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Actively transcribed genes are enriched with the histone

variant H3.3. Although H3.3 deposition has been linked

to transcription, mechanisms controlling this process

remain elusive. We investigated the role of the histone

methyltransferase Wolf–Hirschhorn syndrome candidate 1

(WHSC1) (NSD2/MMSET) in H3.3 deposition into inter-

feron (IFN) response genes. IFN treatment triggered robust

H3.3 incorporation into activated genes, which continued

even after cessation of transcription. Likewise, UV

radiation caused H3.3 deposition in UV-activated genes.

However, in Whsc1� /� cells IFN- or UV-triggered H3.3

deposition was absent, along with a marked reduction in

IFN- or UV-induced transcription. We found that WHSC1

interacted with the bromodomain protein 4 (BRD4) and

the positive transcription elongation factor b (P-TEFb)

and facilitated transcriptional elongation. WHSC1 also

associated with HIRA, the H3.3-specific histone chaper-

one, independent of BRD4 and P-TEFb. WHSC1 and

HIRA co-occupied IFN-stimulated genes and supported

prolonged H3.3 incorporation, leaving a lasting

transcriptional mark. Our results reveal a previously

unrecognized role of WHSC1, which links transcriptional

elongation and H3.3 deposition into activated genes

through two molecularly distinct pathways.
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Introduction

The histone variant, H3.3, is expressed throughout the cell

cycle and deposited along with transcription in a replication-

independent manner (Elsaesser et al, 2010; Talbert and

Henikoff, 2010). Replication-independent histone replacement

is a process conserved from yeast to humans, and is likely of

great biological importance. H3.3 generally localizes to the

regions of active gene expression, and is suggested to leave

an epigenetic mark relevant to transcriptional memory (Hake

and Allis, 2006; Henikoff, 2008; Ng and Gurdon, 2008).

Genome-wide analyses showed that H3.3 is enriched in

transcriptionally active genes, in the promoters near the

transcription start sites (TSSs), as well as the gene body and

transcription end sites (TESs) in mammalian and Drosophila

cells (Mito et al, 2005; Wirbelauer et al, 2005; Daury et al,

2006; Jin et al, 2009; Goldberg et al, 2010). H3.3 deposition is

induced in some genes upon transcriptional activation (Janicki

et al, 2004; Schwartz and Ahmad, 2005; Sutcliffe et al, 2009).

However, H3.3 also occupies telomeres and pericentric hetero-

chromatin, indicating its diverse presence and the function

beyond transcription (Jin et al, 2009; Drane et al, 2010;

Goldberg et al, 2010). Consistent with its assumed broad

activities, H3.3 can substitute for the canonical H3.1 in

replication-coupled histone deposition, although H3.1 cannot

substitute for H3.3 in replication-independent deposition

(Ray-Gallet et al, 2011). Further supporting the biological

importance of H3.3, mutations in the H3.3A gene and those

in the H3.3 deposition pathways were reported in malignant

brain tumours (Schwartzentruber et al, 2012; Wu et al, 2012).

H3.3 deposition is mediated by multiple factors, including

HIRA, ATRX/DAXX, DEK, and CHD2 (Tagami et al, 2004;

Drane et al, 2010; Goldberg et al, 2010; Lewis et al, 2010;

Sawatsubashi et al, 2010; Harada et al, 2012). The histone

chaperon HIRA plays a pivotal role in H3.3 incorporation

in transcriptionally active genes (Goldberg et al, 2010). In

agreement with a role in transcription-linked H3.3 deposition,

HIRA is bound to both the initiating and elongating forms of

RNA polymerase II (Pol II) (Ray-Gallet et al, 2011).

Despite intense efforts towards understanding the process of

replication-independent H3.3 deposition, molecular mecha-

nisms underlying the events remain incompletely understood.

In this study, we investigated transcription-coupled H3.3

deposition mainly focussing on the interferon (IFN)-stimu-

lated genes (ISGs). We previously reported that IFN treatment

triggers rapid H3.3 deposition in ISGs, exhibiting a distinct

spatial gradient clearly biased for the TES. Moreover, IFN-

induced H3.3 deposition continued well after the cessation of

ISG transcription (Tamura et al, 2009). In this system, H3.3

deposition correlated well with the trimethylation of H3K36

(H3K36me3), as it is accumulated in ISGs after IFN treatment

with a strong bias towards the TES. H3K36me3 is a mark

for active gene expression that increases upon transcrip-

tional activation (Edmunds et al, 2008; Suganuma and

Workman, 2011; Wagner and Carpenter, 2012). In yeast,

H3K36me3 is mediated by the Set2 methyltransferase (Strahl

et al, 2002; Li et al, 2003; Du and Briggs, 2010). Wolf–

Hirschhorn syndrome candidate 1 (WHSC1, also known as

NSD2 or MMSET) is a putative mammalian Set2 homologue

(Stec et al, 1998; Lachner and Jenuwein, 2002). WHSC1 posses-
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ses a methyltransferase activity for histone H3K27, H3K36, and

H4K20 (Kim et al, 2008; Marango et al, 2008; Kuo et al, 2011;

Pei et al, 2011). WHSC1 is associated with diseases affecting

growth and development, and plays a role in DNA damage

response (Bergemann et al, 2005; Pei et al, 2011). Recently,

Nimura et al (2009) generated Whsc1-deficient mice and

showed that WHSC1 is essential for embryonic development.

To delineate a possible mechanistic link between H3K36me3

and induced H3.3 deposition, we asked the role of WHSC1

and tested Whsc1� /� mouse embryonic fibroblasts (MEFs)

for IFN-induced H3.3 incorporation. We found that both H3.3

deposition and ISG transcription were markedly diminished in

Whsc1� /� cells. Immunoprecipitation analysis showed that

WHSC1 interacts with the bromodomain protein 4 (BRD4),

and is recruited to the ISGs, thus contributing to ISG elonga-

tion. BRD4 is a BET family protein that binds to acetylated

histones (Dey et al, 2003). BRD4 recruits the positive trans-

cription elongation factor b (P-TEFb) and stimulates trans-

cription elongation from many genes (Jang et al, 2005; Yang

et al, 2005; Mochizuki et al, 2008; Hargreaves et al, 2009).

After recruitment, WHSC1 interacted with the H3.3-specific

chromatin assembly factor HIRA and drove prolonged H3.3

deposition in ISGs well beyond transcription. We found that

inhibition of P-TEFb did not completely prevent IFN-induced

H3.3 deposition, suggesting that WHSC1 directs P-TEFb-

mediated elongation and HIRA-dependent H3.3 deposition

through molecularly separable mechanisms.

Results

WHSC1 is required for IFN-induced transcription and

H3.3 incorporation

To study the role of WHSC1 in H3.3 deposition, we tested

Whsc1� /� and wild-type (WT) MEFs stably expressing H3.3

fused to the yellow fluorescent protein (H3.3-YFP) (Figure 1A).

Immunoblot analyses in Supplementary Figure S1A verified

that H3.3-YFP was expressed at similar levels as H3.1-YFP,

both of which were o10% of total H3 in these cells. As might

be expected of the WHSC1 methyltransferase activity, partial

reduction in H3K36me3 was observed in Whsc1� /� cells

as compared with WT cells. Reduced H3K36me3 expression

in Whsc1� /� cells was confirmed at three different extract
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Figure 1 WHSC1 is required for induction of ISG transcription and H3.3 incorporation. (A) Intranuclear localization of H3.3-YFP was
visualized by immunostaining of WTand Whsc1� /� MEFs with anti-GFP antibody (green), counterstained with Hoechst 33342 for DNA (red).
(B) Schematic map of ISGs and Gtf2b. The arrow indicates the transcribed region. Exons are marked by grey boxes. Positions of primers used in
ChIP analysis are shown underneath and colour-coded. (C) IFN induced H3.3 incorporation. H3.3-YFP expressing WT and Whsc1� /� cells
were treated with IFN for 1, 3, 6, 12, 24, and 48 h, and ChIP assays were performed using anti-GFP antibody at the indicated sites of ISGs. Gtf2b
was tested as a control. Values represent the average of duplicate determinations ±s.d. (D) Induction of ISG mRNA in the above cells was
detected by qRT–PCR, normalized by Gapdh and expressed as fold induction. Values represent the average of two determinations ±s.d.
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concentrations (Supplementary Figure S1B). In addition, H3.3-

YFP had higher levels of K36me3 than H3.1-YFP in WT cells,

consistent with the enrichment of active histone marks in

H3.3 (Hake et al, 2006; Loyola et al, 2006). Whsc1� /� and

WT cells were stimulated with IFNb (hereafter IFN) at

100 U/ml, an optimal concentration for ISG induction

(Darnell et al, 1994). Chromatin immunoprecipitation (ChIP)

assays were performed using anti-GFP antibody to detect H3.3

incorporation in four typical ISGs, Ifit1, Oas1a, Stat1, and Mx1,

each at three different regions, near the TSS (blue), a mid

coding region (gene body, red), and near or at the TES (green,

see gene maps in Figure 1B). In WTcells, H3.3-YFP incorpora-

tion began immediately after IFN stimulation in all ISGs,

showing a notable TES-preferred accumulation, which lasted

for 48 h, long past ISG mRNA expression, consistent with our

earlier report (Tamura et al, 2009). In contrast, in Whsc1� /�

cells, H3.3-YFP incorporation was virtually undetectable in

ISGs at all regions examined (Figure 1C). It should be noted

here that H3.3-YFP was expressed at comparable levels in WT

and Whsc1� /� cells, and their levels were not altered after

IFN treatment (Supplementary Figure S2). ChIP analysis for

the total histone H3 revealed similar levels of deposition in

WT and Whsc1� /� cells in all ISGs, thus indicating that

Whsc1� /� cells are fully competent in general histone

deposition, but are selectively deficient in induced H3.3 in-

corporation (Supplementary Figure S3). It should be also

noted that IFN stimulation did not increase H3.3-YFP and

total H3 incorporation in Gtf2b, a housekeeping gene not

induced by IFN, both in WT and Whsc1� /� cells (Figure 1B;

Supplementary Figure S3).

To correlate IFN-induced H3.3 deposition with ISG trans-

cription, quantitative real-time PCR (qRT-PCR) was per-

formed to measure ISG mRNA levels in WT and Whsc1� /�

cells. In WT cells, IFN led to rapid mRNA induction for all

ISGs, with a nearly 100- to 2000-fold increase in transcript

levels that peaked at 3–12 h followed by a rapid decline at

24 h (blue). In contrast, the ISG mRNA levels were strikingly

lower in Whsc1� /� cells (red), whose levels approached

only 10–50% of those in WT cells at all time points

(Figure 1D). Gtf2b mRNA expression, however, was similar

in Whsc1� /� and WT cells. These results indicate that

WHSC1 is critically required for IFN-induced transcription

and H3.3 deposition in ISGs, but not for housekeeping genes.

To test whether the defects in Whsc1� /� cells are attributed

to impaired IFN signalling, we examined IFN-induced phos-

phorylation of STAT1. STAT1 is a DNA sequence-specific

transcription factor, which controls ISG induction upon its

phosphorylation mediated by JAK/STAT pathway activation

(Darnell et al, 1994). Immunoblot analyses showed that

STAT1 was phosphorylated after IFN stimulation both in

WT and Whsc1� /� cells at comparable levels, confirming

that IFN signalling is intact in Whsc1� /� cells

(Supplementary Figure S1C). Thus, the defects observed in

Whsc1� /� cells lie downstream of STAT1 activation.

To corroborate that the lack of H3.3 incorporation in

Whsc1� /� cells is accounted for by the absence of WHSC1,

rather than a secondary change(s), we reintroduced WT

WHSC1 and the catalytically inactive mutant WHSC1

(H1143G) into Whsc1� /� cells (Nimura et al, 2009). Data

in Figure 2A and B confirmed that upon reintroduction,

Whsc1 mRNA and the protein were expressed from these

constructs in Whsc1� /� cells. As shown in Figure 2C, WT

WHSC1 reintroduction restored IFN-induced H3.3-YFP incor-

poration in all ISGs. Surprisingly, the catalytically inactive

mutant, H1143G, also rescued H3.3 deposition. Correlating

with these results, ISG mRNA induction was rescued by both

WT WHSC1 and the mutant (Figure 2D). Together, these

results show that WHSC1 plays a critical role in both ISG

transcription and H3.3 deposition, the role achieved without

histone methyltransferase activity. To further substantiate the

role of WHSC1, we knocked down Whsc1 gene expression in

WT cells by small-interfering RNA (siRNA) (Supplementary

Figure S4). Induction of all four ISGs was consistently re-

duced in Whsc1 knockdown cells by up to 50%, reinforcing

the idea that WHSC1 itself participates in ISG transcription

and H3.3 deposition.

WHSC1 is recruited to the ISGs to facilitate HIRA

recruitment

To assess how WHSC1 regulates ISG transcription and H3.3

deposition, we examined whether WHSC1 is recruited to

the ISGs. ChIP analysis with anti-WHSC1 antibody showed

that after IFN stimulation, WHSC1 rapidly accumulated at all

three regions of the ISGs, which peaked at 1–3 h (Figure 3A;

Supplementary Figure S5A, left). WHSC1 occupancy declined

thereafter at 6 h, but rose again in the subsequent, post-ISG

transcription period and remained roughly constant there-

after, showing a clear TES preference. WHSC1 accumulation

in Gtf2b was at near background level throughout the period.

As expected, no WHSC1 binding was detected in Whsc1� /�

cells (Figure 3A; Supplementary Figure S5A, right).

We next tested whether the histone chaperon HIRA is

recruited to ISGs, since HIRA is shown to be involved in

H3.3 incorporation in transcriptionally active genes (Goldberg

et al, 2010). In WT cells, HIRA accumulated in the ISGs

after IFN stimulation with a pattern very similar to that of

H3.3-YFP: HIRA accumulation was highest at the TES and it

continued well after ISG transcription (Figure 3B; Supple-

mentary Figure S5B). In contrast, HIRA failed to accumulate

in ISGs in Whsc1� /� cells, indicating that WHSC1 is required

for driving HIRA recruitment. Immunoblot analysis verified

that levels of HIRA expression were similar in WT and

Whsc1� /� cells before and after IFN stimulation. Similarly,

WHSC1 expression in WT cells was not affected after IFN

treatment (Supplementary Figure S2).

Since H3.3 deposition and H3K36 trimethylation correlated

well in our previous work, and as WHSC1 is a methytrans-

ferase for H3K36, we next tested whether H3K36 trimethyl-

ation is defective in Whsc1� /� cells (Nimura et al, 2009;

Tamura et al, 2009). H3K36me3 increased after ISG stimula-

tion in WT cells as expected (Figure 3C; Supplementary

Figure S5C, left). Somewhat unexpectedly, H3K36me3 also

increased in Whsc1� /� cells, although with kinetics different

from WTcells: in Whsc1� /� cells, H3K36me3 increased only

in the initial 3–6 h and then declined, whereas it remained

high in WT cells (Figure 3C; Supplementary Figure S5C,

right). Because H3K36me3 accumulated even in Whsc1� /�

cells after IFN treatment, we next asked whether other his-

tone methyltransferases are recruited to ISGs. To this end, we

tested SETD2, a mammalian Set2 homologue suggested to

be a major enzyme for H3K36me3 (Edmunds et al, 2008). As

shown in Supplementary Figure S6A, SETD2 rapidly accumu-

lated at the TSS of ISGs and peaked at 3–6 h upon IFN

stimulation in WT cells. SETD2 also accumulated in
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Whsc1� /� cells, although slightly lower in amounts relative

to WT cells. These results suggest that SETD2 may mediate

methylation of H3K36 after 3–6 h of IFN stimulation in both

WT and Whsc1� /� cells.

As WHSC1 is reportedly involved in both di- and tri-

methylation of H3K36, we also examined accumulation of

H3K36 dimethylation (H3K36me2) (Kuo et al, 2011). In WT

cells, H3K36me2 increased in ISG coding region and rapidly

diminished after IFN treatment. However, in Whsc1� /� cells,

H3K36me2 failed to accumulate in the ISGs at detectable levels

(Supplementary Figure S6B). To further study the relationship

between H3.3 deposition and H3K36 methylation, we tested a

mutant H3.3-YFP, in which K36 was mutated to arginine

(H3.3K36R), a mutation that would prevent methylation.

Consistent with previous reports that H3K36R can be incorpo-

rated into the histone octamer (Tanaka et al, 2007; Du and

Briggs, 2010), H3.3K36R-YFP was expressed and localized to

the nucleus at similar levels as WT H3.3-YFP (Supplementary

Figure S7A and B). However, this mutant, unlike WT H3.3-

YFP, was not incorporated into ISGs after IFN stimulation,

although a low level of incorporation was observed before

stimulation (Figure 3D; Supplementary Figure S5D). These

data support the notion that H3.3K36 methylation is required,

but not sufficient for induced H3.3 deposition.

WHSC1 plays a role in ISG elongation

The transition from transcription initiation to elongation

requires phosphorylation of Pol II at serine 2 in the

C-terminal domain by P-TEFb, composed of CDK9 and

CYCLIN T1 (Core and Lis, 2008; Nechaev and Adelman,

2011). P-TEFb is recruited to many genes by binding to the

BRD4 (Jang et al, 2005; Yang et al, 2005; Dey et al, 2009;

Hargreaves et al, 2009). We have recently shown that BRD4 is

recruited to ISGs upon IFN stimulation primarily by binding

to acetylated histones, and that BRD4 recruitment is

obligatory for productive ISG elongation as it recruits

P-TEFb and other elongation factors (Patel et al, 2013).

Here, we investigated whether WHSC1 plays a role in ISG

elongation. As shown in Figure 4A and Supplementary

Figure S8A, the elongating form of Pol II, phosphorylated at

serine 2 (Pol II-2P), rapidly accumulated upon IFN stimula-

tion in ISGs. Pol II-2P accumulation peaked at 3 h, and was

higher in the coding region than in the TSS. Thereafter, Pol II-

2P binding declined to basal levels, correlating with the
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Figure 2 WHSC1 reintroduction rescues ISG transcription and H3.3 incorporation in Whsc1� /� cells. (A) Whsc1� /� cells expressing H3.3-
YFP were transduced with WT WHSC1 or the catalytically defective mutant (H1143G) vectors. Cells were treated with IFN for indicated times,
and Whsc1 mRNA was detected by qRT–PCR. Values represent the average of two determinations ±s.d. Untransduced Whsc1� /� cells were
tested as a negative control. (B) WHSC1 protein expression in above cells was detected by immunoblotting with anti-WHSC1 antibody. b-actin
was tested as a loading control. (C) Above cells were tested for IFN-induced H3.3 incorporation by ChIP assays as in Figure 1C. Values represent
the average of duplicate determinations ±s.d. (D) Above cells were tested for ISG mRNA expression by qRT-PCR. Values represent the average
of two determinations ±s.d. Source data for this figure is available on the online supplementary information page.
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kinetics of ISG mRNA induction. Pol II-2P accumulation was,

however, drastically reduced in Whsc1� /� cells in all ISGs,

pointing to a defect in elongation. Supporting defective

elongation rather than defective Pol II assembly, accumula-

tion of hypophosphorylated Pol II (Pol II-HP), which

markedly increased in the TSS upon IFN addition in WT

cells, was only moderately affected in Whsc1� /� cells

(Figure 4B; Supplementary Figure S8B). Accumulation of

total Pol II was also tested with another antibody that

recognizes both phosphorylated and hypophosphorylated

Pol II, and was essentially the same as that of hypophos-

phorylated Pol II (Figure 4C; Supplementary Figure S8C).

Accumulation of total Pol II and Pol II phosphorylated at

serine 5 (Pol II-5P), the initiation form of Pol II, was also

tested with additional respective antibodies (Figure 4C and D;

Supplementary Figure S8C and D). We found that total Pol II

and Pol II-5P accumulated in ISGs with a pattern very similar

to that of Pol II-HP in both WT and Whsc1� /� cells. These

results favour the possibility that the initial Pol II recruitment

and initiation occurred, but the subsequent elongation was

inhibited in Whsc1� /� cells. The partial reduction in total

Pol II, Pol II-HP, and Pol II-5P binding in Whsc1� /� cells is

likely due to reduced transcription reinitiation, associated

with multiple cycles of Pol II recruitment following elonga-

tion (Yudkovsky et al, 2000; Mapendano et al, 2010; Patel

et al, 2013). Further supporting defective elongation, P-TEFb

recruitment, tested with anti-CDK9 antibody, was 2- to 3-fold

lower in Whsc1� /� cells than in WT cells, revealing a role of

WHSC1 in P-TEFb recruitment (Figure 4E; Supplementary

Figure S9A). As P-TEFb recruitment and ISG elongation

depends on BRD4, we next asked whether BRD4 recruitment

is affected in Whsc1� /� cells. Data in Figure 4F and

Supplementary Figure S9B showed that BRD4 recruitment

was unaffected in Whsc1� /� cells. BRD4 bound to all ISGs in

both WT and Whsc1� /� cells at comparable levels. Thus,

WHSC1 acts downstream of BRD4 and facilitates P-TEFb

recruitment and ISG elongation. It should be noted here

that accumulation of P-TEFb, Pol II, Pol II-HP, Pol II-2P,

and Pol II-5P to Gtf2b was not affected in Whsc1� /�

cells, reinforcing the view that WHSC1 impacts on rapidly

activated transcription, but not on constitutive transcription

(Supplementary Figures S8 and S9). The expression levels of

BRD4, P-TEFb, Pol II, Pol II-HP, and Pol II-5P were not

affected by IFN stimulation in both WT and Whsc1� /�

cells, although the levels of Pol II-2P were increased

after IFN stimulation, probably as a result of transcription

activation of numerous ISGs (Supplementary Figure S2).

WHSC1 interacts with BRD4 and HIRA independently on

the ISG chromatin

The above data raised the possibility that WHSC1 has two

roles: one, recruiting P-TEFb to stimulate ISG elongation

and two, recruiting HIRA to drive H3.3 deposition. To test

this possibility, co-immunoprecipitation (Co-IP) assays were

performed with Whsc1� /� cells expressing FLAG-tagged

WHSC1. As shown in Figure 5A, the FLAG-WHSC1 precipitates

contained BRD4, HIRA, and P-TEFb, the latter detected by anti-

CYCLIN T1 antibody. To determine whether WHSC1 recruits

these factors together or separately, two reciprocal assays were

performed. First, using NIH3T3 cells stably expressing YFP-

tagged BRD4, Co-IP assays were carried out. Immunoblot data

in Figure 5B showed that the BRD4-YFP precipitates contained

WHSC1 and P-TEFb, but not HIRA. Second, Co-IP assays were

performed with WT cells expressing YFP-tagged HIRA. As

shown in Figure 5C, the immunoprecipitates brought down

by anti-GFP antibody contained only WHSC1. These results

indicate that HIRA does not interact with BRD4 and P-TEFb,

and that WHSC1 interacts with BRD4/P-TEFb and HIRA

separately. Notably, these immunocomplexes did not contain

p150, a subunit of histone chaperone CAF-1, which is involved

in replication-coupled H3.1 deposition (Figure 5A–C, lower

panels) (Tagami et al, 2004). Co-IP experiments with anti-

WHSC1 antibody showed that endogenous WHSC1 was co-

precipitated with HIRA and BRD4, and that the levels of both

precipitates increased after IFN treatment but with varying

kinetics (Figure 5D and E). The amounts of BRD4 co-precipi-

tated with WHSC1 peaked at 3 h, whereas HIRA co-precipi-

tated with WHSC1 peaked at around 24 h.

To assess the domain(s) of WHSC1 necessary for the

interaction with BRD4 and HIRA, a series of FLAG-tagged

WHSC1 deletion constructs were tested (a diagram in

Figure 5D). WHSC1 consists of PWWP, high-mobility group

(HMG), plant homeotic domain (PHD), associated with SET

(AWS), and SET-PostSET domains. The AWS and SET-PostSET

domains are conserved among Set2 homologues. Some of

these domains are implicated in certain activities, for example,

HMG in DNA binding, PHD in the interaction with H3, and

PWWP in the interaction with H3K36me3 (Taverna et al,

2006; Vezzoli et al, 2010). Immunoblot data in Figure 5E

showed that the deletions of expected sizes were expressed

and precipitated by anti-FLAG antibody. As seen in Figure 5F

Co-IP experiments, DHMG failed to precipitate BRD4, whereas

WT WHSC1, DPWWP, and DPHD precipitated BRD4,

although DPHD was less effective in precipitating BRD4

than others. On the other hand, DHMG precipitated HIRA

and H3K36me3 at levels similar to WT WHSC1 and DPWWP.

However, DPHD did not precipitate either protein. These

results indicate that the HMG domain is important for the

interaction with BRD4, and the PHD domain is critical for the

interaction with HIRA and H3K36me3. We noted that all

WHSC1 deletions tested precipitated total H3, although the

amounts of H3 precipitates by DPHD were somewhat less than

those by others (Figure 5H, lower panel). These results are

consistent with a recent report that WHSC1 binds to non-

methylated H3 through its C-terminal domain (He et al, 2013).

These results suggest that all of the WHSC1 deletions are

recruited to chromatin. To test whether any of these deletions

rescue ISG mRNA induction, the deletions and WT WHSC1

were transiently expressed in Whsc1� /� cells and ISG mRNA

induction was examined (Supplementary Figure S10).

DPWWP and DPHD partially rescued ISG mRNA induction.

However, DHMG did not, indicating that the interaction with

BRD4 is required for WHSC1 to stimulate ISG induction.

We then asked whether WHSC1 binds to the ISG chromatin

along with BRD4/P-TEFb or HIRA. To this end, sequential

ChIP assays were carried out. Chromatin was first precipi-

tated with anti-WHSC1 antibody, followed by the second

ChIP performed with anti-BRD4 or anti-HIRA antibody. The

first ChIP with anti-WHSC1 antibody revealed recruitment of

WHSC1 to ISGs and background binding to Gtf2b as expected

(Figure 6A). The second ChIP found a considerable amount

of BRD4 and HIRA on the ISG chromatin that had been

precipitated with WHSC1, indicating that these proteins and

WHSC1 co-occupied ISGs (Figure 6B and C). Significantly,
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BRD4 and HIRA showed spatially and temporally distinct

distribution patterns. BRD4 was present almost exclusively at

the TSS and only for the initial 3 h. In contrast, HIRA

accumulated more slowly, but lasted as long as 24 h, and

displayed a clear TES preference. These results further sup-

port the possibility that BRD4 and HIRA interact with WHSC1

independently, occupying separate spaces of ISGs with dif-

ferent time courses. A possible scenario is that WHSC1

initially associates with BRD4/P-TEFb at the TSS, and sub-

sequently travels across the ISG coding regions to the TES

along with HIRA, but without BRD4. It is of note that the

kinetics and distribution patterns observed for BRD4 and

HIRA in the second ChIP were consistent with Co-IP results

(see Figure 5C) and similar to the conventional ChIP

pattern seen by anti-BRD4 or anti-HIRA antibody alone (see

Figures 4F and 3B), suggesting that the bulk of BRD4 and

HIRA bind to ISGs together with WHSC1.

As above data indicate that HIRA recruitment is directed by

WHSC1, we examined whether HIRA reciprocally affects

WHSC1 recruitment by testing cells stably expressing Hira

short-hairpin RNA (shRNA). In the Hira knockdown cells,

endogenous Hira transcript levels were reduced by 50 to 70%

(Supplementary Figure S11A). Further, H3.3-YFP deposition

was markedly reduced in Hira knockdown cells relative to

cells expressing control shRNA (Supplementary Figure S11B).

Nevertheless, WHSC1 was recruited to all ISGs in Hira

knockdown cells and control shRNA cells at comparable

levels (Supplementary Figure S11C). These results indicate

that HIRA acts downstream of WHSC1, and is required for

H3.3 deposition in the ISGs. The slight reduction in ISG

mRNA induction seen by Hira knockdown is reminiscent of

the reduced ISG induction by H3.3 knockdown reported

earlier, consistent with the contribution of H3.3 deposition

to ISG transcription (Tamura et al, 2009).
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WHSC1 directs ISG elongation and H3.3 deposition

partly through different molecular processes

In light of the above findings that BRD4 recruitment was

intact in Whsc1� /� cells (see Figure 4F and Supplementary

Figure S9B), we next investigated whether BRD4 is respon-

sible for WHSC1 recruitment. We knocked down the expres-

sion of BRD4 in WT cells, which lead to 480% reduction in

BRD4 transcript expression without affecting WHSC1 tran-

script levels, as reported in our previous works (Figure 7A)

(Jang et al, 2005; Dey et al, 2009). Data in Figure 7A and

Supplementary Figure S12A showed that mRNA levels of all

four ISGs tested were lower in Brd4 knockdown cells com-

pared with control cells throughout the IFN treatment. In

contrast, Brd4 knockdown had virtually no effect on Whsc1

and Gtf2b transcript levels. As expected, recruitment of

BRD4 was consistently reduced in Brd4 knockdown cells

(Figure 7B; Supplementary Figure S12B). We next tested

whether Brd4 knockdown impacted on the recruitment of

WHSC1. ChIP analysis in Figure 7C and Supplementary

Figure S12C showed that IFN-stimulated WHSC1 recruitment

to all ISGs was inhibited in Brd4 knockdown cells by 50%

compared with control cells. These data led us to predict that

Brd4 knockdown would also inhibit H3.3 deposition. Indeed,

incorporation of H3.3-YFP into ISGs after IFN stimulation was

reduced in Brd4 knockdown cells (Figure 7D; Supplementary

Figure S12D).

To further confirm that BRD4 is required for the recruitment

of WHSC1, we tested JQ1, a small molecule inhibitor specific

for the bromodomains of the BET family (Filippakopoulos

et al, 2010; Nicodeme et al, 2010). We have previously shown

that JQ1 blocks recruitment of BRD4 and P-TEFb to the ISGs,

which led to strong inhibition of ISG transcription (Patel et al,

2013). As shown in Figure 8A and Supplementary Figure S13A,

treatment of WT cells with JQ1 and IFN inhibited recruitment

of BRD4 to all ISGs. In contrast, the inactive, isomeric com-

pound tested as a negative control had no effect on BRD4

recruitment. Recruitment of WHSC1 was almost completely

abolished upon JQ1 treatment in all ISGs (Figure 8B;

Supplementary Figure S13B). Binding of WHSC1 to Gtf2b

remained at background levels, irrespective of JQ1 treatment.

In addition, JQ1 markedly inhibited H3.3-YFP deposition in all

ISGs (Figure 8C; Supplementary Figure S13C). The inhibition

was essentially complete in the early 6 h and extended to 9 and

12 h. As expected, JQ1 also inhibited ISG mRNA expression in

these cells without affecting Whsc1 and Gtf2b expression

(Figure 8G; Supplementary Figure S13D). Together, these results

indicate that binding of BRD4 to the ISGs is critically required

for the recruitment of WHSC1, which is in turn required for the

subsequent ISG induction and H3.3 incorporation.

The above data highlighted a tight linkage between ISG

elongation and H3.3 deposition. We felt it is important to

study further whether H3.3 deposition was an automatic
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consequence of ISG elongation, or mediated by a mechanism

independent of elongation. To this end, we tested Flavo-

piridol, a CDK9-specific kinase inhibitor that blocks the acti-

vity of P-TEFb and resultant elongation (Chao et al, 2000;

Chen et al, 2012). In the presence of Flavopiridol, IFN-

induced recruitment of CDK9 to ISGs was markedly inhi-

bited (Figure 8D; Supplementary Figure S14A). However,

Flavopiridol did not affect recruitment of WHSC1 and BRD4

(Figure 8E; Supplementary Figures S14B and S15A). Further-

more, recruitment of HIRA was unaffected in the presence

of Flavopiridol, and H3.3-YFP accumulation still took place,

although the accumulation was modestly reduced (Figure 8F;

Supplementary Figures S14C and S15B). As expected,

Flavopiridol caused a marked reduction in ISG mRNA induc-

tion without affecting Whsc1 and Gtf2b transcript levels,

consistent with our previous report (Figure 8H; Supple-

mentary Figure S14D) (Patel et al, 2013). Thus, the block-

ade of P-TEFb-mediated ISG elongation did not result in a

blockade of H3.3 deposition. These results are consistent

with the view that ISG elongation and H3.3 deposition,

while linked by WHSC1, are executed partly through

molecularly different processes. It may be envisaged that in

the presence of Flavopiridol, WHSC1 still travelled across the

ISG by a mechanism independent of P-TEFb (Bartkowiak

et al, 2010; Devaiah et al, 2012). It should be noted that JQ1

and Flavopiridol did not affect expression of the factors tested

in these experiments (Supplementary Figure S16A and B).

WHSC1 is essential for UV-induced transcription

and H3.3 deposition

Finally, to assess whether WHSC1 is generally required for H3.3

incorporation in activated transcription, we investigated another

activation model in which transcription is induced in response

to UV radiation (Cooper and Bowden, 2007). In Figure 9A, WT

and Whsc1� /� cells were irradiated with UV-B and induction

of c-Fos and c-Jun, typical UV activated genes, was tested by

qRT-PCR. As expected, mRNAs for both genes were induced in

WT cells at 30 min and 1 h after UV radiation, followed by a

sharp fall at 6 h. In contrast, neither gene was induced in

Whsc1� /� cells. As shown in Figure 9B, UV treatment triggered

rapid incorporation of H3.3-YFP into both genes in WT cells.

Similarly to the ISGs, UV-induced H3.3 accumulation persisted

up to 48 h, long past c-Fos and c-Jun transcription, and exhibited

a clear TES preference. In contrast, H3.3-YFP deposition was

essentially undetectable in Whsc1� /� cells for both genes. UV

treatment, however, did not change H3.3-YFP levels in Gtf2b.

The protein expression levels of H3.3-YFP were identical be-

tween WT and Whsc1� /� cells (Supplementary Figure S16C).

Thus, the requirement of WHSC1 for induced H3.3 deposition is

not limited to ISGs, rather, it may represent a common feature

among activated transcription.

Discussion

Our study shows that WHSC1 directs H3.3 deposition in IFN-

and UV-activated genes. Remarkably, induced H3.3 deposi-

tion continued for an extended period even after the ending of

transcription, and left a lasting chromatin mark on ISGs and

UV-induced genes. In addition, induced H3.3 deposition

exhibited a characteristic positional preference for the TES.

Our subsequent analysis revealed that WHSC1 drives H3.3

deposition in two phases likely through different molecular

mechanisms, the first, elongation-coupled phase, which then

shifts to the second, post-elongation phase of deposition.
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WHSC1 links ISG elongation and H3.3 deposition

Our conclusion that WHSC1 is required for H3.3 deposition

comes from the following observations: (1) IFN- and

UV-induced H3.3 deposition was abolished in Whsc1� /�

cells, (2) reintroduction of WHSC1 into Whsc1� /� cells

rescued H3.3 deposition in ISGs, (3) blockage of WHSC1

recruitment by the bromodomain inhibitor, JQ1 blocked

H3.3 deposition, and (4) recruitment of H3.3-specific histone

chaperon HIRA was absent in Whsc1� /� cells. In addition

to H3.3 deposition, WHSC1 played an important role in

ISG elongation, as ISG mRNA induction was severely

inhibited in Whsc1� /� cells, but this condition was rescued

by WT WHSC1 and the catalytically inactive WHSC1

mutant. Transcription initiation starts with the assembly

of Pol II and other factors on the TSS (Roeder, 2005).

Although Pol II is preassembled and paused at the promoter

proximal region in some genes (Core and Lis, 2008; Rahl et al,

2010; Nechaev and Adelman, 2011). ISGs did not have paused

Pol II prior to transcription, rather, Pol II was assembled

de novo after IFN stimulation, leading to the recruitment of

BRD4 and P-TEFb (Patel et al, 2013). BRD4 is a bromodomain

protein of the BET family that interacts with P-TEFb

and stimulates transcription of many genes (Jang et al,

2005; Yang et al, 2005; Mochizuki et al, 2008; Hargreaves

et al, 2009). Further supporting the role of WHSC1 in

elongation, WHSC1 interacted with P-TEFb along with

BRD4, and in Whsc1� /� cells, accumulation of the

elongating form of Pol II (Pol II-2P) was inhibited more
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strongly than that of total Pol II. Furthermore, JQ1, an

inhibitor for BRD4 and BET family of bromodomain

proteins, inhibited not only BRD4/P-TEFb recruitment, but

also WHSC1 recruitment, indicating that WHSC1 acts down-

stream of BRD4 and helps to facilitate P-TEFb recruitment

(Figure 9C). It should be noted that inhibition of ISG
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Figure 9 WHSC1 is required for UV-induced transcription and H3.3 incorporation. (A) WT and Whsc1� /� cells expressing H3.3-YFP were
irradiated with UV-B (4 mJ/cm2) and induction of c-Fos and c-Jun mRNAs was detected at indicated times by qRT–PCR. Values represent the
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transcription in Whsc1� /� cells was incomplete, suggesting

that a low level of elongation occurred in some ISGs without

requiring WHSC1.

Corroborating the role in elongation and H3.3 deposition,

WHSC1 was recruited to ISGs upon IFN stimulation, and

interacted with BRD4, P-TEFb, and HIRA. The interaction of

WHSC1 with BRD4-P-TEFb required mainly the HMG domain

and that with HIRA the PHD domain, respectively. Sequential

ChIP analyses showed that the two WHSC1 complexes occu-

pied the ISG chromatin in a spatially and temporally distinct

fashion. While BRD4 and WHSC1 co-occupied the TSS briefly

during transcription, HIRA and WHSC1 co-occupied the

coding regions and the TES of the ISGs for extended periods

beyond transcription. We provide a first line of evidence that

while WHSC1 links elongation and H3.3 deposition, the two

events are directed in part by molecularly separable mechan-

isms. That is, inhibition of P-TEFb-mediated elongation by

Flavopiridol did not inhibit H3.3 deposition as much,

although it drastically reduced P-TEFb recruitment and ISG

mRNA expression. As phosphorylation of Pol II at serine 2 is

mediated by multiple factors, P-TEFb recruitment to ISGs

may not be indispensable for H3.3 deposition (Bartkowiak

et al, 2010; Devaiah et al, 2012).

On the basis of these findings, we envisage that WHSC1 is

initially recruited at the TSS through BRD4, and helps recruit

P-TEFb initiating elongation. WHSC1 then moves across the

ISG coding regions possibly along with the Pol II, recruiting

HIRA on route (model in Figure 9C). A recent study reported

that HIRA interacts with Pol II-2P (Ray-Gallet et al, 2011).

Thus, it is possible that WHSC1 may move along with the

elongating Pol II and launches H3.3 deposition by interacting

with HIRA. In a similar context, Set2 was shown to bind to

Pol II-2P during transcription (Li et al, 2002, 2003). The

results suggest that WHSC1 and HIRA remained on the

ISGs long after ISG transcription, the pattern well correlated

with the sustained, TES-biased H3.3 deposition.

The role of K36me3 in H3.3 deposition

The close concordance between H3K36me3 and H3.3 deposi-

tion pointed to a possible causal link for the two events

(Tamura et al, 2009). Analysis of the H3.3K36R mutant

showed that H3K36 methylation is indispensable for H3.3

incorporation in ISGs. Nonetheless, H3K36me3 accumulated

in ISGs in Whsc1� /� cells. These data lead us to suggest that

H3K36me3 is required, but not sufficient for H3.3 deposition.

Since trimethylation of H3K36 can be catalysed by multiple

Set2-related histone methyltransferases, it is likely that Set2-

related enzymes other than WHSC1 are involved in H3K36

methylation (Edmunds et al, 2008; Wang et al, 2008; Nimura

et al, 2009; Rahman et al, 2011). Indeed, SETD2 was recruited

to ISGs in both WTand Whsc1� /� cells. In yeast, repression of

internal initiation is dependent on the histone deacetylation,

for which Set2-mediated H3K36me3 is required, and this

process is important for the regulation of mRNA synthesis

(Carrozza et al, 2005; Joshi and Struhl, 2005; Keogh et al, 2005;

Li et al, 2007; Du and Briggs, 2010; Venkatesh et al, 2012). As

H3.3 deposition particularly in the gene body correlates with

H3K36 trimethylation, and as WHSC1 reportedly associates

with the histone deacetylase HDAC1, WHSC1 may link histone

deacetylation, regulation of mRNA synthesis, and H3.3

deposition (Nimura et al, 2009; Tamura et al, 2009).

Generality of induced H3.3 deposition

In this study, H3.3 deposition was found in two unrelated

activation models, one with IFN and the other with UV

stimulation. In both cases, H3.3 deposition displayed char-

acteristic long duration and the TES preference, and was

dependent on WHSC1. Thus, the requirement of WHSC1 for

transcription elongation and H3.3 deposition may be a fairly

common feature among many models of rapidly activated

transcription. However, it is noteworthy that WHSC1 was not

required for transcription of housekeeping genes such as

Gtf2b. Occupancies of BRD4, Pol II, and P-TEFb on the

Gtf2b gene were unaffected in Whsc1� /� cells, although

H3.3 deposition was slightly lower in these cells. In light of

the report that the pace of transcription could influence the

degree of nucleosomal destabilization, it may be reasonable

to suggest that WHSC1 is dispensable for slow, constitutive

transcription, but is essential for a rapidly induced trans-

cription (Kulaeva et al, 2010).

It is possible that H3.3 deposition is regulated by multiple

factors, depending on the types of transcription. A recent

report showing that the chromatin remodelling factor CHD2

is required for H3.3 deposition in the myogenic genes that are

transcriptionally activated during C2Cl2 cell differentiation,

but not for housekeeping genes supports this possibility

(Harada et al, 2012).

In conclusion, this work identifies WHSC1 as a factor

essential for inducible H3.3 deposition, a process governed

by two distinct phases, that leads to the formation of a long-

lasting chromatin mark on activated genes. Finally, Wolf–

Hirschhorn syndrome may be associated with defects in H3.3

deposition.

Materials and methods

Cells
WT and Whsc1� /� MEFs were prepared from day 13.5 embryos,
and maintained in Dulbecco’s minimal essential medium (DMEM)
plus 10% fetal bovine serum (Atlantic Biologicals) and antibiotics.
NIH3T3 cells (ATCC) were grown in DMEM containing 10% donor
bovine serum. Cells were treated with mouse recombinant IFNb
(100 units/ml, PBL Interferon Source) or UV (4 mJ/cm2) for indi-
cated times. The bromodomain small molecule inhibitor (þ )-JQ1
or the stereoisomer (� )-JQ1 (10 mM) was added to the culture 1 h
before IFN treatment (Filippakopoulos et al, 2010). Flavopiridol
(100 nM, Sigma-Aldrich) or vehicle (DMSO) was added to the cell
culture simultaneously with IFN.

Constructs and siRNA
Retrovirus vectors expressing H3.1-YFP and H3.3-YFP, and the viral
transduction procedures were described (Tamura et al, 2009).
H3.3K36R-YFP was constructed by site-directed mutagenesis. A
retrovirus vector for BRD4-YFP was constructed by a procedure
similar to that used above for H3-YFP. Retroviral vectors for WHSC1
and WHSC1H1143G were constructed by cloning full-length WHSC1
cDNA from pCAGIP-WHSC1 into pMSCVpuro (Clontech) (Nimura
et al, 2009). WHSC1 and its deletion mutants, DPWWP, DHMG, and
DPHD (lacking amino acid residues 1–285, 449–522, and 666–953,
respectively), were cloned in a CMV-driven expression vector to
generate pFLAG-CMV-WHSC1 (Sigma-Aldrich). The human HIRA
cDNA (Origenes) was subcloned into pEYFP-N1 (Clontech) to
generate a vector expressing HIRA as a fusion protein with YFP at
the C-terminus. WHSC1 siRNA and scrambled control siRNA were
purchased from Santa Cruz Biotechnology. The template of HIRA
shRNA was as follows (50-GATCCCCGATGGTCGGAGGAGAATCATT
CAAGAGATGATTCTCCTCCGACCATCTTTTTA-30 and 50-AGCTTAAA
AAGATGGTCGGAGGAGAATCATCTCTTGAATGATTCTCCTCC GACC
ATCGGG-30), and was ligated into pSUPERretro (OligoEngine) to
generate the shRNA expressing retroviral vector. A retroviral BRD4
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shRNA vector and viral transduction procedures were described
(Jang et al, 2005; Dey et al, 2009).

Antibodies
Rabbit antibodies for BRD4 and WHSC1 were described (Dey et al,
2009; Nimura et al, 2009). Antibodies for the following proteins
were purchased from indicated vendors: antibodies against histone
H3 (ab1791), H3K36me2 (ab9049), and H3K36me3 (ab9050) were
from Abcam; those against CDK9 (sc-484), CYCLIN T1 (sc-10750),
Pol II (N-20, sc-899), phosphorylated STAT1 (sc-417), HIRA
(sc-48774), SETD2 (sc-99451), p150 (sc-10772), and b-actin
(sc-7210) were from Santa Cruz Biotechnology; antibodies for Pol
II-HP (8WG16, MMS-126R), Pol II-2P (H5, MMS-129R), and
Pol II-5P (H14, MMS-134R) were from Covance Research
Products; and anti-GFP antibody (11814460001) was from Roche
Applied Science; and anti-FLAG antibody (2368) was from Cell
Signaling.

Reverse transcription and qPCR
Total RNA was extracted with the TRIzol reagent (Invitrogen), and
cDNA was prepared with Superscript II (Invitrogen). qPCR was
performed using the SYBR Green Master Mix (Applied Biosystems)
in combination with the ABI Prism 7500 sequence detection system
(Applied Biosystems). Transcript levels were normalized by Gapdh
and expressed as relative to those in unstimulated cells. Primer
sequences used for qPCR are available upon request.

ChIP and sequential ChIP assays
ChIP assays were performed as described (Tamura et al, 2009) with a
modification. Briefly, cells were cross-linked with 1% formaldehyde
for 10 min at room temperature, and disrupted by sonication. Indicated
antibodies were incubated with Dynabeads protein G (Invitrogen) for
2 h, followed by incubation with precleared chromatin corresponding
to 4�105 cells overnight at 41C. Immunoprecipitated chromatin was
de-cross-linked, and purified DNA was subjected to qPCR. For
sequential ChIP assays, anti-WHSC1-conjugated beads were first
incubated with chromatin preparations corresponding to 1�107

cells, and chromatin immunocomplex was eluted with 10 mM DTT
by incubating at 371C for 30 min, followed by second ChIP with
antibody for BRD4 or HIRA. Eluted DNA was then purified and
analysed with the standard qPCR procedure.

Immunoprecipitation and immunoblot
WT FLAG-WHSC1 and FLAG-WHSC1 deletions were transiently
transfected into Whsc1� /� MEFs. BRD4-YFP was transduced into
NIH3T3 cells. HIRA-YFP was transiently transfected into WT MEFs.
Whole cell extracts were immunoprecipitated with ANTI-FLAG M2
affinity gel (Sigma-Aldrich) or anti-GFP antibody-conjugated
Dynabeads protein G. Immunoprecipitates were fractionated by
4–20% gradient SDS–PAGE, and analysed by immunoblotting
using indicated antibodies. For detection of WHSC1, HIRA,
SETD2, BRD4, CYCLIN T1, Pol II, Pol II-HP, Pol II-2P, and Pol
II-5P, whole cell extracts from WT and Whsc1� /� MEFs were
immunoblotted with indicated antibodies. For detection of phos-
phorylated STAT1, nuclear extracts from WT and Whsc1� /� MEFs
were immunoblotted with indicated antibodies. Levels of YFP-
tagged H3 and methyl modifications were assessed by immuno-
blotting of acid-extracted total histones using respective antibodies
(Tamura et al, 2009).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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