF/CiPT
activation following Sp1 overexpression (left panel). Triple mu-
tant (elements C, D, and E; 3*6mC/D/E) inhibits p21WAH/Cip]
promoter activity following Sp1 overexpression (right panel).

Upper panel demonstrates mean luciferase activity. Lower panel
demonstrates fold change in luciferase activity. Transient
transfection analysis in endothelial cells overexpressing CMV-
Sp1 together with mutant constructs. pcDNA3 has no effect.
Firefly luciferase activity was normalized to Renilla activity. Error
bars represent standard errors of the mean. The data is
representative of two independent determinations.

Fig. 5. Endogenous endothelial nuclear Sp1 binds elements C,
D, and E, but not A or B. A: Endogenous Sp1 does not bind
elements A and B. EMSA using 32P-p21WAF/CiPT [_g3/_49] and
endothelial cell (EC) NE. B: Endogenous Sp1 binds elements C
and D. EMSA using 32P—p21WAFVCiP1 [—44/—10] and endothelial

cell NE. Mutation of elements C and D impede Sp1 binding.
C: Sp1 binds element E. EMSA using 32P-p21WAF”Cip1 [—29/49]
and endothelial cell NE. Mutation of element E abrogates binding
of Sp1. Arrow, denotes Sp1 supershift. Sp1 antibody incubation
with endothelial cell NE is denoted by Sp1a.
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Fig. 6. (Continued)

interacts only with elements C, D, and E and
mediates increased p21WVATVCPL promoter act-
ivity. Mutation in a single Spl site is not
sufficient to ablate this effect. The single PSRE
(element D) in the wild type p21WVAFVCipl
promoter in endothelial cells would appear to
be overwhelmed by the net negative effect of
neighbouring NSREs, C and E. In contrast,
element D serves as a NSRE in WKY12-22
SMCs when all other sites are occupied, but
switches to a PSRE when its flanking NSREs
are inactive. These findings thus demonstrate
first, that elements C, D, and E are essential for
Sp1 activation of p21WAFVCIPL transeription in
endothelial cells, and elements A and B are not
bound by Sp1 in this cell type. Second, elements
C and E serve as NSREs in endothelial cells
and third, that all five elements are bound by

Spl in WKY12-22 SMCs and that each of these
sites are critical for Spl repression of the
p21WAFYCIPL hromoter. These findings also de-
monstrate cooperative interactions between
Sp1l and different recognition elements within
the p21VAFVCPL promoter.

Negative regulation of promoter activity by
Sp1 has been the subject of previous investiga-
tions. For example, Spl through GC elements
represses the protamine promoter [Jankowski
and Dixon, 1987], the megakaryocyte-specific
o, promoter [Shou et al., 1998], transobalamin
promoter [Li et al., 1998], and the ANT2
promoter [Zaid et al., 2001]. In fact, positive
and negative effects of Sp1l on the regulation of
the ANT2 gene has been shown to involve
separate GC elements in the proximal promoter
[Li et al., 1996]. The present study, however,
is the first to demonstrate the capacity of cell
type-specific utilization of Spl binding sites to
influence promoter activity.

Atherosclerosis is a complex arterial disease
that initially involves endothelial cell activa-
tion, SMC migration and proliferation, and in-
flammation. Activated endothelial cells secrete
growth factors which act in a paracrine manner
on underlying SMCs and stimulate cell move-
ment, growth, and the eventual formation of a
neointima. The pattern of gene expression
between these cell types is different. In the case
of SMCs, this pattern will even be heterogenous
in the one cell type. Transcription factors inter-
acting with key promoter elements mediate
spatial and temporal changes in gene expres-
sion. These interactions, in turn, regulate
cell growth. This study demonstrates that
p21WAFVCIPL transeription, which selectively
regulates endothelial and SMC phenotype
[Kavurma and Khachigian, 2003], is exquisitely
dependent upon the integrity of specific positive
and negative Spl regulatory elements in the
p21WAFLCIPL hromoter.
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