
FOXP1 acts through a negative feedback loop to
suppress FOXO-induced apoptosis
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Transcriptional activity of Forkhead box transcription factor class O (FOXO) proteins can result in a variety of cellular outcomes
depending on cell type and activating stimulus. These transcription factors are negatively regulated by the phosphoinositol
3-kinase (PI3K)–protein kinase B (PKB) signaling pathway, which is thought to have a pivotal role in regulating survival of tumor
cells in a variety of cancers. Recently, it has become clear that FOXO proteins can promote resistance to anti-cancer
therapeutics, designed to inhibit PI3K–PKB activity, by inducing the expression of proteins that provide feedback at different
levels of this pathway. We questioned whether such a feedback mechanism may also exist directly at the level of FOXO-induced
transcription. To identify critical modulators of FOXO transcriptional output, we performed gene expression analyses after
conditional activation of key components of the PI3K–PKB–FOXO signaling pathway and identified FOXP1 as a direct FOXO
transcriptional target. Using chromatin immunoprecipitation followed by next-generation sequencing, we show that FOXP1
binds enhancers that are pre-occupied by FOXO3. By sequencing the transcriptomes of cells in which FOXO is specifically
activated in the absence of FOXP1, we demonstrate that FOXP1 can modulate the expression of a specific subset of FOXO target
genes, including inhibiting expression of the pro-apoptotic gene BIK. FOXO activation in FOXP1-knockdown cells resulted in
increased cell death, demonstrating that FOXP1 prevents FOXO-induced apoptosis. We therefore propose that FOXP1
represents an important modulator of FOXO-induced transcription, promoting cellular survival.
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Forkhead box transcription factor class O (FOXO) proteins
are important regulators of cell fate outcome, capable of
inducing cell death as well as promoting cell survival and
adaptation to environmental stress.1 In mammals, this Fork-
head subfamily consists of four members, of which the three
predominant FOXO1, FOXO3 and FOXO4 display a high
degree of redundancy.2 Given their importance in modulating
cellular survival, it is not surprising that FOXO activity is tightly
regulated by different modes of cellular signaling. Receptor
tyrosine kinase (RTK) signaling activates phosphoinositol
3-kinase (PI3K) and subsequently protein kinase B (PKB, also
known as Akt), which directly phosphorylates FOXO proteins.
This results in the nuclear exclusion and consequently
inactivation of FOXO.3 The PI3K–PKB–FOXO signaling
module is evolutionary conserved and has been associated
with regulating stress resistance and longevity in a variety of
species, including the nematode Caenorhabditis elegans,4

the fruit fly Drosophila melanogaster5,6 and mammals.7,8

Importantly, active PI3K–PKB signaling is a major pro-
oncogenic pathway driving tumorigenesis in a diversity of
tumor types.9 Considerable effort has been directed towards

the development of therapeutic agents that directly or
indirectly inhibit this signal transduction pathway, such as
specific PI3K and PKB, or RTK inhibitors.10 As a consequence
of this inhibition, FOXO is no longer phosphorylated by PKB,
translocates to the nucleus and induces target gene expres-
sion. In addition, nuclear translocation and activation of FOXO
can also be induced by various classes of chemotherapeutic
compounds,11 possibly in response to phosphorylation by
p38.12 In the nucleus, FOXO proteins induce the transcription
of genes involved in a variety of biological processes, which
ultimately can result in different phenotypic outcomes,
depending on cell type and activating stimulus. Indeed, the
chemotherapeutic agent cisplatin was shown to induce cell
death through FOXO3 activation in colon carcinoma cells.13 In
contrast, leukemic cells treated with doxorubicin were
reported to develop resistance through a FOXO-induced
feedback mechanism by upregulation of PIK3CA, which
ultimately result in increased PI3K–PKB activity.14 Further-
more, whereas FOXO3 was shown to mediate breast
cancer cell death in response to human epidermal growth
factor receptor 2 inhibition,15 PKB inhibition increases
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FOXO-dependent RTK signaling through upregulation of
HER3.16 These reports indicate that upon FOXO activation,
cell survival mechanisms are transcriptionally induced by
inducing feedback at various levels of the PI3K–PKB–FOXO
pathway, including at the level of RTK signaling16 and PI3K
signaling.14 However, to date a feedback circuit at the nuclear
level has not been reported. Nevertheless, such a feedback
mechanism does represent a reasonable manner for regulating
the outcome of FOXO transcriptional activity, particularly as
FOXO is known to have diverse nuclear interaction partners in
various cellular systems.17 For example, FOXO was reported
to associate with SMAD transcription factors in regulating
p21Cip1 expression and thereby cell proliferation,18 and with
b-catenin in regulating transcriptional response to oxidative
stress.19 We speculated that if such a feedback mechanism
exists, it could represent a potentially important therapeutic
target given the importance of the PI3K–PKB–FOXO
pathway in tumor development and in response to anti-
cancer treatment. We therefore set out to identify FOXO
transcriptional targets that in turn may directly modulate the
transcriptional outcome of FOXO proteins. Here, we identify
another Forkhead box protein, FOXP1, as a direct transcrip-
tional target of FOXO. Importantly, we demonstrate that
FOXP1 directly modulates FOXO-induced transcription by
binding the same enhancers and modifying the expression of
specific subsets of target genes resulting in cellular survival.

Results

FOXP1 is transcriptionally regulated by PI3K–PKB–FOXO
signaling. To investigate the transcriptional outcome of
PI3K–PKB–FOXO signaling, we systematically analyzed
gene expression changes in the murine bone marrow-
derived cell line Ba/F3, in which clones were generated that
ectopically express conditionally active variants of PI3K,
PKB, FOXO3 and FOXO4.20 To selectively activate these
proteins, constitutively active versions of PI3K (myrPI3K),
PKB (myrPKB), FOXO3 (FOXO3A3) or FOXO4 (FOXO4A3)
were fused to the hormone-binding domain (HBD) of the
estrogen receptor (ER), rendering them conditionally active
after addition of tamoxifen (4-OHT). Subsequently, we
performed gene expression microarray analyses to identify
specific pathway transcriptional targets (Figure 1a).20 To
identify target genes that potentially affect the transcriptional
outcome of FOXO activation, we applied gene ontology
(GO)-term analysis. Interestingly, we observed enrichment
for genes involved in negative regulation of transcription
(Figure 1b). Among these, we found Mxi1 and Cited2, both
recently described to be regulated by PI3K–PKB–FOXO
activity, validating our approach.21,22

Using this approach, we identified the Forkhead box protein
FOXP1 as a transcriptional target (Figure 1b). As members of
the Forkhead box family share a highly conserved DNA-
binding domain, they could therefore potentially regulate
expression of overlapping target genes.23 Independent Foxp1
mRNA evaluation using quantitative real-time PCR (qRT-
PCR) confirmed transcriptional upregulation in murine Ba/F3
cells upon FOXO3A3–ER or FOXO4A3–ER activation
(Figure 1c). A well-characterized cellular model system for

studying FOXO activation is the human colon carcinoma
cell line DLD1, which has been engineered to express
FOXO3A3–ER (DL23).20,24 Specific FOXO3A3–ER activa-
tion in this system also increased FOXP1 mRNA expression
(Figure 1d). Importantly, wild-type cells do not increase
FOXP1 mRNA levels upon 4-OHT treatment, indicating
specificity of the fusion protein in this response (Figures 1c
and d). Correspondingly, activation of FOXO3(A3)–ER
increased FOXP1 protein levels in various cell types, including
DL23 cells (Figure 2a) and the human osteosarcoma cell line
U2OS (Figure 2b), demonstrating that this observation is not
restricted to a single cell type. Cells expressing only the ER
HBD did not show increased FOXP1 protein expression after
4-OHT treatment, demonstrating the specificity of FOXO3 in
FOXP1 upregulation (Figure 2b). Indeed, activation of
endogenous FOXO by inhibition of PI3K–PKB signaling
or induction of a variety of environmental stress signals
similarly increased FOXP1 protein levels (Figure 2c and
Supplementary Figure 1).

The rapid increase in FOXP1 mRNA expression after
specific activation of FOXO3 (B3-fold increase after 2 h of
4-OHT treatment (Figure 1d)) suggests that FOXP1 expression
is most likely directly regulated. Indeed, bioinformatics
analysis of the genome-wide binding profile of FOXO3 in
DLD1 cells, as determined by chromatin immunoprecipitation
followed by next-generation sequencing (ChIP-seq),25

showed specific transcription factor binding to the genomic
locus where the FOXP1 gene is located after direct FOXO
activation by 4-OHT treatment of DL23 cells as well as by
indirect FOXO activation through PKB inhibition of DLD1 cells
(Figure 3a). Importantly, 4-OHT treatment of DL23 cells also
results in RNA polymerase II (RNAPII) recruitment to two
transcription start sites (TSSs) of the FOXP1 gene
(Figure 3a). RNAPII occupancy is not influenced by mRNA
stability and therefore a more direct measurement for
transcriptional activity.26 To validate these analyses, we
evaluated FOXO3 recruitment to the FOXP1 genomic locus
in response to PKB inhibition by ChIP using a FOXO3-specific
antibody followed by qPCR (ChIP-qPCR). Indeed upon PKB
inhibition, we observed a significant and specific enrichment
of FOXO3 binding to the genomic region that was identified by
the ChIP-seq analysis (Figure 3b). A similar result was
obtained upon PI3K inhibition (Supplementary Figure 2a)
and also when the assay was performed in DL23 cells upon
4-OHT treatment using a specific antibody against the ER
moiety of the fusion protein (Supplementary Figure 2b). Taken
together, we demonstrate that activation of FOXO3 tran-
scriptionally upregulates FOXP1 expression by direct binding
of FOXO3 to a FOXP1 enhancer region, followed by RNAPII
recruitment.

FOXP1 and FOXO3 proteins bind the same enhancers.
Next, we questioned whether FOXP1 could directly affect the
transcriptional outcome of FOXO3 activation by binding
similar regulatory elements in the genome. To identify
FOXP1 genomic-binding sites, we performed ChIP-seq in
DL23 cells, which were treated with 4-OHT to ensure high
FOXP1 expression levels. We made use of a validated
FOXP1 antibody, which has previously been used for a
similar approach.27 In total, we identified 23 050 peaks
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across the genome, which were mostly located outside
promoter regions in distal intergenic regions, suggesting
FOXP1 regulates gene expression by binding distal enhan-
cers (Supplementary Figure 3 and Supplementary Table 1).
In line with our hypothesis, FOXP1 binding was found to be
enriched in promoter regions of known FOXO targets,
including p27Kip1 and CITED2 (Figure 4a).21,28 Interestingly,
a binding region in the promoter of the FOXP1 gene itself
was among the most enriched binding sites, suggesting it
can regulate its own expression (Figure 4a). Multiple
detected regions, including binding sites near the FOXP1,
CITED2 and BIK genes, have previously been identified
as FOXP1-binding sites in different cellular systems using
ChIP-seq technology,27,29 validating the specificity of our

approach. Importantly, we could independently validate
FOXP1 recruitment to these loci in DL23 cells upon 4-OHT
treatment by ChIP-qPCR (Figure 4b). De-novo motif search
verified the presence of a Forkhead-binding motif in a large
proportion of the peaks (Figure 4c). The most enriched
Forkhead-binding motif (TGTTTAC), which is present in
B30% of the peaks, has recently been shown to be the most
optimal binding site for FOXP1 in embryonic stem cells.27

Notably, this motif has also been described to be to most
optimal binding site for FOXO3 in different cell systems,
including DL23.25,30 In addition, we found enrichment for
AP-1- and GATA-binding motifs in the FOXP1 peaks, which
were also found to be enriched in FOXO3-binding regions,31

further supporting our hypothesis that these two transcription
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Figure 1 PI3K–PKB–FOXO signaling regulates FOXP1 mRNA expression levels. (a) Ba/F3 cells expressing myrPI3K–ER, myrPKB–ER or FOXO3(A3)–ER were
stimulated with 100 nM 4-OHT for 2 and 4 h (myrPI3K–ER and myrPKB–ER) or for 2 and 8 h (FOXO3(A3)–ER and FOXO4(A3)–ER) and microarray analyses were performed.
Shown is a Venn diagram with the number of genes, which show a differential expression of at least 1.5-fold after 4 h stimulation of myrPI3K–ER and myrPKB–ER and 8 h
stimulation of FOXO3(A3)–ER. (b) FOXO3 target genes that have a GO-term for the biological process negative regulation of transcription. Data are represented as log2 mean
values of one experiment performed in quadruplicate. (c) Wild-type Ba/F3 cells and cells expressing FOXO3(A3)–ER or FOXO4(A3)–ER were treated with 100 nM 4-OHT, and
RNA was isolated after the indicated time points. Relative mRNA levels of FOXP1 and p27Kip1, a known FOXO target gene,28 were analyzed using qRT-PCR. Data are
represented as mean±S.D. normalized for GAPDH (n¼ 3). (d) Wild-type DLD1 cells and cells expressing FOXO3(A3)–ER (DL23) were treated with 100 nM 4-OHT, and
RNA was isolated after the indicated time points. Relative mRNA levels of FOXP1 and p27Kip1 were analyzed using qRT-PCR. Data are represented as mean±S.D.
normalized for GAPDH (n¼ 3)
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factors bind similar genomic loci. Indeed, when we compared
the genome-wide overlap of FOXP1-binding sites with
previously determined FOXO3-binding sites in the same
cellular system,25 a considerable overlap was observed
(Figure 4d). A similar degree of overlap was observed when
we compared the binding sites of FOXP1 and FOXO3(A3)–
ER, which was determined by ChIP-seq utilizing an antibody
against ER in DL23 cells upon 4-OHT treatment
(Supplementary Figure 4).25 Of note, the duration of PI3K–
PKB inhibition used to determine FOXO3 binding (30 min,
Figure 4d) was much shorter than the duration of 4-OHT
treatment for establishing FOXP1 genomic-binding sites
(16 h, Figure 4d), suggesting FOXO3-induced expression of
FOXP1 may result in displacement of FOXO3 from DNA-
binding sites. To rule out direct interaction of FOXO3 and
FOXP1, we performed co-immunopreciptation experiments
using overexpressed tagged versions of the two transcription
factors, but did not observe any interaction (Supplementary
Figure 5). From these data, we conclude that FOXP1 and
FOXO3 share a large proportion of genomic-binding sites
and that their binding most probably occurs sequentially.

FOXP1 regulates expression of a specific subset of
FOXO target genes. To initially investigate the effect
of FOXP1 on FOXO3-mediated expression, we performed
a FOXO reporter assay.30 Transfection of FOXO3 with a
luciferase reporter construct containing multiple copies of the
core FOXO-binding site (TTGTTTAC) resulted in a strong
activation of luciferase activity (Figure 4e). Cotransfection of
FOXP1 inhibited FOXO3-induced luciferase activity in a
dose-dependent manner (Figure 4e), suggesting that FOXP1
can negatively regulate FOXO-induced transcription. To test

the effect of FOXP1 on global FOXO3-induced gene
expression, we transfected DL23 cells with short interfering
RNA (siRNA) targeting FOXP1, allowing specific activation of
FOXO3(A3)–ER in the presence or absence of FOXP1
knockdown (KD) (Figure 5a). Subsequently, we performed
gene expression analysis by next-generation sequencing of
transcriptomes (RNA-seq). First, we defined genes regulated
by FOXO with expression changes of at least twofold in cells
transfected with control siRNA (siSCR) and treated with
4-OHT for 8 h compared with untreated siSCR-transfected
cells. Using these criteria, we identified 3014 genes that were
differentially expressed after FOXO3(A3)–ER activation,
including previously identified FOXO target genes
(Figure 5b and Supplementary Table 2). Next, we deter-
mined the number of genes that were at least twofold
differentially expressed in FOXP1-KD cells treated with
4-OHT compared with siSCR-transfected cells. In total,
1296 differentially expressed genes were identified of which
273 have a FOXP1 ChIP-seq peak at least 10 kb from the
TSS (Figure 5b). In line with the 6xDBE reporter assay
(Figure 4e), many genes that have a FOXP1 ChIP-seq peak
within 10 kb of the TSS were found to be upregulated in
FOXP1-depleted cells upon 4-OHT treatment compared with
control cells, such as LGR4 and ADM (Figure 5b). This
suggests that FOXP1 inhibits FOXO-induced expression of
these genes. However, we also observed many FOXO-
regulated genes that were unaffected by FOXP1 depletion,
but have a FOXP1 ChIP-seq peak within 10 kb of the TSS,
such as p27Kip1, CITED2 and GADD45B (Figures 4a and 5b).
Furthermore, the expression of another subset of genes that
have a FOXP1 ChIP-seq peak within 10 kb of the TSS was
found to be negatively affected by FOXP1 KD, including
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ABL1 and GLUL, showing that at some loci FOXP1 could
function as a positive transcriptional regulator in response to
FOXO activation (Figure 5b).

These data suggest that FOXP1 can modify FOXO-induced
transcription toward a specific cellular outcome by specifically
repressing the expression of a subset of genes while inducing
the expression of others. To predict the effect of FOXP1
activity on cellular fate, we performed GO-term analyses
evaluating the genes that were differentially expressed in
FOXP1-KD cells upon FOXO activation compared with
control cells. Interestingly, genes that were upregulated in
FOXP1-depleted cells compared with control cells showed
enrichment for apoptosis, including genes such as BIK and
FAS (Figures 5c and d). In contrast, the expression of FOXO
target genes that were negatively affected by FOXP1
depletion showed enrichment for cell migratory processes,
including genes such as ETS1 and EFNB2 (Figure 5c). This
suggests that on one hand FOXP1 can induce cell survival
by inhibiting FOXO-induced expression of pro-apoptotic
genes, while on the other hand it may promote cell
migration (Figure 5c). Independent evaluation of BIK
mRNA and protein levels verified that this gene is indeed
negatively regulated by FOXP1 activity upon FOXO activation
(Figures 5e and f). Importantly, the presence of FOXP1

ChIP-seq peak within the BIK gene locus suggests that
FOXP1-mediated repression of this gene occurs in a direct
fashion (Supplementary Figure 6).

FOXP1 prevents FOXO3-induced cell death. Increased
expression of BIK is known to result in apoptosis through
mitochondrial-induced cell death.32 Depending on cell type,
FOXO activity can either induce cell death or cell cycle
arrest. In DLD1 cells, FOXO-induced transcription results in
cell cycle arrest in a p27Kip1-dependent manner.31 Here, we
show that FOXP1 negatively affect FOXO-dependent tran-
scription of genes involved in inducing cell death, including
BIK. Therefore, we questioned whether FOXP1 can indeed
promote cellular survival in response to FOXO activation in
this system. To test this, we performed FOXP1 KD in DL23
cells, specifically activated FOXO3 by 4-OHT and measured
the protein levels of cleaved caspase-3 as a measure of
apoptosis. Increased expression of cleaved caspase-3
was only observed upon activation of FOXO3A3–ER in
FOXP1-KD cells (Figure 6a), suggesting that FOXP1
expression prevents FOXO3-induced cell death. Indeed,
whereas FOXO3 activation in DL23 cells induces an arrest in
cell proliferation, we observed significant decreased survival
in response to 4-OHT treatment of FOXP1-depleted cells
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(Figures 6b and d). Importantly, FOXP1 KD in untreated
DL23 cells does not result in decreased survival compared
with control cells (Figures 6b and c). Therefore, FOXP1
specifically prevents FOXO3-induced cell death, and not just

an increase in overall survival. Taken together, we show that
FOXP1 is an important molecular determinant of FOXO-
induced transcriptional outcome by protecting against
FOXO3-induced cell death.
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Discussion

Activation of FOXO-induced transcription can result in a
variety of cellular outcomes, including cell cycle arrest or cell
death, which is cell and tissue type dependent.33 Indeed,
whereas FOXO activity induces cell cycle arrest in DLD1 cells,
A14 cells, mouse embryonic fibroblasts and 786-0 cells,31,34 it
induces cell death in bone marrow-derived Ba/F3 cells.35

However, the molecular mechanisms underlying this cell type
specificity remains poorly understood. One explanation for
cell type-specific outcome of FOXO activation is the avail-
ability of functionally interacting proteins, such as other
transcription factors or transcriptional cofactors. Here, we
demonstrate a novel feedback mechanism in which increased
FOXP1 expression prevents FOXO-induced cell death by
directly modulating the expression of a specific subset of
FOXO target genes, including BIK (Figure 5d). Although
FOXO proteins also induce the expression of FOXP1 in Ba/F3
cells, these cells still induce apoptosis in response to FOXO
activation, in contrast to DLD1 cells where FOXP1 induction
prevents FOXO-induced cell death. One explanation for this
difference could be that the increase in FOXP1 expression by
FOXO3 in Ba/F3 cells is not as prominent as in DLD1 cells
(3 to 4-fold increase in Ba/F3 versus 15-fold in DLD1, Figures 1c
and d). Furthermore, FOXO3-induced FOXP1 mRNA expres-
sion appears to be transient in Ba/F3 cells (Figure 1c),
whereas this remains high in DLD1 cells (Figure 1d).
Another explanation relates to the observations that in

Ba/F3 cells FOXO3 induces apoptosis through upregulation
of the pro-apoptotic protein BIM.35 We did not observe

upregulation of BIM mRNA in FOXP1-KD DL23 cells

upon FOXO3 activation, suggesting that BIM is not a FOXP1

target. Indeed, we do not observe a binding peak of FOXP1 in

the genomic locus of BCL2L11, the gene that encodes BIM.

This suggests that apoptosis is induced through a distinct

pathway in Ba/F3 cells that is apparently unaffected

by FOXP1 activity.
In naı̈ve T cells, it has been shown that FOXP1 antagonizes

FOXO1-induced expression of IL7RA by directly competing

for enhancer-binding site.36 Our observation that FOXP1 and

FOXO3 share a significant number of DNA-binding sites at a

genome-wide scale, suggests that antagonizing FOXO-

induced transcription may be a general feature of FOXP1.

Indeed, we demonstrate that FOXP1 modulates FOXO3-

induced gene expression, both in a reporter assay as well as

at a global level. However, not all genes that can be bound

at their enhancers by both transcription factors are trans-

criptionally downregulated by FOXP1, arguing against a

general antagonistic role in relation to FOXO-induced

gene expression. Indeed, the expression of many genes,

including prototypic FOXO target genes such as p27Kip1,

CITED2 and GADD45B, is not affected by binding of FOXP1

to their enhancers. Of note, it is not likely that FOXO3 and

FOXP1 interact at these genomic sites, as we could not detect

any interaction between the two transcription factors by
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co-immunoprecipitation. This suggests that although the
expression levels of the target genes are not affected by
FOXP1, FOXO3 is likely to be replaced from the enhancers by
FOXP1. In addition, the FOXO-induced expression of a
subset of genes seems to be enhanced in the presence
FOXP1 as depletion of it results in lower FOXO-induced
expression levels. These FOXP1-dependent gene expression
differences may suggest that the presence or absence of yet
other cofactors or transcription factors at specified enhancers
can be important to determine if a FOXP1 target is up- or
downregulated in response to FOXO activation. In support of
this hypothesis, we do find significant enrichment of AP-1- and
GATA-binding motifs in FOXP1-bound genomic regions as
determined by ChIP-seq, suggesting that these transcription
factors might physically or functionally interact. Recently, it
was shown that FOXP3 almost exclusively binds enhancer
sites, which were pre-accessed by either cofactors or
structurally related transcription factors, such as FOXO1.37

It might well be that FOXP1, similar to FOXP3, exploits pre-
existing enhancers in a similar manner by displacing FOXO3
from these sites. This would explain the high degree of DNA-
binding site overlap between the two transcription factors. The
ultimate result of FOXP1 antagonizing FOXO3 binding of
enhancer elements is not overall downregulation of all target
genes, but rather a specific transcriptional outcome that
protects against FOXO-induced cell death and possibly
promotes cell migration.

In agreement with a pro-survival and possibly a pro-
migratory function in our system are the reports that indicate
an oncogenic role for FOXP1 in cancer. For example, FOXP1
is highly expressed in a subgroup of diffuse large B-cell
lymphoma as well as in a mucosal-associated lymphoid tissue
type of marginal zone B-cell lymphoma, which in both cancers
is strongly associated with decreased patient survival.38,39 In
contrast, loss of FOXP1 expression has been reported in a
variety of solid tumors, including colon and breast tumors,40

indicating a tumor-suppressive role in this context. Indeed,
high FOXP1 expression levels in breast cancer were found to
be associated with increased patient survival.41 This latter
observation seems to conflict with our finding that FOXP1
protects against cell death while promoting cell migration.
However, we observe this FOXP1-induced cell survival
phenotype exclusively after activating FOXO3, while FOXP1
KD alone does not affect growth rate. Furthermore, in line with
their role in regulating apoptosis, cell cycle arrest and DNA
damage response, FOXO proteins are considered to be tumor
suppressors. Simultaneous deletion of FOXO1, FOXO3 and
FOXO4 results in spontaneous tumor formation in the
hematopoietic system (predominantly lymphoblastic thymic
lymphoma) of mice.42 The antagonistic action of FOXP1
against FOXO-induced cell death therefore argues for an
oncogenic role of FOXP1 in tumorigenesis. However, deletion
of FOXO proteins also results in depletion of multipotent stem
cells, including hematopoietic stem cells43 as well as neural
stem cells,44,45 due to a decrease in self-renewal and an
increase in differentiation in different tissues. This latter
finding appears at first inconsistent with the tumor-suppressor
activity of FOXO proteins as uncontrolled self-renewal is a
prerequisite for tumor formation and differentiation is anti-
tumorigenic. Furthermore, a recent study demonstrates a

pro-oncogenic role for FOXO transcription factors in acute
myeloid leukemia.46 It could be that for FOXP1 a similar
cellular context difference might exist; however, this still has to
be determined.

Given the relevance of FOXO in inducing cancer cell death
in response to anti-cancer treatment,11 FOXP1 might repre-
sent a therapy resistance marker. Indeed, we show that
FOXP1 inhibits FOXO3-induced cell death, while promoting
the expression of genes that are involved in cell migration and
angiogenesis. In line with this, FOXP1 expression is
increased in colorectal cancer cells in response to treatment
with the chemotherapeutic doxorubicin as well as after
specific inhibition of PI3K–PKB signaling. We propose that
similar to FOXO-induced HER3 and PIK3CA expression in
response to cancer therapy aimed at inhibiting PI3K–PKB
signaling,14,16,47 FOXP1 possibly represents another mode of
developing escape from treatment by protecting the cells
against FOXO-induced cell death.

Taken together, we have shown that FOXP1 is a direct
transcriptional target of FOXO proteins. Importantly, we
demonstrate that FOXP1 binds the same genomic enhancer
elements as FOXO, potentially in a sequential matter, thereby
directing the transcriptional outcome of FOXO proteins toward
cellular survival. Therefore, FOXP1 represents an important
determinant of FOXO-induced cellular outcome and possibly
explains the difference in the response of different cell types to
FOXO activation.

Materials and Methods
Cell culture. Ba/F3 cells expressing FOXO3(A3)–ER have been described
previously20 and were cultured in RPMI containing GlutaMAX (Invitrogen Life
Technologies, Carlsbad, CA, USA) supplemented with 10% HyClone serum
(Gibco Life Technologies, Carlsbad, CA, USA) and recombinant mouse IL-3
produced in COS cells.48 DLD1 cells expressing FOXO3(A3)–ER (DL23)
have been described previously.24 For the generation of polyclonal U2OS
cells expressing FOXO3(A3)–ER, linearized pcDNA3-HA-FOXO3(A3)–ER or
pcDNA3-ER28 were electroporated into the cells. The cells were subsequently
selected and maintained in the presence of 1 mg ml� 1 G418 (Gibco). DLD1 and
U2OS cells were cultured in DMEM containing GlutaMAX supplemented with 10%
fetal bovine serum. KD of FOXP1 in DL23 was achieved by transfection using
Lipofectamine RNAiMAX reagents (Invitrogen) with 10 nM human FOXP1 siRNA
(Thermo Scientific, ON-TARGET plus SMARTpool, L-004256-01, Waltham, MA,
USA) at least 24 h before 4-OHT treatment.

Quantitative real-time PCR. RNA was isolated using a RNeasy kit (Qiagen
Inc., Valencia, CA, USA) according to the manufacturer’s protocol. cDNA was
generated by reverse transcribing 1 mg of total RNA with SuperScript III reverse
transcriptase (Invitrogen Life Technologies). Quantitative PCR was subsequently
performed using an Biorad Icycler (Bio-Rad, Hercules, CA, USA) with primer pairs
for the indicated gene and normalized using primer pairs for GAPDH. Primer
sequences can be found in Supplementary Table 3.

Western blotting. Western blot analysis was performed as described.20 In
brief, cells were lysed in Laemmli buffer and protein concentration was determined
using a Lowry protein assay. Equal amounts of protein were separated by SDS-
PAGE and transferred to a nitrocellulose membrane. The membrane was incubated
with the appropriate amount of antibody according to the manufacturer’s indicated
conditions. The antibodies against FOXP1 (2005) and cleaved Caspase-3 (9661)
were from Cell Signaling Technology (Danvers, CA, USA), ER (MC-20, sc-542) and
BIK (N-19, sc-1710) from Santa Cruz Biotechnology (Santa Cruz, CA, USA),
p27Kip1 (610241) from BD Biosciences (San Jose, CA, USA), and tubulin (T5168),
HA-tag (H3663) and FLAG-tag (F7425) from Sigma Aldrich (Saint Louis, MI, USA).
Immunocomplexes were detected using ECL (Amersham Pharmacia Inc. (GE
Healthcare), Piscataway, NJ, USA).
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Chromatin immunoprecipitation (ChIP) and sequencing. DLD1 or
DL23 cells were grown in the absence or presence of 10 mM PKB inhibitor VIII
(Santa Cruz Biotechnology) or 100 nM 4-OHT, respectively, for the indicated time
points. ChIP was performed as described previously20 using the following
antibodies: 5 mg of anti-FOXO3 (H-144, sc-11351) or anti-ER (MC-20, sc-542)
from Santa Cruz Biotechnology, or 5 mg of anti-FOXP1 (ab16645) from Abcam
(Cambridge, MA, USA). Chromatin was additionally sheared, end-repaired,
sequencing adaptors were ligated and the library was amplified by LMPCR. After
LMPCR, the library was purified and checked for the proper size range and for the
absence of adaptor dimers on a 2% agarose gel and sequenced on SOLiD/AB
sequencer (Applied Biosystems Life Technologies, Carlsbad, CA, USA) to produce
50-bp-long reads. Sequencing reads were mapped against the reference genome
(hg19 assembly, NCBI build 37) using the BWA package.49 Nonuniquely placed
reads were discarded. Cisgenome v2.0 software package50 was used for the
identification of binding peaks from the ChIP-seq data and further analysis.
Cisgenome 2 was used with settings: � e50, �maxgap 200 and minlen 200.
Input sample from the ChIP was sequenced and used as background. De-novo
motif discovery was done using CisModule function51 incorporated in Cisgenome
sofware, using the following parameters: motif number K¼ 15, mean motif length
Lambda¼ 10, maximal motif length allowed¼ 18, initial motif length¼ 10, initial
module size D¼ 3.0, module length¼ 100, order of background Markov chain¼ 3
and MCM iteration¼ 500. A combination of Cisgenome functions, custom
PERL and R scripts was used for additional data analysis. Similarity search
with known transcription factor-binding motifs was performed using TOMTOM
motif comparison tool.52 Primers used for ChIP-qPCR are listed in Supplementary
Table 4.

Reporter assay. HEK293 cells were transfected with pGL3-6xDBE-luc30

together with pcDNA3-HA-FOXO3 and/or pcDNA3-FLAG-FOXP1 and Renilla to
normalize for transfection efficiency using polyethylenimine. Cells were lysed in
passive lysis buffer 48 h after transfection and assayed for luciferase activity using
the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA).

RNA sequencing. FOXP1 was depleted in DL23 cells as described above.
Cells were grown in the absence or presence of 4-OHT for the indicated time point
and total RNA was extracted using TRIzol reagent (Invitrogen) according to the
manufacturer’s protocol. To isolate mRNA, at least 10mg of total RNA was purified
using Poly(A)Purist MAG Kit (Ambion Life Technologies, Austin, TX, USA)
according to manufacturer’s instructions. Isolated mRNA was subsequently
repurified using mRNA-ONLY Eukaryotic mRNA Isolation Kit (Epicentre (Illumina,
Inc.), Madison, WI, USA). Next, sequencing libraries were constructed using
SOLiD Total RNA-Seq Kit (Applied Biosystems Life Technologies) according to the
standard protocol recommendations for low input and sequenced on SOLiD
Wildfire sequencer in a multiplexed way to produce 50-bp-long reads. Sequencing
reads were mapped against the reference genome (hg19 assembly) using the
BWA package.49 Only uniquely placed reads were used for further analysis.
Cisgenome v2.050 software package was used to calculate reads per 1000 base
pairs of transcript per million reads sequenced (RPKM) values for all RefSeq
annotated genes. RPKMs were quantile normalized throughout all samples and
presented as log2(RPKM) after adding small number to RPKM (0.1) to avoid log2
transformation of zero values.

Crystal violet assay. DL23 transfected with siRNA against FOXP1 or control
siRNA were grown in the absence or presence of 100 nM 4-OHT. At the indicated
time points, the cells were fixed using 4% paraformaldehyde, washed three times
with PBS containing 0.1% Triton-X and an additional two times with PBS. Cells
were stained for 30 min at room temperature with 0.1% Crystal violet solution and
subsequently rigorously washed. Crystal violet was extracted using a 1% SDS
solution and the absorbance was measured at 595 nm. The experiment was
performed in triplicates and repeating three times.

Conflict of Interest
The authors declare no conflict of interest.

Acknowledgements. RvB and AE are supported by a ‘Center for
Translational and Molecular Medicine’ (CTMM) grant. MM is supported by the

UMC Utrecht Pediatric priority research program. CG-P is supported by a grant from
the Dutch Cancer Society (NKB).

1. van der Horst A, Burgering BM. Stressing the role of FoxO proteins in lifespan and disease.

Nat Rev Mol Cell Biol 2007; 8: 440–450.
2. Arden KC. FOXO animal models reveal a variety of diverse roles for FOXO transcription

factors. Oncogene 2008; 27: 2345–2350.
3. Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS et al. Akt promotes cell survival

by phosphorylating and inhibiting a Forkhead transcription factor. Cell 1999; 96: 857–868.
4. Ogg S, Paradis S, Gottlieb S, Patterson GI, Lee L, Tissenbaum HA et al. The Fork head

transcription factor DAF-16 transduces insulin-like metabolic and longevity signals in

C. elegans. Nature 1997; 389: 994–999.
5. Giannakou ME, Goss M, Junger MA, Hafen E, Leevers SJ, Partridge L. Long-lived

Drosophila with overexpressed dFOXO in adult fat body. Science 2004; 305: 361.
6. Hwangbo DS, Gershman B, Tu MP, Palmer M, Tatar M. Drosophila dFOXO controls

lifespan and regulates insulin signalling in brain and fat body. Nature 2004; 429: 562–566.
7. Flachsbart F, Caliebe A, Kleindorp R, Blanche H, von Eller-Eberstein H, Nikolaus S et al.

Association of FOXO3A variation with human longevity confirmed in German centenarians.

Proc Natl Acad Sci USA 2009; 106: 2700–2705.
8. Willcox BJ, Donlon TA, He Q, Chen R, Grove JS, Yano K et al. FOXO3A genotype is

strongly associated with human longevity. Proc Natl Acad Sci USA 2008; 105:

13987–13992.
9. Vivanco I, Sawyers CL. The phosphatidylinositol 3-Kinase AKT pathway in human cancer.

Nat Rev Cancer 2002; 2: 489–501.
10. Hennessy BT, Smith DL, Ram PT, Lu Y, Mills GB. Exploiting the PI3K/AKT pathway for

cancer drug discovery. Nat Rev Drug Discov 2005; 4: 988–1004.
11. Gomes AR, Brosens JJ, Lam EW. Resist or die: FOXO transcription factors determine the

cellular response to chemotherapy. Cell Cycle 2008; 7: 3133–3136.
12. Ho KK, McGuire VA, Koo CY, Muir KW, de Olano N, Maifoshie E et al. Phosphorylation

of FOXO3a on Ser-7 by p38 promotes its nuclear localization in response to doxorubicin.

J Biol Chem 2012; 287: 1545–1555.
13. Fernandez de Mattos S, Villalonga P, Clardy J, Lam EW. FOXO3a mediates the cytotoxic

effects of cisplatin in colon cancer cells. Mol Cancer Ther 2008; 7: 3237–3246.
14. Hui RC, Gomes AR, Constantinidou D, Costa JR, Karadedou CT, Fernandez de Mattos S

et al. The forkhead transcription factor FOXO3a increases phosphoinositide-3 kinase/Akt

activity in drug-resistant leukemic cells through induction of PIK3CA expression. Mol Cell

Biol 2008; 28: 5886–5898.
15. Krol J, Francis RE, Albergaria A, Sunters A, Polychronis A, Coombes RC et al. The

transcription factor FOXO3a is a crucial cellular target of gefitinib (Iressa) in breast cancer

cells. Mol Cancer Ther 2007; 6(12 Pt 1): 3169–3179.

16. Chandarlapaty S, Sawai A, Scaltriti M, Rodrik-Outmezguine V, Grbovic-Huezo O, Serra V

et al. AKT inhibition relieves feedback suppression of receptor tyrosine kinase expression

and activity. Cancer Cell 2011; 19: 58–71.

17. van der Vos KE, Coffer PJ. FOXO-binding partners: it takes two to tango. Oncogene 2008;

27: 2289–2299.

18. Seoane J, Le HV, Shen L, Anderson SA, Massague J. Integration of Smad and forkhead

pathways in the control of neuroepithelial and glioblastoma cell proliferation. Cell 2004;

117: 211–223.

19. Essers MA, de Vries-Smits LM, Barker N, Polderman PE, Burgering BM, Korswagen HC.

Functional interaction between beta-catenin and FOXO in oxidative stress signaling.

Science 2005; 308: 1181–1184.

20. van der Vos KE, Eliasson P, Proikas-Cezanne T, Vervoort SJ, van Boxtel R, Putker M et al.

Modulation of glutamine metabolism by the PI(3)K-PKB-FOXO network regulates

autophagy. Nat Cell Biol 2012; 14: 829–837.

21. Bakker WJ, Harris IS, Mak TW. FOXO3a is activated in response to hypoxic stress and

inhibits HIF1-induced apoptosis via regulation of CITED2. Mol Cell 2007; 28: 941–953.
22. Delpuech O, Griffiths B, East P, Essafi A, Lam EW, Burgering B et al. Induction of Mxi1-SR

alpha by FOXO3a contributes to repression of Myc-dependent gene expression. Mol Cell

Biol 2007; 27: 4917–4930.

23. Wijchers PJ, Burbach JP, Smidt MP. In control of biology: of mice, men and Foxes.

Biochem J 2006; 397: 233–246.

24. Kops GJ, Medema RH, Glassford J, Essers MA, Dijkers PF, Coffer PJ et al. Control of cell

cycle exit and entry by protein kinase B-regulated forkhead transcription factors. Mol Cell

Biol 2002; 22: 2025–2036.

25. Eijkelenboom A, Mokry M, de Wit E, Smits LM, Polderman PE, van Triest MH et al.

Genome wide analysis of FOXO3 transcription regulation through RNA pol II profiling. Mol

Syst Biol 2013; 9: 638.

26. Mokry M, Hatzis P, Schuijers J, Lansu N, Ruzius FP, Clevers H et al. Integrated genome-

wide analysis of transcription factor occupancy, RNA polymerase II binding and steady-

state RNA levels identify differentially regulated functional gene classes. Nucleic Acids Res

2012; 40: 148–158.

27. Gabut M, Samavarchi-Tehrani P, Wang X, Slobodeniuc V, O’Hanlon D, Sung HK et al. An

alternative splicing switch regulates embryonic stem cell pluripotency and reprogramming.

Cell 2011; 147: 132–146.

FOXP1 modulates FOXO transcriptional output
R van Boxtel et al

1228

Cell Death and Differentiation



28. Dijkers PF, Medema RH, Pals C, Banerji L, Thomas NS, Lam EW et al. Forkhead
transcription factor FKHR-L1 modulates cytokine-dependent transcriptional regulation of
p27(KIP1). Mol Cell Biol 2000; 20: 9138–9148.

29. Tang B, Becanovic K, Desplats PA, Spencer B, Hill AM, Connolly C et al. Forkhead
box protein p1 is a transcriptional repressor of immune signaling in the CNS: implications
for transcriptional dysregulation in Huntington disease. Hum Mol Genet 2012; 21:
3097–3111.

30. Furuyama T, Nakazawa T, Nakano I, Mori N. Identification of the differential distribution
patterns of mRNAs and consensus binding sequences for mouse DAF-16 homologues.
Biochem J 2000; 349(Pt 2): 629–634.

31. Medema RH, Kops GJ, Bos JL, Burgering BM. AFX-like Forkhead transcription
factors mediate cell-cycle regulation by Ras and PKB through p27kip1. Nature 2000;
404: 782–787.

32. Chinnadurai G, Vijayalingam S, Rashmi R. BIK, the founding member of the BH3-only
family proteins: mechanisms of cell death and role in cancer and pathogenic processes.
Oncogene 2008; 27(Suppl 1): S20–S29.

33. Fu Z, Tindall DJ. FOXOs, cancer and regulation of apoptosis. Oncogene 2008; 27:
2312–2319.

34. Nakamura N, Ramaswamy S, Vazquez F, Signoretti S, Loda M, Sellers WR. Forkhead
transcription factors are critical effectors of cell death and cell cycle arrest downstream of
PTEN. Mol Cell Biol 2000; 20: 8969–8982.

35. Dijkers PF, Medema RH, Lammers JW, Koenderman L, Coffer PJ. Expression of the pro-
apoptotic Bcl-2 family member Bim is regulated by the forkhead transcription factor FKHR-
L1. Curr Biol 2000; 10: 1201–1204.

36. Feng X, Wang H, Takata H, Day TJ, Willen J, Hu H. Transcription factor Foxp1 exerts
essential cell-intrinsic regulation of the quiescence of naive T cells. Nat Immunol 2011; 12:
544–550.

37. Samstein RM, Arvey A, Josefowicz SZ, Peng X, Reynolds A, Sandstrom R et al. Foxp3
exploits a pre-existent enhancer landscape for regulatory T cell lineage specification. Cell
2012; 151: 153–166.

38. Banham AH, Connors JM, Brown PJ, Cordell JL, Ott G, Sreenivasan G et al. Expression of
the FOXP1 transcription factor is strongly associated with inferior survival in patients with
diffuse large B-cell lymphoma. Clin Cancer Res 2005; 11: 1065–1072.

39. Sagaert X, de Paepe P, Libbrecht L, Vanhentenrijk V, Verhoef G, Thomas J et al. Forkhead
box protein P1 expression in mucosa-associated lymphoid tissue lymphomas predicts poor
prognosis and transformation to diffuse large B-cell lymphoma. J Clin Oncol 2006; 24:
2490–2497.

40. Banham AH, Beasley N, Campo E, Fernandez PL, Fidler C, Gatter K et al. The FOXP1
winged helix transcription factor is a novel candidate tumor suppressor gene on
chromosome 3p. Cancer Res 2001; 61: 8820–8829.

41. Fox SB, Brown P, Han C, Ashe S, Leek RD, Harris AL et al. Expression of the
forkhead transcription factor FOXP1 is associated with estrogen receptor alpha and
improved survival in primary human breast carcinomas. Clin Cancer Res 2004; 10:
3521–3527.

42. Paik JH, Kollipara R, Chu G, Ji H, Xiao Y, Ding Z et al. FoxOs are lineage-restricted
redundant tumor suppressors and regulate endothelial cell homeostasis. Cell 2007; 128:
309–323.

43. Tothova Z, Kollipara R, Huntly BJ, Lee BH, Castrillon DH, Cullen DE et al. FoxOs are critical
mediators of hematopoietic stem cell resistance to physiologic oxidative stress. Cell 2007;
128: 325–339.

44. Brett JO, Renault VM, Rafalski VA, Webb AE, Brunet A. The microRNA cluster miR-
106bB25 regulates adult neural stem/progenitor cell proliferation and neuronal
differentiation. Aging 2011; 3: 108–124.

45. Paik JH, Ding Z, Narurkar R, Ramkissoon S, Muller F, Kamoun WS et al. FoxOs
cooperatively regulate diverse pathways governing neural stem cell homeostasis. Cell
Stem Cell 2009; 5: 540–553.

46. Sykes SM, Lane SW, Bullinger L, Kalaitzidis D, Yusuf R, Saez B et al. AKT/FOXO
signaling enforces reversible differentiation blockade in myeloid leukemias. Cell 2011;
146: 697–708.

47. Sergina NV, Rausch M, Wang D, Blair J, Hann B, Shokat KM et al. Escape from HER-
family tyrosine kinase inhibitor therapy by the kinase-inactive HER3. Nature 2007; 445:
437–441.

48. Dijkers PF, Birkenkamp KU, Lam EW, Thomas NS, Lammers JW, Koenderman L et al.
FKHR-L1 can act as a critical effector of cell death induced by cytokine withdrawal: protein
kinase B-enhanced cell survival through maintenance of mitochondrial integrity. J Cell Biol
2002; 156: 531–542.

49. Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform.
Bioinformatics 2009; 25: 1754–1760.

50. Ji H, Jiang H, Ma W, Johnson DS, Myers RM, Wong WH. An integrated software system for
analyzing ChIP-chip and ChIP-seq data. Nat Biotechnol 2008; 26: 1293–1300.

51. Zhou Q, Wong WH. CisModule: de novo discovery of cis-regulatory modules by
hierarchical mixture modeling. Proc Natl Acad Sci USA 2004; 101: 12114–12119.

52. Gupta S, Stamatoyannopoulos JA, Bailey TL, Noble WS. Quantifying similarity between
motifs. Genome Biol 2007; 8: R24.

Supplementary Information accompanies this paper on Cell Death and Differentiation website (http://www.nature.com/cdd)

FOXP1 modulates FOXO transcriptional output
R van Boxtel et al

1229

Cell Death and Differentiation

http://www.nature.com/cdd

	FOXP1 acts through a negative feedback loop to suppress FOXO-induced apoptosis
	Main
	Results
	FOXP1 is transcriptionally regulated by PI3K–PKB–FOXO signaling
	FOXP1 and FOXO3 proteins bind the same enhancers
	FOXP1 regulates expression of a specific subset of FOXO target genes
	FOXP1 prevents FOXO3-induced cell death

	Discussion
	Materials and Methods
	Cell culture
	Quantitative real-time PCR
	Western blotting
	Chromatin immunoprecipitation (ChIP) and sequencing
	Reporter assay
	RNA sequencing
	Crystal violet assay

	Acknowledgements
	Notes
	References




