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Dynamic Regulation of AP-1 Transcriptional Complexes Directs
Trophoblast Differentiation
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Placentation is a process that establishes the maternal-fetal interface and is required for successful pregnancy. The epithelial
component of the placenta consists of trophoblast cells, which possess the capacity for multilineage differentiation and are re-
sponsible for placenta-specific functions. FOS-like antigen 1 (FOSL1), a component of AP-1 transcription factor complexes, con-
tributes to the regulation of placental development. FOSL1 expression is restricted to trophoblast giant cells and invasive tro-
phoblast cells. In the present study, we characterized the FOSL1 regulatory pathway in rat trophoblast cells. Transcriptome
profiling in control and FOSL1 knockdown cells identified FOSL1-dependent gene sets linked to endocrine and invasive func-
tions. FOSL1 was shown to occupy AP-1 binding sites within these gene loci, as determined by chromatin immunoprecipitation
(ChIP). Complementary in vivo experiments using trophoblast-specific lentiviral delivery of FOSL1 short hairpin RNAs
(shRNAs) provided in vivo validation of FOSL1 targets. FOSL1 actions require a dimerization partner. Coimmunoprecipitation,
coimmunolocalization, and ChIP analyses showed that FOSLI interacts with JUNB and, to a lesser extent, JUN in differentiating

trophoblast cells. Knockdown of FOSL1 and JUNB expression inhibited both endocrine and invasive properties of trophoblast
cells. In summary, FOSLI recruits JUNB to form AP-1 transcriptional complexes that specifically regulate the endocrine and

invasive trophoblast phenotypes.

he placenta is a specialized tissue of pregnancy that permits

development of the embryo within the female reproductive
tract and effectively facilitates the redirection of resources from
the mother to the fetus (1). Placentation is categorized based on
the connectivity between maternal and embryonic tissues. In
hemochorial placentation, as seen in rodents and most primate
species, maternal blood directly bathes specialized extraembry-
onic cells referred to as trophoblasts (2). The trophoblast lineage
arises early in embryonic development. As the embryo grows, a
subset of totipotent stem cells becomes committed to the tropho-
blast cell lineage (3, 4). These cells are situated on the surface of the
blastocyst and are called the trophectoderm. They give rise to a
trophoblast stem (TS) cell population initially apposed to the in-
ner cell mass of the blastocyst and expand into the extraembryonic
ectoderm (5-7). TS cells differentiate into multiple specialized
trophoblast cell types. In rat, TS cells differentiate into syncytial
trophoblast cells, spongiotrophoblast cells, glycogen cells, tropho-
blast giant cells, and invasive trophoblast cells (8, 9). Each differ-
entiated cell type contributes to a core function of the placenta.
Syncytial trophoblast cells specialize in transport, spongiotropho-
blast and trophoblast giant cells synthesize and secrete peptides
and steroid hormones, glycogen cells are an energy reservoir, and
invasive trophoblast cells penetrate the uterus and modify the
uterine vasculature. Regulatory mechanisms controlling the tro-
phoblast lineage have been investigated (10-13).

Activator protein 1 (AP-1) consists of a family of basic leucine
zipper transcription factors induced in response to a variety of
extracellular stimuli (14). The composition of the AP-1 family is
best characterized as heterodimers of FOS family (FOS, FOSB,
FOS-like antigen 1 [FOSL1], and FOSL2) and JUN family (JUN,
JUNB, and JUND) proteins or as JUN family homodimers (15,
16). The AP-1 family plays an important role in the regulation of
fundamental cellular processes, including cell proliferation, dif-
ferentiation, motility, and invasion (14-16). There is a remarkable
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specificity of the actions of AP-1, which is determined by the com-
position of its constituent proteins (15, 16).

FOS and JUN family transcription factors are expressed in ro-
dent and human trophoblast cells (17-21) and have been impli-
cated in the regulation of transcription of an assortment of genes
expressed in trophoblast cells (22-28). Mouse mutagenesis studies
have demonstrated roles for FOSL1 and JUNB in placental devel-
opment (29, 30). Null mutations at either FoslI or Junb loci result
in early embryonic death. Initial phenotypic descriptions sug-
gested that FOSL1 and JUNB contributed to the regulation of
vascularization of the labyrinth zone of the mouse placenta (20,
29). FOSLI is prominently expressed in trophoblast giant cells and
in endovascular invasive trophoblast cells, placing it in a position
to potentially regulate the transcription of genes involved in hor-
mone biosynthesis and in vascular remodeling, respectively (20).
In rat TS cells, FOSL1 expression is prominently increased during
trophoblast differentiation correlated with the acquisition of both
endocrine and invasive properties (20, 31). Furthermore, FOSL1
was identified as a downstream mediator of a phosphatidylinositol
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3-kinase/AKT signaling pathway promoting trophoblast invasion
and vascular remodeling (20). In vivo disruption of FOSL1 by
using trophoblast-specific lentiviral delivery of FoslI short hairpin
RNAs (shRNAs) inhibited the depth of endovascular trophoblast
cell invasion (20). These actions of FOSL1 on the invasive tropho-
blast cell phenotype are conserved in rat and human trophoblast
cells (20, 21).

In this study, we delve deeper into the actions of FOSL1 on
trophoblast cell differentiation. Targets for FOSL1 action and
FOSL1 dimerization partners in differentiating trophoblast
cells are identified. In vitro and in vivo research strategies were
performed by utilizing TS cells and lentiviral trophoblast-
specific gene manipulation, respectively. Our experimental
findings demonstrate a cooperative role for FOSL1 and JUNB
in regulating trophoblast cell invasive and endocrine pheno-

types.

MATERIALS AND METHODS

Animals. Holtzman Sprague-Dawley rats were obtained from Harlan
Laboratories (Indianapolis, IN). Animals were housed in an environ-
mentally controlled facility with lights on from 0600 to 2000 h and
were allowed free access to food and water. The presence of a seminal
plug or sperm in the vaginal smear was designated day 0.5 of preg-
nancy. Tissues for histological analysis were frozen in dry ice-cooled
heptane and stored at —80°C until processed. Tissue samples for RNA
or protein analysis were frozen in liquid nitrogen and stored at —80°C
until they were processed. Female rats were made pseudopregnant by
mating with vasectomized males. The presence of a seminal plug was
designated day 0.5 of pseudopregnancy. The University of Kansas An-
imal Care and Use Committee approved protocols for the care and use
of animals.

Rcho-1 TS cells and rat blastocyst-derived TS cells. Rcho-1 TS
cells were maintained in stem state medium (RPMI 1640 culture me-
dium [Life Technologies, Grand Island, NY] supplemented with 20%
fetal bovine serum [FBS; Sigma-Aldrich, St. Louis, MO], 50 pM
2-mercaptoethanol [Sigma-Aldrich], 1 mM sodium pyruvate [Life
Technologies], 100 M penicillin, and 100 U/ml streptomycin [Life
Technologies]) and passaged with trypsin-EDTA (Fisher, Pittsburgh,
PA) (32, 33). Differentiation was induced by replacing stem state me-
dium with differentiation-promoting medium (NCTC-135 medium
[Sigma-Aldrich] supplemented with 1% horse serum [Life Technolo-
gies], 50 wM 2-mercaptoethanol, 1 mM sodium pyruvate, 10 mM
HEPES, 38 mM sodium bicarbonate, 100 uM penicillin, and 100 U/ml
streptomycin [Fisher]). Rat blastocyst-derived TS cells were grown in
stem state medium supplemented with fibroblast growth factor 4
(FGF4) (37.5 ng/ml; Sigma-Aldrich), heparin (1.5 pwg/ml; Sigma-Al-
drich), and rat embryonic fibroblast-conditioned medium (70% of the
final volume), as described above. Differentiation was induced by the
removal of FGF4, heparin, and rat embryonic fibroblast-conditioned
medium (34). Stem cell state cells were collected within 48 h of sub-
culture, and differentiated cells were maintained for 8 days in differ-
entiation medium prior to harvesting.

shRNA constructs and production of lentiviral particles. Two FoslI
shRNAs were designed and subcloned into pLKO.1 by using Agel and
EcoRlI restriction sites (20). Jun, Junb, Jund, and Grhll shRNA constructs
subcloned into pLKO.1 were obtained from Sigma-Aldrich (St. Louis,
MO). A control shRNA that does not target any known mammalian gene,
pLKO.1-shSCR (plasmid 1864), was obtained from Addgene (Cam-
bridge, MA). Sequences representing the sense target site for each of the
shRNAs used for analyses are provided in Table 1. Lentiviral packaging
vectors (Addgene) were used to produce lentiviral particles. Culture su-
pernatants containing lentiviral particles were harvested every 24 h for 2 to
3 days, centrifuged to remove cell debris, filter sterilized, concentrated by
ultracentrifugation, and stored at —80°C until use. Lentiviral vector titers
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TABLE 1 shRNA sequences

shRNA Target sequence

Control CCTAAGGTTAAGTCGCCCTCG
Fosl1 1 GACAAGTTGGAGGATGAGAAAT
Fosll 2 GTTCCTCAGCCCATCGAAAGAGTA
Jun 1 GCTGGCATCCACGGCCAACAT
Jun 2 CGGTGCCTACGGCTACAGTAA
Junb 1 GGACGACCTGCACAAGATGAA
Junb 2 GCTTCCGCCTTTAAAGAGGAA
Jund 1 GTTCGCCGAAGGCTTCGTCAA
Jund 2 GAGAAAGTCAAGACCCTCAAA
Grhll TAAATCTCTGTCAGGGTGAGC

were determined by measurement of p24 Gag antigen by an enzyme-
linked immunosorbent assay (Advanced Bioscience Laboratories, Kens-
ington, MD).

In vitro lentiviral transduction. Rcho-1 TS cells and rat blastocyst-
derived TS cells were exposed to lentiviral particles, selected with pu-
romycin dihydrochloride (2 pg/pl; Sigma-Aldrich) for 2 days, and
then maintained with a lower concentration of the antibiotic (1 pg/
pl). Puromycin selective pressure was removed during in vitro differ-
entiation.

In vivo lentiviral transduction. Rat embryos were transduced with
lentiviral particles as previously described (20, 35). Briefly, blastocysts
collected on gestation day 4.5 were treated with pronase (10 mg/ml for 10
min; Sigma-Aldrich) to remove zonae pellucidae and incubated with con-
centrated lentiviral particles (750 ng of p24/ml) for 4.5 h. Transduced
blastocysts were transferred to uteri of day 3.5 pseudopregnant rats for
subsequent evaluation of gene knockdown and placentation site pheno-
types on gestation day 11.5.

DNA microarray analysis. DNA microarray analysis was performed
by the University of Kansas Medical Center Biotechnology Support Facil-
ity, as previously described (31). Briefly, Affymetrix 230 2.0 DNA mi-
croarray chips (Affymetrix, Santa Clara, CA) were probed with cDNAs
generated from differentiated Rcho-1 TS cells expressing control or FoslI
shRNAs. Each experimental group was analyzed in triplicate. Hybrid-
ization signals were normalized to signals for the internal controls by
using the MAS5 algorithm with Expression Console software (Af-
fymetrix), and fold changes were computed. Significant differences
were determined by paired two-tailed Student t tests. Microarray data
were processed for functional analysis by using Ingenuity Pathway
Analysis (Qiagen, Redwood City, CA). Probe sets included in the anal-
ysis were restricted to those with which we detected changes in gene
expression of at least 2-fold between group comparisons with signal
strengths of =500 for the maximal value.

Quantitative reverse transcription-PCR (qQRT-PCR). RNA was ex-
tracted by using Tri reagent (Sigma-Aldrich) according to the manufac-
turer’s instructions. cDNAs were reverse transcribed from RNA by using
cDNA synthesis reagents from Applied Biosystems (Foster City, CA),
according to the manufacturer’s instructions. Power SYBR green PCR
master mix (Applied Biosystems) was used for PCR. Reaction mixtures
were processed by using a 7500 real-time PCR system (Applied Bio-
systems). Conditions included an initial holding stage (50°C for 2 min
and 95°C for 10 min) and 40 cycles (95°C for 15 s and 60°C for 1 min),
followed by a dissociation stage (95°C for 15 s, 60°C for 1 min, and
then 95°C for 15 s). Primers used for analyses are shown in Table 2. The
comparative cycle threshold (AAC;) method was used for relative
quantification of the amount of mRNA normalized to the amount of
18S RNA. Values are presented relative to the values for the controls
for each gene.

Primary antibodies. Antibodies to FOSL1 (SC-605) and JUNB (SC-
8051 for all applications except chromatin immunoprecipitation
[ChIP], for which SC-73 was used) were obtained from Santa Cruz
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TABLE 2 Specific primer sequences used for qRT-PCR analysis

Regulation of Trophoblast Differentiation

Target gene Forward primer Reverse primer GenBank accession no.
18s GCAATTATTCCCCATGAACG GGCCTCACTAAACCATCCAA NR_046237.1
Fosl1 ATCCCCGACCTCTGACCTAT CAAGGCGTTCCTTCTGCTT NM_012953.1
Pri3dl TTCGGGCTCTGGTATGCAAC TGGACACAATGGCAGTTGGTTTGG NM_017363.3
Pri5al TCCACACCAGACATTCCAGA TTTCCAGGAAGCCAACATTC NM_138527.1
Geml CCCCAACAGGTTCCACTAGA AGGGGAGTGGTACGTGACAG NM_017186.2
Pcdhi2 GAGCCTGGTTCGACTCTCTG GGGCTTGGCCGAGTATTTAT NM_053944.1
Crispld2 GTATCCCCCTGCCTCCAAC CAGTGCACAGCCAGGTTCT NM_138518.2
Grhll AAGGGATCCACCACCCTATC ATGAAGACCTTCGCCTCATC XM_234006.8
Cgm4 GTTCCCTGTGTATCCGCAAT GTGAGCTTGGCAGGGTTAAA NM_012525.1
Cypllal ACAAGCTGCCCTTCAAGAAC CGCAGCATCTCCTGTACCTT NM_017286.2
Ppap2b GCCTCCTTCTCCATGTTCAC AAGGCCATCATGAGCAAAGT NM_138905.2
Mmp9 AACTTCGACGCTGACAAGAA TTTAGAGCCACGACCATACA NM_031055.1
Jun TAACAGTGGGTGCCAACTCA CGCAACCAGTCAAGTTCTCA NM_021835.3
Junb CAGTTACTCCCCAGCCTCTG ATGTGGGAGGTAGCTGATGG NM_021836.2
Jund TGTTGCGTGTGTGTTTCCTT CCAAGGATTACGGAACAGGA NM_138875.4
Ddx60 GTCCTAAGCCAAAGAAGGAT TGCCCTTCTTTTTGTTCTTCC XM_008771220.1
Mfap5 AGAAGGCCTTGCTGCTTGT CCGCCAGAACTGTATCGTCT NM_001108644.1
Rdhi2 CTCTTCTCGCCCTTCTTCAA GCGCTCAGCTGTTTTCTTGT NM_001108037.1
Micall2 GACGTGAGCATCACCAACAT AGCTGTTCCTCAGCCACTTG XM_006248975.2
Il1r2 CTCCCCTGGAGACAATACCA TGGTGTTGGAAGATGTACCAGT NM_053953.1
Mmd GATTTTCTCCAGCCTTGGTG AATGATGCCATCGCTCTTG NM_001007673.1
LOC171573 TGAGGCTAAAGAGGACCAGG CTGACATGCTCCATTGCCAG NM_138537.2
Flt1 GGGTGTCTGCTTCTCACAGG TTTTTGTCCTCCTGGCTCAC NM_019306.1
Hspb8 GAAGGTGGGATTGTCTCCAA CCTGGTTGTCTTGAGGAAGC NM_053612.2
Cedcl25 AAAGCCACAAGCCACACAC ATTCCATTTCCCACTGCAAG NM_001134761.1
Fdxr AGATCTGTGTGGTCGGCAGT AGCGGGCTGTCTGTGTAAAT NM_024153.1
Rilpl1 AGACCAAGGAGCAGGAGATG GGTTGGGGTCCTTGAGGT NM_001191665.1
Ceacam9 CCTGCTGATCAGAAACGTCA AGGTGAGGGTCACAGAACCA NM_053919.2
Chdh GTTGGGAATGCAGATGACCT ACCTCCAGAGCCACTCCAG NM_198731.2
Ceacam3 TGGTACAAAGGGCTGACAAA TCCACAGGTCAAAGTGGAGAA NM_012702.2
Sema6d GGCCAGTGATGCTGTCATTT TATGTTCCACGGCGATTTCT NM_001107768.1
Cd47 GAAAAACCGCCCAGTTTCGTGGT CGGCAACCAGCAGCAGAATGA NM_019195.2
Cd9 GCATGCTGGGATTGTTCTTCGGAT ATGGATGGCTTTGAGTGTTTCCCG NM_053018.1
1z CAAAACCAGGGCATTTCTGT GACCAGGATTTCTTGCTGGA NM_001015011.1
Prl4al TCTGTCTTTGTCTCACCAATGG GTTCAAACCCTCGGCCTTG NM_017036.2
Dio3 CCGCATATGGTGCCTATTTT GCCCACCAATTCAGTCACTT NM_017210.3
Mtla CACCAGATCTCGGAATGGAC GTTCGTCACTTCAGGCACAG NM_138826.4
Adm TCATCGCAGTCAGTCTTGGA ACGACTTAGCGCCCACTTAT NM_012715.1
Zfp3612 TTGCAGTTCCGACCATTACA AACCCCGGAGTGAAGCTC NM_001036626.1
Prtprk TTTGAGTGGGTCCATGTCAG CCTTCTGGCTGTACAACAGGT NM_001029902.2
Tex19.2 TTTTGGCCTCATGGGAGATA CAGCTTCACACTTGCTCCAA NM_001109622.1
Ppap2a ACCATTTACAAAGCCGTTGG AGTGCCCCGAGTAGAAGGAC NM_022538.2
Ceacaml ACCCAATCAAGCTGGACGTA TTGAGGGTTTGTGCTCTGTG NM_031755.2
Igdcc3 TGAGGGCGACTATGAATGTG TGGGGACTCTGTTCTTCTCC XM_006243296.2
Akapi12 GCAGGAGGAGACATCAGAAA CTTCGCCTTCATCCTTCTTG NM_057103.2
Icam?2 TTTCACTTGTTCGGGAAAGC TCTGCCACAGAGCAGAGAGA NM_001007725.1
Rbks GCTTGCCAAAAACTGGAGAA GGAGGCTGTTCCTGTAGCTG NM_001108703.1
Myolf CCAAGAACCCTCTGAACCTG GATGGCGTCCTCAGTGATCT NM_001108076.1
Chchd10 CTCAGCTGTAGGGCATGTCA GAAGCCCTCACACAGGGTTA NM_001007008.1
Gbx2 GACGGCAAAGCCTTCTTG CGCTCTCCAGAGAGAAGCTC NM_053708.2
HI9 AGCTCGGACTGGAGACTAGG GGCAAAGGAAAGAACAGACG NR_027324.1
Bex1 AGCAGGAGGAGGAGGAAGAG TCCTCCTTTTTCTGATGGTCA NM_001037365.1
Serpinhl CCAGAGGTCACCAAGGATGT GGTGCATCATCGTAACACCC NM_017173.1
Mmpl2 GCACATTTTGATGAGGCAGA TTGATTTTGGATTATTGGAATGC NM_053963.2
Il11ral CAAGTTCCGGTTGCAATACC TAGGAGTACCCCAGGCCTCT NM_139116.1
Grhl2 TGGAAGCCACCAAATCTCTC GGTTTATTGCTGCGGTTGTT NM_001134527.1
Grhi3 GAGACCCAGCCTGTGTTGTT CCTCGCTTGCATTTCTTGTA NM_001106690.1

Biotechnology (Santa Cruz, CA). We obtained antibodies to GRHLI
(HPA005798) and pancytokeratin (F3418) from Sigma-Aldrich. Anti-
bodies to JUN (610326), JUND (5226-1), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (AB2302), and histone H3 (ab1791) were ob-
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tained from BD Biosciences (Franklin Lakes, NJ), Epitomics (Burlingame,
CA), Millipore (Billerica, MA), and Abcam (Cambridge, MA), respec-
tively. Antibodies to PRL3D1 and CYP11A1 were previously generated
and characterized by our laboratory (36, 37).
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TABLE 3 Specific primer sequences used for ChIP analysis

Target gene Forward primer Reverse primer

Pri3dl ATCATATGGGGGAAATGCAG TCATTCAACTTTCTGCCTCCT
Crispld2 TCGAGTGACCAGGTGTGTGT CCCTCCCAAAAGTGACTCAA

Grhll CCTTGGGGCTTCAGCCATTT ATAAGTGGGCAAGGGTCCTG
Cgm4 GGGAACAGTGCTTTTGAGGA TAACTTAGTGGCCGGGACAT

Cypllal GAGTCCCAGACCCAGAGAGG CCACTGATTCCACAGCAATG

Ppap2b CCGACTTCTGGTTTCTGGTC CGCTACCATGAGGAAAGGAG
Mmp9 GAGTCAGCGTAAGCCTGGAG AGCAGAATTTGCGGAGGTTT
Fosl1 AGTCACTGAGGCTGAGTCAC TATGTCCCCAGCCCAATACT

Western blotting. Whole-cell lysates were prepared in lysate buffer  teins were electrophoretically transferred onto polyvinylidene difluoride
(Cell Signaling Technology, Danvers, MA). Nuclear lysates were prepared ~ (PVDF) membranes. Blots were probed with the indicated antibodies
with an NE-PER nuclear protein extraction kit (Thermo Fisher Scientific, ~ overnight at 4°C, followed by incubation with horseradish peroxidase
Rockford, IL). Lysates were fractionated by SDS-PAGE. Separated pro- ~ (HRP)-conjugated secondary antibodies to rabbit IgG (Cell Signaling
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FIG 1 FOSLI regulation of the trophoblast cell phenotype. (A) qQRT-PCR analysis of Fosl1, Prl3d1, Tpbpa, Prl5al, Geml, and Pcdhl2 expression in stem (Stem) and
differentiated (Diff) Rcho-1TS cells. (B) Western blot analysis of FOSL1 and GAPDH expression in stem and differentiated Rcho-1 TS cells. (C and D) FOSL knockdown
efficiency in differentiated Rcho-1 TS cells expressing control (Ctrl) or FoslI shRNAs was validated by qRT-PCR (C) and Western blot (D) analyses. GAPDH was used
as an internal control for Western blot analysis. (E) FOSL1 localization and knockdown efficiency in stem and differentiated Rcho-1 TS cells expressing control or Fosl1
shRNAs were assessed by immunocytochemistry. FOSL1 was localized to nuclei. Cells were counterstained with cytokeratin (CK) and/or DAPI. Bar = 100 wm. (F) DNA
content was estimated by propidium iodine staining followed by flow cytometry. PI-A, propidium iodide staining area. (G) qRT-PCR analysis of Pri3d1, Tpbpa, Prl5al,
Geml,and Pedhi2 transcripts in differentiated Rcho-1 TS cells expressing control or FoslI shRNAs. (H) Scatter plot of data from microarray analysis shown as the natural
logarithm of raw signal values for differentiated Rcho-1 TS cells expressing control (x axis) or FoslI (y axis) shRNAs. The magnitudes of fold changes (FC) are depicted
as different-colored dots. Bars in the histograms in panels A, C, F, and G represent means = SEM. Asterisks or different letters above each bar indicate significant
differences (P < 0.05).
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TABLE 4 Functional analysis of selected genes regulated by FOSL1

Regulation of Trophoblast Differentiation

Molecule(s) in network

Score Top disease(s) and/or function(s)

ADM, AKAP12, BCAR3, Cgm4, CSRP1, CYP11A1, DIO3, DUSP14, FDXR, FOSLI1, 41

IGFBP3, IL1R2, LY6E, MMD, MMP9, MT1, NOV, SEMA6D, TXNIP

CHDH, CHSY1, DENND2C, EIF4E3, FLYWCH2, GNPTAB, HECA, MOSPD1,

MYOIF, PARVG, PHLDB2, PPAP2A, RASL10B, RDH12, RILPL1, SALLI,
TSPAN33

CD47, GNE, HSPB1, HSPB8, IGDCC3, KRT15, NEDD4L, PBX3, Prl3d1, PTPRK, 26

RDM1, ZAK, ZFP3612

ARHGDIB, CEACAM1, CLDN4, CRISPLD?2, F3, ICAM2, LAMC2, PDGFA,
PLSCRI1, PPAP2B, STIM1, TIMP3

CLDN4, CPEB2, FAM110B, FDXR, FOSL1, FXYD6, GRHL1, HNF4A, ITIH3,
RBKS, ROBO3, TIMP3

CHCHD10

MLLT3

Cardiovascular system development/function, organ
morphology, organismal development

26 Cellular compromise, cell-to-cell signaling and

interaction, cellular movement

Hereditary disorder, neurological disease, organismal
injury and abnormalities

26 Cellular movement, cancer, tumor morphology

14 Cellular movement, cellular development,
reproductive system development and function

2 Cancer, cell cycle, cell death and survival

2 Cancer, cardiovascular disease, cardiovascular system

development and function

Technology) or mouse IgG (Sigma-Aldrich) for 1 h at room tempera-
ture. Reaction products were visualized by incubation with Luminata
Western HRP substrates according to the manufacturer’s instructions
(Millipore). Lysates from 293FT cells (Invitrogen, Eugene, OR) trans-
fected with rat Jund ¢cDNA subcloned into pCMV SPORT6 (GE

Healthcare, Lafayette, CO) were used as a positive control for JUND
immunoblots.

Immunolocalization. Ten-micrometer cryosections of placenta-
tion sites were prepared and stored at —80°C until use. Tissue sections
mounted onto glass slides or Rcho-1 TS cells plated onto chamber

TABLE 5 Selected genes downregulated by FoslI shRNA in differentiated Rcho-1 TS cells identified by microarray analysis and validated by qRT-

PCR analysis
Fosl1 knockdown/control
knockdown transcript
expression ratio by:
Gene qRT-PCR
Protein symbol Function® Microarray (£SEM)
DEAD (Asp-Glu-Ala-Asp) box polypeptide 60 Ddx60 RNA helicase 0.04 0.17 £ 0.02
Microfibrillar-associated protein 5 Mfap5 Cell adhesion/ECM 0.07 0.37 £ 0.11
Retinol dehydrogenase 12 Rdhi2 Retinoid metabolism 0.12 0.17 £ 0.02
Prolactin family 3, subfamily d, member 1 Pri3dl Hormone/cytokine 0.13 0.27 £ 0.04
Cys-rich secretory protein LCCL domain 2 Crispld2 ECM assembly 0.17 0.28 = 0.04
Mical-like 2 Micall2 Cytoskeleton organizer 0.20 0.17 = 0.02
Interleukin 1 receptor type II I1r2 Decoy cytokine receptor 0.20 0.09 £ 0.02
Monocyte-to-macrophage differentiated Mmd Progestin/adipoq receptor family, unknown function 0.20 0.20 = 0.03
Grainyhead-like 1 Grhll Transcription factor 0.21 0.25 + 0.04
Carcinoembryonic antigen gene family 4 Cgm4 Ligand; immune/vasculature 0.21 0.37 £ 0.05
Cytochrome P450, family 11, subfamily a, Cypllal Steroid biosynthesis 0.25 0.32 = 0.05
polypeptide 1
Spleen protein 1 precursor LOC171573 Unknown function 0.27 0.17 £ 0.03
Fms-related tyrosine kinase 1 Flt1 Growth factor receptor; vasculature 0.28 0.29 = 0.04
Heat shock protein B8 Hspb8 Chaperone; stress response 0.30 0.36 = 0.05
Coiled-coil domain-containing 125 Cedcl25 Cell motility 0.32 0.52 £0.10
Phosphatidic acid phosphatase 2B (LPP3) Ppap2b Phospholipid phosphatase; signal transduction 0.34 0.32 = 0.05
Ferredoxin reductase Fdxr Mitochondrial flavoprotein; electron transport 0.34 0.66 = 0.05
Rab-interacting lysosomal protein-like 1 Rilpl1 Regulation of cilium function 0.36 0.57 £ 0.09
Carcinoembryonic antigen-cell adhesion Ceacam9 Cell adhesion 0.36 0.34 £ 0.04
molecule 9
Choline dehydrogenase Chdh Mitochondrial phospholipid and 1-carbon metabolism 0.36 0.36 £ 0.05
Matrix metalloproteinase 9 Mmp9 ECM remodeling 0.38 0.50 = 0.08
Carcinoembryonic antigen-related cell Ceacam3 Cell adhesion 0.40 0.13 £0.03
adhesion molecule 3
Semaphorin 6D Sema6d Ligand; cell guidance 0.41 0.71 £0.14
Cd47 molecule Cd47 Cell adhesion/thrombospondin receptor 0.44 0.55 = 0.07
Cd9 molecule Cd9 Tetraspanin; cell adhesion/signal transduction 0.55 0.59 £ 0.08
Interleukin 17F 117f Cytokine 0.66 0.64 £0.17
Prolactin family 4, subfamily a, member 1 Prl4al Hormone/cytokine 0.66 0.34 £ 0.06

“ ECM, extracellular matrix.
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TABLE 6 Selected genes upregulated by FoslI shRNA in differentiated Rcho-1 TS cells identified by microarray and validated by qRT-PCR analysis

Fosl1 knockdown/control
knockdown transcript
expression ratio by:

Gene qRT-PCR
Protein symbol Function® Microarray (=SEM)
Deiodinase, iodothyronine, type iii Dio3 Thyroid hormone inactivation 3.52 2.86 £0.23
Metallothionein la Mtla Metal ion homeostasis 2.97 5.85 *+ 0.42
Adrenomedullin Adm Ligand; vasculature 2.58 2.20 + 0.43
Zinc finger protein 36, c3h-type-like 2 Zfp3612 Putative transcription factor 2.45 2.46 £0.27
Protein tyrosine phosphatase, receptor type, k Ptprk Protein tyrosine phosphatase; signal transduction ~ 2.36 2.77 £0.25
Testis-expressed gene 19.2 protein Tex19.2 Unknown function 2.30 1.72 £ 0.54
Phosphatidic acid phosphatase type 2a Ppap2a Phospholipid phosphatase; signal transduction 2.21 3.17 = 0.09
Carcinoembryonic antigen-related cell adhesion Ceacaml Cell adhesion 2.16 4.36 £ 0.37
molecule 1
Immunoglobulin superfamily, dcc subclass, member 3 Igdec3 Unknown function 2.15 2.52£0.13
A kinase (Prka) anchor protein 12 Akapl12 Scaffold protein for protein kinase A/C; signal 2.13 1.92 £ 0.20
transduction
Intercellular adhesion molecule 2 Icam2 Cell adhesion; leukocytes, immune function 2.11 1.85 +0.19
Ribokinase Rbks Ribose metabolism; energy production, 2.09 3.32 = 0.05
nucleotide and amino acid biosynthesis
Myosin IF Myolf Unconventional myosin; intracellular movement 2.08 3.35+0.12
Coiled-coil-helix-coiled-coil-helix domain-containing 10 Chchd10 Mitochondrial protein, possibly oxidative 2.08 2.30 £ 0.09
phosphorylation
Gastrulation brain homeobox 2 Gbx2 Transcription factor 1.97 2.89 = 0.62
H19, imprinted maternally expressed transcript HI9 Noncoding RNA; imprinting 1.94 2.25 £ 0.09
Brain-expressed gene 1 protein Bex1 Adaptor; signal transduction 1.92 1.99 = 0.21
Serine (or cysteine) peptidase inhibitor, clade h, Serpinhl Collagen-specific chaperone; collagen 1.89 1.73 £ 0.29
member 1 biosynthesis
Matrix metallopeptidase 12 Mmpl2 ECM remodeling 1.76 1.89 £ 0.64
Interleukin 11 receptor, alpha chain 1 Il11ral Cytokine receptor-associated signal transducer 1.73 1.85 +0.26

“ ECM, extracellular matrix.

slides were fixed in 4% paraformaldehyde, washed with phosphate-
buffered saline (PBS), and permeabilized in PBS containing 0.25%
Triton X-100. Following a blocking step with 10% normal goat serum
for 30 min, slides containing the specimens were incubated with the
indicated primary antibodies overnight at 4°C and subsequently incu-
bated with secondary antibodies for an additional 30 min at room
temperature. We used a secondary goat anti-rabbit antibody conju-
gated with cyanine 3 bis-N-hydroxysuccinimide (NHS) ester (Cy3;
Jackson ImmunoResearch Laboratories Inc., West Grove, PA), a second-
ary goat anti-rabbit antibody conjugated with Alexa Fluor 488 (Invitro-
gen), or a secondary goat anti-mouse antibody conjugated with fluores-
cein isothiocyanate (FITC; Sigma-Aldrich). Nuclei were visualized with
4',6-diamidino-2-phenylindole (DAPI; Molecular Probes, Carlsbad, CA).
Trophoblast cells were visualized by immunostaining with pancytokera-
tin antibodies. Fluorescence images were captured by using a Leica DMI
4000 microscope equipped with a charge-coupled-device camera (Leica
Microsystems GmbH, Welzlar, Germany).

Analysis of DNA content. DNA content was estimated by flow cytom-
etry, as previously described (31). Cells were trypsinized, fixed in 70%
ethanol, and then stained with propidium iodine.

Chromatin immunoprecipitation. ChIP analysis was performed ac-
cording to a previously reported procedure (20). Briefly, Rcho-1 TS cells
stably transduced with control, FoslI, or Junb shRNA-expressing lentivi-
ruses were grown to confluence in 150-mm dishes and differentiated for 8
days. Cells were then fixed with 1% formaldehyde, and purified nuclear
lysates were sonicated on ice to prepare DNA fragments at a size of ~500
bp. Lysates were immunoprecipitated with 5 g of FOSL1 or JUNB anti-
bodies and collected on protein A-agarose beads (Sigma-Aldrich). Rabbit
IgG (BD Biosciences) was used as a nonspecific control. Immunoprecipi-
tated chromatin fragments were washed and eluted from protein A-aga-
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rose beads. DNA-protein complexes were reverse cross-linked and puri-
fied by using a QIAquick PCR purification kit (Qiagen). Purified DNA
fragments were characterized by quantitative PCR (qPCR) using primers
listed in Table 3. Putative AP-1 response elements (TGAGTCA) were
targeted in the ChIP analysis and identified by searching specific gene loci,
including 10 kbp flanking the locus at the 5" and 3" ends, using rVista 2.0
(http://rvista.dcode.org/) (38). Occupancy/enrichment was normalized
to values for input samples by use of the AAC; method and presented
relative to values for IgG controls.

Coimmunoprecipitation. Rcho-1 TS cells or rat blastocyst-derived
TS cells were washed with ice-cold PBS and extracted in cell lysis buffer
(Epitomics). Lysates were immunoprecipitated by using the indicated
antibodies and collected on protein A-agarose beads. Rabbit IgG or
mouse IgG (BD Biosciences) was used as a nonspecific control. Immu-
noprecipitated protein complexes were washed with PBS, eluted with
cell lysate buffer, separated by SDS-PAGE, and processed for Western
blot analysis using the Clean Blot IP detection reagent (Thermo).

Matrigel invasion assay. In vitro cellular invasive activities were mea-
sured as previously described (39). Rcho-1 TS cells were differentiated for
8 days, trypsinized, and placed onto transwell inserts (6.5-mm diameter
and 8-pm pore size; BD Biosciences) coated with 400 pg/ml phenol red-
free Matrigel (BD Biosciences) at a density of 3 X 10* cells per insert. Cells
were initially plated in stem state medium overnight and then switched to
differentiation medium and allowed to invade for 72 h. Invaded cells
situated on the undersurface of the membrane were stained with Diff-
Quik (Dade Behring, Newark, DE), visualized by stereomicroscopy, and
counted.

Progesterone radioimmunoassay. Measurements of progesterone
concentrations in medium conditioned by Rcho-1 TS cells were per-
formed by using a radioimmunoassay (RIA), as previously reported
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FIG 2 FOSL1-dependent genes activated in trophoblast cells differentiating in vitro. (A) QRT-PCR analyses of Crispld2, Grhll, Cgm4, Cypllal, Ppap2b,
and Mmp9 transcripts in stem (Stem) or differentiated (Diff) Rcho-1 TS cells. (B) qRT-PCR analyses of Prl3d1, Crispld2, Grhll, Cgm4, Cypllal, Ppap2b,
and Mmp9 transcripts in differentiated Rcho-1 TS cells expressing control (Ctrl) or FoslI shRNAs. (C) FOSL1 occupancy at DNA regions possessing
putative AP-1 binding elements within Pri3d1, Crispld2, Grhll, Cgm4, Cypllal, Ppap2b, and Mmp9 loci. ChIP was used for determination of FOSL1
occupancy in differentiated Rcho-1 TS cells expressing control or Fos/I shRNAs. Schematic representations of putative AP-1 elements (boxes) at each gene
locus and the location of primers used to amplify regions containing the putative AP-1 elements (arrowheads) are shown at the top. IgG was included as
a negative control. Bars represent means = SEM. Values with an asterisk or different characters indicate significant differences (P < 0.05). TSS,

transcription start site.

(40). Progesterone concentrations were normalized to cellular DNA
content with an E.Z.N.A. tissue DNA kit (Omega Bio-Tek, Nor-
cross, GA).

Statistical analyses. Values are expressed as means * standard errors
of the means (SEM). All experiments were conducted at least in triplicate
and were replicated two to three times. Statistical comparisons between
two means were evaluated with Student’s ¢ test. Analysis of variance
and Tukey’s post hoc tests were used for assessing differences among
three or more means by using GraphPad Prism (GraphPad Software
Inc., La Jolla, CA).
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Microarray data accession number. The array results have been de-
posited in the GEO database (http://www.ncbi.nlm.nih.gov/geo/) under
accession no. GSE68272.

RESULTS

FOSL1 and the trophoblast lineage. The hemochorial placenta
consists of multiple trophoblast lineages. These cell types differ-
entiate from TS cells and include trophoblast giant cells, spong-
iotrophoblast cells, glycogen cells, invasive trophoblast cells, and
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FIG 3 FOSL1-dependent genes activated in trophoblast cells differentiating in vivo. Blastocysts were transduced with a lentivirus expressing control (Ctrl)
or Fosll shRNAs and were transferred to day 3.5 pseudopregnant rats. (A to C) Trophoblasts dissected from placentation sites were evaluated on gestation
day 11.5. FOSL1 knockdown efficiency was assessed by qRT-PCR (A), Western blot (B), and immunohistochemistry (C) analyses. (D) qRT-PCR analyses
of Prl3d1, Crispld2, Grhll, Cgm4, Cypllal, Ppap2b, and Mmp9 transcripts in control or Fosl/I knockdown placentation sites. (E and F) Immunohisto-
chemical analyses of PRL3D1 (E) and CYP11A1 (F) expression in control or FoslI knockdown placentation sites. Bars in the histograms in panels A and
D represent means = SEM. Values significantly different from those of controls are indicated with an asterisk (P < 0.05). Tissue sections were
immunostained for FOSL1, PRL3D1, or CYP11A1 and counterstained with cytokeratin (CK) and/or DAPI. Arrowheads indicate trophoblast giant cells,
which show minimal expression of FOSL1, PRL3D1, or CYP11A1 (C, E, and F). D, uterine decidua; J, junctional zone of the placenta; L, labyrinth zone

of the placenta.

syncytial trophoblasts (8, 9). The activation of specific sets of genes
defines each lineage. Monitoring the expression of Pri3d1, Tpbpa,
Prl5al, Geml, and Pedh12 provides insights into the development
of trophoblast giant cells, spongiotrophoblast cells, invasive tro-
phoblast cells, syncytial trophoblasts, and glycogen trophoblast
cells (32, 34, 41). To evaluate the mechanisms of trophoblast cell
differentiation, we utilized Rcho-1 TS cells, which can be induced
to differentiate (32).

The expression level of FOSL1 was low in stem state Rcho-1 TS
cells, as we reported previously (Fig. 1A and B) (20, 31). After
differentiation, FOSL1 expression was dramatically increased, lo-
calized to nuclei, and correlated with elevated expression levels of
the trophoblast cell lineage-specific markers Pri3dl, Tpbpa,
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Prl5al, Geml, and Pedh12 (Fig. 1A) (20, 31). We next evaluated
the role of FOSLI in trophoblast differentiation following genetic
manipulation by lentiviral vector-transduced FoslI shRNAs.
FOSLLI expression was efficiently inhibited in differentiated tro-
phoblast cells expressing Fosl1 shRNAs (Fig. 1C to E). Knockdown
of FOSL1 did not adversely affect trophoblast giant cell formation
but significantly decreased trophoblast giant cell DNA content
(Fig. 1F). Similar effects on ploidy have been observed for Rcho-1
TS cells following inhibition of phosphatidylinositol 3-kinase
(31). Note that Rcho-1 TS cells are tetraploid (33). Disruption of
FOSLLI also compromised the expression of the trophoblast cell
differentiation-associated transcripts Prl3d1 and Prl5al but not
that of GemI or Pedhl2 (Fig. 1G). Tpbpa transcript levels were
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significantly increased following FOSL1 knockdown, suggesting
that FOSL1 represses Tpbpa expression and/or the presence of
Tpbpa-expressing trophoblast cells. These findings further sup-
port the involvement of FOSL1 as a regulator of the differentiation
of specific trophoblast cell lineages.

FOSL1 targets in differentiating trophoblast cells. Since
FOSL1 is known to interact with DNA and regulate transcription,
we next sought to identify components of the transcriptome af-
fected by FOSL1. DNA microarray analysis was performed by us-
ing differentiated trophoblast cells under control conditions and
following FOSL1 knockdown. Transcripts regulated by FOSL1
were functionally categorized into pathways regulating specific
cellular functions (Fig. 1H and Tables 4 to 6). A subset of the
FOSL1-dependent transcripts was selected for further analysis by
qRT-PCR. This subset of transcripts exhibited increased expres-
sion during trophoblast cell differentiation and a dependence on
FOSL1 (Fig. 2A and B). We next determined whether FOSLI in-
teracted with putative AP-1 binding motifs located in the vicinity
of these target genes. FOSL1 ChIP analysis of the differentiated
trophoblast cells was performed, which demonstrated FOSL1 oc-
cupancy at consensus AP-1 binding sites within these target gene
loci (Fig. 2C). Collectively, these observations are consistent with
a role for FOSLLI in the transcriptional regulation of trophoblast
differentiation.

We subsequently evaluated the in vivo role of FOSLI using a
trophoblast lineage-specific gene knockdown strategy (20, 35).
FOSL1 was strongly expressed in nuclei of trophoblast giant cells
within the uteroplacental interface at embryonic day 11.5 (E11.5),
and its expression significantly decreased following FOSL1 knock-
down (Fig. 3A to C), similar to our previously reported observa-
tions (20). In vivo FOSL1 knockdown significantly attenuated the
expression of Pri3d1, Grhll, and Cypllal (Fig. 3D). Immunohis-
tochemical analysis further confirmed the dependence of PRL3D1
and CYP11A1 expression on FOSL1 (Fig. 3E and F). Discrepancies
in FOSLLI targets identified by using in vitro versus in vivo models
may be linked to several factors, including (i) the impact of dis-
tinct environmental factors in the uterine decidua and/or the em-
bryo on the in vivo behavior of trophoblast cells, which are absent
in cell culture; (ii) the presence of unique factors under in vitro
culture conditions, which are absent in the in vivo model; and (iii)
distinct compositions of trophoblast lineages in the dissected in
vivo specimens versus the Rcho-1 TS cell cultures.

The findings of these experiments indicate that FOSL1 targets a
defined set of genes that are activated during trophoblast cell dif-
ferentiation.

GRHLI regulation of trophoblast cell differentiation. Among
the FOSL1 target genes was the transcription factor GRHLI, an
evolutionarily conserved regulator of epithelial cell differentiation
(42, 43) and a component of the human trophoblast transcrip-
tome (44, 45). GRHLI belongs to the mammalian GRHL tran-
scription factor family consisting of GRHL1, GRHL2, and GRHL3
(42,43). The expression of Grhll was robustly upregulated during
trophoblast cell differentiation, whereas the expression level of
Grhi2 exhibited only a modest increase accompanying differenti-
ation (Fig. 4A and B). In contrast, Grhl3 was highly expressed in
the stem state, and expression declined following differentiation
(Fig. 4A). The differentiation-dependent increase in GRHLI ex-
pression and its dependence on FOSL1 led us to evaluate a possible
role for GRHLI as a mediator of FOSLI actions on the differenti-
ated trophoblast cell phenotype. GRHL1 expression was success-
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FIG 4 GRHLI-dependent genes activated in trophoblast cells differentiating
in vitro. (A) qQRT-PCR analyses of Grhll, Grhl2, and Grhi3 transcripts in stem
(Stem) and differentiated (Diff) Rcho-1 TS cells. (B) Western blot analysis of
GRHLI1 and GAPDH expression in stem and differentiated Rcho-1 TS cells. (C
and D) GRHLI1 knockdown efficiency in differentiated Rcho-1 TS cells ex-
pressing control (Ctrl) or Grhll shRNA was validated by qRT-PCR (C) and
Western blot (D) analyses. (E) Analysis of trophoblast invasive abilities in
differentiated Rcho-1 TS cells expressing control or Grhll shRNAs by Matrigel
transwell chamber assays. (F) qRT-PCR analysis of Pri3d1, Crispld2, Cgm4,
Cypllal, Ppap2b, and Mmp9 transcripts in differentiated Rcho-1 TS cells ex-
pressing control or Grhll shRNAs. Bars in the histograms in panels A, C, E, and
Frepresent means + SEM. Values significantly different from those of controls
are indicated with an asterisk (P < 0.05).

fully inhibited with GrhlI shRNAs (Fig. 4C and D). Disruption of
GRHLI expression did not significantly affect trophoblast cell mi-
gration through a Matrigel extracellular matrix but inhibited a
subset of FOSLL1 targets, including Prl3d1, Cgm4, and Ppap2b (Fig.
4E and F). These findings suggest that GRHL1 contributes to the
downstream actions of FOSL1 on trophoblast cell differentiation.

FOSL1 interactions with the JUN family. FOSLI requires a
dimerization partner to regulate gene transcription (14-16). This
partner is often a member of the JUN family (14-16). This led to
an evaluation of potential FOSL1 partners in trophoblast cells.
JUN and JUNB were readily detected in nuclei of differentiating
trophoblast cells, whereas JUND expression was below the level of
sensitivity of the assay (Fig. 5A). Coimmunoprecipitation experi-
ments demonstrated that FOSLI interacts with JUN and JUNB
(Fig. 5B). The relative abundance of the interacting proteins was
most impressive for interactions between FOSL1 and JUNB. Du-
al-fluorescence immunohistochemistry analysis demonstrated
colocalization of FOSLI with JUN and JUNB in trophoblast cells
from midgestation placentation sites (Fig. 5C and D). These find-
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FIG 5 Association of FOSL1 with JUN family members in trophoblast cells. (A) Western blot analysis of AP-1 family proteins using nuclear extracts from
stem (Stem) or differentiated (Diff) Rcho-1 TS cells. Lysates from 293FT cells overexpressing JUND were used as a positive control (PC) for JUND
expression. (B) Coimmunoprecipitation analysis for detection of FOSLI binding partners. (Left) Immunoprecipitation (IP) using IgG or antibodies to
JUN or JUNB and Western blotting for FOSLI1. (Right) Immunoprecipitation using IgG or antibodies to FOSL1 and Western blotting for JUN or JUNB.
(C) Immunohistochemical characterization of FOSLI and JUN or of FOSLI and JUNB on the same sections of gestation day 13.5 rat placenta. (D)
Immunohistochemical characterization of FOSL1 and JUND on serial sections of gestation day 13.5 rat placenta. Nuclei were visualized with DAPI. Bar =

100 wm.

ings suggest that FOSL1 heterodimerizes with JUNB and, to a
lesser extent, with JUN in differentiating trophoblast cells.

JUN family regulation of trophoblast cell differentiation.
Physical interactions of FOSL1 with JUN family members
prompted an investigation of the potential involvement of each
JUN family member in FOSL1-guided trophoblast cell differenti-
ation. JUN, JUND, and JUNB expression was silenced in differen-
tiating trophoblast cells by using specific sets of shRNAs. FOSL1
targets were evaluated following knockdown of JUN family mem-
bers. The expression of each JUN family member was successfully
inhibited by using two different shRNAs (Fig. 6A, B, D, and E and
7A to C). JUN knockdown showed strong inhibition of Prl3dI1
expression and moderate but significant inhibition of Crispld2
and Grhll expression (Fig. 6C). The expression of other FOSL1
target genes (Cgm4, Cypllal, Ppap2b, and Mmp9) was not signif-
icantly affected by JUN knockdown. JUND knockdown did not
affect the expression of any of the previously identified FOSLI
target genes (Fig. 6F). In contrast, JUNB knockdown phenocopied
FOSL1 knockdown. Each of the FOSL1 target genes investigated
was significantly inhibited by JUNB knockdown (Fig. 7D). JUNB
ChIP analysis further demonstrated that JUNB occupancy was
increased at the target gene loci (Fig. 7E). The findings mirror the
coimmunoprecipitation results for interactions between FOSLI
and JUN family members in differentiated trophoblast cells. In
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summary, JUN represents a redundant contributor to the activa-
tion of a subset of FOSL1 targets, whereas the evidence indicates
that FOSL1 and JUNB fully cooperate in the regulation of gene
expression during trophoblast cell differentiation.

FOSL1 and JUNB regulation of the trophoblast phenotype.
Trophoblast cells exhibit a number of specialized functions, in-
cluding their capacity to invade extracellular matrices and pro-
duce steroid hormones. Trophoblast cell invasion is critical for
remodeling the uterine interface (46) and steroid hormone pro-
duction, especially progesterone, a hormone indispensable for the
maintenance of pregnancy (47). In the experiments described above
(Fig. 2and 7), FOSL1 and JUNB were directly linked to the regulation
of expression of Mmp9, which encodes a matrix metalloproteinase
implicated in trophoblast cell invasion (48, 49), and Cyp11al, which
encodes the rate-limiting enzyme controlling progesterone biosyn-
thesis (50). Consequently, the effects of FOSL1 and JUNB knock-
downs on trophoblast cell invasion and progesterone production
were investigated. Disruption of either FOSL1 or JUNB similarly
inhibited the movement of trophoblast cells through Matrigel
(Fig. 8A and B), an in vitro measure of their invasive potential.
Additionally, knockdown of either FOSL1 or JUNB inhibited
CYP11A1 protein concentrations and progesterone production in
trophoblast cells (Fig. 8C and D). Since we obtained similar phe-
notypes when either FOSL1 or JUNB was disrupted, we examined
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the potential roles of each transcription factor in the expression of
its partner. FOSL1 knockdown inhibited FOSL1 expression but
not JUNB expression, whereas JUNB knockdown inhibited both
JUNB and FOSLI expressions (Fig. 8E and F). ChIP analysis fur-
ther demonstrated that both FOSL1 and JUNB occupy the FoslI
gene locus (Fig. 8G). Thus, FOSL1 and JUNB also contribute to
positive feedback regulation of FOSL1 expression during tropho-
blast differentiation.

Partnership of FOSL1 and JUNB in blastocyst-derived rat TS
cell differentiation. The roles of FOSL1 and JUNB were next
investigated by using blastocyst-derived rat TS cells (Fig. 9A to
D). Blastocyst-derived rat TS cells exhibit many similarities to
Rcho-1 TS cells but also exhibit some differences, including
their dependence on FGF4 for proliferation and their capacity
for differentiation (34). Similar to Rcho-1 TS cells, rat blasto-
cyst-derived TS cells prominently expressed JUN and JUNB,
whereas JUND expression was below the level of detection (Fig.
9A). Additionally, FOSL1 was shown to specifically interact
with JUN and JUNB (Fig. 9B), as was demonstrated in Rcho-1
TS cells (Fig. 4B). Each of the FOSL1 and JUNB targets identi-
fied in Rcho-1 TS cells was also validated for blastocyst-derived
rat TS cells (Fig. 9C and D). Some differences in the expression
of JUN and JUNB were noted for rat TS cells, which included
differentiation-dependent increases in both JUN and JUNB ex-

September 2015 Volume 35 Number 18

Molecular and Cellular Biology

pression levels (Fig. 9A). These trophoblast cell-associated JUN
and JUNB expression patterns may reflect the disparate condi-
tions used to culture Rcho-1 TS cells versus rat blastocyst-
derived TS cells or, alternatively, intrinsic differences in their
developmental states (34).

Collectively, our findings indicate that FOSL1 and JUNB co-
operate to control elements of trophoblast cell differentiation, in-
cluding the acquisition of invasive and endocrine properties.

DISCUSSION

Elucidation of signaling pathways controlling trophoblast cell dif-
ferentiation is key to understanding the process of placentation. In
the present study, we utilized Rcho-1 TS cells, rat blastocyst-de-
rived TS cells, and developing rat placentation sites to characterize
the involvement of FOSL1 and JUNB in the regulation of tropho-
blast cell differentiation. FOSL1 and JUNB cooperate in differen-
tiating trophoblast cells to regulate target genes dictating endo-
crine and invasive trophoblast lineages.

The expression pattern of FOSL1 was helpful in identifying
it as a candidate regulator of trophoblast cell differentiation. In
the TS cell stem state, FOSL1 is expressed at very low levels and
does not possess a recognized function. Thus, stable TS cells
expressing shRNAs against Fosll were readily established.
These FosllI shRNAs effectively inhibited the differentiation-
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dependent upregulation of FOSLI, altering the differentiated
trophoblast cell transcriptome and the ability of trophoblast
cells to invade extracellular matrices and produce peptides and
steroid hormones. FOSLI targets such as GRHL1 may in turn
regulate elements of the FOSL1-directed differentiation path-
way. The actions of FOSL1 could be tracked to its occupancy at
regions containing AP-1 binding motifs for several target genes
identified by transcriptome profiling. This does not represent
the full breadth of the involvement of FOSL1 in regulating the
differentiated trophoblast cell genome. FOSL1 can be viewed as
an entry point into a regulatory network controlling tropho-
blast cell differentiation. Identification of its genome-wide
binding sites via ChIP sequencing and its binding partners will
provide additional insight into the regulation of trophoblast
cell differentiation.

We utilized a candidate approach to identify FOSL1-interact-
ing proteins. FOSL1 is known to bind to JUN family proteins
(14-16). Both JUN and JUNB were shown to bind to FOSL1 and
participate in some of its actions. Among the FOSL1 targets and
cellular responses examined in this report, JUNB knockdown
phenocopied FOSL1 knockdown. FOSL1 and JUNB have been
independently implicated as regulators of placental development
through mouse mutagenesis experiments (29, 30). Furthermore,
disruption of the Ppap2b gene, a target for FOSL1 action (this
study), also leads to abnormalities in placentation resembling the
phenotypes of Fosl1- and Junb-null mouse models (51). Mutagen-
esis of the Jun gene results in embryonic death due to liver pathol-
ogies and no overt placental abnormalities (52), implying that its
role in the placenta may overlap those of other genes. JUN and
JUNB exhibit increased abundances accompanying the differen-
tiation of rat blastocyst-derived TS cells, whereas Rcho-1 TS cells
express JUN and JUNB similarly in the stem and differentiated
states. Disruption of JUN or JUNB expression in the Rcho-1 TS

September 2015 Volume 35 Number 18

Molecular and Cellular Biology

cell stem state slowed cell proliferation, suggesting that JUN and
JUNB could be acting as homodimers or interacting with other
JUN or FOS family members or some other protein partner(s).
Furthermore, the implication is that the differentiation-depen-
dent increase in FOSLI expression redirects JUN and JUNB to a
new set of targets characteristic of the differentiated trophoblast
cell phenotype. JUND was not identified as a participant in the
actions of FOSL1. Nonetheless, JUND contributes to the regula-
tion of placentation. JUND is a positive regulator of glial cell miss-
ing 1 (GCM1) in developing trophoblast cells (28). GCML1 is a
transcription factor and is critical for the development of the syn-
cytial trophoblast lineage and the bidirectional transport of nutri-
ents and wastes between maternal and fetal compartments (53,
54). Thus, at least in part, FOSL1 and JUND expression patterns
are segregated and contribute to distinct interfaces: trophoblast-
maternal and trophoblast-fetal, respectively. Rcho-1 TS cells and
rat blastocyst-derived TS cells do not readily differentiate into
syncytial trophoblasts (32—34), which is consistent with our in-
ability to demonstrate the involvement of JUND in the regulation
of trophoblast differentiation. In addition to the JUN family,
FOSL1 is known to interact with several other regulatory proteins
(55); however, the nature of these and other potential protein
interactions in FOSL1 regulation of trophoblast differentiation
remains to be determined.

In summary, FOSLI and JUNB play a fundamental role in
regulating trophoblast differentiation. They exhibit overlap-
ping expression patterns in trophoblast cells, interact with each
other, and share target genes. Target genes for FOSL1 and
JUNB include genes encoding proteins contributing to cell mo-
tility, invasion, and endocrine functions of trophoblast cells.
We conclude that FOSL1 recruitment of JUNB to specific tar-
gets within the genome during differentiation is a key regula-
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tory step in the acquisition of trophoblast cell invasive and
endocrine phenotypes.
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