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Retinoid Regulated Association of Transcriptional
Co-regulators and the Polycomb Group Protein SUZ12
with the Retinoic Acid Response Elements of Hoxa1,
RARβ2, and Cyp26A1 in F9 Embryonal Carcinoma Cells
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Hox gene expression is activated by all-trans retinoic acid (RA), through
binding to retinoic acid receptor-retinoid X receptor (RAR-RXR) hetero-
dimers bound at RA response elements (RAREs) of target genes. The RARs
and RXRs each have three isotypes (α, β, and γ), which are encoded by
distinct genes. Hox genes are also repressed by polycomb group proteins
(PcG), though how these proteins are targeted is unclear. We used chro-
matin immunoprecipitation assays to investigate the association of RXRα,
RARγ, cofactors, and the PcG protein SUZ12 with the Hoxa1, RARβ2, and
Cyp26A1 RAREs in F9 embryonal carcinoma cells (teratocarcinoma stem
cells) during RA treatment. We demonstrate that RARγ and RXRα are
associated with RAREs prior to and during RA treatment. pCIP, p300, and
RNA polymerase II levels increased at target RAREs upon exposure to RA.
Conversely, SUZ12 was found associated with all RAREs studied and these
associations were attenuated by treatment with RA. Upon RA removal,
SUZ12 re-associated with RAREs. H3ac, H3K4me2, and H3K27me3 marks
were simultaneously detected at target loci, indicative of a bivalent domain
chromatin structure. During RAmediated differentiation, H3K27me3 levels
decreased at target RAREs whereas H3ac and H3K4me2 levels remained
constant. These studies provide insight into the dynamics of association of
co-regulators with RAREs and demonstrate a novel link between RA
signaling and PcG repression.
© 2007 Elsevier Ltd. All rights reserved.
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Introduction

Retinoic acid (RA) is an important regulator of
vertebrate development and homeostasis because of
its role in essential processes such as apoptosis, cell
differentiation, and proliferation.1,2 The effects of
RA are mediated through binding to the retinoic
acid receptors (RARs), which are members of the
nuclear receptor (NR) super family.3 There are three
different RARs: RARα (NR1B1), RARβ (NR1B2) and
RARγ (NR1B3), which are expressed in most cell
types.4 Members of the NR superfamily are DNA
binding transcription factors whose capacity to
regulate transcription is modulated by the binding
of specific ligands.4–7 RARs and other receptors for
non-steroidal hormones, such as vitamin D receptor
(VDR) and thyroid hormone receptor (TR), bind as
d.

mailto:ljgudas@med.cornell.edu
http://dx.doi.org/10.1016/j.jmb.2007.06.079


299Association of Co-regulators with RAREs
heterodimers with one of the retinoid X receptors to
hormone response elements (HRE) within the
regulatory elements of target genes. In contrast,
the receptors for steroid hormones, which include
the estrogen (ER), androgen (AR), progesterone
(PR), and glucocorticoid (GR) receptors, bind as
homodimers to their respective HREs.3

In the absence of ligand, RAR-RXR heterodimers
are thought to associate with RAREs and actively re-
press transcription through association with the co-
repressors (CoR) NCoR or SMRT.7–9 These two pro-
teins are found in repressor complexes containing the
histone deacetylase (HDAC) HDAC3.10,11 HDACs
can deacetylate lysine residues of the N-terminal tails
of histone proteins.12 A loss of acetylation on histone
tails prevents transcription through formation of a
more condensed nucleosomal structure,13 as well as
reducing the affinity of co-activators that bind to his-
tone tails through bromodomains.14 Upon binding of
the physiological agonist RA, RAR-RXR heterodi-
mers undergo a conformational change resulting in
the release of co-repressor complexes.3 Subsequently,
RAR-RXR heterodimers can associate with co-acti-
vators,15 such as the steroid receptor co-activators
(p160s),16 the histone acetyl transferase (HAT) p300/
CBP,4 and others. Histone modifications mediated by
these co-activators can create binding sites for
chromatin modifiers containing specialized bromo-
domains.17,18 ManyATP-dependent chromatin remo-
delers (SWI/SNF) which use the energy of ATP
hydrolysis to reposition nucleosomes contain bromo-
domains, and thus can be targeted to marked nucleo-
somes.19 Acetylation of specific histone residues20

and chromatin remodeling results in the decondensa-
tion of the chromatin fiber, which is then more amen-
able for the recruitment of RNA polymerase II and a
host of other proteins required for RA mediated
transcription.21,22 Recently it has been demonstrated
that the enzymes topoisomerase II (TopoIIβ) and poly
(ADP-ribose) polymerase 1 (PARP-1) are required to
form a double-stranded break promoter intermediate
at a RA target gene (RARβ) in order for RAR me-
diated transcription to occur.23 Additionally, PARP-1
is required for the displacement of components of the
transcriptional machinery prior to the initiation of
RARβ transcription.24

Expression of the homeobox (Hox) proteins that
regulate embryonic patterning and organogenesis25

can be activated in embryonal carcinoma cells (EC)
and embryonic stem (ES) cells by RA.26,27 Retinoic
acid response elements (RARE) have been identified
in the enhancers of a number ofHox genes.26,28,29 Hox
gene expression is also negatively regulated by poly-
comb group proteins (PcG),30 though the mechanism
by which PcG proteins are recruited to Hox genes is
as yet undetermined. Biochemical and genetic studies
indicate that PcG proteins exist in at least two sepa-
rate protein complexes: polycomb repressive complex
2/3 (PRC2) and polycomb repressive complex 1
(PRC1).30,31 PRC2/3 is thought to be involved in the
initiation of gene silencing, whereas PRC1 is impli-
cated in the stable maintenance of gene repression.
SUZ12 is a component of the PRC2/3 complex and
the expression of SUZ12 mRNA and is up-regulated
in tumors of the colon, breast, and liver.32 Addition-
ally, the PRC2 complex contains the histone methyl-
transferase EZH2, which can trimethylate lysine 27
(K27) of histone H3 (H3K27me3).33 Methylation of
H3K27 in vitro increases binding of the chromodo-
main protein polycomb (Pc) to the chromatin.33–35

Therefore it is thought that H3K27 trimethylation
serves as a binding site for recruitment of PRC1.
Chromatin immunoprecipitation assays (ChIP)

have been used extensively in studies monitoring
the dynamics by which various NRs (most notably
ER) and cofactors are recruited to regulatory ele-
ments in response to ligand.36–38 However, there
have been only limited studies pertaining to the dy-
namics of transcription complex assembly on
RAREs in response to RA19,24,39 and much of this
work was done in vitrowith reconstituted chromatin
templates. Therefore, we initiated experiments to
monitor the association dynamics of RAR-RXR he-
terodimers and cofactors to RAREs in F9 EC cells
during RA treatment. In particular we addressed the
question of whether RAR-RXR heterodimers associ-
ate with RAREs in the absence of ligand. Addi-
tionally we monitored the kinetics with which co-
activators are recruited to regulatory regions in
response to RA. We also monitored histone mod-
ifications (e.g. acetylation and methylation) that are
usually associated with transcriptional activation at
these RAREs during RA treatment. Finally, the
observation that Hox genes are regulated by both
RA and PcG proteins prompted us to investigate
whether PcG proteins associate with RA regulatory
elements, and what effect RA may have on this
association.

Results

Hoxa1, Cyp26A1, and RARβ2 mRNAs are
induced with similar kinetics in RA-treated
F9 cells

We selected the F9 EC cell line as amodel system to
study all-trans-retinoic acid (RA)mediated transcrip-
tional regulation. F9 cells respond to RA treatment
by differentiating into primitive endoderm.3,40 We
focused our studies on the regulation of the Hoxa1,
Cyp26, and RARβ2 genes, since these three genes are
transcriptionally activated by RA via well character-
ized RAREs.26,41–43 Wild-type F9 cells were treated
with 1 μM RA for various times and RNA was
harvested. Expression of the selected target genes
was monitored by semi-quantitative RT-PCR. The
Hoxa1, Cyp26A1, and RARβ2 genes were strongly
induced with similar kinetics by RA (Figure 1(a)).
Expression of the three target genes could be
detectedwithin 2 h after RA addition and expression
levels continued to increase over 12 to 24 h. To ensure
that equivalent amounts of RNA from each time
point were used in the real time (RT)-PCR assays,
expression of the ribosomal phosphoprotein 36B4
“housekeeping gene”44 was monitored, and was



Figure 1. Induction of RA target genes in F9 cells as measured by RT-PCR. (a) F9 cells were treated with RA for the
indicated times and RNA was harvested. Harvested RNA was assayed by semi-quantitative RT-PCR. Each experiment
was repeated at least three times; data shown are from one experiment. Linearity of the PCR reaction was demonstrated
by serial dilution of the 24 h time point template. Products were visualized by standard gel electrophoresis. (b)
Quantitation of RT-PCR products by real time PCR. Results depict the mean of three independent experiments (±SE) with
each quantitative PCR performed in triplicate. The y-axis of each graph has a different scale.
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shown not to fluctuate in response to RA treatment
(Figure 1(a)).
The semi-quantitative RT-PCR results were con-

firmed and quantitated by real time PCR analysis
(Figure 1(b)). All three RA target genes were
induced by greater than threefold following two
hours treatment with RA (Figure 1(b)). A greater
than 28-fold induction were seen for each of the RA
target genes after treatment of the F9 cells with 1 μM
RA for 24 h. RT-PCR results confirmed that the 36B4
mRNA levels did not significantly change during
the RA time course treatment (Figure 1(b)).

RARγ and RXRα are associated with RAREs in
F9 cells prior to and during RA treatment

The currently accepted model of gene regulation
by nuclear receptors posits that RAR-RXR hetero-
dimers associate with RAREs in the absence of
ligand, and actively repress transcription through
recruitment of co-repressors such as NcoR and
SMRT.3,8 As such it is thought that RAR-RXR hetero-
dimers are constitutively associated with RAREs
and that this association is not affected by exposure
to ligand. We tested this hypothesis by utilizing a
two-step chromatin immunoprecipitation (ChIP)
assay to monitor the association of RARγ and
RXRα with RAREs in F9 cells prior to and during
RA treatment. We were unable to detect association
of RARγ with target RAREs using standard ChIP
assays and thus utilized a recently described, more
sensitive two-step cross-linking protocol.45 Cells
were cultured in the presence or absence of RA for
various times and then subjected to the protein–
protein cross-linking reagent disuccinimidyl gluta-
rate (DSG). Cells were then formaldehyde-fixed as
in conventional ChIP assays, and soluble chromatin
was prepared as described. Antibodies to RARγ and
RXRα were used to immunoprecipitate protein–
DNA complexes from soluble chromatin. Non-
specific rabbit IgG antibodies were also used as a
negative control in the two-step ChIP assays.
We specifically monitored the association of RARγ

andRXRαwith theHoxa126 andRARβ246 RAREs, as
well as the two RAREs known to regulate expression
of Cyp26. The Hoxa1 RARE is located ∼2 kb down-
streamof theHoxa1 gene,whereas the RARβ2 RARE
is located ∼55 bp upstream of the transcription start
site (Figure 2(a)). Cyp26 contains a RARE ∼70 bp
upstream of the transcription start site denoted as
R142 as well as a more recently described RARE
denoted as R2,43 found ∼1950 bp upstream of R1
(Figure 2(a)). Additionally, we monitored RARγ-
RXRα associationwith the promoter proximal region
of theHoxa1 gene (PP) (Figure 2(a)). The specificity of
the RARγ antisera was demonstrated by Western
blot and immunoprecipitation (IP) analysis (Figure
2(b) and (c)). To our knowledge, our study is the first
to monitor the specific association of the RARγ
isotype with RAREs in living cells. As a control for
the non-specific immunoprecipitation of DNA in
ChIP assays, we also measured a gene-free region
located −18 kb downstream of the Hoxb1 gene
(−18 kb Hoxb1). Non-specific IgG controls were also
performed (Figure 2(d)). Levels of the aforemen-
tioned loci recovered in ChIP assays were quanti-
tated by RT-PCR assays. We define fold enrichment
as the percentage input of a specific locus in an IP
divided by the percentage input of the Hoxb1 −18 kb
3′negative control region in the same IP (Figure 2(d)).
RARγ and RXRα were found associated with the

Hoxa1 RARE, irrespective of the presence of RA
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(Figure 2(d)). In ChIP assays utilizing soluble chro-
matin prepared from untreated F9 cells, a∼19.6-fold
enrichment of the Hoxa1 RARE was observed in
RXRα IPs compared to a∼1.6-fold enrichment found
in IPs utilizing non-specific IgG (Figure 2(d), upper
left hand panel, 0 h). Additionally we observed an
∼8.8-fold enrichment of the Hoxa1 RARE in RARγ
IPs utilizing the same soluble chromatin. The
association of RXRα with the Hoxa1 RARE was not
Figure 2 (legend
affected by the presence of RA, since enrichment
levels remained relatively constant during RA treat-
ment (Figure 2(d), upper left hand panel). Levels of
RARγ at the Hoxa1 RARE increased as a result of RA
treatment (Figure 2(d), upper left hand panel,
compare 0 h to 2 h and 6h; p valueb0.05). In contrast,
RARγ andRXRαdid not associatewith theHoxa1 PP
region, since the enrichment levels of this locus, in
RARγ and RXRα IPs, were similar to the enrichment
on next page)
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levels observed in the non-specific IgG IPs (Figure
2(d), upper middle panel).
RARγ and RXRα were also associated with both

the Cyp26 R1 and R2 RAREs in F9 cells prior to
treatment with RA (Figure 2(d), 0 h). For Cyp26, the
levels of RARγ and RXRα were higher at the R2
RARE compared to the R1 RARE at all time points
tested. For example, there was a ∼22-fold enrich-
ment of the R2 RARE in RXRα IPs at 0 h compared to
a∼5.5-fold enrichment of the R1 RARE in these same
IPs (Figure 2(d), lower panels, 0 h). These results are
consistent with a recent report demonstrating that
the R2 RARE mediated higher levels of RA induci-
bility than the R1 RARE in transient transfection
assays.43 Treatment of F9 cells with RA did not
change the association levels of RXRα or RARγwith
the Cyp26RAREs (Figure 2(d), lower panels). Higher
enrichment levels were observed for RARγ than
RXRα at the Cyp26 R2 RARE at all time points.
RARγ and RXRαwere associated with the RARβ2

RARE prior to RA treatment (Figure 2(d), bottom
right hand panel, 0 h). Our results at the RARβ2
RARE are consistent with a recent report in which
RAR was found constitutively bound to the RARβ2
promoter in RA treated mouse EC P19 cells.24 Again
we did not observe RA-dependent changes in the
association levels of RARγ with the RARβ2 RARE.
However, the levels of RXRα at the RARβ2 RARE
decreased during RA treatment (Figure 2(d), com-
pare 0 h to 24 h). From the results shown in Figure 2,
we conclude that RARγ and RXRα associate with
RAREs prior to and during RA treatment.

The co-activators p300 and pCIP are recruited
similarly to RAREs during RA treatment of F9
cells

We next examined the kinetics of RA stimulated
cofactor recruitment to RAREs through use of
Figure 2. Association of RARγ and RXRαwith RAREs in F
in ChIP assays in relation to respective transcription start site
denote regions of DNA transcribed into mRNA, whereas blac
The locations of the RAREs are indicated by downward poin
directly below the arrows, with bold letters denoting binding s
hatch marks signify exon/intron gene architecture, which is
amplified during ChIP assays. Schematics were drawn approx
anti-RARγ antibody. Whole cell extracts (WCE) were prepare
transfected with a plasmid expressing RARα (α), RARβ (β), or
SDS–12% PAGE gel followed by Western blot analysis. Anti-
RARγ. The experiment was performed three times. (c) Imm
RARγ antisera. Cos cells that were either mock transfected (m
RARγ (γ) were metabolically labeled with [35S]methionine. Ce
with the RARγ antisera. (d) F9 cells were treated with RA
formaldehyde and processed into soluble chromatin. Chroma
IgG and bound DNAwas quantitated by real time PCR. Fold
divided by the % input of the Hoxb1 −18 kb 3′ negative contr
least three times, and the quantitative PCR analyses were perfo
as percentages of input DNA before immunoprecipitation
Graphpad Prism 4.0. An asterisk (*) denotes a statistical signific
time 0 sample for the same antibody. There were statistically sig
non-specific IgG negative controls, as well as between all RX
assayed, whereas there was no statistically significant (pN0.
relative to the IgG negative control at the Hoxa1 PP.
conventional 1 step ChIP assays. Specifically, we
followed the association of the p160 co-activator
pCIP,16 aswell as the histone acetyltransferase p300,4

to RAREs during RA treatment of F9 cells. Prior to
addition of RA, low levels of pCIP were associated
with the Hoxa1 RARE, as there was a ∼2.2-fold en-
richment of the Hoxa1 RARE relative to the −18 kb
Hoxb1 negative control locus (Figure 3(a), upper left
hand panel, 0 h). After 2 h of RA treatment there was
a 20.5-fold enrichment of pCIP at the Hoxa1 RARE
relative to the −18 kb Hoxb1 negative control locus.
As expected, levels of the −18 kb Hoxb1 “negative
control” locus did not increase in ChIP assays as a
result of RA treatment (Figure 3). Additionally, in
ChIP assays utilizing non-specific rabbit IgG,
amounts of test loci immunoprecipitated were
similar to the amount of the Hoxb1 −18 kb negative
control region immunoprecipitated at all time points
tested (data not shown in Figure 3, see Figure 4(b)).
No increases in pCIP levels were seen at the Hoxa1
PP region (Figure 3(a)), indicating that the co-
activator pCIP is specifically recruited to and exerts
its effects from the downstream Hoxa1 enhancer.
The kinetics of pCIP recruitment to the Cyp26

RARE was similar to those seen at the Hoxa1 RARE,
although the fold enrichment (relative to the Hoxb1
−18 kb negative control locus) and induction
(changes in fold enrichment from time 0) were not
as large at the Cyp26 RARE (Figure 3(a); 6.1 enrich-
ment at 2 h). The Cyp26 R2 RARE was charac-
terized43 during the preparation of the manuscript;
therefore, we only monitored co-activator recruit-
ment to the Cyp26 R1 RARE in this study. Higher
basal levels of pCIP were present at the RARβ2
RARE (Figure 3(a)) relative to those seen at the
Hoxa1 and Cyp26 RAREs, and an additional ∼2.4-
fold increase in pCIP levels at the RARβ2 RARE
(Figure 3(a); 2 h) was observed after 2 h RA treat-
ment. This result is consistent with a previous re-
9 cells during RA treatment. (a) Diagram of loci monitored
s. DNA is represented by the thin black line. Grey boxes
k boxes refer to regions of mRNA spliced and translated.
ting arrows, and the actual RARE sequences are shown
ites. Bent arrows indicate transcription start sites, whereas
not detailed. Thick black lines indicate regions of DNA
imately to scale. (b) Demonstration of the specificity of the
d from Cos cells that were either mock transfected (m), or
RARγ (γ). Five μg of each of the Cos WCEs were run on a
RARγ blue eluate was used at a 1:200 dilution to detect
unoprecipitation analysis also confirms specificity of the
), or transfected with a plasmid expressing RARβ (β), or
ll extracts were prepared from these cells and used in IPs
for various times, then cells were fixed with DSG and
tin samples were IPed with antibodies to RARγ, RXRα, or
enrichment is defined as % input of a specific loci in an IP
ol region in the same IP. Each experiment was repeated at
rmed in triplicate for each sample. The data are presented
(mean±SE). Statistical analyses were performed with
ant difference (pb0.05) between a time point relative to the
nificant differences (pb0.05) between all RARγ IPs and the
Rα IPs and the IgG negative controls at all of the RAREs
05) difference observed between both RARγ and RXRα



Figure 3. Recruitment of pCIP and p300 to RAREs in F9 cells during RA treatment. F9 cells were treated with RA for
various times. Cells were then fixed with formaldehyde and processed into soluble chromatin. Chromatin samples were
immunoprecipitated with (a) anti-pCIP antibody or (b) anti-p300 antibody, and bound DNAwas quantitated by real time
PCR. For comparison each target locus was graphed with the Hoxb1 −18 kb 3′ negative control locus. Each experiment
was repeated at least three times, and the quantitative PCR analyses were performed in triplicate for each sample. The
data are presented as percentages of input DNA before immunoprecipitation (mean±SE). Statistical analyses were
performed with Graphpad Prism 4.0. Samples that were statistically (pb0.05) different from time 0 samples were denoted
with an asterisk (*).
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port24 which demonstrated that much of the trans-
criptional machinery is associated with the RARβ2
RARE in P19 EC cells prior to RA treatment.
The kinetics of RA mediated recruitment of the

HAT p300 to RAREs monitored in this study were
similar to the results seen for pCIP. Levels of p300 at
the Hoxa1 RARE rose ∼9.4-fold after 2 h treatment
with RA (Figure 3(b)). As was the case for pCIP,
p300 did not associate with the Hoxa1 PP region at
any point during the time course (Figure 3(b)).
Additionally, like pCIP, p300 levels rose over time in
a RA dependent manner at the Cyp26 RARE, though
not to the extent observed at the Hoxa1 RARE
(Figure 3(b); ∼3.4-fold induction at 6 h). High basal
levels of p300 were found at the RARβ2 RARE
(Figure 3(b); ∼2.5-fold enrichment at 0 h), and p300
levels increased ∼2.5-fold (Figure 3(b); 2 h) during
RA treatment. From these results we conclude that
the patterns of RA mediated recruitment of pCIP
and p300 to the RAREs we tested were similar.

Association of RNA polymerase II with RAREs
during treatment of F9 cells with RA

We monitored the association of RNA polymerase
II (pol II) with RAREs by using an antibody that
recognizes phosphorylated serine 5 of the carboxy-
terminal domain (CTD) of pol II.47 In other systems,
serine 5 phosphorylation of the CTD has been
associated with transcriptional initiation.48 In the
absence of RA low levels of pol II were found
associated with the Hoxa1 RARE (Figure 4(a); 0 h).
After 6 h of RA treatment, pol II levels rose∼9.7-fold
at the Hoxa1 RARE (Figure 4(a)), similar to the
changes shown in Figure 3 for pCIP and p300. In
contrast to pCIP and p300, pol II was found asso-
ciated at the Hoxa1 PP (Figure 4(a)) in the absence of
RA, with levels increasing about threefold over time
as a result of RA treatment (Figure 4(a)). The levels
of enrichment for pol II at the Hoxa1 PP over the
Hoxb1 −18 kb negative control region were higher
than for pol II at the Hoxa1 RARE at all time points
(Figure 4(a)). Given the qualitative and quantitative
differences observed for pol II recruitment between
the Hoxa1 PP and RARE region, we conclude that, at
least initially, pol II is recruited to the Hoxa1 PP
independently of the Hoxa1 RARE.
Similar to the Hoxa1 PP, pol II was also found

associated with the RARβ2 RARE in the absence of
ligand (Figure 4(a)), as judged by a ∼6.9-fold en-
richment over the −18 kb Hoxb1 negative control
locus. This result is consistent with two previous



Figure 4. Recruitment of polymerase II to RAREs in F9 cells during RA treatment. F9 cells were treated with RA for
various times then cells were fixed with formaldehyde and processed into soluble chromatin. Chromatin samples were
immunoprecipitated with (a) a monoclonal antibody that recognizes phosphorylated serine 5 of the CTD of RNA
polymerase II or (b) non-specific rabbit IgG and bound DNA was quantitated by real time PCR. For comparison each
target locus was graphed with the Hoxb1 −18 kb 3′ negative control locus. Each experiment was repeated at least three
times, and quantitative PCR analyses were performed in triplicate. The data are presented as percentages of input DNA
before immunoprecipitation (mean±SE).
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reports, both of which demonstrated that pol II was
constitutively bound to the RARβ2 RARE in P19 EC
cells.24,49 Polymerase II levels were increased about
fivefold at the RARβ2 RARE during the course of RA
treatment (Figure 4(a); 1 h). Our results suggest that
the RA signal culminating in the expression ofHoxa1
and RARβ2 mRNAs affects a step of the transcrip-
tion process subsequent to the recruitment of pol II.
In contrast to the Hoxa1 PP and the RARβ2 RARE,

only low levels of pol II (Figure 4(a)) were found
associated with the Cyp26 R1 RARE in the absence of
ligand. Upon treatment of F9 cells with RA, a ∼47-
fold increase in the levels of pol II was observed at
the Cyp26 R1 RARE. Whereas higher levels of pCIP
and p300 were associated with the Hoxa1 RARE
relative to the Cyp26 R1 RARE during RA treatment
(Figure 3(a) and (b)), higher levels of pol II were
found at the Cyp26 R1 RARE compared to the Hoxa1
RARE during RA treatment (Figure 4(a)). Finally, we
note that even though the RAREs of the Cyp26 and
RARβ2 genes are both located in close proximity to
the transcription start sites (Figure 2(a)), the patterns
of pol II association were markedly different for
these two different RAREs. Pol II was constitutively
bound at the RARβ2 RARE, whereas very low levels
of pol II were associated with the Cyp26 RARE prior
to RA treatment. Additionally, the levels of pol II rose
about tenfold higher at the Cyp26 RARE relative to
the RARβ2 RARE in response to RA (Figure 4(a)).
When a non-specific rabbit IgG was used in ChIP
assays, the amounts of test loci immunoprecipitated
were very similar to the Hoxb1 −18 kb negative
control (Figure 4(b)) immunoprecipitated at all
times points tested. This result demonstrates that
the changes observed for enrichment levels of pCIP,
p300, and pol II at our test loci during RA treatment
reflected the biological response of the cells.

Acetylation and dimethylation of histone H3 do
not increase at RAREs as a result of RA
treatment

Active “open” chromatin suitable for transcription
is often associated with histone acetylation, as well
as H3 methylation at lysine 4. Thus, we conducted
ChIP assays on soluble chromatin prepared from
RA treated F9 cells with an antibody that recognizes
acetylated lysine residue 9 (K9) and 14 (K14) of the
histone H3 tail (H3K9,K14ac). Ligand-dependent
increases of H3K9,K14ac have been observed for
androgen, estrogen, and thyroid nuclear receptor
targets genes.37,50,51 However, in P19 EC cells, the
RARβ2 RARE was found to contain constitutively
high levels of H3K9,K14ac that did not further
increase upon treatment with RA.39 We also did not
observe RA dependent increases in H3K9,K14ac
levels at the RARβ2 RARE (Figure 5(a)). Addition-
ally, H3K9,K14ac levels were not altered in a RA-
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dependent manner at the Hoxa1 RARE or at the
Hoxa1 PP region (Figure 5(a) After 24 h of RA
treatment only slight increases (less than twofold) in
the levels of H3K9,K14ac relative to 0 h were seen at
the Cyp26 R1 RARE (Figure 5(a)). The −18 kb Hoxb1
3′ locus was also associated with H3K9,K14ac, since
higher levels of the −18 kb Hoxb1 locus were
immunoprecipitated in H3K9,K14ac ChIPs relative
to ChIPs with the other antibodies used in this study.
For example, −18 kb Hoxb1 locus levels equivalent
to∼2.5% of input were immunoprecipitated in ChIP
assays with the H3K9,K14ac antibody, compared to
∼0.06% of input pulled down in ChIP assays with
the pCIP antibody.
We also conducted ChIP assays on soluble chro-

matin prepared from RA-treated F9 cells with an
antibody that recognizes dimethylation of lysine 4 of
the histone H3 tail (H3K4me2). Previous reports
have demonstrated that this epigenetic histone
modification is enriched at actively transcribed
genes.18,52,53 This mark has also been shown to be
enriched at the promoters of androgen and estrogen
target genes as the result of ligand treatment.37,51
However, as was the case for acetylated histone H3
(Figure 5(a)), high levels of H3K4 dimethylation
were detected at all of our test loci prior to RA
treatment (Figure 5(b)). This result is consistent with
a report demonstrating broad distribution of H3K4
Figure 5. Acetylation and dimethylation modifications of
result of RA treatment. F9 cells were treated with RA for vario
processed into soluble chromatin. Chromatin samples were imm
(b) an anti-H3K4me2 antibody and bound DNAwas quantitat
graphed with theHoxb1 −18 kb 3′ negative control locus. Each
three times, and the quantitative PCR analyses were perform
input DNA before immunoprecipitation (mean±SE).
dimethylation with the Hox clusters in mouse pri-
mary fibroblasts.52 Additionally, the histone methyl-
transferase mixed lineage leukemia (MLL1) has been
shown to bind throughout the Hox domain in U937
cells.54 H3K4me2 levels did not increase as a result
of RA treatment at any loci (Figure 5(b)). Therefore
our data demonstrate that at least for the RA
regulated target loci we monitored, acetylation and
dimethylation of the histone H3 tails precede
exposure to RA, and these levels do not change as
a result of RA treatment.

SUZ12 associates with RAREs in F9 cells in the
absence of RA, and this association can be
attenuated by treatment with RA

Hox gene expression patterns are spatially res-
tricted in part by the negative regulating PcG pro-
teins.34,55,56 We therefore investigated (a) whether
PcG proteins associate with the Hoxa1 RARE and PP
region and (b) whether such interactions are altered
by the presence of RA. We conducted ChIP assays
using an antibody that recognizes the PcG protein
SUZ12. Kirimizis and colleagues57 purified and used
this antibody in ChIP assays to demonstrate an
association of SUZ12 with the promoter of theMYT1
gene, as well as with other novel binding sites, in
SW480coloncancer cells.Additionally,weattempted
histone H3 tails at RAREs in F9 cells do not change as a
us times, and then cells were fixed with formaldehyde and
unoprecipitated with (a) an anti-H3K9,K14ac antibody or

ed by real time PCR. For comparison each target locus was
experiment was repeated, starting with cell culture, at least
ed in triplicate. The data are presented as percentages of
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to conduct ChIP assays with antibodies against the
PRC2/3 component EZH2 methyltranferase, but
these were unsuccessful.
We did not use the −18 kb Hoxb1 region as a

negative control in SUZ12 ChIP assays, since an RA-
dependent decrease in levels of this locus was
observed (see Discussion). Therefore, we used the
Osteopontin vitamin D response element (VDRE)
locus as a negative control, since osteopontin is a
glycoprotein most abundantly produced in osteo-
blasts, and the expression of this gene is regulated by
calcitropic hormones and cytokines.58 As expected,
Osteopontin expression levels in F9 cells did not
change as a result of exposure to RA, asmonitored by
RT-PCR (data not shown). Levels of Osteopontin
VDRE DNA associated with SUZ12 also remained
constant during the course of RA treatment in F9
cells (Figure 6(a)).
In the absence of RA, SUZ12 was found associated

with both the Hoxa1 RARE and PP region, as judged
by an ∼8.2-fold and a ∼6.7-fold enrichment, respec-
tively (Figure 6(a)), of these loci over the VDRE
negative control locus found upstream of the Osteo-
pontin gene.59 Upon exposure to RA, SUZ12 levels
rapidly decreased at both the Hoxa1 RARE and PP
Figure 6. SUZ12 associates with RAREs in F9 cells prior to e
F9 cells were treated with RA for various times. Cells were t
chromatin. Chromatin samples were immunoprecipitated w
antibody and bound DNA was quantitated by real time PCR
OsteopontinVDRE negative control locus. The y-axis of the Cyp2
graphs. Each experiment was repeated at least three times, star
performed in triplicate. The data are presented as percentages
region (Figure 6(a); from 0 h to 0.5 h). SUZ12 levels
continued to decline at both these loci during the
course of RA treatment (Figure 6(a)). A ∼14.4-fold
decrease in SUZ12 levels occurred at the Hoxa1
RARE after a 12 h treatment with RA. SUZ12 levels
also decreased ∼11.3-fold at the Hoxa1 PP region
after exposure to RA for 12 h (Figure 6(a)). There-
fore, we conclude that SUZ12 is associated with both
the promoter and enhancer region of the Hoxa1
gene, and that this association is disrupted upon
exposure to RA.
Having demonstrated that RA decreases the

association of PcG proteins with the regulatory re-
gions of the Hoxa1 gene, we wanted to determine if
PcG proteins play amore global role in RAmediated
transcriptional regulation. Therefore, we also mon-
itored the association of SUZ12 with the Cyp26 R1
and RARβ2 RAREs during the course of RA treat-
ment of F9 cells. Prior to RA addition, SUZ12 was
found associated with the RARβ2 RARE, as judged
by a∼6.4-fold enrichment of this locus over that seen
for the Osteopontin VDRE (Figure 6(a)). As was the
case for the Hoxa1 locus, the levels of SUZ12 at the
RARβ2 RARE rapidly decreased upon exposure to
RA, and after 12 h of RA treatment, SUZ12 levels at
xposure to RA, and then disassociates upon RA treatment.
hen fixed with formaldehyde and processed into soluble
ith (a) an anti-SUZ12 antibody or (b) an anti-H3K27me3
. For comparison each target locus was graphed with the
6RARE graph in (a) has a different scale than the other loci
ting with cell culture, and quantitative PCR analyses were
of input DNA before immunoprecipitation (mean±SE).
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the RARβ2 RARE decreased to the background
levels observed for the Osteopontin control VDRE
(Figure 6(a)).
In the absence of RA, there was a ∼6.6-fold higher

level of SUZ12 at the Cyp26 R1 RARE relative to the
Hoxa1 RARE (Figure 6(a); ∼54-fold enrichment for
the Cyp26 RARE at 0 h versus ∼8.2-fold enrichment
at 0 h for Hoxa1 RARE). Even though higher levels
of SUZ12 were observed at the Cyp26 R1 RARE
relative to the RARβ2 RARE and Hoxa1 regulatory
regions in the absence of RA, after 12 h of RA
treatment SUZ12 levels at the Cyp26 R1 RARE also
decreased to the background levels observed for the
Osteopontin VDRE (Figure 6(a)). The higher levels
of SUZ12 initially observed at the Cyp26 R1 RARE
may be inversely related to the larger increase in pol
II recruitment observed at this locus as a result of RA
treatment (Figure 4). That SUZ12 associated with all
RAREs we tested and that this association was
decreased by exposure to RA indicate that PcG
proteins have a more global role in transcriptional
repression of RA target genes.

Trimethylation of lysine 27 of histone H3 at
RAREs also decreases in response to RA

SUZ12 has been biochemically defined as a com-
ponent of the polycomb PRC2/3 complex, which
also contains the histone methyltransferase EZH2.33

PRC2/3 complexes maintain silencing in part
through trimethylation of lysine 27 (H3K27me3) of
histone H3.57 If SUZ12 associates with RAREs as
part of a functional PRC2/3 complex, then we
would expect to observe H3K27me3 marks at the
aforementioned RAREs. We conducted ChIP assays
on soluble chromatin prepared from RA-treated F9
cells with a monoclonal antibody that specifically
recognizes this histone H3 modification.60 In the
absence of RA, H3K27me3 was significantly higher
at the Hoxa1 RARE relative to the Osteopontin con-
trol VDRE (Figure 6(b)). After 2 h exposure to RA,
levels of this epigenetic mark at the Hoxa1 RARE
decreased to levels observed at the Osteopontin
VDRE (Figure 6(b)). H3K27me3 levels at the Cyp26
R1 RARE also decreased to background levels after
exposure to RA (Figure 6(b)), though levels of this
epigenetic mark were lower at the Cyp26 RARE
compared to the Hoxa1 RARE. Therefore, levels of
H3K27me3 at a given locus are not strictly correlated
to levels of SUZ12, since we observed significantly
higher levels of SUZ12 at the Cyp26 RARE relative
to the Hoxa1 RARE (Figure 6(a)).
These results (Figure 6(b)) demonstrate that in the

absence of RA, H3K27me3 marks, presumably
mediated through the PRC2/3 complex, were
present at our test RAREs. Additionally, similar to
SUZ12 at these same regions, H3K27me3 levels
decreased as a result of RA treatment. This latter
result suggests that H3K27me3 epigenetic marks can
be rapidly removed, possibly through recruitment
of an unidentified demethylase capable of reversing
H3K27me3 marks,18 to RAREs upon treatment with
RA. In support of this proposal, a histone demethy-
lase, lysine-specific demethylase 1 (LSD-1) has been
shown to interact with a nuclear receptor (androgen)
and LSD-1 is required for androgen dependent
transcription.61

Upon removal of RA, SUZ12 re-associates with
the Cyp26 R1 RARE

We have shown that the association of SUZ12
with RA regulatory regions in F9 cells is decreased
upon exposure to RA. This observation led us to
ask whether SUZ12 can re-associate with a RARE
in RA treated F9 cells upon removal of RA. We
cultured F9 cells in the presence of RA for 24 h.
After the 24 h RA treatment, media was aspirated
off of cells and then these cells were rinsed three
times with phosphate-buffered saline (PBS). Fresh
media without RA was then added back to these
cell cultures, which were then incubated for va-
rious lengths of time (0.5, 1, 6, or 24 h) prior to
formaldehyde cross-linking (Figure 7(a)). Some
samples were harvested immediately after the
24 h RA treatment and rinsed three times with
PBS (denoted by 0, rinse in Figure 7) or were
cross-linked without the PBS rinses (denoted by (0)
in Figure 7) to reflect the harvesting conditions for
samples in Figures 2–6. Soluble chromatin was
then prepared and used in ChIP assays with anti-
bodies to SUZ12.
Increases in SUZ12 levels at the Cyp26 R1 RARE

were observed 1 h after RA removal (Figure 7(b); 1 h,
∼3.2-fold induction compared to “0 (rinse)”). The
level of SUZ12 continued to increase at the Cyp26 R1
RARE in response to increased times after RA
removal, such that 24 h after RA removal there
was a ∼10.8-fold increase in the level of SUZ12 at
this RARE relative to samples which were cultured
in RA for 24 h and then harvested immediately after
RA removal (Figure 7(b); compare 24 h to the “0
(rinse)” sample at the Cyp26 RARE). In the soluble
chromatin prepared from cells that were harvested
immediately after RA removal and were not rinsed
immediately before cross-linking (Figure 7(b) “0”),
the levels of SUZ12 at the Cyp26 RARE were similar
to the levels of SUZ12 observed at the Cyp26 RARE
in the “0 (rinse)” samples (Figure 7(b); compare 0 to
0 (rinse)). Additionally, soluble chromatin was pre-
pared from F9 cells treated with RA for the entire
48 h as a positive (pos) control and from F9 cells that
were cultured for 48 h without RA treatment as a
negative control (neg). Higher levels of SUZ12 were
observed at the Cyp26 R1 RARE in cells not treated
with RA relative to cells continuously exposed to RA
for 48 h (pos) (Figure 7(b); compare neg to pos), as
we expected. These results show that removal of RA
from F9 cells results in the re-association of SUZ12
with the Cyp26 R1 RARE.

RNA polymerase II association at RAREs
decreases upon removal of RA

We have demonstrated that in F9 cells treated with
RA, RNA pol II is recruited to the Cyp26 R1, on a



Figure 7. SUZ12 rapidly associates with RAREswhereas RNA polymerase II disassociates from RAREs upon removal
of RA. (a) Schematic diagram of the RAwashout ChIP experiment protocol. F9 cells were treated with RA then rinsedwith
PBS, and fresh media was added for various times prior to formaldehyde cross-linking and cell harvest. The time of RA
addition is denoted by +RA, and the wide grey bar. The times of the PBS rinses, followed by addition of fresh media, are
denoted by the change to the white bar. The positive control (pos) was treated with RA for 48 h andwas not rinsed prior to
cross-linking (x-link). The negative control (neg) was not treated with RA, nor rinsed prior to x-linking. The “0” sample
was treated with RA for 24 h and then immediately x-linked and cells harvested. The “0 rinse” sample was rinsed three
times after the 24 h RA treatment and then medium containing 1% formaldehyde was immediately added to the culture
dish. The addition of RA, and the subsequent steps were staggered so that all samples were x-linked at the same time. (b)
Chromatin samples were immunoprecipitated with an anti-SUZ12 antibody or (c) a monoclonal antibody that recognizes
phosphorylated serine 5 of the CTD of polymerase II, and bound DNAwas quantitated by real time PCR. The percent of
the total input of each locus was quantitated and normalized to the negative control locus. The osteopontin VDRE was
used as a negative control for SUZ12 ChIP assays, and the Hoxb1 −18 kb region was used as a negative control for pol II
ChIP assays. The fold induction was then calculated relative to the 0 rinse sample. Each experiment was repeated at least
three times, starting with cell culture and the quantitative PCR analyses were performed in triplicate for each experiment.
The bars represent fold induction (±SE). Statistical analyses were performed with Graphpad Prism 4.0. Aa asterisk (*)
denotes statistical significance (pb0.05). Unless denoted otherwise, statistical significance is calculated relative to the 0
(rinse) sample.
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time scale of hours (Figure 4). We have also
demonstrated that upon removal of RA from F9
cells, SUZ12, presumably as part of the repressive
PRC2/3 complex, is recruited to the aforementioned
RARE on a similar time scale (Figure 7(b)). There-
fore, we wished to determine if the recruitment of
SUZ12 to the Cyp26 R1 RARE, upon removal of RA,
coincided with the disassociation of pol II from the
same RARE. As such, we also monitored the
association of pol II with the Cyp26 R1 RARE
upon removal of RA in the experiment described
above. Higher levels of pol II were associated with
the Cyp26 R1 RARE in F9 cells treated with RA for
48 h versus F9 cells that were not exposed to RA
(Figure 7(c); compare pos to neg), consistent with the
results in Figure 4. Thirty minutes after removal of
RA, a decrease in pol II levels was observed at the
Cyp26 R1 RARE (Figure 7(c); compare “0 rinse” to
0.5 h). Pol II levels at this RARE continued to
decrease at later times after RA removal (Figure
7(c)). We conclude that upon removal of RA in F9
cells, the kinetics of pol II disassociation from the
Cyp26 R1 RARE were inversely related to the
kinetics of recruitment of SUZ12 to the same RAREs.
Discussion

Here we have monitored the association of RARγ,
RXRα, cofactors, and histone modifications with RA
regulatory elements in F9 cells before and during RA
treatment. RARγ and RXRα were associated with
RAREs before treatment with RA, and for the most
part exposure to RA did not affect the association
levels of these factors with RAREs (Figure 2).
Additionally, the co-activators pCIP and p300 were
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recruited to RAREs with similar kinetics during RA
treatment (Figure 3). The association of RNA pol II
with RA regulatory elements varied in a gene
specific manner. Low levels of pol II were found at
the Hoxa1 and Cyp26 R1 RAREs prior to RA
treatment and pol II levels at these RAREs increased
dramatically in response to RA treatment (Figure 4).
In contrast, high levels of pol II were associated with
the RARβ2 RARE and the Hoxa1 PP even without
RA treatment (Figure 4). We also demonstrated that
the levels of certain histone modifications associated
with transcription (H3K9,K14ac and H3K4me2)
were constitutively high at target RAREs and did
not increase during RA treatment (Figure 5).
Additionally, we demonstrated that the PcG

protein SUZ12 was associated with all RAREs tested
in the absence of RA, and that this association was
reduced by RA treatment (Figure 6(a)). Moreover, an
epigenetic mark (H3K27me3), presumably mediated
by the PRC 2/3 complex, was detected at our target
RAREs and the H3K27me3 levels at these RAREs
also decreased in response to RA (Figure 6(b)).
Finally, RA treatment, followed by RA removal,
resulted in SUZ12 re-association with target RAREs
and a concomitant decrease in levels of pol II
associated at these same RAREs (Figure 7(b) and
Figure 8. A model for RARγ mediated transcription of th
heterodimers associated with RARβ2, Hoxa1, and Cyp26A1 RA
with co-repressors. RA target genes are also associated with SU
SUZ12 blanketing the entire RARβ2 and Cyp26A1 loci, though
bound to the Hoxa1 proximal promoter (PP) and pol II, pCIP a
binding, a conformational change occurs in RARγ-RXRα he
heterodimers associated with the Hoxa1 and Cyp26A1 R1 RAR
and pol II. RA treatment also enables factors bound to the
Furthermore, Suz12 dissociates from the three RA target genes
step subsequent to pol II recruitment at the PP regions of Hox
(c)). We have summarized the results of this study in
a schematic model (Figure 8).

Association of RARγ and RXRα with RAREs

We have demonstrated that RARγ and RXRα are
associated with RAREs prior to RA treatment, and
that in general, association levels were not affected
by the presence of RA. Consistent with our results,
Pavri et al.24 have also demonstrated that RAR is
constitutively associated with the RARβ2 RARE in
P19 EC cells. Another recent study demonstrated
that the non-steroidal thyroid hormone (TR) nuclear
receptor is also constitutively associated with the TR
response element (TRE) of a target gene (TRβ).62

However in this same study, TR binding to the TRE
of another target gene (TH/bZIP) was found to
dramatically increase upon TR treatment. Addition-
ally, recruitment of the non-steroidal vitamin D nuc-
lear receptor63 to cognate binding sites was shown
to occur in a ligand-specific manner. Therefore, the
question arises as to what factors determine whether
a non-steroidal nuclear receptor is constitutively
associated with a regulatory element. The high basal
levels of acetylated and methylated (K4) histones
found at RAREs (Figure 5)39 may render RARE-
ree RA target genes. In the absence of RA, RARγ-RXRα
REs presumably repress transcription through association
Z12 in the absence of RA. For simplicity we have depicted
this has not been determined experimentally. Pol II is pre-
nd p300 are pre-bound to the RARβ2 RARE. Upon ligand
terodimers bound to RAREs. In the case of RARγ-RXRα
Es, binding of RA results in the recruitment of pCIP/p300
Hoxa1 3′ RARE to interact with the Hoxa1 PP region.
upon exposure to RA. Lastly, RA is required to facilitate a
a1 RARβ2 in order for these genes to be transcribed.
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containing chromatin accessible to RAR-RXR bin-
ding prior to RA treatment. As demonstrated in this
study, acetylation and methylation levels were not
further increased during RA treatment (Figure 5)
and thus these histone modifications may be at
maximal levels prior to RA treatment. Additionally,
in vitro studies have demonstrated that histone
acetylation is required for RAR-RXR binding to a
nucleosomal RARE.64 In the case of other nuclear
receptors, ligand-specific increases in histone acet-
ylation and methylation37,51 have been reported.
Thus, we speculate that the epigenetic marks asso-
ciated with the chromatin embedding a hormone
response element may influence the binding char-
acteristics of the respective nuclear receptors.
Here we specifically monitored the association of

RARγ and RXRα with a number of RAREs. How-
ever, there are two other isotypes of RAR (RARα,
RARβ) and RXR (RXRβ, RXRγ) expressed in F9
cells.3 It remains to be determined if RAR/RXR
association with a given RARE occurs in an isotype
specific manner. For example, RA induced expres-
sion of Hoxa1 and Cyp26 is greatly reduced in F9
RARγ −/− cells.65 As such, RARγ may be the only
RAR isotype associated with the Hoxa1 RARE and
Cyp26 RAREs. If this is not the case, then what
possible roles do RARα and RARβ have at these
RAREs? Additionally, we found RARγ associated
with the RARβ2 RARE (Figure 2(b)), even though
RARβ2 expression is RA induced in F9 RARγ −/−
cells.65

Transcriptional co-regulator levels at RAREs
gradually increase during RA treatment

The recruitment dynamics of cofactors to RA
regulatory elements coincided with the kinetics of
RA induced expression of the Hoxa1, Cyp26, and
RARβ2 mRNAs (Figure 1). In general, co-regulators
required for transcription were recruited within 2 h
after RA treatment and then levels of these factors
reached a plateau thereafter. We did not observe any
distinct periodic cycles of transcription factor asso-
ciation with any of our test loci upon ligand
treatment, as has been observed for androgen,50 es-
trogen,36–38,66 glucocorticoid,67 and vitamin D re-
ceptors.63 However, similar to the results of our
study, Wang et al.68 demonstrated that AR and
cofactor levels gradually increased over a 16 h period
at regulatory regions of the PSA gene in response to
ligand, and the dynamics of AR association corre-
lated with the kinetics of prostate specific antigen
(PSA) mRNA production. The factors governing
whether NRs and cofactors are recruited to promo-
ters in discrete cycles or more progressively are
unclear at this time. However, eukaryotic enhancers
are modular in nature, containing binding sites for
multiple transcription factors.69,70 For example, the
Hoxa1 enhancer contains an evolutionarily con-
served element (CE2) that is required for expression
of Hoxa1 in certain tissues, and is located adjacent to
the Hoxa1 RARE.71 Thus, it is likely that the recruit-
ment of co-regulators to regulatory elements is in-
fluenced by the binding of transcription factors to
neighboring regulatory elements.

Hoxa1 RARE communication with the Hoxa1 PP
region

The Hoxa1 RARE is located ∼4.6 kb downstream
of the Hoxa1 PP region (Figure 2), which raises a
question about how factors bound to these two
regulatory regions are able to communicate, allow-
ing for initiation of Hoxa1 mRNA expression. One
possible explanation is that factors bound to the
Hoxa1 RARE and Hoxa1 PP region physically
interact, resulting in the folding and/or looping of
the intervening DNA. If such a model were correct,
then factors bound at the Hoxa1 RARE should be
brought into proximity to the Hoxa1 PP region, and
this could be observed by ChIP assays. Park et al.72

used such an approach to demonstrate that TR
bound to an upstream TRE became associated with
a promoter proximal G/C box regulatory element in
response to T3. We have shown that RARγ, RXRα,
pCIP, and p300 associated with the Hoxa1 RARE
(Figures 2 and 3) but we did not observe any of these
proteins at theHoxa1 PP region. However, pol II was
associated with both regions of the Hoxa1 gene, and
the association of pol II with the Hoxa1 PP tem-
porally preceded pol II association with the Hoxa1
RARE (Figure 4). Therefore, the association of pol II
with the Hoxa1 RARE may have arisen through
interaction with the Hoxa1 PP, or alternatively, pol II
may have been recruited independently to theHoxa1
RARE during RA treatment.

SUZ12 is associated with RAREs in F9 cells in
the absence of RA

PcG proteins negatively regulate expression of
Hox genes34,55,56 and thus wemonitored whether the
PcG protein SUZ12 associates withHoxa1 regulatory
regions. We demonstrated that SUZ12 associated
with both the Hoxa1 RARE and PP region prior to
exposure to RA, and that this association decreased
during RA treatment (Figure 6). Additionally, and in
contrast to the other co-regulators monitored in this
study, SUZ12 associated with the gene free Hoxb1
−18 kb 3′ region (data not shown), and this asso-
ciation also decreased during RA treatment. During
the preparation of the manuscript, studies mapping
the genome wide binding sites of SUZ12 in various
cell lines were published.73–77 Consistent with our
results, SUZ12 was shown to bind to large regions
covering theHox clusters in human ES cells,74 as well
as in D. melanogaster Kc cells.77 However, for the
majority of SUZ12 target genes SUZ12 is located at
the transcription start site regions.74,76

We also demonstrated that SUZ12 associates with
the Cyp26 and RARβ2 RAREs in the absence of RA
(Figure 6). A functional role for SUZ12 in the regu-
lation of these two genes was recently reported in
the human embryonic diploid fibroblast cell line
TIG3.73 Down-regulation of SUZ12 by siRNA in this
cell line resulted in the increased expression of the
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Cyp26 and RARβ2 mRNAs. The fact that SUZ12
associates with several RAREs suggests that PcG
proteins have a global role in the negative regulation
of RA target genes.

Chromatin structure of RA regulatory regions

We observed the simultaneous presence of histone
modifications associated with transcriptional
repression (H3K27me3) and activation (H3K4me2)
at our target RAREs (Figures 5(b) and 6(b)). During
the course of RA treatment the levels of H3K27me3
decreased whereas the levels of the H3K4me2
remained constant at these RAREs. Regions of the
genome containing this “bivalent domain” chroma-
tin structure have recently been mapped and shown
to coincide with highly conserved noncoding
elements (HCNEs) and/or developmental genes.78
We also observed that H3K9, K14ac modifications
found at our target RAREs remained constant
during RA treatment (Figure 5(a)). This result
suggests that H3K9, K14ac marks contribute to the
chromatin structure found at bivalent domains.
Moreover, our results raise the question as to
whether or not all RA target genes are embedded
in bivalent domains.

RA mediated dissociation of polycomb proteins
from RA regulatory regions

While homeotic gene silencing mediated by PcG
proteins is mitotically inherited during develop-
ment, and thus stable in nature, we have shown that
the association of PcG proteins with RA target genes
can be rapidly decreased by exposure to RA (Figure
6(a)). Additionally, we showed that the epigenetic
H3K27me3 mark also rapidly decreases at RAREs
during RA treatment (Figure 6(b)). Our results are
consistent with a recent report demonstrating that
SUZ12 association with target genes was decreased
during RA mediated neuronal differentiation of the
human EC cell line NT2/D1.73 We have also shown
that SUZ12 can re-associate with RAREs upon re-
moval of RA from media (Figure 7). Thus, our data
indicate that association of PcG proteins with
RAREs in F9 cells is the default state and that
removal of PcG proteins from RAREs requires expo-
sure to RA. How is exposure to RA mechanistically
translated into the disassociation of PcG proteins
from RA regulatory elements? This will be a topic
for future study. Another question raised by our
study is whether PcG proteins are universally
associated with RARE sequences, and if so, whether
PcG proteins are specifically recruited to RA target
genes through RARE sequences or through some
other undefined feature of these genes.
The association of PcG proteins with RA target

genes may arise through interactions with RAR-
RXR heterodimers. Support for such a model comes
from a recent study demonstrating that the human
tumor antigen PRAME (preferentially expressed
antigen in melanoma) can bind to liganded RAR
and repress transcription through recruitment of
PcG proteins.79 Additionally, the authors showed
that stable expression of PRAME in F9 cells blocked
RA induced differentiation and inhibited RA indu-
ced gene expression. In the context of wild-type F9
cells, we posit that an as yet unidentified protein
may simultaneously interact with PcG proteins and
RAR-RXR heterodimers in the absence of RA,
allowing for the recruitment of PcG proteins to RA
target genes.
We have conducted ChIP studies to monitor the

dynamics of association of RARγ, RXRα, and cofac-
tors to RA regulatory regions during treatment with
RA. These studies have revealed the patterns and
kinetics by which these factors are recruited to
different target genes. We have also revealed a novel
link between PcG silencing and RAR signaling. Our
data suggest that PcG proteins can be targeted to
specific areas of the genome through association
with RAREs (Figure 6). Moreover, we have demon-
strated that levels of SUZ12 and repressive epige-
netic marks generated by the PRC 2/3 complex at
RAREs can be attenuated by exposure to RA (Figure
6). Thus, our data suggest a mechanism by which
PcG mediated repression of target genes may be
alleviated. More specifically, the results presented
herein may explain how PcGmediated repression of
Hox gene expression is relieved during activation by
treatment with RA.

Materials and Methods

Cell culture

F9 wild-type embryonal carcinoma cells were cultured
in Dulbecco's modified Eagle's medium supplemented
with 10% (v/v) fetal calf serum (Invitrogen), 2 mM
glutamine, 100 units/ml of penicillin, and 100 μg/ml of
streptomycin. Cells were plated in gelatin-coated tissue
culture plates approximately 48 h prior to RNA harvesting
(5×105 cells/60 mm dish) or formaldehyde fixation
(2.5×106 cells/20 cm dish). Treatment with 1 μM retinoic
acid for 0, 0.5, 1, 2, 6, 12, and 24 h was staggered so that all
time points were collected simultaneously.
Antibodies and chemicals

All-trans Retinoic acid (RA) was obtained from Sigma-
Aldrich (St. Louis, MO) and dissolved in ethanol. Anti-
RARγ serum was generated by immunization of rabbits
with a peptide corresponding to 15 amino acids at the
carboxy-terminal of RARγ. Polyclonal anti-RARγ IgG was
purified from the crude serum through use of aDEAEAffi-
gel Blue Gel column (Bio-Rad, Hercules, CA). Anti-RXRα
(D-20, sc-553), anti-pCIP (M-397, sc-9119), anti-p300 (N-15,
sc-584) antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-H3K4me2 (07-030),
anti-H3K9,K14ac (06-599), and anti-SUZ12 (07-379) anti-
bodies were purchased from Upstate Biotechnology (Lake
Placid, NY). Anti-phospho Ser5 CTD of RNA polymerase
II (pCTDser5) was purchased from Covance Research
Products (Richmond, CA). Anti-SUZ12 (ab12201, since
discontinued) and anti-H3K27me3 (mAbcam 6002) anti-
bodies were purchased from Abcam Inc. (Cambridge,
MA).
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RNA preparation and RT-PCR

F9 EC cells were plated in 60 mm dishes (5×105 cells/
dish) and treated with RA as indicated. Total RNA was
prepared using Trizol reagent (Invitrogen Life Technolo-
gies, Carsbad, CA) according to the manufacturer's
instructions. Reverse transcription (RT) was performed
on 2 μg RNA from each timepoint using 50 ng oligo
(deoxythymidine) and 50units of Superscript II (Invitrogen
Life Technologies, Carsbad, CA) reverse transcriptase as
recommended by the manufacturer. Synthesized cDNAs
were diluted 1:10 prior to use in semi-quantitative or real
time PCR reactions. Each experiment was conducted on
three independent occasions.
Western blot and immunoprecipitation analysis

Whole cell extracts (WCE) were prepared from Cos cells
that were eithermock transfected (m), or transfectedwith a
plasmid expressing RARα, RARβ, or RARγ. Five μg of
each of the CosWCEswere run on a SDS–12% (w/v)PAGE
gel followed by transfer to a nitrocellulose membrane
(0.45 μm pore size; catalog number 162-0090; Bio- Rad
Hercules, CA). Themembrane was stained with Ponceau S
(Sigma) to ensure proper transfer and equivalent loading.
Primary antibody incubation was done overnight at 4 °C.
The Anti-RARγ blue eluate, as described above, was used
at a 1:200 dilution to detect RARγ. After a 1 h incubation
with an immunoglobulin G horseradish peroxidase–
conjugated secondary antibody at room temperature
(anti-rabbit, 1:40,000 dilution; sc-2030; Santa Cruz Biotech-
nology), the membranes were developed with Supersignal
Substrate (Pierce, Rockford, IL) for 5 min and exposed to
Biomax film (Eastman Kodak, Rochester, NY). Primary
and secondary antibodies were diluted in PBS containing
5% Blotto (Santa Cruz Biotechnology) and 0.1% (v/v)
Tween 20. For IP analysis, Cos cells eithermock-transfected
or transfected with a plasmid expressing either RARγ or
RARβ, weremetabolically labeledwith 100μCuries of [35S]
methionine for 1 h. Cos cell extract was then prepared from
each of these cells and 100 μg of each of the extracts were
immunoprecipitated with 25 μl of RARγ blue eluate. IP
complexeswere isolated by incubationwith 25 μl of a 50:50
(v/v) slurry of a Protein A Sepharose/TE mixture. After
three washes with ChIP lysis buffer, Protein A Sepharose-
IP complexes were resuspended in SDS loading buffer and
ran on a SDS–12% PAGE gel. The gels were then fixed and
subjected to autoradiography.
ChIP assays

For two-step chromatin immunoprecipitation (ChIP)
assays, 2.5×106 F9 EC cells were grown in a 20 cm dish
and the cells were treated with 1 μM retinoic acid as
indicated. Approximately (∼) 36 h after plating (∼1.8×107

to 2.3×107 cells), cells were briefly rinsed with PBS, and
then fixed with 10 ml of 2 mM disuccinimidyl glutarate
(DSG; Pierce, Rockford IL)/PBS at room temperature with
shaking for 45 min. A 0.5 M stock concentration of DSG
was prepared immediately before use by dissolving
powdered DSG in 100% dimethyl sulfoxide. Cells were
then briefly rinsed with PBS and subsequently fixed with
10 ml of 1% (v/v) formaldehyde (J.T. Baker, Phillipsburg,
NJ)/PBS at room temperature with shaking for 10 min. In
one-step ChIP experiments requiring only formaldehyde
fixation, cells were fixed by directly adding formaldehyde
(37%) to culture media (1% final concentration) and
incubating at room temperature with shaking for
10 min. In both one and two-step ChIP assays, for-
maldehyde fixation was quenched by the addition of
1.25 M glycine to a 200 mM final concentration. Cells
were then washed with cold phosphate buffered saline
(PBS) and lysed by adding 350 μl of lysis buffer
(50 mM Tris–HCl (pH 8.0), 150 mM NaCl, 5 mM
EDTA, 1% (v/v) NP-40, 0.5% (w/v) sodium deoxycho-
late, 0.5× Complete Mini protease inhibitors, cat. no.
11836153001 (Roche Molecular Biochemicals, Man-
nheim, Germany)) to the cell pellet. The amount of
lysis buffer added to samples was adjusted to normal-
ize for differences in cell numbers between plates. DNA
was sheared by sonicating for 2×15 s (setting 3) on a
Branson 150 Sonifier, and cell debris was eliminated by
centrifugation at 14,000 rpm for 10 min at 4 °C. For
each immunoprecipitation (IP), 50 μl of soluble chro-
matin (usually out of a total volume of ∼350 μl) was
diluted tenfold with lysis buffer and pre-cleared with
25 μl of a 50% Protein A Sepharose/PBS slurry (cat. no.
17-0780-01 (Amersham Biosciences, Uppsla Sweden))
for 1–2 h at 4 °C.
Immunoprecipitations were performed at 4 °C over-

night with 2 μg of each specific antibody. Complexes were
collected by incubation with 50 μl of 50% Protein A
Sepharose/PBS slurry for 2 h at 4 °C. For immunopreci-
pitations with anti-pCTD antibodies, 2.5 μg of anti-IgM
(M8644-1MG; Sigma-Aldrich) was added 1 h prior to
addition of beads. Beads were washed twice for 5 min at
room temperature with lysis buffer. Two more washes
were carried out with ChIP wash buffer (50 mM Tris–HCl
(pH 8.5), 500 mM LiCl, 5 mM EDTA, 1% NP-40, 1%
sodium deoxycholate) followed by two washes in TE
buffer (10 mM Tris–HCl (pH 8.0), 1 mM EDTA).
Immunocomplexes were eluted from beads by incubation
with 100 μl elution buffer (50 mM Tris–HCl (pH 8.0), 1%
SDS, 1 mM EDTA) at 65 °C for 10 min, followed by
vortexing for 15 s. After a brief centrifugation step, eluted
protein–DNA complexes were transferred to new tubes,
NaCl was added to a final concentration of 200 mM, and
samples were incubated at 65 °C overnight to reverse
cross-linking.
DNA was purified using a Qiaquick Spin Kit (Qiagen

Sciences, MD) and assayed by either real time PCR or
semi-quantitative PCR. For input samples, 25 μl (5.5% of
amount used for IP with specific antibody) was added to
75 μl of elution buffer, NaCl was added to a 200 mM
final concentration, and reverse cross-linked at 65 °C
overnight. Each ChIP experiment was carried out on at
least three independent occasions, starting with cell
culture.
RA washout ChIP experiments

F9 EC cells (2.5×106) were grown in 20 cm dishes and
treated with RA for 24 h (pulse). Media were then
aspirated off of plates, and the cells were rinsed with PBS
three times. Fresh media lacking RA was then added
back to the plates and the cultures were incubated at
37 °C for various lengths of time (chase). Treatment with
RA was staggered so that all plates were cross-linked at
the same time (Figure 7(a)). For example, the -RA 24 h
sample was initially exposed to RA 18 h earlier than the
-RA 6 h sample. Consequently the -RA 24 h sample was
rinsed with PBS 18 h earlier than the -RA 6 h sample. The
positive control sample was exposed to RA for 48 h,
whereas the negative control did not receive treatment
with RA.



Table 1. DNA sequences of oligonucleotides used for ChIP and RT-PCR

Loci Sense primer (5′–3′) Antisense primer (5′–3′) Product size (bp)

A. ChIP primers
Hoxa1 rare TCTTGCTGTGACTGTGAAGTCG GAGCTCAGATAAACTGCTGGGACT 268
Hoxa1 pp ATTGGCTGGTAGAGTCACGTG GAAAGTTGTAATCCCATGGTCAGA 276
CYP26 R1 rare CCCGATCCGCAATTAAAGATGA CTTTATAAGGCCGCCCAGGTTAC 87
CYP26 R2 rare TTCACTGAGATGTCACGGTCC TTCCCAATCCTTTAGCCTGA 64
RARβ2 rare TGGCATTGTTTGCACGCTGA CCCCCCTTTGGCAAAGAATAGA 284
−18 kb Hoxb1 3′ ACTCCAGCTCCCATTTCCCACTT CTGCCTGCCTCTGCCTCACA 411
Osteopontin GTATTCCAGTCTCACAAACTGCTTG CATACTGTGTTCCAGGTCAGTTGG 336

B. RT-PCR primers
Hoxa1a TGGAGGAAGTGAGAAAGTTGGC ATGGGAGTCGAGAGGTTTCC 484
b TTCCCACTCGAGTTGTGGTCCAAGC 147
CYP26 GAAACATTGCAGATGGTGCTTCAG CGGCTGAAGGCCTGCATAATCAC 272
RARβ2 GATCCTGGATTTCTACACCG CACTGACGCCATAGTGGTA 247
36B4 AGAACAACCCAGCTCTGGAGAAA ACACCCTCCAGAAAGCGAGAGT 448
Osteopontin TGACGAATCTCACCATTCGGATGA TTTCCAGACTTGGTTCATCCAGCT 338

a Primer used in semi-quantitative PCR analysis.
b Primer used in real time RT-PCR analysis.
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Semi-quantitative and real time PCR

Semi-quantitative PCRs were performed with Taq
polymerase in 20 μl reactions containing PCR buffer
(final concentration of 100 mM Tris–HCl (pH 8.3),
100 mM KCl, 1.8 mM MgCl2), 0.1 mM concentration of
each deoxynucleoside triphosphate, 0.1 μM concentration
of each primer (Table 1), and 3 μl of template. Reactions
were performed in a MJ Research PTC-200 thermal cycler
using a touchdown protocol as follows: following a 15 s
94 °C denaturation step, the initial annealing/extension
temperature started at 70 °C (30 s) and was reduced by
0.5 °C for each of the first 20 cycles. The number of ad-
ditional cycles (2–13) utilizing a 60 °C annealing/extension
step (30 s) varied for each primer pair. PCR products were
electrophoresed in a 2% (w/v) agarose gel and visualized
with ethidium bromide (0.3 mg/ml). Amplification in the
linear range was demonstrated by threefold serial dilution
of templates. Real time PCR assays were carried out on a
MJ Research Opticon DNA Engine using the same reaction
mixture as described above, supplemented with a final
concentration of 5% dimethyl sulfoxide (DMSO) and
1:20,000 dilution of SYBR green reagent (Invitrogen Life
Technologies, Carsbad, CA). The touchdown protocol
describe above was used for amplification with the
following modifications: the initial annealing/extension
step of 70 °C was decreased 1.0 °C for ten cycles, followed
by an additional 35 cycles utilizing a 60 °C annealing/
extension step. Fluoresence was monitored during a 5 s
77 °C step (temperature was modified depending on
primer pair) immediately after the 60 °C annealing/
extension steps. Real time data were quantitated through
use of a standard curve generated by serial dilution of
input samples. Standard curves were shown to be linear in
the range of 30% to 0.001% of the input. ChIP sampleswere
quantitated by measuring CT values and interpolating the
percentage input on the standard curve. Each experiment
was repeated at least three times, and quantitative PCRs
were performed in triplicate. Results are presented as the
mean of triplicates, along with error bars corresponding to
the standard error. Statistical analyses of ChIP assays were
performed by a two-way analysis of variance using the
software GraphPad Prism 4.0. The UCSC in silico PCR
program† was used to ensure primers designed for ChIP
†http://www.genome.ucsc.edu/cgi-bin/hgPcr
generated a single amplicon from the appropriate target
loci.
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