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The regulatory mechanisms mediating basal and
inducible platelet-derived growth factor (PDGF)-A
expression have been the focus of intense recent in-
vestigation, but repression of PDGF-A expression is
largely unexplored. Here we isolated a nuclear factor
that interacts with the proximal region of the PDGF-A
promoter using bulk binding assays and chromato-
graphy techniques. Peptide mass fingerprint and
supershift analysis revealed this DNA-binding protein
to be NF1/X. NF1/X repressed PDGF-A promoter-
dependent transcription and endogenous mRNA
expression, which was reversible by oligonucleotide
decoys bearing an NF1/X-binding site. Mutation in the
DNA-binding domain of NF1/X abolished its repres-
sion of PDGF-A promoter. NF1/X antagonized the
activity of a known activator of the PDGF-A chain,
Spl, by inhibiting its occupancy of the proximal
PDGF-A promoter. NF1/X physically and specifically
interacts with Spl via its subtype-specific domain
and blocks Spl induction of the promoter. NF1/X
residues 311-416 mediated NF1/X suppression of
basal PDGF-A transcription, whereas residues
243-416 were required for NF1/X repression of Spl-
inducible promoter activity. These findings demon-
strate that repression of PDGF-A gene transcription is
governed by interplay between NF1/X and Spl1.
Keywords: NF1/X/PDGF/Sp1/transcription

Introduction

NF1 represents a family of transcription factors that
regulate the expression of a diverse range of cellular
(Cereghini et al., 1987) and viral (Plumb ez al., 1991; Mink
et al., 1992; Kumar et al., 1993) genes. NF1 proteins were
first cloned from human HeLa cells (Santoro et al., 1988)
and subsequently isolated from hamster (Gil et al., 1988),
rat (Paonessa et al., 1988), pig (Meisterernst et al., 1989)
and chicken (Rupp et al., 1990). Sequence analysis led to
the identification of NF1/A, NF1/B, NF1/C, NF1/L and
NF1/X (Rupp et al., 1990; Kruse et al., 1991). This
diversity is further increased by differential RNA splicing
(Santoro et al., 1988) with >20 splicing isoforms of NF1
having been isolated (Osada et al., 1999). NF1 interacts
with the 5-TGG(N){GCCAA-3" consensus element
(Nagata et al., 1983; Hay, 1985), which is often in close
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proximity to the binding sites of other transcription factors
in promoter regulatory regions (Blomquist et al., 1996).
Under the positive transcriptional control of NF1 are the
mouse mammary tumour virus (MMTV) promoter
(Nowock et al., 1985; Buetti and Kuhnel, 1986), the
human papilloma virus type 16 enhancer (Apt et al., 1993),
the liver-specific serum albumin enhancer (McPherson
et al., 1993) and the CYPl1Al promoter (Wu and
Whitlock, 1992). NFI proteins can also repress the
expression of certain genes. For example, NF1 inhibits
human PITI/GHFI1 expression by interacting with a
distinct element in the distal regulatory region (Rajas
et al., 1998). NF1/X represses o,p adrenergic receptor
gene middle (P2) promoter activity in DDTIMF-2 cells
(Gao and Kunos, 1998). NF1/L binds DNA and forms a
multiprotein complex at a negative regulatory element in
the peripherin gene (Adams et al., 1995). It can also down-
regulate the rat poly(ADP-ribose) polymerase promoter in
concert with Spl (Laniel et al., 2001). At present there are
no reports of NF1 repression of a peptide growth factor
gene.

The platelet-derived growth factor (PDGF) family
consists of an A and a B chain (reviewed in Raines et al.,
1990). Recently, the PDGF-C (Li et al., 2000) and -D
chains (Bergsten e al., 2001; LaRochelle et al., 2001)
were reported. Expression of the PDGF-A gene, which
resides on human chromosome 7p21-p22 and spans ~24 kb
pairs of genomic DNA, is mediated by a single transcrip-
tional start site located 36 bp downstream of the TATA
box (Bonthron et al., 1988). The minimal promoter region,
sufficient for optimal promoter activity in a number of cell
lines (Kaetzel et al., 1993), consists of ~100 bp. Previous
studies by our group have demonstrated that PDGF-A gene
expression in vascular smooth muscle and endothelial
cells is under the transcriptional control of the zinc finger
transcription factors Spl, Sp3 and Egr-1, which interact
with overlapping elements located at base pairs —71/-55 in
the proximal PDGF-A promoter (Khachigian et al., 1995,
1997; Delbridge and Khachigian, 1997; Silverman et al.,
1997). However, the PDGF-A promoter is also subject to
negative regulation, although this is poorly understood at
present. For example, the Wilms’ tumour suppressor gene
product WT-1 represses activity of the PDGF-A promoter
in murine fibroblasts and human kidney cells (Gashler
et al., 1992; Wang et al., 1992) via the Sp1/Sp3/Egr-1-
binding site. This element also mediates repression of
PDGF-A expression by GC-factor 2 (GCF-2; Khachigian
et al., 1999).

Investigations by our group and others have demon-
strated the formation of a distinct nucleoprotein complex
with prima-facie low relative molecular mass using the
proximal region of the PDGF-A promoter (base pairs
—76/-47) as an oligonucleotide probe in serial electro-
phoretic mobility shift assays (EMSA; Khachigian et al.,
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Fig. 1. The proximal PDGF-A promoter interacts with nuclear protein.
(A) EMSA was performed using nuclear extracts from WKY12-22
cells and [*?P]Oligo A (5-GGGGGGGGCGGGGGCGGGGGCGGG-
GGAGG-3, sense strand; Khachigian et al., 1995). The first lane
contains probe alone. The identities of the protein components of the
complexes have been delineated by supershift analysis in Day et al.
(1999). NE, nuclear extract; NS, non-specific complexes based on
oligonucleotide competition analysis. (B) EMSA was performed using
[*?P]Oligo A and fractions from size-exclusion chromatography.
Unfractionated nuclear extract in EMSA is shown in the ‘Input’ lane.
Fractions were collected in 1:1 mixture of buffers C and D prior to
EMSA. Gel electrophoresis was performed as described in Materials
and methods. The arrow indicates complex AS. (C) SYPRO-stained 1D
SDS-PAGE of proteins eluted from EMSA gel fragments precipitated
with methanol. The protein species indicated by the arrow (triplicate
samples) were excised from each lane (three bands pooled) for MS/MS
analysis [(see D)]. (D) MALDI-TOF analysis of complex AS5. Peptides
(in capitals) corresponding to Rattus norvegicus NF1/X.

1996). Although competition studies indicate that the
formation of this complex is sequence specific, the identity
of the protein component of this complex has remained
elusive to date. Here we have identified this to be the
transcription factor NF1/X. We demonstrate that NF1/X
interacts with a novel binding site in the proximal PDGF-A
promoter, located at position —67/~60, and represses both
basal and inducible PDGF-A transcription through a
distinct repression domain located at its C-terminus
(Roulet et al., 1995). These findings provide the first
demonstration of transcriptional repression of PDGF by
any member of the NF1 family.

Results

Identification of the protein component of
complex A5

We demonstrated previously by EMSA, using a double-
stranded 3?P-labelled oligonucleotide bearing the —76/—47
element from the PDGF-A promoter ([*?P]Oligo A), that
this region supports the formation of several specific
nucleoprotein complexes. The protein components of three
slow mobility complexes, identified by supershift analysis,
each transactivate the PDGF-A promoter and include
Spl (Khachigian et al., 1995; Day et al., 1999), Egr-1
(Khachigian et al., 1995; Day et al., 1999) and Sp3
(Khachigian et al., 1995; Rafty and Khachigian, 1998; Day
et al., 1999; Figure 1A). This analysis also revealed a
distinct nucleoprotein complex (AS5; Figure 1A) with faster
mobility than the above, whose formation is sequence
specific (Khachigian et al., 1995, 1997). The identity of
the protein component of A5 has not yet been elucidated.

NF1/X represses PDGF-A transcription via Sp1
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Fig. 2. NF1 interacts with the proximal PDGF-A promoter.

(A) Recombinant NF1/X (1 pg) produced from construct NF1/X-80L
and the control backbone HisTag vector (HisTag-80L) were analysed
for NF1 immunoreactivity by western blot analysis using polyclonal
antibodies to NF1. (B) Recombinant NF1/X protein (5 ng) and eluate
from control backbone HisTag-80L vector were incubated with
[*?P]Oligo A prior to EMSA. The arrow represents Oligo A-bound
recombinant NF1/X. (C) Competition and antibody elimination
analysis. The indicated antibody (1 pg) was incubated with the
binding mixture for 10 min before the addition of the [3*P]Oligo A.
For competition studies, a 50-fold molar excess of unlabelled
oligonucleotide was incubated with the binding mixture for

10 min prior to the addition of the probe. The sequence of E74 is
5’-AGCTTCTCTAGCTGAATAACCGGAAGTAACTCATCGTCG-3’
(sense strand). (D) Interaction of endogenous NF1 protein with
proximal PDGF-A promoter. Nuclear extracts from WKY12-22 cells
were incubated with [32P]Oligo A with or without pre-incubation with
1 pg of polyclonal NF1 or Sp3 antibodies for 10 min prior to the
addition of the 32P-labelled probe. Bound species were resolved by
non-denaturing electrophoresis and visualized by autoradiography. The
arrow denotes complex A5 containing NF1.

We prepared bulk nuclear extracts from the rat vascular
smooth muscle cell line WKY12-22 (Rafty and
Khachigian, 1998) and fractionated this mixture by size-
exclusion chromatography. [*2P]Oligo A-binding activity
in small aliquots of the eluate, assessed by EMSA,
revealed that fraction 5 contained complex A5, together
with a number of other DNA-binding proteins (Figure 1B).
All of fraction 5 was fractionated by multiple EMSA
reactions with [3?P]Oligo A. Complex A5 was carefully
excised from this series of wet gels and analysed by
MALDI-TOF mass spectroscopy (MS) to obtain a peptide
mass fingerprint (PMF), which was searched against
SWISS-PROT and TREMBL databases. The protein
component of complex A5 had an M, of ~42 kDa
(Figure 1C) whose sequence from peptide homology
matched Rattus norvegicus NF1/X (Figure 1D).

NF1/X interacts with the proximal

PDGF-A promoter

To provide independent evidence that NF1/X can bind to
the proximal PDGF-A promoter, we generated NF1/X
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Fig. 3. Repression of PDGF-A promoter activity by NF1/X. (A) WKY12-22 cells were transiently co-transfected with 2 g of A-CAT or 2 pg of a
luciferase construct driven by 1.2 kb of the Fas ligand promoter, along with either 3 pg of NF1/X-pcDNA3 or pcDNA3. Twenty-four hours after
transfection, the cells were lysed and assessed for CAT or luciferase activity. CAT activity was normalized to the concentration of protein in the
lysate. (B) Serial 5" deletion and transient transfection analysis using PDGF-A promoter constructs and NF1/X. COS-7 cells were transfected with

the indicated PDGF-A promoter—luciferase constructs together with 3 pg of either NF1/X-pcDNA3 or pCDNA3. Twenty-four hours after transfection,
the cells were lysed and assessed for luciferase activity. (C) Overexpression of NF1/X represses PDGF-A chain transcription in a dose-dependent
manner. COS-7 cells were transiently transfected with 2 pg of —106luc and the indicated amounts of NF1/X or pcDNA3. Twenty-four hours post-
transfection, the cells were lysed and assessed for luciferase activity. In experiments involving luciferase reporters, the cells were also transfected
with 2 pug of pRL-TK to normalize for transfection efficiency. Firefly luciferase activity was normalized to Renilla. Identical results were obtained

in WKY12-22 cells.

recombinant protein and performed EMSA with
[32P]Oligo A. First, however, western blot analysis using
polyclonal antibodies to NF1 was performed to demon-
strate the capacity of the NF1/X-80L expression vector to
generate immunoreactive protein (Figure 2A). EMSA then
revealed the formation of a single discrete nucleoprotein
complex (Figure 2B), which was apparent at concentra-
tions as low as 50 ng (data not shown), but not detected
when backbone vector (HisTag-80L) eluate was used
(Figure 2B). The specificity of the complex was demon-
strated by its abrogation in the presence of a 50-fold molar
excess of unlabelled Oligo A (Figure 2C). In contrast, the
same fold excess of an oligonucleotide targeting the Ets
transcription factor E74 failed to affect the complex
(Figure 2C). Antibody inhibition experiments were per-
formed to confirm the identity of the protein component of
this complex. NF1 antibodies eliminated this complex,
whereas polyclonal Smadl antibodies had no effect
(Figure 2C). Finally, supershift analysis was performed
to demonstrate that endogenous NF1 protein interacts with
[*?P]Oligo A. The intensity of complex A5 was strongly
attenuated by pre-incubation of nuclear extract with NF1
antibodies, whereas Sp3 antibodies had no effect
(Figure 2D). These latter findings show that both
recombinant and nuclear NF1/X binds to the proximal
region of the PDGF-A promoter in a specific manner,
complementing our findings from MALDI-TOF analysis
using nuclear extracts as the source of protein (Figure 1D).

NF1/X represses PDGF-A promoter-dependent
transcription

To determine whether NF1/X could influence expression
driven by the PDGF-A promoter, we co-transfected
WKY12-22 cells with a heterologous promoter—
chloramphenicol acetyl-transferase reporter construct

336

(A-CAT) in which the Oligo A sequence was cloned at the
Smal site of pCATprom (Khachigian et al., 1995) with an
expression vector generating NF1/X or its control back-
bone, pcDNA3. NF1/X reduced CAT activity 4-fold
compared with its backbone control (Figure 3A). To
show specificity of PDGF-A promoter repression by NF1/
X, we transfected the cells with a luciferase construct
driven by 1.2 kb of the Fas ligand promoter (Kasibhatla
et al., 1998). However, NF1/X had no effect on luciferase
activity driven by this latter construct (Figure 3A).

To define the region in the PDGF-A promoter mediating
NF1/X suppression of PDGF-A transcription, transfection
studies were performed using reporter constructs driven by
various sized fragments of the PDGF-A promoter.
Reporter activity in cells transfected with construct
—154luc or —106luc, in which 154 and 106 bp, respect-
ively, of the PDGF-A promoter sequence were cloned in
front of firefly luciferase reporter cDNA was down-
regulated upon overexpression of NF1/X (Figure 3B).
NF1/X suppression of reporter activity was dose depend-
ent (Figure 3C). In contrast, luciferase activity in cells
transfected with —45luc, which has less basal activity than
—154luc or -106luc, was not influenced by NF1/X
(Figure 3B). These findings suggest that base pairs —106
and —45 in the PDGF-A promoter may mediate NF1/X
repression.

NF1/X oligonucleotide decoys rescue the PDGF-A
promoter and PDGF-A gene from repression

We next used double-stranded oligonucleotide decoys
bearing the NF1/X consensus binding element to deter-
mine whether these could de-repress PDGF-A promoter
activity. The decoy approach has previously been used to
block the function of transcriptional activators, such as
NF-kB (Morishita et al., 1997) and E2F (Morishita et al.,
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Fig. 4. NF1/X oligonucleotide decoys rescue the PDGF-A promoter
from repression. (A) Cells were transfected with 8 pug of —106luc either
alone or together with 1 uM Oligo NF1/X or Oligo NF1/Xm, as
indicated in the figure. The cells were also transfected with 2 pg of
pRL-TK to normalize for transfection efficiency. Firefly luciferase
activity was normalized to Renilla. Luciferase activity in the cell
lysates was determined after 24 h. (B) Oligo NF1/X and Oligo NF1/
Xm localize in the nucleus upon transfection with similar kinetics.
Nuclear and cytoplasmic extracts of cells that had previously been
transfected with 32P-labelled Oligo NF1/X or Oligo NF1/Xm (500 fmol,
1 X 10° c.p.m.) were prepared 8, 24 and 48 h post-transfection.
Radioactivity associated with each fraction was determined in a
B-scintillation counter. (C) NF1/X represses endogenous PDGF-A
expression and this can be reversed by Oligo NF1/X but not NF1/Xm.
Northern blotting analysis was performed using total RNA of
WKY12-22 cells 8 h after transfection with 20 pg of either NF1/X—
pcDNA3 or pcDNA3 and 1 pM Oligo NF1/X or Oligo NF1/Xm.
Hybridization was performed with 3?P-labelled PDGF-A and GAPDH
c¢DNA prior to washing and autoradiography. Sequence of Oligo NF1/
X (5-TATTTTGGATTGAAGCCAATATGATAATGA-3’) and Oligo
NF1/Xm (5-TATTTGTTATTGAAGCCAATATGATAATGA-3").

1995). Luciferase activity generated by construct —106luc
increased in cells that were co-transfected with 1 uM
Oligo NF1/X (Figure 4A). In contrast, PDGF-A promoter
activity was only modestly affected by an identical
concentration of Oligo NF1/Xm (Figure 4A), in which
the NF1/X-binding site was mutated (G—T). We tracked
the distribution of both 32P-labelled molecules over time to
ensure intracellular localization. [32P]Oligo NF1/X and
[32P]Oligo NF1/Xm first entered the cytoplasm, then the
nucleus, with similar kinetics (Figure 4B). To demonstrate
that NF1/X could repress the expression of endogenous
PDGF-A, we performed northern blot analysis in cells
transfected either with NF1/X-pcDNA3 or pcDNA3.
Steady-state PDGF-A mRNA levels were abolished by
NF1/X—pcDNA3; pcDNA3 had no effect (Figure 4C).
Oligo NF1/X rescued PDGF-A expression back to basal
levels, whereas Oligo NF1/Xm failed to have any effect
(Figure 4C). These data demonstrate the capacity of the
NF1/X decoy to rescue the PDGF-A promoter and
endogenous PDGF-A gene from NF1/X repression.

NF1/X represses PDGF-A transcription via Sp1
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Fig. 5. NF1/X inhibits Spl occupancy of the proximal PDGF-A
promoter. (A) EMSA was performed with [*?P]Oligo A and 1 ug of
recombinant Spl or NF1/X-80L, either alone or together. BSA was
added in lieu of NF1/X where indicated. Spl and NF1/X complexes are
indicated by arrows. (B) ChIP analysis in WKY12-22 cells transfected
with pcDNA3, NF1/X—pcDNA3 or untransfected. Chromatin cross-
linked protein—-DNA complexes were immunoprecipitated using
antibodies to NF1, Spl or no antibody and the PDGF-A promoter
amplified by PCR.

NF1/X interacts with and inhibits Sp1 interaction
with the PDGF-A promoter

The NF1/X-binding site in the PDGF-A promoter is
located in a ‘hot spot’, which supports the interaction of
several other nuclear factors (Figure 1A). The relatively
loose NF1/X consensus binding element (Zorbas et al.,
1992) appears in the Oligo A sequence. However, our
attempts to selectively inhibit NF1/X binding to the
PDGF-A promoter by mutational analysis, although sub-
tle, also resulted in abrogation in the ability of other
complexes to form. Since Spl regulates both basal and
inducible PDGF-A expression (Khachigian et al., 1995)
and produces a nucleoprotein complex using Oligo A with
greatest intensity (Figure 1), we hypothesized that NF1/X
repression of PDGF-A is mediated by interplay between
NF1/X and Spl. Gel-shift analysis revealed that recombi-
nant Spl and NF1/X each bind [32P]Oligo A (Figure 5A).
However, NF1/X blocked the formation of an Spl
complex, whereas the same amount of bovine serum
albumin (BSA) had no effect (Figure 5A).

To demonstrate interplay between these nuclear factors
at the level of the endogenous gene, we next performed
chromatin immunoprecipitation (ChIP) analysis using
NF1 and Spl antibodies in combination with PCR in
WKY12-22 cells transfected with pcDNA3, NF1/X-
pcDNA3. Figure 5B demonstrates that NF1/X and Spl
occupy the endogenous PDGF-A promoter in untrans-
fected cells, consistent with EMSA (Figure 1), which was
not altered by transfection with pcDNA3 (Figure 5B).
Upon transfection with NF1/X—pcDNA3, interaction of
Spl with the promoter was barely detectable (Figure 5B).
These data show that NF1 and Sp1 co-occupy the PDGF-A
promoter in vivo and, on NF1/X overexpression, inhibit
Spl occupancy of the authentic PDGF-A promoter.

Since an interaction between NF1/X and Spl has not
been reported previously, we performed precipitation
experiments in which recombinant His-tagged NF1/X
was incubated with nuclear extracts, precipitated with
nickel-resin and any Sp1 bound to the His-tagged NF1/X
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Fig. 6. NF1/X physically interacts with Sp1. Recombinant NF1/X-80L
(or eluate from the HisTag backbone control or BSA) was incubated
with COS-7 cell nuclear extract (NE) prior to precipitation with
nickel-resin suspension and endogenous Spl detection by western
blotting analysis and chemiluminescence. Lane 1 represents
unfractionated NE containing Sp1 immunoreactivity; lane 2, NE

buffer C/D; lane 3, Sp1 (out of NE) precipitated with NF1/X-80L;

lane 4, no Sp1 detected using the HisTag-80L backbone; lane 5, no

Spl detected when BSA used. The arrow indicates immunoreactive Spl.

detected by western blotting analysis. This produced a
single band with an M, of 100 kDa whose mobility under
denaturing conditions was identical to that of immuno-
reactive Spl from unfractionated nuclear extracts
(Figure 6). This demonstrates for the first time that
NF1/X physically interacts with Spl and prevents its
occupancy of the PDGF-A promoter.

NF1/X antagonizes Sp1 activation of

PDGF-A promoter

To demonstrate the capacity of NF1/X to repress inducible
PDGF-A transcription, we overexpressed Spl, which is a
known positive regulator of PDGF-A transcription
(Khachigian et al., 1995) to ascertain whether the
inhibitory activity of NF1/X could override Sp1 transacti-
vation. As expected, Spl induced PDGF-A promoter-
dependent (—154luc) expression over a range of concen-
trations in a dose-dependent manner (Figure 7A). Co-
expression of Spl (3 pg) with 0.5 pg of NFI/X—pcDNA3
produced modest inhibition (Figure 7B). Complete inhib-
ition was observed with 1.5 pg of NFI/X-pcDNA3
(Figure 7B). These data demonstrate the capacity of
NF1/X to antagonize the activity of a known transcrip-
tional activator of PDGF-A transcription.

Subtype-specific domain of NF1/X mediates
repression of basal and inducible

PDGF-A transcription

To gain insight into the region in NF1/X that mediates
suppression of PDGF-A promoter-dependent expression,
we performed transient transfection analysis using 3’
truncations of full-length NF1/X cDNA. As expected, full-
length NF1/X inhibited basal PDGF-A promoter-depend-
ent expression (Figure 8A). Overexpression of NF1/
X(416), which comprises the first 416 of the 505 amino
acids in NF1/X (Figure 8E), like NF1/X, completely
inhibited luciferase expression (Figure 8A). In contrast,
NF1/X(311) and NF1/X(243), which carry deletions of
residues 312-505 and 244-505 (Figure 8E), respectively,
failed to repress the PDGF-A promoter (Figure 8A). These
findings show that residues 311416, which span the
C-terminal end of the NF1/X subtype-specific domain, are
critical for NF1/X repression of basal PDGF-A transcrip-
tion. A point mutation was introduced into the
DNA-binding domain of NF1/X(416) that changed Cys
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Fig. 7. NF1/X represses Spl induction of the PDGF-A promoter.

(A) Spl transactivates the PDGF-A promoter. Cells were transiently
transfected with 2 ug of —154luc and the indicated amounts
Spl-pcDNA3 or pcDNA3. (B) NF1/X inhibits Sp1 transactivation of
the PDGF-A promoter. The cells were transiently transfected with 3 pg
of Spl-pcDNA3 and the indicated amount of NF1/X or pCDNA3.
Twenty-four hours after transfection, the cells were lysed and luciferase
activity determined. The cells were also transfected with 2 ug of
pRL-TK to normalize for transfection efficiency. Firefly luciferase
activity was normalized to Renilla.

at position 119 into Ala, a mutation that impairs its ability
to bind DNA (Novak et al., 1992) and completely
abrogated its capacity to repress the PDGF-A promoter
(Figure 8B).

Under conditions of Spl transactivation, NF1/X(416),
like full-length NF1/X, blocked PDGF-A promoter activ-
ity, whereas NF1/X(243) had no effect (Figure 8C).
Interestingly, unlike its inability to inhibit basal expression
(Figure 8A), NF1/X(311) partially suppressed Sp1 induc-
tion of the PDGF-A promoter (Figure 8C). This indicates
that different subdomains in NF1/X mediate PDGF-A
repression depending on the activation state of the
PDGF-A promoter. NF1/X amino acids 244-416 are
required for NF1/X repression when the PDGF-A pro-
moter is transactivated by Sp1, whereas a smaller region in
NF1/X (amino acids 311-416) is required for complete
inhibition of basal PDGF-A transcription. To com-
plement these studies, we performed immunoprecipitation
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PDGF-A expression. Cells were transiently transfected with 2 pg of —154luc and 1.5 ng of NF1/X, NF1/X(243), NF1/X(311) or NF1/X( 416) in
pcDNA3. (B) Mutation of Cys119 (to Ala) in NF1/X abrogrates its repression of the PDGF-A promoter. Transfections were performed with 2 ug of
—154luc and 3 pg of NF1/X(416)-pcDNA3 or NF1/X(416)-Cys119 (to Ala)-pcDNA3. (C) Amino acids 243-416 in NF1/X mediate inhibition of Sp1-
inducible PDGF-A expression. Transfections were performed with 2 pg of —154luc, 3 pg of Spl-pcDNA3 and 1.5 pg of either NF1/X, NF1/X(243),
NF1/X(311) or NF1/X(416) in pcDNA3. Twenty-four hours post-transfection, the cells were lysed and luciferase activity determined. The cells

were also transfected with 2 ug of pRL-TK to normalize for transfection efficiency. Firefly luciferase activity was normalized to Renilla.

(D) Immunoprecipitation experiments using in vitro transcribed/translated [3>S]Met-labelled NF1/X(416), NF1/X(311) and NF1/X(243) in rabbit
reticulocyte lysates and Sp1 antibodies. The top blot demonstrates the electrophoretic mobility of all three proteins on denaturing SDS-PAGE; the
bottom blot is the product of immunoprecipitation analysis with Spl antibodies and electrophoretic resolution. (E) Schematic representation of NF1/X
truncations used in this study. The various domains within NF1/X and their lengths (not to scale) are indicated in the schematic. The numbered

residues indicate the last NF1/X amino acid in each construct.

experiments with Spl and in vitro transcribed/translated
[3S]Met-labelled NF1/X(416), NF1/X(311) and NF1/
X(243) in unfractionated reticulocyte lysates (Figure 8D,
top blot). Spl antibodies pulled down NF1/X(416)
(Figure 8D, bottom blot). However, NF1/X(311) was
only partially precipitated using this strategy and NF1/
X(243) was not detected (Figure 8D, bottom blot). These
findings demonstrate that NF1/X repression of the
PDGF-A promoter is dependent upon direct protein—
protein interactions with Spl.

Discussion

In this paper, we isolated a nuclear factor that interacts
with the base pairs —70/—47 region of the PDGF-A
promoter using bulk EMSAs and chromatography tech-
niques. PMF and supershift analysis revealed this
DNA-binding protein to be NF1/X. Both recombinant

and endogenous NF1/X bound the PDGF-A promoter in a
specific manner. NF1/X repressed PDGF-A promoter-
dependent transcription and endogenous mRNA expres-
sion, which was rescued by double-stranded oligonucleo-
tide decoys bearing an intact, but not mutant NF1/X-
binding site. A point mutation that converts Cys119 to Ala
in the DNA-binding domain of NF1/X (Novak et al., 1992)
abolished its repression of PDGF-A promoter. EMSA and
ChIP analysis revealed that NF1/X antagonized the
activity of Spl by inhibiting its occupancy of the
PDGF-A promoter. We also show here for the first time
that NF1/X physically and specifically interacts with Spl
through its subtype-specific domain and blocks Spl
induction of PDGF-A promoter-dependent expression.
Deletional analysis demonstrated that amino acids
311-416 in NF1/X subtype-specific domain mediated
NF1/X suppression of basal PDGF-A transcription,
whereas residues 243-416 were required for repression

339



L.A.Rafty, F.S.Santiago and L.M.Khachigian

of Spl-inducible promoter activity, findings supported by
immunoprecipitation experiments with Sp1 antibodies and
33S-labelled NF1/X proteins bearing these C-terminal
truncations. This is the first report of the transcriptional
repression of a growth factor gene by any member of the
NF1 family.

The NF1 family of nuclear regulatory factors can both
activate (Shaul er al., 1986; Jones et al., 1987, Inoue et al.,
1990) and repress (Rossi et al., 1988; Roy and Guerin,
1994; Adams et al., 1995; Szabo et al., 1995) gene
transcription. NF1/X acts as a transcriptional silencer for
genes such as those encoding retinol-binding protein
(Colantuoni et al., 1987), von Willebrand factor (Jahroudi
et al., 1996), peripherin (Adams et al., 1995) and mouse
0.2(I) collagen (Rossi et al., 1988). Conversely, NF1/X can
activate the o-globin (Jones et al., 1987), human hepatitis
B virus S (Shaul et al., 1986), pS3 (Furlong et al., 1996)
and myelin basic protein (Inoue et al., 1990) genes.
Interestingly, NF1/X can repress the ;g adrenergic
receptor middle (P2) promoter in DDYIMF-2 cells and
activate the same promoter in Hep3B cells (Gao and
Kunos, 1998). The specific sites in NF1/X protein
mediating its ability to modulate transcription are poorly
understood at the present time. However, it is clear that
NF1/X contains both positive and negative regulatory
domains (Osada et al., 1999). Examination of the influence
of NF1 on o adrenergic receptor promoter activity
revealed a positive domain that is located between amino
acids 416 and 505, and a repression domain located
between amino acids 243 and 416 (Gao and Kunos, 1998).
Additional mechanisms mediating NF1 multiplicity of
function may involve collaboration with other nuclear
factors, local chromatin architecture and/or the activation
state of intracellular signalling pathways. The present
report extends these findings by demonstrating that NF1/X
repression is mediated by residues 311-416 when the
PDGF-A promoter is basally active, and residues 243416
when the PDGF-A promoter is transactivated by Spl.

Transcriptional repressors regulate gene expression by
at least two distinct mechanisms. Passive repression
involves nuclear proteins competing with positive tran-
scriptional regulators for common DNA-binding sites.
Passive repressors are also capable of interacting with
transcriptional activators and, as a result, destabilize
bound factors or prevent binding of such factors. An
example of a likely passive repressor of PDGF-A promoter
is GCF-2, because it competes with at least three
transcriptional activators (Spl, Sp3 and Egr-1) for com-
mon binding sites in the PDGF-A promoter (Khachigian
et al., 1999). Active repressors, on the other hand, possess
intrinsic repressor activity and the capacity to down-
regulate transcription through modular domains. An active
repressor of the PDGF-A promoter is WT-1, which binds
the G+C-rich region in the proximal promoter and inhibits
PDGF-A promoter-dependent gene expression (Wang
et al., 1992; Gashler et al., 1993). Here we have identified
a potent repressor of basal and inducible PDGF-A
transcription. The extent to which any given gene is
transcribed is dependent upon the net influence of both
activators and repressors on that gene. It is not surprising
that complex AS (NF1/X) is a minor band compared with
the sum of the intensities of the (positive regulatory) Sp1/
Sp3/Egr-1 complexes, given the high level expression of
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PDGF-A in vascular smooth muscle cells (Majesky et al.,
1988). Forcing NF1/X expression would alter this
activator—repressor balance in favour of the latter, as
shown by ChIP analysis; indeed, northern blotting
revealed that endogenous PDGF-A expression is shut
down as a result of altering this balance. Whether NF1/X
functions as an active or passive repressor in the context of
PDGF-A is not entirely clear. However, since the subtype-
specific domain in NF1/X located at residues 243-416 is
capable of negatively regulating transcription in the
context of GAL4 (Roulet et al., 1995; Gao and Kunos,
1998) and this study demonstrates that the same region
mediates NF1/X repression of (basal and Spl-inducible)
PDGF-A expression, NF1/X may inhibit PDGF-A expres-
sion by active means. Alternatively, or in addition since
NF1 and Spl can independently bind the same region in
the proximal PDGF-A promoter, NF1/X could, as a
passive repressor, displace Spl from its recognition
element. The fact that NF1/X physically interacts with
Spl and prevents Spl occupancy of the PDGF-A promoter
lends support to both possibilities (Figure 9). Previous
studies by our group demonstrated that Egr-1 can displace
Spl and Sp3 from the PDGF-A promoter and activate gene
expression (Khachigian et al., 1995; Silverman et al.,
1997). NF1/X in the present study antagonizes occupancy
of the same region in the promoter by Spl, leading to
suppression of gene expression. Thus, two functionally
different displacement mechanisms are involved in the
transcriptional regulation of the PDGF-A gene.

Thus, building on a large body of literature that
has focused largely on the mechanisms governing
inducible PDGF-A promoter-dependent expression, the
present study, which now defines NF1/X as a novel
DNA-binding repressor of the PDGF-A promoter by

Fig. 9. Model of NF1/X repression of PDGF-A promoter activity.
NF1/X physically interacts with Sp1 (which regulates basal and
inducible PDGF-A transcription) and prevents Spl occupancy of the
PDGEF-A promoter, shutting down gene expression as a consequence.
The influence of NF1/X on other promoter-bound nuclear factors is
presently unclear. BTM, basal transcriptional machinery.



antagonizing Spl, indicates that PDGF-A expression is
tightly controlled by positive and negative regulatory
factors, and that the stoichiometric relationship between
these proteins will probably influence the expression
pattern of this gene.

Materials and methods

Cell culture

WKY12-22 rat pup aortic smooth muscle cells (Rafty and Khachigian,
1998) were cultured in Waymouth’s MB752/1 medium (Life
Technologies Inc.) supplemented with 10% fetal calf serum (FCS),
30 pg/ml L-glutamine, 10 U/ml penicillin and 10 pg/ml streptomycin at
37°C and 5% CO,. COS-7 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Life Technologies Inc.) supplemented with
10% FCS, 30 pg/ml L-glutamine, 10 U/ml penicillin and 10 pg/ml
streptomycin at 37°C and 5% CO,.

Transient transfection analysis

WKY12-22 cells and COS-7 cells were seeded in 6-well tissue culture
plates for 24 h prior to transfection. When ~70% confluent, the cells were
transfected with 2 pg of the indicated promoter—reporter plasmids.
Transfections were performed using FuGENE6 (Roche Molecular
Biochemicals). A precipitate was formed using 3 ul of FuGENE6/ug of
transfected DNA and the transfection mix was 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 2 ml of complete
medium. Two days post-transfection, the cell lysates were prepared for
assessment of either CAT or luciferase activity.

Plasmid constructs

Mutant forms of the plasmid, —154luc (Day et al., 1999), —154lucAm1
and —154lucAm?2, were constructed using the QuikChange site-directed
mutagenesis kit (Stratagene) in accordance with the manufacturer’s
instructions by cloning OligoAm1 and OligoAm?2 (sense orientation only)
into the —76/—47 region of the PDGF-A promoter (relative to the TATA
box). Mutant NF1/X(416)-Cys119—Alall9 was constructed using the
QuikChange site-directed mutagenesis kit (Stratagene), in accordance
with the manufacturer’s instructions, using 5-CGGATTGACTCCC-
TGCGCCAG-3’ as the forward primer.

Nuclear extract preparation and EMSA
Nuclear extracts were prepared and EMSA performed as described
previously (Day et al., 1999).

Complex A5 isolation

Size exclusion of nuclear proteins was performed with a Bio-Gel P60 gel
(Bio-Rad) in accordance with the manufacturer’s instructions. The eluate
used was buffers C and D (see preparation of nuclear extracts) in a ratio of
1:1. Proteins were eluted from gel pieces in 100 mM sodium acetate,
0.1% SDS and 10 mM dithiothreitol (DTT) at 37°C overnight. Proteins
were then precipitated at —80°C overnight and spun at 12 000 g for 1 h to
pellet. The pellet was resuspended in 50 mM DTT, 2% SDS, 20%
glycerol, 375 mM Tris and boiled for 5 min. The sample was run over
three lanes of a 10-20% T-mini-gel with one lane of protein standards.
The gel was stained with SYPRO Ruby and visualized using a Bio-Rad
Molecular Imager FX. The two major bands were excised from each lane
for MS/MS analysis.

Q-TOF MS/MS

Samples were subjected to a 16 h tryptic digest at 37°C. The resulting
peptides were purified using a ZipTip to concentrate and desalt the
sample. The samples were then analysed by ESI-TOF using a
MicromassQ-TOF MS equipped with a nanospray source, using either
flow injection coupled to a Waters CapLC or manually acquired using
borosilicate capillaries for nanospray acquistion. After peptides were
selected, the MS was switched to MS/MS mode and data collected over
the m/z range 50-2000 Da with variable collision energy settings.

MALDI-TOF PMF
The sample was analysed by MALDI-TOF MS to obtain a PMF. The
peptide masses were searched against SWISS-PROT and TREMBL.

NF1/X represses PDGF-A transcription via Sp1

Recombinant NF1/X preparation

NF1/X recombinant protein was made by subcloning the EcoRI-digested
pNF1/X cDNA fragment into the cis-repressed pQE vector set (Qiagen).
Recombinant protein was purified by Ni-NTA-agarose in accordance
with the manufacturer’s instructions (Qiagen).

ChIP analysis

Six hours after transfection of WKY12-22 cells with NF1/X—pcDNA3 or
pcDNA3 with FuGENES, the cells were washed with phosphate-buffered
saline (PBS) pH 7.4, incubated with 1% formaldehyde for 10 min and
quenched with glycine (final concentration 0.1 M). The cells were washed
with PBS, trypsinized, then resuspended and incubated in buffer A
(100 mM Tris—HCI pH 9.4, 10 mM DTT) for 15 min at 30°C. The cells
were precipitated by spinning at 14 000 g for 1 min, washed sequentially
in cold PBS, buffer I (0.25% Triton X-100, 10 mM EDTA, 0.5 mM
EGTA, 10 mM HEPES pH 6.5), buffer II (200 mM NaCl, 1 mM EDTA,
0.5 mM EGTA, 10 mM HEPES pH 6.5), lysed in lysis buffer [1% SDS,
10 mM EDTA, 50 mM Tris—HCI pH 8.1, 0.5 mM phenylmethylsulfonyl
fluoride (PMSF), 0.5 pg/ml leupeptin, 2 pg/ml aprotinin] and sonicated.
After spinning, the supernatant was mixed with dilution buffer (1% Triton
X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris—HCI pH 8.1). Protein
G-Sepharose (previously incubated with salmon sperm DNA and pre-
immune serum) was added to the supernatant and gently mixed at 4°C for
2 h. The suspension was evenly divided and 5 pg of rabbit polyclonal
antibodies were added to Spl (Santa Cruz Biotechnology) and NF1
(Santa Cruz Biotechnology) or no antibody was added, and incubated
overnight at 4°C. The suspensions were washed sequentially in TSEI
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris—HCI pH 8.1,
150 mM NaCl), TSEII (0.1% SDS, 1% Triton X-100, 2 mM EDTA,
20 mM Tris—HCI pH 8.1, 500 mM NacCl), buffer IIT (0.25 M LiCl, 1%
NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris—-HCI pH 8.1),
1X TE and elution was performed in elution buffer (1% SDS, 0.1 M
NaHCO3) at 65°C for 4 h. The suspension was treated with proteinase K
at 37°C for 4 h, prior to phenol-chloroform extraction and ethanol
precipitation in the presence of tRNA. The PDGF-A promoter was
amplified by PCR at 30 cycles, producing a 446 bp product.

Immunoprecipitation of recombinant NF1/X-bound

nuclear Sp1

A nuclear extract (10 ng) was incubated with either 5 ug of recombinant
His-tagged NF1/X-80L, 5 pg of HisTag-80L or 5 pug of BSA in 100 pl of
buffer C/D for 1 h at 4°C. A nickel resin suspension (10 pl; Qiagen;
previously spun and resuspended in buffer C/D) was added to the samples
and incubated for 2 h at 4°C. The samples were spun/washed three times
with buffer C/D. After the final wash, the resin was completely dried and
resuspended in 20 pl of SDS sample buffer. The samples were boiled for
3 min prior to running on 8% PAGE and immunoreactive Spl was
detected by western blot analysis.

Oligonucleotide decoy analysis

For reporter gene analysis, WKY12-22 cells were transfected with 8 LLg of
construct —106luc, either alone or in combination with 1 uM Oligo NF1/X
or Oligo NF1/Xm using FuGENE®. The cells were also transfected with
2 pg of pRL-TK to normalize for transfection efficiency. Firefly
luciferase activity was normalized to Renilla. Twenty-four hours post-
transfection, cell lysates were assessed for luciferase activity. For
northern blot analysis, the cells were transfected with 20 ug of
pcDNA3 or NF1/X-pcDNA3 and either 1 uM Oligo NF1/X or NF1/
Xm, using FuGENE®, and total RNA was prepared 24 h subsequently. To
ensure that both oligonucleotides entered the nuclear compartment,
radioactivity in the nuclear and cytoplasmic fractions was assessed 8, 24
and 48 h after transfection with 500 fmol (1 X 10 c.p.m.) of [*?P]Oligo
NF1/X or [*?P]Oligo NF1/Xm.

Northern blot analysis
Northern blotting was performed with total RNA as described previously
(Day et al., 1999).

Immunoprecipitation of in vitro transcribed/translated
NF1/X truncated proteins with Sp1 antibodies

Various [3S]Met-labelled C-terminal truncations of NF1/X protein were
generated using a commercial coupled transcription/translation system
(Promega). Lysates were incubated with 1 ug of rabbit polyclonal Spl
antibody (Santa Cruz Biotechnology) in 1:1 mix of buffers C (20 mM
HEPES pH 7.9, 1.5 mM MgCl,, 420 mM NaCl, 0.2 mM EDTA) and D
(20 mM HEPES pH 7.9, 10 mM KCl, 0.2 mM EDTA, 20% glycerol).
Samples were incubated for 1 h on a rotating wheel at 4°C. Sepharose G
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(previously washed with buffer C/D) was added to the samples and
incubated for 3 h while rotating at 4°C. Samples were spun and the resin
was washed in buffer C/D. On the final spin, the resin was resuspended in
SDS sample buffer containing DTT. The samples were boiled for 5 min
prior to loading on a polyacrylamide gel. Gels were fixed and dried before
detection of 3°S-labelled species by phosphoimaging.
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