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ABSTRACT

The c-Myc transcription factor represses the mRNA
expression of the platelet-derived growth factor
receptor beta gene (PDGFRB). Using chromatin
immunoprecipitation, we show that c-Myc binds to the
proximal promoter of the PDGFRB gene in prolife-
rating rat fibroblasts. Interestingly, mutant c-Myc
proteins that are unable to repress PDGFRB gene
expression, c-Myc“®F and c-Myc®'%¢'43 are still able
to bind to the promoter in vivo. Hence, promoter-
binding and repression of PDGFRB by c-Myc are
separable activities. We also show that Myc repres-
sion of PDGFRB is not dependent on previously
described or known transactivator-binding regions,
suggesting Myc may be recruited to the promoter
by multiple or yet unidentified transcription factors.
In the presence of intact promoter-binding by Myc,
trichostatin A (TSA) can block Myc repression of
PDGFRB in vivo, again demonstrating that
promoter-binding and repression are separable.
Taken together, we hypothesize that Myc repression
of PDGFRB expression occurs by a multi-step
mechanism in which repression is initiated after Myc
is recruited to the promoter.

INTRODUCTION

Fibroblasts proliferate in response to platelet-derived growth
factor (PDGF) during physiological circumstances such as
wound healing (1). Receiving, and communicating this
mitogenic signal to the proliferative machinery in the nucleus,
is the PDGF receptor beta polypeptide (PDGFRB). Activation
of cell proliferation by the signal transduction cascade through
PDGFRB activates the immediate early genes, such as c-myc
(2). c-Myc itself is a nuclear transcription factor that is a potent
regulator of cell growth, proliferation and progression of
the cell cycle through the G,/S phase transition (3). When

deregulated, c-Myc drives neoplasia and tumourigenesis
(4,5). Interestingly, at physiological levels, c-Myc has also
been shown to downregulate the expression of growth promot-
ing genes such as c-myc itself, and PDGFRB (6,7). Down-
regulation of these genes is believed to be part of a negative
autoregulatory loop in which c-Myc controls the duration and/
or extent that cells are stimulated to proliferate. Deregulation
of these regulatory loops, which limit cell growth, are
observed in cancers and may potentiate tumour progression
(8). Thus, elucidating how c-Myc mechanistically regulates
these loops and represses gene expression may provide insight
into disease states, their progression and their eradication.
The c-Myc transcription factor activates and represses the
expression of many genes (www.myc-cancer-gene.org) (9).
To activate transcription, c-Myc heterodimerizes with Max,
which facilitates direct DNA-binding to E-boxes (CACGTG)
(10,11). Once bound, c-Myc recruits histone acetyltransferase
(HAT) activities that modify the local histones, and/or recruits
PTEFb, which likely affects RNA polymerase II (RNAPII)
phosphorylation and promoter clearance (12-15). How
c-Myc represses gene expression is an emerging field and
several models have been proposed. Recent works have
shown that c-Myc can bind to the promoters of many repressed
genes in vivo (16-18). However, the precise molecular
mechanism of c-Myc repression at the promoter remains
unclear. While recent evidence suggests an important role
for Max, previous models have focused on the idea that
c-Myc itself represses genes by binding to, and therefore inhi-
biting, proteins important for transcriptional activation, such
as Miz-1, Spl and NF-Y (17-20). For example, PDGFRB
is transactivated by NF-Y (19). c-Myc binds to a subunit of
NF-Y, NF-YC, and inhibits its transactivation in an in vitro
promoter—luciferase assay (19). Moreover, a c-Myc mutant
protein that is unable to bind NF-Y, is also unable to repress
PDGFRB (19). Similar data exists for Miz-1 at the CDKN2B
(p15™**y and CDKNI1A (p21"“"“P") genes (16,21). One com-
monality amongst all models is that c-Myc binds indirectly to
repressed promoters and occurs through gene-specific activa-
tor proteins. Hence, repression of gene expression is thought to
be simply a consequence of its recruitment and binding to key
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proteins at the promoter (3,22). We sought to test this model by
assessing if mutant c-Myc proteins, that are unable to repress
PDGFRB expression, are able or unable to bind to the
PDGFRB promoter. We provide evidence that promoter-bind-
ing and repression functions of c-Myc at repressed genes are
separable activities. Moreover, we show that the repression
mechanism can be blocked with TSA, without blocking pro-
moter binding by c-Myc, and that it affects a post-RNAPII
recruitment mechanism.

MATERIALS AND METHODS
Cell culture

The Rat-1°"“""~ (clone HO15.19) and the parental TGR-1
cell lines were cultured in DMEM H21 (Life Technologies cat.
no. 12100) + 10% CS (23). Rat-1"“""~ cells were infected
with the replication incompetent retrovirus pBabeMN-
ires-GFP carrying vector-only, human c-myc, or human
c-myc! 06-193. these cell lines have been previously character-
ized (23,24). The human c-myc®®® construct was generated by
site-directed mutagenesis using the PCR primers CCGAGGA-
GAATGTCAACGAGCTAAAACGGAGC and GCTCCGTT-
TTAGCTCGTTGACATTCTCCTCGG. A purified population
of Rat-1"“~'~ cells expressing c-myc?BR was obtained by
flourescence activated cell sorting (FACS) using GFP as a
marker of infectivity.

Chromatin immunoprecipitation

The chromatin immunoprecipitation (ChIP) procedure used
has been described (18). Briefly, the chromatin from
formaldehyde-fixed (1% v/v) rat fibroblasts was sonicated
and immunoprecipitated using antibodies that recognize c-Myc
(N-262), Max (C-124), and RNA polymerase II (N-20) (Santa
Cruz Biotechnology) or acetylated histone H3 (06-599) and
H4 (06-866) (Upstate). The chromatin immunoprecipitate
was PCR amplified using promoter-specific primers (see
below). The PCR product was resolved by agarose gel electro-
phoresisand visualized by UV fluorescence. ChIP-PCR primers
(5’ to 3): PDGFRB proximal (-0.4 kb): ACACGGAC-
TCCCACACCTC and CACCACCACCACACACTTTG;
PDGFRB middle (0.9 kb): GAATACTGTTTTCACAC-
GGGG and CAGGAAGGGAGTGGCTGAG; PDGFRB distal
(-1.5 kb): GGCAAAATCCCATCCTGC and TCTTCCC-
AGCGTGACTGC. The primer sequences for NUC (+574),
GCK and CAD have been described (14).

Immunoprecipitation and western blot analysis

Rat-1°"“""" cells were harvested in ice-cold F-buffer pH 7.05
(10 mM Tris pH 7.05, 50 mM NaCl, 30 mM Na,P,0-, 50 mM
NaF, 5 mM ZnCl,, 10% glycerol, 1% Triton X-100), with
protease inhibitors, incubated on ice for 5-10 min and cen-
trifuged at 12000 r.p.m. for 10 min at 4°C (Eppendorf rotor
A-4-44). 500 pg of total protein lysate was immunoprecipi-
tated using antibodies directed against c-Myc (C-33) and Max
(C-124) and 20 puL of A/G-agarose beads (Santa Cruz Bio-
technology). Immunoprecipitated proteins were resolved by
SDS-PAGE and immunoblotted using an anti-c-Myc (9E10)
and anti-actin (Sigma, A-2066) antibody.
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Transient transfection and promoter luciferase assays

The 1.6 kb Sac I mouse PDGFRB promoter—luciferase con-
struct (gift of K. Funa), containing sequences between nucleo-
tides —1994 and —396 relative to the translation start site of
the mouse PDGFRB gene, has been described previously (25).
Rat-1 c-MycER™M cells were transiently transfected with
0.9 pg of mouse PDGFRB promoter construct and 0.1 pug
of pPCMV-B-galactosidase using FuGene 6 (Roche). Lucifer-
ase and P-galactosidase assays were performed as previously
described (7). The mutant PDGFRB promoter constructs were
generated by site-directed mutagenesis (Stratagene) using the
following sequences: NF-Y mutant: CCCCAAGCTTGGCT-
GATCAGAATCGGCCCTGC; AP2 mutant: CCCCCCAC-
CTCCCCGCCTTCCGCTAGCTTGGCAATCAGAATCG;
Spl mutant, AP2 disrupted: ACGCGTCCACCGTCGACGC-
TGAATATTTCCTAGCACCTAATGCGCATCAACAAGC-
TT; Spl mutant, AP2 intact: ACGCGTCCACCGTCGAC-
GCTGAATATTTCCTAGCACCTAATGCGCACCCCAAG-
CTT. The introduced mutation(s) abolished the binding site for
each element, did not create a new site(s), and maintained the
natural nucleotide length of the promoter. Promoter analyses
were performed using ProScan and MacVector.

Reverse transcriptase (RT)-PCR

Total RNA was isolated by Trizol extraction. Of the total RNA,
Sug was used in a 20 UL reverse transcriptase reaction and,
upon completion, was diluted 10-fold. Of the RT reaction,
1 uL was PCR amplified and visualized on an ethidium-
bromide-stained agarose gel by UV light. Expression between
cell lines and/or conditions was quantified using ImageQuant
version 5.2 (Molecular Dynamics) and then normalized using
36B4 as a loading control. Rat RT-PCR primers sequences
(5'to 3'): CDKNIA (p21°P"*4y. GAGAACGGTGGAACTT-
TGACTTC and AGAAATCTGTTAGGCTGGTCTGC; GAD
D45A: TGAATGTGGGTTCGTCACCAG and TTCGTGC-
TTTCTGTTGCGAG; PDGFRB: AACTGCCCAGACCTT-
GACTCG and GCTGACTTCCCCCACTCCTTAC; 36B4:
AACAAACCCGCTCTGGAGAAGC and CCTCTGGAGA-
TTTTAGTGGTGATGC.

RESULTS
c¢-Myc binds to the PDGFRB proximal promoter

PDGFRB gene expression in asynchronous, subconfluently
growing Rat-1°""'~ cells (clone HO15.19) expressing
human c-myc (Rat-1""“"'~ ¢-myc), and in the parental
TGR-1 cell line, is repressed in comparison to levels in
Rat-1"“""" yector cells (Figure 1A) (7,23). This repression
can be recapitulated in a luciferase reporter assay in which a
1.6 kb Sac I mouse PDGFRB promoter construct is transiently
transfected into Rat-1 cells stably expressinélthe ¢-MycER™M
fusion protein. Activation of c-MycER™ by 4-hydroxyta-
moxifen (OHT) resulted in a clear and reproducible repression
of the luciferase activity detected (Figure 1B) (7). While it is
known that c-Myc can repress PDGFRB gene expression
in vivo and in vitro, there is a lack of evidence implicating
a role for c-Myc at the PDGFRB promoter. To evaluate if
the repression of PDGFRB by c-Myc involves promoter
binding, we performed chromatin immunoprecipitation in
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Rat-1<"“""~ yector or Rat-1°""""~ c-myc cells. Enrichment
of c-Myc chromatin immunoprecipitate (Myc IP), as com-
pared with the no antibody control (no Ab), was detected in
Rat-1"7“""~ c-myc cells, but not in Rat-1"2“""" vector cells,
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Figure 1. c-Myc binds to the proximal promoter of PDGFRB. (A) Expression
of endogenous PDGFRB in the TGR-1 control, Rat-1°"“~'~ cells (clone
HO15.19) infected with an empty retroviral vector, or retrovirus carrying
human c-myc, as assessed by semi-quantitative RT—-PCR. Expression of
36B4 was determined as a control for loading. Fold-repression of the
normalized PDGFRB transcript level, relative to the Rat-1°"“"'~ vector
control cell line, is shown. (B) A reporter luciferase assay using pGL2
vector or pGL2 vector containing 1.6 kb of the mouse PDGFRB promoter;
constructs were transiently transfected into Rat-1 cells, stably expressing c-
MycER™M and cells were then treated with or without 4-hydroxytamoxifen
(OHT). (C) A chromatin immunoprecipitation (ChIP) assay using c-Myc
antibody, or no antibody (no Ab) as a control, conducted in Rat-1¢"¢~/~
vector and Rat-1°"“"'~ c-myc cells, showing the degree of binding over
the distal (—1.5 kb) and proximal PDGFRB promoter (—0.4 kb). Promoter
locations are described relative to the transcriptional start region of gene
promoter. A schematic of the rat PDGFRB promoter, containing putative
promoter elements, is shown. (D and E) ChIP assay using c-Myc or Max
specific antibody in TGR-1, Rat-1°""~'~ vector, and Rat-1°"“""~ c-myc
cells. Binding to the PDGFRB, or control GCK, promoter is shown.

using ChIP-PCR primers designed against the PDGFRB
proximal promoter (—0.4 kb) but not ChIP-PCR primers
designed against a distal upstream region (—1.5 kb), relative
to the transcription start site (Figure 1C). c-Myc did not bind to
glucokinase (GCK), a known negative control promoter, in any
of the cell lines tested (Figure 1D) (14,18). Thus, we conclude
that c-Myc is bound to the PDGFRB proximal promoter
in vivo. Interestingly, Max also bound to the PDGFRB prox-
imal promoter in Rat-1°">""~ vector and Rat-1°""“"'~ c-myc
cells (Figure 1E). These data are consistent with the model that
Max is bound to c-Myc-repressed genes before and after c-
Myc protein recruitment (18). Taken together, these data sup-
port a model whereby c-Myc represses the PDGFRB gene at
the proximal promoter.

Repression and promoter-binding by c-Myc are
separable functions

Since repressed promoters do not commonly contain E-boxes,
c-Myc is not believed to associate with repressed promoters by
contacting DNA directly; instead, binding is believed to be
indirect and occurs via one or more of its many protein part-
ners (3,22). We sought to test the mechanistic link between
repression and promoter-binding at the PDGFRB promoter. As
a first step, we generated Rat-1"2“"'~ cell lines that expressed
human c-Myc proteins deleted for amino acids (a.a.) 106—143
(Rat-1<"""=" c-myc?%°1%3) and 355-367 (Rat-1""'~
c-myc™®®) (Figure 2A). Expression of each of the two con-
structs in the Rat-1">“"'~ cells was confirmed by a standard
western blot analysis (Figure 2B). The 106-143 deletion
includes Myc-homology box II (MblII), an evolutionarily con-
served sequence motif, which has been shown to be important
for binding to NF-Y as well as the repression of PDGFRB
(Figure 2A) (7,19). The 355-367 deletion removes the c-Myc
basic region (BR) which confers the specific in vitro recogni-
tion of chromosomal targets by c-Myc:Max heterocomplexes
(Figure 2A) (26). These deletions do not alter the primary
nuclear localization sequence (NLS) or the Max-binding
domain (HLH-LZ) of c-Myc (Figure 2A). c—MycleG"143 and
c-Myc®®R can both localize to the nucleus which is consistent
with the published literature (data not shown) (27). We also
show that both c-Myc'%*'*3 and c-Myc?®® retain the capacity
to bind Max in a co-immunoprecipitation assay (Figure 2C).

Both the c-Myc®!%!** and c-Myc*®® proteins were unable
to repress the expression of PDGFRB, as assessed by semi-
quantitative RT-PCR (Figure 2D). To assess if promoter-
binding and repression of PDGFRB expression by c-Myc
are the same or separable qualities, we performed ChIPs in
Rat-1°""""" c-myc??°'*3 and Rat-1""""" c-myc?®R cells
using anti-c-Myc and anti-Max antibodies. Deletion of amino
acids 106-143 or the BR did not eliminate c-Myc’s ability to
bind to the PDGFRB promoter, as assessed by ChIP
(Figure 2E). No binding by wild-type c-Myc or either of
the two mutant c-Myc proteins was observed at GCK, the
negative control promoter, in any of the cell lines tested (Fig-
ure 2E). Max bound to the PDGFRB promoter in all cell lines
shown (Figure 2E). Hence, promoter binding by c-Myc to the
PDGFRB is insufficient to affect its transcription repression
function. = Moreover, it implies that c-Myc’s
repression function may be initiated after it is bound to the
promoter.
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Figure 2. Promoter-binding and gene repression by c-Myc are separable
functions. (A) Schematic of the human c-Myc, C-Mycdmﬁ'143 (d106-143),
and C—MycdBR (dBR) proteins and the domains they contain Myc-homology
box 1 (MbI) and 2 (MbII); nuclear localization signal (NLS); basic region (BR);
helix—loop-helix (HLH); leucine zipper (LZ). (B) Immunoblot of c-Myc
protein (9E10) and actin expression in Rat-1°""'~ cells infected with an
empty retroviral vector, or retrovirus carrying c-mye, c-myc™?1% (d106-
143), or c-mychR (dBR). (C) Immunoblot for c-Myc protein (9E10)
following immunoprecipitation (IP) using c-Myc (N-262) or Max (C-124)
antibody in the Rat-1°"“"'~ cell lines indicated. (D) Expression of
endogenous PDGFRB and control 36B4 in the Rat-1""°"'~ cell lines
indicated, as assessed by RT-PCR. Fold-repression of the
normalized PDGFRB transcript level, relative to the Rat-1"""'~ vector
control cell line, is shown. (E) ChIP using c-Myc or Max antibody in the
Rat-1"“"'~ cell lines indicated were conducted as described in
Figure 1D and E.

Repression does not occur solely through
NF-Y, AP2 or Spl

The observation that c-Myc binds to the PDGFRB proximal
promoter in vivo is consistent with previous observations by
ourselves and others. The minimal promoter region, contain-
ing the NF-Y, AP2 and Spl sites, is conserved between rat and
mouse and is sufficient for Myc to mediate its repressive effect
on transcription (Figure 3A). NF-Y, AP2 and Spl are trans-
activating proteins all capable of binding to c-Myc (19,20,28).
c-Myc:NF-Y complexes have been implicated in transcrip-
tional repression of this promoter (19,29). These data are con-
sistent with the model that c-Myc represses PDGFRB gene
expression through elements and/or proteins located within the
proximal promoter region. We reasoned that if the NF-Y, AP2
or Spl binding site(s) were important for the repression of
PDGFRB by c-Myc, then mutation of this site(s) should abro-
gate repression by c-Myc.

To test this, we performed luciferase reporter assays using
the 1.6 kb mouse PDGFRB promoter, or constructs containing
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Figure 3. Repression does not occur solely through NF-Y, AP2, Spl or Miz-1.
(A) The mouse (upper) and rat (lower) PDGFRB promoters are shown.
Homologous regions between the two promoters are denoted by grey bars;
the Spl, AP2 and NF-Y binding sites in the proximal promoter are shown.
(B) A luciferase reporter assay using a 1.6 kb fragment of the mouse PDGFRB
promoter, or one of 6 binding site mutants (shown), transiently transfected into
Rat-1c-MycER™M cells. The mean fold repression +/— SD, and its associated
p-value (Student’s 7-test), is shown. (C) Immunoblot for c-Myc (9E 10) and actin
expression in Rat-1"“~'~ cells containing vector, c-myc, c-myc 5" (P382L),
c-myc"?**P (V394D), or c-mycS**F (S405F). (D) Expression of endogenous
PDGFRB and 36B4 in the Rat-1°""“""~ cells lines indicated. (E) ChIP using
Myc or Max antibody in the Rat-1¢"“~'~ cell lines indicated were conducted
as described in Figure 1D and E.

NF-Y, AP2 and/or Spl site(s) mutations, transiently
transfected into Rat-1 c-MchRTAM cells (Figure 3B). All
constructs, assayed in at least four independent experiments,
had statistically significant levels of repressed luciferase activ-
ity upon c-Myc activation by OHT treatment (Student’s #-test,
p < 0.014). This includes a 1.6 kb PDGFRB promoter con-
struct that harboured a mutated NF-Y site (from CCAAT to
CTGAT). This is in contrast to the findings of Izumi et al. (19)
in which a minimal PDGFRB promoter construct, containing a
mutated NF-Y site (CTGAT), was not repressed by c-Myc. It
remains unclear why the results differ but may be due to the
different length of PDGFRB promoter construct, luciferase
vector and the experimental cell system used. Therefore,
the deletion of the NF-Y, AP2 and/or Spl binding sites are



3466 Nucleic Acids Research, 2004, Vol. 32, No. 11

A Rat-1™"" B Rat-17""
TSA (nM) ] 300 600 vector (+ TSA) C-MVe (+ TSA)
g o g o g o i input [T input
= = g E = = 2 E
PDGFRB w = s s o
PDGFRB - - .
CDENTA s o - o
GCK
GADD45A s — -
JOBG we - - — - -
C Rat-17"" D Rat-1™""
vector vector c-myc
e input == = =
e =+ o _.4 o =+ o _.4 — —
=TI < 5 T I = 5] = & .
E T e g S<3% <38%
¥ 2 £ E ¥ 2 £ E
T - - - - Ead
NUC - CAD == - - —
PDGFRB e
(proximal) - -y - - - .- PDGFRB =] -
(proximal)
(middle) w— - - - — -—
- — — — — - — —
(distal)
ACHR e - -

Figure4. c-Myc represses a post-RNAPII recruitment step that is TSA sensitive. (A) Expression of PDGFRB, CDKNIA, GADDA45 and 36B4 in Rat-1<">°~'~
vector and Rat-1°""""" c-myc cells treated with 0, 300 or 600 nM of trichostatin A for 16 h, as assessed by RT-PCR. (B) ChIP using c-Myc or Max
antibody in Rat-1°"7“""" vector and Rat-1°""“"'" c-myc cells treated with 300 nM TSA for 16 h. Binding to the PDGFRB, or control GCK, promoter is
shown. (C and D) ChIP wusing acetylated histone H3 (ac-H3), ac-H4, or RNA polymerase II (RNAPII) antibody in Rat-1
emye== yector and Rat-1""“""" c-myc cells. PCR-amplified regions include NUC, ACHR, CAD as well as the PDGFRB proximal (—0.4 kb), middle

(—0.9 kb), and distal promoter (—1.5 kb).

insufficient to abrogate the c-Myc-mediated repression of the
1.6 kb Sac I mouse PDGFRB promoter.

Repression of PDGFRB by c-Myc does not require
c-Myc:Miz-1 complex formation

The c-Myc-interacting zinc finger protein 1 (Miz-1) is
known to be involved in the repression of several known
c-Myc-repressed genes such as CDKN2B (p15"**") and
CDKNIA (p21v#l/ciply (16,21). To assess if Miz-1 was
involved in the repression mechanism of PDGFRB, we gen-
erated three Rat-1°"""'~ cell lines that express the c-Myc
mutant proteins, c-Myc™®*? c-MycV?**P and c-MycS405F,
that are impaired in their ability to bind Miz-1 (21). Expres-
sion of these mutant c-Myc proteins was confirmed by
standard western blot analysis (Figure 3C). The relative
mRNA expression of PDGFRB, assessed by RT-PCR,
was lower in each of the asynchronous, subconﬂuentlLy
growing Rat-1""“""" c-myc, Rat-1""""  c-myc"™%F,
Rat-1"7= c-myc"?*P and Rat-1"""" c-mycS*F cell
lines relative to the Rat-1°"“""" vyector cell line (Figure
3D). These data show that each of the mutant proteins, like
wild-type c-Myc, was able to repress PDGFRB. Moreover,
we found that the three mutant proteins were able to bind to
the PDGFRB promoter as assess by ChIP (Figure 3E).
We conclude that c-Myc promoter-binding and repression

of PDGFRB does

not require c-Myc:Miz-1 complex
formation.

TSA blocks c-Myc-induced repression but not
promoter-binding by c-Myc

Histone deacetylation is one mechanism by which a promo-
ter’s activity can be downregulated. Thus, as an alternative
approach, we sought to assess the effect of trichostatin A
(TSA), a deacetylase inhibitor (DACi), on the c-Myc-mediated
repression of PDGFRB. To test this, asynchronous, subcon-
fluently growing Rat-1">“""" cells, infected with vector or
c-myc, were treated with increasing amounts of TSA (0, 300 or
600 nM) for 16 h. Cells were harvested for total RNA and then
assessed for gene expression by RT-PCR. The expression of
CDKNIA, a known TSA-inducible gene, is upregulated in
response to TSA in this cell system (Figure 4A). We also
show that TSA reduces the basal mRNA expression of
PDGFRB and GADD45A through an unknown mechanism
(Figure 4A). Interestingly, ectopic Myc expression repressed
CDKNIA (p21"“""“P'y and GADD45A expression in the pre-
sence of TSA (Figure 4A) (20), whereas PDGFRB was not
repressed by Myc in Rat-1°"7""" c-myc cells treated with
either 300 nM or 600 nM TSA (Figure 4A). We conclude that
TSA blocks the c-Myc-mediated repression of PDGFRB
expression in rat fibroblasts.



Since c-Myc®'%'** can bind to the PDGFRB promoter
without repressing its activity, we hypothesized that c-Myc
may be initiating a multi-step repression mechanism once
bound to the promoter. By this model then, we should ideally
be able to isolate and visualize c-Myc at the promoter while
inhibiting its repressive function by a genetic or pharmacolo-
gical approach. To test this model, we performed ChIP in
Rat-1°"7“"'~ yector and Rat-1°""“"'"" c-myc cells treated
with 300 nM TSA for 16 h. We report that c-Myc and Max
are both bound to the PDGFRB promoter in Rat-1¢"~'~ ¢-
myc cells treated with 300 nM TSA (Fiﬁure 4B). Neither did
c-Myc bind to PDGFRB in Rat-1“""""" vector cells treated
with 300 nM TSA, nor did c-Myc or Max bind to the negative
control promoter, GCK. Thus, we conclude that TSA blocks
the c-Myc-mediated activity repressing PDGFRB without
inhibiting c-Myc’s recruitment and promoter binding.

c-Myc inhibits a post-RNAP II recruitment step

Since TSA is a DACi which also targets histone deacetylases
(HDACs), we sought to assess if c-Myc recruits a HDAC
activity to the PDGFRB promoter. To test this, we performed
ChIPs in Rat-1°""“"'~ vector and Rat-1°""“""" c-myc cells
using antibodies directed against acetylated histones H3 and
H4. Histone H3 and H4 are acetylated at the nucleolin (NUC)
promoter in response to c-Myc, whereas the acetylcholine
receptor (ACHR) promoter has been previously reported to
possess a low basal level of acetylated H3 or H4 regardless
of the c-myc status (Figure 4C) (14). Interestingly, we did not
detect any significant difference in the acetylation state of
histone H3 or H4, at three locations over the PDGFRB pro-
moter (i.e. distal, middle or proximal), in Rat-1"" c—/= c-myc
versus Rat-1°"“""~ vector cells (Figure 4D). This data is
consistent with the observation that NaBu, another HDAC
inhibitor, did not block the c-Myc repression of PDGFRB
(data not shown).

This data is also consistent with the observation that there
are no significant differences in the amount of RNA polymer-
ase II (RNAPII) bound to the proximal promoter region in
Rat-1°"7""" vyector versus Rat-1°"“""" c-myc cells
(Figure 4D). Hence, c-Myc does not repress PDGFRB
gene expression by preventing RNAPII loading to the
proximal promoter, a key step in transcriptional initiation.
RNAPII levels do not change at the CAD promoter in
response to c-Myc expression and is included as a control
(Figure 4D) (30). Thus, we conclude that c-Myc does not
significantly alter the abundance of acetylated histone H3,
acetylated histone H4, or RNAPII at the PDGFRB promoter.
Taken together, these data are consistent with a model
whereby c-Myc represses PDGFRB gene expression by
recruiting a TSA-sensitive activity that inhibits a post-RNAPII
recruitment mechanism.

DISCUSSION

Elevated c-Myc protein levels repress PDGFRB gene expres-
sion; the repression is c-Myc dependent since PDGFRB is
repressed in TGR-1 cells, but not Rat-1"“"'~ cells, which
have been serum starved and then serum stimulated (7,31). We
show here that c-Myc also binds to the proximal promoter
region of the PDGFRB gene in Rat-1°"""'~ c-myc cells,
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but not Rat-1""“"'~ yector cells; this data is consistent
with promoter—luciferase assays showing that the minimal
or proximal promoter is sufficient for c-Myc to repress
PDGFRB (19). Taken together, we argue that the c-Myc pro-
tein represses the mRNA expression of the PDGFRB gene
through the proximal promoter.

These data are consistent with other c-Myc-repressed genes
that, in general, appear to be regulated at or near their tran-
scriptional start sites (3,22). The mechanism(s) by which
c-Myc represses transcription is an area of active research.
The most accepted model in the literature is the co-activator
displacement model whereby c-Myc interacts with a transcrip-
tional activator (e.g. Miz-1, Spl, NF-Y) at the promoter and,
by virtue of the interaction, displaces a necessary co-activator
(e.g. p300) thereby leading to gene repression. An interesting
pervading theme is that the c-Myc:protein complexes that are
important for binding to these promoters are also those needed
for repression. We demonstrate several clear examples in
which this model is not consistent with the observed data.
For example, c-Myc, in Rat-1"*“""" c-myc cells treated
with 300 nM TSA, is able to bind to the promoter yet is unable
to repress PDGFRB expression. Also, c-Myc®®® and c-
Myc1%1%3 ' \which are able to bind to the proximal promoter
of PDGFRB, are unable to repress PDGFRB. Thus, we clearly
show that promoter binding by c-Myc, while essential, is not
sufficient to affect the repression of PDGFRB. Instead, we
argue that c-Myc promoter-binding and repression are separate
steps in a multi-step repression mechanism that c-Myc initiates
at the PDGFRB promoter.

Interestingly, although TSA, a potent DACi and HDAC
inhibitor, blocked the repression of PDGFRB by c-Myc, we
did not find any evidence that c-Myc effected the levels of
histone H3/H4 acetylation or RNAPII loading on the promo-
ter. These data are similar to other examples in the literature;
TSA, e.g., inhibits MMTV promoter activity but does not
effect the level of histone H4 acetylation (32). Taken together,
since TSA does not block c-Myc from binding to the PDGFRB
promoter, we propose that c-Myc utilizes additional proteins,
once bound to the promoter, to repress. For example, these
repression mechanisms may be the sum of larger protein com-
plexes formed at repressed promoters of which, at least at
PDGFRB, is sensitive to TSA. Supporting this notion is a
growing body of literature demonstrating an essential role
for Max, c-Myc’s protein partner, in c-Myc-mediated tran-
scriptional repression. For example, Max is bound to many
c-Myc-repressed genes both before and after c-Myc’s recruit-
ment to these promoters (16,18,33,34); we observe the same
phenomenon at the PDGFRB. Moreover, the Myc:Max inter-
action is essential for repression. Thus, Max may be used to
recruit c-Myc to repressed, as well as activated, gene promo-
ters (18). It will be interesting to profile the c-Myc-binding
proteins that co-exist, with c-Myc, at each of its activated and
repressed promoters. In doing so, the mechanistic difference(s)
between activated and repressed genes, and which also likely
provide c-Myc:Max complexes with the mechanistic informa-
tion they require to activate or repress, may be elucidated.

Taken together, these data lead us to conclude that c-Myc
represses the expression of PDGFRB in rat fibroblasts through
the proximal promoter. We argue that promoter-binding and
repression are separable activities of the c-Myc protein, and
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demonstrate three examples where c-Myc can bind to the
PDGFRB promoter, but not repress its expression. We have
also demonstrated that the c-Myc repression activity at
PDGFRB is TSA sensitive. To fully understand the c-Myc
repression mechanism, and how to precisely inhibit it, the
identity of these additional protein contacts/players will
need to be elucidated.
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