




Figure 4. Dynamic regulation of H2A.Z and H3.3 on chromatin structures during Cyp26A1 gene activation by tRA in mES cells R1.
(A) The relative levels of Cyp26A1 mRNA (panel a) and nascent RNA (panel b) at different time points during tRA induction as
measured using real-time RT–PCR. The levels were normalized as n-fold changes relative to the values prior to tRA induction. (B) ChIP
analysis of the deposition of H3.3 and H2A.Z on the enhancer and promoter regions of Cyp26A1 in mES cells (R1). The positions of the
primer pairs used in ChIP are indicated in the schematic diagram in C. (C) A schematic diagram of the positions of the primers used in
ChIP assay on the Cyp26A1 gene. The primer pair of pR2 amplified the enhancer region of Cyp26A1 where RARE2 is located. pR1
amplified the promoter region where RARE1 is located near the transcription start site (TSS). p+2k amplified the gene body region
around Cyp26A1+2000. (D–F) ChIP analysis of the level of H2A.Z, H2A, and H2B (D); H3.3, H3, and H4 (E); and RARa and Pol II (F) on
the enhancer (panel a), promoter (panel b), and gene body regions (panel c) of Cyp26A1 during tRA induction. The primer pairs used in
real-time PCR are shown in the schematic diagram in C. (G) EpiQ analysis of the accessibility of chromatin on the enhancer, promoter,
and gene body regions of the Cyp26A1 gene during tRA induction. The cells were treated with DNase I, and the protection was
quantified using real-time PCR. The results were normalized to the reference Rho gene. All of the data shown are expressed as the
mean 6 SD (standard deviation) of three independent biological replicates.
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ChIP and EpiQ analysis showed that the levels of H2A.Z,
H2A, H3.3, H3, H2B, H4, and chromatin structure on the
gene body region did not have significant changes during
the time course of tRA induction examined (Fig. 4D–G).
Moreover, the dynamics of H2A.Z and H3.3 and chromatin
structures were also analyzed for another gene, HoxA1,
which was also highly regulated by RA signaling. The
time-course ChIP and EpiQ analysis revealed that similar
dynamic replacements of the histone variants H2A.Z
and H3.3 and chromatin dynamics were observed on
the promoter and enhancer regions of HoxA1 during
tRA induction (Supplemental Fig. S5).

The incorporation of H3.3 is important for activation
of Cyp26A1 by tRA

Our results revealed that H3.3 was actively deposited into
the enhancer region prior to gene induction, and H3.3 was
rapidly depleted from the enhancer region but deposited
into the promoter region during gene activation by tRA
induction, which indicated that the H3.3 variant may
play a critical role in the activation of inducible genes.
Thus, we generated H3.3 knockdown mES cells to inves-
tigate the functions of H3.3 on the activation of Cyp26A1
by tRA. As shown in Figure 5A, H3.3 knockdown greatly
impaired the expression of Cyp26A1 during tRA induc-
tion, which indicated that H3.3 was important for tRA-
mediated activation of Cyp26A1. We also assessed the
dynamic changes of H2A.Z and RAR in the enhancer and
promoter regions, respectively, during tRA induction
after H3.3 knockdown (Fig. 5B). Knockdown of H3.3 did
not have any obvious effects on the binding of H2A.Z on
the enhancer region (Fig. 5B, panel b) because the level of
H2A.Z was very low at the enhancer region of Cyp26A1
in wild-type mES cells. However, knockdown of H3.3
could reduce the binding of RAR to the enhancer region
during tRA induction (Fig. 5B, panel d). In addition,
our EpiQ assays demonstrated that knockdown of H3.3
resulted in compaction of the chromatin structure at the
enhancer region of the Cyp26A1 gene (Fig. 5G, panel b),
which indicated that deposition of H3.3 at enhancer
regions impaired the folding of chromatin and enabled
the binding of the transcription factor (RAR/RXR). For
the promoter region of the Cyp26A1 gene, knockdown of
H3.3 greatly impaired the deposition of H2A.Z before tRA
induction (Fig. 5B, panel c), resulted in the opening of
the chromatin structure (Fig. 5G, panel c), and weakened
the stimulated binding of RAR, TBP, and Pol II on the
promoter region during tRA induction (Fig. 5B [panel e],
C). These findings strongly suggested that marking the
enhancer region by H3.3 prior to tRA induction was
essential for the subsequent binding of RAR, TBP, and Pol
II on the promoter region during tRA induction. More-
over, the deposition of H2A.Z at the promoter region was
also dependent on the incorporation of H3.3 at the
enhancer region of Cyp26A1. Interestingly, further in-
vestigation showed that the knockdown of H3.3 inhibited
the recruitment of the histone acetyltransferase complex
Tip60 and chromatin remodelers (SRCAP and BRG1),
which may be involved in H2A.Z deposition at the

promoter regions of Cyp26A1 and HoxA1 (Supplemental
Fig. S6). Interestingly, we did not observe the apparent
recruitment of chromatin remodeler SNF2H at the pro-
moter regions in our experimental conditions (Supple-
mental Fig. S6). The results indicated that the H3.3 on the
enhancer regions may help to recruit the H2A.Z-specific
histone acetyltransferase complex Tip60 and chromatin
remodelers to deposit H2A.Z onto the promoter regions.

H2A.Z knockdown mES cells were also generated to
investigate the functions of H2A.Z on the activation of
the Cyp26A1 gene by tRA. As shown in Figure 5D, H2A.Z
knockdown promoted the expression of Cyp26A1 during
tRA induction, which indicated that H2A.Z exhibited
a repressive role in tRA-induced transcription of the
Cyp26A1 gene. We also assessed the effects of H2A.Z
knockdown on the dynamic changes of H3.3, RAR, TBP,
and Pol II in the enhancer and promoter regions during
tRA induction (Fig. 5E,F). H2A.Z knockdown did not
have any obvious effect on either the recruitment of H3.3
on the enhancer region before tRA induction or the
dynamic changes of H3.3 on the enhancer and promoter
regions during tRA induction (Fig. 5E, panels b,c). These
results indicated that the deposition of H3.3 was inde-
pendent of the incorporation of H2A.Z. In addition, be-
cause the level of H2A.Z was very low at the enhancer
region of the Cyp26A1 gene in wild-type mES cells,
H2A.Z knockdown did not affect the binding of RAR to
the enhancer region during tRA induction (Fig. 5E, panel
d). However, at the promoter region, EpiQ assays showed
that the knockdown of H2A.Z resulted in the opening of
the chromatin structure (Fig. 5G, panel e) and enhanced
the binding of RAR and TBP to the promoter prior to tRA
induction (Fig. 5E [panel e], F [panel b]). In addition, the
eviction of H2A.Z from the promoter region could
enhance the stimulated binding of TBP and Pol II to the
promoter during tRA induction (Fig. 5F). The functions
of H2A.Z and H3.3 on the activation of another gene,
HoxA1, by tRA were also examined, as shown in Supple-
mental Figure S7, which revealed a phenomenon similar
to that observed on the Cyp26A1 gene.

Genome-wide investigation of the correlation
of incorporation of H2A.Z and H3.3
with chromatin structures

Using RAR/RXR targeted genes as a model, we revealed
that the activation of gene transcription was accompa-
nied by the depletion of the histone variant H2A.Z and
concomitant deposition of H3.3 to open chromatin struc-
tures at the promoter region to initiate transcription. To
map the chromatin structures across the whole genome,
MNase sequencing (MNase-seq) was developed to ana-
lyze the chromatin structures on the basis of the acces-
sibility of the genome to MNase digestion. As shown in
Figure 6, A and B, most of the open chromatin regions
(MNase-sensitive sites) are enriched with histone variant
H3.3 (32.3% for H3.3 only or 45.3% for double variants
H3.3 and H2A.Z), which was consistent with our afore-
mentioned findings that H3.3 can open chromatin via
preventing the folding of chromatin fibers and/or counter-
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Figure 5. The incorporation of H3.3 is important for Cyp26A1 activation by tRA in mES cells R1. (A, panel a) The level of H3.3 protein
was clearly reduced by siRNA-mediated interference. (Panel b) The effect of H3.3 knockdown on the relative levels of Cyp26A1 mRNA at
different time points during tRA induction in mES cells (R1). (B, panel a) A schematic diagram of the primer pairs in the enhancer (RARE2)
and promoter (RARE1) regions on the Cyp26A1 gene. The effect of H3.3 knockdown on the enrichment of H2A.Z (panels b,c) and RARa

(panels d,e) on the enhancer and promoter regions of the Cyp26A1 gene during tRA induction in mES cells (R1) using ChIP assays. (C, panel
a) A schematic diagram of the primer pair in the promoter (RARE1) region on the Cyp26A1 gene. The effect of H3.3 knockdown on the
recruitment of TBP (panel b) and Pol II (panel c) on the promoter region of the Cyp26A1 gene during tRA induction in mES cells (R1) using
ChIP assays. (D, panel a) The level of H2A.Z protein was clearly reduced by siRNA-mediated interference. (Panel b) The effect of H2A.Z
knockdown on the Cyp26A1 mRNA at different time points during tRA induction in mES cells (R1). (E, panel a) A schematic diagram of the
primer pairs in the enhancer (RARE2) and promoter (RARE1) regions on the Cyp26A1 gene. The effect of H2A.Z knockdown on the
enrichment of H3.3 (panels b,c) and RARa (panels d,e) on the enhancer and promoter regions of the Cyp26A1 gene during tRA induction in
mES cells (R1) using ChIP assays. (F, panel a) A schematic diagram of the primer pairs in the promoter (RARE1) region on the Cyp26A1 gene.
The effect of H2A.Z knockdown on the recruitment of TBP (panel b) and Pol II (panel c) on the promoter region of the Cyp26A1 gene during
tRA induction in mES cells (R1) using ChIP assays. (G, panel a) A schematic diagram of the primer pairs in the enhancer (RARE2) and
promoter (RARE1) regions on the Cyp26A1 gene. EpiQ analysis of the accessibility of chromatin on the enhancer (panels b,d) and promoter
(panels c,e) regions of the Cyp26A1 gene before tRA induction in H3.3 (panels b,c) and H2A.Z (panels d,e) knockdown mES cells (R1). The
results were normalized to the reference Rho gene. Statistical analysis in the experiment was performed using two-tailed Student’s t-test; (*)
P < 0.05; (**) P < 0.01. All of the data shown are expressed as the mean 6 SD of three independent biological replicates.

 Cold Spring Harbor Laboratory Press on December 30, 2013 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://genesdev.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com


acting H2A.Z-mediated chromatin compaction. We further
analyzed the correlation of H3.3 and H2A.Z enrichment
with chromatin structure at the predicted enhancer and
promoter regions. The open degree of chromatin struc-
ture was positively correlated with the enrichment of
H3.3, but negatively correlated with the level of H2A.Z,
over the intergenic regulatory regions (most likely repre-
senting the enhancer regions) (Supplemental Fig. S8A).
However, the highly opened chromatin on the regions
within the transcription start site (TSS) 6 500 bp (pro-
moter regions) was negatively correlated with very low
levels of both H3.3 and H2A.Z (Supplemental Fig. S8B),
which is very similar to the correlation pattern of FAIRE-
positive nucleosome-free regions with the H3.3 and
H2A.Z levels (Pchelintsev et al. 2013), indicating that
the highly opened chromatin structure at promoter re-
gions may result from nucleosome depletion. In addition,
correlation of the distribution of H2A.Z and H3.3 on the
predicted enhancer and promoter regions with chromatin
structures and their expression levels, respectively, was
also analyzed across the entire genome. As shown in
Figure 6, C and D, genome-wide analysis showed that
a low level of H2A.Z was found in the predicted enhancer
regions. The most open enhancer regions were highly
enriched with H3.3 compared with the rest enhancer
regions, which indicated that the open degree of chroma-

tin structure was positively correlated with the enrich-
ment of H3.3 at the enhancer regions. We further ana-
lyzed the correlation between enrichments of H2A.Z and
H3.3 at the promoter regions and gene expression genome-
wide. To this end, we subgrouped the promoter regions
into active promoters and repressive promoters based on
their expression levels, where the active promoters re-
ferred to the predicted promoters for the top one-quarter
of expression genes, and the repressive promoters referred
to the predicted promoters for the bottom one-quarter of
expression genes. As shown in Figure 6, E and F, a higher
level of H2A.Z was found at the repressive promoter
regions compared with the active promoters, while H3.3
showed low levels on both active promoters and repres-
sive promoters. These results were mutually consistent
with our findings from in vivo experiments on specific
genes and in vitro biochemical and biophysical assays.

In summary, the results obtained from our in vitro
biochemical and biophysical assays and the studies in vivo
on both specific genes and the genome-wide level suggest
that the incorporation of H2A.Z on the promoter would
result in compaction of chromatin to repress transcription,
while the incorporation of H3.3 impaired chromatin folding
to allow the enhancer and promoter regions to adopt
a relatively open conformation for the binding of transcrip-
tion factors and cofactors to activate transcription (Fig. 7).

Figure 6. Genome-wide distributions of H2A.Z and H3.3 and their correlation with chromatin structures. (A,B) Correlation of the
enrichment of H3.3 and/or H2A.Z with open chromatin regions (MNase-sensitive sites). (A) Genome browser tracks show the
correlation of open chromatin regions (DNaseI- and MNase-sensitive sites) with the histone variant H3.3 and H2A.Z occupancy
(Goldberg et al. 2010; Xiao et al. 2012). (B) Quantitative analysis of the genome-wide correlation of H3.3 (Y-axis) or H2A.Z (X-axis) with
MNase-sensitive regions (total number 34,142). (C,D) The distribution of H2A.Z and H3.3 at the open and rest enhancer regions across
the entire genome. H3.3 was highly enriched in the open enhancer regions with very low levels of H2A.Z (C), while there were
relatively low levels of H3.3 and H2A.Z localized at the rest enhancer regions (D). (E,F) The distribution of H2A.Z and H3.3 at the
repressive and active promoter regions across the entire genome. H2A.Z was highly enriched in the repressive promoter regions with
very low levels of H3.3 (E), while both relatively low levels of H2A.Z and H3.3 were observed at the active promoter regions (F).
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Discussion

Here we investigated the structural and transcriptional
regulation of two variants, H2A.Z and H3.3, at the
chromatin level in vitro and in vivo. Our results revealed
that H2A.Z could repress transcription via stabilizing
mononucleosomes and facilitating chromatins to gener-
ate more compact structures. However, the incorporation
of H3.3 could activate gene transcription via hindering
the compaction of chromatin fibers regardless of the
presence of H2A.Z. Moreover, we further demonstrated
that the dynamic depositions and/or replacement of
H2A.Z and H3.3 resulted in the corresponding structural
changes of chromatin at the enhancer and promoter
regions of RAR/RXR targeted genes during gene activa-
tion by tRA. Our results shed light on the molecular
mechanisms of how histone variants function together to
prime gene transcription via modulating nucleosome/
chromatin dynamics over enhancer and promoter regions.

Effect of the histone variants H2A.Z and H3.3 on
nucleosome/chromatin dynamics and transcriptional
regulation

It has been shown that chromatin structure exhibits a
highly dynamic equilibrium between an open conforma-
tion and a compacted 30-nm fiber, which may play a key
role in transcriptional regulation (Li and Reinberg 2011).
In this study, we demonstrated that H2A.Z itself can
stabilize mononucleosomes in experiments using FRET
and single-molecule magnetic tweezers, which was con-
sistent with recent findings that H2A.Z-containing nucle-
osomes harbored a more stable structure when compared
with canonical nucleosomes (Park et al. 2004; Thambirajah
et al. 2006). In addition, the incorporation of H2A.Z
facilitated the folding of nucleosomal arrays in the pres-
ence of MgCl2 or H1. These highly compacted structures,
resulting from the H2A.Z-containing chromatins, were

refractory to transcription by RNA Pol II. We further
analyzed the effect of H3.3 on nucleosome/chromatin
dynamics and transcriptional regulation. Our FRET and
magnetic tweezer experiments demonstrated that the
incorporation of H3.3 only showed little effect on the
stability of mononucleosomes, which was consistent with
previous findings that incorporation of H3.3 did not affect
nucleosome stability in the absence of H2A.Z (Flaus et al.
2004; Thakar et al. 2009). Jin and Felsenfeld (2007) have
shown that coexistence of H2A.Z and H3.3 resulted in
destabilization of ‘‘native’’ nucleosomes. However, our in
vitro biochemical and biophysical results revealed that
the incorporation of double variant H2A.Z/H3.3 in the
same nucleosome resulted in a more stable property
compared with those observed with canonical histones.
These apparently contradicting data may result from
the context of pre-existing higher-order chromatin, post-
translational modifications of histones and DNA, and/or
the additional actions of ATP-dependent chromatin
remodeling factors and histone chaperones on the dif-
ferent histone variants. Intriguingly, our AUC and EM
analyses demonstrated that the incorporation of H3.3
greatly impaired the folding of the chromatin arrays,
which indicated the H3.3-containing chromatin tended
to adopt a relatively open state. Moreover, the incorpo-
ration of H3.3 could counteract the promoting effects of
H2A.Z on the folding of nucleosomal arrays. The impair-
ment of H3.3 on higher-ordered chromatin structures may
partially contribute to the combined effect of H2A.Z and
H3.3 on nucleosome dynamics observed in vivo (Jin and
Felsenfeld 2007). In addition, using assembled chromatin
as a template, we found that H3.3 could antagonize the
inhibitory effects of H2A.Z on chromatin transcription by
RNA Pol II, which partially resulted from the counter-
activity of compaction by H2A.Z. This suggests that H3.3
may play a dominant role in regulation of the dynamics of
higher-ordered chromatin and transcriptional activity in

Figure 7. A model for the dynamic regula-
tion of H2A.Z and H3.3 on gene activation.
When a gene is ready to activate, H3.3 is
highly enriched on the enhancer region to
maintain a relatively open chromatin struc-
ture that is accessible for the binding of
transcription factors (RAR/RXR); meanwhile,
at the promoter region, the H3.3-dependent
enrichment of H2A.Z compacts chromatin to
poise gene transcription. When the gene is
activated by the addition of tRA, the H3.3-
containing nucleosomes at the enhancer re-
gion are immediately evicted for RAR/RXR
binding; at the same time, H2A.Z is selec-
tively replaced by canonical H2A accompa-
nied by the deposition of H3.3 to open the
chromatin structure for bindings of transcrip-
tion factors and transcriptional machinery at
the promoter region (the early stage of gene
activation by tRA). Subsequently, the nucle-
osomes at the promoter region are also evicted
for the full gene activation (the late stage of
gene activation by tRA).
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the chromatin context. Importantly, using prokaryotic T7
RNA polymerase and reconstituted mononucleosomes,
Zlatanova and colleagues (Thakar et al. 2010) observed
a similar inhibitory effect of H2A.Z on transcription by
T7 RNA polymerase, while only H3.3 incorporation onto
nucleosomes exhibited no effect on transcription in vitro.
Interestingly, they also found that the hybrid nucleosome
particle containing both H2A.Z and H3.3 inhibited tran-
scription, similar to H2A.Z. Their results were incon-
sistent with the properties of H2A.Z and H3.3 that we
observed on the chromatin level, suggesting that at the
mononucleosome level, transcription activity is controlled
mainly by the properties of mononucleosomes, while at the
chromatin level, the higher-ordered structure of chromatins
might play a dominant role in transcriptional regulation.

The H3.3 variant differs from canonical H3 at only four
amino acid residues, three of which are hidden inside the
nucleosome core particle in region 87–90, and one residue
Ser31 is exposed outside of the nucleosome core particle.
Interestingly, conversion of the H3.3 variant region 87–90
(AAIG) to the canonical H3 sequence ‘‘SAVM’’ abolished
replication-independent incorporation (Szenker et al.
2011). However, a single replacement of ‘‘S’’ with ‘‘A’’ at
position 31 of the histone H3 tail resulted in no effect on
the deposition pathway, suggesting that H3.3 S31 and its
phosphorylation did not play a role in H3.3 incorporation
(Hake et al. 2005). Most recently, we and others showed
that Ala87 and Gly90 in H3.3 play critical roles in DAXX
recognition (Elsasser et al. 2012; Liu et al. 2012). How-
ever, it still remains unclear whether H3.3 S31 and the
region 87–90 function in the regulation of chromatin
dynamics. In this study, all four unique residues in H3.3
were shown to hinder the compaction of the chromatin
arrays, while residues 89 and 90 were mainly responsible
for the counteractivity of H2A.Z-mediated chromatin
compaction. Using in vitro cross-linking experiments in
a model of reconstituted nucleosomal arrays, Hayes and
colleagues (Zheng et al. 2005) demonstrated that the
entire N-terminal tail of H3 participated in internucleo-
somal interactions in highly compacted chromatin fiber
induced by MgCl2. Thus, it was likely that the sub-
stitution of reside 31 in H3.3 disrupted the internucleo-
somal interaction mediated by the N-terminal tail of H3
and impaired the compaction of chromatin fibers. How-
ever, according to the crystal structure of the nucleosome
core particle, none of these four amino acids appear to
directly interact with H2A.Z or H2A, and the substitu-
tions of the three amino acid residues located in begin-
ning of the a2 helix of H3.3 will not result in any major
changes in intranucleosomal or internucleosomal inter-
actions. Thus, the participation of H3.3 in regulating chro-
matin dynamics is difficult to rationalize.

H3.3 and H2A.Z function together to determine
the transcriptional potential of RA-regulated genes
via regulating chromatin dynamics over the enhancer
and promoter regions

The dynamic incorporation of H2A.Z and H3.3 and their
corresponding regulation on chromatin structure and

transcription have been investigated during the activa-
tion of the nuclear receptors RAR/RXR by tRA induction.
In summary, H2A.Z exhibits a repressive role in tRA-
induced transcription of Cyp26A1 and HoxA1 genes,
while the incorporation of H3.3 was essential for the
gene activation. Knockdown of H2A.Z in cells promoted
the expression of Cyp26A1 and HoxA1, but H3.3 knock-
down inhibited gene expression during tRA induction. It
has been reported that the incorporation of H3.3 was
found at distal promoter elements, upstream enhancers,
and other regulatory elements that occurred relatively
distant from the genes (Jin and Felsenfeld 2006). Our
time-course ChIP analysis revealed that H3.3 was ac-
tively deposited to enhancers prior to gene induction and
was depleted rapidly after gene activation. We also found
that structural alteration occurred on the enhancer re-
gions during gene activation. Our EpiQ and genome-wide
MNase-seq analysis demonstrated that the chromatin in
the enhancer regions enriched with H3.3 displayed a rel-
atively open conformation prior to gene activation, which
may be partially due to the impaired effect of H3.3 on
chromatin folding, similar to what we observed in vitro.
Furthermore, the nucleosomes together with the histone
variant H3.3 were rapidly displaced from the enhancer
regions shortly after tRA induction. These results in-
dicated that the incorporation of H3.3 may decorate the
chromatin architecture at the enhancer regions and allow
for the recognition and binding of transcriptional activa-
tors, such as nuclear receptors and transcription factors,
which subsequently recruit the ATP-dependent chroma-
tin remodeling complex SWI/SNF and/or p300 to remodel
the nucleosome architecture, as previously reported (Li
et al. 2010). We also observed that knockdown of H3.3
resulted in chromatin compaction and impaired the sub-
sequent binding of RAR, TBP, and Pol II on the enhancer
and promoter regions during tRA induction. Henikoff
et al. (2009) have shown that H3.3-enriched chromatins
were relatively soluble in low-salt conditions, which
suggested that chromatin containing H3.3 adopted a more
open structure for MNase digestion and low-salt extrac-
tion. In addition, the deposition of H3.3 in the enhancer
region was independent of the H2A.Z variant. Knockdown
of H2A.Z did not affect the enrichment and dynamic
changes in H3.3 in the enhancer regions during gene
activation. Despite observations of an association between
transcription and H3.3 incorporation in the enhancer
regions of the genes studied, the mechanism that prefer-
entially deposits H3.3 into nucleosomes at transcribed
genes is still not well understood; for example, it is still
unclear which histone chaperone is responsible for recruit-
ing H3.3 to the enhancer regions prior to gene induction.

The dynamics of histone variants on promoter regions
are very different from what occurs on the enhancer
regions. Our time-course ChIP results clearly showed a
two-step chromatin remodeling event at the promoter
regions of both Cyp26A1 and HoxA1 genes (Fig. 4; Sup-
plemental Fig. S5). The histone replacement step occurred
first within 1 h of induction by tRA, followed by the
subsequent nucleosome eviction step. Instead of H3.3,
H2A.Z is actively recruited to promoters prior to RNA
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Pol II and is rapidly replaced during transcriptional activa-
tion by tRA induction. Accordingly, our EpiQ analysis
indicated that the chromatin in the promoter region of the
Cyp26A1 gene was also relatively more compacted com-
pared with the enhancer region (data not shown), but the
compaction state could be greatly impaired by H2A.Z
knockdown, which was consistent with our in vitro
finding that H2A.Z could facilitate chromatin compac-
tion and stabilize nucleosome structures. In addition, the
histone variant H2A.Z was rapidly replaced by H2A
during early time points (within 1 h) of tRA induction,
which was accompanied by a significant increase of H3.3.
However, it is still unclear whether the H3.3 deposition
in this region was a consequence of or a prerequisite for
transcriptional activation. We also showed that knock-
down of H3.3 greatly impaired the incorporation of
H2A.Z in the promoter region of Cyp26A1 before tRA
induction, which suggested that the recruitment of H2A.Z
to the promoter region prior to gene activation was de-
pendent on the existence of H3.3 on the enhancer region.
However, knockdown of H2A.Z did not affect the in-
corporation of H3.3 into the promoter region after tRA
induction, which suggested that the recruitment of H3.3
to the promoter region after gene activation was inde-
pendent of the pre-existence of H2A.Z on the same region.
Interestingly, we also found that H3.3 at the enhancer can
facilitate the recruitment of the histone acetyltransferase
complex and chromatin remodelers (such as Tip60 and
SRCAP) to deposit H2A.Z at the promoter regions. Two
recent studies assessing inducible gene expression have
also found that incorporation of H3.3 promoted initial
gene activation (Placek et al. 2009; Tamura et al. 2009).
The incorporation of H3.3 may be important to remove
repressive histone modifications such as H3K9 methyla-
tion and/or replacement with activating marks, as sug-
gested by others (Ahmad and Henikoff 2002). However,
although nucleosomal H3.3 is enriched in activating mod-
ifications such as H3K4me3, our time-course ChIP results
revealed that H3K4me3 appears to be established only after
histone replacements and coupled to active transcription
(data not shown). Accordingly, our results suggested that
although the incorporation of H3.3 onto enhancer regions
prior to induction and onto promoter regions after induc-
tion may result from distinct mechanisms, the incorpora-
tion of H3.3 on these regions facilitates the chromatins to
form loose structures for the binding of transcription factors
(RAR/RXR), chromatin remodeling complexes, and his-
tone-modifying enzymes and the subsequent recruitment
of transcriptional machinery upon gene induction. Taken
together, our results revealed that the extensive H3.3
deposition accompanying the exchange of H2A.Z on the
enhancer and promoter regions of active genes will create
featured chromatin signatures to allow inducible genes to
be able to rapidly respond to environmental stimulation.

Materials and methods

Protein, DNA, antibodies, and cell culture

For protein, DNA, antibodies, and cell culture, see the Supple-
mental Material.

RNAi-mediated gene silencing in mES cells (R1)

Validated siRNA duplexes were used to knock down H3.3A,
H3.3B, and H2A.Z. The oligonucleotide sequences were as follows:
siH3.3A#1, 59-TGAGTTGTCCTACATACAA-39; siH3.3A#2, 59-GC
CAAACGTGTAACAATTA-39; siH3.3B#1, 59-GCGTATTAAAC
CTTGCATA-39; siH3.3B#2, 59-GCATGTTTCTGTATGTTAA-39;
siH2A.Z#1, 59-GGTAAGGCTGGAAAGGACT-39; and siH2A.Z#2,
59-TGGAGATGAAGAATTGGAT-39.

siRNA duplexes were transfected into mES cells using Lipo-
fectamine 2000. Cells were harvested after 72 h of transfection.

Nucleosome and chromatin reconstitution

The respective histone octamers and chromatins were reconsti-
tuted as previously described (Dyer et al. 2004; Li et al. 2010). The
experimental details are described in the Supplemental Material.

EM

The metal shadowing with tungsten and negative staining
experiment for EM study were performed as described in the Sup-
plemental Material. The samples were examined using a FEI
Tecnai G2 Spirit 120-kV transmission electron microscope.

Sedimentation velocity AUC

The chromatin samples were prepared in measurement buffer
(10 mM HEPES at pH 8.0, 0.1 mM EDTA) using various
concentrations of MgCl2. Sedimentation experiments were per-
formed on a Beckman Coulter ProteomeLab XL-I using a four-
hole An-60Ti rotor. Samples with an initial absorbance at
260 nm of ;0.5–0.8 were equilibrated for 2 h at 20°C under
vacuum in a centrifuge prior to sedimentation. The absorbance
at 260 nm was measured in a continuous scan mode during
sedimentation at 32,000g in 12-mm double-sector cells. The data
were analyzed using enhanced van Holde-Weischet analysis and
the Ultrascan II 9.9 revision 1504. The S20,w values (sedimenta-
tion coefficient corrected for water at 20°C) were calculated with
a partial specific volume of 0.622 mL/g for chromatin, and the
buffer density and viscosity were adjusted. The average sedi-
mentation Save coefficients were determined at the boundary
midpoint.

Steady-state FRET analysis

Double-fluorescence-labeled 169-bp 601 DNA fragments were
prepared by PCR using primers labeled with the dye pair of Alexa
488 and Alexa 594 with a Förster distance of ;54 Å from a
plasmid containing the 601 positioning sequence. The sequences
for the primers (Invitrogen) used were as follows: FWD, 59-AC
AGTACTGGCCGCCCTGGAGAATCCCGGTGCCGAGGCC
GCT (Alexa488)CAATTG-39; and REV, 59-TACATGCACAGG
ATGTATATATCTGACACGTGCCTGGAGACT (Alexa594)AG
GGAG-39.

The labeled DNA templates were reconstituted into mono-
nucleosomes using the salt dialysis method as previously de-
scribed. Steady-state fluorescence experiments were performed
at 20°C on a fluorescence spectrometer (EmSpire, PerkinElmer).
For the salt-dependent dissociation study, samples with different
concentrations of NaCl were excited at 492 nm, and the emis-
sion was recorded from 510 nm to 750 nm. The difference in the
fluorescence intensity between the donor and acceptor emissions
was plotted against the concentration of NaCl, which generated
the salt-dependent dissociation curves for the canonical and
variant-containing mononucleosomes.
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Single-molecule magnetic tweezer analysis

Single molecular manipulation of a nucleosomal array was
performed on magnetic tweezers (Pico Twist Company) as de-
scribed previously (Gosse and Croquette 2002; Meglio et al. 2009).
Additional details are provided in the Supplemental Material.

In vitro transcription assay

Transcription assays using a pG5MLP template were performed
as previously described (Loyola et al. 2001). Briefly, 50 ng of
naked DNA or an equimolar amount of chromatin assembled
with recombinant canonical or variant-containing histone octa-
mers was incubated with 20 ng of Gal4-VP16 for 15 min at
room temperature. Next, 50 ng of p300 and 1.5 mM acetyl-CoA
was added as indicated and incubated for 30 min at 30°C. One-
hundred micrograms of HeLa cell nuclear extract was added
into each reaction and incubated for another 20 min at 30°C.
Transcription was carried out by adding ATP, CTP, GTP, and
32P-labeled UTP for 20 min at 30°C. The transcription reaction
was stopped, and the RNA transcripts were extracted with
phenol-chloroform, precipitated with ethanol, and analyzed by
5% urea-PAGE.

Isolation of nascent RNA and mRNA and real-time

PCR analysis

Nascent RNA was extracted as previously described (Khodor
et al. 2011). The total RNA was extracted using TRIzol reagent
(Invitrogen), and the first strand of cDNA was reverse-transcribed
using 2 mg of RNA. cDNA products were used for quantitative
real-time PCR using the SYBR Premix Ex Taq (Takara). Additional
experimental details are described in the Supplemental Material.

Chromatin structure analysis in vivo

The chromatin structure was analyzed using the EPiQ chroma-
tin analysis kit (Bio-Rad). Briefly, chromatin was digested using
DNase I in situ for 1 h. The digested and undigested chromatin
DNA was purified and quantified using the Nanodrop 2000
(Thermo Scientific). The samples were analyzed using real-time
PCR with the following primer sequences: Cyp26A1 enhancer
(sense, 59-CCGGGCTCATGTTGTAAAC-39; antisense, 59- GCT
GCCACTGTCATATCTTGTA-39), Cyp26A1 promoter (sense,
59-AGGAAAGAGGTGTTCCTAGTCC-39; antisense, 59-ATAA
GGCCGCCCAGGTTA-39), Cyp26A1+2000 (sense, 59-CACG
AGGAACCGTATTAAAGG-39; antisense, 59- CATGACCACC
AAAGAGGAGC-39), HoxA1 promoter (sense, 59-GCCACTG
AAACGGTGATCC-39; antisense, 59-AGAGTCGCCACTGCC
AAG-39), and HoxA1 enhancer (sense, 59-TTTTGGAGGCTATTC
AGATGC-39; antisense, 59-TCCCGAAGAGGAATGGAAC-39).

ChIP

ChIPs and quantitative real-time PCR were performed as pre-
viously described (Margueron et al. 2008). The experimental
details are provided in the Supplemental Material.

MNase-seq analysis

The genome of mES cells (Milli Trace Nanog GFP Reporter mES
cells, SCR089) was digested with MNase at different time points.
Subsequently, the genomic DNA from the MNase digestion was
extracted with phenol-chloroform, precipitated with ethanol,
and analyzed on a 1.0% agarose gel. Two digestion conditions,
a mild digestion in which a small fraction of the genome was

digested into a mononucleosome and an extensive digestion in
which most of the genome (>80%) was digested into a mono-
nucleosome, were chosen accordingly. The DNA fragments
corresponding to mononucleosomal sizes of the two selected
digestion conditions were isolated and purified from the gel, and
the resulting DNAs were subjected to sequencing using the
HiSeq 2000 sequencing system. FASTQ sequences at 100 bp in
length were aligned to the Mus musculus reference genome
(mm9) using BWA with default parameters (Li and Durbin 2010).
Only the uniquely mapped reads with a quality >10 were consid-
ered for genome-wide data analysis. The genome-wide data ana-
lyses were performed as described in the Supplemental Material.
The MNase-seq data are deposited in Gene Expression Omnibus
under accession number GSE 50706.
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