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ABSTRACT

Histone demethylation has important roles in
regulating gene expression and forms part of the
epigenetic memory system that regulates cell fate
and identity by still poorly understood mechanisms.
Here, we examined the role of histone demethylase
Kdm3a during cell differentiation, showing that
Kdm3a is essential for differentiation into parietal
endoderm-like (PE) cells in the F9 mouse embryonal
carcinoma model. We identified a number of target
genes regulated by Kdm3a during endoderm differ-
entiation; among the most dysregulated were the
three developmental master regulators Dab2,
Pdlim4 and FoxQ1. We show that dysregulation of
the expression of these genes correlates with
Kdm3a H3K9me2 demethylase activity. We further
demonstrate that either Dab2 depletion or Kdm3a
depletion prevents F9 cells from fully differentiating
into PE cells, but that ectopic expression of Dab2
cannot compensate for Kdm3a knockdown; Dab2
is thus necessary, but insufficient on its own, to
promote complete terminal differentiation. We
conclude that Kdm3a plays a crucial role in pro-
gression through PE differentiation by regulating
expression of a set of endoderm differentiation
master genes. The emergence of Kdm3a as a key
modulator of cell fate decision strengthens the
view that histone demethylases are essential to
cell differentiation.

INTRODUCTION

Tight control of the gene expression program is crucial
for developing organisms. During development, decisions

are made between self-renewal and differentiation, and
specific gene expression patterns are established. These
choices result in a complex interplay of different
pathways. In recent years, epigenetic mechanisms, which
regulate chromatin structure, have emerged alongside the
transcription factor network as key regulators of the
balance between pluripotency and lineage-specific differ-
entiation (1,2).

Post-translational modifications of histones, including
phosphorylation, ubiquitylation, acetylation and methyla-
tion, are important epigenetic modifications with pivotal
roles in chromatin regulation. The histone methylation
pattern of a gene determines whether it is transcription-
ally active or inactive. In general, trimethylation of
H3K4, H3K36 and H3K79 (to H3K4me3, H3K36me3,
H3K79me3, respectively) correlates with an active gene
status, whereas di- and trimethylation of H3K9 (to
H3K9me2/me3) and trimethylation of H4K20 and
H3K27 (to H4K20me3 and H3K27me3) is associated
with transcriptional repression. The level and distribution
of histone methylation are involved in controlling
numerous biological processes including maintenance,
self-renewal and pluripotency on the one hand and
differentiation on the other (3-6). Until a few years ago,
histone methylation was regarded as an irreversible
modification. The identification of a first histone
demethylase, Kdmla (7) and thereafter of a second
family of histone demethylases, the JmjC-domain-
containing proteins (8), provided compelling evidence of
a more dynamic regulation of the methylation state of
histones. By now, several classes of histone demethylases
have been discovered, differing in their specificities with
regard to target lysine residues and the degree of methy-
lation. Functional studies have implicated specific
demethylases in controlling gene expression programs
and cell fate decisions, supporting the emerging idea that
histone demethylases are key players in developmental
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processes (9). Although investigators are beginning to
understand some biological roles of histone demethylases,
much remains to be learned about the exact functions of
these enzymes. H3K9 methylation is a well-characterized
modification in eukaryotic chromatin, associated with
transcriptional repression. In general, H3K9me3 is
present in the heterochromatin compartment, while
H3K9me2 occurs predominantly in euchromatin, where
it is thought to have major functions in transcriptional
control (10). In addition, euchromatic H3K9 dimethy-
lation, regulated by the histone methyltransferase G9a,
is described as a key component of mechanisms regulating
gene expression during early embryonic development and
differentiation (11). H3K9 is believed to be maintained in
a demethylated state by two different families of JmjC-
domain demethylases: Kdm4-family proteins catalyse the
removal of di- and trimethylation, whereas Kdm3a
removes mono- and dimethylation (12-14). Dynamic
changes in H3K9 methylation have been observed at
regulated, inducible inflammatory genes, suggesting that
euchromatic H3K9 methylation could be a regulatory
level in transcriptional activation (15). Yet, the role of
dynamic control of H3K9 dimethylation in the earliest
phases of development and differentiation is not yet well
characterized. We are particularly interested in the
H3K9me2-specific demethylase Kdm3a (14), shown in ex-
periments with Kdm3a knockout mice to play an
important role in germ cell development and metabolism
(16,17). In addition, cell culture studies have linked
Kdm3a to the regulation of androgen-receptor-dependent
gene expression, hypoxia-inducible gene expression and
(in collaboration with the H3K9me3 demethylase
Kdmd4c) self-renewal (14,18,19).

Here, in order to assess the importance of Kdm3a in cell
fate decisions during early development, we have used F9
mouse embryonal carcinoma cells, a well-established
model, to study crucial events in early differentiation
(Figure 1A) (20). F9 cells markedly resemble the inner
cell mass cells of the blastocyst embryo (3.5 days of ges-
tation, E3.5), i.e. embryonic stem (ES) cells that can be
induced to differentiate into primitive endoderm-like
(PrE) cells upon treatment with retinoic acid (RA) and
to progress through terminal differentiation into parietal
endoderm-like (PE) cells after treatment with RA plus
cyclic AMP (cAMP) (henceforth referred to as
RA +dbcAMP) (21,22).

In this model, we have reduced the expression of Kdm3a
with interfering RNAs, examined how Kdm3a depletion
affects early and later stages of F9-cell differentiation,
and identified genes whose expression is regulated by
Kdm3a. We have found that Kdm3a depletion prevents
F9 cells from fully differentiating into PE cells and that
it causes dysregulation of master players in the differenti-
ation process. Our results thus demonstrate, for the first
time, a crucial role for Kdm3a in regulating terminal
endodermal differentiation, highlighting the importance
of demethylases in the fine-tuning of transcription
during differentiation.

MATERIALS AND METHODS
F9 cell culture and transfection

Mouse embryonal carcinoma F9 cells were purchased
from the American Type Culture Collection (ATCC)
and grown as a monolayer on 0.1% gelatine-coated
tissue culture dishes in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco) supplemented with 10% foetal
bovine serum in 5% CO, at 37°C. To induce differenti-
ation to PrE cells, F9 cells were treated with 1 pM all-trans
RA (Sigma) for 3 days. To further induce differentiation
to PE cells, F9 cells were treated with 1 pM RA in com-
bination with 250 uM dibutyryl cAMP (dbcAMP, Sigma)
for the indicated times, with a medium change every
2 days. When the differentiation time course was
studied, the number of plated F9 cells was 5 x 10° in the
case of no treatment, 3.5 x 10° cells for a 3-day of treat-
ment and 1 x 10° cells for a 6-day treatment.

RNAI and retroviral infection

Short hairpin (sh) oligos targeting specific 20-bp regions
were designed with the help of the Ambion siRNA
database website. The sequences used to silence Kdm3a
or Dab2 were inserted into the pSuperRetro (pRS) retro-
viral ~ vector according to the manufacturer’s
(OligoEngine) recommendations. Briefly, the retrovirus
was produced by 293GP cells. After 24 h of production,
virus-containing medium was collected and used to infect
FO cells. Starting 24 h after infection, infected F9 cells were
selected with 1 pg/ml puromycin (Sigma). Oligonucleotide
sequences for construction of the knockdown constructs
are listed in Supplementary Table S2 (panel shRNA).

RNA extraction and qRT-PCR

Total RNA was extracted with TriPure™ reagent
(Roche) and DNase treatment was performed with the
DNA-free DNase kit (Ambion) according to the manufac-
turer’s instructions. mRNA was reverse-transcribed into
cDNA from 1.5pg total RNA with the help of oligo-dT
primers and SuperScript II™ reverse transcriptase
(Invitrogen) according to the manufacturer’s protocol
and then used as template for real-time quantitative
PCR based on SybrGreen detection with the Light
Cycler 480 (LC480) system (Roche). Levels of target
genes’ ¢cDNAs were measured by the comparative Ct
method (ddCt method; Ct: threshold cycle number). The
housekeeping gene HPRT was used as an internal control
for normalization. The relative expression levels from at
least triplicate experiments were averaged and expressed
as means + standard error (SEM). The PCR primers used
for amplification are listed in Supplementary Table S2.

Gene expression microarrays

Gene expression profiling was performed in two independ-
ent differentiation experiments. Total RNA from RNAI
control and RNAi Kdm3a cells was isolated by the TriPure
method (Roche) according to the manufacturer’s instruc-
tions and purified on RNeasy minicolumns (Qiagen). The
purity of the RNA obtained was assessed by spectropho-
tometry (OD 260nm / OD 280nm > 1.8). Total RNA
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Figure 1. Kdm3a is required neither for maintenance of F9 cells in an undifferentiated state nor for PrE differentiation. (A) F9 mouse embryonal cell
differentiation (top panels) in relation to normal early mouse embryogenesis (lower panels). At 3.5 days of gestation (E3.5), before implantation, the
mouse embryo is at the blastocyst stage. The inner cell mass (ICM), which will become the embryo plus some extra-embryonic tissues, is established.
Then, some ES cells at the surface of the ICM will become the primitive endoderm (E4-5); the remaining cells will form the embryo. In the first two
days post-implantation, the primitive endoderm migrates to form the parietal endoderm (E5-6). The top panels show the morphology of F9 cells
during their differentiation into PrE cells when grown in monolayer in the presence of RA. Addition of cAMP allows their differentiation into PE
cells. (B) Quantitative RT-PCR analysis of Kdm3a expression and western blot analysis of the Kdm3a protein level after RNAi-mediated
knockdown. F9 cells were infected with the empty pRS vector (RNAIi control) or the Kdm3a-targeting pRS vector (RNAi Kdm3a). After selection,
the RNAI control, RNAi Kdm3a and wild-type (WT) F9 cells were either left untreated (no treatment), cultured with RA for 3 days (RA),
or cultured with RA for 3 days and then for 3 additional days with RA plus dbcAMP (RA +dbcAMP). Isolated RNA from these cells
was subjected to qRT-PCR analysis with Kdm3a-specific primers. All transcript levels were normalized to Hprt and then normalized to the expres-
sion level recorded for untreated WT cells. Data are presented as means + SEM (n = 4). Western blot analysis with antibody against Kdm3a
showed a decreased level of this protein in RNAi Kdm3a cells as compared to control cells (WT and RNAIi control) at all stages of the
F9-cell differentiation process. The asterisk indicates a non-specific band detected with the anti-Kdm3a antibody. Hdacl was used as a loading
control. (C) RNAi Kdm3a cells differentiate into PrE cells. WT, RNAi control and RNAi Kdm3a cells treated or not with RA for 3 days
were photographed under a phase contrast microscope. At the undifferentiated (top panels) and PrE (lower panels) stages, morphological
analysis did not reveal any morphological defects in the RNAi Kdm3a cells as compared to WT or RNAi control cells. Bar = 200 pm.
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Figure 1. Continued

(D) Normal expression of TROMA-1 in WT, RNAIi control and RNAi Kdm3a F9 cells. Cells were cultured for 3 days with or without RA and then
hybridized with an anti-TROMA-1 mAb. Cytoplasmic TROMA-1 staining was unaffected by Kdm3a-knockdown. Cell DNA content was visualized
by DAPI staining. Bar = 40 um. (E) Similar expression profiles of PrE-associated genes in WT, RNAIi control and RNAi Kdm3a F9 cells treated or
not with RA for 3 days. Relative expression of the LamBI, Stra6, Hoxal, Hoxb5, Gata6 and Rxra genes was analysed by qRT-PCR. Hprt was used
as an internal control. All transcript levels were corrected by the normalized level recorded for RA-treated WT cells. Values are represented as
means £ SEM (n = 4).



(200 ng) was amplified with the Illumina® TotalPrep RNA
Amplification Kit (Ambion) and then hybridized with the
MouseWG-6 v2 array according to the Whole-Genome
Gene Expression Direct Hybridization Assay (Illumina).
Chips were scanned with the HiScan Reader (Illumina).
Quality of the microarray data was checked with the
‘beadarray’ package of the R statistical software (http://
www.r-project.org/) and data were normalized by the
‘quantile’ method. Finally, differential expression
analyses were performed with the ‘limma’ package in R.
For graphical representation as a heatmap, log,-trans-
formed expression differences were used and visualized
with the ‘heatmap.2’ function of the ‘gplots’ package of
R. Supplementary Table S1 shows a summary of the
analysed data, and all raw microarray data from our
analyses have been deposited in the Gene Expression
Omnibus (GEO) database under accession number
GSE33841.

ChIP assay

ChIP assays were performed on F9 cells according to the
protocol for the Diagenode LowCell# ChIP kit protein A
(containing DiaMag protein A-coated magnetic beads).
Sonication with a bioruptor (Diagenode) was optimized
for 10° PE-differentiated F9 cells to obtain chromatin
fragments with an average size of 500 bp. Then, 1/10 of
the sheared chromatin was immunoprecipitated with 2 pug
of either anti-H3K9me3 (Diagenode, pAb-056-050) or
anti-H3K9me2 (Abcam, ab1220) antibody.No antibody
was used in mock ChIP controls.Quantitative analysis
was performed by real-time qPCR with the LC480
system (Roche) with 2ul DNA and SybrGreen master
mix and the primers listed in Supplementary Table S2.
Ct values were determined for both immunoprecipitated
DNA and a known amount of DNA from the input
sample for the different primer pairs. The amount of
immunoprecipitated chromatin corresponding to a par-
ticular genomic locus was then calculated from the
gPCR data and reported as fold enrichment relative to
the background (no antibody). The fold enrichment of
immunoprecipitated DNA  over background (no
antibody) was calculated, as previously described
(23,24), according to the delta-delta Ct method (ddCt),
using the  formula p(ddey, where
dCt = [Ct'" — (Ct"P" — 6.644)] (subtraction of 6.644, the
log, of 100, corrects for the use of 1% input material in
the gPCR determining the C"™"') and ddCt is the correc-
tion of the IP signal for background (no antibody). All
fold enrichment values are means of three independent
experiments.

Immunofluorescence

Cells were grown on gelatinized glass cover slips, washed
with phosphate-buffered saline (PBS) and fixed with 2%
paraformaldehyde for 10min at room temperature.
Samples were permeabilized twice with PBS containing
0.1% (w/v) Triton X100 (PBST) for 5min at room tem-
perature and washed with PBS. The cells were then
incubated with primary antibody TROMA-1 (DSHB,
diluted 1:10 in PBS) for 15h at room temperature.
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Samples were rinsed in PBST (2 times for S5min)
and incubated for 1h at room temperature with
Cy3-conjugated anti-mouse IgG secondary antibodies
(Jackson Laboratories) diluted 1/500 in PBST, washed in
PBST (2 x 5min). Cells were stained for DNA with DAPI
at 10 pg/ml. and mounted in a Vectashield® mounting
medium (Vector Labs). Acquisition was done with
a Leica DM3000 fluorescence microscope (Leica
Microsystems).

Western blot analysis

Nuclear extracts of F9 cells were prepared and western
blotting was carried out as described previously (25).
Antibodies against Kdm3a (Santa Cruz; sc 107656) and
HDACI1 (Diagenode, pAb 053-050) were used. Bound
primary antibodies were visualized by chemoluminescence
detection of HRP-labelled secondary antibodies (GE
Healthcare), with the ECL detection kit (Perkin-Elmer)
and a CCD camera system.

Dab?2 rescue experiments

Dab2 cDNA was subcloned from a commercially avail-
able clone (Origene, MC200502) into pcDNA3.1-HA
(CMV promoter). RNAi Kdm3a cells were transiently
transfected using Lipofectamine reagent (Invitrogen) at a
1:5 ratio according to the manufacturer’s instructions.
Transfections were performed at the time points indicated
during the F9 cell differentiation protocol (Figure 5A).
Dab2 over-expression was initially tested under different
conditions, 48 h post-transfection, by qRT-PCR (data not
shown). In the differentiation experiments, Dab2 expres-
sion was analysed by qRT-PCR at the end of the differ-
entiation protocol (c¢f. Figure 5; for PCR primer
sequences, c¢f. Supplementary Table S2).

RESULTS

Kdm3a depletion allows normal PrE differentiation

To study the role of the H3K9me2 demethylase Kdm3a in
regulating endodermal differentiation, we generated
Kdm3a-knockdown F9 cells (RNAi Kdm3a cells), using a
retroviral-vector-based short hairpin RNA (shRNA)
approach (26). As controls we used both wild-type cells
and cells infected with an empty vector (RNAi control
cells). RNAi Kdm3a cells showed a significantly lower
level of Kdm3a expression than either wild-type or
RNAI control cells throughout the process of F9 cell dif-
ferentiation, as demonstrated by quantitative reverse-
transcription PCR (qRT-PCR) analysis and western
blotting (Figure 1B and Supplementary Figure S1B). No
obvious morphological difference was observed between
untreated wild-type, RNAi control and RNAi Kdm3a
cells, suggesting that Kdm3a does not play a crucial
role in maintaining F9 cells in an undifferentiated state
(Figure 1C, upper panel). To check the specificity of the
effects of Kdm3a knockdown, we used a second shRNA
against Kdm3a, giving rise to a similar knockdown
efficiency and mirroring the knockdown effects and
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phenotype obtained with the first shRNA targeting
Kdm3a (Supplementary Figure S1).

We next wondered if Kdm3a depletion might affect the
ability of F9 cells to differentiate. To answer this question,
we first treated wild-type, RNAi control and RNAIi
Kdm3a cells for 3 days with 1 uM RA to promote differ-
entiation to the primitive endoderm stage (PrE, cf.
Introduction and Figure 1A). After RA treatment, the
morphological changes characteristic of PrE differenti-
ation, i.e. enlargement and a flat triangular morphology,
appeared in all three cell populations (Figure 1C, lower
panel and Supplementary Figure S1A). To confirm the
PrE identity of these cells, we used immunocytochemistry
in wild-type, RNAi control and RNAi Kdm3a cells
cultured in the presence and absence of RA, to detect
TROMA-1, a specific marker of endodermal F9-cell dif-
ferentiation (27,28). The untreated wild-type, RNAI
control and RNAi Kdm3a cells were found not to
express TROMA-1 (Figure 1D), in contrast to all three
populations of RA-treated cells (Figure 1D). The latter
thus displayed both the morphological features and a mo-
lecular marker of PrE cells. To further investigate the
response of RNAi Kdm3a cells to RA, we used
qRT-PCR to analyse the transcript-level expression of dif-
ferent genes: (1) genes whose expression is known to be
induced by RA treatment in F9 cells (genes encoding com-
ponents of the extracellular matrix laminin Bl (Lambl)
(29), the transcription factor genes Stra6, Hoxal,
Hoxb5, Rxra (30,31), and (2) the Gata6 gene, shown to
be important for mouse endoderm differentiation (32). As
expected, all these genes turned out to be weakly or not
expressed in the untreated wild-type, RNAi control and
RNAIi Kdm3a cells (Figure 1E and Supplementary Figure
S1C). In contrast, all three cell populations showed similar
induction of these genes after treatment with RA for
3 days (Figure 1E and Supplementary Figure SI1C).
Altogether, these results indicate that Kdm3a-knockdown
cells can differentiate into PrE cells and hence, that the
histone demethylase Kdm3a is not required for PrE
differentiation.

Kdm3a is a crucial regulator of terminal F9-cell
differentiation

Next, we examined the ability of wild-type, RNAI control
and RNAi Kdm3a cells to further differentiate into PE
cells. As mentioned in the introduction, the cells were
stimulated to differentiate terminally by treatment for 3
days with 1 uM RA (for PrE) and then for 3 more days
with 1pM RA plus 250 uM dbcAMP (RA +dbcAMP).
Under these conditions, the wild-type and RNAIi control
cells were found to differentiate into cells displaying
the main features of PE cells: a rounded, refractive
appearance with numerous long filopodia (Figure 2A).
In contrast, most of the RNAi Kdm3a cells retained
their PrE-like morphology (i.e. enlargement and a flat
triangular morphology; Figure 2A and Supplementary
Figure S1A). Analysis of TROMA-1 expression in
RA +dbcAMP-treated RNAi Kdm3a cells confirmed
their PrE differentiation stage (Figure 2B): the marker
was still detected in the cytoplasm of most (but not all)

RNAi Kdm3a cells, but no longer in the cytoplasm of
wild-type or RNAI control cells (Figure 2B). To analyse,
at the molecular level, the response of RNAi Kdm3a cells
to RA+dbcAMP treatment, we used qRT-PCR to
measure transcript-level expression of the Thrombo-
modulin (TM) gene, a unique marker of PE differentiation
(33). No TM expression was detected in untreated cells
and only low expression in RA-treated cells, whether
Kdm3a expression was knocked down or not (Figure 2C
and Supplementary Figure S1D). After RA +dbcAMP
treatment, both controls showed induced TM expression
(Figure 2C and Supplementary Figure S1D), whereas
RNAIi Kdm3a cells showed drastically reduced induction
(Figure 2C and Supplementary Figure S1D).

To determine if differentiation into PE cells might be
delayed, rather than blocked, by Kdm3a knockdown, we
cultured RNAi Kdm3a cells in the presence of both
RA +dbcAMP for 6, 8 and 10 days (Supplementary
Figure S2A). None of these treatments enabled RNAI
Kdm3a cells to fully differentiate into PE cells, suggesting
that PE differentiation was indeed blocked in these cells.
Next, to see how specifically this effect was linked to
Kdm3a depletion, we knocked down another H3K9
histone demethylase, Kdm4a, specific for H3K9me3/me2
demethylation. Kdm4a depletion in F9 cells did not cause
any morphological anomaly during differentiation, sug-
gesting that the phenotype observed in RNAi Kdm3a
cells is related to the H3K9me2/mel demethylase
Kdm3a (Supplementary Figure 2B).

Taken together, our results demonstrate that most
Kdm3a-knockdown cells remain blocked at the PrE stage
and are unable to achieve terminal differentiation to the
PE stage. Kdm3a is thus indispensable to the terminal
differentiation of F9 cells into PE cells.

Kdm3a is essential for the induction of several
differentiation genes

To better understand the role of Kdm3a in F9 cell differ-
entiation, we used Illumina’s MouseWG-6 v2.0
Expression BeadChip for expression profiling to identify
potential downstream target genes of Kdm3a. We
analysed gene expression in RNAi control and RNAI
Kdm3a cells at different times during the differentiation
process. Cells were either untreated and harvested on the
day treatment started in the other cultures, or treated with
1 uM RA for 3 days, or treated first with 1 uM RA for 3
days and then for 3 extra days with 1 uM RA and 250 uM
dbcAMP (RA +dbcAMP). Before microarray data
analysis, we assessed the reproducibility of the microarray
data and the robustness of the observed RA- and
RA +dbcAMP-induced gene expression changes. For
this, we generated a correlation matrix of all
microarray-based unfiltered gene expression profiles
(Pearson product-moment correlation; Supplementary
Figure S3). The correlation coefficients were always
highest between the two datasets for the same condition
and generally lower between profiles corresponding to dif-
ferent conditions, indicating high reproducibility of the
microarray data sets. As we profiled biological duplicates
from independent differentiation experiments for gene
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Figure 2. Kdm3a is required for terminal differentiation into PE cells. (A) Abnormal PE differentiation of RNAi Kdm3a F9 cells. WT, RNAI control
and RNAi Kdm3a F9 cells were treated with RA for 3 days, then for 3 additional days with RA and dbcAMP (RA +dbcAMP) and photographed
under a phase contrast microscope. WT and RNAIi control cells show parietal endoderm morphology, whereas RNAi Kdm3a cells keep a PrE
morphology. Bar = 200 um. (B) TROMA-1 is still expressed in RNAi Kdm3a F9 cells after RA +dbcAMP. TROMA-1 was analysed by immuno-
fluorescence in WT, RNAIi control and RNAi Kdm3a F9 cells after 6 days of treatment. PE-differentiated WT and RNAIi control cells show no
TROMA-1 staining, but the stain is still present on RNAi Kdm3a cells indicating failure to differentiate into PE cells. The cell DNA content was
visualized by DAPI staining. Bar = 40 um. (C) Significant downregulation of expression of the PE differentiation marker Thrombomodulin (TM) in
RNAIi Kdm3a F9 cells. Cells were either not treated (no treatment), treated for 3 days with RA (RA), or treated for 3 days with RA and then for 3
additional days with RA and dbcAMP (RA +dbcAMP). Their mRNA was subjected to qRT-PCR with TM-specific primers. Hprt was used as an
internal control. All transcript levels were substracted by the normalized level recorded for (RA +dbcAMP)-treated WT cells. Values are represented
as means = SEM (n = 3).

expression, the very high reproducibility of the microarray dysregulation in RNAi Kdm3a cells: Ccdc56, Krtl7

data further suggests good robustness for the transcrip-
tional responses of F9 cells to the differentiation protocol.

In our microarray analysis performed on untreated
cells, only three genes showed statistically significant

and Ccndl. This strengthens the view, based on cell
morphology, that Kdm3a does not play a crucial regula-
tory role in undifferentiated F9 cells (Figure 3A
and Supplementary Table S1). After RA+dbcAMP
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treatment, the expression of several genes was significantly
dysregulated by Kdm3a depletion. Among the most
strongly dysregulated were the Pdlim4, Dab2 and FoxQ1l
genes (Figure 3A and Supplementary Table 1), reported to
play a role in controlling proliferation and differentiation
(34-37). Interestingly, transcript-level expression of
Dab2 and Pdlim4 was already downregulated after 3
days of RA treatment, when the cells were in the PrE
differentiation state and showed no morphological
anomalies (Figure 3A). To validate our microarray
analysis, we performed qRT-PCR on genes showing un-
changed (7Tcll, Cendl and Serpine?2), upregulated (Defal,
Defcr20 and Defcr6 ) or downregulated (Dab2, FoxQ1I and
Pdlim4) expression on day 6 (i.e. after RA+dbcAMP
treatment) in RNAi Kdm3a cells as compared to the
control (Figure 3B). The qRT-PCR results confirmed the
microarray data. As expected, T¢/l and Serpine2 showed
no differential expression after 6 days of differentiation,
although Serpine2 showed a slight but significant effect
in undifferentiated cells, as did 7c/l at the PrE stage.
(Figure 3B). Cendl expression showed no dysregulation
after 3 or 6 days of treatment, but it did show
downregulation in undifferentiated RNAi Kdm3a cells as
compared to control cells (Figure 3B). This is consistent
with the microarray data obtained for the untreated stage,
where Ccdnl appeared as one of three downregulated
genes. As for the Defensin genes, the only time they
showed differential regulation in RNAi Kdm3a cells
versus control cells was after RA +dbcAMP treatment,
when they appeared upregulated. In the absence of
RA treatment, RNAi control and RNAi Kdm3a cells
showed little to no expression of Dab2, FoxQl or
Pdlim4 (Figure 3B). RA treatment for three days was
found to induce the expression of all three genes in both
cell lines (Figure 3B), but the extent of induction depended
on the cell genotype: for Dab2, FoxQ1 and Pdlim4 respect-
ively, expression was 2.2-, 3.9- and 2.4-fold lower in
the RNAi Kdm3a cells than in the RNAi control cells
(Figure 3B). Levels of Dab2 and Pdlim4 transcripts
increased further in both RNAi control and RNAI
Kdm3a cells upon treatment with RA +dbcAMP, but
remained lower in the latter (Figure 3B; 2.6- and
5.1-fold, respectively). FoxQ1I expression, on the other
hand, was repressed by RA +dbcAMP treatment in both
RNAI control and RNAi Kdm3a cells. After 6 days of
treatment, the level of FoxQI transcripts was 3-fold
lower in the latter than in the former cells (Figure 3B).
Altogether, our data indicate that Kdm3a is a positive
regulator of a specific set of genes in both PrE- and
PE-differentiated F9 cells, and particularly of certain
master players in the differentiation process.

Kdm3a regulates the expression of Dab2, Fox(QI and
Pdlim4 through demethylation of H3K9me2

To investigate the link between the demethylase activity of
Kdm3a and its effect on Dab2, Pdlim4 and Fox(Q]I tran-
scription, we performed ChIP experiments on RNAI
control and RNAi Kdm3a cells after RA +dbcAMP treat-
ment, using antibodies specifically targeting either the
di- or the trimethylation level of H3K9. As expected
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from the demethylase specificity described for Kdm3a,
we observed no difference in enrichment level for any
promoter tested with the antibody targeting the
H3K9me3 mark (Figure 3C, lower panel). Under these
conditions, all genes tested showed an enrichment
similar to that recorded for the actively transcribed
HPRT gene and, as described in the literature, heterochro-
matic major satellite sequences showed a high level of en-
richment (38). When an antibody targeting the H3K9me?2
mark was used (Figure 3C, upper panel), the Dab2, Pdlim4
and FoxQIl promoter regions showed 2.5-, 2.5- and
2.1-fold higher enrichment levels, respectively, in RNAI
Kdm3a cells than in RNAIi control cells. In contrast, the
enrichment levels for promoter regions of the HPRT gene
and for major satellite sequences were unaffected by
Kdm3a depletion. Altogether, these data support a role
of Kdm3a as a transcriptional coactivator of the
endoderm-associated genes Dab2, Pdlim4 and FoxQlI,
exerting its effect by demethylating H3K9me2 at their
promoters.

Dab2 is a downstream effector of Kdm3a in regulating
F9-cell terminal differentiation

Dab?2 is of particular interest, as it has been shown to
play a role in mouse endoderm differentiation (35). This
and our above results led us to hypothesise that Dab2
could be a downstream effector of Kdm3a in the regula-
tion of F9-cell endodermal differentiation. If so, we would
expect Dab?2 depletion in F9 cells to impair PE differenti-
ation without affecting Kdm3a expression. To test this,
we used the RNAi approach to generate Dab2-
knockdown cells (henceforth called RNAi Dab2 cells).
gRT-PCR analysis confirmed the significant knockdown
at RNA level throughout the differentiation process (no
expression at the undifferentiated stage, expression
decreased by 95% after RA treatment and by 92% after
RA +dbcAMP treatment; Figure 4A, left panel). In
contrast, Kdm3a expression was not significantly different
in RNAIi control and RNAi Dab?2 cells (Figure 4A, right
panel). We then observed the morphology of the RNAI
control and RNAi Dab2 cells after no treatment, RA
treatment, and RA +dbcAMP treatment, so as to
monitor PrE and PE differentiation in these cells. At
the undifferentiated stage, no morphological differences
were observed between RNAi Dab2 cells and RNAI
control cells (Figure 4B). After RA treatment, both the
RNAIi Dab2 cells and the RNAIi control cells displayed
the morphological features of PrE cells (Figure 4B).
After RA+dbcAMP treatment and in contrast to the
control RNAi cells, most of the RNAi Dab2 cells
retained their PrE identity, as shown by their PrE-like
morphology and by expression of TROMA-1 (Figure 4B
and C). In agreement with these findings, qRT-PCR
analysis of TM expression revealed TM induction in
RNAi control cells after RA+dbcAMP treatment,
but drastically reduced TM induction in RNAi Dabh?2
cells, confirming failure of the vast majority of the Dab?2
knockdown cells to differentiate into PE cells (Figure 4D).
This phenotype is highly similar to what we observed
in Kdm3a knockdown cells, indicating that Dab2
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depletion, like Kdm3a depletion, prevents the cells
from fully differentiating into PE cells after
RA +dbcAMP treatment. Both Dab2 and Kdm3a are
thus required for complete PE differentiation, but Dab2
is not required for normal Kdm3a expression. This
suggests that Dab2 might indeed be a downstream
effector of Kdm3a in the regulation of F9-cell terminal
differentiation.

To test this hypothesis, we investigated whether
over-expression of Dab2 in RNAi Kdm3a cells might
restore complete PE differentiation. Not knowing at
which step of the differentiation process Dab2 might be
crucial to achieving terminal differentiation, we trans-
fected RNAi Kdm3a cells with a plasmid expressing
Dab2 cDNA or with a control plasmid at different
time points during the differentiation process: on Day
2, 3 or 4 or on Days 2 and 4 (Figure 5A). After 6
days of treatment (3 days with RA plus 3 additional
days with RA+dbcAMP), Dab2 was significantly
over-expressed whatever the transfection schedule, but
its expression was highest in cells transfected on both
Day 2 and 4 (Figure 5B). The ability of these cell lines
to undergo PE differentiation was analysed after 6 days
of treatment. Whether they expressed Dab2 or not and
whatever the transfection vector or schedule, RNAIi
Kdm3a cells showed incomplete PE differentiation,
as demonstrated by both morphological analysis
(Figure 5C) and transcript-level Thrombomodulin expres-
sion (Figure 5D). In the TM expression assays, RNAi
control cells (Figure 5D) always showed significantly
higher TM transcript levels than RNAi Kdm3a cells,
whether the latter were non-transfected, control-
transfected or Dab2-transfected. Moreover, no significant
difference in TM expression appeared among these
variously treated RNAi Kdm3a cells, although
twice-transfected cells did show a slightly lower TM tran-
script level than once-transfected cells, whether they
expressed Dab2 or not. This (non-significant) effect
would thus appear to be linked to repeat transfection.
To understand why Dab2 over-expression does not
restore the PE phenotype in RNAi Kdm3a cells, we
analysed the expression of FoxQI and Pdlim4, the two
other master players in the differentiation process found
to be dysregulated in RNAi Kdm3a cells. qRT-PCR
analysis revealed significantly lower expression of both
genes in Dab2-transfected RNAi Kdm3a cells than in
RNAIi control cells, and the extent of reduction was
similar to that observed in non-transfected RNAI
Kdm3a cells (Figure 5E). Thus, Dab2 over-expression
cannot restore FoxQI and Pdlim4 expression in Kdm3a-
knockdown cells. Hence, Dab2 appears to be necessary
for endoderm differentiation but not sufficient to
promote F9-cell terminal differentiation when Kdm3a is
absent.

Altogether, our results suggest that Kdm3a controls
F9-cell terminal differentiation by regulating the expres-
sion of a set of endoderm master players such as Dab?2,
FoxQ1 and Pdlim4. Furthermore, all of these genes appear
to be necessary to enable F9 cells to complete their
terminal differentiation into PE cells.
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DISCUSSION

Epigenetic mechanisms, such as histone methylation, are
an integral part of gene expression regulatory mechan-
isms. Molecular studies have revealed an increasing
number of histone-modifying enzymes (e.g. histone
methyltransferases and demethylases), and biochemical
assays have enabled investigators to characterise their
substrates. Now a key challenge is to understand which
biological and developmental processes are regulated by
these enzymes.

Several studies suggest an involvement of histone
demethylases in cell differentiation. Kdmd4c has been
demonstrated to act as a positive regulator of the key
pluripotency transcription factor Nanog, presumably by
removing H3K9 methylation at the promoter of this
gene (18). Enzymes of the Kdm5 and Kdm6 groups are
reported to have specific roles in regulating H3K4 and
H3K27 methylation, respectively, at developmentally
regulated genes (39-42). Here, using F9 mouse embryonal
carcinoma cells as a convenient model for studying crucial
events in early endodermal differentiation, we have
explored the role of the H3K9me2-specific histone
demethylase Kdm3a in this differentiation process. Our
results indicate that Kdm3a contributes to deciding cell
fate through its ability to regulate genes encoding master
players in the differentiation process.

We show that knockdown of Kdm3a does not affect the
capacity of F9 cells to morphologically differentiate into
PrE cells, but largely abolishes their ability to differentiate
into PE cells. Kdm3a is thus not essential to initiating
differentiation, but required at a later stage for terminal
differentiation. We further show that in F9 cells
stimulated to undergo terminal differentiation (by
RA +dbcAMP treatment), Kdm3a regulates the H3K9
dimethylation status at the promoters of three genes
encoding regulators of differentiation: Dab2, Pdlim4 and
FoxQ1. Increased H3K9 dimethylation at these promoters
in RNAi Kdm3a cells correlates with reduced expression,
strongly suggesting that Kdm3a positively regulates the
expression of these genes through its demethylase activity.

We have thus identified a new role for Kdm3a:
controlling the epigenetic state of regulator genes during
differentiation. It appears that expression of Dab2 and
Pdlim4 is downregulated already at the PrE stage in
Kdm3a-depleted cells, whereas expression of two other
endoderm-associated genes (Gata6, Hnf4a) and two
RA-associated genes (Rxra, Lambl) is not altered. In
keeping with the morphologically normal differentiation
of RNAi Kdm3a cells into PrE cells, this suggests that the
histone demethylase Kdm3a does not regulate globally the
response of F9 cells to RA, but rather plays a role in
regulating a set of genes whose expression enables cells
to acquire the competence to further differentiate into
PE cells. Dab2, shown to play a role in endoderm forma-
tion during early mouse embryogenesis (35), is of particu-
lar interest in this respect. Dab2-knockout mice develop
normally up to the blastocyst stage, but fail to develop
beyond E6.5 because of a defective extra-embryonic
visceral endoderm. This means that Dab2 is not essential
for primitive endoderm differentiation but rather for
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progression through extra-embryonic endoderm differen-
tiation (35). Interestingly, we show that knockdown of
Dab2 in F9 cells mimics the Kdm3a-knockdown pheno-
type without affecting Kdm3a expression, confirming the
need of Dab2 expression for endoderm differentiation. Yet
ectopic over-expression of Dab2 in RNAi Kdm3a cells
does not restore the ability of these cells to differentiate
into PE cells, suggesting that Dab2 alone is not sufficient
to promote complete PE differentiation. This may be due
to the fact that levels of Pdlim4 and FoxQI, two other
master players in the differentiation process, remain
lower in RNAi Kdm3a cells than in control cells. We there-
fore suggest that Dab2 is necessary but, on its own, insuf-
ficient to promote complete terminal differentiation of F9
cells. We propose that PE terminal differentiation results
from concerted action of a set of genes whose regulation is
controlled by the histone demethylase Kdm3a.

It is noteworthy that Kdm3a knockout, in contrast to
Dab?2 knockout, does not lead to embryonic lethality in
mice. Kdm3a~'~ embryos develop normally, and only in
adulthood do they show anomalies (obesity and hyperlip-
idemia) (17). Various explanations might be proposed for
this apparent contradiction between the in vivo and in vitro
effects of a Kdm3a deficiency. First, maternal Kdm3a
transcripts might contribute to the development of the
embryo, at least up to the gastrulation stage. Secondly,
other histone demethylases might compensate in vivo for
the lack of Kdm3a, enabling the embryo to pass a crucial
developmental step during embryogenesis. Finally, we
cannot exclude the possibility that the involvement of
Kdm3a in differentiation might be restricted to F9 embry-
onal carcinoma cells. Although we cannot rule out any
of these hypotheses, it seems unlikely that the role of
Kdm3a in cell fate decision is limited to F9 cells, especially
in the light of previous work suggesting a role of Kdm3a
in cell fate decision in early development: Kdm3a-
mediated demethylation of H3K9me2 at promoters
of pluripotency-associated genes is involved in the
self-renewal of ES cells (18). The present results contribute
to our understanding of histone demethylase functions
and enable us to propose a new role for Kdm3a in
terminal endoderm differentiation, as a key modulator
of cell fate decision.

In summary, our study highlights the importance of his-
tone demethylases in development and cell differentiation,
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in the wake of findings on Kdm4c¢, Kdm5d and Kdmo6a
(see above). We show that in correlation with H3K9
demethylation, Kdm3a positively regulates the endoderm
markers Dab2, Pdlim4 and FoxQl to allow terminal
differentiation. In other words, our findings enable us to
propose a new role for Kdm3a in terminal endoderm dif-
ferentiation, as a key modulator of cell fate decision.
Further studies may reveal an involvement of Kdm3a in
yet other differentiation pathways.
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