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The cyclin-dependent kinase inhibitor p2 1(WAF1/CIP1) jnhibits prolif-
eration both in vitro and in vivo, and overexpression of p21 in
normal and tumor cell lines results in cell cycle arrest. In contrast,
ectopic expression of Myc alleviates Gq cell cycle arrest. Recent
studies showed that Myc can repress p21 transcription, thereby
overriding a p21-mediated cell cycle checkpoint. We found that
activation of a Myc-estrogen receptor fusion protein by 4-hy-
droxytamoxifen in mouse cells resulted in suppression of endog-
enous p21 transcription. This effect was observed in the absence of
de novo protein synthesis and was independent of histone
deacetylase activity. In transient transfection studies, Myc effec-
tively repressed p21 promoter constructs containing only 119 bp of
sequence upstream of the transcription start site. This region
contains multiple Sp1-binding sites and a potential initiator ele-
ment, but no canonical Myc DNA-binding sites. Deletion of the
potential initiator element does not affect repression of the p21
promoter by c-Myc. Coimmunoprecipitation and glutathione S-
transferase pull-down experiments demonstrate that c-Myc may
form complexes with Sp1/Sp3. We found that the central region
of c-Myc interacts with the zinc finger domain of Sp1. Because Sp1
is required for p21 transcription, it is possible that Myc may
down-regulate p21 transcription, at least in part, by sequestering
Sp1. Repression of the p21 promoter may contribute to the ability
of c-Myc to promote cell proliferation.

transcriptional repression

he Myc family of protooncogenes includes three evolution-
arily conserved genes: c-, N-, and L-Myc. Overexpression of
Myc diminishes growth-factor requirements, hinders cell cycle
arrest by a variety of growth-inhibitory signals, and can block
differentiation (1). Myc belongs to a family of the basic helix—
loop-helix leucine zipper (bHLH-Zip) transcription factors. It
must dimerize with the bHLH-Zip protein Max, to bind the
E-box sequence CACGTG and activate transcription of a num-
ber of genes. Targets of Myc include «-prothymosin (2), orni-
thine decarboxylase (3), Cdc25A (4), p53 (5), and others (re-
viewed in ref. 6). Max also forms alternative heterodimers with
the bHLH-Zip proteins Madl, Mxi-1, Mad3, Mad4, and Mnt
(reviewed in ref. 6). These alternative dimers can compete for
binding with Myc-Max heterodimers and repress transcription,
hence antagonizing the transcriptional and transforming activ-
ities of Myc. In addition to its function as a transactivator, Myc
has also been shown to repress transcription of several genes,
such as C/EBPa (7), gadd45 (8), gasl (9), and p15™k4® (10).
Cyclin kinase inhibitors (CKIs) bind and inhibit cyclin-
dependent kinases (CDKs). p21 is a CKI that has broad speci-
ficity for cyclin/CDK complexes (11, 12), and the p21 gene is a
transcriptional target of the tumor suppressor pS3 (13). p21 may
induce growth arrest by different mechanisms, including inhibi-
tion of CDKs, or the activity of proliferating cell nuclear antigen.
Expression of p21 is controlled at the transcriptional level by
both p53-dependent and -independent mechanisms. After DNA
damage, p21 transcription is activated by p53 (14). However, a
variety of agents that promote growth arrest and differentiation
also activate p21 transcription by pS3-independent mechanisms
by means of different transcription factors, such as Spl, Sp3,
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AP2, STATs, C/EBP, C/EBPg, and the bHLH proteins
BETA2 and Myo D (reviewed in ref. 15).

In wild-type mouse embryonic fibroblasts, Myc is able to
activate p21 transcription in a p53-dependent manner by induc-
ing expression of p19ARF, Jeading to stabilization of the tumor
suppressor p53 (16). A positive role for c-Myc in regulation of
p21 expression has also been suggested by studies in c-Myc-null
mouse cells, in which p21 expression is decreased (17), and in
c-Myc-overexpressing fibroblasts, where c-Myc induced p53- and
p21-dependent G, arrest (18). In contrast, other studies indicate
that Myc negatively regulates p21 expression. After exposure of
human breast and prostate cancer cell lines to phorbol 12-
myristate 13-acetate (PMA), overexpression of c-Myc inhibited
p21 expression and overcame PMA-induced growth arrest (19).
By using oligonucleotide microarray analysis of 6,416 genes and
expressed sequence tags in primary human fibroblasts, it was
shown that p21 transcription is repressed by c-Myc (20). Trans-
forming growth factor-B-induced cell cycle arrest was inhibited
by c-Myc by means of repression of induction of p21 transcrip-
tion (21).

We report that c-Myc can repress p21 transcription in p53-null
mouse cells and in a human adenocarcinoma cell line. This
repression could be mediated through interactions between
c-Myc and Sp1/Sp3. The repression of a growth arrest gene such
as p21 may contribute to the oncogenic properties of c-Myc.

Materials and Methods

Plasmid Constructs. The human p21WAFVCIPL promoter deletion—
chloramphenicol acetyltransferase (CAT) reporter construct
CAT2330 in pJFCAT1 (22) (see Fig. 24) was a gift from Wafik
El-Deiry (University of Pennsylvania School of Medicine, Phila-
delphia). The plasmid CAT119 (see Fig. 2B) was a gift from Joseph
Biggs (University of Colorado Health Sciences Center, Denver).
These plasmids contain different fragments of the p21 promoter,
with CAT2330 extending from —2330 to +16 bp and CAT119
from —119 to +16 bp. We digested CAT119 with Xhol-HindIIl
and purified the vector pJFCAT1 and insert. We used primers
1 (5'-CTTAAGCTTAGGGCGGTCCCG-3") and 2 (5'-CA-
GAGCTCTTCGGCAGCTGC-3") with HindIIl and Xhol sites in
bold (see Fig. 2B) and the insert for amplification of the p21
promoter fragment with deletion of an initiator element. The
product of PCR amplification was digested with HindIII and Xhol
enzymes and cloned back into HindIII and X#ol sites of pJFCAT1
(construct CAT119AInr; see Fig. 2B). Glutathione S-transferase
(GST)-Sp1(1-612) and GST-Sp1(612-778) expression constructs
(23) were a gift from Jane Clifford (Medical College of Pennsyl-
vania Hahnemann School of Medicine, Philadelphia).

T7-tagged c-Myc and expression constructs encoding the Myc
deletions A7-91, A106-143, and A347-439, and the Myc frag-
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amphenicol acetyltransferase; ER, estrogen receptor; RT-PCR, reverse transcription—PCR;
4-HT, 4-hydroxytamoxifen; TSA, trichostatin A; Inr, initiator.
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ment 250-352 were created by PCR using BamHI (5’) and
EcoRI (3') restriction site-engineered PCR products. CMV5
c-Myc, CMVS5 c-Myc A7-91, and CMVS5 c-Myc A106-143 plas-
mids were described elsewhere (24) and were used to create
respective T7-tagged expression constructs. T7 tag (5') se-
quences (25) were engineered into the primers to facilitate
cloning. Sequences of primers are as follows: c-Myc upstream
primer, CGGGATCCATGGCTAGCATGACCGGCGGA-
CAGCAGATGGGCATGCCCCTCAACGTTAGCTTC; c-
Myc downstream primer, CGGAATTCTTACGCACAA-
GAGTTCCGTAG; A347-439 downstream primer, CGGAAT-
TCTCTATGTTCGCCTCTTGACATTCTCCTC; 250-352
upstream primer, CGGGATCCATGGCTAGCATGACCG-
GCGGACAGCAGATGGGCAGCGACTCTGAGGAGGAA;
250-352 downstream primer, CGGAATTCTTACTCCTCG-
GTGTCCGAGGA. PCR fragments were then cloned into
pcDNA3 (Invitrogen) cut with BamHI and EcoRI. The con-
structs were sequenced.

Cell Culture, Transfections, and CAT Assays. The BALB/c mouse
immortalized fibroblast cell line (10.1)-MycER, which contains
an inducible fusion protein of Myc and the estrogen receptor
(ER), does not express p53 (26). These cells were maintained in
DMEM without phenol red (GIBCO/BRL) with 10% FBS with
certified low estrogen content (Atlanta Biologicals, Norcross,
GA). 293 human embryonal kidney cells were grown in DMEM
containing 10% FBS under a 5% CO,/95% air atmosphere. The
Caco-2 human colon adenocarcinoma cell line was obtained
from the American Type Culture Collection and grown in
DMEM /F12 with 20% FCS. Transfections and CAT assays were
performed as described (27).

RNA Preparation and Reverse Transcription (RT)-PCR. Total RNA
was prepared from (10.1)-MycER cells before and after addition
of 4-hydroxytamoxifen (4-HT) by using Trizol reagent
(GIBCO/BRL). RT-PCR was performed by using Ready To Go
RT-PCR Beads (Amersham Pharmacia). Mouse S16 ribosomal
protein expression was used as an internal control. Amplification
of the p21 cDNA included 27 cycles of PCR with 45 sec of
denaturation at 94°C, 45 sec of primer annealing at 62°C, and 1
min of extension/synthesis at 72°C with primers to mp21,
AGCCTGAAGACTGTGATGGG and AAAGTTCCACCGT-
TCTCGG, and with product size 228 bp. Amplification of the
S16 ribosomal protein cDNA included 23 cycles of PCR with 45
sec of denaturation at 94°C, 45 sec of primer annealing at 70°C,
and 1 min of extension/synthesis at 72°C with primers AG-
GAGCGATTTGCTGGTGTGGA and GCTACCAGGCCTT-
TGAGATGGA, making a 102-bp product (28). The same
conditions were used after simultaneous addition of cyclohexi-
mide or trichostatin A (TSA) for 12 h. Amplification of p21
cDNA after addition of TSA was performed for 25 cycles. PCR
products were separated on a 2% agarose gel and stained with
ethidium bromide.

GST Pull-Down Assay, Coimmunoprecipitation, and Immunoblotting.
For immunoprecipitation with T7 antibodies, 293 cells were
transfected with T7-Myc constructs and harvested 48 h after
transfection. Cell lysates were incubated with agarose-linked
T7 antibody (Novagen) for 2 h at 4°C. Beads were collected
by centrifugation and washed, and bound proteins were sub-
jected to immunoblotting with Sp1 antibody (PEP2; Santa Cruz
Biotechnology).

For immunoprecipitation with Sp1 or Sp3 antibodies, 500 ug
of cell lysate was incubated with 5 ul of Sp1 antibody (PEP2) or
with 5 ul of Sp3 antibody (D-20; Santa Cruz Biotechnology).
Immunoblotting was performed with monoclonal anti-c-Myc
antibody (9E10) and anti-mouse antibodies conjugated to horse-
radish peroxidase (Zymed).
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For GST pull-down assays, 293 cells were transfected with
T7-Myc constructs and harvested 48 h after transfection. Cell
lysates were precleared by incubation with GST-saturated glu-
tathione beads for 1 h. Lysates were incubated with GST-Spl,
GST-Sp1(1-612), or GST-Sp1(612-778) for 1 h at 4°C followed
by incubation with glutathione beads for 1 h. Bound proteins
were eluted with sample buffer and subjected to SDS/PAGE
followed by immunoblotting with anti-T7 antibody.

Results

Myc Negatively Regulates p21 Expression in the Absence of de Novo
Protein Synthesis in Vivo. We examined whether c-Myc can reg-
ulate p21 transcription in a p53-null immortalized mouse fibro-
blast cell line, (10.1)-MycER, that contains an inducible human
Myc-ER fusion protein (26). The MycER fusion protein is
constitutively expressed in this cell line, but it remains inactive
until stimulated by addition of 4-HT, which derepresses the
hormone-binding domain of the fusion protein. We compared
levels of p21 mRNA in control (10.1)-MycER cells and in cells
where Myc was induced by addition of 4-HT. By using RT-PCR,
we found that endogenous p21 transcription is repressed 2- to
3-fold by activation of MycER. Simultaneous treatment of these
cells with 4-HT and the protein synthesis inhibitor cycloheximide
also led to repression of the p21 transcription (Fig. 14). These
data suggest that p21 expression may be down-regulated upon
activation of preexisting MycER in the absence of new protein
synthesis.

One possible mechanism of transcriptional repression includes
recruitment of histone deacetylase to a promoter. To test
whether Myc may recruit histone deacetylase for repression of
the p21 promoter, we used a specific inhibitor of histone
deacetylase, TSA, that activates p21 transcription (29). We found
that addition of TSA to these cells did not alter repression of p21
transcription by c-Myc (Fig. 1B). This finding suggests that Myc
does not recruit histone deacetylase for repression of the p21
promoter.

Myc Represses the p21 Promoter by Its Proximal Region in Human
Caco-2 Cells. p21 expression is induced during differentiation of
Caco-2 colon adenocarcinoma cell line (28). In these cells, basal
p21 transcription is controlled primarily by the transcription
factors Spl and Sp3 through the region of the p21 promoter
between —119 and +16 bp that contains six Spl binding sites
(Fig. 2B) (27). To determine whether c-Myc repression of p21
transcription occurs at the promoter level, we performed tran-
sient transfection experiments in Caco-2 cells with different
p21l-promoter reporters (Fig. 24) in the presence of a c-Myc
expression construct. We found that c-Myc is able to repress the
minimal p21 promoter-reporter construct CAT119 containing
sequences from —119 to +16 bp as efficiently as a 2.3-kb p21
promoter construct CAT2330 (Fig. 2 C and D).

It has been shown that Myc is capable of binding and repress-
ing the albumin, C/EBP, (30), and the adenovirus major late
promoters (30, 31) by means of initiator (Inr) elements. The Inr
element is usually defined as a weak consensus YYCAYYYYY,
where Y is a pyrimidine base (32). The initiator binding protein
TFII-1 stimulates basal transcription from the Inr element (33).
Myec can bind TFII-I and form a complex associated with the Inr
sequence that prevents transcriptional activation from Inr (34).
After analysis of the p21 promoter, we found a previously
undescribed potential initiator site TCAGTTCCT located be-
tween +7 and +16 bp (Fig. 2B), and we decided to test whether
repression of the p21 promoter by Myc is mediated through
interaction between Myc and the initiator binding protein
TFII-1. By using PCR, we deleted the putative initiator sequence
in the p21 promoter (see Materials and Methods; Fig. 2. A and B)
and determined that Myc could repress CAT119AlInr, a p21
promoter-reporter without the initiator sequence (Fig. 2D).
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Fig. 1. Myc represses endogenous p21 transcription in p53-null cells in the
absence of new protein synthesis. Immortalized (10.1)-MycER mouse fibro-
blast cells were grown to 30% confluence, and 4-HT was added for 5 h. RT-PCR
was performed to examine p21 (27 cycles) and mouse S16 ribosomal protein
mRNA expression (internal control). The experiment was performed under the
same conditions with simultaneous addition of cycloheximide (CHX) or TSA for
12 h. Amplification of mouse p21 cDNA after addition of cycloheximide was
performed for 27 cycles and after addition of TSA for 25 cycles. Typical
ethidium bromide-stained 2% agarose gels with bands corresponding to p21,
$16, and the 100-bp or 1-kb DNA ladders (GIBCO/BRL) are shown. (A) Myc
negatively regulates p21 expression in the absence of de novo protein syn-
thesis in vivo. (B) Myc does not recruit histone deacetylase for repression of the
p21 promoter. (C) Graphs showing the results of 4-6 independent experi-
ments described in A and B with bars indicating SD.

Cotransfection of increasing amounts of TFII-I together with the
CAT119 reporter did not lead to induction of the p21 promoter
in Caco-2 cells (Fig. 2E). These data suggest that repression of
the p21 promoter by Myc does not involve an Inr sequence and
is not based on interaction between Myc and TFII-I.

Myc Represses the p21 Promoter by Interactions with Transcription

Factors Sp1/Sp3. c-Myc repressed the p21 CAT119 construct in
Caco-2 cells (Fig. 2D) and was able to repress Sp1/Sp3-induced
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Fig. 2. Myc represses the p21 promoter in Caco-2 cells. (A) The human p21
promoter CAT reporter deletion constructs are diagrammed. (B) The proximal
p21 promoter contains six Sp1 binding sites, a TATA box, and a potential
initiator element (Inr). Oligo 1, 5'-CTTAAGCTTAGGGCGGTCCCG-3’, and oligo
2, 5'-CAGAGCTCTTCGGCAGCTGC-3’, with Hindlll and Xhol sites in bold, were
used for amplification of the p21 promoter fragment with deletion of a
potential initiator element (construct CAT119AlInr). (C-E) CAT assays were
performed with extracts from Caco-2 cells transfected with empty vector or
with different amounts of the expression constructs encoding c-Myc or TFlI-I
and the p21 promoter-reporter constructs CAT2330, CAT119, and
CAT119AlInr. The amount of extract that was loaded for each CAT assay was
normalized for expression of B-galactosidase. All transfections were repeated
at least three times in duplicate. Graphs represent the results of three inde-
pendent experiments, with bars indicating SD. (C and D) Myc represses the
CAT2330 and CAT119 reporter constructs in Caco-2 cells. (E) Deletion of the
potential initiator site from the p21 promoter does not affect its repression by
c-Myec. (F) Overexpression of TFIl-l in Caco-2 cells does not lead to induction of
the p21 promoter.

expression of CAT119 in SL2 Drosophila cells that lack Sp1 and
related factors (data not shown). To determine whether c-Myc
repression of the p21 promoter is based on interactions between
c-Myc and the transcription factors Sp1/Sp3, we induced c-Myc
activity in the (10.1)-MycER cell line by addition of 4-HT, and
performed immunoprecipitations using antibodies against Spl
(PEP2) and Sp3 (D-20) followed by immunoblotting with anti-
bodies against human c-Myc. We observed association between

Gartel et al.
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Fig. 3. cMyc is associated with Sp1 and Sp3. (A) Immunoprecipitation (IP) with Sp1 or Sp3 antibodies was performed with cellular extracts from 10.1-MycER
cells before and after addition of 4-HT, followed by immunoblotting (WB) with monoclonal anti-c-Myc antibody (9E10). (B) 293 cells were transiently transfected
with mammalian expression constructs encoding T7-tagged c-Myc and Myc A7-91 and Myc A106-143 and harvested after 48 h. Cell lysates were incubated with
agarose-linked T7 antibody for 2 h at 4°C. Bound proteins were subjected to immunoblotting with Sp1 antibody PEP2 (Santa Cruz Biotechnology). TCL, total cell

lysate.

c-Myc and Sp1, and c-Myc and Sp3 only after activation of c-Myc
by addition of 4-HT (Fig. 3 A and B). We also transfected 293
cells with plasmids expressing T7 epitope-tagged c-Myc or empty
vector. Cell extracts were prepared and subjected to immuno-
precipitation with T7 antibody that was covalently linked to
beads, followed by immunoblotting with Sp1 antibody. Using this
method, we also observed association between c-Myc and Spl
(Fig. 3B).

To identify the region of Sp1 that is responsible for interaction
with c-Myc, we used GST-fusion proteins containing the N-
terminal transactivation domain, GST-Sp1(1-612) and the C-
terminal DNA-binding zinc finger motif GST-Sp1(612-778).
These GST-fusion proteins were used in pull-down experiments
with extracts from 293 cells transfected with plasmids expressing
T7 epitope-tagged c-Myc. We found that c-Myc can interact with
the C-terminal zinc finger-containing region of Sp1, but not with
the N-terminal part of the protein (Fig. 4).
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Fig. 4. c-Myc is associated with C-terminal zinc finger domain of Sp1. 293
cells were transfected with the T7-Myc construct and harvested 48 h after
transfection. Total cell lysates were incubated with GST, GST-Sp1(1-612), or
GST-Sp1(612-778) for 1 h at 4°C, followed by incubation with glutathione
beads for 1 h. Total cell lysate or bound proteins were eluted with sample
buffer and subjected to SDS/PAGE followed by immunoblotting with anti-T7
antibody.
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To identify the region of c-Myc that is responsible for inter-
action with Sp1, we used GST-Sp1(612-778) in GST pull-down
experiments with extracts from 293 cells transfected with the
plasmids expressing different T7 epitope-tagged c-Myc con-
structs. Deletions of the N- or C-terminal parts of c-Myc did not
affect Myc interaction with Sp1l (Fig. 5B), suggesting that the
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Fig.5. The central region of c-Myc protein between amino acids 143 and 352

isinvolved in interaction with Sp1. (A) The structural domains of c-Myc and the
c¢-Myc mutants used in this work are diagrammed. Domains include the
transcriptional activation domain (TAD), a basic region (B), a helix-loop-helix
motif (HLH), and leucine zipper domain (LZ). (B) 293 cells were transfected
with expression constructs for T7-tagged ¢-Myc, the Myc deletion mutants
MycA7-91, MycA106-143, and MycA352-439, and the Myc fragment 250-352
and harvested 48 h after transfection. Pull-down assays were performed by
incubating lysates with GST or GST-Sp1-(612-778) for 1 h at 4°C followed by
incubation with glutathione beads for 1 h. Bound proteins were subjected to
SDS/PAGE followed by immunoblotting with anti-T7 antibody.
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Fig.6. N-or C-terminal deletions of c-Myc do not affect its ability to repress
the p21 promoter. CAT assays were performed with extracts from Caco-2 cells
transfected with the empty vector or with expression plasmids encoding the
c-Myc deletion mutants c-MycA41-178 or c-MycA352-439 and the p21 pro-
moter-reporter construct CAT119. The amount of extract that was loaded
for each CAT assay was normalized for expression of the p-galactosidase
control. All transfections were repeated at least three times in duplicate.
Graphs represent the results of three independent experiments, with bars
indicating SD.

central region of c-Myc (amino acids 143-352) is involved in
interaction with Spl. After transfection of 293 cells, we also
immunoprecipitated T7 epitope-tagged c-Myc, Myc A7-91, and
MycA106-143 from total cell lysates and subjected immunopre-
cipitated protein to immunoblotting with Spl antibody. Spl
coimmunoprecipitated with both Myc A7-91 and MycA106-143,
suggesting that the N-terminal region of c-Myc is not important
for interactions between c-Myc and Sp1 (Fig. 3B).

To further examine the roles of N- and C-terminal regions of
c-Myc in p21 repression, the constructs with N- or C-terminal
deletions that did not affect binding of c-Myc to Spl were
cotransfected into Caco-2 cells together with p21 promoter—
reporter construct CAT119. We found that these expression
constructs efficiently repress p21 promoter activity in Caco-2
cells (Fig. 6), indicating that N- and C-terminal regions of c-Myc
are dispensable, not only for interactions with Sp1, but also for
repression of the p21 promoter.

Discussion

We examined the mechanism by which c-Myc represses p21
transcription. By using transient transfections, we found that
Myc represses the p21 promoter through the short GC-rich
region just upstream of the transcription start site, although Myc
does not appear to bind to the promoter. We found that c-Myc
does not need to heterodimerize with Max for repression of the
p21 promoter (data not shown). This proximal region of the p21
promoter lacks canonical Myc-binding sites, but contains mul-
tiple Sp1-binding sites and a potential Inr site. We tested whether
repression of p21 by c-Myc involved the Inr site or recruitment
of histone deacetylase. Our data indicate that c-Myc repression
of p21 transcription is not based on interaction between the
Inr-binding protein TFII-I and c-Myc, and it is independent of
histone deacetylase activity. Claassen and Hann (21) obtained
similar results with NIH 3T3 cells stably transfected with a p21
promoter-LUC reporter construct. They showed that c-Myc
represses the p21 promoter through a region near transcription
start site, and this repression is independent of histone deacety-
lase activity.
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Previously, we found that Spl and Sp3 regulate basal tran-
scription of the p21 gene in Caco-2 cells through sequences
located between —119 and +16 bp of the p21 promoter (27), and,
here, we show that c-Myc represses the CAT119 construct
containing these sequences. c-Myc deletion mutants that retain
the ability to associate with Spl were able to repress the p21
promoter, suggesting that interactions between Sp1/Sp3 and
c-Myc may be responsible for repression. We found that c-Myc
can associate with Sp1/Sp3 and that C-terminal DNA-binding
zinc finger domain of Sp1 interacts with central region of c-Myc.
Further studies are needed to determine whether the interac-
tions between c-Myc and Sp1/Sp3 are direct.

These data provide evidence of possible interactions between
Sp1/Sp3 and c-Myc, and suggest that c-Myc may bind to the
DNA-binding domain of Sp1 and titrate Sp1 proteins from the
p21 promoter. It has been found that promoters with multiple
Spl-binding sites may be very sensitive to mutations in a single
Sp1-binding site (35, 36), which may dramatically reduce their
activity. In these cases, minor changes in Sp1 levels can severely
affect activity of such promoters. Similarly, the p21 promoter
with six Sp1-binding sites may be sensitive to subtle alterations
in Sp1/Sp3 levels because of sequestration of Sp1/Sp3 by c-Myc.
Overexpression of c-Myc may lead to a decrease of Sp1/Sp3
binding to the p21 promoter and to repression of p21 promoter
activity. It will be interesting to determine whether other pro-
moters that contain multiple Sp1 sites are repressed by c-Myc by
a similar mechanism. Because the c-Myc promoter contains
multiple Spl-binding sites (36) and it can repress its own
transcription (37), it is plausible that Myc repression is also based
on interactions between Spl and c-Myc.

It has been reported that c-Myc may induce (16-18) or repress
(19-21) p21 transcription. Data from these reports suggested
that induction of p21 by c-Myc overexpression in normal human
and mouse fibroblasts is p53-dependent (16, 18). However, in
primary human fibroblasts, the p21 gene was identified as one of
the targets for repression by c-Myc by oligonucleotide microar-
ray analysis (20). It has been shown that c-Myc bypasses TPA-
(19) or transforming growth factor-g-induced (21) growth arrest
by transcriptional repression of p21. Claassen and Hann (21) and
this paper showed that a region immediately upstream of the
site of transcriptional initiation is sufficient for repression of
the p21 promoter by c-Myc. Our data suggest that repression
of the p21 promoter by c-Myc is based on interactions between
c-Myc and transcription factors Sp1/Sp3.

c-Myc may regulate p21 transcription by two different mech-
anisms. It may indirectly activate p53 expression through
p19/ARF and induce p53-dependent induction of p21 by means
of p53 binding sites at —2301 and —1394 bp. Alternatively, Myc
may repress p21 transcription by interaction with Spl/Sp3
through the —119-bp to +16-bp region containing multiple
Spl-binding sites. These opposite effects of c-Myc on p21
transcription may reflect a dual function of p21. On one hand,
p21 may be required for cell cycle progression, whereas, on the
other hand, it can induce cell cycle arrest depending on its
threshold levels (38). In cells with mutant p53, c-Myc will repress
p21, and, in these cells, overexpression of c-Myc will induce cell
proliferation. In contrast, the overall effect of repression and
activation will be additive in cells with wild-type p53.

Overexpression of c-Myc in quiescent cells induces cell cycle
entry, and deregulated expression of c-Myc induces tumorigen-
esis. The mechanisms by which c-Myc regulates cell cycle pro-
gression are not fully understood, even though it has been found
that c-Myc may activate and repress transcription of certain cell
cycle-regulatory genes. Recent evidence suggests that gene
repression may play a vital role in Myc-induced cell cycle
progression and cellular transformation. Repression of cell cycle
inhibitory genes provides a way to promote cell growth and
c-Myc represses several growth arrest genes, such as gadd34,
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gadd45, gadd153 (8, 39), gasl (9), and p15™k4 (10). Different
lines of evidence suggest that c-Myc-mediated repression, rather
than transactivation, correlates with cellular transformation. For
example, a naturally occurring truncated form of Myc, MycS,
lacks a functional transactivation domain, but retains the ability
to repress promoters of the growth arrest genes and transform
Ratla fibroblasts (40). An ability of c-Myc to repress the
checkpoint gene p21 may contribute to its ability to promote
proliferation and oncogenesis.
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