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c-Myc Represses FOXO3a-Mediated Transcription of
the Gene Encoding the p27"'"' Cyclin Dependent
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Abstract The p27X"P! (p27) cyclin-dependent kinase inhibitor and c-Myc oncoprotein play essential roles in control
of cell cycle progression and apoptosis. Induction of p27(CDKN1B) gene transcription by Forkhead box O proteins such as
FOXO3a leads to growth arrest and apoptosis. Previously, we observed that B cell receptor (surface IgM) engagement of
WEHI 231 immature B lymphoma cells with an anti-IgM antibody results in activation of FOXO3a, growth arrest and
apoptosis. As ectopic c-Myc expression in these cells prevented anti-IgM induction of p27and cell death, we hypothesized
that c-Myc represses FOXO3a-mediated transcription. Here we show that c-Myc inhibits FOXO3a-mediated activation
of the p27 promoter in multiple cell lines. The mechanism of this repression was explored using a combination of
co-immunoprecipitation, oligonucleotide precipitation, and chromatin immunoprecipitation experiments. The studies
demonstrate a functional association of FOXO3a and c-Myc on a proximal Forkhead binding element in the p27 promoter.
This association involves the Myc box Il domain of c-Myc and the N-terminal DNA-binding portion of FOXO3a. Analysis
of publicly available microarray datasets showed an inverse pattern of c-MYC and p27 RNA expression in primary acute
myeloid leukemia, prostate cancer and tongue squamous cell carcinoma samples. The inhibition of FOXO3a-mediated
activation of the p27 gene by the high aberrant expression of c-Myc in many tumor cells likely contributes to their

uncontrolled proliferation and invasive phenotype. J. Cell. Biochem. 104: 2091-2106, 2008. © 2008 Wiley-Liss, Inc.
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Forkhead box O (FOXO) transcription factors
belong to the class of winged helix group of
transcription factors. FOXO proteins have
been implicated in the control of genes involved
in multiple cellular processes, including cell
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cycle [Dijkers et al., 2000b; Medema et al.,
2000], cell death [Brunet et al., 1999; Dijkers
et al., 2000a], neoplastic transformation [Hu
et al., 2004; Paik et al., 2007; Ticchioni et al.,
2007], epithelial to mesenchymal transition
[Belguise et al., 2007], longevity [Lin et al.,
1997; Ogg et al., 1997], metabolism [Hall et al.,
2000; Schmoll et al., 2000], and protection from
oxidative stress [Kops et al., 2002; Nemoto and
Finkel, 2002; Tothova et al., 2007]. There are
three mammalian FOXO transcription factors,
which are orthologues of C. elegans daf-16,
FOXO1la, FOX03a, and FOX04. FOXO group
members have an N-terminal DNA binding
domain (Forkhead Domain), a nuclear local-
ization signal (NLS), nuclear export signal
(NES), and a C-terminal transactivation
domain. FOXO factors function as transcrip-
tional activators and bind as monomers to the
consensus DNA sequence TTGTTTAC [Clark
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et al.,, 1993; Kaufmann and Knochel, 1996;
Furuyama et al.,, 2000]. Phosphorylation by
Akt inhibits the activity of the FOXO proteins
[Brunet et al., 1999; Hu et al., 2004]. Following
phosphorylation on T32, S253 and S315,
FOXO03a is bound by 14-3-3, and exported from
the nucleus. Upon inhibition of Akt, activation
of FOXO3a protein proceeds via de-phosphory-
lation and translocation into the nucleus where
it induces transcription of target genes, includ-
ing the p27 (CDKN1B or Kipl) gene encoding
the p27¥P! cyclin-dependent kinase inhibitor
(CKID) [Dijkers et al.,, 2000b; Medema et al.,
2000].

The p27 CKI, which mediates repression of
cyclin E-CDK2 and cyclin A-CDK2 complexes
leading to cell cycle arrest in G1, plays an
essential role in control of cell cycle progression
[Polyak et al., 1994], as well as the induction
of apoptosis [Katayose et al.,, 1997; Wang
et al., 1997; Wu et al., 1999]. For example, the
induction of p27 levels in WEHI 231 immature
B lymphoma cells results in G1/S phase arrest
and apoptosis [Wu et al., 1999]. Many aggressive
cancers are typified by decreased levels of p27
[Chiarle et al., 2001; Erlanson and Landberg,
2001], which is an independent prognostic factor
in a broad spectrum of tumors. Consistently, p27
knockout mice display a large mouse phenotype
[Kiyokawa et al., 1996], as a result of an increase
in cell number due, in part, to increased proli-
feration. The regulation of p27 is quite complex
with control exerted at both transcriptional
and post-transcriptional levels [Polyak et al.,
1994; Kamesaki et al., 1998; Yang et al., 2001].
FOXO01a, FOX03a, and FOX04 have been found
to transactivate the p27 gene and to control cell
cycle progression and apoptosis in various cell
types [Dijkers et al., 2000b; Medema et al., 2000].
In addition, p27 activity isregulated at the levels
of protein stability [Loda et al., 1997] and
sequestration [Vlach et al., 1996].

Previously, we showed that ectopic expres-
sion of c-Myc reduces the induction of p27
mRNA and protein levels associated with anti-
IgM treatment of WEHI 231 B lymphoma cells
[Yang et al., 2001]. Furthermore, we showed
that overexpression of c-Myc inhibited the basal
activity of the TATA-less p27 promoter, in part,
via binding to the +1 Inr region in Hs578T
breast cancer cells, NIH 3T3 fibroblasts, and
Jurkat T cells. Deletion of the Myc Box IT (MBII)
domain of c-Myc reduced the extent of inhibition
of the p27 promoter, as has been seen for other

Inr-driven promoters [Li et al., 1994]. Since we
have recently shown that anti-IgM treatment of
WEHI 231 cells induces FOX03a [Chandramo-
han et al., 2004], here we explored the hypo-
thesis that activation of the p27 promoter by
FOXO03a is repressed via c-Myc. Our findings
indicate that c-Myc inhibits FOX0O3a-mediated
activation of p27 promoter via physical asso-
ciation, consistent with the inverse patterns of
their expression seen in microarray analysis of a
diverse group of human cancers.

MATERIALS AND METHODS
Cell Culture

WEHI 231 cells were maintained and treated
with anti-p (anti-IgM) heavy chain antibody at a
concentration of 4 ug/ml as previously described
[Wu et al., 1996]. NIH 3T3 fibroblasts, Hs578T
breast cancer cells, Jurkat T cells and 293T
human embryonic kidney cells were main-
tained, as described [Brunet et al., 1999; Izumi
et al., 2001; Yang et al., 2001].

DNA Constructs

The p27 promoter luciferase reporter con-
structs pA34-11, ASstl, and AXhol (see scheme
in Supplementary Fig. 1A), and the ALZ-c-Myc
and GST constructs were described elsewhere
[FitzGerald et al., 1999; Yang et al., 2001]. The
Mut3-pA34-11 promoter construct was gener-
ated by introducing the Mut3, 3-bp mutation [5'-
CGACTGCCCGCCACCTCCT-3] into the —110
FOXO3a site [6'-CGACTGTTTGCCACCTCCT-
3'] by site-directed mutagenesis using the
QuickChange kit (Stratagene, La Jolla, CA).
(The core of the element is underlined.) The
different FOX0O3a and c-Myc expression vectors
used are described in detail in supplemental
information.

Transfection Assays

Transient or stable transfections of WEHI
231 and Jurkat T cells were performed as we
have described [Wu et al., 1996; Yang et al.,
2001]. NIH 3T3 cells and Hs578T cells were
transfected with FUGENE (Roche, Palo Alto,
CA). Luciferase assays were performed and
normalized, as we have described previously
[Yang et al., 2001].

EMSA

The sequence of the WT p27 —110 bp
oligonucleotide is 5-CGCTCCGACTGTTTGC-
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CACCTCCTCCT-3, where the core Forkhead
element is underlined. The sequences of the WT
and mutant p27 + 1 oligonucleotides are: 5'-CC-
TGCGCCTCTCTTCCCCAGACCTGCGCGCT-
ACTGCGG-3'; 5-CCTGCGCCTCTCTTCCCC-
AGACGGGGGGGCTACTGCGG-3'. WEHI 231
nuclear extracts and GST and GST fusion
proteins were prepared from bacterial lysates
and used in EMSA, as described previously
[FitzGerald et al., 1999; Yang et al., 2001].

Immunoblotting and Immunoprecipitation

Whole cell extracts (WCEs) were prepared for
immunoblotting or co-immunoprecipitation (co-
IP) using Triton lysis buffer as described
previously [Brunet et al., 1999]. Nuclear pro-
teins were isolated as described [Wu et al.,
1996]. Samples were removed for analysis of
input (5%) and for co-IP (400-500 pg). Co-IPs
were performed as described [Brunet et al,
1999], using antibodies against FOXO3a
(06-951; Upstate, Lake Placid, NY), c-Myc [Wu
et al., 1996], or V5 epitope (R960-25; Invitrogen,
Carlsbad, CA). Cell extracts and purified
immune complexes were separated on 8%
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polyacrylamide (PAGE)—SDS gels, for 2 or 2 h
50, respectively, and immunoblotted as des-
cribed [Wu et al., 1996].

Biotinylated Oligonucleotide
Precipitation Assay

Cultures of 293T or NIH 3T3 cells at 50—
60% confluence were transiently transfected
using GenePORTER™ 2 transfection reagent
(Genlantis, San Diego, CA) and oligonucleotide
precipitation (ONP) assay was performed as
described in Supplemental Information.

Fig. 1. c-Myc represses the induction of p27 by FOXO3a,
through its MBIl domain. A: NIH 3T3 cells were transfected, in
triplicate, with 1 pug pA34-11 p27 promoter-luciferase reporter
construct, 1 g either pECE (—FOXO) or pECE-FOXO3a WT
(WT) or pECE-A3 FOXO3a (A3) in the presence of 1 pg either pRC
(=c-Myc) or pRC-Myc (+c-Myc) DNA, and 0.25 pg of SV40-
B-gal. Cells were harvested after 48 h and extracts normalized for
equal amounts of B-gal activity, assayed and average values of
luciferase activity are presented +SD. The luciferase assay was
performed at least three different times with similar results.
Immunoblotting confirmed equal expression of WT and A3
FOXO3a proteins (data not shown). B: Hs578T breast cancer
cells were transfected in triplicate with 1 ug pA34-11 p27, 1 pg of
either pcDNA3 (—=FOXO) or pcDNA3-FOXO3a (+FOXO) in the
presence of 0.5 or 1.0 pg pCsF-c-Myc (increasing c-Myc) or pCsF
DNA (—c-Myc) and 0.5 pg SV40-B-gal. Cells were processed as
above, and the average + SD presented. The luciferase assay was
performed two times with similar results. C,D: NIH 3T3 cells
were transfected with 1 ug p27 pA34-11 in the presence or
absence of 1 ug WT FOXO3a (C) or A3 FOXO3a mutant
(D) expression vector and 1 ug MLV-Myc (WT) or MLV-Myc
dIMBII (A) and enough empty vector (EV) DNA to make the final
amount 3 pg. Extracts were prepared at 48 h, and luciferase
activity, normalized for protein amount, presented as the average
+SD. The luciferase assay was performed three times with similar
results. Immunoblotting confirmed equal expression of WT and
dIMBII c-Myc (data not shown). E: Jurkat T cells were electro-
porated with 10 pg pA34-11 p27 plus 10 pg pECE-FOXO3a WT
vector DNA, in the presence of either 10 ug pMLV (—c-Myc), or of
either 5 or 10 ug pMLV-Myc or pMLV-MycB2 vector, expressing
either WT or c-Myc F115L mutant, respectively, and enough EV
DNA to make a total amount of 10 pg DNA per sample.
Alternatively, cells were electroporated with 10 pg pA34-11 plus
10 pg EV DNA (—). In addition, 5 pg SV40-B-gal was added, to
normalize for transfection efficiency. Cells were harvested and
processed as above and the average+SD presented. The
luciferase assay was performed three times with similar results.
F: Jurkat T cells were electroporated, in triplicate, with 15 g
pA34-11 plus 10 pg pECE-FOXO3a WT vector DNA, in the
absence or presence of either 10 ug EV DNA (—=Myc), or 10 ug
pcEFL-Myc or pcEFL-Myc ALZ vectors, expressing WT or c-Myc
LZ deletion mutant, respectively, plus 5 pg SV40-B-gal vector
DNA to normalize for transfection efficiency. Cells were
harvested after overnight incubation, and results are presented
as average luciferase activity normalized for p-gal activity +SD.
The luciferase assay was performed three different times with
similar results. Immunoblot analysis confirmed equal levels of
c-Myc expression by these vectors (data not shown).
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RNA Analysis

Cytoplasmic RNA was isolated from WEHI
231 cells and analyzed as previously described
[Schauer et al., 1996] using a cad cDNA (kindly
provided by Peggy Farnham, University of
Wisconsin-Madison Medical School, WI), and
gapdh, as loading control, as probe.

Chromatin Immunoprecipitation Assay

WEHI 231 cells were either left untreated or
treated with anti-u heavy chain antibody at a
concentration of 4 ug/ml for 2, 4, or 8 h and then
fixed with 1% formaldehyde. Chromatin immu-
noprecipitation (ChIP) assays were performed
as described in Supplemental Information.

Gene Expression Analysis

The following microarray datasets of primary
human cancers were accessed using the ONCOMI-
NE™ Cancer Profiling Database (www.oncomine.
org): Andersson Leukemia (reporter number IM-
AGE:812965/IMAGE:854668) [Andersson et al.,
2007]; Lapointe Prostate (reporter number IM-
AGE:417226/IMAGE:627509) [Lapointe et al.,
2004]; Talbot_Lung (reporter number 37724 at/
2034 s_at) [Talbot et al., 2005]. Box plots, depicting
the distribution of c-MYC or p27 RNA expression
within each group, and P values by Student’s ¢-test
for the comparison of the groups were obtained
directly through the Oncomine 3.0 software. The
line within the box represents the median expres-
sion value for each group, and the upper and lower
edges of the box indicate the 75th and 25th
percentile of the distribution, respectively. The lines
(whiskers) emerging from each box extend to the
smallest and largest observations; the black dots
outside the ends of the whiskers are outlier data
points.

RESULTS

p27 Promoter Activation by FOXO3a
Is Inhibited by c-Myc

To test the hypothesis that c-Myc represses
transactivation of the p27 promoter by
FOXO03a, NIH 3T3 cells were transiently trans-
fected with the p27 pA34-11 promoter construct
plus vectors expressing either WT FOXO3a
(pPECE-HA-FOXO03a) or a constitutively active
mutant FOX03a (A3 FOX03a), in which three
sites of Akt phosphorylation (T32, S253, S315)
have been mutated to alanine residues, in the
absence or presence of WT c-Myc expression

vector (Fig. 1A). Co-expression of c-Myc com-
pletely ablated the induction of the p27 pro-
moter by WT FOX03a (Fig. 1A). A3 FOX03a
showed a greater ability to induce p27 promoter
activity (6.2 vs. 3.2-fold), consistent with its
inability to be phosphorylated by Akt and
thereby exported from the nucleus. Co-trans-
fection of a c¢-Myc expression vector reduced
transactivation of the p27 promoter by A3
FOX0O3a by ~2.5-fold (Fig. 1A). Similarly,
inhibition of FOXO3a-mediated activation of
p27 promoter activity was seen in Hs578T
breast cancer cells (Fig. 1B). Thus, c-Myc
inhibits promoter activation by FOX0O3a.

Inhibition by c-Myc Is Mediated
Via the MBIl Domain

We next sought to identify the regions
involved in inhibition by c-Myec. Given the
critical role of the MBII domain in repression
by c-Myc [Li et al., 1994], vectors expressing
WT c-Myc or MBII deleted c-Myc (A) were
co-transfected with either WT FOXO3a
(Fig. 1C) or A3 FOXO3a (Fig. 1D) and the
pA34-11 p27 promoter construct. Strikingly, c-
Myc with MBII deletion was completely unable
to prevent the activation of the p27 promoter by
WT FOXO03a or A3 FOX03a, in contrast to the
effects of WT c-Myc. The mutation of phenyl-
alanine 115 in c-Myc to leucine (F115L) within
the MBII region occurs in various Burkitt’s
lymphomas [Yano et al., 1993], and increases
the ability of c-Myc to transform [Lee et al.,
1996]. Using limiting doses of WT c¢-Myc or c-
MycB2 (F115L c-Myc) vectors (Fig. 1E),
expressing equal levels of Myc protein [Yang
et al., 2001], it was observed that the mutation
in the MBII domain of c-Myc enhanced its
ability to repress activation of the p27 promoter
by FOX03a. A c-Myc mutant with deletion of
the leucine zipper region ALZ-c-Myc was also
tested. The ALZ-c-Myc reduced FOX0O3a-medi-
ated activation of the p27 promoter in transient
co-transfection analysis to an extent essentially
comparable to WT c¢-Myec (Fig. 1F), excluding the
requirement for the LZ domain of c-Myec in this
inhibition. Thus, the MBII domain of c-Myec is
required for c-Myc to inhibit the induction of the
p27 promoter by FOX03a.

The N-Terminal DNA Binding Domain of
FOXO3a Mediates Association With c-Myc

To test for physical association of FOXO3a
and c-Myc, co-IP assays were performed. Cells
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were co-transfected with vectors expressing WT
FOXO03a (V5 tagged) and WT c-Myc or ALZ-c-
Myec, or parental empty vector (EV) DNA, as
control. WCEs were subjected to co-IP with a
c-Myc antibody followed by western blotting for
the V5 tag. FOXO3a protein was detected with
both the WT and ALZ-c-Myc but not with the
EV control (Fig. 2A). Conversely, IP with a V5
antibody followed by immunoblotting for c-Myc
detected both WT c¢-Myc and ALZ-c-Myc
(Fig. 2B), confirming the ability of FOXO03a
and c-Myc to associate.

Next, we tested the ability of endogenous
FOX03a and c¢c-Myc to interact in WEHI 231
cells, a model well characterized with respect to
expression of these proteins [Yang et al., 2001;
Chandramohan et al., 2004]. In particular,

anti-IgM treatment causes a transient increase
in the levels of c-Myc protein at 2 h, which then
declines below baseline; c-Myc resides pre-
dominantly in the nucleus at all times [Mahes-
waran et al., 1991]. Total FOXO3a levels are
essentially equivalent in control and 8 h anti-
IgM treated cells, however, most of the FOX0O3a
protein is localized in the cytoplasm during
exponential growth, and moves to the nucleus
following an 8 h treatment [Chandramohan
et al., 2004]. Co-IP analysis was performed with
WCEsSs prepared from control and 8 h anti-IgM-
treated WEHI 231 cells. When extracts from
untreated WEHI 231 cells were used, the anti-
body for FOXO3a brought down a low level of
c-Myc, whereas, after 8 h of anti-IgM treatment,
high levels of c-Myc co-precipitated (Fig. 2C). In
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Fig. 2. c-Mycinteracts with FOXO3a. A,B: WCEs (400 pg) were
prepared from NIH 3T3 cells transfected with 3 pg of pcDNA4-
FOXO3a-V5 (F) plus 3 pg of either pcEFL-Myc (M) or pcEFL-Myc
ALZ [M(ALZ)] vectors, expressing WT or c-Myc LZ deletion
mutant. Alternatively, cells were transfected with equivalent
amounts of the appropriate EV. WCEs were subjected to IP either
with (A) c-Myc antibody, and precipitated proteins analyzed by
immunoblot with V5 antibody or (B) an antibody against the V5
tag and precipitated proteins analyzed by immunoblot with
c-Myc antibody. As control for input, 5% of the WCEs were used.
H—IgG heavy chain. C: WCEs (500 pg) prepared from WEHI 231
cells either left untreated (0) or treated with anti-IgM for 8 h were
subjected to IP with FOXO3a antibody and precipitated proteins
analyzed by immunoblot with c-Myc antibody. As control for
input, 5% of the WCEs were used. H—IgG heavy chain.
D: Schematic representation of FOXO3a full length and deletion
constructs. DBD, DNA binding domain. E,F: WCEs (400 ug) were
prepared from NIH 3T3 cells transfected with 5 pg of either
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pcDNA3.1-FOXO3a-Nt-V5 (V5 tagged, N-terminal 1-304
amino acid FOXO3a) [F(Nt)] or pcDNA3.1-FOXO3a-Ct-V5 (V5
tagged, C-terminal 305-674 amino acid FOXO3a) [F(Ct)] along
with 5 pg of FLAG-c-Myc expression vector (M) or with EV alone.
WCEs were subjected to IP either with (E) an antibody against the
V5 tag and precipitated proteins analyzed by immunoblot with
c-Myc antibody or (F) c-Myc antibody, and precipitated proteins
analyzed by immunoblot with V5 antibody. As control for input,
5% of the WCEs were used. H—IgG heavy chain. G: WCEs
(400 pg) were prepared from NIH 3T3 cells transfected with 3 pg
of either pcDNA4-FOXO3a-1-152-V5 (V5 tagged, N-terminal
1-152 amino acid FOXO3a) [F(1-152)] or pcDNA4-FOXO3a-
153-303-V5 (V5 tagged, N-terminal 153-303 amino acid
FOXO3a) [F(153-303)] along with 3 pg of FLAG-c-Myc
expression vector (M) or with EV alone. WCEs were subjected
to IP with an antibody against the V5 tag and precipitated proteins
analyzed by immunoblot with c-Myc antibody. As control for
input, 5% of the WCEs were used. H—IgG heavy chain.
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contrast, no enhanced binding was seen when
rabbit IgG was used (data not shown). Thus,
endogenous FOX03a and c-Myc associate fol-
lowing movement of FOXO3a to the nucleus
after 8 h of anti-IgM treatment despite a
substantial decrease in overall levels of c-Myc
(seeinput c-Myc levels, bottom panel in Fig. 2C).

To identify the regions of FOX0O3a respon-
sible for interaction with c-Mye, constructs that
express either the N-terminal 1-304 amino
acids of FOX03a (pcDNA3.1-FOX03a-Nt-V5),
containing the DNA binding domain, or the
C-terminal 305-674 amino acids (pcDNA3.1-
FOXO03a-Ct-V5), containing the transactiva-
tion domain, were used (see Fig. 2D). IP with
an antibody against the V5 tag followed by
western blotting for c-Myc demonstrated that
the N-terminal and not the C-terminal region of
FOXO03a interacts with c-Myc (Fig. 2E), which
was confirmed in the reciprocal co-IP analysis
(Fig. 2F). The N-terminal region of FOX0O3a was
further divided into two fragments comprising
amino acids 1-152 or 153-303 of FOXO3a
(Fig. 2D). As seen in Figure 2G, the c-Myc
binding site localized to the amino-terminal
residues 153—303. Thus, the region containing
the DNA binding domain of FOX03a mediates
association with c-Myec.

A Proximal Forkhead Binding Site Maps
at —110 bp of the p27 Promoter

To map the elements mediating activation of
the p27 promoter in WEHI 231 cells, trans-
fection analysis was performed using a series of
p27 promoter deletion constructs (Supple-
mentary Fig. 1A). Anti-IgM treatment induced
the two larger pA34-11 and ASstl constructs
approximately 3.2- and 2.4-fold, respectively,
while the activity of the shorter AXhol p27
promoter construct was unaffected (Supple-
mentary Fig. 1B). Thus, most of the activation
can be mapped to the —45 to —342 bp promoter
region. In addition, a second element appears to
be located further upstream, between —342 and
—2002 bp, consistent with the mapping of
Medema et al. [2000].

Using TFSearch and 80% homology, a puta-
tive Forkhead factor binding site was localized
at —110 bp of the p27 promoter (Fig. 3A). Since
a FOXO3a supershifting antibody is not
currently available, bacterially expressed glu-
tathione-S-transferase (GST)-FOXO3a fusion
protein was used in EMSA with an oligonucleo-

tide containing this element (termed —110 p27).
GST-FOXO03a protein bound to the —110 p27
oligonucleotide in EMSA, yielding two major
complexes (Fig. 3B), while control GST protein
failed to bind (The GST-FOXO3a protein pre-
paration yielded two bands in SDS—-PAGE
(data not shown), suggesting partial clipping
or synthesis, consistent with the findings of
Brunet et al. [1999]). Successful competition
with excess unlabeled —110 p27 element, or an
oligonucleotide containing the FOXO3a site of
the IGFBP1 promoter, termed IRS [Brunet
et al., 1999], indicated the specificity of the
binding (Fig. 3B). The identity of the Forkhead
element was further confirmed in ONP assays.
Specifically, purified GST-FOXO3a, and not
control GST proteins, bound well to a bio-
tinylated oligonucleotide probe containing the
WT —110 p27 sequence, but not to ones
containing either a Mut3 or Mut6 sequence
(Fig. 3C). Furthermore, robust binding to the
WT probe was seen with ectopically expressed
FOXO3a protein in NIH 3T3 cells (Fig. 3D).
FOXO03a binding to the —110 p27 promoter
element was also demonstrated using extracts
prepared from NIH 3T3 cells transfected with a
vector expressing an ERa tagged FOXO3a
protein (pcDNA3-HA-FOXO03a:ER) versus EV
pcDNAS3 DNA following treatment with 500 nM
tamoxifen (4-OHT) (Supplementary Fig. 1C).
Consistently, a dose-dependent increase in
p27 levels and nuclear expression of HA-
FOXO3a:ER were seen with 4-OHT treatment
(Supplementary Fig. 1D). HA-FOXO3a:ER
binding could be competed with the WT but
not Mut3 or Mut6 oligonucleotides (data
not shown). Lastly, the effects of introducing
Mut3 into the pA34-11 promoter construct
were assessed. The WT promoter construct
was induced in a dose-dependent fashion by
pcDNA3-FOX0O3a to a substantially higher
level than the Mut3-pA34-11 promoter con-
struct (Supplementary Fig. 1E), consistent with
deletion of the functional proximal element.
Taken together, these studies identify a func-
tional Forkhead binding site within the —110 bp
region of the p27 promoter.

c-Myc Associates With FOXO3a Bound to
the —110 p27 Promoter Element

Given that repression by c-Myc can involve
interaction with positive regulating factors
[Izumi et al., 2001], the hypothesis that c-Myc
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p27 promoter with WT and mutant versions of the —110 bp
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fusion protein or GST protein alone, as control, was used in EMSA
with the —110 p27 oligonucleotide, as probe. For competition
experiments (COMP), 50 or 200x molar excess of either —110
p27 or IRS Forkhead unlabeled oligonucleotide was added to the
binding mixture. Shown is a representative EMSA of three
independent experiments. C: Six hundred nanogram GST-
FOXO3a (F) or GST (G) alone were subjected to ONP assays
using either 5" biotinylated —110 p27 WT, Mut3 or Mut6
oligonucleotide as probe, and assessed for precipitated FOXO3a
protein. Shown is a representative blot of three independent
experiments. D: WCEs were prepared from NIH 3T3 cells
transfected with 5 pg HA-FOXO3a or EV DNA. Samples (250 pg)
were subjected to ONP assay using —110 p27 WT oligonucleo-
tide, as probe. The precipitated complexes and 4% of the
WCEs, used as control for input, were subjected to immunoblot
analysis with a FOXO3a antibody. Shown is a representative blot
of three independent experiments. E: EMSA was performed using
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300 ng GST-FOXO3a and GST-c-Myc, or 150 ng GST-Max or
GST alone, as indicated, with labeled —110 p27 WT oligonu-
cleotide as probe. The complexes observed are termed bands 1,
2, and 3. Shown is a representative EMSA of three independent
experiments. F: Three hundred nanogram GST-FOXO3a (F) and
GST-c-Myc (M) protein, or 150 ng of GST protein (G) alone were
used, as indicated, with labeled —110 p27 WT, Mut3 and
MutCont oligonucleotides as probes. Shown is a representative
EMSA of three independent experiments. G: EMSA was
performed using 300 ng GST-FOXO3a and GST-c-Myc, and
GST-c-Myc ALZ, or GST alone, as indicated, in binding reactions
with labeled —110 p27 WT oligonucleotide, as probe. The
complexes observed were termed bands 1, 2, and 3. Shown
is a representative EMSA of two independent experiments.
H: Nuclear extracts (10 pg) from WEHI 231 cells treated with
anti-IgM for 4 h were incubated overnight at 4°C in the absence
(0) or presence of 2 or 5 pg of c-Myc antibody (a-c-Myc), prior to
EMSA with labeled —110 p27 WT oligonucleotide as probe. The
complexes observed were termed bands | and Il. Arrowhead,
position of new band that appears following removal of bound
c-Myc with addition of antibody. Shown is a representative EMSA
of two independent experiments.
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can be recruited to the WT —110 p27 oligonu-
cleotide by FOXO3a was tested in EMSA
(Fig. 3E). Addition of GST-FOXO03a plus GST-
c-Myec yielded a new slower migrating complex
(band 3) in addition to the two complexes (bands
1 and 2) observed with GST-FOXO3a alone;
furthermore, the intensity of band 1 increased
substantially (Fig. 3E). GST, or GST-c-Myc and
GST-Max proteins added alone or in combina-
tion failed to bind; furthermore, addition of
GST-Max did not have a discernable effect on
complex formation by FOX0O3a and c-Myc. The
requirement for the Forkhead element was
confirmed when the Mut3 oligonucleotide with
a 3 bp mutation in the Forkhead element
was used. GST-FOX0O3a was unable to bind,
and only a very low level of binding was seen
with GST-c-Myc plus GST-FOX03a (Fig. 3F).
In contrast, complex formation appeared essen-
tially unaffected by a 3 bp mutation in a
downstream region (MutCont) (Fig. 3F). EMSA
confirmed GST-ALZ-c-Myc can interact with
GST-FOX0O3a bound to the —110 bp p27
oligonucleotide (Fig. 3G), consistent with the
observed ability of ALZ c-Myc to interact with
and inhibit FOXO3a-mediated transactivation
of the p27 promoter. Together, these results
indicate c-Myc can interact with FOXO3a
protein bound to its element within the
—110 p27 region.

When nuclear extracts prepared from WEHI
231 cells following anti-IgM treatment were
used in EMSA with the WT —110 p27 oligonu-
cleotide as probe, a profile of low basal binding of
two bands (I and II) at 0 h was seen to increase
substantially at 4 and 8 h post-anti-IgM treat-
ment (data not shown), consistent with the
activation of nuclear FOX03a [Chandramohan
et al., 2004], and increased p27 mRNA levels
[Yang et al., 2001]. To assess for the presence of
c-Myc, the 4 h-time point of anti-IgM treatment
was selected since c-Myc levels have not yet
decreased below basal values at this time point
[Wu et al., 1996], and an increase in FOX0O3a
binding was noted [Chandramohan et al., 2004].
Incubation of WEHI 231 nuclear extracts with
2 pg of c-Myc antibody reduced formation of
the upper complex (band II), while 5 ug anti-
c-Myc almost totally inhibited the binding of the
upper complex, and resulted in the appearance
of an additional band, which migrated near
the lower complex (Fig. 3H). Overall, the results
are consistent with band II containing c-Myc
likely in a complex with FOXO3a, and band

I likely consisting of FOX03a, which normally
binds as a monomer [Clark et al., 1993].

FOXO3a Mediates c-Myc Binding to
the p27 Promoter

Previously, c-Myc repression of the p27
promoter activity was shown to be mediated
via binding to the +1 Inr region in a complex
with Max [Yang et al., 2001]. To test for DNA—
protein interaction, ONP assays were per-
formed using WCEs from cells transfected with
HA-FOXO03a or FLAG-c-Myc expression vectors
alone or in combination or with EV DNA, as
control and either WT or Mut3 —110 p27
oligonucleotide as probe (Fig. 4A,B). c-Myc was
unable to bind to the WT —110 p27 promoter
region when expressed by itself, but was able to
bind when co-expressed with FOXO03a (Fig. 4A).
Binding of c-Myc was greatly decreased when
the Mut3 oligonucleotide was used (Fig. 4B).
The c-Myc protein with MBII deletion (A) was
unable to bind to the WT —110 p27 element in
the presence of WT FOXO3a (Fig. 4C), indicat-
ing the involvement of the MBII domain in the
association of c-Myc with FOXO03a. As an addi-
tional control, binding to the +1 region was
assessed since c-Myc/Max interaction does not
depend upon the MBII domain. A low level of c-
Myc binding to the +1 p27 WT oligonucleotide
was seen in the absence of co-transfected Max,
as expected given the ubiquitous expression of
Max, and binding was enhanced by ectopic Max
expression (Fig. 4D). A mutated version of the
+1 p27 region, unable to bind Max or c-Myc
proteins in EMSA [Yang et al., 2001], displayed
greatly reduced c-Myc binding (Fig. 4E). Of
note, the binding profile of c-Myc protein with a
deletion of MBII to the WT +1 region was
essentially identical to that with the WT ¢c-Myc
protein: low level in the absence of Max, which
increased upon expression of Max (Fig. 4F).
Therefore, the MBIl domain does not appear to
be required for binding via the +1 region.
Strikingly, we noted that expression of FOX03a
had an opposite effect on binding of c-Myc to the
+1 p27 element. FOX03a reduced binding of
WT c-Myc to the +1 p27 region (Fig. 4D), in
contrast to findings with the WT —110 p27
element. The observation that MBII deleted c-
Myc binding to the +1 p27 region was unaf-
fected by FOXO03a (Fig. 4F), suggested that this
may be due to direct interactions. Taken
together, these results indicate c-Myec (via its
MBII domain) can bind to FOX0O3a on the —110
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Fig. 4. The MBIl domain of c-Myc is required for its interaction
with FOXO3a at the —110 p27 region. A: WCEs were prepared
from 293T cells transfected with 5 pg HA-FOXO3a and 5 pg
FLAG-c-Myc expression vectors either alone or in combination,
or with EV alone (—). Samples (600 pg) were subjected to ONP
assays using biotinylated —110 p27 WT oligonucleotide as
probe, or 3% of the WCE was used as control for input. The
precipitated complexes were subjected to immunoblotting
analysis with an anti-FLAG antibody to assess c-Myc levels.
Shown is a representative blot of three independent experiments.
B: WCEs (600 pg) from 293T cells transfected with either 5 ug
FLAG-c-Myc and 5 ug HA-FOXO3a expression vectors or EV
DNA were subjected to ONP using either —110 p27WT or Mut3
oligonucleotide as probe, as above. Shown is a representative
blot of two independent experiments. C: WCEs (600 pg) from
293T cells transfected with 5 pg of either FLAG-c-Myc (WT) or

p27 promoter region, whereas, activation of
FOXO03a levels reduces c-Myc binding to the +1
region.

Promoter Occupancy Shifts From
c-Myc to FOXO3a During Induction of
p27 Gene Expression

To assess the in vivo binding of these factors to
the p27 promoter region, we next used ChIP
assays, although, the close proximity of the +1
and —110 bp elements precludes distinction

B -110p27
EV c-Myc+tFOXO
-110p27: WT WT Mutl
..--—
D WT +1p27
ONP Input
FOXO - - - WT - - - WT
c-Myc - WTWTWT - WTWTWT
Max - - WT - - - WT -
L EeE_ 1}
F WT +1p27
ONP Input
FOXO- - - WT - - -WT
c-Myc- A A A - A A A
Max - - WT - - - WT -

FLAG-c-Myc-A129-145, expressing deletion MBIl FLAG-c-Myc
(A), in the presence of 5 ng of WT HA-FOXO3a expression
vectors, or EV, as indicated, were subjected to ONP using —110
p27 WT oligonucleotide, and immunoblotted for FLAG protein.
Alternatively, 3% of the WCE was used as control for input.
Shown is a representative blot of two independent experiments.
D-F: WCEs were prepared from NIH 3T3 cells transfected with
4 g vector expressing WT or deletion MBIl FLAG-cMyc (A),
Max, HA-FOXO3a, or appropriate EV (—) as indicated. Samples
(600 pg) were subjected to ONP assays using as probe either (D, F)
WT +1 p27 oligonucleotide, or (E) Mutant +1 p27 oligonucleo-
tide. Alternatively 3% of the WCE was used as control for input.
The precipitated complexes were subjected to immunoblot
analysis with an anti-FLAG antibody to assess c-Myc levels.
Shown is a representative blot of two independent experiments.

between these two binding sites. Asynchro-
nously growing WEHI 231 cells (0 h) were
subjected to anti-IgM treatment for 2 h, which
leads to an initial decrease in p27 transcription,
or for 8 h, which induces p27 transcription
[Ezhevsky et al., 1996; Wu et al., 1999]. The
level of c¢-Myc binding to the p27 promoter
region in untreated WEHI 231 cells (Fig. 5A,
upper panel), increased 2 h post-anti-IgM treat-
ment, and then decreased at 8 h (Fig. 5A). Max
binding also increased at 2 h and decreased at
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8 h (Fig. 5A), although, the levels of Max protein
remain constant with anti-IgM treatment out to
this time (data not shown). The parallel changes
in binding of c-Myc and Max are consistent with
the fact that these two partners bind to the Inr
region together [Yang et al., 2001].
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We next investigated FOX0O3a binding at the
p27 promoter in WEHI 231 cells treated for 0, 2,
4, or 8 h with anti-IgM (Fig. 5A, lower panel).
FOXO03a levels on the p27 promoter were low
during asynchronous growth and up to 2 h of
anti-IgM treatment. After 4 h, an increase in
binding was noted, which was sustained out to
8 h (Fig. 5A), consistent with the kinetics of
changes in p27 mRNA levels following anti-
IgM treatment [Wu et al., 1999]. As a negative
control for the binding, the promoter for
albumin, which is not expressed in these
B cells, was similarly assayed by ChIP. No
binding was detected with this promoter, con-
firming the specificity of binding to the p27
promoter (Fig. 5B). As a positive control for c-
Myc binding, we similarly assessed carbamoyl-
phosphate synthase (glutamine-hydrolyzing)/
aspartate  carbamoyltransferase/dihydrooro-
tase (cad), an E-box containing gene that is
positively regulated by binding of ¢-Myc with
its partner Max [Eberhardy et al., 2000]. The
effects of anti-IgM on the profile of cad expres-
sion in WEHI 231 cells were examined first.
The expression of cad mRNA increased by 0.5 h
of anti-IgM treatment and then remained
essentially constant until 9 h (Fig. 5C, upper
panel). Between 9 and 12 h, cad mRNA levels
decreased substantially. Analysis of gapdh

Fig. 5. p27 promoter occupancy changes from c-Myc/Max to
FOXO3a during anti-lgM-induced apoptosis of WEHI 231 cells.
A: WEHI 231 cells were in asynchronous growth (0 h) or treated
with anti-IgM (a-IgM) for 2, 4, or 8 h, as indicated. Cells were
formaldehyde crosslinked, sonicated, and subjected to immu-
noprecipitation using antibodies against (upper panel) c-Myc or
Max, or (lower panel) FOXO3a. The precipitated DNA and input
samples were amplified by PCR using primers specific for the
p27 promoter and analyzed on 1% agarose gels. Shown is a
representative ChIP of two independent experiments. B: Asyn-
chronously growing WEHI 231 cells (0 h) were treated with anti-
IgM for 8 h. Samples were immunoprecipitated using control
1gG, or antibodies against c-Myc, Max, or FOXO3a and amplified
using primers specific for the albumin promoter. Alternatively,
water was similarly analyzed. Shown is a representative ChIP of
three independent experiments. C (upper panel): WEHI 231 cells
were in asynchronous growth (0 h) or treated with anti-IgM for
0.5, 1.5, 3, 6,9, or 12 h, as indicated. RNA was isolated and
subjected to Northern blot analysis for mRNA levels of cad and
gapdh, which confirmed loading was essentially equal. Shown is
a representative of two independent experiments. C (lower
panel): Asynchronously growing WEHI 231 cells (0 h) were
treated with anti-IgM for 8 h. Samples were immunoprecipitated
using control 1gG, or antibodies against c-Myc or Max, and
amplified using primers specific for the E-box region of the cad
promoter. Alternatively, water was similarly analyzed. Shown is
a representative ChlIP of three independent experiments.
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mRNA confirmed essentially equal loading.
ChIP assays of the cad promoter indicated that
the c-Myc and Max binding to the E-box
remained detectable out to 8 h (Fig. 5C, bottom
panel), in contrast to the findings with the p27
promoter. Thus, high levels of c-Myc binding are
seen when p27 promoter activity is low, while
elevated FOXO3a and reduced c-Myc and
Max binding correlate with the induction
of p27 promoter activity following anti-IgM
treatment.

Levels of p27 and c-MYC Transcripts Vary
Inversely in Human Cancer

Next, the ONCOMINE™ Cancer Profiling
Database was searched to determine whether
the predicted inverse relationship exists bet-
ween the expression of the p27 and c-MYC genes
in human cancers. As seen on the box plots
presented in Figures 6A-C (top panels),
¢-MYC expression was significantly increased
(P values < 0.05) in acute myeloid leukemia,
prostate cancer, and tongue squamous cell
carcinoma patient samples as compared to
their corresponding controls, consistent with
its role in promoting these malignancies. The
expression of p27 was also evaluated in these
same studies, which revealed a significant
decrease in p27 mRNA levels in the cancer
versus normal samples in all three studies
(Fig. 6A-C, lower panels). Thus, consistent
with the observations that c-Myc inhibits p27
activation by FOXO03a, an inverse correlation
between p27 and c-MYC mRNA levels exists in
many primary tumor specimens.

DISCUSSION

Here we show for the first time that c-Myc
inhibits FOX0O3a-mediated activation of the
p27 promoter. These findings are consistent
with the inverse pattern of expression of p27
and c-MYC observed in acute myeloid leukemia,
prostate cancer and tongue squamous cell
carcinoma, and with the previous observation
that ectopic c-Myc prevents induction of endo-
genous p27 protein expression following activa-
tion of FOXO03a in anti-IgM-treated WEHI 231
cells [Chandramohan et al., 2004]. Importantly,
c-Myc was able to associate with FOXO3a
at the proximal Forkhead element on the p27
promoter; although, our data cannot dis-
tinguish between indirect association versus

direct interaction. This association requires
the MBII domain of c-Myc, which has been
implicated in the ability of c-Myc to function as a
repressor of gene transcription [Li et al., 1994],
including the p27 gene [Yang et al., 2001]. The
N-terminal 153—-303 amino acids of FOXO3a,
which contain the DNA binding domain, are
essential for this interaction. It should be
noted that the possibility exists that another
factor plays a role in FOX03a/c-Myc interaction
in vivo, in particular given the mobility of
the complex seen upon addition of the c-Myc
antibody with nuclear extracts from WEHI
231 cells. Thus, our data indicate repression of
the p27 gene transcription by c-Myc is mediated
via binding at two sites (—110 and +1 bp)
and is facilitated by two different factors
FOXO03a (Forkhead element dependent) and
Max (Inr element dependent), respectively (see
models in Fig. 6D,E). Overall, these findings
argue for a critical role of c-Myc in negative
regulation of transcriptional activation by
FOXO03a.

The PI3K to Akt signaling pathway, which is
activated in many cancers, plays reciprocal
roles in the regulation of FOXO3a and c-Myc
gene expression. Phosphorylation of FOX03a
by Akt leadstoitsinactivation via sequestration
in the cytoplasm [Brunet et al., 1999]. The PI3K
to Akt pathway negatively controls the level of
p27 expression in WEHI 231 cells [Chandramo-
han et al., 2004]. In contrast, PI3K/Akt signal-
ing activates NF-«B, which induces c-Myc gene
transcription in many cell types, including
WEHI 231 B cells [Lee et al.,, 1995; Arsura
et al., 2000; Grumont et al., 2002]. Thus, the
high Akt activity that typifies many cancers
leads to increased c-Myc levels and reduced
nuclear FOX03a. Furthermore, gene amplifi-
cation, rearrangement, or point mutations in
the c-MYC gene are quite common in cancer,
leading to either constitutive overexpression of
WT c-Myec [Lee et al., 1996], or expression of a
mutant form, for example, F115L which func-
tions as a super repressor protein. The high
c-Myc activity mediates a decrease in p27
that could promote proliferation and cancer
(Fig. 6D). Consistently, low p27 levels have
been associated with a more invasive phenotype
in many cancer, including of the breast and
prostate [Catzavelos et al., 1997, Tsihlias
et al.,, 1998]. Conversely, as cells normally
approach quiescence, Akt activity is reduced.
As aresult, the levels of nuclear FOX03a would
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be increased and those of c-Myc decreased. The
resulting excess nuclear FOXO3a protein
can bind to the —110 bp proximal and distal
Forkhead sites, and possibly titrate c-Myc/Max
complexes away from the +1 Inr site. Thus,
c-Myc—FOXO03a interactions may play an addi-
tional role in release of repression, thereby
allowing for the activation of p27 gene tran-
scription leading to growth arrest (Fig. 6E).
Since the work of Roeder and coworkers first
implicated c¢-Myc in repression of Inr-driven
transcription [Roy et al., 1993], multiple mech-
anisms have been elucidated, which have many
similarities to the regulation of p27. Activation
of the PDGF-B-receptor by NF-Y could be
repressed by c-Myc and required the MBII
domain, and binding of NF-Y was not inhibited
by c-Myc [Izumi et al., 2001]. The induction of
p15™NK4 by TGF-B1 was shown to involve
upstream binding of Smad2/3 proteins [Seoane
et al.,, 2001]. Repression by c-Myc in this
case was mediated via direct interaction of
c-Myc with the Smad2/3 activating complex
[Feng et al., 2002], as well as binding of c-Myec,
Max, and Miz-1 to the +1 Inr element [Staller
et al., 2001], although, the functional role of
Max binding was not examined. Lastly, c-Myc
has been found to interfere with transactivation
of the p21 promoter mediated by Spl, which
binds at a site near to the +1 element [Claassen
and Hann, 2000; Gartel et al., 2001]. Consistent
with the findings of Penn, Farnham and co-
workers showing an essential role of Max in
repression by c-Myc [Mao et al., 2003; Barsyte-
Lovejoy et al., 2004], transfection and gel shift
analysis indicated an important role of c-Myc/
Max binding at the +1 Inr region in repression
of the p27 promoter [Yang et al.,, 2001].
Importantly, ChIP assays have confirmed the
transient induction and then drop of c-Myc
and Max binding and the delayed binding of
FOXO03a to the p27 promoter in the anti-IgM
treated WEHI 231 cells (Fig. 5); although,

binding to the —110 bp and the +1 Inr could
not be distinguished due to their proximity.

Here, we observed that the N-terminal Fork-
head domain of FOXO3a mediates its asso-
ciation with c-Myc. Similarly, Seoane and
coworkers demonstrated that the N-terminal
DNA binding domain within amino acid region
139-280 of FOXO3a is involved in its inter-
action with Smad3/4, which in turn controls the
activation of the p21°P1/Wefl promoter [Seoane
et al., 2004]. Furthermore, Smad and FOX03a
form an additional complex with FOXGI1, a
transcriptional repressor belonging to the
Forkhead family leading to the repression of
the p21°P1/Wafl hromoter [Seoane et al., 2004].
Here and in the studies by Bouchard et al.
[2004], the reciprocal functional regulation of c-
Myc and FOXO factors has been shown specif-
ically with FOXO3a. Overall, the interactions
between c-Myc and FOXO03a, which require the
MBII domain of c-Myc and DNA binding region
of FOXO03a, regulate activation by FOXO3a.
Of note, transcription of several other genes is
controlled by FOX03a and c-Mye, including
ERa, bim, and gadd45 [Dijkers et al., 2000a;
Tran et al., 2002]. Given the ability of FOX0O3a
and c-Myc to physically associate and for this
association to affect DNA binding and thereby
their activities, it is of importance to evaluate
the role of these interactions in the transcrip-
tional control of these genes.
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