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ABSTRACT

Overexpression of vascular endothelial growth
factor (VEGF) is implicated in a number of diseases.
It is therefore critical that mechanisms exist to
strictly regulate VEGF expression. A hypoxia-
responsive (HR) region of the VEGF promoter which
binds the HIF-1 transcription factor is a target for
many signals that up-regulate VEGF transcription.
Repressors targeting the HIF-1 transcription factor
have been identi®ed but no repressors directly bind-
ing the HR promoter region had been reported. We
now report a novel mechanism of repression of the
VEGF HR region involving DNA binding. We ®nd
that single strand DNA-speci®c cold shock domain
(CSD or Y-box) proteins repress the HR region via a
binding site downstream of the HIF-1 site. The
repressor site is functional in unstimulated,
normoxic ®broblasts and represents a novel means
to prevent expression of VEGF in the absence of
appropriate stimuli. We characterized complexes
forming on the VEGF repressor site and identi®ed a
previously unreported nuclear CSD protein complex
containing dbpA. Nuclear dbpA appears to bind as a
dimer and we determined a means by which nuclear
CSD proteins may enter double strand DNA to bind
to their single strand sites to bring about repression
of the VEGF HR region.

INTRODUCTION

Vascular endothelial growth factor (VEGF) is a growth factor
for vascular endothelial cells that induces proliferation and
promotes cell migration (1±3). Disregulation of VEGF plays a
key role in the development and maintenance of solid tumors
by promoting tumor angiogenesis (4,5). The importance of
VEGF in the pathogenesis of solid tumors is evidenced by the

ability of agents inhibiting VEGF activity to inhibit tumor
growth and to cause tumor regression (6). Disregulated VEGF
expression also contributes to the progression of a number of
other diseases characterized by abnormal angiogenesis (5).
High levels of VEGF expression by tumor cells can be brought
about by the action of activated oncogenes, the loss or
mutation of tumor suppressors, the overexpression of growth
factors and low oxygen levels (hypoxia) (3,4,7±10). Non-
tumor cells, such as ®broblasts, surrounding tumor tissue are
also sources of VEGF overexpression (11). Little is known
about the regulation of VEGF expression in ®broblasts.

Transcriptional regulation plays a major role in both basal
and inducible expression of the VEGF gene in both tumor and
non-tumor cells (3,4). A key region of the VEGF promoter,
located at approximately ±930 from the transcription start site,
is a target for a number of signals. This ~50 bp region is
responsive to hypoxia, oncoproteins and growth factor acti-
vation, primarily via activation of HIF-1 (hypoxia inducible
factor 1), which binds to this region [hypoxia responsive (HR)
region, Fig. 1A] (10,12±18). Expression from this region has
been shown to be repressed under non-stimulated/normoxic
(normal oxygen) conditions by the p53 and von Hippel Lindau
(VHL) tumor suppressors which function by regulation of
stability of the HIF-1a component of the HIF-1 transcription
factor (9,10,12). No mechanisms of repression involving
direct binding of a repressor to HR region DNA have been
reported.

Cold shock domain (CSD) proteins (also called Y-box
proteins) (19,20) have been shown to be potent repressors of a
number of growth factor and stress response genes via both
DNA binding and non-DNA binding mechanisms (21,22).
There are two major CSD proteins in non-germ cells, dbpB (or
YB-1) and dbpA (19±22), in addition to a splice variant of
dbpA (23,24) and a small proteolytically processed form of
dbpB (25). CSD proteins bind primarily to single strand DNA
and RNA and can in some cases bind with low af®nity to
double strand DNA (21,22,26±28). CSD proteins were ®rst
identi®ed as binding to an inverted 5¢-CCAAT-3¢ repeat but a
general consensus binding site for CSD proteins has not been
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established and they are generally considered to bind to
CT-rich sequences (21,22). We have, however, previously
identi®ed a speci®c pair of 5¢-CCTG-3¢ CSD protein-binding
sites required for repression in the granulocyte macrophage
colony stimulating factor (GM-CSF) gene and have identi®ed
a CSD protein nuclear complex, NF-GMb, containing dbpB/
YB-1, that binds to these sequences (29±31). In general, there
is little data on the nature of nuclear CSD protein complexes.
Our data suggested that the CSD protein within NF-GMb
binds as a monomer (29). CSD binding to the GM-CSF gene is
single strand DNA speci®c and contacts sequences on the non-
coding (±) strand of a TNFa-responsive region operational in
®broblasts (Fig. 1B).

We now report a single strand-speci®c CSD protein-binding
sequence, on the non-coding (±) strand of the VEGF HR
region, with repressor function in unstimulated/normoxic
®broblasts. The repressor sequence is located downstream of
the HIF-1 site. In contrast to GM-CSF, the VEGF repressor
site requires only a single 5¢-CCTG-3¢ element and binds a
novel nuclear complex, NF-V1, containing dbpA, which
appears to bind as a dimer. We demonstrate the ability of CSD
proteins to control VEGF expression and determine a potential
means by which single strand binding CSD proteins gain entry
to the VEGF promoter within double strand DNA. This work
reveals a novel means of preventing inappropriate expression
of VEGF in unstimulated/normoxic cells.

MATERIALS AND METHODS

Plasmid constructs

The constructs pTKV5Luc and pTKV7Luc were constructed
by cloning respective wild-type and mutant mouse VEGF
promoter HR region oligonucleotide sequences (Fig. 1A) into
pXPGTK229 (a gift from P. Cockerill, IMVS, Adelaide,
Australia). Promoter fragments were inserted upstream of the
thymidine kinase (TK) gene. The same oligonucleotide
sequences were also cloned into pTK81Luc (32). pTK81Luc
was used in overexpression experiments as pXPGTK229 was
repressed slightly by dbpB/YB-1 and dbpA (10±20%).
pTK81Luc was not repressed. The dbpB/YB-1 and dbpA
CSD overexpression constructs pSGdbpB and pSGdbpA
contained full-length human cDNA sequences cloned into
pSG5 as previously described (30). Construction of expression
vectors producing recombinant human GST±dbpA (pGEXA)
and GST±dbpB (pGEXBT) was previously described (29,33).

Oligonucleotides and probe preparation

Oligonucleotides for cloning or gel retardation assays were
synthesized by Geneworks (Adelaide, Australia) and puri®ed
from non-denaturing polyacrylamide gels. Single strand DNA
probes for gel retardation assays were prepared by end-
labeling coding (+) or non-coding (±) single strand oligo-
nucleotides with [g-32P]ATP and T4 polynucleotide kinase
followed by gel puri®cation. Double strand DNA probes were
prepared by annealing 32P-labeled coding (+) strand oligo-
nucleotides with unlabeled non-coding (±) strand oligonucle-
otides followed by gel puri®cation. VEGF and GM-CSF (29)
gene oligonucleotide sequences are shown in Figure 1.

Preparation of recombinant and nuclear protein

The Escherichia coli strain MC1061 transformed with
pGEXBT or pGEXA was induced with isopropyl-1-thio-b-
D-galactopyranoside to produce recombinant GST±dbpB and
GST±dbpA, respectively (29). The fusion proteins were
puri®ed on glutathione±Sepharose beads as described by the
manufacturer (Promega). Crude nuclear extracts from mouse
Balb/c 3T3 ®broblasts were prepared as previously described
(29).

FPLC gel ®ltration of nuclear extracts

Crude nuclear extract was applied at a ¯ow rate of 0.35 ml/min
to a Superdex 200 column (10 mm diameter, 20 ml bed
volume) pre-equilibrated with buffer containing 150 mM KCl,
20 mM Tris±HCl pH 7.6, 20% glycerol, 1.5 mM MgCl2, 2 mM
DTT, 0.4 mM PMSF and 1 mM Na3VO4. The NF-V1 complex
was eluted with the same buffer and 0.5 ml fractions collected.
The molecular mass of the complex was estimated from this
column by comparison with the elution volumes of g-globulin,
bovine serum albumin, ovalbumin, myoglobin and vitamin
B12.

Antibodies

An anti-CSD peptide polyclonal antibody was raised by
immunizing rabbits with the peptide IKKNNPRKYLRSVGD
(human dbpB amino acids 89±103; peptide conserved in
mouse and human dbpA and dbpB) conjugated to keyhole
limpet hemocyanin (Imject conjugation kit; Pierce) as

Figure 1. Sequence of oligonucleotides for gel retardation assays and
cloning. (A) The sequence of the mouse VEGF HR region coding (+) and
non-coding (±) strands are shown (35). The binding site for the HIF-1
transcription factor (49,50) and the 5¢-CCTG-3¢ CSD protein-binding site
identi®ed here are indicated. An imperfect 5 bp inverted repeat (36,37) is
also indicated by arrows. Non-coding (±) strand retardation oligonucleotide
sequences (V5± to V10±) and sequences within reporter constructs
(pTKV5Luc and pTKV7Luc) are given below with only those bases that
vary from the wild-type indicated. (B) The sequence of coding (+) and
non-coding (±) oligonucleotides containing a GM-CSF CSD protein-binding
region are shown (29±31). CSD protein-binding repressor sites on the
non-coding strand are indicated (30).
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previously described (33). The anti-dbpA polyclonal antibody
was a gift from Maria Balda (University College, London,
UK).

Gel retardation analysis, competitions and antibody
analysis

Gel retardation assays were performed using 0.25 ng single
strand 32P-labeled oligonucleotide probe or 0.5 ng 32P-labeled
double strand oligonucleotide [only coding (+) strand labeled],
in a 10 ml reaction mix of 0.53 TM buffer (29) containing
200 mM KCl, 0.4 mg poly(dI´dC) and either 1 mg crude nuclear
extract or 25 ng recombinant CSD fusion protein (GST±dbpB
or GST±dbpA). Retardation assays using recombinant protein
also contained 2 mg bovine serum albumin. Reactions were
incubated at room temperature for 20 min and analyzed on 12
or 6% non-denaturing polyacrylamide gels for analysis of
nuclear extracts and recombinant protein, respectively.
Competition with unlabeled single strand oligonucleotides
was performed by addition of protein and 5 ng unlabeled
probe, followed by immediate addition of the 32P-labeled
probe. Competition with digested or undigested double strand
plasmid DNA (pTK81Luc or pTK81V5Luc) was performed
by addition of protein and 1.2 mg plasmid DNA, which was
incubated for 20 min at room temperature before addition of
32P-labeled probe. Competitions were performed in the
presence or absence of 10 mM MgCl2 (27). Antibody blocking
experiments were performed by adding protein and antibody
and incubating for 5 min at room temperature before adding
the 32P-labeled probe. The reaction was incubated for an
additional 20 min at room temperature before being analyzed
on polyacrylamide gels. Oligonucleotides used in retardation
assays are shown in Figure 1.

UV crosslinking

Nuclear extracts were bound to 32P-labeled single strand DNA
probes in a 25 ml gel retardation reaction and fractionated on a
12% polyacrylamide gel as described above. The gel was
exposed to UV light (340 nm) for 15 min and retarded
complexes were excised after exposure overnight to X-ray
®lm. Protein in excised bands was analyzed on 12%
SDS±polyacrylamide gels as previously descibed (29).

Cell culture and transfection

Balb/c 3T3 mouse ®broblasts were grown in Dulbecco's
modi®ed Eagle's medium and 10% fetal calf serum. Aliquots
of 2 3 105 cells were transfected with 500 ng luciferase
reporter constructs or co-transfected with 500 ng reporter
constructs and 250 ng dbpB (pSGdbpB) and dbpA (pSGdbpA)
overexpression constructs. Transfections were performed
using LipofectamineÔ 2000 (Gibco BRL) according to the
manufacturer's directions. Twenty-four hours after transfec-
tion, cells were either placed in hypoxic conditions (<1% O2,
5±8% CO2) or left in normoxic conditions (20% O2) for 16 h.
Hypoxic conditions were generated by ascorbic acid depletion
of atmospheric oxygen in a sealed 2.5 l container (AnaeroGen
AN25; Oxoid, UK) as previously described (34). After
treatment of cells, luciferase activity was determined as
described (33).

RESULTS

A single strand DNA-speci®c nuclear CSD complex
binds to a 5¢-CCTG-3¢ site in the VEGF HR region

We have previously reported that a pair of 5¢-CCTG-3¢ sites,
on the non-coding strand of a TNFa-responsive region in the
GM-CSF gene, bind CSD proteins in a single strand-speci®c
manner (29±31). A single 5¢-CCTG-3¢ sequence can also be
observed on the non-coding (±) strand of the VEGF HR
region, located downstream of the HIF-1-binding site
(Fig. 1A). As no proteins, other than those binding the
HIF-1 site, have been identi®ed binding to and regulating the
VEGF HR region, we investigated this region for nuclear CSD
protein complex formation. From our previous analysis, we
found that the GM-CSF CSD protein-binding sites bound a
CSD protein nuclear complex called NF-GMb (29,31). Both
CSD protein-binding sites were required for this binding.
NF-GMb complex formation was detected in all cell types
examined and contained a 42 kDa CSD protein, which is the
reported size for dbpB/YB-1. The formation of this complex
on the GM-CSF single strand oligonucleotide (GM±) using
mouse Balb/c 3T3 ®broblast nuclear extracts in a gel
retardation assay is shown in Figure 2A. The authenticity of
the NF-GMb complex in Balb/c 3T3 ®broblasts was veri®ed
by antibody and UV crosslink analysis (data not shown). The
single strand non-coding (±) VEGF HR region sequence (V5±,
Fig. 1), however, did not form a complex co-migrating with
the NF-GMb complex, but instead formed a major slower
migrating complex (NF-V1) and two minor complexes
(NF-V2 and NF-V3) (Fig. 2A). Preincubation of nuclear
extracts with an anti-CSD antibody (CSD) blocked formation
of the NF-V1 complex but not the NF-V2 or NF-V3
complexes (Fig. 2B). Pre-immune serum had no effect on
complex formation. The VEGF HR region therefore binds a
novel CSD protein nuclear complex, NF-V1, that is not
detected on the GM-CSF sequence. The NF-V1 complex was
detected in all cell lines tested (data not shown).

To determine the sequence requirements of the NF-V1
complex, crude Balb/c 3T3 nuclear extracts were bound to
wild-type and mutant VEGF HR region non-coding (±) strand
sequences in a gel retardation assay (Fig. 2C). Mutation of the
5¢-CCTG-3¢ site (V7±) to 5¢-AGAC-3¢ resulted in reduction of
NF-V1 complex formation, whereas mutation of an imperfect
5¢-ACTG-3¢ site (V8±) upstream of the HIF-1 site had no
effect on binding. A slight further reduction in binding was
seen when both sites were mutated (V6±). Hence the primary
site for nuclear CSD protein complex formation on the VEGF
HR region is the single 5¢-CCTG-3¢ sequence, on the non-
coding strand, downstream of the HIF-1 site.

CSD protein binding to many genes is single strand speci®c,
as reviewed (21,22,30,31). CSD proteins have also been
reported to bind to double strand DNA in some genes with low
af®nity (26±28). To determine the single strand versus double
strand DNA speci®city of the NF-V1 complex, binding to
double strand VEGF HR region DNA (V5+/±) was tested
(Fig. 2D). NF-V1 complex formation was undetectable on
double strand DNA, under the conditions used in the gel
retardation assay, and hence is speci®c to the non-coding
single strand.
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The 5¢-CCTG-3¢ CSD protein-binding sequence is a
repressor site in normoxic ®broblasts

CSD proteins have been shown to function as repressors of
expression from a number of growth factor and stress response
genes, as reviewed (21,22). Repression required the presence
of both 5¢-CCTG-3¢ CSD protein-binding sites in the GM-CSF
gene (30,31). We and others proposed that CSD proteins
maintain promoters in a single strand structure preventing the
binding of activators that require double strand DNA.
Activation by CSD proteins has also been reported, but most
commonly in viral rather than cellular genes (21,22). To test
the function of the single VEGF HR region 5¢-CCTG-3¢ CSD
protein-binding site, expression from the 47 bp HR region, on
a heterologous TK promoter in a luciferase reporter vector,
was tested in transient transfection assays in mouse Balb/c

3T3 ®broblasts (Fig. 3). In unstimulated cells (normoxic,
normal oxygen conditions) mutation of the 5¢-CCTG-3¢ site
(pTKV7Luc) resulted in a 3.4-fold increase in expression
relative to the wild-type construct (pTKV5Luc), hence
revealing this site as a repressor of normoxic expression
from the VEGF HR region. The CSD site therefore plays a role
in preventing inappropriate expression in unstimulated cells.
A repressor site within the VEGF HR region has not
previously been reported.

In hypoxic (low oxygen) conditions the wild-type HR
region construct (pTKV5Luc) is ef®ciently activated
(12.8-fold above normoxic expression). This is the ®rst
demonstration of hypoxic response of the HR region in
®broblasts. This is consistent with our previous demonstration
of hypoxic induction of VEGF mRNA levels (34) and
activation of the whole VEGF promoter (±1217 to +30) (35)
in transient transfections in Balb/c 3T3 ®broblasts (data not
shown). In contrast to the situation in normoxic cells, mutation
of the 5¢-CCTG-3¢ CSD protein-binding site (pTKV7Luc)
resulted in a decrease (55%) rather than an increase in hypoxic
expression. This suggests that either (i) single strand binding
CSD repressor proteins are replaced by an activator during
hypoxic induction or (ii) that CSD proteins themselves are
involved in activation. The former seemed most likely as work
by us and others suggests that CSD proteins are removed/
inhibited from binding single strand DNA upon activation,
allowing the binding of double strand DNA binding activator
proteins, as reviewed (22,29,33).

Overexpression of the dbpA and dbpB/YB-1 CSD
proteins represses VEGF HR region expression

To address the role of CSD proteins in both unstimulated
(normoxic) cells and activated (hypoxic) cells, VEGF HR
region luciferase reporter constructs were co-transfected with
CSD protein overexpression constructs in Balb/c 3T3

Figure 3. The 5¢-CCCTG-3¢ CSD protein-binding sequence in the VEGF
HR region is a repressor site in normoxic ®broblasts. Wild-type and mutant
mouse VEGF HR region reporter constructs (pTKV5Luc and pTKV7Luc)
were transfected into mouse Balb/c 3T3 ®broblasts and grown under
normoxic (unstimulated) or hypoxic (activated) conditions and the cells
assayed for luciferase activity. Data is pooled from four experiments, each
assayed in triplicate, and is presented as luciferase activity for each con-
struct relative to that for the backbone vector under normoxic conditions.
Backbone vector activity was not affected by hypoxia.

Figure 2. A single strand-speci®c nuclear CSD protein complex, NF-V1,
binds to a 5¢-CCCTG-3¢ sequence in the VEGF HR region. (A) Balb/c 3T3
mouse ®broblast nuclear extracts were bound to labeled non-coding (±)
single strand mouse VEGF HR region (V5±) or GM-CSF (GM±) oligo-
nucleotides (Fig. 1) in a gel retardation assay. VEGF (NF-V1 to NF-V3)
and GM-CSF (NF-GMb) nuclear complexes and free single strand oligo-
nucleotides (ss probe) are indicated. (B) Nuclear extract for binding to the
VEGF probe (V5±) was pretreated with a CSD protein-speci®c polyclonal
antibody (CSD), pre-immune serum (PI) or left untreated (±) and assayed
by gel retardation. (C) Nuclear extract was bound to wild-type (V5±) and
mutant (V6±, V7± and V8±) VEGF HR region single strand oligonucle-
otides in a gel retardation assay. (D) Nuclear extract was bound to the single
strand non-coding (±) VEGF HR region oligonucleotide (V5±) or to a
double strand HR region probe (V5+/±) where only the coding (+) strand
was labeled and assayed by gel retardation. Free double strand and single
strand probe (ds and ss probe) is indicated.
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®broblasts (Fig 4). In both normoxic and hypoxic cells,
overexpression of dbpA (pSGdbpA) and dbpB (pSGdbpB)
CSD proteins resulted in ef®cient repression (~60%) from the
wild-type HR region construct (pTKV5Luc), con®rming a
repressor rather than an activator function for CSD proteins on
the HR region. In both cases the degree of repression was
drastically reduced by mutation of the CSD protein-binding
site (pTKV7Luc), con®rming that this site is the target for
repression by CSD proteins. This was most evident with
overexpression of dbpA in normoxic cells, where no repres-
sion was observed when the CSD protein-binding site was
mutated (pTKV7Luc).

Taken together, the transfection and binding data (Figs 2±4)
demonstrate, ®rst, that the single strand-speci®c CSD
proteins are repressors of VEGF HR region expression during
normoxia via the 5¢-CCTG-3¢ CSD protein-binding site and,
hence, play an important role in preventing unwanted
expression from the VEGF promoter in the absence of
activation signals. Secondly, it shows that CSD proteins do
not function as activators in hypoxic cells, suggesting that
repressive single strand binding CSD proteins are replaced by
an activator during hypoxia. A hypoxic activator site has been
reported that requires sequences overlapping the HR region
CSD site, in addition to sequences immediately downstream
of the CSD protein-binding site (36,37). Nuclear CSD protein
binding does not require these downstream sequences (data
not shown). This is also observed for recombinant CSD
protein binding (see Fig. 5C). The nature of the activator
proteins binding to these sequences has not been determined,

but we have identi®ed a nuclear complex that binds to the
activator sequences that is dependent on double strand DNA
for binding (P.Diamond, L.S.Coles and G.J.Goodall, unpub-
lished data). The ability of CSD protein overexpression to
repress HR region expression during hypoxia suggests that
overexpressed CSD proteins may in turn be able to replace/
displace the double strand activator.

The VEGF HR region NF-V1 nuclear complex contains
dbpA

Somatic cells contain two types of CSD protein, dbpA and
dbpB. We have previously reported that a CSD protein nuclear
complex, NF-GMb, binding to the GM-CSF CSD sites as
shown in Figure 2A, contained a 42 kDa CSD protein of the
correct size for dbpB/YB-1 (30,31). Data suggested that this

Figure 4. Overexpression of dbpA and dbpB/YB-1 CSD proteins represses
expression from the VEGF HR region. VEGF HR region reporter constructs
(pTKV5Luc and pTKV7Luc) were co-transfected with dbpA (pSGdbpA) or
dbpB/YB-1 (pSGdbpB) overexpression vectors or the pSG5 overexpression
backbone vector, into Balb/c 3T3 ®broblasts. Cells were grown under
normoxic (unstimulated) or hypoxic (activated) conditions and assayed
for luciferase activity. Percent repression represents the degree to which
luciferase activity of each HR region reporter construct is reduced when
co-transfected with the pSGdbpA (dbpA) or pSGdbpB (dbpB/YB-1) over-
expression vector, relative to luciferase activity from reporter constructs
co-transfected with the backbone overexpression vector (pSG5) alone. Data
is pooled from four experiments. Luciferase activity from the backbone
reporter vector was not affected by dbpA or dbpB overexpresssion.

Figure 5. The NF-V1 complex contains the dbpA CSD protein. (A) Balb/c
3T3 nuclear extract was bound to the non-coding single strand VEGF HR
region oligonucleotide (V5±) and nuclear complexes were separated by gel
retardation assay and exposed to UV light to crosslink proteins to DNA.
Crosslinked proteins in the NF-V1 complex were then analyzed by
SDS±PAGE. The sizes of crosslinked proteins in kDa and free single strand
probe (ss probe) are indicated. Crosslinked protein sizes were determined
by subtraction of the molecular weight of the single strand oligonucleotide
(V5±). (B) Nuclear extract was pretreated with a dbpA polyclonal antibody
(dbpA) or left untreated (±) and then bound to the single strand VEGF
oligonucleotide (V5±) in a gel retardation assay. Nuclear complexes are
indicated (NF-V1, NF-V2 and NF-V3). (C) Recombinant GST±dbpA
and GST±dbpB/YB-1 was bound to wild-type (V5±) and mutant (V6± to
V10±) single strand VEGF and GM-CSF (GM±) oligonucleotides in a gel
retardation assay.
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protein bound as a monomer (29). The difference in mobility
of the NF-V1 complex on the VEGF HR region CSD protein-
binding site, compared to the mobility of the NF-GMb
complex (Fig. 2A) suggested that the NF-V1 complex had a
different protein composition to NF-GMb.

To analyze the proteins within NF-V1, UV crosslink
analysis was performed (Fig. 5A). Nuclear extract was
bound to the single strand VEGF HR sequence (V5±) and
complexes were separated on a retardation gel. The gel was
exposed to UV light to crosslink proteins to DNA, the NF-V1
complex was excised from the gel and crosslinked proteins
were sized by SDS±PAGE. In contrast to NF-GMb, the NF-V1
complex contained crosslinked proteins of 56, 47, 110 and
94 kDa. The sizes of crosslinked proteins are determined by
subtraction of the size of the single strand DNA probe. As 56
and 47 kDa are the appropriate size for dbpA and a dbpA
splice variant (23,24,38), nuclear extracts were treated with a
dbpA-speci®c polyclonal antibody and tested for binding to
the VEGF sequence (V5±) in a gel retardation assay (Fig. 5B).
As expected, formation of the CSD protein-containing NF-V1
complex was reduced by the dbpA antibody. NF-V2 and NF-
V3 complex formation was not affected. NF-V1, therefore,
appears to contain dbpA. Little is known about the compos-
ition of CSD protein nuclear complexes and a nuclear complex
containing dbpA has not previously been reported. The lack of
NF-GMb complexes binding to the VEGF HR region suggests
that the VEGF HR region exclusively binds nuclear dbpA.
Consistent with this, the VEGF HR region sequence (V5±)
does not compete for NF-GMb complex formation on the GM-
CSF (GM±) sequence (data not shown). This was the same for
all cell types tested (data not shown). This is not due to the
lack of dbpB/YB-1 in nuclear extracts, as the NF-GMb
complex on the GM-CSF sequence is readily formed in all cell
types, including Balb/c 3T3 ®broblasts (Fig. 2A).

The binding of dbpA to the VEGF HR sequence (V5±) was
con®rmed using recombinant dbpA in a gel retardation assay
(Fig. 5C). As for nuclear NF-V1 complex formation this
binding was dependent on the 5¢-CCTG-3¢ site (mutated in
V7±). Mutations immediately upstream (V10±) or down-
stream of this site (V9±) had no effect on binding. The
sequences mutated in V9± are part of a hypoxic activator
sequence (36,37).

To determine if the preference of the VEGF sequence for
nuclear dbpA complex formation was simply due to increased
af®nity for dbpA relative to dbpB, recombinant dbpB was also
bound to the VEGF (V5±) and GM-CSF (GM±) sequences
(Fig. 5C). As expected, the GM-CSF sequence binds dbpB
more strongly than dbpA (previously reported) (29,30) given
the selective binding of the nuclear NF-GMb complex to this
sequence. Surprisingly, however, the VEGF sequence (V5±)
also bound dbpB more strongly than dbpA. This is re¯ected in
the ability of both overexpressed dbpA and dbpB to repress the
VEGF HR region (Fig. 4). As formation of the NF-GMb
complex, on the GM-CSF sequence, suggests that there is
available dbpB/YB-1 in Balb/c 3T3 nuclear extracts, CSD
protein complex formation must be altered in nuclear extracts
to allow preferential binding of nuclear dbpA to the VEGF
sequence. One possibility was that the additional crosslinked
proteins (94 and 110 kDa) in the NF-V1 complex enabled
preferential binding of dbpA.

Nuclear dbpA may bind as a dimer to the VEGF HR
region

It was apparent, however, that the additional sized proteins of
110 and 94 kDa detected by UV crosslink analysis of the NF-
V1 complex were approximately double the size of the 56 and
47 kDa dbpA proteins. It was possible, therefore, that these
proteins represented crosslinking of a dimer of dbpA proteins
rather than being additional proteins. To investigate this, crude
nuclear extracts were fractionated by FPLC gel ®ltration and
fractions tested, by gel retardation assay, for NF-V1 complex
formation on the non-coding single strand VEGF HR region
sequence (V5±). Fractions were also bound to the mutant HR
sequence (V6±, Fig. 1A). NF-V1 complex activity peaked in a
fraction of ~55 kDa and was clearly separated from NF-V2/3
complex activity (Fig. 6A and B). The nature of this complex
was veri®ed by UV crosslinking and was found to contain the
56, 47, 110 and 94 kDa proteins observed with the NF-V1
complex from crude nuclear extracts (Fig. 6C). As a 55 kDa
fraction (monomer size of dbpA) is suf®cient to form the NF-
V1 complex, this strongly suggests that the larger 110 and
94 kDa proteins are in fact two molecules (dimers) of the
smaller 56 and 47 kDa proteins binding to DNA. The
decreased mobility of the NF-V1 complex (Fig. 2A) compared
to NF-GMb (monomer of dbpB) also supports this. The ability
of nuclear proteins to bind to DNA as a dimer may play a role
in the preferential binding of nuclear dbpA to the VEGF HR
region.

The NF-V1 nuclear CSD protein complex recognizes
supercoiling-induced structures within VEGF HR region
DNA

Given the single strand DNA speci®city of the NF-V1 CSD
protein complex for the VEGF HR region (Fig. 2D) and the
proposed mechanisms of repression by CSD proteins via
single strand DNA binding, it was important to determine
whether/how nuclear CSD proteins gain access to their single
strand binding sites within double strand DNA. It was possible
that nuclear CSD proteins bind to structures induced by
supercoiling, as such structures contain single strand DNA
(27,39). To investigate this, NF-V1 complex formation on the
non-coding single strand HR sequence (V5±) was competed
with supercoiled plasmid DNA in the presence or absence of
Mg2+ (Fig. 7A). Mg2+ stabilizes single strand-containing
structures within supercoiled double strand DNA (27,39). The
NF-V1 complex was readily competed by a plasmid contain-
ing the VEGF HR region sequence (pTKV5Luc) but was not
competed by the backbone vector (pTK81Luc) and this
competition was enhanced in the presence of MgCl2. NF-V1
complex formation alone was not affected by MgCl2.
Competition with single strand competitor (V5±) was also
not affected. This suggested that competition with the
supercoiled HR region plasmid was due to the presence of
the HR region sequences and that this region contains single
strand DNA, as competition is enhanced by MgCl2.

To further investigate this, competitions were performed
with supercoiled (non-digested) and non-supercoiled (restric-
tion enzyme digested) plasmids (Fig. 7B). Supercoiling is
required to generate structures in double strand DNA that
contain single strand DNA. Restriction enzyme digestion
will relieve supercoiling and hence supercoiling-induced
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structures. Competition with the non-supercoiled (digested +)
HR region-containing pTKV5Luc plasmid was much less
ef®cient than with the supercoiled (digested ±) plasmid. The
NF-V1 complex therefore binds with much greater ef®ciency
to the supercoiled plasmid than to the non-supercoiled linear
plasmid. There was no change in competition with the
backbone pTK81Luc plasmid. Taken together (Figs 2D and
7), these data suggest that the NF-V1 complex can recognize
supercoiling-induced structures (single strand DNA contain-
ing) within VEGF HR region DNA, suggesting a mechanism
for entry of nuclear CSD proteins, in particular dbpA, to their
target binding sites in normoxic cells.

DISCUSSION

A novel repressor site in the VEGF HR region

Inappropriate expression of VEGF by both cancer cells and
surrounding cells, such as ®broblasts, is involved in solid

tumor formation (4±6,11). It is therefore very important that
the VEGF gene be maintained in a repressed state in the
absence of appropriate stimuli in normoxic cells. Tumor
suppressors such as p53 and VHL have been shown to repress
VEGF expression by regulating HIF-1a protein stability
(9,10,12), but no DNA-binding repressors had been identi®ed.

We now report a novel mechanism of repression of the
VEGF gene involving a DNA-binding repressor. We identify a
repressor site binding CSD proteins, downstream of the
HIF-1-binding site, that is involved in maintaining the VEGF
HR region in a repressed state under normoxic conditions in
®broblasts. The repressor function of CSD proteins, through
the identi®ed HR region CSD protein-binding site, was
veri®ed by overexpression of CSD proteins. Proteins binding
to sites ¯anking the HIF-1 site have not previously been
identi®ed. The single strand DNA speci®c CSD protein-
binding site (5¢-CCTG-3¢) on the non-coding strand of the HR
region sequence is identical to the sequence of a pair of CSD
protein-binding sites in the GM-CSF gene. Even though there
is no universal consensus for CSD protein-binding sites
(22,30), the identi®cation of 5¢-CCTG-3¢ sites in both the
GM-CSF and VEGF genes veri®es this sequence as an
important target for CSD protein binding. The VEGF site,
however, has quite different characteristics to the GM-CSF

Figure 7. Nuclear CSD proteins bind to a supercoiling-induced single strand
structure within the VEGF HR region. (A) Balb/c 3T3 ®broblast nuclear
extract was preincubated with supercoiled plasmid DNA containing the
VEGF HR region (pTKV5Luc), with the supercoiled backbone vector
(pTK81Luc), with single strand self competitor (V5±) or left untreated
(none). Extracts were then bound to labeled VEGF HR region single strand
oligonucleotide (V5±) in the presence (+) or absence (±) of MgCl2 in a gel
retardation assay. MgCl2 stabilizes supercoiling-induced single strand
structures (27,39). Nuclear complexes (NF-V1, NF-V2 and NF-V3) are
indicated. (B) Nuclear extracts were preincubated with restriction enzyme-
digested (+) (relieves supercoiling and supercoiling-induced single strand
structures) or undigested (±) (supercoiled) pTKV5Luc and pTK81Luc
plasmids and bound to the labeled VEGF oligonucleotide (V5±) in a gel
retardation assay.

Figure 6. Nuclear dbpA may bind to the VEGF HR region as a dimer. (A)
Balb/c 3T3 crude nuclear extract was fractionated by FPLC gel ®ltration
and protein in fractions assayed for binding to the VEGF HR region single
strand oligonucleotide (V5±) or to the CSD protein-binding site mutant
(V6±) in a gel retardation assay. Consecutive 0.5 ml fractions containing
NF-V1-binding activity are shown. NF-V1 to NF-V3 complexes are
indicated. The approximate sizes of protein fractions, determined by
comparison to elution pro®les of protein standards, is given in kDa. (B)
Balb/c 3T3 crude nuclear extract and gel ®ltration fractions containing the
peak of NF-V1 activity (55 kDa) and NF-V2/3 activity (41 kDa) are shown
bound to the VEGF HR region single strand oligonucleotide (V5±) in a gel
retardation assay. Nuclear complexes (NF-V1, NF-V2 and NF-V3) and free
single strand probe (ss probe) are indicated. (C) NF-V1 complexes from
crude nuclear and fractionated extract were UV crosslinked to the VEGF
HR region oligonucleotide (V5±) and crosslinked proteins analyzed by
SDS±PAGE. The sizes of crosslinked proteins are indicated and were
calculated by subtraction of the molecular weight of the V5± probe.
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sites. The VEGF 5¢-CCTG-3¢ site can function as a single
element to bring about repression, whereas the GM-CSF 5¢-
CCTG-3¢ sites do not act individually, with both sites being
required for CSD protein binding and repression. The VEGF
repressor site also binds a novel CSD protein nuclear complex
(NF-V1) containing dbpA, while we have previously reported
that the GM-CSF sequences bind a complex, NF-GMb,
containing dbpB/YB-1 (29,30). Most reported studies on
CSD protein action have investigated dbpB/YB-1 (21,22).
There are a few reports, however, demonstrating a repressor
function of dbpA (23,24,38,40). The exact binding sites for
dbpA have not been determined in these genes, but the binding
region within the nicotinic acetylcholine receptor delta subunit
gene contains a single sequence, 5¢-TCCTGA-3¢, identical to
the VEGF CSD protein-binding site (23). A similar nuclear
complex to that observed here (NF-V1) may also regulate this
gene.

Mechanisms of repression by CSD proteins in normoxic
cells

The identi®cation of a CSD protein-binding repressor site in
the VEGF gene, in normoxic cells, further supports a role for
CSD proteins as key regulators of growth factor and stress
response genes. As for the VEGF gene, in most cases, the
genes regulated by CSD proteins require strict regulation and
inappropriate expression leads to disease (22,29). It has been
observed in a number of cases that CSD proteins bind to DNA
in a single strand-speci®c manner to the repressed genes (22).
We have also observed DNA binding to the VEGF HR region
to be single strand speci®c with no binding to double strand
DNA. We and others have hypothesized, for genes repressed
by CSD proteins, that the binding of CSD proteins to single
strand DNA in unstimulated cells stabilizes a single strand
structure and inhibits the binding of double strand DNA-
dependent activators (25,27,29±31,41). Single strand DNA
binding CSD proteins, in particular dbpA, could similarly
inhibit activators binding to the HR region.

As DNA in the cell is in double strand form we determined a
means by which nuclear CSD proteins, within the NF-V1
complex, could target their single strand binding sites in
double strand VEGF promoter DNA. Such studies have not
previously been performed with nuclear proteins and there are
no reports on the mechanisms of entry of dbpA into double
strand DNA. We show here that CSD proteins can target
supercoiling-induced structures that produce single strand
DNA, within the VEGF HR region. Regions of DNA with a
propensity to form single strand sites often contain inverted
repeats (39). An imperfect 5 bp inverted repeat is found
overlapping the HR region CSD protein-binding repressor site
(36,37) (Fig. 1). Such a repeat could play a role in single strand
DNA formation. Interestingly, 5 bp inverted repeats are also
found overlapping the binding sites for dbpB/YB-1 in the
collagen a 1(I) and gelatinase A genes. dbpB/YB-1 has been
shown to bind to single strand DNA within double strand DNA
regions of these genes in vitro (41±43). dbpA and dbpB/YB-1
may therefore have similar mechanisms of entry to promoter
sequences. Consistent with the identi®cation of single strand
regions within CSD protein-binding sites in vitro is the
identi®cation of such single strand regions in CSD protein-
binding genes in vivo (26,27). Taken together, this suggests
that single strand sites are in fact targets for CSD proteins in

endogenous genes supporting a role for single strand binding
in bringing about repression.

CSD protein derepression and hypoxic activation of the
VEGF HR region

Activation of CSD protein-repressed genes appears to require
derepression of CSD protein action. Proposed mechanisms of
derepression involve interaction of CSD proteins with induced
factors to remove/inhibit CSD protein binding to single strand
DNA, allowing the binding of activators dependent on double
strand DNA, such as the HR HIF-1 complex (22,29,33).
Derepression is most clearly demonstrated for the ErbB2 gene,
whereby ZO-1 sequesters dbpA, preventing its repressive
action (38). Consistently, the VEGF HR region CSD protein-
binding site did not act as a repressor in hypoxic (activated)
cells. Activator function was instead revealed by mutation of
the CSD protein-binding site. A hypoxic activator site
overlapping the CSD protein-binding repressor site has been
reported, but the protein binding to this site has not been
identi®ed (36,37). As CSD protein overexpression under
hypoxic conditions resulted in repression rather than acti-
vation of the HR region, it is not likely that CSD proteins are
involved in hypoxic activation. In addition, the reported
activator site (36,37) also includes bases immediately down-
stream of the CSD repressor site and we have shown that these
bases are not involved in CSD protein binding (Fig. 5, V9±).
We have, however, identi®ed a double strand DNA-binding
nuclear complex that binds to the activator sequences
(unpublished results). It is therefore likely that repressive
single strand-binding CSD proteins are replaced by a double
strand DNA-binding activator in hypoxic cells. Return of the
HR region to double strand form would also allow binding of
the double strand DNA-dependent HIF-1 complex. Forced
overexpression of CSD proteins in hypoxic cells appears to be
able to reverse this process.

Taken together, our data suggest a model whereby in
normoxic cells, CSD proteins bind to single strand DNA-
containing structures, induced by torsional stress in the VEGF
HR region. This could stabilize the HR region in single strand
form and prevent the binding of double strand DNA-depend-
ent activators, present at low levels in normoxic cells. In
combination with the p53 and VHL tumor suppressors this
would provide strict regulation of the HR region during
normoxia. In hypoxic cells the increased levels of double
strand DNA-binding activators, such as those binding to sites
directly overlapping the CSD protein-binding site, probably
results in removal/displacement of CSD proteins allowing
binding of the HIF-1 complex.

Role of nuclear dbpA in VEGF HR region regulation

It is of interest that the nuclear NF-V1 complex detected on the
VEGF HR region appears to only contain dbpA, even though
the HR region can bind both recombinant dbpA and dbpB.
This apparent lack of nuclear dbpB complex formation is not
due to the lack of dbpB/YB-1, as the GM-CSF NF-GMb
complex (dbpB/YB-1) forms ef®ciently in the ®broblast
extracts. Little is known about the way nuclear CSD proteins
bind DNA and there are no reports of nuclear complexes
containing dbpA. Our work suggests, however, that nuclear
dbpA may bind as a dimer in the presence of DNA. In contrast,
studies of the GM-CSF gene suggest that nuclear dbpB binds
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as a monomer (29±31). Recombinant dbpB/YB-1 has, how-
ever, been shown to dimerize, but this dimerization occurred
in solution (28). The differences between recombinant and
nuclear CSD protein binding to the VEGF HR region may be
due to modi®cations of CSD nuclear proteins that enhance
dimer formation/binding or be due to the presence of
additional proteins in the NF-V1 complex that were not
crosslinked to the HR region DNA. The latter possibility is
probably ruled out as we found that a gel ®ltration fraction of
the size of dbpA could reform the NF-V1 complex.
Modi®cation of CSD proteins in vitro has been shown to
affect binding (20) and we have observed that dephosphoryla-
tion of nuclear protein alters the formation of the NF-V1
complex (unpublished results). The selective binding of dbpA
(NF-V1) and dbpB/YB-1 (NF-GMb) nuclear complexes to the
VEGF and GM-CSF genes, respectively, suggests different
functional roles for these proteins in regulation of the two
genes. One possibility is that nuclear dbpA and dbpB/YB-1
proteins binding to these genes are interacting with different
transcription factors as part of the process of repression or
derepression. dbpA and dbpB have, for example, been shown
to interact with different NF-Y subtypes in regulation of a
MHC class II gene (24).

A broader role for CSD proteins in VEGF expression

CSD proteins may play a broader role in VEGF regulation
than just being repressors of the VEGF gene directly, as CSD
proteins have been shown to regulate genes and proteins
involved in VEGF regulation. These include the ErbB2, EGFR
and c-myc genes and the p53 tumor suppressor (26,38,44,45).
It is also evident that disregulation of CSD protein expression
could be involved in inappropriate expression of VEGF in
cancer cells, as is observed when p53 and VHL tumor
suppressor expression is altered. CSD proteins have in fact
been implicated in a number of cancers, with cancer cells
showing both quantitative and qualitative changes in CSD
protein expression (46±48). The data presented here also
demonstrate that overexpression of CSD proteins may be
useful as a tool in controlling inappropriate VEGF expression
from cells that overexpress VEGF.

In summary, we have identi®ed CSD proteins as repressors
of the VEGF HR region under normoxic conditions in
®broblasts and have identi®ed a novel mechanism of repres-
sion of this region. The primary nuclear CSD protein involved
in repression appears to be dbpA and the nuclear CSD protein
complex is single strand speci®c and enters the HR region via
intrinsic single strand structure within this region. CSD protein
overexpression can regulate both normoxic and hypoxic HR
region expression. This work demonstrates the growing
importance of CSD proteins as key regulators of growth
factor and stress response genes and the mechanisms by which
nuclear CSD proteins, in particular dbpA, bind to single strand
DNA and bring about repression.
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