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The forkhead box O1A (FOXO1) is an early-induced target of the protein kinase A pathway during
the decidualization of human endometrial stromal cells (HESCs). In this study we identified the
cistrome and transcriptome of FOXO1 and its role as a transcriptional regulator of the progester-
one receptor (PR). Direct targets of FOXO1 were identified by integrating RNA sequencing with
chromatin immunoprecipitation followed by deep sequencing. Gene ontology analysis demon-
strated that FOXO1 regulates a subset of genes in decidualization such as those involved in cancer,
p53 signaling, focal adhesions, and Wnt signaling. An overlap of the FOXO1 and PR chromatin
immunoprecipitation followed by deep sequencing intervals revealed the co-occupancy of FOXO1
in more than 75% of PR binding intervals. Among these intervals were highly enriched motifs for
the interferon regulatory factor member 4 (IRF4). IRF4 was determined to be a genomic target of
both FOXO1 and PR and also to be differentially regulated in HESCs treated with small interfering
RNA targeting FOXO1 or PR prior to decidualization stimulus. Ablation of FOXO1 was found to abolish
binding of PR to the shared binding interval downstream of the IRF4 gene. Finally, small interfering
RNA-mediated ablation of IRF4 was shown to compromise morphological transformation of decidu-
alized HESCs and to attenuate the expression of the decidual markers IGFBP1, PRL, and WNT4. These
results provide the first evidence that FOXO1 is functionally required for the binding of PR to genomic
targets. Most notably, FOXO1 and PR are required for the regulation of IRF4, a novel transcriptional
regulator of decidualization in HESCs. (Molecular Endocrinology 29: 421–433, 2015)

Decidualization of the endometrium is a requirement
for implantation of the blastocyst and pregnancy

progression (1). This highly complex differentiation
process involves an extensive transcriptional repro-
gramming that results in changes in stromal cell mor-
phology, steroid responsiveness, secretory profile, re-
sistance to oxidative stress, and extracellular matrix
remodeling (2). The decidua provides critical his-
tiotrophic support for the developing embryo and mod-
ulates the maternal immune system for tolerance of the
fetal allograft (3). Decidualization occurs in the secre-

tory phase of the menstrual cycle under the control of
the ovarian steroid hormones estradiol and progester-
one (4). Progesterone acts via its cognate nuclear recep-
tor, the progesterone receptor (PR) to regulate the ex-
pression of numerous effectors of the differentiation of
endometrial stromal cells (5, 6).
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Along with steroid signaling, it has been shown that
decidualization of stromal fibroblasts depends on cAMP
stimulation and sustained activity of the downstream pro-
tein kinase A (PKA). The PKA pathway integrates the
progesterone input by sensitizing cells for progesterone
action and enhancing the transcriptional activity of PR.
Activation of the PKA pathway disrupts the interaction of
PR with the corepressors nuclear receptor corepressor
and silencing mediator of retinoid and thyroid receptors,
facilitates recruitment of the coactivator nuclear receptor
coactivator 1, and attenuates the inhibitory SUMOyla-
tion of PR (7–9). The PKA pathway also induces the ex-
pression of diverse transcription factors capable of mod-
ulating PR function, including signal transducer and
activator of transcription-5, CCAAT/enhancer-binding
protein (CEBP)-�, and forkhead box O1A (FOXO1) (10).
FOXO1 is an early-induced target of cAMP that has long
been used as a marker of decidualization in human endo-
metrial stromal cell (HESC) differentiation. FOXO1, like
other members of the Forkhead transcription factor sub-
class, regulates genes involved in cell cycle inhibition,
DNA repair, resistance to oxidative stress, and apoptosis,
all of which are critical aspects of decidualization (11,
12). Moreover, FOXO1 was identified to regulate a sub-
set of decidual genes including IGFBP1, PRL, DCN, and
TIMP3 in HESCs (13). FOXO1 has been described as a
transcriptional coregulator of PR during decidualization
with in vitro evidence suggesting there is a direct physical
interaction between PR and FOXO1 (14). The role of
FOXO1 as a transcriptional coregulator of CEBP-�, and
homeobox A (HOXA)-11 has been clearly demonstrated
by its ability to cooperatively activate the prolactin (PRL)
promoter in luciferase reporter assays (15, 16). Addition-
ally, PR, FOXO1, CEBP-�, and HOXA10 are also in-
volved in the transcriptional regulation of the IGF binding
protein (IGFBP)-1 promoter (17–19). However, the direct
genomic targets of FOXO1 on a global scale and the
requirement of the FOXO1/PR interaction for the regu-
lation of transcription during decidualization remain to
be determined.

In this study, we aimed to determine the transcrip-
tional role of FOXO1 in stromal cell differentiation. For
this purpose we used primary HESCs isolated from
healthy proliferative phase biopsies and cultured them
under a well-defined hormone regimen for the induction
of decidualization (20). This cell based system is currently
the most reliable and clinical translatable method to in-
terrogate the molecular mechanisms underlying decidual
transformation of the endometrial stromal compartment
during the secretory phase of the menstrual cycle in prep-
aration for pregnancy (21, 22). To better elucidate the
role of FOXO1 in endometrial stroma cell biology, we

implemented a small interfering RNA (siRNA)-mediated
loss of function approach and defined the FOXO1-depen-
dent transcriptome by RNA sequencing (RNA-seq). The
direct targets of FOXO1 in decidualizing HESCs were
defined by integrating RNA-seq with chromatin immu-
noprecipitation followed by deep sequencing (ChIP-seq).
Furthermore, we compared the FOXO1 binding profile
with that of PR and identified potential genes the expres-
sion of which is modulated by both FOXO1 and PR. We
then determined the requirement of FOXO1 for the PR-
dependent expression of IRF4 and identified interferon
regulatory factor member 4 (IRF4) as a critical transcrip-
tional regulator of HESC decidualization.

Materials and Methods

Primary human endometrial cell culture
HESCs were obtained from healthy, reproductive-aged vol-

unteers with regular menstrual cycles and no history of gyneco-
logical malignancies under a human subject protocol approved
by the Institutional Review Board of Baylor College of Medi-
cine. An endometrial biopsy was performed during the prolifer-
ative phase of the menstrual cycle (cycle d 7–12). The HESC
cultures were established as previously described (20). Briefly,
tissue biopsies were washed twice with Hanks’ balanced salt
solution containing 100 U/mL penicillin and 100 �g/mL strep-
tomycin and mechanically digested for 20 minutes. Minced tis-
sue was centrifuged to remove media and incubated with 25 mg
collagenase (C-130; Sigma) and 5 mg deoxyribonuclease I
(DN25; Sigma) dissolved in 10 mL of DMEM F12 with antibi-
otics and antimycotic and filtered through a 0.2-�m filter for 90
minutes in a 37ºC water bath and vortex every 10 minutes. The
digested sample was filtered using a 40-�m filter. Stromal cells
that flowed through the filter were pelleted by centrifugation
and washed with 10 mL DMEM F12 media with antibiotic-
antimycotic. The stromal cells were subsequently cultured in
HESC media (DMEM F12, 10% fetal bovine serum, antibiotic-
antimycotic, HEPES, and NaHCO3). Experiments were carried
out in HESCs cultured in fewer than four passages.

siRNA transfection and in vitro decidualization
When cells reached approximately 70% confluence, they

were transfected with 60 nM scrambled, nontargeting siRNA
(siNT), FOXO1-targeting siRNA (siFOXO1), PR-targeting
siRNA, or IRF4-targeting siRNA (siIRF4) (ON-TARGETplus;
Thermo Scientific) using Lipofectamine RNAiMax lipid (Life
Technologies) per the manufacturer’s instructions. After 48
hours of transfection exposure, cells were either collected as day
0 or exposed to 10 nM 17�-estradiol, 100 nM medroxyproges-
terone acetate, and 1 mM 2�-O-dibutyryladenosine-3�, cAMP
(DO627; Sigma), herein referred to as EPC, in OPTI-MEM I
(Invitrogen) reduced serum media supplemented with 2%
stripped fetal bovine serum and antibiotic and antimycotics for
3 or 6 days with the media and hormone replenished every 48
hours.
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RNA isolation, RT-PCR, and quantitative PCR
Reverse transcription real-time quantitative PCR (RT-

qPCR) was performed to validate RNA-seq gene expression
targets. mRNA was isolated by TriZOL (Life Technologies)
extraction per the manufacturer’s protocol from independent
patient samples of transfected siRNA and treated with hor-
mones as described above. RNA was reverse transcribed into
cDNA with Moloney murine leukemia virus (Life Technologies)
according to the manufacturer’s recommendations. Expression
levels of mRNA were determined by RT-qPCR on a QuantStu-
dio 12K Flex real-time quantitative PCR system (Life Technol-
ogies) using FastStart SYBR Green Master (Roche Diagnostics)
and oligonucleotide primers synthesized by Sigma-Aldrich
based on sequences deposited in the PrimerBank (23). Gene
expression was normalized to 18s rRNA.

RNA sequencing
RNA was purified from three patient samples for RNA-Seq

analysis using the Ambion RiboPure kit (Life Technologies).
RNA-Seq was performed for each individual patient samples.
Raw reads were mapped to human genome hg19 and splice
junction sites with Bowtie (version 0.12.7) (24) and TopHat
(version 2.0.0) (25) with the strand-specific model that matches
the deoxyuridine 5-triphosphate library construction protocol
(26). The human annotation file was downloaded from the Uni-
versity of California, Santa Cruz (http://genome.ucsc.edu/).
Read counts for each gene were calculated by HTSeq (http://
www.huber.embl.de/users/anders/HTSeq/doc/overview.html)
using the default model. Differential gene expression was then
analyzed with R (version 2.14.0) and the Bioconductor edgeR
package (edgeR_2.4.6) (27). With edgeR, we fit a negative bi-
nomial generalized log-linear model to the read counts for each
gene by accounting for both patient and treatment in the design.
We then conducted statistical tests to identify genes that had
consistent changes in response to treatment across three pa-
tients. A false discovery rate of 0.05 was used as the cutoff for
significant differential expression.

Chromatin immunoprecipitation followed by deep
sequencing

ChIP-seq for RNA polymerase II (RNApol II) and FOXO1
were performed by Active Motif, Inc on HESCs isolated from
proliferative-phase endometrial biopsy specimens and decidual-
ized with EPC for 72 hours. HESCs were fixed with formalde-
hyde, permeabilized with Igepal CA-630 (number I-8896;
Sigma), washed with PBS containing 1 mM phenylmethanesul-
fonyl fluoride (number P-7626; Sigma), snap frozen, and
shipped on dry ice. The six independent patient samples were
pooled for sonication. DNA library generation was performed
by Active Motif as previously described (28). DNA library se-
quencing and mapping to the human genome (GRCh Build 37;
February 2009) was performed as previously described (29).
Associated genes were called if FOXO1 intervals were located
within � 10 kb of the gene boundaries.

Chromatin immunoprecipitation-quantitative PCR
(ChIP-qPCR)

HESCs were treated with EPC for 3 days to stimulate a de-
cidual response as described above. One hour before fixation
treatment, fresh media with decidualizing agents were replen-

ished. Formaldehyde-assisted chromatin fixation, chromatin
preparation, sonication, and immunoprecipitation were per-
formed using the high-sensitivity ChIP-It kit and the EpiShear
probe sonicator from Active Motif as per the manufacturer’s
instructions. Immunoprecipitation reactions were performed
with antibodies for FOXO1 (sc-11350), PR (sc-7208), and IgG
(sc-2027) (Santa Cruz Biotechnology, Inc). Primers were de-
signed to span the genomic region containing the highest signal
intensity for FOXO1 and PR peaks (Supplemental Table 3). The
input chromatin was used to generate a standard curve for the
amplification of each primer set to determine the amount of
DNA immunoprecipitated by IgG, PR, and FOXO1 antibodies.
Binding data were represented as the fold enrichment over the
Human Negative Control Primer Set 2 (catalog number 71002;
Active Motif) or a percentage of the input.

Western blot analysis of protein expression
Parallel samples for HESCs transfected with siNT and siF-

OXO1 and treated with vehicle or EPC were harvested for
Western blot detection of protein expression. Cells were washed
and scraped with protein lysis buffer (10 mM Tris, pH 7.4; 150
mM NaCl; 2.5 mM EDTA; and Nonidet P-40) supplemented
with protease inhibitor cocktail (cOmplete Mini, EDTA free,
reference number 11–836-170–001; Roche Diagnostics) and
phosphatase inhibitor cocktail (PhosSTOP, reference number
04–906-837–001; Roche Diagnostics). For the Western blot
analysis of FOXO1 cellular localization, decidual HESC nuclear
and cytoplasmic fractions were isolated with the universal co-
immunoprecipitation kit as per the manufacturer’s instructions
(catalog number 54002; Active Motif). Denatured protein ex-
tracts (10 �g) per sample were loaded on a Bis-Tris NuPAGE
4%–12% (reference number NP0321BOX; Novex by Life
Technologies) for electrophoresis separation. Proteins were
transferred to polyvinylidene difluoride membranes (Millipore
Corp) in transfer buffer (25 mM Tris, 192 mM glycine, and
20% methanol) (Life Technologies). Polyvinylidene difluoride
membranes were subsequently blocked with 5% blotting grade
nonfat milk (number 170–6404; Bio-Rad Laboratories) in PBS
containing 0.1% Tween 20 for 1 hour at room temperature. Mem-
branes were probed with antibodies for PR (sc-7208; Santa Cruz
Biotechnology), FOXO1 (number 2880; Cell Signaling), glyceral-
dehyde-3-phosphate dehydrogenase (number 2118; Cell Signal-
ing), Lamin A/C (number 2032; Cell Signaling), and �-actin (cat-
alog number A5441; Sigma-Aldrich) overnight at 4°C in 5%
blotting grade nonfat milk in PBS buffer containing 0.1% Tween
20. Blotted membranes were subsequently washed three times with
PBS containing 0.1% Tween 20 and incubated 1 hour at room
temperature with a secondary antibody (antirabbit peroxidase and
antimouse peroxidase, accordingly). Blots were washed three times
with PBS containing 0.1% Tween 20 and an additional three times
with PBS only. The Amersham ECL Western blotting system (GE
Healthcare) was used for the luminol-based detection of bands on
film as per the manufacturer’s instructions.

Confocal immunofluorescence imaging of FOXO1
HESCs were grown on coverslips and treated with EPC for 3

days to stimulate a decidual response as described above. One
hour before the fixation treatment, fresh media with decidual-
izing agents were replenished. HESCs were washed with PBS
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and fixed with 4% formaldehyde in buffer of potassium 1,4-
piperazine diethane sulfonic acid (pH 6.8), 5 mM EGTA (pH
7.0), and 2 mM MgCl2 (PEM) for 30 minutes and subsequently
washed three times with PEM alone. Autofluorescence was
quenched with 1 M ammonium chloride diluted 1:10 in PEM
for 10 minutes and subsequently washed twice with PEM.
HESCs were permeabilized with PEM � 0.5% Triton X-100,

washed three times with PEM, and blocked with 5% powdered
milk in Tris-buffered saline and 0.1% Tween 20 buffer plus
0.02% sodium azide for 1 hour. Blocking buffer was removed
and HESCs were incubated with the FOXO1 antibody (number
2880; Cell Signaling) diluted 1:300 overnight at 4°C. After four
washes with blocking buffer, HESCs were incubated with Alexa
Fluor-conjugated (A546; Life Technologies) secondary anti-

Veh. vs. EPC 
RNA-seq 

(4032 genes) 

siFOXO1 RNA-seq 
(1605 genes) 

RNA pol II  
ChIP-seq  

(11,013 genes) 

372 

451 

1301 
8388 1843 

437 
345 

Term PValue Genes 

Focal adhesion 1.66E-04 
FLT1, TNXB, ITGA11, ITGA3, FLNB, ITGA9, CCND1, LAMA4, LAMB2, JUN, VEGFA, PPP1R12A, 
PDGFC, SHC3, SHC2, AKT3, MYLK 

Pathways in cancer 3.46E-04 
ARNT2, NFKBIA, SMAD3, FOXO1, ITGA3, BIRC5, FZD2, STAT1, WNT2B, HSP90B1, CCND1, LAMA4, 
WNT4, CDKN1A, LAMB2, HIF1A, PLCG1, JUN, VEGFA, MDM2, RUNX1, AKT3 

p53 signaling pathway 6.26E-04 CDKN1A, CCND1, TNFRSF10B, BBC3, RRM2, DDB2, MDM2, RRM2B, CCNG2 
Chronic myeloid leukemia 0.001208 CDKN1A, CCND1, SMAD3, NFKBIA, MDM2, SHC3, RUNX1, SHC2, AKT3 
Glioma 0.008652 CDKN1A, CCND1, PLCG1, MDM2, SHC3, SHC2, AKT3 
Prostate cancer 0.013005 CDKN1A, CCND1, HSP90B1, NFKBIA, MDM2, FOXO1, PDGFC, AKT3 
Lysosome 0.017947 CTSK, CD68, SLC17A5, SORT1, ACP2, CTSB, CTSL1, GLB1, GBA 
Cell cycle 0.025619 CDC6, CDKN1A, CCND1, MCM7, PLK1, SMAD3, PKMYT1, MDM2, CDC20 
ECM-receptor interaction 0.031898 ITGA9, LAMA4, TNXB, LAMB2, ITGA11, ITGA3, SDC4 

Neurotrophin signaling pathway 0.062894 IRAK1, PLCG1, JUN, NFKBIA, SORT1, SHC3, SHC2, AKT3 
Purine metabolism 0.06978 ADCY3, RRM2, PDE4B, PDE5A, PDE8B, PDE4D, AK5, RRM2B, PAPSS2 
Other glycan degradation 0.074649 MAN2B2, GLB1, GBA 
Colorectal cancer 0.090672 CCND1, JUN, SMAD3, BIRC5, FZD2, AKT3 
Small cell lung cancer 0.090672 LAMA4, CCND1, LAMB2, NFKBIA, ITGA3, AKT3 

A

0

1

2

3

4

5

6

7

re
la

tiv
e 

m
R

N
A

 

FOXO1
siNT + Veh siNT+ EPC siFoxO1+ EPC

*** 
*** 

siNT + 
Vehicle 

siNT + 
EPC 

siFOXO1 + 
EPC 

FOXO1 

β ACTIN 

B

C

D

Figure 1. Identification of actively transcribed FOXO1 and decidual target genes in HESCs by RNA-seq and ChIP-seq. A, HESCs transfected with
scrambled siRNA (siNT) and targeting siRNA (siFOXO1) prior to treatment with vehicle (Veh) or EPC decidual stimulus. Gene expression validation
of FOXO1 by RT-qPCR and normalization with 18s rRNA. Data are based on three independent experiments. Error bars represent SEM (one-way
ANOVA; P � .0001). Tukey-Kramer multiple comparisons test included siNT�Veh and siNT�EPC (P � .0001), siNT�EPC and siFOXO1�EPC
(***, P � .0001), siNT�Veh and siFOXO1�EPC (P � .05). B, Western blot analysis of FOXO1 and �-actin in HESCs transfected with siNT or
siFOXO1 prior to treatment with vehicle or EPC decidual stimulus. C, Venn diagram comparison of genes regulated in HESCs treated with EPC,
genes regulated in HESCs transfected with siRNA targeting FOXO1 prior to EPC treatment, and genes with RNApol II binding in EPC-treated
HESCs. D, DAVID pathway analysis of RNApol II bound, vehicle, and EPC-regulated and siFOXO1-regulated genes.
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body (1:5000 dilution) for 1 hour at room temperature pro-
tected from light. HESCs were washed four times with PEM,
incubated 15 minutes with 4% formaldehyde in PEM, washed
three times with PEM, and subsequently incubated with PEM �
1 mg/mL NaBH4 to postfix autofluorescence quenching. DNA
was counterstained with 4�,6�-diamino-2-phenylindole and sub-
sequently washed with Tris-buffered saline and 0.1% Tween
20. Coverslips were mounted on slides with SlowFade Gold
(catalog number S-2828; Molecular Probes). Images were ac-
quired using a GE Healthcare Deltavision image restoration
microscope with a �20/0.75 NA objective. The 0.35-mm opti-
cal sections (z-stacks) were taken, deconvolved using the Soft-
Worx software, and the maximum intensity projected.

Data analysis
Sequence conservation, analysis of enriched motifs (SeqPos),

and CEAS enrichment on chromosome and annotation were
performed using the Cistrome Analysis Pipeline software (http://
cistrome.org/ap/) under the default settings (30). The public Da-
tabase for Annotation, Visualization, and Integrated Discovery
(DAVID; http://david.abcc.ncifcrf.gov/) was used for gene func-
tional classifications running the default settings (31). Statistical
analysis of gene expression changes by RT-qPCR and of binding
by ChIP-qPCR was performed with GraphPad InStat version
3.06. One-way ANOVA was followed with Tukey-Kramer mul-
tiple comparisons test, where appropriate.

Results

FOXO1 regulation of decidual genes
To evaluate the role of FOXO1 in the regulation of

decidual genes, HESCs were transfected with scrambled
siRNA (siNT) or siRNA targeting FOXO1 (siFOXO1).
After 48 hours of knockdown, the siNT-transfected
HESCs and siFOXO1-transfected HESCs received treat-
ment with a decidualizing hormone regimen containing
estrogen, medroxyprogesterone, and cAMP (EPC) for 72
hours. In parallel, a cohort of siNT-transfected cells re-
ceived vehicle treatment. As shown in Figure 1A, FOXO1
was induced at the mRNA level upon EPC treatment of
HESCs transfected with siNT. Transfection of HESCs
with siFOXO1 abolished this induction to the level of
FOXO1 expression in HESCs transfected with siNT and
treated with vehicle. Western blot analysis of protein ex-
pression determined that FOXO1 was robustly induced
in the siNT � EPC treatment compared with the siNT �
vehicle treatment. FOXO1 expression was abolished in
the siFOXO1 � EPC treatment (Figure 1B). Immunolo-
calization of FOXO1 was identified in the nucleus and
cytoplasm of decidual HESCs (Supplemental Figure 1A).
Cellular fractionation indicated most FOXO1 was found
in the cytoplasm, with a residual nuclear fraction (Sup-
plemental Figure 1B). We then performed RNA-seq on
these samples and compared differentially expressed
genes between siNT � vehicle and siNT � EPC (RNA-seq

vehicle and EPC) and between siNT � EPC and siFOXO1
� EPC (RNA-seq siFOXO1).

To determine which genes were actively being tran-
scribed at the time of cell harvesting of EPC-treated HESCs,
we also performed ChIP-seq for RNApol II. RNApol II
ChIP-seq identified 11 013 genes containing RNApol II
binding intervals within the gene body. Figure 1C is a Venn
diagram of the regulated genes with EPC treatment (4032
genes), siFOXO1 (1605 genes) and genes bound by RNApol
II (Supplemental Table 1). From this analysis we determined
that at least 437 genes were actively being transcribed, as indi-
catedbytheoccupancyofRNApolIIandregulatedbyFOXO1
in a decidualizing context. Among the EPC-regulated genes
that were differentially regulated with FOXO1 knockdown
were the canonical markers of decidualization IGFBP-1 and
PRL (Supplemental Figure 2). DAVID analysis revealed that
these 437 genes enriched biological themes for focal adhesion,
pathways in cancer, and p53 signaling (Figure 1D). DAVID
gene ontology terms are summarized in Supplemental Table 2.

Evaluation of FOXO1-binding sites in decidualized
HESCs

To describe the global binding of FOXO1 and identify
the direct genomic targets, ChIP-seq for FOXO1 was per-
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Figure 2. Genomic Enrichment of FOXO1 binding intervals. A, Venn
diagram comparing the annotation of FOXO1 genomic binding within
10 kb of genomic boundary of 8793 genes and the genes regulated in
HESCs transfected with siRNA targeting FOXO1 prior to EPC
treatment. B, CEAS enrichment analysis of FOXO1 genomic binding
represented as log2 ratio to the expected genomic distribution. Red
bar shows all 26 620 binding intervals of FOXO1 in the genome, and
green bars show the enrichments of intervals within 10 kb of genomic
boundaries of differentially regulated in HESCs transfected with siRNA
targeting FOXO1 prior to EPC stimulus. Genomic region included the
following: 1) promoter (�1000 bp); 2) promoter (1000–2000 bp); 3)
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formed after a 72-hour in vitro decidualization of HESCs.
The binding of FOXO1 was defined to 26 620 genomic
intervals. By CEAS enrichment analysis, these intervals
showed no significant enrichments for specific genomic
boundaries relative to the genome reference (Figure 2B.)
However, we observed an enrichment in the promoter
(2000–3000 bp) and 5�-untranslated region (UTR) re-
gions in FOXO1-intervals that were found within 10 kb
of genes that were differentially regulated in HESCs trans-
fected with siRNA targeting FOXO1 (2790 intervals).

Gene ontology and pathway analysis tools in DAVID
were used to further annotate the FOXO1-dependent
genes that are bound by FOXO1 within 10 kb of genomic
boundaries. This analysis revealed that a predominance
of FOXO1-regulated genes is involved in pathways pre-
viously associated with the FOX protein family. Among
these pathways were cancer, p53 signaling, focal adhe-
sions, and Wnt signaling (Table 1 ). However, within
these known pathways were previously unidentified com-
ponents. Ablation of FOXO1 resulted in the up-regula-
tion of several genes that are normally down-regulated in
the differentiation of HESCs, including PDGFC, MDM2,
ROCK2, WNT2B, FAS, and CDKN1A. Silencing of
FOXO1 also attenuated the expression of genes induced
in decidualization including ITGA4, ZEB1, WNT2,
HGF, CXCL12, FLT1, and VCAN. Of note is the enrich-
ment in genes involved in the chemokine signaling path-
way (eg, ROCK2, NFKBIA, CCL8, and CXCL12) and

cell adhesion molecules (eg, ITGA4 and VCAN) (Supple-
mental Figure 2).

Validation of direct targets of FOXO1 in
decidualization

We followed this analysis with the validation of
FOXO1 ChIP-seq binding sites by ChIP-qPCR. Figure 3A
represents the binding of FOXO1 to target genomic loca-
tions as fold enrichment over the binding of FOXO1 to a
gene desert region in chromosome 4 and normalized to
the enrichment of the IgG immunoprecipitated DNA. We
used RT-qPCR to validate known and putative novel
FOXO1-dependent genes that are bound by FOXO1 in
decidualization. FOXO1 knockdown resulted in the up-
regulation of the proproliferative genes CDK1 and
RUNX1 and inhibited the expression of HIF1A,
RUNX2, CAMKK1, AXIN2, CEBPA, and IGF1. This
evidence suggests that the binding of FOXO1 in proxim-
ity to genomic boundaries can have inhibitory or stimu-
latory effects on the transcriptional activity of genes that
are themselves key effectors in the morphological and
secretory transformation of the stroma.

Identification of cooperative factors of FOXO1
FOXO1-binding intervals were evaluated for enriched

motifs using the SeqPos tool in Cistrome (Supplemental
Table 4). The most enriched motifs were those recognized
by members of the forkhead domain family followed by

Table 1. DAVID Pathway Analysis of FOXO1-Bound and siFOXO1-Regulated Genes

Term Genes
Pathways in cancer ARNT2, MITF, NFKBIA, FOXO1, GLI3, PTEN, MMP2, ARNT, WNT2, WNT4, BCL2, FAS, RUNX1,

AXIN2, AKT3, CEBPA, AR, PLD1, EPAS1, SMAD3, IGF1, ITGA3, SMAD2, HGF, STAT1,
COL4A6, WNT2B, FZD6, JUP, CDKN1A, LAMA4, HIF1A, JUN, NTRK1, MDM2

Focal adhesion CAV2, TNXB, FLT1, ROCK2, ITGA11, IGF1, ITGA3, ITGA4, HGF, PTEN, FLNB, COL4A6, ITGA9,
LAMA4, ITGB8, RASGRF1, JUN, BCL2, PDGFC, SHC3, MYLK, AKT3, SHC4

O-glycan biosynthesis GALNT10, GALNT7, WBSCR17, GALNTL2, GCNT1, C1GALT1, GALNT13
Axon guidance PLXNC1, ROCK2, PLXNA2, ABLIM3, CXCL12, NTN1, EPHA2, SEMA5A, SEMA6D, SEMA3C,

EFNA5, SEMA3A, UNC5C, PPP3CA, SRGAP1
ECM-receptor interaction ITGA9, LAMA4, SDC1, TNXB, CD44, ITGB8, ITGA11, ITGA3, ITGA4, SDC4, COL4A6
HCM ITGA9, ACE, ITGB8, DMD, PRKAG2, ITGA11, IGF1, CACNB3, ITGA3, ITGA4, CACNA2D3
ARVC JUP, ITGA9, ITGB8, DMD, ITGA11, CACNB3, ITGA3, ITGA4, CDH2, CACNA2D3
p53 signaling pathway CDK1, CDKN1A, BBC3, DDB2, MDM2, IGF1, FAS, GADD45A, PTEN
ABC transporters ABCA8, ABCA9, ABCA1, ABCA4, ABCG1, ABCA6, ABCA13
Wnt signaling pathway PPP2R1B, ROCK2, PPP2R5A, SMAD3, SMAD2, DAAM1, FZD6, WNT2B, WNT2, WNT4, JUN,

PPP2CB, PPP3CA, AXIN2, PLCB1
Prostate cancer CDKN1A, AR, BCL2, NFKBIA, MDM2, IGF1, FOXO1, PDGFC, PTEN, AKT3
Dilated cardiomyopathy ADCY3, ITGA9, ITGB8, DMD, ITGA11, IGF1, CACNB3, ITGA3, ITGA4, CACNA2D3
Chemokine signaling pathway ADCY3, ROCK2, PREX1, NFKBIA, CCL8, GNG12, STAT1, CXCL12, DOCK2, TIAM2, GNG2,

JAK2, PLCB1, SHC3, AKT3, SHC4
Melanoma CDKN1A, MITF, MDM2, IGF1, PDGFC, HGF, PTEN, AKT3
TGF-� signaling pathway PPP2R1B, ROCK2, ID1, PPP2CB, SMAD3, SMAD2, DCN, ID3, BMP8A
CAMs PVR, ITGA9, SDC1, PTPRM, NRXN3, ITGB8, CNTN1, VCAN, CLDN11, ITGA4, CDH2, SDC4

Abbreviations: ABC, ATP-binding cassette; ARVC, arrhythmogenic right ventricular cardiomyopathy; CAM, cell adhesion molecule; HCM,
hypertrophic cardiomyopathy. The Kyoto Encyclopedia of Genes and Genomes pathway was enriched in genes bound and regulated by FOXO1
(868 genes).

426 Vasquez et al FOXO1 and PR Regulate IRF4 in Decidualization Mol Endocrinol, March 2015, 29(3):421–433

D
ow

nloaded from
 https://academ

ic.oup.com
/m

end/article/29/3/421/2556207 by guest on 24 April 2024



motifs recognized by the leucine zipper family (basic leu-
cine zipper domain), Runt domain family, high-mobility
group, homeodomain, and helix-loop-helix factors (basic
helix loop helix) (Table 2). Of particular interest was the
presence of the half progesterone response element (PRE)
under the nuclear hormone receptor family. Previous data
from our laboratory identified an enrichment of forkhead
domain family motifs in the PR cistrome (our unpub-
lished data). The presence of PRE within the FOXO1-
binding intervals and Forkhead response elements within
the PR-binding intervals supports the hypothesis that
FOXO1 and PR may be binding near each other to regu-
late decidual transcription.

We pursued this evidence with a comparison of the
FOXO1 and PR ChIP-seq data sets. Figure 4A represents
the co-occupancy of FOXO1 and PR in the genome in
EPC-treated HESCs, in which approximately 75% of the
PR genomic binding intervals also contain FOXO1 bind-
ing. The FOXO1 and PR intervals were overlaid to gen-
erate chromosomal coordinates for the genomic regions
of FOXO1 and PR co-occupancy. These chromosomal

coordinates were submitted to Cistrome for SeqPos motif
analysis (Supplemental Table 5). The most enriched motif
family in these intervals was that of the hormone-nuclear
receptor family, which included the full palindromic PRE
(Figure 4B). Among the other enriched motifs recognized
by the leucine zipper family, the forkhead domain family,
the homeodomain family, and the interferon regulatory
factor. Representative PSSM graphs for the forkhead re-
sponse element and the interferon-stimulated response ele-
ment (ISRE) are shown in Figure 4B. Further analysis of the
FOXO1 and PR co-occupied intervals was performed with
the CEAS module in Cistrome. The FOXO1/PR interval
distribution was calculated as a log2 ratio relative to
genomic distribution. This analysis revealed that the enrich-
ment pattern of the FOXO1 and PR intervals mirrors the
enrichment pattern of the total PR intervals (Figure 4C).

Identification of IRF4 as a direct target of FOXO1
and PR

We followed the analysis of FOXO1 and PR co-occu-
pied intervals by identifying unique genes containing
FOXO1/PR-binding sites within 10 kb of gene boundar-
ies. The analysis identified 3037 genes, of which 236
genes showed differential regulation in HESCs trans-
fected with PR targeting siRNA and siFOXO1 (Supple-
mental Table 6). Ontology analysis of these genes re-
vealed an enrichment of genes involved in vasculature
development, cell adhesion, response to organic sub-
stance, cell motion, and the enzyme-linked receptor pro-
tein signaling pathway (Supplemental Table 7).

From this analysis we identified two intervals co-occu-
pied by PR and FOXO1 downstream of IRF4 (Figure 5A).
We sought to determine the requirement of FOXO1 for
binding of PR to the most proximal downstream interval
on IRF4. HESCs were treated with scrambled siRNA
(siNT) or siRNA targeting FOXO1 (siFOXO1) prior to
decidual stimulation with EPC. Western blot analysis of
protein expression revealed that the efficient ablation of
FOXO1 in the siFOXO1-treated cells did not affect the
levels of either PR isoform (Figure 5B). In HESCs trans-
fected with siNT, PR exhibits robust fold enrichment on
IRF4 over the negative control region. This enrichment
was absent in HESCs transfected with siRNA targeting
FOXO1 (Figure 5C). The assay was repeated on the more
distal shared interval and produced identical results (data
not shown). Furthermore, ablation of either FOXO1 or PR
in HESCs prior to EPC stimulus is sufficient to inhibit the
normal induction of IRF4 during decidualization (Figure
5D). These data suggest that binding of PR on IRF4 requires
FOXO1 and that binding of these factors on IRF4 is re-
quired for the normal transcription of the IRF4 during the
decidualization of HESCs. The FOXO1-dependent binding
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Figure 3. Direct targets of FOXO1 in HESC decidualization. A, ChIP-
RT-qPCR validation of FOXO1 binding near genes regulated by FOXO1.
Data are represented as fold enrichment of FOXO1 binding over that
of the negative control region in a gene desert on chromosome 4. B,
HESCs transfected with scrambled siRNA (siNT) and targeting siRNA
(siFOXO1) prior to treatment with decidual stimulus. Gene expression
validation by RT-qPCR of genes enriched in a pathway analysis. Data
for each gene were normalized to that of 18s rRNA. Data are based on
three independent experiments. Error bars represent SEM. *, P � .05;
**, P � .01; ***, P � .001.

doi: 10.1210/me.2014-1292 mend.endojournals.org 427

D
ow

nloaded from
 https://academ

ic.oup.com
/m

end/article/29/3/421/2556207 by guest on 24 April 2024



Table 2. Enriched Motifs in FOXO1-Binding Intervals

DNA-binding 
Domain Family

Motif Example Factors

Forkhead Domain 
Family

FOXO1
FOXO3, FOXO4, 
FOXD1, FOXA1, 
FOXA2

Leucine zipper 
Family (bZIP)

JUN

AP-1, FOS, FOSB,
JUN, JUNB,
JUND, BACH2, 
GNC4, CEBPA

Runt Domain 
Family RUNX1 RUNX2, RUNX3, 

PEBP1

High Mobility 
Group SOX17 SOX5, SRY, SOX2, 

ROX1, SOX10

Homeodomain
Family

HOXA11
HOXC10, HOXC11, 
HOXD11, HOXA13, 
HOXA9

Helix-loop-helix 
factors (bHLH)

TCF3 TCF4, NEUROD1

Hormone-nuclear 
Receptor Family

PGR

NR1H4, RORB, 
NR2F2, AR, 
PPARA, ESR1,
NR3C1

Abbreviations: bHLH, basic helix loop helix; bZIP, basic leucine zipper domain. Chromosome location coordinates of FOXO1 binding intervals were
analyzed with the SeqPos tool in Cistrome.
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of PR to additional shared targets was also evaluated. Ab-
lation of FOXO1 completely abolished PR binding on
CDK1 and IGF1. Interestingly, on targets such as ZEB1 and
KLF15, the ablation of FOXO1 significantly attenuated but
did not abolish PR binding (Supplemental Figure 3).

We followed this analysis with an evaluation of the
role of IRF4 in the decidualization. HESCs were trans-
fected with scrambled (siNT) and IRF4-targeting (siIRF4)
siRNA. After 6 days of hormone stimulus, HESCs trans-
fected with siNT displayed a decidual, cobblestone mor-
phology. HESCs transfected with siIRF4 displayed fibro-
blastic cell morphology indicative of an absent decidual
transformation (Figure 6A). Gene expression analysis by
RT-qPCR indicated that the significant ablation of IRF4
through the decidualization process did not affect the ex-
pression of PR and only attenuated the expression of
FOXO1 at day 6. However, in siIRF4-treated HESC expres-
sion of the decidual markers IGFBP1, PRL, and WNT4
were significantly attenuated on both days 3 and 6. These
gene expression changes are consistent with the observation

that siIRF4-treated HESCs did not undergo a morphological
decidual transformation. Overall, these results identify, for
the first time, the role of IRF4 in HESC differentiation.

Discussion

In this study we described the global genomic binding
landscape of FOXO1 and the FOXO1-dependent tran-
scriptome in human endometrial stromal cells after 3 days
of stimulation with 17�-estradiol, medroxyprogesterone
acetate, and cAMP. In a comparison of the transcriptome
of HESCs in decidualization (vehicle and EPC) with the
transcriptome of HESCs transfected with siFOXO1, we
observed that more than half of the genes differentially
regulated in siFOXO1 were actively regulated in decidu-
alization. We subsequently focused solely on genes that
were being actively transcribed at this time, as indicated
by the occupancy of RNApol II, and we identified 437
genes. These genes were involved in pathways known to
be critical for the differentiation of HESCs because they
were effectors of the morphological transformation un-
derlying changes in focal adhesions, cell cycle, and ECM
receptor interaction (32–34). Moreover, we observed a
predominance of genes involved in several cancers, in-
cluding prostate, colorectal, leukemia, and small-cell lung
cancer. Gene ontology analysis also revealed enrichments
in the regulation of cell proliferation and cell death, path-
ways deregulated in endometrial carcinoma, and endo-
metriosis in which FOXO1 expression is significantly
down-regulated (35, 36).

To identify direct genomic targets of FOXO1, we per-
formed ChIP-seq for FOXO1 in HESCs after 72 hours of
EPC treatment. It has been reported that the expression of
FOXO1 is induced after 2 days of cAMP and progestin
stimulation and peaks at day 6 of decidualization. Inter-
estingly, studies have shown that by day 4 most of
FOXO1 is phosphorylated and exported from the nucleus
(37). The predominantly cytoplasmic localization of
FOXO1 is tightly regulated and is dependent on sustained
progestin stimulation and activation of the phosphatidyl-
inositol 3-kinase/AKT pathway (38). There is evidence to
suggest that the residual nuclear pool of FOXO1 is essen-
tial and sufficient to have a significant role in the regula-
tion of decidual gene transcription (14). By confocal im-
munofluorescence imaging, we determined a significant
FOXO1 presence in the nucleus of decidual HESCs.
Western blot analysis of nuclear and cytoplasmic frac-
tions was consistent with previous evidence in demon-
strating that although most FOXO1 was found in the
cytoplasmic fraction, a residual portion of FOXO1 was
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Figure 4. Shared FOXO1 and PR cistrome in decidualized HESCs. A,
Venn diagram comparing the genomic binding of FOXO1 and PR. B,
Representative Progesterone Response Elements (PRE), Forkhead
response elements (FRE), and Interferon-stimulated Response Element
(ISRE) identified by SeqPos motif enrichment analysis of the shared
FOXO1/PR binding intervals. C, CEAS enrichment analysis of FOXO1,
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downstream (1000–2000 bp); 6) downstream (2000–3000 bp); 7)
5�UTR; 8) 3�UTR; 9) coding exon; 10) intron; and 11) distal intergenic.
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present in the nucleus, thereby able to engage in the reg-
ulation of transcription.

ChIP-seq analysis revealed that FOXO1 has a large
amount of binding sites throughout the genome and does
not show a clear preference for particular genomic re-
gions. However, when we evaluated only the intervals
near genes we found to be differentially regulated after
silencing of FOXO1 (2760 intervals), CEAS revealed en-
richment in the promoter region (2000–3000 bp) and
5�UTR. This evidence suggests that although FOXO1
may be interacting widely across the genome, binding of
FOXO1 is predominantly found near the regulatory ele-
ments in promoters of genes regulated by this transcription
factor. It is hypothesized that FOXO1 exhibits a proapop-
totic role in the absence of progestin and that this mecha-
nism is functionally required for the execution of decidual
regression for the cyclic regeneration of the endometrium

(39). It remains to be determined
whether the cistrome of FOXO1 in
HESCs changes after progestin with-
drawal when the cytoplasmic pool of
FOXO1 becomes nuclear and how
this change affects the FOXO1-de-
pendent transcriptome.

Among the direct targets of
FOXO1 was IGF-1. IGF-1, like
other growth factors expressed in
differentiating HESCs, can activate
phosphatidylinositol 3-kinase/AKT
pathways. IGF-1 expression and
MAPK3/1 activation is observed in
normal proliferative-phase endome-
trium. In endometrial carcinoma, es-
trogen-induced proliferation is me-
diated by the MAPK3/1 pathway via
autocrine stimulation of IGF-1 (40,
41). IGF-1 was enriched in the path-
way annotation of siFOXO1-regu-
lated genes under several categories
including cancer, focal adhesion,
and p53 signaling. The regulation of
IGF-1 by FOXO1 may function in a
negative regulatory loop that con-
tributes to the mechanism by which
phosphorylation and cytoplasmic
retention of FOXO1 is regulated
during decidualization. These obser-
vations highlight the important role
of IGF-1 in the decidualization pro-
cesses, particularly in the regulation
of the balance that favors survival
over apoptosis.

Forkhead box proteins interact directly with chroma-
tin by binding to forkhead response elements on DNA
and function as pioneer factors and/or classical transcrip-
tion factors to recruit coactivators or other transcription
factors (42). Motif analysis of the FOXO1-binding inter-
vals revealed an enrichment of motifs recognized by the
forkhead domain family. Among the top enriched motifs
were also those recognized by the Runt domain family,
represented by Runt-related transcription (RUNX)-fac-
tor 1. The RUNX family of genes form heterodimeric
complexes with other core-binding factors on promoters
and enhancers and confers increased DNA binding and
stability to the complex. RUNX family members are in-
volved in several cellular processes, including develop-
ment and differentiation and have been shown to inte-
grate oncogenic signals or environmental cues for the
regulation of tumor-suppressive responses (43, 44).

0

5

10

15

20

25

re
la

tiv
e 

m
R

N
A

 

IRF4 

siNT

siFoxO1

siPR

A

B

D

C

β ACTIN 

FOXO1 

PR-B 

PR-A 

0

2

4

6

8

10

12

siNT  siFOXO1

Fo
ld

 e
nr

ic
hm

en
t/n

eg
at

iv
e 

co
nt

ro
l 

IgG

PR

*** 

n.s. 

n.s. 

*** 

*** 

FOXO1 
 Peaks 

1- 

20 kb hg19 Chr6: 440,000 

PR Intervals 
FOXO1 Intervals 

68- 

Figure 5. FOXO1 and PR regulation of IRF4. A, University of California, Santa Cruz genome
browser snapshot of PR and FOXO1 intervals downstream of the IRF4 gene. B, Western blot
analysis of PR and FOXO1 protein expression in HESCs transfected with scrambled (siNT) siRNA
and FOXO1 targeting (siFOXO1) siRNA prior to EPC treatment. C, ChIP-qPCR validation of FOXO1
and PR binding on the downstream ChIP-seq binding intervals in HESCs treated with scrambled
siRNA (siNT) or targeting siRNA (siFOXO1) prior to decidual stimulus. Data are represented as fold
enrichment of IgG and PR over that of the negative control region in a gene desert on
chromosome 4. n.s., not significant (P � .05). ***, P � .001. D, Gene expression validation by
RT-qPCR of IRF4 in HESCs after siRNA-mediated silencing of FOXO1 or PR. Expression data for
IRF4 were normalized to that of 18s rRNA. Data are based on three independent experiments.
Error bars represent SEM. n.s., not significant (P � .05). ***, P � .001.

430 Vasquez et al FOXO1 and PR Regulate IRF4 in Decidualization Mol Endocrinol, March 2015, 29(3):421–433

D
ow

nloaded from
 https://academ

ic.oup.com
/m

end/article/29/3/421/2556207 by guest on 24 April 2024



RUNX1 also plays a role in neoplastic transformation of
endometrioid carcinomas (45). The role of RUNX1 in
decidualization has never been evaluated. We observed
that RUNX1 is down-regulated with EPC treatment of
HESCs, and the absence of FOXO1 disrupts this down-
regulation. FOXO1 had numerous binding sites through-
out the gene body during HESC decidualization, suggest-
ing that FOXO1 may have a direct role in the inhibition of
transcriptional elongation of RUNX1. The requirement of the
down-regulation of RUNX1 for the proper differentiation of
HESCs remains to be determined. Previously it was reported
that silencing FOXO1 promoted the proliferation of differen-
tiating HESCs due to its ability to regulate the expression of
many cell cycle regulators, among them CCNB1, CCNB2,
MCM5, and CDC2 (14). The FOXO1-dependent down-reg-

ulation of RUNX1 may be a novel
mechanismbywhichFOXO1regulates
changes in proliferation in the differen-
tiation of HESCs.

Although significant evidence has
been presented for the physical in-
teraction of FOXO1 and PR, the na-
ture of the direct or indirect interac-
tion, through association of other
cofactors, remained unclear. To
evaluate these potential interac-
tions, we generated intervals of co-
occupancy of FOXO1 and PR.
These intervals contained a signifi-
cant enrichment in progesterone
response elements and forkhead re-
sponse elements. It was hypothe-
sized that the interaction of PR with
other cAMP-induced transcription
factors allowed PR to regulate genes
that were devoid of PRE (14). How-
ever, the high enrichment of hor-
mone response elements (HRE) in
these co-occupied genomic regions
suggests that the absence of hor-
mone response elements may not
necessarily be the reason for the tran-
scriptional cross talk between PR and
other factors. Instead, the require-
ment for other factors to be recruited
to these regulatory regions may have
alternative functions in transcription
activation or repression. FOXO1, like
other members of the Forkhead do-
main family, has been described as pi-
oneer factor in several cellular con-
texts. As pioneer factors, FOX

proteins can associate with compacted chromatin and mod-
ulate chromatin to facilitate accessibility for other transcrip-
tion factors (42). In this study, we presented evidence for the
requirement of FOXO1 for the binding of PR to DNA on the
commontargetgenes.Theobserveddecrease inPRenrichment
at these genomic locations after the silencing FOXO1 was not
due to changes in PR isoform protein expression but may be
attributed to the decrease in the chromatin accessibility for PR.

We also observed an enrichment of ISRE in the co-occu-
pied PR/FOXO1 intervals, which led us to hypothesize a
role for IRF4 in the transcriptional regulation in decidual-
ization. The function of the interferon regulatory factors in
endometrial biology has only been superficially explored.
The expression of several members including IRF1 and
IRF2 has been shown in the secretory phase of menstrual
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cycle in humans and in the ovine endometrium (46, 47).
IRF4 is expressed in most cell types of the immune system
and is essential for the development and function of T helper
cells, regulatory T cells, B cells, and dendritic cells (48). IRF4
is induced by mitogenic stimulus and type I interferon. In-
terferon regulatory factor members are involved in the reg-
ulation of the cell cycle and apoptosis in innate and adaptive
immune responses and oncogenesis (49, 50). In CD4(�) T
cells, IRF4 regulates the expression of the cytokine IL-10 in
response to pathogens (51). IL-10 and its receptor are sig-
nificantly expressed in the cycling endometrium, and some
studies report their expression significantly increases in de-
cidual cultures (52). IL-10, along with a multitude of other
cytokines, plays a critical role in the regulation of maternal
tolerance to the fetal allograft, and one of the critical func-
tions of the decidua is to modulate the cytokine section at the
fetal-maternal interphase.

We had previously demonstrated how the hormonal reg-
ulation of cytokine signaling in decidualization is mediated
by the chicken ovalbumin upstream promoter-transcription
factor II (NR2F2). Motif analysis of the chicken ovalbumin
upstream promoter-transcription factor II DNA-binding in-
tervals revealed an enrichment in FOXO1 motifs (29). The
role of IRF4 in the modulation of inflammation and immune
response in differentiating HESCs remains to be determined.
In this study we identified a novel role of IRF4 in HESC
differentiation by demonstrating that siRNA-mediated si-
lencing of IRF4 significantly attenuated the expression of all
decidual marker genes evaluated, with the exception of
FOXO1 at day 3. The attenuation of IRF4 did not affect the
expression of PR, suggesting that it is downstream of pro-
gesterone signaling. Overall, this evidence suggests IRF4 as a
novel transcriptional coregulator of FOXO1 and PR in
HESC differentiation.

In summary, this study investigated the cistrome and
transcriptome of FOXO1 in the differentiation of HESCs
and identified many direct target genes involved in previ-
ously reported pathways such as cell cycle and apoptosis.
We identified numerous binding locations for FOXO1
across the genome and determined that more than half of the
genes regulated with siRNA-mediated knockdown of FOXO1
are bound near their promoter regions. We identified numer-
ous binding elements within the FOXO1-binding intervals rec-
ognized by known transcriptional coregulators of FOXO1, in-
cluding HOX and CEBP, and novel putative partners,
including RUNX1 and IRF4. Furthermore, we established the
high co-occupancy of FOXO1 in PR binding across the ge-
nome during decidualization. Finally, we established the re-
quirement of FOXO1 for the binding of PR to a novel target
gene and putative regulator of decidualization, IRF4.
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