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Forkhead transcription factors of the O class (FOXOs) are important targets of the phosphatidylinositol
3-kinase (PI3-kinase)/Akt pathway. FOXOs have been implicated in the regulation of cell cycle progression,
oxidative stress resistance, and apoptosis. Using DNA microarrays, we analyzed the transcriptional response
to FOXO3a activation by gene expression analysis in DLD-1 colon cancer cells stably expressing a FOXO3a.
A3-ER fusion protein. We found that activation of FOXO3a resulted in repression of a number of previously
identified Myc target genes. Furthermore, FOXO3a activation induced expression of several members of the
Mad/Mxd family of transcriptional repressors, most notably Mxi1. The induction of Mxi1 by FOXO3a was
specific to the Mxi1-SR� isoform and was mediated by three highly conserved FOXO binding sites within the
first intron of the gene. Activation of FOXO3a in response to inhibition of Akt also resulted in activation of
Mxi1-SR� expression. Silencing of Mxi1 by small interfering RNA (siRNA) reduced FOXO3a-mediated
repression of a number of Myc target genes. We also observed that FOXO3a activation induced a switch in
promoter occupancy from Myc to Mxi1 on the E-box containing promoter regions of two Myc target genes,
APEX and FOXM1. siRNA-mediated transient silencing of Mxi1 or all Mad/Mxd proteins reduced exit from
S phase in response to FOXO3a activation, and stable silencing of Mxi1 or Mad1 reduced the growth inhibitory
effect of FOXO3a. We conclude that induction of Mad/Mxd proteins contributes to the inhibition of prolifer-
ation in response to FOXO3a activation. Our results provide evidence of direct regulation of Mxi1 by FOXO3a
and imply an additional mechanism through which the PI3-kinase/Akt/FOXO pathway can modulate Myc
function.

Forkhead transcription factors of the O class (FOXOs) be-
long to a family of transcription factors that are characterized
by their conserved DNA binding domain (forkhead box). Daf-
16, the FOXO orthologue in Caenorhabditis elegans, has been
identified as a target of insulin-like signaling through the Daf-
2/AGE-1 pathway and is involved in formation of the Dauer
stage (40, 53). The FOXO subgroup in mammals consists of
four members, FOXO1, FOXO3a, and FOXO4 (previously
termed FKHR, FKHRL1, and AFX, respectively) and FOXO6
(7, 24, 33, 62).

FOXO transcription factors bind to DNA as monomers
through their winged-helix domain at a consensus motif termed
DBE (for Daf-16 family member binding element) with the
core sequence TTGTTAC (23). A number of FOXO target
genes have been identified so far (for review, see reference 28).
FOXO target genes are involved in cell cycle arrest, apoptosis,

metabolism, differentiation, and the stress response. It has
been shown that FOXOs induce G1 arrest through expression
of p27KIP1 and p130 (36, 46, 51) and increase the duration of
the G2 phase of the cell cycle by inducing cyclin G2 (43). In
lymphocytes, FOXO activation induces cell death through in-
duction of Bim, Trail, and Fas ligand (9, 48, 66). Upregulation
of glucose-6-phosphatase and phosphoenolpyruvate carboxyki-
nase by FOXOs results in induction of gluconeogenesis (5, 30).
The role of FOXO transcription factors in differentiation is
less well understood and is cell type dependent. In adipocytes,
FOXOs inhibit differentiation most likely through induction of
p21, while FOXO activation induces erythroid differentiation
through induction of BTG and is required for myoblast differ-
entiation (4, 6, 50). Finally, induction of Mn-superoxide dis-
mutase and catalase by FOXO is involved in detoxification of
reactive oxygen species (19, 34).

Mammalian FOXO transcription factors are regulated
through the phosphatidylinositol 3-kinase (PI3-kinase) path-
way. In the absence of growth factors, FOXOs are localized to
the nucleus and transcriptionally active. Activation of Akt or
SGK in response to growth factor stimulation induces phos-
phorylation of FOXO transcription factors at three highly con-
served serine and threonine residues (9, 35). As a result,
FOXO transcription factors translocate to the cytoplasm. Phos-
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phorylation of FOXO factors by Akt or SGK induces binding
of 14-3-3 proteins, which could induce nuclear export, possibly
by exposing a nuclear export sequence located in the C termi-
nus or by enhancing interaction with the nuclear export ma-
chinery. Interaction with 14-3-3 proteins could also contribute
to cytoplasmic retention of FOXO factors by masking a nu-
clear localization signal. Akt-dependent phosphorylation can
also modulate the stability of FOXO transcription factors (3,
45) by inducing interaction with the Skp2/Cul1/F-box complex
and subsequent targeting to the proteasome (32, 54).

It has been shown more recently that FOXO factors are
regulated by a Ral/JNK-dependent mechanism in response to
oxidative stress. Phosphorylation of FOXO4 by JNK induces
nuclear translocation even in the presence of growth factors
(19).

The transcriptional activity of FOXO factors can be modu-
lated by p300/CBP-dependent acetylation (22, 44, 70). The
inhibitory effect of acetylation is counteracted by the action of
NAD�-dependent deacetylases of the sirtuin family (10, 13, 70),
and acetylation status may affect target gene specificity (25).

FOXOs are frequently inactivated in cancer cells due to the
action of the PI3-kinase/Akt pathway (2). Surprisingly, no in-
activating mutations in FOXO genes have been found in hu-
man tumors so far. Chromosomal translocations involving
FOXO factors found in alveolar rhabdomyosarcomas or acute
leukemias result in fusion proteins that retain DNA binding
activity of the fusion partner, Pax3 or MLL, respectively (7, 24,
62). However, it is conceivable that loss of function of FOXO1
or FOXO4 contributes to tumorigenesis in this context (64,
65). In addition, it has been reported that FOXO1 is inacti-
vated through direct binding of the androgen receptor in pros-
tate cancer cells, and FOXO3a is downregulated during pro-
gression to the androgen-independent state in LNCaP cells
(39, 42). These findings emphasize the importance of inactiva-
tion of the growth inhibitory functions of FOXO factors during
tumorigenesis.

In order to achieve further insight into the role of FOXO
factors as tumor suppressors, we investigated the transcrip-
tional program induced by FOXO3a activation using DNA
microarrays. The results of our study show that FOXO3a in-
duces the expression of several members of the Mad/Mxd
family of transcriptional repressors. We observed that induc-
tion of Mxi1 is specific to the Mxi1-SR� isoform and that
FOXO3a binds directly to conserved DBEs in the first intron
of the gene. Induction of Mxi1-SR� was required for efficient
inhibition of Myc-dependent transcription by FOXO3a, and
silencing of Mxi1 or Mad1 reduced the growth inhibitory effect
of FOXO3a. Our results provide evidence of a novel mecha-
nism through which the PI3-kinase/Akt pathway can regulate
Myc function.

MATERIALS AND METHODS

Plasmids and reagents. Expression plasmids for FOXO3a.A3-ER and a firefly
luciferase reporter construct containing six DBE consensus sites (pGL3-DBE)
have been described previously (36). To create expression vectors for Mxi1-SR�,
SR�, and WR, coding sequences were amplified from cDNA and inserted into
pCDNA3.

A luciferase reporter construct containing eight consecutive E-boxes (MycT)
and the corresponding empty vector (CT) were obtained from Panomics.

Promoter regions of the human Mxi1 gene were amplified from genomic DNA
from DL23 cells by PCR and cloned into the pGL3-Basic vector (Promega).

Successive deletions of the Mxi1-SR�(�441/�1292) region were performed
using PCR. Mutations in DBEs in the construct Mxi1-SR�(�441/�1292) were
generated using the QuikChange site-directed mutagenesis kit (Stratagene).
Primer sequences are listed in the supplemental material.

The specific Akt inhibitor triciribine was obtained from Calbiochem (Akt
inhibitor V).

Cell culture. The DL23 colon carcinoma cell line has been described elsewhere
(36). DL23 and parental DLD-1 cells were grown in RPMI 1640 with 10% fetal
calf serum. 4-Hydroxy-tamoxifen (4-OHT; Sigma) was dissolved in ethanol and
used at a final concentration of 100 nM.

MCF-10A cells were grown in Ham’s nutrient mixture F-12–Dulbecco’s mod-
ified Eagle’s medium (1:1) containing 5% horse serum and 10 �g/ml insulin, 20
ng/ml epidermal growth factor, 5 �g/ml hydrocortisone, and 100 ng/ml cholera
toxin. The retroviral vector pBABEpuro-HA-FKHR-L1.A3-ER was packaged in
GP�E cells and used to infect MCF-10A cells expressing the ecotropic retrovirus
receptor. Infected cells were selected, and clone M11 was chosen for further
study.

For colony formation assays, DL23 cells or stable pools expressing retroviral
RNA inhibition (RNAi) vectors were seeded at a density of 104 cells per 6-cm
dish. Cells were cultured for 10 to 15 days in the presence of 100 nM 4-OHT or
solvent (ethanol). Cells were fixed in methanol and stained with crystal violet.

BrdU incorporation and FACS analysis. Cell were treated with 10 �M bro-
modeoxyuridine (BrdU; Sigma) for 30 min prior to harvesting, fixed in ethanol,
stained, and analyzed by fluorescence-activated cell sorting (FACS).

Immunoblotting. Cells were lysed in Triton buffer (1% Triton X-100, 50 mM
Tris pH 7.5, 300 mM NaCl, 1 mM EGTA, and protease inhibitor cocktail
[Roche]). Plates were incubated for 20 min on ice, and lysates were cleared by
centrifugation at 13,000 rpm. Lysates were separated by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis and transferred onto an Immobilon
membrane (Millipore).

The following antibodies were used: anti-Mxi1 (sc-1042), anti-Mad1 (sc-222),
anti-Max (sc-197), anti-cyclin A1 (sc-751), and anti-c-Myc antibody (sc-764) (all
from Santa Cruz Biotechnology); anti-p27KIP1 (no. 610241; BD Transduction
Laboratories); anti-c-Myc (9E10), anti-FKHRL1, and anti-phospho-FKHRL1
(Thr32) (Upstate); anti-phospho-Akt (Ser473) and anti-Akt (Cell Signaling
Technology); anti-actin–horseradish peroxidase (Ac-15; Sigma); and anti-glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH)–horseradish peroxidase
(Abcam).

RNA preparation, array hybridization, and data analysis. For gene expression
profiling, total RNA was prepared using TRIzol reagent (GibcoBRL) following
the manufacturer’s protocol. Total RNA from control and experimental samples
was labeled by oligo(dT)-primed first-strand cDNA synthesis in the presence
of Cy3-dUTP or Cy5-dUTP (Amersham). Labeled cDNA was purified using
AutoSeq G-50 columns and hybridized to human cDNA microarrays (Sanger
human 10K version 1.2.1). All hybridizations were performed in quadruplicate
using duplicate RNA samples and dye swaps. For detailed description of clone
sequences, preparation of the microarrays, and protocols for array hybridization,
washing, and handling, see http://www.sanger.ac.uk/Projects/Microarrays/.

Images were quantified using the adaptive circle method (QuantArray; GSI-
Lumonics). Intensity values were imported into Genespring 6 (Silicon Genetics)
and per spot and per chip normalizations were performed. Intensity ratios were
normalized to a self-to-self comparison of the control sample. Genes significantly
regulated in response to FOXO3a.A3-ER activation were identified by perform-
ing a statistical group analysis with a P value of �0.05 and by applying a
restriction on change of twofold. To rule out effects of 4-OHT, RNA from
DLD-1 cells treated with 100 nM 4-OHT was used in a control experiment.
Probes were annotated according to the Hver1.2.1_35 annotation provided by
the Sanger Microarray Facility (see http://www.sanger.ac.uk/Projects/Microarrays
/informatics/annotation.shtml). All microarray data have been submitted to Array-
Express (EBI).

Transfections and reporter assays. DL23 cells were transiently transfected
using Lipofectamine Plus reagent (Gibco-BRL) in serum-free medium (opti-
MEMI; Invitrogen). M11 cells were transfected using Effectene (QIAGEN)
according to the manufacturer’s instructions. Cells were harvested in passive lysis
buffer (Promega), and luciferase activity was determined using the luciferase
reporter assay kit (Promega) and a Berthold Bioluminat LB luminometer. Ac-
tivity of firefly luciferase was normalized to the activity obtained from a cotrans-
fected expression construct for Renilla luciferase (phRG-TK; Promega).

siRNA experiments. For transient silencing of Mxi1 expression, DL23 cells
were transfected with 100 nM of a small interfering RNA (siRNA) oligonucle-
otide specific for Mxi1 or a mixture of three Mxi1-specific sequences (33 nM
each) using DharmaFECT 3 reagent (Dharmacon) in serum-free medium (op-
tiMEMI; Invitrogen). Cells were split 24 h posttransfection and incubated for an
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additional 24 h prior to stimulation with 4-OHT or solvent for 16 or 24 h, as
indicated.

The following siRNA oligonucleotides were used: Mxi1-1 (17300), Mxi1-2
(17207), Mxi1-3 (17113), Mad1-1 (114221), Mad1-2 (106784), Mad1-3 (106785),
p27 (16104), and Silencer negative control 1 (all from Ambion) and deconvo-
luted SMARTpools for Mad3, Mad4, and c-Myc (Dharmacon).

Retroviral vectors expressing shRNA specific for Mxi1 or Mad1 were obtained
from the NKI RNAi library. The shRNA expression cassette was subcloned into
pMSCV-BLAST (NKI, Amsterdam, The Netherlands).

Reverse transcription-PCR. Total RNA was extracted using RNeasy kits
(QIAGEN). Total RNA (1 to 5 �g) was used for first-strand cDNA synthesis
using oligo(dT) primers and SuperScript II reverse transcriptase (Invitrogen).
Real-time PCR was performed with SYBR Green PCR master mix (Applied
Biosystems) in 96-well plates using the Chromo 4 system (MJ Research). All
reactions were performed in duplicate, and experiments were repeated at least
three times. The relative amount of mRNA was calculated using the comparative
CT method after normalization to GAPDH. Primer sequences are listed in the
supplemental material.

Chromatin immunoprecipitation (ChIP) assay. Immunoprecipitation of
FOXO3a bound to chromatin has been described previously (18). Cells were
fixed in 1% (wt/vol) formaldehyde for 10 min followed by addition of 0.136 M
glycine and incubation for a further 10 min. Cells were washed and sonicated five
times for 10 seconds each in 400 �l sonication buffer (Upstate). The lysate was
cleared by centrifugation at 13,000 � g and diluted 10 times with diluent buffer
(Upstate). The chromatin solution was precleared with 2 mg of sonicated herring
sperm DNA (Sigma) and 45 �l of a 50% (vol/vol) slurry of protein A or
G-Sepharose (Pharmacia). The supernatant was either incubated with an anti-
FOXO3a antibody raised against the C-terminal region of the protein, an anti-
Mxi-1 antibody (sc-1042X; Santa Cruz), an anti-Myc antibody (sc-764X), or an
isotype control antibody (Babco) for 16 h at 4°C with rotation and an additional
2 h in the presence of 2 mg of sonicated herring sperm DNA and 45 �l of a 50%
(vol/vol) slurry of protein A- or G-Sepharose. The beads were then washed and
DNA was extracted with 350 �l of 1% SDS–1.1 M NaHCO3 and incubated at
65°C for 16 h with 0.2 M NaCl to reverse cross-linking followed by 1 h of
proteinase K digestion at 45°C. DNA was purified using the QIAGEN PCR
purification kit. PCR was performed in the presence of 2.5 mM MgCl2, and the
annealing temperature was 55°C.

We used the following primers: Mxi1A forward (5�-CACACTGGTTCCCTT
CTTCCC-3�) and reverse (5�-CGGAATGGAAAAAAATACCTGATG-3�),
Mxi1B forward (5�-TGCTAAAGATGTAACAAAGACGGG-3�) and reverse
(5�-GCCTGAGAAGGCTCCGGAAA-3�), and Mxi1C forward (5�-CAAGTGT
TGTTTTTCTGTTG-3�) and reverse (5�-CCGTGGAGAGCTGTTTG-3�), all
for 28 cycles. APEX forward (5�-GGGGACCTAAGTGTCC-3�) and reverse
(5�-GAGCAACCCCGTATCTG-3�) were used for 27 cycles. FOXM1 forward
(5�-CGGAATGCCGAGACAAGG-3�) and reverse (5�-TCCGCTGTTTGAAA
TTGGC-3�) were used for 30 cycles.

Microarray data accession number. The microarray data in this study have
been submitted to ArrayExpress and assigned accession number E-MEXP-721.

RESULTS

The transcriptional program induced by FOXO3a activa-
tion reveals repression of Myc target genes. In order to eluci-
date how FOXOs affect diverse cellular processes, such as cell
cycle progression, the stress response, and transformation, we
made use of an inducible version of the FOXO3a protein fused
to the hormone binding domain of the human estrogen recep-
tor (FOXO3a.A3-ER), in which all three Akt phosphorylation
sites have been mutated to alanine. FOXO3a.A3-ER was sta-
bly expressed in the human colon carcinoma cell line DLD-1
(36). Stimulation of FOXO3a.A3-ER-expressing cells (DL23)
with the estrogen analogue 4-OHT induced a rapid and sus-
tained activation of FOXO-dependent transcription indicated
by activation of a DBE reporter construct (Fig. 1A). As previ-
ously described for these cells (36), activation of FOXO3a.A3-ER
led to induction of p27KIP1 (Fig. 1B). We also observed a
reduction of cyclin A expression, as well as a reduced propor-
tion of cells incorporating BrdU, indicating cell cycle arrest

(Fig. 1B and C). Furthermore, long-term activation of FOXO3a.
A3-ER resulted in substantial inhibition of cell proliferation
(Fig. 1D).

We analyzed gene expression profiles from DL23 or parental
DLD-1 cells, after 6 or 24 h of 4-OHT treatment, using cDNA
microarrays. A list of 151 probes that show significant changes
in signal intensity after FOXO3a activation can be found in
Table S1 in the supplemental material. Figure 2A shows pie
charts representing the number of genes in each category
found to be up- or downregulated in response to FOXO3a
activation. We observed that a significant number of cell cycle
regulators are downregulated by FOXO, i.e., 12 downregu-
lated probes mapping to seven genes, compared to 6 upregu-
lated probes mapping to two genes (Fig. 2A). This is consistent

FIG. 1. Activation of FOXO3a.A3-ER induces cell cycle arrest in
DL23 cells. (A) Time course of induction of DBE-dependent tran-
scription in response to FOXO3a activation. DL23 cells were trans-
fected with 500 ng DBE-luc. At 24 h posttransfection, cells were
treated with 100 nM 4-OHT or solvent (ethanol) for the indicated
times. Values represent firefly luciferase activities relative to solvent-
treated cells and are normalized to the activity of a cotransfected
Renilla luciferase construct. (B) Time course of induction of cell cycle
regulators. DL23 cells were treated with 100 nM 4-OHT or solvent
(ethanol) for the indicated times, and total cell lysates were analyzed
for the expression of p27KIP1 or cyclin A1 by immunoblotting.
(C) DL23 cells were treated with solvent (light bars) or 100 nm 4-OHT
(black bars) for 16 h prior to addition of 10 mM BrdU for 30 min.
Proportions of BrdU-positive cells were determined by FACS analysis.
(D) Colony formation assay. DL23 cells were seeded at clonal density
and grown in the presence of 100 nM 4-OHT or solvent for 10 days.
Cells were fixed and stained with crystal violet.
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with its role in inhibition of proliferation. We also noticed that
a number of genes involved in transcriptional regulation are
affected by FOXO3a activation.

It has previously been postulated that FOXO factors might
repress Myc-dependent transcription by inhibiting formation
of the preinitiation complex and loading of polymerase II (8).
Figure 2B shows that activation of FOXO3a for 24 h resulted
in a 10-fold reduction of activity of an E-box-containing re-
porter construct in DL23 cells. We compared our data set of
genes regulated in response to FOXO3a activation to a public

database of Myc target genes (www.myc-cancer-gene.org). We
found that 18 out of 59 probes showed a reduction in signal
intensity after FOXO3a activation code for genes that have
previously been identified as Myc target genes. Expression
profiles of these 18 probes (coding for 11 genes) following
FOXO3a.A3-ER activation in DL-23 cells are shown in Fig.
2C. We noticed that downregulation of most genes was only
apparent after 24 h of FOXO3a activation, suggesting that it
might be an indirect event requiring synthesis of intermedi-
ate factors (Fig. 2C). To confirm that these potential Myc
target genes are regulated by Myc in the cell system used
here, we quantified mRNA levels following transfection of
siRNA oligonucleotides targeting c-myc expression. Partial
silencing of c-myc resulted in reduced expression of the
majority of these potential Myc target genes (see Fig. S1 in
the supplemental material).

FOXO3a induces expression of transcriptional repressors
of the Mad/Mxd family. Among the regulators of transcription
found to be upregulated in response to FOXO3a activation
were Mad1 and Mxi1, two members of the Mad/Mxd family of
transcriptional repressors, as well as the Myc binding partner
Max. Mad/Mxd proteins antagonize Myc-dependent transcrip-
tion by heterodimerization with Max, binding to E-boxes and
recruiting the Sin3/HDAC histone deacetylase activity (41).
We therefore set out to investigate whether induction of Mad/
Mxd proteins by FOXO3a could be involved in repression of
Myc-dependent transcription.

We then analyzed expression of all four Mad/Mxd family
members, Mad1, Mxi1 (also termed Mad2), Mad3, and Mad4,
in DL23 and parental DLD1 cells. Activation of FOXO3a.A3-ER
by 4-OHT resulted in a two- to fourfold increase in mRNA
abundance of all Mad/Mxd family members in DL23 cells,
while the same treatment had no effect in parental cells (Fig.
3A). While the induction of Mad1, Mad3, and Mad4 mRNA
was only apparent after 24 h, Mxi1 expression was already
induced after 6 h of FOXO3a activation. Likewise, induction of
Mxi1 protein was readily detectable after 8 h of FOXO3a
activation, while Mad1 protein started to appear only after 15 h
(Fig. 3B). We did not observe any changes in expression of
Mnt or Miz1 (data not shown), and 4-OHT treatment had no
effect in DLD1 cells (see Fig. S2 in the supplemental material).

Induction of Mxi1 by FOXO3a was also observed in a mam-
mary epithelial cell line (MCF-10A) expressing the FOXO3a.A3-
ER fusion protein (clone M11) (see Fig. S3 and S5B in the
supplemental material). To exclude potential gain-of-function
activity of strong activation of FOXO3a, we performed a dose-
response experiment using low concentrations of 4-OHT (see
Fig. S4 in the supplemental material). Mxi1 expression was
readily induced by FOXO3a activation using only 10 nM
4-OHT.

Activation of FOXO3a for 24 h also led to a threefold
increase in Max expression, thus confirming our microarray
result (Fig. 3A). However, the observed increase in mRNA
resulted in only a minor change in Max protein levels (Fig. 3B).
Expression of c-Myc protein was reduced by about 50% after
24 h of FOXO3a activation (Fig. 3B). Thus, we concluded that
activation of FOXO3a resulted in a concerted induction of
Myc antagonists while simultaneously reducing c-Myc protein
levels.

FIG. 2. Activation of FOXO3a.A3-ER in DL23 cells results in in-
hibition of Myc-dependent transcription. (A) DL23 or DLD-1 cells
were treated with 100 nM 4-OHT or solvent for 6 or 24 h. Relative
mRNA abundance was measured by comparative hybridization to
cDNA microarrays. Genes regulated in response to FOXO3a activa-
tion were grouped according to their GO annotations. The pie charts
represent the number of genes in each class found to be induced or
repressed in response to FOXO3a activation. (B) Repression of E-box-
dependent transcription in response to FOXO3a activation. DL23 cells
were transfected with 500 ng of a reporter construct containing a series
of eight E-boxes (MycT-luc) or the corresponding control vector (CT-
luc) prior to treatment with 4-OHT or solvent for 24 h. Values repre-
sent the relative activities of MycT-luc normalized to the activity of
CT-luc and a cotransfected Renilla luciferase reporter. (C) Expression
profile of Myc target genes in DL23 cells. The panel shows expression
profiles of 18 cDNA clones which were found to be downregulated in
response to FOXO3a.A3-ER activation and mapped to 10 Myc target
genes. Green indicates downregulation relative to solvent-treated con-
trol cells. Results have been reproduced by qPCR.
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We next asked whether the temporal differences in induc-
tion of Mxi1 and other Mad/Mxd proteins are due to differ-
ences in the mechanism of activation. Stimulation of DL23
cells with 4-OHT in the presence or absence of cycloheximide
revealed that induction of Mxi1 mRNA, but not Mad1 or
Mad4 mRNA, is independent of de novo protein synthesis
(Fig. 3C).

FOXO3a induces Mxi1-SR� expression through binding to
conserved DBEs within the first intron. As induction of the
Mxi1 transcript in response to FOXO3a activation was inde-
pendent of de novo protein synthesis, we analyzed the human
Mxi1 locus for the presence of FOXO3a binding sites. The
human Mxi1 gene has been mapped to chromosome 10q24-25
(63, 72). The Mxi1 locus codes for three individual transcripts

(Mxi1-SR�, Mxi1-SR�, and Mxi1-WR), which differ in their
first exons (15, 17). We identified a cluster of highly conserved
DBEs, depicted in Fig. 4A. Sequences with similarity to DBEs
but poorer conservation were found elsewhere in the region.
Using primers specific for Mxi1-SR� and Mxi1-SR�, we were
able to show that the SR� transcript is induced upon FOXO3a
activation, while the transcript specific for Mxi1-SR� shows
no significant change in expression (Fig. 4B). We were unable
to generate quantitative PCR (qPCR) primers specific for
Mxi1-WR due to high sequence homology with the other iso-
forms.

The Mxi1-SR� transcript encodes a 295-amino-acid poly-
peptide of approximately 33 kDa (15, 17). This is consistent
with the molecular mass of a single Mxi1 protein band detected

FIG. 3. Changes in expression of members of the Myc/Max/Mxd network in response to FOXO3a activation. (A) DL23 and DLD-1 cells were
treated with 100 nM 4-OHT or solvent for 6 or 24 h. Expression of Mad1, Mad2/Mxi1, Mad3, Mad4, and Max was determined by qPCR. It should
be noted that CT values for Mad3 were very high, suggesting low abundance of the transcript. (B) DL23 cells were treated with 100 nM 4-OHT
or solvent for 8, 10, 15, and 24 h, and total cell lysates were used to detect expression of Mxi1, Mad1, Max, and Myc by immunoblotting. Lysates
from cells transfected with expression vectors for Mxi1-SR�, -SR�, and -WR were loaded as size controls, and actin is shown as a loading control.
(C) Mxi1 but not Mad1 or Mad4 is a direct target of FOXO3a. DL23 cells were stimulated with 100 nM 4-OHT in the presence of 2 �g/ml
cycloheximide or dimethyl sulfoxide (DMSO) for 24 h. Expression of Mad1, Mad2/Mxi1, and Mad4 was determined by qPCR.
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by immunoblotting after FOXO3a activation (Fig. 3B). Taken
together these data indicate that only Mxi1-SR� is induced
after FOXO3a activation.

To further analyze regulation of the Mxi1 gene by FOXO3a,
we generated luciferase reporter constructs containing se-
quences upstream of the transcriptional start sites of the three
Mxi1 transcripts [Mxi1-SR�(�1945/�50), Mxi1-SR�(�264/
�205), and Mxi1-WR(�1900/�188)]. Transient transfection
in DL23 cells showed that these constructs were not induced in
response to FOXO3a activation (Fig. 4C). However, when we
used a reporter construct including sequences from the first
intron of the Mxi1-SR� gene [Mxi1-SR�(�441/�1292)], we
observed a five- to eightfold induction of luciferase activity in
response to FOXO3a activation (Fig. 4C). Serial deletion of
the promoter revealed that a region containing a cluster of
three DBEs (DBE3, -4, and -5, depicted in Fig. 5C) is required
for induction of Mxi1-SR� expression by FOXO3a (Fig. 5A).
Mutation of DBE4 (located at position �860) reduced
FOXO3a-dependent activation of the Mxi1-SR� promoter
twofold, and mutation of two or all three sites completely
abolished the induction (Fig. 5B). Mutation of DBE2 (located
at position �468) did not have any effect on induction of the
promoter by FOXO3a (Fig. 5B). As DBE1 was also present
in the luciferase construct containing sequences upstream of

PSR� [Mxi1-SR�(�1945/�50)] which did not respond to FOXO3a
activation, we conclude that DBE1 does not contribute to
induction of Mxi1-SR� by FOXO3a. Similar results were ob-
tained in MCF-10A cells expressing the FOXO3a.A3-ER fu-
sion protein (clone M11) (data not shown). These results in-
dicate that induction of Mxi1-SR� expression by FOXO3a is
mediated through three highly conserved DBEs located in the
first intron.

To confirm direct involvement of FOXO3a in Mxi1-SR�
induction, we performed ChIP experiments using a FOXO3a-
specific antibody or matched control immunoglobulins. Chro-
matin precipitates from DL23 or M11 cells treated with
4-OHT for 2 or 4 h were analyzed for the presence of se-
quences from the Mxi1-SR� promoter by PCR using primer
pairs complementary to different regions of the Mxi1 promoter
(depicted in Fig. 5D). Figure 5E shows that 4-OHT treatment
induces specific binding of FOXO3a to regions flanked by
primer pairs B or C, while a region upstream of the transcrip-
tional start site, flanked by primer pair A, shows no binding.
Furthermore, binding of FOXO3a to the Mxi1-SR� promoter
can be detected in DL23 cells only after 4 h of 4-OHT treat-
ment, while it is already observed after 2 h in M11 cells. This
is consistent with different kinetics of Mxi1-SR� induction in
the two different cell lines. The Mxi1-SR� transcript is already

FIG. 4. FOXO3a activation induces expression of Mxi1-SR�. (A) Schematic overview of the human Mxi1 locus. The human Mxi1 locus contains
three transcriptional start sites that give rise to three transcripts (Mxi1-SR�, Mxi1-SR�, and Mxi1-WR) that differ in their first exon. The locations
of highly conserved DBEs are indicated by black bars. Sequences with similarity to DBEs but poorer conservation are indicated by gray bars.
Luciferase reporter constructs used in panel C are depicted. (B) cDNA from DL23 or DLD-1 cells treated with 4-OHT for 6 or 24 h was used to
perform isoform-specific qPCR. Values represent expression levels relative to solvent-treated controls. (C) DL23 cells were transfected with the
luciferase reporter constructs indicated in panel A and treated with 100 nM 4-OHT or solvent for 24 h. Values represent luciferase activities
relative to solvent-treated control and are normalized to the activity of a cotransfected Renilla luciferase construct.
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strongly induced after 4 h of 4-OHT treatment in M11 cells
(see Fig. S5 in the supplemental material).

Activation of endogenous FOXO proteins in response to Akt
inhibition induces Mxi1-SR� expression. We next asked whether
activation of endogenous FOXO proteins also activates Mxi1-
SR� expression. We used the specific inhibitor triciribine,
which has been shown to prevent phosphorylation and activa-
tion of Akt (74). Treatment of DLD-1 cells with triciribine for
24 h resulted in complete loss of serine 473 phosphorylation of
Akt as well as threonine 32 phosphorylation of FOXO3a (Fig.
6A). Expression of Mxi1-SR� was induced in triciribine-
treated DLD-1 cells, albeit to a lesser extent than following
FOXO3a.A3-ER activation in DL23 cells (Fig. 6A). Activity of

the Mxi1-SR�(�441/�1292) luciferase reporter construct was
also increased following triciribine treatment of DLD-1 cells
(Fig. 6B). These results indicate that activation of endogenous
FOXO proteins induces Mxi1-SR� expression.

Induction of Mxi1-SR� contributes to repression of Myc-de-
pendent gene expression by FOXO3a. We next asked whether
Mxi1-SR� could be involved in the repression of Myc-dependent
transcription observed in response to FOXO3a activation in
DL23 cells (Fig. 2B and C). To address this question, we em-
ployed RNA interference to silence Mxi1 expression in these
cells. Figure 7A shows a quantitation of Mxi1 mRNA by qPCR
after transfection of siRNA oligonucleotides specific to Mxi1
or an unspecific control. Induction of Mxi1 mRNA by

FIG. 5. FOXO3a activates Mxi1-SR� through conserved DBEs located in the first intron. (A) Deletion analysis of the Mxi1-SR� promoter.
Luciferase reporter constructs representing a series of deletions of the Mxi1-SR� downstream promoter were transfected into DL23 cells prior to
induction with 4-OHT (dark bars) or solvent (light bars) for 24 h. Values represent luciferase activity relative to the activity of the full-length
construct in solvent-treated cells and are normalized to the activity of a cotransfected Renilla luciferase reporter. (B) Mutation analysis of
Mxi1-SR� downstream promoter. Luciferase reporter constructs in which the indicated DBEs were disrupted by mutation were transfected into
DL23 cells prior to induction with 4-OHT for 24 h. Values represent luciferase activities relative to solvent-treated controls and are normalized
to the activity of a cotransfected Renilla luciferase reporter. (C) Sequence of the DBEs located in the first intron of the Mxi1-SR� gene. Positions
are given relative to the putative transcriptional start site. (D) Schematic representation of the regions amplified by primer pairs used in panel E.
(E) FOXO binding to the DBE-containing region of the Mxi1 promoter. DL23 or MCF-10A cells expressing the FOXO3a.A3-ER fusion protein
(M11) were treated with 100 nM 4-OHT for 2 or 4 h. Chromatin immunoprecipitations using a FOXO3a-specific antibody or unspecific serum
(immunoglobulin G [IgG]) were analyzed using primer pairs depicted in panel D.

VOL. 27, 2007 INDUCTION OF THE Myc ANTAGONIST Mxi1-SR� BY FOXO3a 4923



FOXO3a is reduced by 60 to 90% following transfection of
either 100 nM of the individual oligonucleotides or a combi-
nation of three Mxi1-specific RNAi oligonucleotides at a con-
centration of 33 nM each. Silencing of the Mxi1 transcript by
siRNA is also accompanied by a significant reduction in Mxi1-
SR� protein (Fig. 7B, middle panel).

We next asked whether blocking induction of Mxi1-SR� had
any effect on FOXO3a-dependent inhibition of Myc-depen-
dent transcription and went on to analyze expression of
FOXO3a-regulated Myc target genes that had been identified
in the microarray analysis (Fig. 2C). Silencing of Mxi1 (indi-
vidual siRNA oligonucleotides or a combination of all three
sequences) substantially increased expression of all genes in
the presence of 4-OHT (Fig. 7C). Furthermore, the level of
derepression of Myc target genes in individual siRNA trans-
fections correlated well with the efficiency of Mxi1 silencing as
determined by qPCR (compare Mxi1-3 in Fig. 7A and C).

We conclude that Mxi1 contributes to repression of Myc
target genes after FOXO3a activation. However, individual
Myc target genes seem to differ in their response to Mxi1
silencing. Further investigation is required to elucidate whether
this difference can be explained by variations in E-box se-
quences or other regulatory elements in the promoter regions
of these genes.

Since we observed inhibition of expression of c-Myc follow-
ing FOXO3a.A3-ER activation (Fig. 3B), we asked whether
ablation of Mxi1 would affect Myc expression under the con-
ditions used here. It had previously been shown that Mxi1
represses expression of the c-myc gene through inhibiting ac-
tivation of the P2 core promoter by USF (38). Figure 7D shows
a 40% reduction in c-myc mRNA levels following FOXO3a.
A3-ER activation in DL-23 cells. Mxi1 silencing significantly
reduced downregulation of c-myc mRNA expression and re-

sulted in increased c-Myc protein levels after FOXO activation
(Fig. 7B, top panel). These results indicate that Mxi1 contrib-
utes to repression of c-myc expression by FOXO3a.

We next asked whether Mxi1 could also directly inhibit ex-
pression of Myc target genes by binding to E-box sequences
within their promoters. We chose the APEX and FOXM1
genes, as high-affinity E-boxes have been identified in the pro-
moter sequences of these genes (20). Figure 7E shows in-
creased binding of Mxi1 to the APEX and FOXM1 promoter
in DL-23 cells after 24 h of 4-OHT treatment. Conversely,
binding of c-Myc to the same promoter regions is reduced in
response to FOXO3a activation (Fig. 7E, anti-c-Myc). This
result strongly suggests that binding of Mxi1 and displacement
of Myc from its target gene promoters contribute to repression
of gene expression in response to FOXO3a activation.

Silencing of Mad/Mxd family members reduces cell cycle
arrest and growth inhibition by FOXO3a. It has been shown
previously that activation of FOXO3a and FOXO4 leads to
induction of p27KIP1 expression and cell cycle arrest (46). How-
ever, subsequent studies found that FOXO4 was still able to
induce cell cycle arrest in p27�/� mouse embryo fibroblasts
due to induction of p130 as well as repression of cyclins D1 and
D2 (36, 58). In order to study the role of induction of Mad/Mxd
family proteins on FOXO3a-mediated inhibition of cell prolif-
eration, we determined the proportion of cells in S phase after
FOXO3a.A3-ER activation by BrdU labeling and FACS anal-
ysis. The data in Fig. 8A show an eightfold reduction in cells
in S phase in response to 4-OHT treatment in DL-23 cells.
Silencing of Mxi1 (Mxi1-1 and Mxi1-pool) or simultaneous
knockdown of all Mad/Mxd family members (Mxd-pool) re-
sulted in a significant increase in the percentage of cells in S
phase (3.7% in the control compared to 7.1% and 11.1% in
Mxi1-pool or Mxd-pool, respectively). Similar results were also
obtained using different combinations of individual oligonucle-
otides targeting all Mad/Mxd family members (see Fig. S6 in
the supplemental material). Interestingly, silencing of p27KIP1

did not have a significant effect on cell cycle arrest in response
to FOXO3a activation (Fig. 8A) and could not further increase
the number of cells in S phase when combined with knockdown
of Mxi1 (data not shown).

The efficiency of silencing of Mxi1, Mad1, Mad4, and
p27KIP1 was quantified by qPCR and immunoblotting (Fig. 8C;
see also Fig. S7 in the supplemental material). While expres-
sion of the mRNAs for Mxi1, Mad4, and p27KIP1 was reduced
by at least 70% following siRNA transfection, we only ob-
served a modest decrease in Mad1 expression (see Fig. S7A).
We were unable to improve efficiency of Mad1 silencing using
six different oligonucleotide sequences (data not shown). Anal-
ysis of Mad3 expression failed due to low abundance of this
mRNA (data not shown).

The observed reduction in FOXO3a-dependent cell cycle
arrest following silencing of Mxi1 or all Mad/Mxd proteins was
accompanied by an increase in cyclin A expression (Fig. 8B and
D). It has previously been shown that expression of p27KIP1 is
repressed by c-Myc and that overexpression of c-Myc can ab-
rogate induction of p27KIP1 in WEHI 231 cells (12, 76). We
observed that ablation of Mxi1 by siRNA prevented efficient
induction of p27KIP1 mRNA in response to FOXO3a activa-
tion (Fig. 8C) and resulted in a significant reduction in p27KIP1

protein (Fig. 8D).

FIG. 6. Chemical inhibition of Akt induces expression of Mxi1-
SR� in DLD-1 cells. (A) DLD-1 cells were treated with 1 �g/ml
triciribine or solvent (dimethyl sulfoxide [DMSO]) for 24 h and ana-
lyzed for expression of Mxi1-SR�, Akt, and FOXO3a by immunoblot-
ting. Phosphorylation of Akt and FOXO3a was investigated using
phospho-specific antibodies. (B) DL23 cells were transfected with a
luciferase construct containing sequences of the Mxi1-SR� promoter,
Mxi1-SR�(�441/�1292), and treated with 1 �g/ml triciribine or sol-
vent (DMSO) for 24 h. Values were normalized to the activity of a
cotransfected Renilla luciferase reporter.
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Taken together, these data indicate that induction of Mxi1
and other Mad/Mxd proteins contributes to the induction of
cell cycle arrest in response to FOXO3a activation in DL-23
cells.

To investigate the effect of stable ablation of Mad/Mxd fam-
ily proteins on FOXO-mediated inhibition of cell growth, we

generated DL-23 cells in which Mxi1 or Mad1 expression was
stably silenced by RNA interference using a retroviral expres-
sion system. DL-23 cells stably expressing pMSCV-Mxi1 or
pMSCV-Mad1 showed reduced induction of Mxi1 or Mad1 in
response to FOXO3a activation, while expression of the
FOXO3a.A3-ER fusion protein was similar between the dif-

FIG. 7. Induction of Mxi1 contributes to repression of Myc-dependent transcription in response to FOXO3a activation. (A) Silencing of Mxi1
expression using siRNA. DL23 cells were transfected with 100 nM of individual RNA oligonucleotides targeting Mxi1 (Mxi1-1, Mxi1-2, or Mxi1-3),
a mixture of the three sequences (Mxi1-pool), or scrambled control prior to stimulation with 4-OHT for 24 h. Expression of Mxi1 after 24 h of
4-OHT (gray bars) or solvent (ethanol) treatment (black bars) was detected by qPCR. (B) Cells transfected with Mxi1 or scrambled control
oligonucleotides were treated as for panel A. Expression levels of Mxi1-SR� and c-Myc were detected by immunoblotting. GAPDH is shown as
a loading control. (C) Silencing of Mxi1 rescues repression of Myc target gene expression by FOXO3a. The same RNA samples shown in panel
A were analyzed for expression of the same nine genes shown in Fig. 2C by qPCR. Values represent expression levels relative to solvent-treated
control after transfection of scrambled control (back bars), a pool of three oligonucleotides targeting Mxi1 (dark gray bars), or individual
oligonucleotides (light gray bars). (D) Expression of c-Myc mRNA in DL23 cells after silencing of Mxi1 by siRNA and subsequent activation of
FOXO3a.A3-ER. Values represent relative mRNA abundance in 4-OHT-treated cells (gray bars) compared to solvent controls (black bars).
(E) DL23 cells were treated with 100 nM 4-OHT for 24 h. Chromatin immunoprecipitations using antibodies specific for Mxi1 (top panel), c-Myc
(second panel), or unspecific serum (immunoglobulin G [unspecific]) were analyzed by PCR using primers derived from the human APEX and
FOXM1 promoters.
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FIG. 8. Induction of Mxi1-SR� and other Mad/Mxd proteins contributes to inhibition of proliferation by FOXO3a. (A) DL23 cells were
transfected with siRNA oligonucleotides targeting Mxi1 (Mxi1-1 and Mxi1-pool), a mixture of oligonucleotides targeting all Mad/Mxd family
members simultaneously (Mxd-pool), or p27KIP1. At 48 h posttransfection, cells were reseeded at lower density and treated with 100 nM 4-OHT
(black bars) or solvent (gray bars) for 16 h. DNA synthesis was detected by incorporation of BrdU and FACS analysis. Values represent the means
and standard deviations of three independent experiments. P values were determined by performing unpaired t tests with equal variance. (B) Cells
were treated as for panel A and analyzed for expression of cyclin A by immunoblotting. Actin is shown as a loading control. (C) DL23 cells were
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ferent cell lines (Fig. 8E, top and middle panels). Both cell
lines showed a small increase in the number of surviving col-
onies observed after 10 days of 4-OHT treatment (twofold for
pMSCV-Mxi1 and sixfold for pMSCV-Mad1) (Fig. 8F and G).
This result indicates that induction of Mad/Mxd family pro-
teins can contribute to growth inhibition by FOXO3a. How-
ever, we still observed a strong reduction in colony number
after FOXO3a activation compared to solvent-treated controls
(Fig. 8F). Incomplete silencing, as well as induction of the
remaining Mad/Mxd family members or other FOXO target
genes (i.e., p27KIP1 and p130Rb2), could be responsible for the
observed growth inhibition.

DISCUSSION

In this study, we investigated changes in gene expression in
response to FOXO3a activation. We showed that FOXO3a
induces expression of all four members of the Mad/Mxd family
of transcriptional repressors. Moreover, FOXO3a induced
Mxi1-SR� expression by binding to a cluster of conserved
DBEs within the first intron of the gene. Activation of
FOXO3a in response to chemical inhibition of Akt also re-
sulted in increased expression of Mxi1-SR�. Silencing of Mxi1-
SR� by RNAi prevented downregulation of c-myc by FOXO3a
activation and partially restored expression of a number of
Myc target genes. We also found increased binding of Mxi1 to
the promoter regions of two previously identified Myc target
genes (APEX and FOXM1) in response to FOXO3a activa-
tion. In addition, binding of Myc to the same regions was
decreased, indicating a switch in promoter occupancy. Finally,
abrogation of Mxi1 or all Mad/Mxd proteins significantly re-
duced cell cycle exit in response to FOXO3a activation, and
stable silencing of Mxi1 or Mad1 increased the number of
colonies after long-term FOXO3a activation, indicating that
induction of Mad/Mxd proteins is involved in FOXO3a-
dependent inhibition of proliferation. Taken together, these
results provide evidence of an additional mechanism for the
regulation of Myc activity by the PI3-kinase/Akt/FOXO
pathway.

Previous studies have analyzed changes in gene expression
induced by FOXO factors in renal carcinoma cells (FOXO1
[56]), prostate carcinoma cells (FOXO1 and FOXO3a [48]), or
endothelial cells (FOXO1 [14]). Although these studies were
performed using different cell lines and experimental systems,
we observed some overlap between published data sets and our
results (see Table S1 in the supplemental material). Xuan and
Zhang (75) have identified Mxi1 as a potential FOXO target

gene by searching for conserved DBE motifs in mammalian
promoters. In addition, Mxi1 was found upregulated in re-
sponse to FOXO1 expression in renal carcinoma cells (56).
This induction seemed to be independent of DNA binding,
since a mutant of FOXO1, in which the DNA binding domain
had been altered by point mutation, was still able to induce
Mxi1 expression (56). Our results, however, show that FOXO3a
binds to conserved sequences in the first intron of the Mxi1-
SR� gene. This discrepancy could be explained by differences
in DNA binding specificity of different FOXO proteins or cell-
type-specific differences. It is also possible that the FOXO1 mu-
tant used in the above study has residual binding activity to-
wards DBE sequences embedded in chromatin.

In our study, expression of all four members of the Mad/Mxd
family was induced in response to FOXO3a activation. How-
ever, we found that only Mxi1 is a direct target. It seems
unlikely that induction of Mxi1 by FOXO3a is involved in the
regulation of other Mad/Mxd family members, since silencing
of Mxi1 by siRNA did not block FOXO3a-induced upregula-
tion of Mad1 expression (data not shown). The mechanism
responsible for induction of other Mad/Mxd family proteins by
FOXO3a remains to be elucidated.

Mad/Mxd proteins form heterodimers with Max proteins
and compete with Myc/Max heterodimers for binding to E-box
sequences (78). They recruit Sin3/histone deacetylases through
an N-terminal Sin3 interaction domain (SID) and inhibit tran-
scription through induction of chromatin remodelling (60).
While Mad1, Mad3, and Mad4 all contain SIDs, Mxi1 isoforms
differ in their ability to bind Sin3. Both Mxi1-SR isoforms (SR,
strong repressor) bind Sin3, but Mxi1-WR (WR, weak repres-
sor) lacks a SID and inhibits transcription only by competing
with Myc (15, 17, 59). The Mxi1-SR� isoform (also termed
Mxi1-0) has been identified recently by two independent stud-
ies (15, 17). While both studies showed binding of Mxi1-SR� to
Sin3, they differed in their results regarding the function of this
isoform. Engstrom et al. showed that Mxi1-0 localizes to the
cytoplasm and is unable to inhibit Myc-dependent transcrip-
tion. In contrast, Dugast-Darzacq and coworkers concluded
that Mxi1-SR� shows increased affinity to Sin3 as well as en-
hanced repression in a transient-reporter assay compared to
the Mxi1-SR� isoform (15).

It is intriguing that FOXO3a specifically induces expression
of the Mxi1-SR� isoform. Our results show that FOXO3a does
not induce the Mxi1-WR gene despite several conserved DBEs
upstream of the promoter (Fig. 3B and 4C). Further investi-
gation is required to analyze whether sequences downstream

transfected with the indicated siRNA oligonucleotides as for panel A and treated with 100 nM 4-OHT (gray bars) or solvent (black bars) for 24 h.
Expression of p27KIP1 mRNA was quantified by qPCR. (D) DL23 cells were transfected with three different siRNA oligonucleotides targeting Mxi1
expression (Mxi1-1, Mxi1-2, or Mxi1-3) or a pool of all three sequences (Mxi1-pool). At 48 h posttransfection, cells were treated with 100 nM
4-OHT or solvent for 24 h. Expression of cyclin A and p27KIP1 was analyzed by immunoblotting. GAPDH is shown as a loading control. (E) DL23
cells stably expressing pMSCV-Mxi1 (left panel), pMSCV-Mad1 (right panel), or empty vector (pMSCV) were treated with 100 nM 4-OHT (�)
or solvent (�) for 24 h. Expression of the FOXO3a.A3-ER fusion protein as well as Mxi1 or Mad was analyzed by immunoblotting. GAPDH is
shown as a loading control. (F) DL23 cells stably expressing pMSCV-Mxi1, pMSCV-Mad1, or empty vector were seeded at clonal density and
grown in the presence of 100 nM 4-OHT or solvent (ethanol) for 14 days. Cells were fixed and stained with crystal violet. Numbers of colonies are
given in brackets. Note that colony number of the solvent-treated cultures was estimated by counting three segments of the plate. (G)
Quantification of colony formation experiments, performed as for panel B. The values are normalized to the empty vector control and represent
the results of two independent experiments.
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of the cluster of DBEs are responsible for repression of the
Mxi1-WR promoter.

We observed regulation of the Mxi1-SR� promoter through
a cluster of highly conserved DBEs located in the first intron of
the gene. Binding of FOXO3a to this region correlates with
activation of Mxi1-SR� expression in two different cells lines
(Fig. 5E; see also Fig. S5 in the supplemental material). The
FOXO binding sites of most target genes are located upstream
of their transcriptional start sites. However, the FOXO binding
element within the p130RB2 gene has been mapped within the
first intron (36), and a DBE has been identified at an exon-
intron boundary of the rat bim promoter (26). Regulation of
gene expression though sequences located in the first intron
has also been described for other forkhead transcription fac-
tors (71).

It was shown previously that FOXO factors inhibit Myc-
dependent transcription of the cyclin D2 gene by preventing
the formation of the preinitiation complex and loading of RNA
polymerase (8). In that study, Bouchard et al. showed binding
of FOXO3a to a non-DBE-containing region of the cyclin D2
promoter in response to inhibition of PI3-kinase while binding
of Myc-ER to the E-box was not affected.

Our results suggest that FOXO3a inhibits Myc-dependent
transcription through induction of expression of Mad/Mxd
family proteins, particularly Mxi1-SR�. Abrogation of Mxi1 ex-
pression by RNA interference significantly reduced FOXO3a-
dependent inhibition of the panel of Myc target genes (Fig. 7C).
Furthermore, we observed that silencing of Mxi1 reduced in-
hibition of c-Myc expression by FOXO3a activation (Fig. 7B
and D). Indeed, regulation of the c-myc gene by Mxi1 has been
described before (38). Mxi1 was found to block activation of
the P2 promoter of c-Myc by USF through sequences located
in the core promoter. Interestingly, inhibition of c-Myc expres-
sion did not require the Sin3 binding domain of Mxi1. It will be
interesting to see whether inhibition of c-Myc expression in
response to FOXO3a activation is mediated by Mxi1-SR�
through the same mechanism.

It is possible that the increased expression of c-Myc alone
could account for the observed derepression of Myc target
genes. However, we only observed a moderate increase in
c-Myc protein levels after Mxi1 silencing, indicating that c-Myc
might be regulated by FOXO3a through posttranscriptional
mechanisms (Fig. 7B). Furthermore, we observed direct bind-
ing of Mxi1 to the promoter sequences of two Myc target
genes, APEX and FOXM1 (Fig. 7E). The gene for the APEX
nuclease, a multifunctional DNA repair enzyme, has been
identified as a Myc target gene by microarray and SAGE anal-
ysis (29, 47) and contains three high-affinity Myc binding sites
in its promoter (20). The gene for the forkhead box protein M1
(FOXM1) contains a single high-affinity Myc binding site (20).
We found that binding of Mxi1 to both promoters was in-
creased upon FOXO3a activation while binding of c-Myc de-
creased, indicating a switch in promoter occupancy.

The observed derepression of Myc target gene expression by
Mxi1 silencing, although significant, was only partial and
showed variation between the different genes tested here (Fig.
7C). This is most likely due to incomplete silencing of Mxi1 or
compensation by other Mad/Mxd family members. It seems
likely that different E-box sequences have different affinities to
Myc/Max, Mxi1/Max, or Mad/Max complexes. Indeed, se-

quence-specific gene regulation among the Myc/Mad family
has been studied (52). A more detailed analysis of the E-box
sequences present in different Myc target genes will be re-
quired to elucidate Mxi1- and Mad/Mxd-specific effects on
gene expression.

The results presented in this study raise questions about the
role of induction of Mxi1-SR� and other Mad/Mxd family
members by FOXO3a. Mxi1-SR� has been shown to inhibit
proliferation of prostate carcinoma and glioblastoma cell lines
when overexpressed (67, 73). Similarly, Mad1 overexpression
inhibits proliferation in different cell lines (31, 57) and blocks
Myc/Ras-dependent tumor formation (11).

We observed a significant increase in the percentage of cells
undergoing DNA synthesis following silencing of Mxi1 or si-
multaneous silencing of all Mad/Mxd family members (Fig.
8A; see also Fig. S6 in the supplemental material). This was
accompanied by increased expression of cyclin A (Fig. 8B),
while induction of p27KIP1 mRNA and protein expression by
FOXO3a were greatly diminished (Fig. 8C and D). It has
previously been shown that c-Myc regulates expression of p27
through an initiator element within its promoter (76) and that
overexpression of c-Myc abrogates FOXO-dependent induc-
tion of p27KIP1 in response to inhibition of PI3-kinase or en-
gagement of the B-cell receptor in WEHI 231 cells (12). It
seems possible, therefore, that derepression of c-Myc contrib-
utes to the reduction in FOXO3a-induced p27KIP1 expression
following Mxi1 silencing. However, since reduction of p27KIP1

protein levels was more pronounced than changes in mRNA
levels, involvement of posttranscriptional mechanisms regulat-
ing p27KIP1 protein stability seems likely.

We also observed a small but significant effect on FOXO3a-
induced repression of colony formation after stable silencing of
Mxi1 or Mad1 in DL-23 cells (Fig. 8F and G). The failure to
obtain a more pronounced increase in colony number is most
likely due to incomplete silencing as well as compensation by
other Mad/Mxd family proteins.

Loss of function of the mxi1 gene has been implicated in the
development of prostate cancer (16, 27, 55), although its role is
still somewhat controversial (37). Interestingly, mxi1�/� mice
exhibit hyperplasia in several tissues, including prostate, and
show increased sensitivity to chemical carcinogenesis (61),
while deletion of the mad1 gene in mice had no obvious effect,
most likely due to redundancy between different Mad/Mxd
family members (21). Downregulation of FOXO factors has
been observed during progression to the androgen-indepen-
dent state in LnCap prostate cancer cells (39, 42). It is thus
possible that induction of Mxi1-SR� by FOXO factors con-
tributes to tumor suppression through the PTEN/PI3-kinase
pathway.

Our results also highlight an intriguing parallel between
daf-16 in Caenorhabditis elegans and mammalian FOXO fac-
tors. Mdl-1, the worm orthologue of Mad, has been identified
as a daf-16 target gene in a longevity screen (49). Mdl-1 binds
DNA as a heterodimer with the C. elegans Max orthologue
Mxl-1, and it is able to substitute for mammalian Mad in
repressing Myc-dependent transcription as well as transforma-
tion by Myc and Ras in mammalian cells (77). Abrogation of
Mdl-1 expression by RNAi resulted in a 	10% decrease in life
span (49). Several other daf-16 target genes that increase lon-
gevity in C. elegans, like SOD or catalase, are involved in stress
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response mechanisms in mammalian cells (19, 34). Aberrant
activation of c-Myc has been shown to induce DNA damage
and increase oxidative stress, possibly by deregulating mito-
chondrial oxidative metabolism, resulting in production of re-
active oxygen species (1, 69). Therefore, induction of expres-
sion of Mad/Mxd proteins may be a mechanism by which
FOXO factors limit activation of Myc-dependent gene expres-
sion to prevent excessive reactive oxygen species production.

Recent work has established a role for FOXO proteins in
the maintenance of hematopoietic stem cells. Conditional de-
letion of three members of the FOXO family resulted in a
decrease in specific hematopoietic stem cell lineages and de-
creased resistance to oxidative stress (68). It will be interesting
to see whether regulation of the Myc/Max/Mxd network by
FOXO factors contributes to stem cell maintenance.

Taken together, our results provide evidence for a novel
mechanism by which FOXO3a can repress the expression of
Myc target genes. Induction of Mad/Mxd proteins contributes
to repression of Myc target genes and is required for efficient
cell cycle arrest in response to FOXO3a. Inhibition of Mad/
Mxd protein expression through inactivation of FOXO3a by
the PI3-kinase/Akt pathway may thus be required for the ex-
pression of Myc target genes and could contribute to cell trans-
formation.
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