Journal of Cellular Biochemistry 76:360-367 (2000)

Differential Role for Sp1/Sp3 Transcription Factors in
the Regulation of the Promoter Activity of Multiple
Cyclin-Dependent Kinase Inhibitor Genes
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Abstract Cyclin-dependent kinase inhibitors play a significant role in cell cycle progression and in cellular
differentiation and their expression is regulated in different cellular settings. GC-rich regions in the promoter sequences
of the cyclin-dependent kinase inhibitor genes p15/NK4B and p21CIP1/WAFT mediate the transcriptional response of
these genes to extracellular stimuli. Similar GC-rich sequences in the promoter of the p15/INK4A and p16/NK4B gene
can be targeted for transcriptional inactivation by methylation of cytosine residues. GC-rich regions represent putative
target sites for binding of the ubiquitously expressed Sp1 and Sp3 transcription factors. Using a combination of
functional and biochemical studies, we analyzed the potential role of the Sp1 and Sp3 factors in the regulation of CDKI
p15, p16, and p21 promoter activities. Using transient reporter gene assays, we determined that Sp1 is a strong activator
of these promoters, whereas Sp3 functions as a weak transactivator. We have identified multiple protein-binding sites in
the proximal promoter sequences of these genes by footprinting analysis. Some of these sites are bound by Sp1 and Sp3,
as demonstrated by gel-shift experiments using Sp1/Sp3-specific antibodies, permitting the demonstration that a
differential role exists for Sp1 and Sp3 in the regulation of the activity of these promoters. J. Cell. Biochem. 76:360-367,
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CDKI encoding genes play a pivotal role in
the control of eukaryotic cell cycle, and are
therefore subjected to different levels of regula-
tion in order to exert their growth arrest activ-
ity in different cellular settings and biological
phenomena. Such regulation can be achieved
by either posttranscriptional mechanisms or
control of gene transcription [reviewed by Mor-
gan, 1995]. The promoter of the p21CIP1/
WAF1 gene represents a versatile element in
coupling differentiation stimuli to induction of
transcription in cell culture, with a relatively
small GC region that mediates induction by a
variety of agents such as butyrate, nerve growth
factor (NGF), and transforming growth factor-g
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(TGFB) [Yan and Ziff, 1997; Nakano et al., 1997;
Datto et al., 1995]. Similarly, a GC region was
implicated in the induction of the p15/INK4B
gene by TGF-B [Li et al., 1995], highlighting the
existence of common elements in the regulation
of two functionally related genes, yet belonging
to different families of CDK inhibitors. The
CDKI p16 is closely related to pl5 and is en-
coded by the CDKN2A/INK4A gene that lies
next to the INK4B gene on human chromosome
9p21. This locus is frequently targeted by inac-
tivating mutations in several neoplastic samples
[Swafford et al., 1997; Liew et al., 1999]. Alter-
natively, inactivation of this gene can also occur
via methylation of GC sequences in the pro-
moter region [Fournel et al., 1999; Tanaka et
al., 1999; Liew et al., 1999; Lee et al., 1997;
Drexler, 1998]. Thus, it appears that GC-rich
sequences are cis elements that play a role in
the basal and enhanced transcription of the
genes encoding the CDKI p15, p16, and p21.
The Sp family of proteins comprise ubiqui-
tous and tissue-restricted transcription factors
that bind GC-rich DNA sequences and other
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related GT and GA motifs through their zinc-
finger domains [reviewed in Lania et. al., 1997].
The ubiquitously expressed and closely related
Spl and Sp3 factors have been found to regu-
late the promoters of several genes, including
cell-cycle regulated genes, with Sp1 defined as
a potent cooperative transcriptional activator
and Sp3 as a weaker transactivator or a repres-
sor [Majello et al., 1994; Birnbaum et al., 1995;
Lania et. al., 1997]. In addition, Spl-binding
sites appear to play a critical role in the mainte-
nance of the methylation-free CpG island
[Brandeis et al., 1994; Macleod et al., 1994]. It
appears that Spl plays an important role in
controlling putative cell cycle-regulated genes
and is required to prevent methylation of CpG
islands.

On the basis of these assumptions, we have
studied the effect of Sp1 and Sp3 on the promot-
ers of the CDKI encoding genes p21CIP1/
WAF1, p16INK4A, and p15INK4B by transient
transfection assays, in vitro footprinting and
electrophoretic mobility shift assay (EMSA).
Confirming and extending previous results on
the p21 and p15 promoters [Datto et al., 1995;
Li et al., 1995], we find that the sequences
implicated in the TGF-B response are avidly
bound by Spl and Sp3 factors, allowing for
transactivation of these promoters by Sp1l and,
to a lesser extent, Sp3. In addition, we have
identified multiple GC and GT boxes in the
proximal promoter region of the p16INK4A pro-
moter that are bound in vitro by Spl and Sp3,
allowing for Sp-mediated activation. It is in-
triguing that these different CDKI gene promot-
ers are regulated in a similar fashion by the
Spl/ Sp3 transcription factors.

MATERIALS AND METHODS
Reporter Plasmids

pl5-luciferase plasmid (p15GL3) was con-
structed by polymerase chain reaction (PCR),
using genomic DNA from HeLa cells to amplify
a DNA target corresponding to residues +42 to
—113 of the p15 sequences (Genbank N.S75756).
The PCR product was cloned into pGL3 (Pro-
mega). pl6-luciferase reporter was constructed
by PCR on human genomic DNA using primers
based on the sequence deposited as Genbank
N.X94154. The resulting PCR product was
cloned into the BglIl HindIII sites of pGL3 to
obtain p16-LGL and corresponds to region from
—650 to +254; this construct was used to derive
pl6GL by subcloning the Smal-HindIII frag-

ment into pGL3 and corresponds to sequences
from +1 to +254. p21-luciferase constructs:
nucleotide residues from —108 to +11 of the
p21 promoter sequence deposited as Genbank
N. U24170 were amplified from p21WWP and
cloned into the Bg/II and HindlIII sites of pGL3
to obtain p21GL. Details of the primer se-
quences and PCR parameters are available upon
request. Effector plasmids: pPac expression
plasmids for Sp1 and Sp3 have been previously
described [Majello et al., 1994].

Transient Transfections

Drosophila Schneider cells were grown at
25°C in Schneider medium (Gibco-Life Technolo-
gies) supplemented with 10% heat-inactivated
fetal calf serum (FCS) and transfected as previ-
ously described [Majello et al., 1994, Pagliuca
et al, 1998]. At 48 h after addition of the precipi-
tates, the cells were harvested and extracts
assayed for luciferase activity in a TD20 lumi-
nometer (Turner designs) using the Luciferase
Assay System (Promega). The values obtained
were normalized for the protein content by the
Bradford assay (Bio-Rad).

Nuclear Extracts, EMSA, and Footprinting

Nuclear extracts were prepared using subcon-
fluent HeLa cell cultures as previously de-
scribed [Pagliuca et al 1998]. The p21 region
from —108 to +11 was end-labeled and used in
footprinting assays. For EMSAs, two p21-
specific probes were used; the GC probe derived
from the Smal DNA fragment (from —108 to
—61) and the MP probe (from —61 to +15).
Probes for p15 analysis were derived from the
p15GL3 plasmid, for footprinting analysis the
pl15GL3 was digested with Mlul, followed by
end-labeling and cutting with Smal; and for
EMSA analysis pl5GL3 was digested with
EcoRI-Smal and end-labeled. To obtain the
EMSA probes for the p16 promoter, the p16GL
plasmid was cut with HindIII and Sacll, la-
beled, and purified; the footprinting p16 probe
was obtained by labeling the Nhel-end gener-
ated by cutting p16GL with HindIIl and Nhel.
The EMSA conditions were as described [Pagli-
uca et al., 1998], and the antisera against Spl
and Sp3 were from Santa Cruz Technology. The
footprinting reactions were performed with Core
Footprinting Assay Kit (Amersham Pharmacia
Biotech) and the reactions were resolved on a
8%acrylamide/8 M urea gel.
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RESULTS

Sp1 and Sp3 Differentially Activate the p15, p16,
and p21 Promoters

To analyze the role of the GC-rich regions in
the promoter regions of the p15, p16, and p21
genes as putative target sites for transcrip-
tional regulation mediated by Sp factors, we
proceeded to clone relevant portions of the pro-
moters into the luciferase reporter vector pGL3
(Promega). Given the high frequency of puta-
tive Sp-binding sites in the promoters to be
analyzed, we chose to clone only the more proxi-
mal regions, including the relevant elements
such as the TATA box and the start site for p21
and the Inr element for p15. Reporter plasmids
p21GL, p15GL, p16LGL and p16GL were then
cotransfected along with expression vectors
pPacSp1l and pPacSp3 in Drosophila SL2 cells,
which lack mammalian Sp factors and are there-
fore instrumental for Sp activity assay [Majello
et al., 1994]. The pl16LGL construct was com-
pared with p16GL for the transcriptional re-
sponse to Sp factors, and being the two con-
structs very similar in their behavior (data not
shown), we chose to continue the analysis of the
smaller construct p16GL, containing the mul-
tiple transcription start sites reported for p16
promoter [Hara et al., 1996]. As shown in Fig-
ure 1, Splis a potent activator of these reporter
constructs; even at very low ratios of effector/
reporter, the activity of the promoters is raised
7- to 30-fold in the Spl cotransfected samples.
Conversely, when Sp3 was tested, the p15, p21,
and pl6 reporters were very weakly activated
(up to 3 fold), even at relatively high effector/
reporter ratios (Fig. 1).

Multiple Protein Binding Sites Exist in the p15,
p16, and p21 Constructs

To assess whether the Spl-mediated activa-
tion of the CDKI promoters tested could be the
result of direct binding in mammalian cells, we
proceeded to the biochemical analysis by in
vitro binding assays with HelLa cell nuclear
protein extract. First, we sought to identify cis
elements that could act as binding sites in our
experimental constructs. To this end, we per-
formed in vitro footprinting analysis on the
three promoter fragments. The footprinting pat-
tern for p15 showed a sharp protection of GC
boxes comprised in the region from approxi-
mately residue —90 up to the Inr element (Fig.

2), and in an E-box element in position —36
that represents a putative binding site for the
bHLH family of transcription factors. The p21
promoter fragment was widely protected from
DNase digestion in a region with 86% GC con-
tent previously identified as responsible for the
transcriptional induction of these genes by
TGF-B [Datto et al., 1995; Li et al., 1995] and in
other relevant elements such as the TATA box,
a downstream GC box and two E-boxes near the
3’ end of the construct (Fig. 3).

In our analysis of the p16 construct, we found
that its more 5’ region is scarcely protected in
our assay, whereas further downstream of the
transcriptional start sites, in the region from
+60 to the 3’ end, protected areas were observed
that correspond to GC and GA sequences (Fig. 4).
Apart from the putative Sp-binding sites, the foot-
printing pattern of the three constructs also com-
prises: (1) regions with a different binding specific-
ity, and (2) regions whose sequence does not
lead to evident binding proteins yet are pro-
tected in our assays and represent a clue for the
identification of additional transcription fac-
tors involved in the regulation of these genes.

Both Sp1 and Sp3 Bind the p15, p16, and p21
Promoters

We next proceeded to define whether the pu-
tative binding sites found in the footprinting
assay might bind Sp1/Sp3 factors by EMSA in
the presence of specific Sp1/Sp3 antisera. To this
end, we chose to analyze the promoter fragments
of p15 and p16,which displayed the higher density
of putative Sp binding sites, namely the residues
from —113 to —24 in the p15 promoter and from
+115 to +207 in the p16 promoter. The p21 pro-
moter was analyzed using two separate probes:
the GC probe spanning residues from —108 to
—63, and the MP probe from —62 to +11.

Confirming the data from the footprinting
experiments, we observed multiple retarded
bands in all cases (Fig. 5). These retarded bands
were further analyzed either by competition
with unlabeled oligonucleotide or by preincuba-
tion of the Hela cell nuclear extracts with
antibodies directed against Spl or Sp3 pro-
teins, respectively. The result of this analysis is
that both Sp1 and Sp3 appear to be involved in
binding to the p15, p16, and p21 probes.

Incubation of the p15 Smal-EcoRI fragment
(—113/—24) with the nuclear extract results in
an EMSA pattern that displays three retarded
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Fig. 1. Differential effect of Sp1 and Sp3 on the activity of the p15, p16, and p21 promoters. samples transfected with 1 pg of the p15 (A), p16 (B), and p21 (C) reporter constructs, either
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Footprinting analysis of the p21 proximal promoter sequences. Top: Nucleotide sequences of the probe with

the residues in bold corresponding to the regions protected by DNase | digestion. Bottom: Footprinting pattern of the
p21 proximal promoter sequences with conditions as described in the legend of Fig. 2.

bands: two supershifted by the anti-Sp3 anti-
body, and the remaining supershifted by the
anti-Spl antibody (Fig. 5A). A similar experi-
ment with the p16 Sacll-HindIII probe (+115/
+254) led to similar results, except for the
appearance of two weaker bands that were
neither supershifted with antibodies against
Sp1/Sp3 proteins nor competed with a cold Sp1l
consensus oligonucleotide (Fig. 5B). Confirm-
ing previous published data [Li et al., 1995;
Datto et al., 1995], we found that the residues
comprised in the p21 promoter fragment are
bound by Sp1 and Sp3 with high affinity; simi-
lar patterns were observed with both p21- de-
rived probes, with a lower band and an upper
doublet characteristic of experiments in which

the Sp1/Sp3 factors are involved (Fig. 5C,D).
Inclusion of specific anti-Sp1 and anti-Sp3 anti-
bodies demonstrated that the p21 GC probe
spanning residues from —108 to —63 forms
DNA complexes with both Spl and Sp3 (Fig.
5C). The p21 MP probe from —62 to +11 (Fig.
5D) also forms specific DNA-complexes as dem-
onstrated by competition with a molar excess of
the unlabeled probe (lane D2) and are likely due to
Sp factor binding, as they can also be competed
with an Sp-consensus oligonucleotide (lane D3).

DISCUSSION

Sp1/Sp3 binding sites are found in the pro-
moter sequences of several mammalian genes,
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Bottom: Footprinting using conditions described in the legend of Fig. 2.

including those encoding the CDKI proteins
pl5, pl6, and p21. In this report, we have
addressed, with different biochemical and func-
tional approaches, the issue of the potential
role of these sequences in the transcriptional
regulation of these genes. We find a good corre-
lation between the functional reporter gene as-
says and the biochemical in vitro binding as-
says for the pl5, pl6, and p21 promoters,
permitting the determination that Sp1/Sp3 pro-
teins bind their cognate sites in the proximal
promoter of the p15 and p21 gene and in the
region 3’ to the transcriptional start site of the
pl6 gene. This binding allow these genes for
transcriptional activation by Sp1 and to a much
lesser extent by Sp3 protein. Thus, these two
ubiquitous transcription factors appear to exert
distinct influence on the transcription of these
genes playing an important role in regulating
cell-cycle progression.

Another point of interest is the relevance of
Spl and Sp3 in the basal level of transcription
of the p16 promoter. Methylation of the cyto-
sine residues in the Sp1/Sp3 target sequences
can inhibit transactivation by Sp1 family mem-
bers [Mancini et al., 1999]. Methylation of the
cytosine residues accounts for several cases of
transcriptional inactivation of the tumor sup-
pressor gene INK4A and INK4B [Brandeis et
al., 1994; Klangby et al., 1998; Swafford et al.,
1997]. The ability of Spl factor to act as an
efficient transactivator of the p16 gene expres-
sion prompts for further analysis of the cis
elements that mediate this phenomenon, in

Footprinting analysis of the minimal p16 promoter sequences. Top: Nucleotide sequence of the probe used in

particular with point mutagenesis and methyl-
ation analysis.

The presence of different factors interacting
with common binding sites raises the cogent
question of how a promoter is regulated by
diverse factors with similar DNA-binding speci-
ficity. Interestingly, the region encompassing
the Sp1/Sp3-binding sites within the proximal
promoter of p21/WAF/CIP1 has shown to be the
minimal region for mediating upregulation of
this promoter by TFG-B, phorbol ester, okadaic
acid, progesterone, geranylgeranyltransferase,
and the histone deacetylase inhibitor TSA
[Datto et al., 1995; Biggs et al., 1996; Adnane et
al., 1998, Owen et al., 1998; Sowa et al., 1997].
A recent reports showed that Sp1 but not Sp3 is
the mediator of the TGF-B signal [Li et al.,
1998]. Conversely, it has been reported that
Sp3 is the putative mediator of the stimulation
of the INK4B gene by calcium in primary kera-
tinocytes [Prowse et al., 1997]. Geranylgenaryl-
transferase I inhibitor GGTI-298 upregulates
Spl transcriptional activity [Adnane et al.,
1998], and progesterone regulates p21 pro-
moter activity through functional cooperation
between Spl and CBP/p300 [Owen et al., 1998].
Finally, it has recently been reported that Sp3,
but not Sp1, mediates the transcriptional acti-
vation of p21 gene promoter by TSA [Sowa et
al., 1999]. Clearly, these reports strongly sug-
gest that Spl and Sp3 transcriptional activities
are differentially modulated in different cellu-
lar settings. A challenging issue would be to
determine how different signal transduction
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probe. Arrows on the right indicate protein-DNA com-
plexes that do not arise from Sp factors binding and
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pattern of the p21 MP probe. An asterisk indicates a
nonspecific complex. D: EMSA pattern of the p21 GC
probe. The complexes formed are specific, as demon-
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[ o nucleotide (lane D3).

pathways exploit two ubiquitously expressed
factors such as Sp1 and Sp3 to obtain inducible
expression of their dedicate target genes.
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