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ABSTRACT

Platelet-derived growth factor (PDGF) is a broadly
expressed mitogenic and chemotactic factor with
diverse roles in a number of physiologic and patho-
logic settings. The zinc finger transcription factors
Sp1, Sp3 and Egr-1 bind to overlapping elements in
the proximal PDGF B-chain promoter and activate
transcription of this gene. The anthracycline
nogalamycin has previously been reported to inhibit
the capacity of Egr-1 to bind DNA in vitro. Here we
used electrophoretic mobility shift assays to show
that nogalamycin added to cells in culture did not
alter the interaction of Egr-1 with the PDGF-B
promoter. Instead, it enhanced the capacity of Sp1 to
bind DNA. Nogalamycin increased PDGF-B mRNA
expression at the level of transcription, which was
abrogated by mutation of the Sp1 binding site in the
PDGF-B promoter or overexpression of mutant Sp1.
Rather than increasing total levels of Sp1, nogalamycin
altered the phosphorylation state of the transcription
factor. Overexpression of dominant-negative PKC-ζ
blocked nogalamycin-inducible Sp1 phosphorylation
and PDGF-B promoter-dependent expression. Noga-
lamycin stimulated the phosphorylation of PKC-ζ (on
residue Thr410). These findings demonstrate for the
first time that PKC-ζ and Sp1 phosphorylation mediate
the inducible expression of this growth factor.

INTRODUCTION

Platelet-derived growth factor (PDGF) is a 30 kDa dimer
composed of an A- and/or B-chain, which are encoded by
separate genes and regulated independently (1,2). PDGF has
both mitogenic and chemoattractant properties and plays a
functional role in both normal and pathological settings. PDGF
has been implicated in wound healing (3), new bone formation
(4), angiogenesis (5) and apoptosis (6). PDGF is also involved
in neoplasia, atherosclerosis and inflammatory disease (7,8).
Understanding the mechanisms regulating the expression of
PDGF will provide valuable insights into strategies to control
expression of the growth factor in these pathologic settings.

The minimal promoter for the human PDGF-B gene
comprises ∼100 bp (9–11). A number of functionally important
transcription factors have been shown to interact with distinct
sites in this region of the PDGF-B promoter, including Sp1,
Sp3 and Egr-1 (12). Sp1 was the first endogenous nuclear
factor shown to bind the PDGF-B promoter ∼30 bp upstream
of the TATA box. This specific interaction mediates basal
PDGF-B gene expression in numerous cell types (13),
including vascular endothelial cells (10) and smooth muscle
cells (SMCs) (14). To date, there have been no reports impli-
cating the structural modification of Sp1 as a mediator of
increased PDGF expression.

Nogalamycin, an anthracycline isolated from Streptomyces
nogalator var, binds to DNA and selectively inhibits DNA-
directed RNA synthesis in vivo (15). Nogalamycin is
composed of a planar aglycone, with a methyl ester and
nalgose sugar at one end, and a positively charged bicyclo
amino sugar at the other. These bulky substitutes on the
aglycone confer a dumbell shape (16). Nogalamycin has been
shown to penetrate the DNA double helix and form a stable
intercalative complex (17) with slow association and dissocia-
tion rates (18). Anthracyclines readily localise in cytosol and
nuclei after incubation with cultured cells (19). Nogalamycin
has, in recent years, been employed as a DNA binding drug.
Chiang et al. (20) used the Herpes simplex virus latency
promoter to demonstrate that nogalamycin binds to GC-rich
nucleotide sequences and prevents Egr-1 nucleoprotein
complex formation when added to nuclear extracts. In this
paper, we report that rather than down-regulating PDGF-B
expression via Egr-1, nogalamycin, surprisingly, increased
PDGF-B transcription by stimulating Sp1 phosphorylation
through atypical protein kinase C-ζ (PKC-ζ). These findings
demonstrate for the first time that the phosphorylation state of this
nuclear protein regulates the inducible expression of PDGF.

MATERIALS AND METHODS

Cell culture

WKY12-22 pup rat aortic SMCs (21) were cultured in
Waymouth’s MB752/1 medium (Life Technologies, Inc)
supplemented with 10% fetal bovine serum, 30 µg/ml L-
glutamine, 10 U/ml penicillin and 10 µg/ml streptomycin at
37°C and 5% CO2, and routinely passaged every 4–5 days in
75 cm2 flasks.
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Transient cell transfection analysis

WKY12-22 cells were seeded in 100 mm tissue culture plates
48 h prior to transfection. When ∼60–70% confluent, the cells
were transfected with 8 µg of the indicated promoter-reporter
plasmids using FuGENE6 (Roche). A precipitate was formed
using 3 µl of FuGENE6 per mg of transfected DNA, and the
transfection mix made up to 1 ml with serum-free medium.
After incubation at 22°C for 10 min, the DNA/FuGENE6
mixture was added to cells containing 4 ml of complete
medium. Two days post-transfection cell lysates were prepared
for assessment of CAT activity (14). The concentration of
protein in the lysates was assessed using the BCA protein assay
and used to correct CAT data. PDGF-B promoter-CAT
constructs d26, d77 and d75 contain 153, 82 and 19 bp of
promoter sequence upstream of TATA (10).

Oligonucleotide synthesis, purification and radiolabelling

Oligodeoxynucleotides were synthesised by Pacific Oligos
(Lismore, Australia). Double-stranded oligonucleotides were
radiolabelled with [γ-32P]dATP (Gene Works) using T4 poly-
nucleotide kinase (NEB) and purified using Chromaspin-10
columns (Clontech).

Western blot analysis

Electrophoresis, transfer and immunodetection of Sp1, Sp3,
Egr-1 and AP2 were performed using rabbit polyclonal anti-
bodies obtained from Santa Cruz Biotechnology, as described
previously (22).

Preparation of nuclear extracts

Cells in culture dishes were washed twice with PBS pH 7.4 at
4°C and detached by scraping. Cells were pelleted by centrifuga-
tion at 1200 r.p.m. for 10 min at 4°C. Pellets were resuspended
in ice-cold PBS pH 7.4 and the resulting suspension transferred
to Eppendorf tubes. Cells were repelleted in a microcentrifuge
by spinning at 14 000 r.p.m. for 20 s at 4°C. The cells were
lysed by resuspending the pellet in an ice-cold buffer A, which
consists of 10 mM HEPES pH 8, 1.5 mM MgCl2, 10 mM KCl,
0.5 mM dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl
fluoride (PMSF), 200 mM sucrose, 0.5% Nonidet P-40, 1 mg/ml
leupeptin and 1 mg/ml aprotinin. The samples were incubated on
ice for 5 mins followed by recentrifugation. The nuclei were
lysed in ice-cold buffer C, which consisted of 20 mM HEPES
pH 8, 1.5 mM MgCl2, 420 mM NaCl, 0.2 mM EDTA, 0.5 mM
PMSF, 1 mg/ml leupeptin and 1 mg/ml aprotinin. The cellular
debris was removed by centrifugation, and the supernatant
containing DNA binding proteins was combined with an equal
volume of ice-cold buffer D (20 mM HEPES pH 8, 100 mM
KCl, 0.2 mM EDTA, 20% glycerol, 1 mM DTT, 0.5 mM
PMSF, 1 mg/ml leupeptin and 1 mg/ml aprotinin). Nuclear
extracts were stored at –80°C until use.

Electrophoretic mobility shift analysis

Gel shift reactions were performed in 20 µl of 10 mM Tris–HCl
pH 7.5, 50 mM NaCl, 1 mM DTT, 1 mM EDTA, 5% glycerol,
1 µg salmon sperm DNA, 1 µg poly(dI-dC) poly(dI-dC), 32P-
labelled oligonucleotide probe and 5 µg of nuclear extract
(determined by BCA protein assay). The reaction was incubated
for 35 min at 22°C. Bound complexes were separated from free
probe by loading samples onto a 6% non-denaturing

polyacrylamide gel and electrophoresed at 100 V for 3.5 h. The
gels were vacuum dried at 80°C and subjected to autoradiog-
raphy overnight at –80°C. For supershift analysis, the binding
mixture was incubated with rabbit polyclonal antibodies to
Sp1, Egr-1 or Sp3 (Santa Cruz Biotechnology) for 10 min prior
to the addition of the probe. For competition analysis, the
binding mixture was incubated with 100-fold molar excess of
unlabelled oligonucleotide prior to the addition of the probe.

RT–PCR

Total RNA was prepared using the TRIzol reagent (Gibco
BRL, Life Technologies) in accordance with manufacturer’s
instructions. For the RT reaction 15 µg of RNA, 300 ng
random primer (Promega) and 150 U of M-MLV reverse
transcriptase (Stratagene) were combined in a total volume of
50 µl containing 50 mM Tris–HCl pH 8.3, 75 mM KCl, 3 mM
MgCl2, 40 U RNasin and 0.5 mM of each dNTP. Reaction
tubes were incubated at 65°C for 5 min and then tubes were
cooled slowly to room temperature. PDGF-B amplification
was performed as follows. One hundred picomoles of 5′ and 3′
PDGF-B primers were combined in a total volume of 100 µl
containing 20 mM (NH4)2SO4, 75 mM Tris–HCl pH 9.0, 0.1%
(w/v) Tween-20, 4.0 mM MgCl2 and 0.25 mM of each dNTP
and the reverse transcribed cDNA. Samples were heated to
91°C for 4 min before the addition of 1 U Taq polymerase. The
samples were cycled through 91°C for 1 min, 56°C for 1 min
and 72°C for 1 min, followed by a further 3 min extension at
72°C to facilitate complete extension of the product. GAPDH
amplification was performed to allow relative quantification of
PCR products. GAPDH amplification was performed as
follows: 100 pm of 5′ and 3′ primers were combined in a total
volume of 20 µl containing 20 mM (NH4)2SO4, 75 mM Tris–HCl
pH 9.0, 0.1% (w/v) Tween-20, 2.0 mM MgCl2 and 0.25 mM of
each dNTP. The samples were cycled through 95°C for 10 s,
55°C for 30 s followed by 72°C for 1.5 min. Thirty cycles were
followed by a further 4 min extension at 72°C. The PCR
reaction was loaded onto 1% agarose gels, electrophoresed and
stained with ethidium and photographed under ultraviolet
illumination. Expected size products were GAPDH of 420 bp
and PDGF-B of 317 bp.

RESULTS AND DISCUSSION

Nogalamycin stimulates PDGF-B expression

Egr-1 is a positive regulator of PDGF-B transcription in
vascular endothelial cells (10) and SMCs (23). Based on the
capacity of nogalamycin to block Egr-1 binding to DNA in
vitro (20) we evaluated the effect of nogalamycin on the
temporal expression of PDGF-B mRNA. Nogalamycin
(10 µM) was incubated with WKY12-22 smooth muscle cells
(14) for various times prior to extraction of total RNA and
semi-quantitative RT–PCR analysis. PDGF-B mRNA was
inducibly expressed within 5 h of exposure to nogalamycin and
continued to increase over the next 21 h (Fig. 1A). In contrast,
levels of GAPDH mRNA were unchanged over this time
course (Fig. 1A).

To demonstrate that nogalamycin-inducible PDGF-B
mRNA expression is mediated at the level of transcription, we
incubated the cells with the inhibitor of RNA polymerase II,
actinomycin D, prior to exposure to nogalamycin. This
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prevented any increase in PDGF-B expression without
affecting GAPDH expression (Fig. 1B), therefore indicating
that nogalamycin stimulates new PDGF-B transcription.

Nogalamycin activates the PDGF-B promoter

To confirm these observations and begin dissecting the
mechanism of nogalamycin-inducible PDGF-B expression,
WKY12-22 cells were transfected with d26 and d75, PDGF-B
promoter–CAT reporter constructs containing 153 and 19 bp
of PDGF-B promoter sequence relative to the TATA box,
respectively (10). Basal CAT activity detectable in SMCs
transfected with construct d26 (Fig. 2) exceeded reporter
expression driven by d75, which lacks binding sites for Sp1,
Sp3 and Egr-1 (Fig. 2). Incubation with nogalamycin (2 or
10 µM) increased CAT activity in a dose-dependent manner
(Fig. 2). In contrast, the agonist had no significant effect on
CAT activity driven by construct d75 (Fig. 2).

Zinc finger binding site in the PDGF-B promoter is crucial
for inducible transcription upon exposure to nogalamycin

The preceding data demonstrated the capacity of 153 bp of
proximal PDGF-B promoter sequence to mediate inducible
PDGF-B transcription upon exposure to nogalamycin. To
demonstrate the importance of the zinc finger binding site in
nogalamycin-induced PDGF-B transcription, we transiently
transfected WKY12-22 cells with a CAT reporter vector
(md77) driven by a fragment of the PDGF-B promoter
containing a mutation of the consensus binding elements
recognised by Sp1, Sp3 and Egr-1. Basal CAT activity generated

in cells transfected with construct d77, containing 82 bp of
wild-type PDGF-B promoter sequence, was induced by
nogalamycin (Fig. 3). In contrast, mutation of the zinc finger
binding site in this fragment of the PDGF-B promoter abrogated
both basal and nogalamycin-inducible CAT activity (Fig. 3).
These data demonstrate the requirement of the proximal region
of the PDGF-B promoter in nogalamycin-inducible PDGF-B
transcription.

Nogalamycin increases Sp1 DNA binding

The ability of nogalamycin to increase transcription driven by
d77, but not md77, prompted us to explore whether nogalamycin
could increase DNA binding activity of Sp1, Egr-1 or Sp3. A

Figure 1. PDGF-B mRNA expression is induced in WKY12-22 cells exposed
to nogalamycin. WKY12-22 cells were exposed to 10 µM nogalamycin for
various times, and total RNA was prepared using TRIzol reagent according to
the manufacturer’s instructions. The RNA was reverse-transcribed and the
cDNA was used as the template for PCR. (A) Time-course of nogalamycin-
inducible PDGF-B expression. (B) Actinomycin D pretreatment (10 µg/ml for
2 h) blocks PDGF-B expression inducible by nogalamycin. Cycle-based PDGF-B
PCR (bottom panel) was performed on 8 h samples without actinomycin D
preincubation. The data are representative of two independent determinations.

Figure 2. Nogalamycin increases PDGF-B promoter-dependent gene transcription.
WKY12-22 cells were transiently transfected with 8 µg of PDGF-B promoter–CAT
construct d26 or d75 and CAT activity in the cell lysates was determined after
48 h. CAT activity was normalised to the concentration of protein in the lysates.
Nogalamycin was added (2 and 10 µM final concentration) to the transfectants
24 h prior to harvesting. The data are representative of two independent
determinations.

Figure 3. The zinc finger binding site in the proximal PDGF-B promoter
mediates nogalamycin-inducible PDGF-B promoter-dependent gene expression.
WKY12-22 cells were transiently transfected with construct d26, d77 or md77.
After 24 h, the transfectants were incubated with 10 µM of nogalamycin for a
further 24 h prior to harvest. The cells were lysed and CAT activity was normalised
to the concentration of protein. The data are representative of two independent
determinations.
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32P-labelled double-stranded oligonucleotide (Oligo A)
bearing high-affinity consensus binding sites for Sp1, Sp3 and
Egr-1 was incubated with nuclear extracts of WKY12-22 cells
exposed to nogalamycin at various concentrations for 5 h.
EMSA and supershift analysis revealed the formation of
specific Sp1, Egr-1 and Sp3 DNA binding complexes (Fig. 4A),
as previously observed (14). Nogalamycin stimulated the
capacity of Sp1 to bind DNA at concentrations as low as 2 µM
(Fig. 4A and B), whereas the intensity of the Egr-1 and Sp3
binding complexes were only slightly affected (Fig. 4A and B).
Western blot analysis using these nuclear extracts showed that

levels of an unrelated transcription factor AP2 were not
affected by exposure to nogalamycin (Fig. 4C).

Enhanced PDGF-B transcription by nogalamycin is Sp1
dependent

The preceding data demonstrate that Sp1 (but not Sp3 or Egr-1)
DNA binding increased upon exposure to nogalamycin. To
demonstrate the functional involvement of Sp1 in
nogalamycin-induced PDGF-B transcription, we over-
expressed a dominant-negative (DN) mutant form of Sp1
(pEBG-Sp1), containing the DNA binding domain of human
Sp1 (24), in a transient transfection setting with construct d26.
CAT activity generated by construct d26 cotransfected with
the empty expression vector increased several-fold in cells
exposed to nogalamycin (Fig. 5). Overexpression of mutant
Sp1 blocked nogalamycin-induced PDGF-B promoter-
dependent gene expression (Fig. 5). These results thus
demonstrate the requirement of Sp1 for nogalamycin-induced
PDGF-B transcription.

Nogalamycin modulates Sp1 DNA binding to the PDGF-B
promoter

We next tested whether nogalamycin modulates the direct
interaction of Sp1 with the PDGF-B promoter. A 32P-labelled
double-stranded oligonucleotide spanning the –30/–13 region
of the PDGF-B promoter was incubated with nuclear extracts
of WKY12-22 cells exposed to nogalamycin (10 µM) for
various times up to 24 h. EMSA revealed the inducible
formation of a distinct Sp1 DNA binding complex (14) within
3 h which was still apparent after 24 h (Fig. 6A). The temporal
pattern of increased Sp1 binding precedes the earliest detection
of inducible PDGF-B expression (Fig. 1). Further experiments
revealed that Sp1 binding is induced by nogalamycin in a dose-
dependent manner at concentrations as low as 2 µM (Fig. 6B).
We next investigated whether the increased capacity of Sp1 to
bind the PDGF-B promoter was due to elevated levels of
nuclear Sp1 or chemical modification of the transcription
factor.

Figure 4. Nogalamycin increases Sp1 binding to a GC-rich oligonucleotide
probe. 32P-labelled oligonucleotide bearing consensus elements for Sp1, Egr-1
and Sp3 (32P-Oligo A, 5′-GGG GGG GGC GGG GGC GGG GGC GGG GGA
GG-3′, two overlapping consensus Egr-1 binding sites italicised). (A) EMSA
was performed as described in Materials and Methods. Supershift analysis shows a
distinct pattern of nucleoprotein complexes (Sp1, Egr-1, Sp3), whereas competition
analysis demonstrates the specificity of these complexes. (B) Densitometric
quantitation of band intensity from EMSA. (C) Western blot analysis for AP2
using the same extracts as those used for the EMSA. The data are representative
of two independent determinations.

Figure 5. PDGF-B transcription inducible by nogalamycin is Sp1-dependent.
WKY12-22 cells were cotransfected with 8 µg of d26 and 5 µg of either pEBG
or pEBG-DN Sp1. After 24 h, 10 µM nogalamycin was added to transfectants.
CAT activity in the lysates was determined 48 h after transfection and normalised
to the concentration of protein. The data are representative of two independent
determinations.
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Nogalamycin stimulates Sp1 phosphorylation

WKY12-22 cells were exposed to nogalamycin for various
times and nuclear extracts were analysed for Sp1 immuno-
reactivity by western blot analysis. Sp1 migrates on an SDS–
polyacrylamide gel as two polypeptide species with apparent
molecular masses of 95 and 105 kDa, which result from differ-
ential post-translational modification of the polypeptide
(25,26); the 105 kDa species represents the phosphorylated
form of Sp1 (27). If the agonist modulates the phosphorylation
state of Sp1, the relative intensity of the 105 kDa species
should increase. If, on the other hand, nogalamycin increased

total levels of Sp1, the overall intensity of immunoreactive Sp1
should increase. Time-course studies indicate that while total
Sp1 levels remained relatively unchanged, there was a clear
transition in the phosphorylation state of Sp1 upon
nogalamycin treatment as early as 3 h (Fig. 7). To further
demonstrate that the 105 kDa band represents the phosphor-
ylated form of Sp1, nuclear extracts were exposed to calf
intestinal phosphatase (CIP) for 30 min prior to western blot
analysis. The upper band was completely abrogated by CIP
treatment (Fig. 7).

Since Sp3 and Egr-1 also bind to the –30/–13 region of the
PDGF-B promoter we next explored the effect of nogalamycin
on the electrophoretic migration of these transcription factors
by western blot analysis using the same extracts and
appropriate antibodies. Unlike Sp1, the phosphorylation state
of Sp3 and Egr-1 was unaltered by incubation with
nogalamycin (Fig. 7). Furthermore, total levels of Sp3 and Egr-1
protein were unchanged by the agonist (Fig. 7).

PKC-ζ modulates PDGF-B transcription

PKC-ζ is an atypical member of the PKC superfamily (28)
recently found to interact directly and specifically with Sp1
and phosphorylate this transcription factor (29). To determine
whether this protein kinase is involved in inducible PDGF-B
promoter-dependent expression, we forced the expression of a
kinase inactive mutant form of PKC-ζ (PKC-ζ-kw, lysine275
to tryptophan substitution) together with construct d26.
Nogalamycin, as expected, induced reporter activity in cells
transfected with the empty expression vector (Fig. 8). In
contrast, the DN PKC-ζ virtually abolished PDGF-B promoter
activation by the agonist (Fig. 8).

To provide direct evidence for the involvement of PKC-ζ in
Sp1 phosphorylation following exposure to nogalamycin, we
overexpressed pPKC-ζ-kw or its backbone control in WKY12-
22 cells to demonstrate whether pPKC-ζ-kw could block Sp1
phosphorylation. Sp1 phosphorylation by an anthracycline has
hitherto not been reported. Findings from immunoblot analysis

Figure 6. Nogalamycin increases Sp1 DNA binding to the proximal PDGF-B
promoter. (A) EMSA was performed using nuclear extracts of WKY12-22 cells
exposed to 10 µM nogalamycin for the indicated times and 32P-labelled Oligo
B. Binding reactions and non-denaturing gel electrophoresis were performed as
described in Materials and Methods. (B) Nogalamycin increases Sp1 DNA
binding in a dose-dependent manner. Nuclear extracts from WKY12-22 cells
exposed to various concentrations of nogalamycin for 5 h were incubated with
32P-labelled Oligo B (5′-GCT GTC TCC ACC CAC CTC TCG CAC TCT-3′).
Binding reactions and non-denaturing gel electrophoresis were performed as
described in Materials and Methods. Nucleoprotein complexes were visualised
by autoradiography. The data are representative of two independent determinations.

Figure 7. Nogalamycin phosphorylates endogenous Sp1 but not Egr-1 or Sp3.
Nuclear extracts from WKY12-22 cells exposed to 10 µM nogalamycin for
various times were resolved by electrophoresis prior to transfer to PVDF
membranes and exposure to polyclonal antibodies to Sp1, Sp3 or Egr-1. Where
indicated, the 8 h sample was incubated with CIP prior to western blot analysis
for Sp1. The data are representative of two independent determinations.
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revealed that pPKC-ζ-kw abrogated the phosphorylated form
of Sp1 in cells incubated with nogalamycin. In contrast, Sp1
was still phosphorylated in backbone transfectants incubated
with nogalamycin (Fig. 9). To demonstrate PKC-ζ activation
by nogalamycin, we performed a western blot analysis using
antibodies specifically recognising the activated form
(phospho-Thr410) of PKC-ζ (30,31). Nogalamycin stimulated
PKC-ζ phosphorylation in a transient manner (Fig. 10); PKC-
ζ activation was apparent within 15 min but was no longer

detectable at 3 h (Fig. 10). These data, taken together, demon-
strate for the first time the involvement of PKC-ζ in inducible
PDGF-B transcription and establish Sp1 phosphorylation as a
positive regulatory event in the increased expression of this
gene.

In this paper we report the positive influence of Sp1 phos-
phorylation on PDGF-B expression and the involvement of
PKC-ζ in this process. RT–PCR and transient transfection
analysis revealed that an agent capable of phosphorylating Sp1
in intact cells increased PDGF-B transcription and mRNA
expression. Nogalamycin activation of the PDGF-B promoter
was abrogated by mutation of the Sp1 binding site in the
PDGF-B promoter or by overexpression of DN mutants of Sp1
or PKC-ζ. These studies demonstrate that Sp1 phosphorylation
is a key regulatory process mediating inducible PDGF-B
expression.

Sp1 phosphorylation has been linked to the constitutive and
inducible expression of a diverse set of mammalian genes. For
example, Lin et al. (32) correlated increased Sp1 hyperphos-
phorylation and transcriptional activity with inducible tissue
factor gene expression. Also, Alroy et al. (33) determined that
epidermal growth factor-like Neu differentiation factors
stimulate Sp1 phosphorylation and activity and the inducible
transcription of genes encoding specific subunits of the acetyl-
choline receptor. Finally, Ray et al. (34) found that serum
amyloid A gene expression involves phosphorylation of both
Sp1 and amyloid A-activating sequence binding factor. Chun
et al. (35) reported that Sp1 and HIV type 1 Tat form a protein–
protein complex mediating Sp1 phosphorylation by DNA-
dependent protein kinase (35,36). Our present demonstration
that PDGF-B transcription is stimulated through Sp1 phospho-
rylation is the first report of the inducible expression of PDGF
as a function of the phosphorylation state of a transcriptional
regulator.

Currently it is controversial whether Sp1 phosphorylation
increases or decreases the capacity of Sp1 to bind DNA.
Armstrong et al. (37), for example, showed that casein kinase
II-mediated phosphorylation of the C-terminus of Sp1
decreases its DNA binding activity. Conversely, phosphoryla-
tion of Sp1 by ERK-2 stimulates DNA binding (38). Kumar
and Butler (39) demonstrated a correlation between phosphor-
ylation of Sp1 and increased DNA binding activity. Addition-
ally, Merchant et al. (38) showed that ERK-2-induced Sp1
phosphorylation enhancing its capacity to bind DNA and
induce gastrin promoter activity. These latter findings support
the present data showing increased DNA binding and tran-
scription as a consequence of Sp1 phosphorylation, a process
mediated by PKC-ζ and a distinct element in the proximal
PDGF-B promoter.
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