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Changes in chromatin composition are often a prerequisite for gene induction. Nonallelic histone
variants have recently emerged as key players in transcriptional control and chromatin modulation. While
the changes in chromatin accessibility and histone posttranslational modification (PTM) distribution that
accompany gene induction are well documented, the dynamics of histone variant exchange that parallel
these events are still poorly defined. In this study, we have examined the changes in histone variant
distribution that accompany activation of the inducible CD69 and heparanase genes in T cells. We
demonstrate that the chromatin accessibility increases that accompany the induction of both of these
genes are not associated with nucleosome loss but instead are paralleled by changes in histone variant
distribution. Specifically, induction of these genes was paralleled by depletion of the H2A.Z histone
variant and concomitant deposition of H3.3. Furthermore, H3.3 deposition was accompanied by changes
in PTM patterns consistent with H3.3 enriching or depleting different PTMs upon incorporation into
chromatin. Nevertheless, we present evidence that these H3.3-borne PTMs can be negated by recruited
enzymatic activities. From these observations, we propose that H3.3 deposition may both facilitate
chromatin accessibility increases by destabilizing nucleosomes and compete with recruited histone mod-
ifiers to alter PTM patterns upon gene induction.

The ability of a multicellular organism to coordinate the
behavior of distinct cell types and respond to environmental
changes critically depends on regulated gene expression. In the
nuclei of eukaryotic cells, gene transcription takes place in
the context of a supramolecular structure called chromatin.
The smallest unit of chromatin is the nucleosome, which con-
sists of 147 bp of DNA wrapped around a histone octamer.
Each octamer typically contains two of each of the “core”
histones (namely, H2A, H2B, H3, and H4); however, nonal-
lelic isoforms of the core histones (referred to as histone vari-
ants) are also expressed by cells (44). Chromatin is not merely
an inert DNA packaging complex, and in recent years it has
become clear that dynamic changes in chromatin structure play
a key role in regulating genome functions, including transcrip-
tion. Positioned nucleosomes and higher-order chromatin
compaction can preclude the access of the transcriptional ma-
chinery to target genes, meaning that chromatin must often be
reorganized on gene regulatory regions before transcription
will occur (26). Chromatin also serves as an interface to recruit
regulatory cofactors, meaning that changes in chromatin com-
position can alter the complexes recruited to a specific regu-
latory region (42). With regard to transcriptional regulation,
distinct chromatin states exist, including the silenced state, the

poised state, and the active transcribed state. The means by
which chromatin is reorganized into these distinctively differ-
ent states is still poorly understood.

Thus far, three main mechanisms of chromatin modulation
have been characterized. First, ATP-dependent chromatin re-
modeling complexes can utilize ATP hydrolysis to directly
evict, slide or rotate nucleosomes across gene regulatory
regions (14, 43). Through nucleosome reorganization, remod-
eling complexes can affect the access of transcriptional regu-
latory factors to target sequences (26). Second, the amino-
terminal tails of histones are subject to a plethora of
posttranslational modifications (PTMs) mediated by enzymes
recruited to gene regulatory regions (24, 50). Such PTMs can
subsequently recruit other factors that either activate or
repress transcription (4, 24). PTMs can also directly change
chromatin architecture by modifying internucleosomal con-
tacts and the formation of higher-order chromatin struc-
tures (48). Finally, chromatin composition can be reorga-
nized by exchanging the canonical histones with one or more
of a number of histone variants (22, 44). Variant histone
deposition can directly change chromatin structure by alter-
ing nucleosome stability (21) and higher-order chromatin
structure (12). Histone variants can also indirectly alter
chromatin structure by carrying specific PTMs onto the tar-
geted region (30).

Recent findings have illustrated the central role that histone
variant distribution is likely to play in orchestrating chromatin
structure. While a number of histone variants exist, most work
has focused on the variants H3.3 and H2A.Z. Importantly,
unlike the core histones, both of these variants can be depos-
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ited onto target gene regions in a replication-independent
manner (1, 2, 33, 36, 51). Several genome-wide chromatin
immunoprecipitation (ChIP) studies with Saccharomyces cer-
evisiae have convincingly demonstrated that H2A.Z (termed
Hzt1 in yeast) is preferentially enriched on transcriptionally
inactive promoters while being depleted from highly tran-
scribed genes (17, 27, 39, 54). Furthermore, inducible genes
poised for transcription appear to contain a defined nucleo-
some-free region within their promoters that is flanked by two
well-positioned Hzt1-containing nucleosomes (39, 53), with
similar observations recently described in human CD4� T cells
(3). Collectively, these data suggest that H2A.Z plays a role in
maintaining genes in a poised state. In contrast to H2A.Z,
studies with epitope-tagged versions of H3.3 have elegantly
demonstrated the association of H3.3 with transcriptionally
active chromatin both at promoters and in the transcribed
region (32, 52). Consistent with a role in promoting gene tran-
scription, H3.3 is often enriched in PTMs associated with ac-
tive chromatin (18, 30, 31). These findings suggest that such
replication-independent H3.3 deposition potentiates and/or
consolidates the active state.

While many of the genome-wide studies have provided a
static picture of histone variant distribution, few studies have
examined the temporal changes in histone variant distribution
over gene regulatory regions during the transition between a
poised and an active state. It is also worth noting that the lack
of an H3.3-specific antibody has precluded ChIP studies of
endogenous H3.3 distribution, instead relying on the transfec-
tion of epitope-tagged H3.3 into target cells. In this study, we
sought to determine the changes in histone variant distribution
and chromatin structure that accompany rapid gene induction
in T cells. As many inducible genes are rapidly expressed upon
T-cell activation, T cells represent an ideal model system to
dissect out the chromatin changes that accompany rapid gene
induction in mammalian cells. With this system, we have ex-
amined both the temporal and spatial changes in H3.3 and
H2A.Z distribution that are associated with transcriptional
activation and chromatin remodeling of the T-cell-inducible
CD69 and heparanase genes. To allow direct measurements of
endogenous H3.3 levels, we have developed an H3.3-specific
antibody. Using both this antibody and existing ChIP antibod-
ies, we have demonstrated that, in the resting state, the tran-
scription start site (TSS) of both genes is flanked by H2A.Z-
and H3-enriched regions with little or no detectable H3.3.
Moreover, this poised chromatin conformation appears to be
associated with docked RNA polymerase II (Pol II), even on
the CD69 gene, which has low transcription. As expected,
transcriptional activation was accompanied by a rapid increase
in chromatin accessibility and RNA Pol II occupancy. Impor-
tantly, though, activation also provoked depletion of H2A.Z
and H3 and a concomitant deposition of H3.3 with no net
nucleosome loss. This process coincided with an increase in
chromatin accessibility, suggesting a potential role in remod-
eling. Sequential ChIP experiments demonstrated that H3.3
deposited upon activation was enriched in the activating PTM
acetylated H3K9 and depleted of the repressive PTM dimeth-
ylated H3K9. However, we also provide evidence that the re-
cruitment of enzymatic activities onto regulatory regions can
counteract PTM deposition by H3.3. Collectively, these results
provide a detailed insight into the chromatin changes that

accompany the transition from a poised to an active chromatin
state and represent the first study of endogenous H3.3 distri-
bution.

MATERIALS AND METHODS

Cell culture. Human Jurkat T cells and the human mammary adenocarcinoma
lines MDA-231 and MCF-7, were maintained as described previously (20, 49).
Jurkat T cells in suspension at a density of 5 � 105/ml were stimulated with 20
ng/ml phorbol 12-myristate 13-acetate and 1 �M Ca 2� ionophore A23187 (PI)
for the times indicated (20). For actinomycin D treatment studies, cells were
treated with 10 �g/ml actinomycin D for the times indicated. For trichostatin A
(TSA) treatment studies, cells were pretreated with 500 ng/ml TSA for 5 h prior
to stimulation.

Primary T-cell preparation and stimulation. Human blood was obtained from
healthy volunteers. Human CD4� T cells were purified with MACS CD4� beads
according to the manufacturer’s guidelines (Miltenyi Biotec). The cells were
subsequently stained and analyzed by flow cytometry with CD4� T-cell popula-
tions shown to be greater than 90% pure with CD4-, CD8-, B220 (B cell)-, and
CD11b (macrophage)-specific antibodies (BD Biosciences). T cells were stimu-
lated with immobilized anti-human CD3 antibodies and a soluble CD28 antibody
(BD Biosciences) at a final concentration of 5 �g/ml as previously described (40).
Six-well plates were coated with 10 �g/ml anti-CD3 antibody at 37°C for 3 h or
overnight at 4°C. The plates were subsequently washed (four or five times) with
phosphate-buffered saline before the addition of cells at a density of 1 � 106/ml.

RNA extraction and real-time PCR analysis. Total RNA was extracted from
nonstimulated (NS) and stimulated T cells with TRIzol reagent (Sigma-Aldrich)
as described previously (40). RNA (1 �g) was subsequently reverse transcribed
with the SuperScript III RNase H� reverse transcriptase kit (Invitrogen). TaqMan
real-time PCR was performed in a total volume of 10 �l containing a 1:100
cDNA dilution, as detailed in the manufacturer’s guidelines (Applied Biosys-
tems). Each PCR was performed in duplicate. An aliquot of each sample was
analyzed by quantitative PCR with the housekeeping cyclophilin A gene. The
following human TaqMan primer sets were used: heparanase, Hs00180737_m1;
CD69, Hs00156399_m1; cyclophilin A, Hs99999904_m1 (Applied Biosystems).
Threshold cycle values from the PCR amplification plots were converted to
arbitrary copy numbers as described previously (40), and mRNA changes were
then expressed as n-fold changes relative to NS T cells.

Chromatin accessibility by real-time PCR (CHART-PCR) assay. Accessibility
to digestion by micrococcal nuclease (MNase) was analyzed with the CHART-
PCR assay as described previously (41). Briefly, NS and stimulated T cells (5 �
106/sample) were pelleted by centrifugation, washed in phosphate-buffered sa-
line, and lysed in NP-40 lysis buffer on ice. The cell suspension was then centri-
fuged to pellet the nuclei, and the pellet was washed in MNase digestion buffer
(without CaCl2) and resuspended at 5 � 106 nuclei/100 �l. MNase digestion was
then performed on the nuclear suspension. Genomic DNA obtained after diges-
tion was used for SYBR green real-time PCR, which was performed with an ABI
PRISM 7700 sequence detector (Applied Biosystems). A control without the
accessibility agent was used to monitor endogenous endonuclease activity. To
convert the threshold cycle values from the CHART-PCR amplification plots to
percent accessibility, a standard curve was generated with genomic DNA. For
MNase accessibility, the percentage of cutting was calculated by expressing the
amount of genomic DNA remaining as a percentage of the amount of genomic
DNA in cells that were not treated with MNase. The data were then converted
to percent accessibility as follows: percent accessibility � 100 � percent cutting.
PCR products were visualized on a 4% Nusieve 3:1 agarose gel (PE Applied
Biosystems) to ensure that a single product was generated by the PCR. All
samples were subjected to real-time PCR analysis with primer set F on the
human interleukin-2 (IL-2) gene (41) to ensure equal loading of DNA in all
PCRs. For the primer set sequences, see Tables S1 and S2 in the supplemental
material.

Generation of a histone H3.3-specific antibody. Synthetic peptides (10 mg)
were synthesized by Auspep Pty. Ltd., Australia. The amino acid sequence of the
peptide used for immunization was CGGRKSAPSTGGVKK, which corresponds
to amino acids 26 to 37 of the H3.3 protein plus a CGG sequence at the N
terminus added to aid conjugation. Peptides were conjugated to keyhole limpet
hemocyanin prior to immunization by the ACRF Biomolecular Resource Facil-
ity, Australian National University, Canberra, Australia. Polyclonal antibodies
were raised in New Zealand White rabbits by subcutaneous immunization in
accordance with protocols approved by the Australian National University An-
imal Experimentation Ethics Committee. Blood samples were checked by en-
zyme-linked immunosorbent assay for reactivity with 96-well plates precoated at
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100 ng/ml with the H3.3 peptide, a serine 31-phosphorylated form of the H3.3
peptide, an irrelevant control peptide, and recombinant histone H3.1 (New
England BioLabs). Terminal blood samples were then purified by protein A
immunoglobulin G purification by the Biomolecular Resource Facility, Austra-
lian National University, Canberra, Australia, before affinity purification on
peptide-coupled columns with a SulfoLink kit (Pierce) according to the manu-
facturer’s guidelines.

ChIP assays. ChIP assays were performed in accordance with the protocol
supplied by Upstate Biotechnology. Fixation steps were performed as detailed,
and fixed chromatin was sonicated with an Ultrasonic processor (Cole/Parmer)
under optimized conditions that gave average DNA fragments of approximately
500 bp, as determined by 2% agarose gel electrophoresis. Prior to antibody
addition, samples were precleared with salmon sperm DNA-protein A-agarose
and the soluble chromatin fraction was incubated overnight at 4°C with 5 to 10
�g of anti-histone H3 (Abcam), anti-histone H2A.Z (Abcam), anti-histone H3.3
(see H3.3 antibody generation), anti-acetyl-H3K9 (Upstate), anti-dimethyl-
H3K4 (Upstate), anti-dimethyl-H3K9 (Upstate), anti-H4 (Upstate), or anti-
RNA Pol II CTD repeat YSPTSPS (8WG16; Abcam) antibody or without
antibody as a control. Immune complexes were bound to salmon sperm DNA-
protein A-agarose and then washed and eluted as described. Protein-DNA cross-
links were reversed by incubation at 65°C overnight, and the DNA in each
sample was recovered by phenol-chloroform extraction and ethanol precipita-
tion. DNA pellets were washed in 70% ethanol, resuspended in Tris (pH 8.0),
and subsequently used for SYBR green real-time PCR amplification (Applied
Biosystems). Standard curves were generated for each primer set to correct for
differences in primer efficiency. For the primer set sequences, see Tables S1 and
S2 in the supplemental material. ChIP enrichment ratios were calculated as
described previously (38). Sequential ChIP assays were performed as described
previously (23). Briefly, samples were resuspended in 10 mM dithiothreitol after
primary ChIP and incubated for 1 h at 37°C. Samples were subsequently diluted
1:40 in ChIP dilution buffer, and aliquots were taken for use as total genomic
input controls. The second antibody was added to these samples for immuno-
precipitation, which was again performed as described above for the primary
immunoprecipitation. For a description of the method used to analyze sequential
ChIP data, see Table S3 in the supplemental material.

RESULTS

Heparanase and CD69 transcript induction kinetics. The
human Jurkat T-cell line was chosen as a model system for this
study. In order to examine the chromatin changes associated
with transcription of the CD69 and heparanase genes, we first
determined the transcript induction kinetics of these two genes
in Jurkat T cells. The CD69 gene is involved in T-cell migration
(47) and exhibits little basal expression but is rapidly induced
upon T-cell activation (8). Consistent with these observations,
we observed no detectable transcript in NS Jurkat T cells;
however, pharmacological stimulation with PI induced a rapid
transcript accumulation that peaked after 24 h (Fig. 1A). The
heparanase gene is involved in extracellular matrix destruction
and cell invasion of tissues (35). In contrast to the CD69 gene,
the heparanase gene displays significant basal expression levels
in T cells but can be further induced upon T-cell activation
(10). Similarly, we found that the Jurkat T-cell line displayed a
detectable basal heparanase gene expression that could be
substantially increased by PI stimulation (Fig. 1B). These pat-
terns of transcript accumulation were not an artifact of the
transformed Jurkat T-cell line, as similar profiles have been
obtained from primary human CD4� T cells (data not shown)
(11).

We next examined whether transcript accumulation of both
genes upon stimulation was a result of sustained transcription
or transcript persistence due to high mRNA stability. To this
end, we stimulated Jurkat T cells for 24 h with PI but this time
incubated the cells with the transcriptional inhibitor actinomy-
cin D for either 30 min or 2 h prior to the 24-h time point.

While CD69 mRNA levels were substantially diminished by
inhibitor treatment (Fig. 1C), heparanase transcript levels
were maintained in the presence of the inhibitor (Fig. 1D).
Thus, CD69 transcript accumulation is solely due to sustained
transcription while heparanase mRNA accumulation occurs as
a result of both augmented transcription and transcript persis-
tence.

RNA Pol II recruitment is a necessary step in transcriptional
induction. ChIP was next used to examine Pol II recruitment to
the CD69 and heparanase gene promoter regions. On both
promoters, Pol II levels increased upon stimulation in a man-
ner that paralleled gene induction, further demonstrating the
transcriptional induction of these genes upon T-cell activation
(Fig. 1E and F). However, it should be noted that Pol II levels
did decrease at later time points, particularly on the hepara-
nase gene promoter. This decrease in the levels of promoter-
bound Pol II may be due, in part, to movement of the poly-
merase into the transcribed region during transcriptional
elongation. Consistent with this, when Pol II levels were fine
mapped at a higher resolution in the CD69 gene region, Pol II
was found to be redistributed to the transcribed region upon
T-cell stimulation (Fig. 1G). Unfortunately, the high G/C con-
tent of the sequences flanking the heparanase gene promoter
precluded the development of primer sets to similarly examine
Pol II distribution across the heparanase gene region. How-
ever, the most interesting observation was the presence of
substantial levels of Pol II on the CD69 gene promoter in NS
T cells (Fig. 1E). While the presence of Pol II on the hepara-
nase gene promoter (Fig. 1F) was expected in NS T cells given
the high basal expression of this gene, it was unexpected that
Pol II would be present on the CD69 gene in the basal state
when this gene has low levels of transcription. Pol II was
similarly observed on the promoter of the inactive CD69 gene
in resting primary human CD4� T cells (data not shown).
Mapping studies demonstrated that Pol II was largely re-
stricted to the CD69 gene promoter in NS T cells but redis-
tributed to the transcribed region upon gene induction (Fig.
1G). The presence of Pol II on the CD69 gene promoter and
the associated low levels of transcription in the basal state are
reminiscent of recent observations that poised Pol II is docked
on the promoters of inducible genes prior to rapid transcrip-
tion (16, 28, 45). Therefore, while the heparanase gene can be
classified as a basally transcribing gene whose expression can
be upregulated, the CD69 gene is a gene that is poised for
rapid induction.

Chromatin accessibility changes across the promoters of the
CD69 and heparanase genes. Having determined the mRNA
induction kinetics of both genes, we next sought to characterize
the chromatin changes that accompanied their transcriptional
activation. Chromatin accessibility increases were measured by
CHART-PCR, a technique in which quantitative real-time
PCR is used to assess the MNase accessibility of chromatin
across a gene region (41). As the promoter region of the
heparanase gene has not been extensively investigated, chro-
matin accessibility changes upon PI stimulation were mapped
to a high resolution with multiple primer sets across the entire
promoter. This revealed that, in the basal state, the transcribed
region of the heparanase gene is highly accessible to nuclease
digestion while the upstream promoter region exhibits a low
but detectable level of nuclease cutting (Fig. 2A). Interestingly,
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PI stimulation was capable of causing a substantial increase in
chromatin nuclease accessibility selectively within the pro-
moter region (Fig. 2A). This increase was observable at 4 h
after stimulation, a time point that coincides with the upregu-
lation of heparanase mRNA associated with T-cell activation.

The CD69 gene promoter also exhibited an increase in chro-
matin accessibility across the promoter region upon gene ac-
tivation (Fig. 2B). In contrast to the promoter region of the
heparanase gene, however, the promoter region of this gene
was inaccessible to digestion in the basal state.

FIG. 1. Heparanase and CD69 transcript induction kinetics and Pol II recruitment. (A to D) Heparanase and CD69 mRNA kinetics were
measured by TaqMan real-time PCR of cDNA prepared from resting (NS or 0) Jurkat T cells and cells stimulated with PI for the times indicated.
mRNA levels are expressed as n-fold changes relative to those of NS samples. For actinomycin D (Act D) experiments, NS cells or cells stimulated
for 24 h with PI were treated with actinomycin D for either 0.5 or 2 h prior to the 24-h time point. Panels A and B show the transcript induction
kinetics of CD69 and heparanase, while panels C and D show actinomycin data for CD69 and heparanase, respectively. Data shown are the mean �
the standard error of three replicate experiments. The asterisk refers to the number of copies of heparanase detected per microgram of total RNA.
(E to G) RNA Pol II ChIP assays were performed with Jurkat T cells that were either left NS or stimulated with PI for the times indicated. The
names and positions of the primer sets are indicated beneath the graphs. ChIP data are shown for the CD69 gene promoter (E), the heparanase
gene promoter (F), and across the CD69 gene region (G). The results represent either the mean � the standard error of three independent
experiments (E and F) or a representative experiment from three replicates (G).
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FIG. 2. Chromatin accessibility and core histone occupancy changes upon induction of the heparanase and CD69 genes. (A and B) CHART
assays were performed with Jurkat T cells left NS or stimulated for 4 h with PI either across the heparanase gene promoter (A) or on the CD69
gene promoter (B). The names and positions of the primer sets are indicated beneath the graphs. Data are graphed as percent accessibility with
respect to the sample minus the accessibility agent. Data are pooled from three independent experiments and show the mean � the standard error.
(C to G) ChIP assays were performed with Jurkat T cells either left NS or stimulated with PI for the times indicated. ChIP was conducted with
either anti-H3 antibody (C to E) or anti-H4 antibody (F and G). Data are shown for the heparanase gene promoter (C and F), the CD69 gene
promoter (D and G), and across the CD69 gene region (E). The names and positions of the primer sets are indicated beneath the graphs. The
results represent the mean � the standard error of 11 independent experiments for panels C to E and 3 independent experiments for panels F
and G.
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Nucleosome loss was recently demonstrated as a mechanism
for chromatin remodeling across the T-cell-inducible IL-2 and
granulocyte-macrophage colony-stimulating factor genes (7,
9). We next examined if a similar mechanism was responsible
for the chromatin accessibility increases observed on the pro-
moters of the CD69 and heparanase genes upon their induc-
tion. Changes in levels of the core histone H3 were first mea-
sured by ChIP on the promoters of the CD69 and heparanase
genes upon their induction. While there was no detectable
change in H3 levels on the heparanase gene promoter during
its induction (Fig. 2C), a significant decrease in H3 levels
occurred upon CD69 transcriptional activation (Fig. 2D).
When H3 levels were assessed across the gene regions flanking
the CD69 gene promoter, even greater losses of H3 were
observed specifically in the transcribed region but also up-
stream of the promoter (Fig. 2E). Interestingly, a greater H3
signal was detected in the transcribed region than in the pro-
moter region in resting T cells. This may be due to the low
nucleosome density that is a feature of promoter regions (5, 6,
25, 45). Collectively, these data suggested that while chromatin
remodeling on the heparanase gene promoter was not accom-
panied by nucleosome loss, nucleosome loss on the CD69 gene
promoter might account for its increased accessibility upon
gene induction. To further investigate whether this was the
case, the levels of another core histone, H4, were also deter-
mined on the promoters of these genes during activation. Sur-
prisingly, there was no change in H4 levels on the promoter of
either the heparanase (Fig. 2F) or the CD69 (Fig. 2G) gene
during its activation. One way in which to reconcile the con-
flicting H3 and H4 ChIP data on the CD69 gene promoter is
that the exchange of H3 with H3.3, rather than nucleosome
loss, is occurring across the CD69 gene promoter during tran-
scriptional activation.

Generation of an affinity-purified histone H3.3-specific an-
tibody. The lack of a commercially available H3.3-specific
antibody has precluded ChIP studies of endogenous H3.3 dis-
tribution, instead relying on the transfection of epitope-tagged
H3.3 into target cells (32, 52). Therefore, an antibody specific
to histone H3.3 was raised. Both in vitro and in vivo data
demonstrate that this antibody is highly specific to histone
H3.3 and does not cross-react with the core histone H3. First,
in vitro immunoprecipitation experiments with recombinant
histone H3.3 and H3 proteins show that anti-histone H3.3
immunoprecipitated recombinant histone H3.3 (Fig. 3A [for a
full scan of Fig. 3, see Fig. S3 in the supplemental material])
but failed to immunoprecipitate the H3 recombinant protein
(Fig. 3B). Furthermore, preblocking of the anti-histone H3.3
antibody with H3.3-specific peptides successfully prevented the
anti-histone H3.3 antibody from immunoprecipitating the re-
combinant histone H3.3 (Fig. 3A). Second, in vivo immuno-
precipitation experiments with human embryonic kidney
(HEK) cells transiently transfected with hemagglutinin (HA)-
tagged histone H3.3 and H3 proteins show that anti-histone
H3.3 specifically immunoprecipitates HA-tagged histone H3.3
(Fig. 4A [for a full scan of Fig. 4, see Fig. S1 in the supple-
mental material]) but not the HA-tagged histone H3 (Fig. 4B).
In contrast, anti-histone H3 immunoprecipitated both HA-
tagged H3.3 and H3, confirming that this H3 antibody cross-
reacts with both H3 and H3.3. The commercial anti-histone H3
(ab1791; Abcam) antibody used in this study recognizes both

histones H3 and H3.3 (Abcam, personal communication).
These experiments were carried out with HEK cells because of
the high transfection efficiency of these cells. Third, the anti-
histone H3.3 antibody immunoprecipitated endogenous H3.3
from Jurkat cellular extracts and this interaction was inhibited
by preblocking the anti-histone H3.3 antibody with H3.3-spe-
cific peptides (Fig. 5A [for a full scan of Fig. 5, see Fig. S2 in
the supplemental material]). Importantly, the ChIP experi-
ments with the anti-histone H3.3 antibody were carried out
under immunoprecipitation conditions identical to those of
these validation experiments. Fourth, ChIP assays show dis-
tinct H3 (Fig. 5B) and H3.3 (Fig. 5C) occupancy profiles on the

FIG. 3. The affinity-purified anti-histone H3.3 antibody immuno-
precipitates recombinant histone H3.3 but not recombinant histone
H3. Recombinant H3 and H3.3 (25 �g/ml; New England BioLabs)
were subjected to immunoprecipitation with 4 �g of either anti-histone
H3 (ab1791; Abcam) or anti-histone H3.3 (generated in this investi-
gation) antibody. As a negative control (�Ab), the immunoprecipita-
tion was performed in the absence of either antibody. Alternatively,
the anti-histone H3.3 antibody was preincubated with the H3.3-specific
peptides that were synthesized by Auspep, Pty. Ltd., Australia. Each
H3.3-specific peptide (CGGRKSAPSTGGVKK and CGGRKSAPS*
TGGVKK) was made to a final concentration of 10 �M before incu-
bation with the anti-histone H3.3 antibody for 0.5 h at room temper-
ature with constant rotation. Subsequent immunoprecipitation with
the anti-histone H3.3 antibody was performed as described above.
Samples were then subjected to Western blotting with the anti-histone
H3 antibody. Note that the anti-histone H3 antibody (ab1791; Abcam)
raised against the C-terminal region of histone H3 is known to cross-
react with both histones H3 and H3.3 because of the homology of this
region in both proteins (Abcam, personal communication). The aster-
isk denotes the site of phosphorylation.
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promoter of the human CD69 gene. Additionally, the affinity-
purified H3.3 antibody demonstrated specific binding to H3.3
as measured by enzyme-linked immunosorbent assay and flu-
orescence microscopy (see Fig. S4 in the supplemental mate-
rial). These data also show how our H3.3-specific antibody is
different from the highly specific histone H3.3 (phospho-S31)
antibody (ab2889; Abcam), which recognizes histone H3.3 only
when serine-31 is phosphorylated (19). In summary, the affin-
ity-purified anti-H3.3 antibody generated in this study is spe-
cific for the histone variant H3.3 (recognizing both the phos-
phorylated and unphosphorylated S31 forms) and,
importantly, does not cross-react with the core histone H3.

H3.3 and H2A.Z histone variant exchange during induction
of the CD69 and heparanase genes. To test the possibility that
H3 is replaced by H3.3 during the induction of the CD69 gene,
we used our H3.3-specific antibody to measure endogenous
H3.3 distribution by ChIP. When H3.3 levels were assessed
with this antibody, relatively low levels of H3.3 were detected
within the CD69 gene promoter and flanking regions in NS T
cells. However, upon CD69 gene induction, extensive H3.3
deposition was observed within the CD69 gene promoter and
flanking regions (Fig. 6A), with H3.3 predominantly enriched
within regions found to be depleted of H3 (Fig. 2E). As with
H3, the higher H3.3 density in the transcribed region is likely

due to a higher nucleosome density. Thus, chromatin remod-
eling across the CD69 gene promoter is marked by a loss of H3
and a concomitant deposition of H3.3. Similar results were
obtained with primary human CD4� T cells (data not shown).
Interestingly, H3.3 deposition was also observed on the
heparanase gene promoter upon T-cell activation (Fig. 6B).
Nevertheless, the failure to detect H3 loss on this promoter
(Fig. 2C) suggests that H3.3 deposition is relatively modest on
the heparanase gene promoter. Interestingly, and unlike the
CD69 gene promoter, H3.3 levels dropped back to basal levels
on the heparanase gene promoter at 24 h (Fig. 6B). However,
our actinomycin C data (Fig. 1D) suggest that transcription of
the heparanase gene may have returned to basal levels at this
time point. Thus, H3.3 deposition on both promoters appears
to correlate with active transcription.

The rapid histone H3 variant exchange observed on the
CD69 gene promoter prompted us to examine whether other
core histones are exchanged for variants during gene activa-
tion. In particular, we were interested in whether levels of the
H2A histone variant H2A.Z changed upon gene induction
based on the observation that H2A.Z is often located on the
promoters of inducible genes (3, 26, 39, 53). Since we were
unsuccessful in performing ChIP experiments with commer-
cially available H2A antibodies (data not shown), it was not

FIG. 4. The anti-histone H3.3 antibody immunoprecipitates HA-tagged histone H3.3 but not HA-tagged histone H3. Immunoprecipitation with
the anti-histone H3 antibody (ab1791; Abcam) or our anti-histone H3.3 antibody was carried out with sonicated lysates of HEK cells that had been
transiently transfected with recombinant HA-tagged H3.3 or H3 (constructs kindly donated by Chunyuan Jin and Gary Felsenfeld). Cells (�5 �
106) were transiently transfected with FuGENE HD at a ratio of 3:2 (microliters of FuGENE to micrograms of DNA) according to the
manufacturer’s instructions (Roche Diagnostics). At 72 h posttransfection, cells were collected for immunoprecipitation experiments. As a negative
control (�Ab), the immunoprecipitation assay was performed in the absence of either antibody. Samples were then subjected to Western blotting
with an anti-HA tag-specific polyclonal antibody (ab9110; Abcam).
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possible to correlate changes in H2A levels with those in
H2A.Z. Nonetheless, H2A.Z was detected by ChIP at rela-
tively high levels on the CD69 gene within NS T cells, partic-
ularly upstream of the promoter and immediately downstream
of the TSS. T-cell stimulation provoked the specific loss of the
H2A.Z histone variant within these two highly enriched re-
gions (Fig. 6C). A similar loss of H2A.Z occurred on the
heparanase gene promoter upon PI treatment, although again
these changes were not as dramatic as those observed over the
CD69 gene and occurred with more delayed kinetics (Fig. 6D).
Thus, transcriptional activation and chromatin remodeling are
accompanied by H2A.Z depletion.

As the shifts in H3.3 and H2A.Z were relatively modest on
the heparanase gene promoter, we wished to further charac-
terize their association with heparanase transcriptional activity.
To achieve this, we took advantage of the distinct heparanase
expression patterns found within two human mammary ade-
nocarcinoma cell lines, namely, MDA-231, which is highly met-
astatic and exhibits high levels of heparanase transcription and
protein expression (49), and MCF-7, a nonmetastatic mam-
mary adenocarcinoma that has low levels of heparanase tran-
scription (data not shown). When the levels of H3, H2A.Z, and
H3.3 were examined on the heparanase gene promoter within
these cell lines by ChIP, high H3.3 levels and low H2A.Z and
H3 levels were apparent in the MDA-231 cells while the op-
posite was seen in the MCF-7 cells. Thus, despite the relatively
minor shifts observed upon heparanase induction within T
cells, substantial differences in histone variant deposition do
parallel heparanase gene expression levels when comparing a
nonmetastatic with a metastatic cell line.

The profiles examined thus far suggest that the core histone
H3 is replaced by its variant histone H3.3 during gene induc-
tion, with a likely interacting partner for both histones being
H2A.Z. To test the possibility that H3.3 coexists with H2A.Z
on transcriptionally active inducible genes, sequential ChIP
analyses were carried out across the proximal promoter regions
of the CD69 and heparanase genes in NS and stimulated
Jurkat T cells. The 4-h stimulatory time point was chosen
because this is when H2A.Z deposition remained relatively
unchanged, whereas H3.3 levels were significantly enhanced on
these two promoters compared to those in the basal state. In
sequential ChIP assays, formaldehyde-cross-linked chromatin
that has been immunoprecipitated with one antibody is further
immunoprecipitated with a second antibody to examine
whether co-occupancy of two factors on a single stretch of
DNA occurs (15). As expected, sequential ChIP assays involv-
ing an anti-H2A.Z antibody followed by an anti-H3.3 antibody
(Fig. 7C; see Table S3 in the supplemental material) revealed
that following gene induction there was an increase in the
association of H2A.Z with H3.3 within the proximal promoter
regions of both the CD69 and heparanase genes. However, as
shown in Fig. 7B, sequential ChIP assays involving an anti-
H2A.Z antibody, followed by an anti-H3 antibody, consistently
displayed a diminution in H2A.Z/H3 co-occupancy on the
CD69 gene promoter following T-cell activation. The same
trend was observed, but to a lesser extent, on the heparanase
gene promoter (Fig. 7B; see Table S3 in the supplemental
material). We expect there to be no net change in the associ-
ation of H2A.Z with H3 and H3.3 between resting and acti-
vated samples because our data showed no change in histone

FIG. 5. The anti-histone H3.3 antibody reacts with endogenous
histone H3.3 in Jurkat T cells. (A) Immunoprecipitation with our
anti-histone H3.3 antibody was carried out with sonicated whole-cell
extracts from NS Jurkat T cells. As a negative control (�Ab), immu-
noprecipitation was performed in the absence of the anti-histone H3.3
antibody. Alternatively, the anti-histone H3.3 antibody was preincu-
bated with the H3.3-specific peptides (see Fig. 3 legend) prior to
immunoprecipitation with the anti-histone H3.3 antibody. Samples
were then subjected to Western blotting with the anti-histone H3
antibody (ab1791; Abcam). Note that the anti-histone H3 antibody
(ab1791; Abcam) raised against the C-terminal region of histone H3 is
known to cross-react with both histones H3 and H3.3 because of the
homology of this region in both proteins (Abcam, personal communi-
cation). Anti-histone H3 and anti-histone H3.3 antibodies produce
distinct ChIP profiles. In panels B and C, ChIP assays were performed
with Jurkat T cells either left NS or stimulated with PI for the times
indicated. Real-time SYBR green PCR analysis was performed with
immunoprecipitated DNA recovered with the anti-histone H3 anti-
body (ab1791; Abcam) (B) or our anti-histone H3.3 antibody (C) and
primer sets covering the CD69 proximal promoter (�0.15 kb). Data
were calculated as the n-fold enrichment ratio of immunoprecipitated
DNA relative to the no-antibody control and normalized against the
total input DNA. The results represent the mean � the standard error
of 11 independent experiments in the case of the anti-histone H3
antibody and 3 independent experiments in the case of the anti-histone
H3.3 antibody.
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H4, indicating no net nucleosome loss. Consequently, this re-
sult is somewhat unexpected and remains to be explained.
Nevertheless, these results demonstrate that H2A.Z may pre-
dominantly coexist with the core histone H3 in the basal state
on the CD69 and heparanase promoter regions while predom-
inantly partnering with H3.3 during gene induction. The fact
that H2A.Z/H3.3-containing nucleosomes are less stable than
their H2A.Z/H3-containing counterparts (21) may have impli-
cations for the increased chromatin accessibility of the promot-
ers of the CD69 and, to a lesser extent, heparanase genes seen
following gene activation.

H3.3 deposited onto the promoters of the CD69 and hepara-
nase genes carry PTMs associated with active transcription.
While the histone variant composition of nucleosomes can
directly influence chromatin structure, histone variants can
also be enriched in PTMs that modulate both chromatin struc-

ture and transcription. For example, H3.3 is often enriched in
PTMs associated with gene activation, such as acetylated H3K9
(K9Ac), while being depleted of modifications associated with
gene repression, such as dimethylated H3K9 (K9me2) (18, 31).
In fact, free histone H3.3 is often “premodified” with certain
PTMs (30) and thus may carry them directly into chromatin
upon nucleosome incorporation. To examine whether a similar
phenomenon occurs upon H3.3 deposition on the promoters of
the CD69 and heparanase genes, the patterns of histone PTMs
present on these gene promoters were determined by ChIP.
CD69 gene activation was accompanied by an increase in the
activating PTM, K9Ac, across the CD69 gene promoter and
transcribed regions (Fig. 8A). Importantly, the appearance of
K9Ac was strongly associated with regions of H3.3 deposition
(Fig. 8A and 6A), suggesting that H3.3 may be directly carrying
K9Ac onto the CD69 gene. Surprisingly, heparanase gene in-

FIG. 6. H3.3 and H2A.Z changes upon transcriptional activation of CD69 and heparanase. (A to E) ChIP was conducted with Jurkat T cells,
MDA cells, and MCF cells with an anti-H3.3 antibody (A, B, and E), an anti-H2A.Z antibody (C to E), or an anti-H3 antibody (E). H3.3 levels
are shown across the CD69 gene region (A) and on the heparanase gene promoter (B) in Jurkat T cells left NS or stimulated with PI for the times
indicated. Similar data are shown for H2A.Z and the CD69 and heparanase genes in panels C and D, respectively. Panel E depicts the H2A.Z,
H3.3, and H3 occupancy in MDA and MCF cells. The names and positions of the primer sets are indicated beneath all of the graphs.
Representative data from one of three independent experiments are shown.
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duction was actually accompanied by K9 deacetylation (Fig.
8B), suggesting the recruitment of deacetylase activity onto this
gene’s promoter upon transcriptional induction. The recruit-
ment of the activating PTM K4me2 was also examined to
correlate its association with H3.3. Interestingly, K4me2 was
depleted from the CD69 gene promoter upon activation (Fig.
8C). Furthermore, K4me2 was also initially depleted from the
transcribed region before reappearing at later time points (Fig.
8D). The heparanase gene promoter also displayed a small
depletion of K4me2 at early time points; however, in contrast
to the CD69 gene promoter, K4me2 was enriched at the
heparanase gene promoter at later time points (Fig. 8E). Thus,
H3.3 deposition on the promoters of both the CD69 and
heparanase genes is initially paralleled by a loss of K4me2, with
the pattern of this modification at later time points varying
depending on the location or gene promoter examined. Col-
lectively, these data suggest that H3.3 is likely to carry K9Ac,
but not K4me2, onto chromatin regions.

To further elucidate the association of PTMs with H3 and
H3.3, sequential ChIP assays were performed as described in
Fig. 7. As expected, sequential ChIP assays involving an anti-
H3.3 antibody, followed by an anti-K9ac antibody, revealed
that following gene induction there was an increase in H3.3
bearing K9Ac (Fig. 9C) within the proximal CD69 gene pro-

moter. Surprisingly, while the little K9Ac present on the CD69
gene promoter in NS cells was predominantly associated with
H3, stimulation led to a depletion of K9-acetylated H3 (Fig.
9B). Based on our primary ChIP data (Fig. 8A), we would have
expected a net increase in the association of H3 with K9ac
following gene induction, given that the H3 antibody recog-
nizes both histones H3 and H3.3. Nevertheless, these findings
further lend support to the idea that H3.3 carries K9Ac onto
the CD69 gene promoter following T-cell activation. Consis-
tent with the depletion of K4me2 observed on the CD69 gene
promoter upon activation, K4me2 diminished on both H3 and
H3.3 upon activation (Fig. 9B and C). This suggests that the
little H3.3 present in NS cells possesses higher levels of K4me2
than freshly incorporated H3.3, further supporting the idea
that unincorporated H3.3 has relatively low levels of K4me2.
Interestingly, while a decrease was observed in H3 associated
with the repressive mark K9me2 upon CD69 gene activation
(Fig. 9B), no K9me2 could be detected on CD69 gene promot-
er-bound H3.3 in either NS or activated T cells (Fig. 9 legend).
Thus, H3.3 is selectively depleted of K9me2 on the CD69 gene
promoter.

Similar trends were observed for K4me2 and K9me2 on the
heparanase gene promoter. Consistent with the loss of K4me2
on the heparanase gene promoter observed at 4 h poststimu-

FIG. 7. H3.3 and H2A.Z co-occupancy on the promoters of the heparanase and CD69 genes during transcriptional activation. (A) Schematic
diagram indicating the experimental protocol used in the sequential ChIP assays. Note that the antibody order was reversed for all experiments
and similar results were obtained (see Fig. S5 in the supplemental material). The primers used were located in the promoter regions of the CD69
and heparanase genes, as indicated. (B) CD69 and heparanase promoter DNA enrichment seen when chromatin was immunoprecipitated first with
anti-H2A.Z antibody and then anti-H3 antibody. CD69 and heparanase data are shown for Jurkat T cells left NS or stimulated for 4 h with PI.
Graphs show the n-fold changes in signal relative to the NS sample. Data pooled from two independent experiments are shown, with the mean �
the standard error plotted. (C) Sequential ChIP assays were performed as in panel B, except that anti-H3.3 antibody was used for secondary
immunoprecipitation in place of anti-H3 antibody. Data are depicted as in panel B. Data pooled from two independent experiments are shown,
with the mean � the standard error plotted.
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lation, a depletion of K4me2-modified H3 and H3.3 was ob-
served at this time point (Fig. 9D and E). Furthermore, similar
to the observations on the CD69 gene promoter, H3.3 was
completely devoid of K9me2 on the heparanase gene promoter
(Fig. 9 legend) and K9me2-associated H3 diminished upon
activation (Fig. 9D). Heparanase gene induction was accom-
panied by a loss of K9Ac-associated H3 (Fig. 9D). However, in
contrast to the CD69 gene promoter, freshly incorporated H3.3
was depleted of K9Ac (Fig. 9E), suggesting active deacetylation of
deposited H3.3.

The heparanase gene data thus far suggested that active
deacetylation may be regulating heparanase gene promoter
activity. To confirm that deacetylation was having a functional
impact upon heparanase gene transcription, the impact of the
specific histone deacetylase inhibitor TSA upon heparanase
gene induction was examined. Consistent with the observed
promoter deacetylation, TSA treatment was able to substan-
tially augment heparanase transcript induction (Fig. 10A). This
suggests that deacetylase activity recruited to the heparanase
gene promoter restrains the magnitude of heparanase mRNA

FIG. 8. Deposition patterns of PTMs associated with active transcription during CD69 and heparanase gene induction. (A and B) Acetylated
H3K9 (H3K9Ac) ChIP was performed with Jurkat T cells left NS or stimulated with PI for the times indicated. H3K9Ac levels were assessed across
the CD69 gene region (A) and on the heparanase gene promoter (B) with the indicated primer sets. Representative data from one of three
independent experiments are shown. (C to E) Dimethylated H3K4 (H3K4me2) ChIP was performed with Jurkat T cells left NS or stimulated with
PI for the times indicated. H3K4me2 levels were determined on the CD69 gene promoter (C), within the CD69 transcribed region (D), and on
the heparanase gene promoter (E) with the indicated primer sets. Data pooled from two independent experiments are shown, with the mean �
the standard error plotted.
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induction upon T-cell activation. In agreement with the ab-
sence of any observable deacetylase activity on the CD69 gene
promoter, TSA treatment had no impact upon CD69 mRNA
induction kinetics; if anything, TSA treatment impaired CD69
transcript production, perhaps due to TSA-associated cytotox-

icity (Fig. 10B). Thus, while H3.3 may potentiate transcription
by carrying K9Ac onto gene regulatory regions, concomitant
induction of deacetylase activity has the potential to negate this
effect. However, it should be noted that our results could be a
consequence of other effects of TSA. For example, it is well

FIG. 9. Co-occupancy of H3 and H3.3 with histone PTMs. (A) Schematic diagram indicating the experimental protocol used in the sequential
ChIP assays. Note that the antibody order was reversed for all experiments and similar results were obtained (see Fig. S6 in the supplemental
material). The primers used were located in the promoter region of the CD69 and heparanase genes, as indicated. (B and C) Enrichment of DNA
of the CD69 gene promoter seen when chromatin was immunoprecipitated first with either anti-H3 or anti-H3.3 antibody and then the indicated
anti-PTM antibody. Data are shown for H3 (B) and H3.3 (C) in Jurkat T cells left NS or stimulated for 4 h with PI (ST). Graphs show the n-fold
change in signal relative to the NS sample. (D and E) Sequential ChIP assays were performed as in panel B, except that the heparanase gene
promoter was analyzed. Data are depicted as in panels B and C, with H3 data shown in panel D and H3.3 data depicted in panel E. Data
pooled from two independent experiments are shown, with the mean � the standard error plotted. Note that the H3.3-enriched K9me2
ChIPs for CD69 and heparanase have not been plotted, as no enrichments were detected above the background levels in these sequential
ChIP experiments.
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established that TSA hyperacetylates at numerous residues
and also has the ability to directly influence the acetylation of
chromatin components such as transcription factors.

DISCUSSION

In this study, we examined the changes in histone variant
distribution that accompany gene induction and attempted to
determine the relationships between the exchange of H3 his-
tones, changes in chromatin accessibility, and alterations in
PTM patterns with transcriptional activation. Two genes with
distinct expression patterns were examined, the CD69 gene, a
poised gene that is rapidly induced following T-cell activation,
and the heparanase gene, a gene that exhibits basal expression
and more modest inducibility. The major finding of this study
is that the transcriptional activation of these genes is accom-
panied by chromatin accessibility that occurs without nucleo-
some loss on inducible gene promoters. Instead, histone vari-
ant exchange takes place in the promoter regions with a loss of
histone H3 and a gain of H3.3. In addition, a concomitant
decline of H2A.Z levels accompanied gene induction. These
events were most dramatic in the 5�-transcribed region of the
CD69 gene. Our data lend support to a model whereby histone
H2A.Z preferentially coexists with histone H3 on inducible
gene promoters in the basal state, whereas it is more likely to

be associated with histone variant H3.3 during the establish-
ment of the transcriptionally active phase. Furthermore, H3.3
deposition appeared to be associated with enrichment of the
histone PTM K9Ac and concomitant depletion of K4me2 and
K9me2.

The CD69 gene represents a classic poised gene with docked
Pol II on its promoter in the basal state, and this gene displays
rapid induction following activation (16, 28, 45). As with other
inducible immune genes, such as the IL-2 gene, the CD69 gene
exhibits low levels of chromatin accessibility prior to activation
(41). In contrast, the heparanase gene is expressed in resting T
cells and can be further induced upon T-cell activation. Con-
sistent with the basal expression of heparanase, the heparanase
gene promoter exhibits considerable nuclease accessibility and
Pol II occupancy in NS T cells. However, both Pol II occupancy
and chromatin accessibility do increase further upon T-cell
activation. The transcript induction kinetics and accessibility
patterns of heparanase are similar to those of the granulocyte-
macrophage colony-stimulating factor gene in T cells (20).
Thus, the CD69 and heparanase genes represent different
classes of genes in terms of transcript induction kinetics and
chromatin accessibility patterns.

Nevertheless, many of the chromatin changes that accom-
pany the transcriptional induction of both of these genes are
similar. While chromatin remodeling accompanies gene induc-
tion in both cases, these remodeling events are not accompa-
nied by nucleosome loss. This is somewhat surprising, as other
studies have demonstrated that nucleosome loss accompanies
gene induction in T cells (7, 9). This difference may be because
these studies demonstrating nucleosome loss were performed
with murine cells and hence may reflect differences between
the mouse and human system. Alternatively, it may be due to
gene-specific differences in chromatin remodeling mecha-
nisms. Nevertheless, this finding demonstrates that nucleo-
some loss is not required for chromatin remodeling to occur.
Indeed, a recent genome-wide study with human CD4� T cells
demonstrated that transcriptional activation of other genes in
T cells occurs without nucleosome loss, although this study did
not investigate any changes in chromatin accessibility (45).

The increase in the chromatin accessibility of both genes in
activated T cells was accompanied not by nucleosome loss but
rather by exchange of H3 histones. With a new H3.3-specific
antibody, which we generated, it was found that H3.3 levels are
absent or low on both genes in the basal state. However, the
induction of both genes was accompanied by H3.3 deposition.
Moreover, H3.3 was not restricted to the proximal promoter
region, as extensive H3.3 deposition was observed both up-
stream of the promoter and in the transcribed region of the
CD69 gene just downstream of the transcription initiation site.
Similar distributions in H3.3 have been observed in genome-
wide studies utilizing epitope-tagged H3.3 (32, 52). Our data
thus further support the ideas that H3.3 deposition occurs
upon transcription and that H3.3 is associated with transcrip-
tionally active regions of the genome.

Chromatin remodeling and induction of both the hepara-
nase and CD69 genes were also associated with the decline of
H2A.Z, particularly in the 5�-transcribed region of the CD69
gene. In the resting state, H2A.Z enrichment near the TSS and
its subsequent removal upon induction have been observed in
other studies (3, 17, 26, 27, 39, 53, 54). Our finding that

FIG. 10. Differential effects of TSA treatment on CD69 and
heparanase transcript kinetics. (A and B) Heparanase and CD69
mRNA kinetics were measured by TaqMan real-time PCR with resting
(NS) Jurkat T cells and cells stimulated with PI for the times indicated.
mRNA levels are expressed as n-fold changes relative to NS samples.
For TSA treatment, cells were preincubated with TSA for 5 h and then
stimulated for the times indicated. Transcript induction kinetics are
shown for heparanase (A) and CD69 (B). Data shown are the mean �
the standard error of three replicate experiments.
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H2A.Z-containing chromatin is present just downstream of the
transcriptional start site on the poised inducible CD69 gene is
analogous to the results of a recent genome-wide analysis of
the location of H2A.Z-containing nucleosomes in Drosophila
(30a). This latter study raised the possibility that this H2A.Z-
containing nucleosome is involved in blocking the movement
of the poised RNA Pol II complex. Our results support this
notion because in response to an activation signal, the bio-
chemical makeup of this downstream nucleosome within the
CD69 gene is altered with the loss of H2A.Z. Hence, one could
speculate that H2A.Z-containing nucleosomes on poised genes
may block elongation by preventing the movement of RNA Pol
II in resting T cells (13, 37).

The histone variant composition of a nucleosome was re-
cently demonstrated to influence nucleosome stability. Specif-
ically, H3.3-containing nucleosomes were shown to be less
stable than their H3 counterparts, with H3.3/H2A.Z-contain-
ing nucleosomes being particularly sensitive to disruption (21).
Given that histone exchange accompanies chromatin accessi-
bility across inducible genes in this study, it is therefore tempt-
ing to speculate that changes in nucleosome composition may
impact upon chromatin accessibility. Thus, the extensive H3.3
deposition we observed upon gene induction will diminish nu-
cleosome stability across the promoter and transcribed regions.
Importantly, the H2A.Z present at the time of remodeling (4 h
postactivation) on both gene promoters appeared to be pre-
dominantly associated with H3.3 rather than H3. Thus, the
highly unstable H3.3/H2A.Z nucleosome also increases in fre-
quency upon gene induction. However, while an increase in
H3.3/H2A- and H3.3/H2A.Z-containing nucleosomes may fa-
cilitate nucleosome remodeling, this does not necessarily mean
that H3.3 deposition is sufficient to trigger an increase in chro-
matin accessibility. While H3.3-containing nucleosomes may
be more susceptible to remodeling, the recruitment of the
appropriate ATP-dependent remodeling activities to the gene
promoter is still likely to be required. Furthermore, it could be
reasoned that H3.3 deposition in different gene regions plays
different roles. While deposition of H3.3 onto promoters may
facilitate an increase in chromatin accessibility, one could spec-
ulate that the enrichment of H3.3 in transcribed regions facil-
itates Pol II elongation.

Another way in which H3.3 deposition may promote chro-
matin accessibility is through carrying the K9Ac PTM onto its
target regions. In fact, we demonstrated that the appearance of
K9Ac over the CD69 gene strongly correlated with regions of
H3.3 enrichment. This finding is in line with studies showing
that K9Ac is strongly associated with H3.3 (18, 30, 31) and
represents the first in vivo association between H3.3 and K9Ac
at the gene-specific level. As ATP-dependent chromatin re-
modeling enzymes, such as Brg1, contain an acetylated lysine
binding bromodomain (34, 46), an increase in K9Ac may pro-
mote remodeler recruitment and subsequent accessibility in-
creases. The observation that unincorporated H3.3 is enriched
in K9Ac (30) raises the possibility that H3.3 is “premodified”
and carries K9Ac onto the regions of the CD69 gene upon
deposition. Nevertheless, we cannot rule out the possibility
that H3.3 is preferentially acetylated subsequent to incorpora-
tion into the CD69 region. Surprisingly, induction of the
heparanase gene is actually accompanied by promoter deacety-
lation. While it could be argued that the more modest H3 loss

and H3.3 deposition on the heparanase gene promoter make it
more susceptible to deacetylase activity, our sequential ChIP
assays indicate that the H3.3 deposited onto the heparanase
gene promoter is also deacetylated. Therefore, opposing enzy-
matic activities can counterbalance the PTMs deposited on a
promoter in association with H3.3. This also means that, de-
spite a strong association (18, 30, 31), H3.3 is not invariably
marked with K9Ac. Deacetylation on the heparanase gene
promoter clearly dampens transcriptional induction. As the
transcript of the heparanase gene is highly stable, a large in-
crease in transcriptional activity is not required for transcript
accumulation to occur. Thus, heparanase gene promoter
deacetylation upon T-cell activation may represent a biological
mechanism for restraining gene induction.

We also found that H3.3 appeared depleted of the PTMs
K9me2 and K4me2. The failure to detect any K9me2-modified
H3.3 on either gene promoter at any time point was unex-
pected given previous data showing the presence of this PTM
on H3.3 in human cell lines (30). The observation that K9me2
is present on unincorporated H3.3 (30) suggests that active
demethylation may be occurring upon deposition onto these
gene promoters. However, unincorporated H3.3 is depleted of
K4me2 (30), meaning that the loss of K4me2 that parallels
initial H3.3 deposition onto the promoters of the CD69 and
heparanase genes is not unexpected. The patterns of K4me2 at
later time points do not conform to any clear pattern, indicat-
ing that whether or not H3.3 K4 dimethylation occurs subse-
quent to deposition is highly dependent on the gene region
examined. Overall, we can conclude that PTM modulation by
H3.3 deposition is only one of many factors governing the final
pattern of histone PTMs adopted by a gene region. This is
consistent with the observation that the PTM pattern associ-
ated with H3.3 changes markedly upon H3.3 deposition into
chromatin (30) and agrees with a recently proposed model in
which chromatin environment controls histone variant PTM
patterns (29).

Importantly, histone variant exchange at gene promoters
may have an unanticipated relevance to cancer biology.
Heparanase is a degradative enzyme thought to play a key role
in cancer cell invasion and metastasis (35). The observation
that a shift in histone variant usage across the heparanase gene
promoter accompanies the acquisition of a metastatic pheno-
type in mammary carcinoma cells suggests that dysregulation
of histone variant distribution may play a role in oncogenesis.
This observation, coupled with our other data, further under-
scores the fundamental role that histone variants are likely to
play in gene induction.
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