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1Stem Cell Epigenetics Laboratory, Institute of Basic Medical Sciences, Faculty of Medicine, University of Oslo, 0317 Oslo, Norway;
2Norwegian Center for Stem Cell Research, University of Oslo, 0317 Oslo, Norway

Replication-independent chromatin deposition of histone variant H3.3 is mediated by several chaperones. We report
a multistep targeting of newly synthesized epitope-tagged H3.3 to chromatin via PML bodies. H3.3 is recruited to PML
bodies in a DAXX-dependent manner, a process facilitated by ASF1A. DAXX is required for enrichment of ATRX, but not
ASF1A or HIRA, with PML. Nonetheless, the chaperones colocalize with H3.3 at PML bodies and are found in one or more
complexes with PML. Both DAXX and PML are necessary to prevent accumulation of a soluble, nonincorporated pool of
H3.3. H3.3 targeting to PML is enhanced with an (H3.3–H4)2 tetramerization mutant of H3.3, suggesting H3.3 re-
cruitment to PML as an (H3.3–H4) dimer rather than as a tetramer. Our data support a model of DAXX-mediated
recruitment of (H3.3–H4) dimers to PML bodies, which may function as triage centers for H3.3 deposition into chromatin
by distinct chaperones.

[Supplemental material is available for this article.]

The duplication of eukaryotic chromosomes during S phase re-

quires DNA replication and a doubling in the number of nucleo-

somes. This necessitates a pool of available canonical histones,

whose production is tightly coupled to DNA replication (Marzluff

et al. 2008). Additionally, processes such as DNA repair and tran-

scription require eviction, addition, or replacement of nucleo-

somes also outside S phase and involve histone variants. Histone

variants are paralogs of canonical histones and have been identi-

fied for H1, H2A, H2B, and H3; they are expressed throughout the

cell cycle and are incorporated into chromatin independently of

DNA synthesis (Talbert and Henikoff 2010). Because of their in-

corporation into distinct chromatin domains, the mechanisms of

chromatin deposition of histone variants have in recent years

sparked much research interest, in particular for histone H3 which

together with H4 constitutes the core of the nucleosome.

In addition to the centromeric variant CENPA, histone H3 has

three major isoforms in mammals, namely, H3.1, H3.2 (often re-

ferred to as H3), and H3.3 (Ederveen et al. 2011). H3.2 and H3.1

differ by a single amino acid, and H3.3 differs from H3.2 and H3.1

by four and five amino acids, respectively. H3.1 and H3.2 are

expressed only during S phase, require DNA synthesis for chro-

matin deposition, and associate preferentially with marks of het-

erochromatin (Hake and Allis 2006; Tamura et al. 2009; Delbarre

et al. 2010). H3.3 is expressed throughout the cell cycle and is in-

corporated independently of DNA replication (Ahmad and

Henikoff 2002). H3.3 has been shown to accumulate at promoters

and gene bodies of transcriptionally active and of some inactive

genes (Ahmad and Henikoff 2002; McKittrick et al. 2004; Chow

et al. 2005; Mito et al. 2005; Daury et al. 2006; Jin and Felsenfeld

2006; Jin et al. 2009; Sutcliffe et al. 2009; Tamura et al. 2009;

Delbarre et al. 2010), and recent studies reveal H3.3 deposition also

into telomeric and pericentric regions (Goldberg et al. 2010; Wong

et al. 2009). H3.3 is therefore represented in a variety of chromatin

states and functional sequence elements.

The discovery of several histone-specific chaperones has shed

light on pathways of chromatin deposition of histone variants,

particularly of H3.3. Chromatin assembly factor 1 (CAF1) and

histone regulator A (HIRA) were the first H3 chaperones to be

identified and suggested to account, at least in part, for the distinct

modes of incorporation of H3.1 and H3.3 into chromatin (Tagami

et al. 2004). CAF1 binds preferentially to the (H3.1–H4) dimer in

cells and enables DNA replication-coupled histone deposition

(Smith and Stillman 1989; Tagami et al. 2004). HIRA binds spe-

cifically to the (H3.3–H4) dimer and mediates replication-in-

dependent incorporation (Ray-Gallet et al. 2002, 2011; Tagami

et al. 2004). HIRA belongs to a larger complex composed of at least

two other proteins, calcineurin-binding protein 1 (CABIN1) and

ubinuclein 1 (UBN1), that are both also involved in H3.3 de-

position into chromatin during transcription (Tagami et al. 2004;

Balaji et al. 2009; Banumathy et al. 2009; Rai et al. 2011). CAF1 and

the HIRA/UBN1/CABIN1 complex can both associate with anti-

silencing function 1 A (ASF1A), a chaperone able to bind (H3.1–H4)

and (H3.3–H4) dimers (Tyler et al. 2001; Mello et al. 2002; Tagami

et al. 2004; Zhang et al. 2005; Tang et al. 2006).

More recently, two other interacting histone chaperones,

death associated protein (DAXX) and alpha-thalassemia/mental

retardation X-linked syndrome protein (ATRX), have been shown

to be specific for H3.3 (Drane et al. 2010; Goldberg et al. 2010;

Lewis et al. 2010; Wong et al. 2010). Mutations in ATRX and DAXX

have been found to be associated with driver H3.3 mutations in

pediatric glioblastoma multiform, implicating the H3.3–DAXX–

ATRX axis in cancer (Schwartzentruber et al. 2012; Wu et al. 2012).

DAXX and ATRX belong to a complex distinct from that formed by

HIRA, UBN1, CABIN1, and ASF1A (Drane et al. 2010; Lewis et al.

2010). Moreover, recent structural data from Elsässer and col-

leagues show that DAXX envelops the (H3.3–H4) dimer in a man-

ner excluding interaction with ASF1 or DNA (Elsasser et al. 2012).

DAXX and ATRX deposit (H3.3–H4) into telomeric and pericentric

chromatin (Drane et al. 2010; Goldberg et al. 2010; Lewis et al.

2010; Wong et al. 2010), and both are required for chromatin as-

sembly and transcriptional repression of transgene arrays (Newhart

et al. 2012). In mouse embryonic cortical neurons, DAXX is in-

volved in H3.3 deposition into regulatory elements of several
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genes activated upon neuronal induction (Michod et al. 2012).

Despite recent studies highlighting the role of the ATRX–DNMT3–

DNMT3L (ADD) domain of ATRX in H3.3 deposition into het-

erochromatin (Eustermann et al. 2011; Iwase et al. 2011), the

mechanism of H3.3 deposition mediated by DAXX or ATRX re-

mains elusive. Moreover, the existence of at least two molecular

complexes targeting H3.3 to different chromatin domains,

namely, ASF1A/HIRA/UBN1/CABIN1 and DAXX/ATRX, implies

spatial and/or temporal regulation of H3.3 distribution between

these complexes. How the pool of newly synthesized and soluble

H3.3 is segregated between the chaperone complexes remains

undetermined.

Thus far, one study has focused on the deposition of newly

synthesized H3.3 into chromatin (Ray-Gallet et al. 2011). This

work shows that in HeLa cells, HIRA is the main chaperone in-

volved in the deposition of newly synthesized H3.3 throughout

the cell cycle. Down-regulation of HIRA, but not DAXX or ATRX,

results in reduced incorporation of an epitope-tagged H3.3, eval-

uated by measuring the soluble pool of neo-synthesized H3.3. In-

corporation of newly synthesized H3.3 can nevertheless occur in

other insoluble structures such as promyelocytic leukemia (PML)/

Nuclear Domain 10 (ND10) bodies (Drane et al. 2010). These ob-

servations suggest a model in which neo-synthesized H3.3 transits

through specific intranuclear loci prior to deposition into chro-

matin; this model, however, has not been tested.

In this study, we use quantitative fluorescence imaging in slow-

cycling human primary cells to determine mechanisms addressing

newly synthesized epitope-tagged H3.3 to chromatin outside S

phase. We demonstrate an H3.3-specific, multistep path of chro-

matin deposition involving a DAXX-dependent recruitment of

soluble (H3.3–H4) dimers to PML bodies, a process facilitated by

ASF1A. Together with the enrichment of a fraction of HIRA, ASF1A,

DAXX, and ATRX at PML bodies, our results suggest a model of PML

bodies as triage centers for soluble H3.3, where it may pair up with

distinct chaperones before deposition into chromatin.

Results

Epitope-tagged H3.3 incorporates into chromatin
in a multistep manner

The study of H3.3 deposition into chromatin has previously relied

on cell lines stably expressing epitope-tagged H3.3. In these cells,

exogenous H3.3 is incorporated outside S phase, as well as during

S phase together with the replicative variants H3.1 and H3.2. Here,

we focus on H3.3 deposition outside S phase, in experiments that

minimally perturb the cell cycle. We took advantage of a human

primary mesenchymal stem cell type with a long doubling time

(;70 h) (Boquest et al. 2005), which we have recently shown in-

corporates EGFP-tagged H3.3 into chromatin (Delbarre et al. 2010).

More than 90% of these cells are in G1 phase in nonsynchronized

cultures (Gaustad et al. 2004), providing a robust opportunity to

investigate the pathway of H3.3 deposition into chromatin outside

S phase.

Transient transfection of H3.3 tagged with mCherry (H3.3-mC)

results in three distinct H3.3 distribution patterns after 24 h (Fig. 1A).

Figure 1. Sequential targeting of epitope-tagged H3.3 to chromatin. (A) Intranuclear localization of H3.3-mC 24 h after transient transfection. (B)
Intranuclear localization of H3.3-mC and H3.2-EGFP after cotransfection as in A. (C ) Percentage of cells shown in A displaying indicated H3.3-mC
distribution patterns over time after transfection (mean 6 SD of three experiments, with more than 120 cells analyzed per experiments). (D) Time-lapse
imaging of H3.3-mC starting 24 h after transfection (see Supplemental Movie 1). Scale bars, 10 mm.
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These include (1) a ‘‘type 1’’ pattern colocalizing with DNA, which

we have previously shown by salt and DNase I extraction corre-

sponds to exogenous H3.3 incorporated into chromatin (Delbarre

et al. 2010); (2) distinct intranuclear foci, or nuclear bodies (NBs;

‘‘type 2’’), excluded from heterochromatin regions and resistant to

in situ extraction with 0.1% Triton X-100 and 1 M NaCl (Supple-

mental Fig. 1A); and (3) enrichment in nucleoli (‘‘type 3’’). The

same distribution patterns are observed with EGFP-tagged H3.3

expressed alone or together with H3.3-mC (Supplemental Fig. 1B),

and these are independent of expression level (Supplemental Fig.

1C). In contrast to H3.3, canonical core histone H2B-EGFP deco-

rates chromatin irrespective of H3.3-mC distribution (Supple-

mental Fig. 1D), suggesting a distinct chromatin deposition path-

way. H3.1 or H3.2 tagged with EGFP or mC displays nucleolar,

nucleoplasmic, and chromatin enrichment; however, intranuclear

foci are not observed (Fig. 1B; Supplemental Fig. 1E). Thus, among

histones examined so far, the detection of type 2 NBs appears to be

specific for H3.3.

Quantification of the proportion of each H3.3-mC pattern

over time after transfection reveals a sequential dominance of

enrichment in nucleoli and NBs (type 3/type 2), NBs (type 2), and

chromatin (type 1) (Fig. 1C). To demonstrate sequential enrichment

of H3.3-mC in these structures, we carried out time-lapse video

microscopy of H3.3-mC, and reveal redistribution from nucleoli to

NBs and chromatin (Fig. 1D; Supplemental Movie 1). We conclude

that epitope-tagged H3.3 follows a stepwise enrichment in nucleoli,

discrete NBs, and chromatin.

H3.3 colocalizes with the H3.3 chaperones DAXX, ATRX,
HIRA, and ASF1A at PML bodies

Assembly of (H3–H4) dimers into nucleosomes is mediated by

chaperones, among which HIRA, ATRX, and DAXX are specific for

H3.3, while ASF1A has been proposed to function differentially in

replication-dependent and independent assembly of H3 variants

into chromatin (Tagami et al. 2004; Groth et al. 2005; Galvani et al.

2008). Remarkably, we find that H3.3-mC NBs colocalize with each

of these chaperones (Fig. 2A; Supplemental Fig. 2A). Moreover,

H3.3-mC NBs overlap with PML bodies (Fig. 2A; Supplemental Fig.

2A), which we show is consistent with the colocalization of DAXX

and ATRX with PML in cells not overexpressing H3.3 (Supplemental

Fig. 2B; see also Xue et al. 2003; Tang et al. 2004). Importantly,

subpopulations of cells show colocalization of PML with HIRA

(27% 6 1%) (Fig. 2B,C) and with ASF1A (5% 6 2%) (Fig. 2B,C)

Figure 2. Epitope-tagged H3.3 and H3.3 chaperones are co-enriched at PML bodies. (A) Immunolocalization of DAXX, ATRX, HIRA, ASF1A, and PML in
NBs, together with H3.3-mC (24 h after H3.3-mC transfection; deconvoluted images). In merged images, red is for H3.3-mCherry and green is for
immunostainings. White lines in merged images delineate the zone of fluorescence signals quantified in Supplemental Figure 2A. (B) Immunolocalization
of PML, HIRA, ASF1A, and DAXX at NBs in nontransfected cells. Scale bars, 15 mm. (C ) Percentage of cells with NBs of ASF1A, HIRA, DAXX, and ATRX
colocalizing with PML (mean 6 SD of three countings in independent cell populations, with more than 300 cells per counting). (D) Coimmunoprecip-
itation of ATRX, DAXX, and endogenous H3.3 with PML, using anti-PML antibodies. (E) Coimmunoprecipitation of HIRA and H3.3-EGFP (detected with
anti-GFP antibodies) with PML, using anti-PML antibodies, from cells overexpressing H3.3-EGFP (24 h after transfection).
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in the absence of exogenous H3.3, and PML bodies colocalizing

with ASF1A also overlap with HIRA (Supplemental Fig. 2C). Of

note, the lack of b-galactosidase reactivity and the proliferative

state of the cells used in our study indicate that colocalization of

ASF1A or HIRA with PML is not a result of senescence as suggested

previously (Zhang et al. 2005; Rai et al. 2011). Therefore, enrich-

ment of ATRX, DAXX, HIRA, and ASF1A in NBs and their colocal-

ization with PML do not result from H3.3 overexpression. In-

terestingly, HIRA and DAXX NBs colocalize (Fig. 2B) despite the

reported partitioning of these chaperones into biochemically dis-

tinct complexes (Drane et al. 2010; Goldberg et al. 2010).

Double immunolabeling indicates that H3.3-mC does not

overlap with the pericentric chromatin marker CENPA, another

H3 variant, or the telomeric protein TRF2 (Supplemental Fig. 2D).

This is consistent with the lack of PML detection in pericentric and

telomeric chromatin in the somatic cells examined here (Supple-

mental Fig. 2E), unlike in embryonic stem cells (Wong et al. 2009),

and suggests differences in nucleosome turnover rate in these re-

peat regions in pluripotent versus nonpluripotent cells. We con-

clude that shortly after induction of expression, epitope-tagged

H3.3 is enriched together with DAXX, ATRX, HIRA, and ASF1A at

PML bodies, but not at centromeres or telomeres. These results

suggest therefore an accumulation of H3.3 at PML bodies prior to

deposition into chromatin.

Colocalization of epitope-tagged H3.3 and H3.3 chaperones

with PML raises the possibility that these proteins interact in the

PML compartment. To test this possibility, we immunoprecipi-

tated PML using anti-PML antibodies. Our data show that DAXX

and ATRX coprecipitate with PML (Fig. 2D). DAXX also coprecip-

itates with a transiently expressed EGFP-PML (isoform V) construct

(Supplemental Fig. 2F), consistent with a recent study showing

that the C terminus of this isoform recruits DAXX into NBs in

MEFs (Geng et al. 2012). Furthermore, both endogenous H3.3 (Fig.

2D; from nontransfected cells) as well as H3.3-EGFP (Fig. 2E) are

detected in these immune precipitates. HIRA and ASF1A do not

distinctively coprecipitate with PML using PML antibodies in

nontransfected cells (data not shown), consistent with the fact

that these proteins colocalize with PML bodies only in a sub-

population of cells (see above). However, HIRA coprecipitates to-

gether with PML and H3.3-EGFP in H3.3-EGFP-expressing cells

(Fig. 2E), suggesting that accumulation of H3.3-EGFP to PML

bodies stimulates its association with HIRA in these structures.

These results indicate that H3.3, together with at least DAXX,

ATRX, and HIRA, are in one or several interacting complexes at

PML bodies. This is consistent with a view of H3.3 being able to

partner with these different chaperones in PML bodies.

H3.3 recruitment to PML bodies is facilitated by histone H4

Histone H4 is the main partner of all H3 isoforms in the nucleo-

some, and (H3–H4) dimerization is required for H3.3 and H4 de-

position into chromatin. Thus, H4 synthesis during S phase would

be expected to facilitate the formation of (H3.3–H4) dimers and

tetramers, and their deposition into chromatin. We examined the

effect of H4 coexpression on the distribution of epitope-tagged

H3.3, H3.2, and H3.1. Expression of mC-H4 or EGFP-H4 alone

results in a similar distribution pattern as epitope-tagged H3.3, yet

with a faster incorporation time course (Fig. 1A,C; Supplemental

Fig. 3A,B), and mC-H4 NBs also colocalize with PML bodies (Sup-

plemental Fig. 3C). This strongly suggests that exogenous H4 as-

sociates with endogenous H3.3. Moreover, coexpression of H4

with any of the three H3 variants abolishes nucleolar enrichment

detected for exogenous H3 or H4 when these are expressed alone

(Fig. 3A; Supplemental Fig. 3D,E), suggesting that this accumula-

tion is caused by altered stoichiometry between H3 and H4 avail-

able to form dimers or tetramers. Coexpression of H4 and H3.3 also

leads to complete overlap of both proteins in type 2 NBs (Fig. 3A).

Cells coexpressing H4 and H3.1 or H3.2 also display H4 NBs;

however, these do not overlap with these H3 variants (Supple-

mental Fig. 3D,E). In addition, coexpression of H4 and H3.3 ac-

celerates the deposition of H3.3-mC into chromatin (Fig. 3B; cf.

Fig. 1C), where both proteins also overlap (Fig. 3A). These results

argue that exogenous H3.3 requires association with H4 to exit the

nucleolar compartment, and that H3.3 and H4 are driven together

to PML bodies. However, one cannot thus far exclude that associ-

ation of H3.3 and H4 occurs at PML bodies.

To evaluate a role of H4 in directing H3.3 to PML bodies, we

assessed the mobility of H3.3-EGFP at NBs with or without ex-

pression of exogenous H4, by fluorescence recovery after photo-

bleaching (FRAP) of H3.3-EGFP. We photobleached H3.3-EGFP in

chromatin (Supplemental Fig. 3F, upper panels), and reveal <20%

EGFP fluorescence recovery in the bleached area within 30 min

(Fig. 3C, red line), indicating that this H3.3-EGFP pool is stably

incorporated into chromatin. A similar result was obtained with

H2B-EGFP (Fig. 3C, yellow line), as expected for a canonical core

Figure 3. Expression of histone H4 accelerates the targeting of H3.3 to
nuclear bodies and chromatin. (A) Colocalization of H3.3-mC and EGFP-
H4 in NBs (type 2) and in chromatin (type 1). Scale bars, 10 mm. (B) Time
course of detection of type 1, 2, and 3 H3.3-mC patterns after cotrans-
fection with EGFP-H4 (mean 6 SD of three experiments with more than
120 cells analyzed per experiment). (C ) FRAP analysis of H3.3-EGFP
(H3.3-E) in NBs or after incorporation into chromatin. The fluorescence
recovery of chromatin-incorporated canonical core histone H2B-EGFP is
shown as control (mean 6 SD of seven to eight cells). (D) FRAP analysis of
H3.3-EGFP in NBs or incorporated into chromatin in cells coexpressing
mC-H4, and in cells expressing EGFP-H4 alone in NBs (mean 6 SD of eight
to 10 cells).
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histone (Kimura 2005). Next, we bleached H3.3-EGFP at NBs

(Supplemental Fig. 3F, middle panels); this resulted in a marked

recovery (>60% within 30 min) of EGFP fluorescence at these sites

(Fig. 3C, green line). Therefore, H3.3-EGFP is significantly more

mobile at NBs, revealing a predominant exchanging pool of H3.3

at these sites. To determine whether H3.3-EGFP NBs bleached in

these experiments correspond to PML bodies, we coexpressed

mCherry-tagged PML and H3.3-EGFP, and photobleached H3.3-

EGFP at foci illuminated by mCherry. H3.3-EGFP fluorescence re-

covery in these cells is similar to that of H3.3-EGFP NBs in cells not

overexpressing mC-PML (see below). Thus, recovery of H3.3-EGFP

fluorescence measured at NBs occurs at PML bodies. In addition,

photobleached EGFP-H4 decorating NBs shows similar fluores-

cence recovery to H3.3-EGFP at these sites (Fig. 3D, blue line),

consistent with a similar recruitment pattern of H3.3 and H4

to NBs.

Lastly, to determine whether H4 affects H3.3 dynamics at

NBs, we coexpressed mC-H4 and H3.3-EGFP and show that mC-H4

expression accelerates recovery of bleached H3.3-EGFP at NBs (cf.

Fig. 3D, purple line, with Fig. 3C, green line; Supplemental Fig. 3F).

Within 1 min after photobleaching, expression of mC-H4 elicits

54.8% 6 13.3% fluorescence recovery compared with 21.0% 6

7.9% when H3.3-EGFP is expressed alone (P = 0.0002) (Fig. 3C,D).

Importantly, mC-H4 expression does not affect fluorescence re-

covery of H3.3-EGFP in the chromatin compartment (Fig. 3D,

black line; cf. Fig. 3C, red line), demonstrating incorporation of

H3.3 and H4 into chromatin.

Collectively, these results indicate that H4 overexpression

elicits faster recruitment of H3.3-EGFP to NBs and infer that H4

availability influences H3.3 mobility at these sites. This is consis-

tent with the view that H3.3 and H4 associate prior to targeting to

PML bodies, and that exit of H3.3 from PML bodies also requires

association with H4.

DAXX but not ATRX recruits H3.3 to PML bodies

The colocalization of DAXX and ATRX with H3.3 and PML bodies

(this study), the known interaction between these two chaperones

and H3.3 (Drane et al. 2010; Goldberg et al. 2010; Lewis et al. 2010;

Wong et al. 2010), and the coimmunoprecipitation of DAXX,

ATRX, and H3.3 with PML (this study), raise the possibility that

either chaperone may promote H3.3 recruitment to PML bodies.

To address this issue, we depleted DAXX and ATRX using siRNAs

(Supplemental Fig. 4A) and show by immunoblotting that DAXX

depletion does not affect the level of ATRX, and vice versa (Fig. 4A).

However, using two different siRNAs, we show that DAXX de-

pletion causes a redistribution of ATRX in the nucleus, with the

disappearance of discrete ATRX NBs (Fig. 4B,C; Supplemental Fig.

4B; see also Ishov et al. 2004). In contrast, ATRX depletion main-

tains DAXX at PML bodies (Fig. 4B; Supplemental Fig. 4B).

Therefore, localization of ATRX at PML bodies depends on DAXX,

but DAXX localizes with PML independently of its association

with ATRX. Neither ATRX nor DAXX knockdown prevents the

formation of PML bodies (Fig. 4B; Supplemental Fig. 4B) or their

association with HIRA or ASF1A NBs (Supplemental Fig. 4C–F).

Thus, formation of PML bodies and association of ASF1A and HIRA

with PML are independent of the DAXX/ATRX complex.

To assess the role of DAXX and ATRX in recruiting H3.3 to

PML bodies, we independently depleted DAXX and ATRX by

siRNA in cells expressing H3.3-mC. To this end, we first down-

regulated DAXX or ATRX with siRNAs to near depletion, and after

4 d, expressed H3.3-mC simultaneously to a second round of

siRNA transfection to maintain the depletion of DAXX or ATRX.

DAXX depletion results in redistribution of H3.3-mC 24 h after

H3.3-mC transfection, with much less prominent NBs, poorly

colocalizing with PML (Fig. 5A,B). Conversely, overexpression of

DAXX-mC together with H3.3-EGFP leads to a robust overlap of

the two proteins at PML bodies (Fig. 5C). In contrast, ATRX de-

pletion maintains the localization of H3.3-mC at PML bodies (Fig.

5D). Altogether, these results argue that DAXX, but not ATRX,

plays a role in recruiting H3.3 to PML bodies.

We next determined by FRAP whether DAXX and ATRX

depletion would alter the mobility of H3.3. We show that, using

two different siRNAs, DAXX silencing strongly reduces targeting

of H3.3-EGFP to the photobleached remaining foci (Fig. 5E, blue,

purple, and green lines). This is also observed in cells coexpress-

ing H3.3-EGFP and mC-PML (Supplemental Fig. 5). Conversely,

overexpression of DAXX dramatically enhances recruitment of

H3.3-EGFP to NBs, with foci already visible within the first 20 sec

Figure 4. DAXX down-regulation delocalizes ATRX from PML bodies.
(A) Western blot analysis of siRNA-mediated ATRX and DAXX down-
regulation. Lamin B1 is shown as loading control. (Ctrl) Control sham
depletion with H2O; (NT) nontransfected cells. (B) Immunolocalization of
ATRX, PML, and DAXX in sham-depleted (top), DAXX-depleted (middle),
and ATRX-depleted (bottom) cells. (C ) Distribution of ATRX in a sham
(control)– and DAXX-depleted cell (shown in inset, corresponding to
ATRX pictures in panel A). ATRX-associated fluorescence intensity of each
pixel delimited by the yellow line in insets is plotted in a three-dimensional
graph. The similarity of the mean gray values in both cell types shows that
relocalization of ATRX in DAXX-depleted cells is not due to a lower amount
of fluorescence signal. Scale bars, 15 mm.

Delbarre et al .

444 Genome Research
www.genome.org



after photobleaching (Fig. 5E, red line). In contrast to DAXX si-

lencing, ATRX silencing does not affect H3.3-EGFP recovery at NBs

after photobleaching (Fig. 5F, green, black, and yellow lines), even

after overexpression of DAXX (Fig. 5F, blue line; cf. Fig. 5E, red

line). This confirms that ATRX does not play a significant role in

recruiting H3.3 to PML bodies. Collectively, these results show that

DAXX is involved in the recruitment of H3.3 to PML bodies.

DAXX prevents accumulation of soluble H3.3
in the nucleoplasm

Since DAXX recruits a soluble pool of H3.3–H4 to PML bodies, we

next determined whether the amount of unincorporated epitope-

tagged H3.3 several days after transfection was affected by the

absence of DAXX. After 4 d of H3.3 expression, when H3.3 is

expected to be incorporated into chromatin (see Fig. 1C), a large

majority of siRNA DAXX-treated cells display a distribution pat-

tern similar to incorporated H3.3-EGFP, comparable to control cells

(see Fig. 1A,C). However, FRAP analysis shows that DAXX de-

pletion induces greater recovery of H3.3-EGFP (29.8% 6 7.9%)

than sham-depleted cells (10.5% 6 6.3%, P = 0.008) within the first

5 min after photobleaching (Fig. 6A), corresponding to a larger

pool of highly mobile nucleoplasmic H3.3-EGFP. To confirm the

soluble nature of this pool, we extracted these DAXX-depleted cells

with 1% Triton X-100 to separate soluble (cytosolic and nucleo-

plasmic) and insoluble fractions. As expected, most H3.3-EGFP was

insoluble in control and DAXX-depleted cells; however, a signifi-

cant pool of H3.3-EGFP was also identified in the soluble fraction

only after DAXX depletion (Fig. 6B). Thus, the absence of DAXX

promotes the retention of a soluble pool of H3.3 that is not in-

corporated into chromatin. These results suggest that DAXX pre-

vents the accumulation of soluble H3.3 by promoting its targeting

to insoluble compartments such as PML bodies or chromatin.

PML bodies are sites of recruitment of H3.3 not incorporated
to chromatin

We have earlier shown that in addition to H3.3, DAXX, ATRX, and

HIRA are in one or more complexes at PML bodies. To demonstrate

a role of PML in the congregation of H3.3 and chaperones at these

sites, we knocked down PML by siRNA and assessed by imaging the

localization of H3.3-EGFP and the chaperones. Depletion of PML

results in the redistribution of H3.3, DAXX, ATRX, HIRA, and

ASF1A (Fig. 6C; Supplemental Fig. 6A–D). We nonetheless note rare

DAXX foci, despite the disappearance of PML, which coincide with

ATRX, but not HIRA or ASF1A. To independently demonstrate

a role of PML bodies in locally concentrating H3.3 and chaperones,

PML bodies were disrupted with 2 mM AS2O3. This resulted in the

Figure 5. Down-regulation of DAXX, but not ATRX, abolishes recruitment of H3.3 to PML bodies. (A) Immunolocalization of DAXX and PML in cells
expressing H3.3-mC, after sham (control) or siRNA-mediated DAXX knockdown. (B) Distribution of H3.3-mC fluorescence in a sham (control)– and DAXX-
depleted cell (shown in inset, corresponding to H3.3-mCherry pictures in A). (C ) Colocalization of coexpressed H3-3-EGFP and mC-DAXX with immuno-
labeled PML. (D) Immunolocalization of ATRX and PML in cells expressing H3.3-mC, after sham (control) or siRNA-mediated ATRX knockdown. (E) FRAP
analysis of H3.3-EGFP in cells expressing mC-DAXX, in cells depleted of DAXX using two different siRNAs, and in sham-depleted cells (H2O) (mean 6 SD of
10–14 cells). (F) FRAP analysis of H3.3-EGFP in ATRX-depleted (using two different siRNAs) and sham (H2O)–depleted cells, and in cells expressing mC-DAXX
and depleted of ATRX (mean 6 SD of seven cells). Scale bars, 10 mm.
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disappearance of PML bodies, interpreted as their dismantlement,

with nevertheless occasional remaining large PML protein aggre-

gates (Supplemental Fig. 6E–H). Whereas in the remaining struc-

tures DAXX, HIRA, ASF1A, and H3.3-mCherry could be detected,

disruption of PML bodies results in the dispersion of the chaperones

and H3.3 (Supplemental Fig. 6E–H). We conclude that PML bodies

constitute sites of anchoring of H3.3 that is not incorporated into

chromatin, together with DAXX, ATRX, HIRA, and ASF1.

If PML bodies are important for DAXX-mediated incor-

poration of H3.3 into insoluble structures, depletion of PML would

also be expected to increase the pool of soluble H3.3. To address

this, PML was down-regulated by siRNA in cells expressing H3.3-

EGFP and after 4 d of H3.3-EGP expression, cells were extracted

with 1% Triton X-100 as above to separate soluble and insoluble

fractions. The data show that PML depletion also leads to a soluble

pool at H3.3-EGFP that is not detectable in control cells (Fig. 6D).

Thus, as DAXX, PML bodies play a role in the prevention of ac-

cumulation of a soluble reservoir of H3.3.

The results from these and the previous experiments support

a role of DAXX and PML in targeting H3.3 to insoluble NBs or

chromatin. They are consistent with a model of PML bodies as

a meeting point for H3.3 together with DAXX, ATRX, HIRA, and

ASF1A before deposition into chromatin.

DAXX preferentially targets H3.3–H4 to PML bodies as dimers
rather than tetramers

Targeting of H3.3 to PML bodies from a soluble pool together with

H4 (see Fig. 3A) raises the question of whether this recruitment

occurs in the form of (H3–H4) dimers or (H3–H4)2 tetramers. To

distinguish between these alternatives, we generated an H3.3

mutant in which His113 substitution with Ala (H3.3[H113A]) al-

lows, in silico, H3–H4 dimerization but prevents the formation of

stable (H3–H4)2 tetramers by disrupting the H3–H39 hydrogen

bond (Ramachandran et al. 2011). H3.3(H113A)-mC colocalizes

at foci with PML 24 h after transfection (Fig. 7A). FRAP analysis of

these H3.3(H113A)-EGFP foci reveals faster and greater recovery of

H3.3(H113A) than H3.3 (Fig. 7B, red and green lines), and recovery

at these foci is abolished in DAXX-depleted cells (Fig. 7B, yellow

and blue lines). Of note, we observe within the first 20 sec after

photobleaching a significant recovery of fluorescence (36.8% 6

10%) (Fig. 7B, yellow line), which we show occurs at the level of the

nucleoplasmic soluble pool of H3.3(H133A)-EGFP surrounding

foci in the bleached area (Supplemental Fig. 7A, lower panel).

However, fluorescence recovery specifically at the foci is inhibited

(Supplemental Fig. 7A, lower panel). These results indicate that

DAXX can recruit both H3.3 and H3.3(H113A) to PML bodies, and

suggest that (H3.3–H4) is recruited to PML by DAXX preferentially

as a dimer rather than as a tetramer.

ASF1A has been shown to bind free (H3–H4) dimers and

proposed to disrupt (H3–H4)2 tetramers (English et al. 2006; Groth

et al. 2007; Natsume et al. 2007; Elsasser et al. 2012). Thus, if our

hypothesis of recruitment of (H3.3–H4) to PML as dimers is correct,

overexpression of ASF1A should facilitate H3.3 recruitment to PML

as a result of a shift in the stoichiometry of (H3–H4) dimers and

(H3–H4)2 tetramers toward the formation of dimers. To test this

possibility, we coexpressed ASF1A-mC and H3.3-EGFP and assessed

H3.3-EGFP recovery at NBs after photobleaching. We observe by

FRAP faster fluorescence recovery of H3.3-EGFP at NBs than in

control cells (cf. Fig. 7C, black line; Fig. 7B, green line), and this

recovery is mediated by DAXX (Fig. 7C, yellow and pink lines).

Again, we detect a highly mobile fraction of H3.3-EGFP in DAXX-

depleted cells in the presence of ASF1A-mC corresponding to

a soluble pool of H3.3 surrounding the NBs (43.2% 6 10.6% re-

covery within 20 sec of photobleaching) (Fig. 7C, pink line). These

results indicate that ASF1A facilitates DAXX-mediated recruitment

of H3.3 to PML but is not directly involved in H3.3 targeting to

these sites. To confirm this, we down-regulated ASF1 by siRNA

(Supplemental Fig. 7B) in cells overexpressing DAXX, and show by

FRAP a fluorescence recovery of H3.3-EGFP at NBs with a kinetics

similar to those observed in ASF1A-containing control cells (Sup-

plemental Fig. 7C). Collectively, these results show that re-

cruitment of H3.3 by DAXX to PML bodies preferentially occurs in

the form of (H3.3–H4) dimers. This recruitment is facilitated by

ASF1A, which increases the availability of (H3–H4) dimers in the

nucleoplasm.

Discussion
We report here the recruitment of newly synthesized epitope-tag-

ged H3.3 to PML bodies prior to deposition into chromatin. Our

results provide several new insights into the chromatin deposition

Figure 6. DAXX down-regulation generates a soluble pool of H3.3.
(A) FRAP analysis of H3.3-EGFP incorporated into chromatin in DAXX- and
sham (H2O)–depleted cells 96 h after transfection (mean 6 SD of five
cells). (B) Western blot analysis of H3.3-EGFP distribution in DAXX- and
sham (control)–depleted cells. Cell lysates (Inp, input) were fractionated
into 1% Triton X-100 soluble (sol) and insoluble (Ins) fractions. H3.3-EGFP
is detected with anti-GFP antibodies. H3 is shown as a chromatin marker.
ASF1A is shown as a marker of the soluble fraction. (C ) Redistribution of
H3.3-EGFP after siRNA-mediated knockdown of PML. (D) Western blot
analysis of H3.3-EGFP distribution in Triton X-100 soluble and insoluble
fractions, from PML- and sham (control)–depleted cells. Cell lysates were
fractionated as in B.
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pathway of H3.3 into chromatin. We show a dynamic process

involving a nucleolus–PML body–chromatin axis for at least

a fraction of H3.3. We demonstrate a specific role of DAXX, in-

dependently of ATRX, in the recruitment of H3.3 to PML bodies,

in a process that can be facilitated by ASF1A. This recruitment oc-

curs as (H3.3–H4) dimers rather than as tetramers. Moreover, and

most importantly, we provide evidence for a hitherto unknown

function of PML bodies in the targeting of H3.3 to chromatin:

(1) identification of four chaperones specific for H3.3, namely,

DAXX, ATRX, HIRA, and ASF1A, together with H3.3 in PML bod-

ies; (2) biochemical interactions of PML with H3.3 and H3.3

chaperones; and (3) accumulation of a soluble pool of H3.3 after

depletion of PML (or DAXX) altogether suggest a model of triage of

newly synthesized H3.3 to multiple chaperones in PML bodies

before deposition into chromatin.

We have in this study taken advantage of a transient trans-

fection strategy to induce expression of epitope-tagged H3.3, in

a primary human cell type with a long G1 phase (91% of the cells

used here are in G1 in an unsynchronized population) (Gaustad

et al. 2004). This enables identification of epitope-tagged H3.3

localization intermediates before deposition into chromatin, in

the absence of potentially perturbing chemical synchronization.

We show that epitope-tagged H3.1, H3.2, H3.3, or H4, when

expressed alone, first accumulate in nucleoli; this may be a result of

transient overexpression of these proteins. However, because H4

coexpression with any of these H3 isoforms abolishes this phe-

notype, nucleolar accumulation is likely due to altered stoichi-

ometry between H3 and H4 dimerization partners. Nucleolar tar-

geting of H3.3 may nevertheless not preclude a physiological role

of H3.3 in nucleoli after chromatin incorporation has taken place.

A fraction of H3.3 is retained at foci in nucleoli even after bulk H3.3

is incorporated into chromatin (E Delbarre and P Collas, unpubl.).

This H3.3 fraction may be associated with ribosomal DNA, as

shown in Drosophila cells (Ahmad and Henikoff 2002) and in

Arabidopsis (Shi et al. 2011). Detection of ATRX at pericentric

heterochromatin of human acrocentric chromosomes (McDowell

et al. 1999; Gibbons et al. 2000), which in interphase is concen-

trated in nucleoli, is consistent with a role of H3.3 with ribosomal

gene expression.

It should be mentioned that transient expression of nuclear

proteins may induce their detection at sites that otherwise might

not be readily visible with their endogenous counterparts. This

may potentially be due to (1) inaccessibility of antigens to anti-

bodies in dense nuclear structures such as PML bodies; (2) epi-

tope masking, such as for H3.3, coverage with DAXX (Elsasser

et al. 2012) or ATRX (Eustermann et al. 2011; Iwase et al. 2011); or

(3) accumulation of only a minor pool of endogenous H3.3 in

these structures under normal conditions. We nonetheless ob-

serve a transition of epitope-tagged H3.3 from nucleoli to NBs

and to chromatin, not seen for H3.1 or H3.2. This argues for

a pathway-specific H3.3 rather than a mere result of protein

overexpression.

DAXX targets (H3.3–H4) dimers to PML bodies

Our demonstration of DAXX-dependent recruitment of exoge-

nous H3.3 to PML bodies is consistent with previous work showing

that DAXX overexpression induces accumulation of H3.3-EGFP at

PML in Daxx�/� ES cells (Drane et al. 2010). DAXX and ATRX are

part of a same complex that associates with H3.3 (Drane et al. 2010;

Goldberg et al. 2010; Lewis et al. 2010). Since ATRX itself binds

H3.3 (Eustermann et al. 2011; Iwase et al. 2011), detection of H3.3

at PML in mouse embryonic stem cells (Drane et al. 2010) could be

due to ATRX recruitment to PML by DAXX (Tang et al. 2004). We

now demonstrate that DAXX mediates H3.3 recruitment to PML

bodies independently of ATRX.

Our findings of faster PML targeting of a mutant of H3.3

(H3.3[H113A]) that has computationally been found to abolish the

formation of (H3.3–H4)2 tetramers (Ramachandran et al. 2011)

suggest a model in which DAXX recruits (H3.3–H4) dimers rather

Figure 7. Accelerated recruitment of an (H3.3–H4)2 tetramerization
mutant to PML bodies. (A) Colocalization of an H3.3(H113A)-mC tetra-
merization mutant with immunolabeled PML, 24 h after transfection.
(B) FRAP analysis of H3.3(H113A)-EGFP in NBs with and without siRNA-
mediated down-regulation of DAXX. H3.3-EGFP recovery was examined
in parallel as control. H3.3(H113A)-EGFP displays a greater soluble pool
than H3.3-EGFP, and recovery at NBs is abolished by DAXX knock-down
(see Supplemental Fig. 7A for fluorescence recovery of the soluble fraction
and at NBs) (mean6SD of 7-14 cells). (C ) FRAP analysis of H3.3-EGFP in
NBs in cells expressing ASF1A-mC with or without siRNA-mediated DAXX
knock-down (mean6SD of 10-17 cells). (D) Model of (H3.3–H4) dimer
recruitment to PML bodies prior to chromatin deposition. In pathway 1,
DAXX recruits the (H3.3–H4) dimer to PML bodies. This process is facili-
tated by ASF1A (pathway 2). (H3.3–H4) loaded onto ASF1A can also be
brought to additional H3.3 chaperone containing complexes (Szenker
et al. 2011) (pathway 3). DAXX, ATRX, HIRA, and ASF1A are localized in
a proportion of PML bodies and may speculatively be available for loading
(H3.3–H4) prior to deposition into chromatin (dashed arrows).
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than tetramers to PML bodies. The H113A substitution disrupts

hydrogen bonding and hydrophobic interactions of H113 with

a negatively charged pocket formed by the adjacent H3 surface.

Thus, it abolishes H3–H39 interactions and (H3–H4)2 tetramer

assembly. Because DAXX displays rapid turnover at PML bodies

in cell lines (Weidtkamp-Peters et al. 2008) and colocalizes with

PML in nontransfected primary cells (this study), we propose

that DAXX recruits endogenous (H3.3–H4) dimers to PML bodies

in normal primary cells. Previous studies show that DAXX is able

to promote deposition of (H3.3–H4) into chromatin (Drane et al.

2010; Lewis et al. 2010; Elsasser et al. 2012). Our data now im-

plicate a role of PML bodies in (H3.3–H4) chromatin incor-

poration, and imply that part of the function of DAXX in elic-

iting H3.3 deposition may be mediated through PML. These

observations altogether underline a putative dual role of DAXX:

DAXX may promote recruitment of (H3.3–H4) to PML bodies, as

well as enable deposition of (H3.3–H4) into chromatin. Whether

recruitment of (H3.3–H4) dimers to PML bodies is necessary

for DAXX-mediated deposition into chromatin remains to be

investigated.

HIRA and ASF1A accumulate at PML bodies independently
of DAXX and ATRX

HIRA and ASF1A have been shown to associate with PML bodies in

primary cells entering senescence, but not in cycling and trans-

formed cells (Zhang et al. 2005; Jiang et al. 2011). Our data show

HIRA and ASF1A accumulation at PML bodies in a subpopulation

of nonsenescent cells; this may nonetheless be due to the low cy-

cling property of the cells used in this study. HIRA and ASF1A de-

tection at PML bodies is independent of DAXX and ATRX, in line

with the existence of two distinct H3.3 chaperone complexes

(HIRA/CABIN1/UBN1/ASF1A and DAXX/ATRX) (Drane et al.

2010; Goldberg et al. 2010; Lewis et al. 2010; Elsasser et al. 2012).

An attractive implication of the association of HIRA, ASF1A,

DAXX, and ATRX with PML bodies is a model in which re-

cruitment of (H3.3–H4) dimers to PML bodies by DAXX facilitates

association of H3.3 with the different chaperones in these struc-

tures acting as a triage center for H3.3, before subsequent de-

position into chromatin (Fig. 7D). This would provide an efficient

delivery mechanism of nonincorporated (H3.3–H4) dimers to

chaperones. A recent study in HeLa cells points to HIRA as a main

chaperone involved in neo-synthesized H3.3 deposition into

chromatin (Ray-Gallet et al. 2011). Importantly, we show here that

H3.3-EGFP overexpression results, early after H3.3-EGFP trans-

fection, in the coprecipitation of HIRA together with PML and

H3.3-EGFP; this suggests that accumulation of H3.3-EGFP to PML

bodies stimulates its association with HIRA in these structures,

supporting a view of PML bodies as chaperone coupling and sort-

ing centers for H3.3. Chromatin incorporation of H3.3 has earlier

been assessed based on H3.3 insolubility after Triton X-100 ex-

traction (Ray-Gallet et al. 2002), a finding consistent with chro-

matin incorporation but also compatible with H3.3 enrichment in

PML bodies. Indeed, PML resists nonionic detergents (Stuurman

et al. 1992), similarly to NBs decorated by epitope-tagged H3.3 in

our present study (Supplemental Fig. 1) and in previous work

(Delbarre et al. 2010). Therefore, resistance of H3.3 to Triton X-100

extraction may also partly result from sequestration into PML

bodies. It would be informative to determine in the H3.3 detection

system of Almouzni and colleagues (Ray-Gallet et al. 2011) the

dynamics and subnuclear distribution of neo-synthesized H3.3

immediately after protein expression.

DAXX-dependent recruitment of (H3.3–H4) to PML bodies
provides an efficient soluble histone supply mechanism
facilitating deposition into chromatin

ASF1A has been shown to play a role in buffering excess soluble

(H3.1–H4) dimers under replication stress in HeLa cells (Groth

et al. 2005). Even though soluble ASF1A-bound H3.3 was not

detected in these cells, this might result from the ability of H3.3

to be incorporated independently of replication (Ahmad and

Henikoff 2002). Our results favor a model in which ASF1A facili-

tates recruitment of H3.3 by DAXX to PML bodies (Fig. 7D, path-

way 2). Through its association with (H3–H4) dimers (Elsasser et al.

2012) and disruption of (H3–H4)2 tetramers in vitro (English et al.

2005; Natsume et al. 2007), ASF1A may facilitate the formation of

(H3.3–H4) dimers that can be recruited by DAXX. This scenario is

compatible with the H3.3 binding motifs for ASF1A and DAXX

being distinct (English et al. 2005; Natsume et al. 2007) and with

the exclusive association of (H3.3–H4) with ASF1 or DAXX re-

cently explained by crystallography studies (Elsasser et al. 2012).

ASF1A is not found in the same H3.3-containing complex as DAXX

in pull-down experiments (Drane et al. 2010); however, this is not

in contradiction with ASF1A and DAXX being colocalized at PML

bodies and found in complex(es) with PML. Association of DAXX

with (H3.3–H4) dimers is likely to disrupt their interaction with

ASF1A. Since association of H3.3 with HIRA/CABIN1/UBN1/

ASF1A may require the formation of an (H3.3–H4)–ASF1A complex

(Tang et al. 2012), (H3.3–H4) dimers recruited by DAXX to PML

NBs in an ASF1A-facilitated manner might be available to other

histone chaperones involved in H3.3 deposition such as HIRA

(Fig. 7D). To support this hypothesis, ASF1 has been detected in

the HIRA complex (Tagami et al. 2004).

Altogether, the recruitment of H3.3 and ATRX by DAXX to

PML bodies and DAXX- and H3.3-independent localization of

HIRA and ASF1A to these NBs (Fig. 7) suggest a model of PML

bodies as scaffolds integrating H3.3 chaperones, coupled to an

accompanying mechanism to funnel (H3.3–H4) dimers. Thus,

PML bodies may be perceived as triage centers for a fraction of H3.3

prior to subsequent deposition into specific chromatin domains

mediated by distinct histone chaperone complexes. This model

opens a new perspective on the functional interdependence of the

H3.3 deposition complexes at PML bodies.

Methods

Cells and transfection
Mesenchymal stem cells were purified from human liposuction
material from three donors, plated, pooled, and expanded in
GlutaMAX (GIBCO) containing 20% fetal calf serum (Boquest et al.
2005). Cells were passaged 1:3 using trypsin-EDTA. Cells at pas-
sages 5–15 were used. Transfection was performed with a Nucleo-
fector device (Lonza) in batches of ;4 3 105 cells mixed with 4 mg
of plasmid and/or 200 pmol of siRNA. After electroporation, cells
were seeded onto coverslips in 24-well plates for immunofluores-
cence, in flasks for biochemical extraction, or in 35-mm dishes
with a glass bottom (Mattek) for FRAP. For expression of tagged
proteins in siRNA-treated cells, a first siRNA transfection was per-
formed followed 96 h later by a second transfection with both
siRNA and tagged protein plasmids.

Plasmids and siRNA oligonucleotides

The plasmid encoding ASF1A-mCherry was from Jean-Yves Thuret
(CEA Saclay). Plasmids containing mCherry-H4 and EGFP-H4
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cDNA were from Maı̈té Coppey (Institut Jacques Monod, Paris).
Plasmids encoding Drosophila H3.3 and H3.2 were described in
Delbarre et al. (2010). Human DAXX and PML (isoform 5) cDNAs
were amplified by polymerase chain reaction (PCR) from plasmids
pRK5-Flag-DAXX (gift from David J. Picketts, The Ottawa Health
Research Institute, Ottawa, Canada) and pEGFP-PML (gift from
Harutaka Katano, National Institute of Infectious Diseases, Toyama,
Japan), respectively. For DAXX, the sense primer had an EcoRI site
at its 59 end (59-GCGAATTCGATGGCCACCGCTAACAGCATCA-39)
and the antisense primer a KpnI site (59-GCGGTACCTCAATCAG
AGTCTGAGAGCACGAT-39). For PML, the sense primer site had
an EcoRI site at its 59 end (59-GCGAATTCTATGGAGCCTGCACC
CGCCCGA-39) and the antisense primer a SalI site (59-GGTGT
CGACTCACCACAACGCGTTCCTCCT-39). The reaction prod-
ucts were digested with the corresponding enzymes and ligated
into pEGFP-C1 (Clontech) or pmCherry-C (gift from Maı̈té
Coppey).

Plasmids encoding H3.1-mCherry and H3.3(H113A)-EGFP
were made from pH3.3-mCherry and pH3.3-EGFP, respectively,
by mutagenesis using the Quick change Site-Directed Mutagenesis
Kit (Stratagene) and the following primers: 59-GCTCTGCAGGAA
GCTTGCGAAGCCTACCTG-39 and 59-CAGGTAGGCTTCGCAAG
CTTCCTGCAGAGC-39 for H3.1; 59-ACCAATCTGTGCGCCATTG
CCGCCAAGCGCGTCACC-39 and 59-GGTGACGCGCTTGGCGG
CAATGGCGCACAGATTGGT-39 for H3.3[H113A].

Sequences of siRNA oligonucleotides were as follows:

ATRX (#1): GAUAUUGCAGAGAAAUUCCUAAAGA
ATRX (#2): AUCAAAGAGGAAACCUUCAAUUGUA
DAXX (#1): GGAGUUGGAUCUCUCAGAAUUGGAU
DAXX (#2): GAUCAUCGUGCUCUCAGACUCUGAU
ASF1A: UAUACUGAGACAGAAUUAAGGGAAA
PML: GGAAGGUCAUCAAGAUGGAGU

Live cell imaging

Cells were kept at 37°C in a humid 5% CO2 atmosphere and ob-
served on an IX71 inverted microscope (Olympus) fitted with
a piezo-driven 1003 objective (numerical aperture 1.4) and a CellR
wide-field Imaging Station (Olympus). Pictures of the middle plane
of the nucleus were acquired every 20 min over several hours.
Images were treated with ImageJ 1.42q (National Institutes of
Health), and movies were assembled using the same software.

Antibodies and reagents

Antibodies to DAXX (sc-7152) and ATRX (sc-10078 for immuno-
fluorescence, sc-15408 for immunoblotting) were from Santa Cruz
Biotechnology; TRF2 (05-521) from Millipore; ASF1A (2990) and
CENP-A (2186) from Cell Signaling Technology; PML (ab53773 for
immunoprecipitation and immunofluorescence; ab50637 for im-
munoblots), H3 (ab1791), and H4 (ab10158) from Abcam; and GFP
(11814460001) from Roche. Antibodies to HIRA were from Peter
Adams (CR-UK Beatson Institute, Glasgow), PML (5E10) from Roel
van Driel (E.C. Slater Institute, Amsterdam), and lamin B1 from
Brigitte Buendia (Université Paris Diderot, Paris). Antibodies
against H3.3 were from Millipore (09-838). Alexa Fluor 594 anti-
goat (A-21468) was from Invitrogen. DyLight 549 anti-rabbit
(711-505-152); and Cy3-, Cy2-, AMCA-, Dylight 488-, and HRP-
conjugated antibodies were from Jackson Laboratories. For
immunolabeling, primary antibodies were diluted 1:100 except
for TRF2 (1:200), ASF1A (1:50), and CENP-A (1:400); secondary
antibodies were diluted 1:200 except for Alexa Fluor 594 anti-goat
(1:1000); DyLight 549 anti-rabbit (1:800) and AMCA-conjugated
antibodies (1:100). For immunoblotting, antibodies were diluted

as follows: GFP 1:10,000, ATRX and DAXX 1:1000, lamin B1 1:500,
H3 1:5000, and HRP-conjugated 1:7000.

Immunoprecipitation and GFP-Trap pull-down

PML was immunoprecipitated from cells lysed by probe sonication
(three times for 5 sec) in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl,
1 mM EDTA, 1 mM EGTA, 1% Triton X-100, and a cocktail of
protease inhibitors (lysis buffer). The lysate was sedimented at
10,000g for 15 min at 4°C, and the supernatant used for immu-
noprecipitation using anti-PML antibodies (10 mg for a lysate of 4
million cells), overnight at 4°C, after a pre-clearing with Protein A
Dynabeads. Immune complexes were washed five times in PBS/
0.1% Triton X-100 and dissolved in SDS sample buffer.

GFP-Trap pull-downs EGFP-PML (PML isoform V) were done
using the magnetic GFP-Trap_M Kit as described by the manufac-
turer (Chromotek) except that cells were lysed in the lysis buffer
described above.

Immunofluorescence

Cells were fixed with 3% paraformaldehyde for 15 min and per-
meabilized with 0.1% Triton X-100/0.01% Tween 20/2% BSA for
30 min. Cells were incubated with primary antibodies for 45 min,
washed in PBS/0.01% Tween 20/2% BSA, and incubated with
secondary antibodies for 45 min. DNA was stained with 0.1 mg/mL
DAPI, and coverslips were mounted with Mowiol 4-88 (Poly-
sciences). For in situ extraction, cells were treated on coverslips
with 0.1% Triton and 1 M NaCl in PBS for 30 min at 37°C before
fixation. Images from the middle plane of the nucleus were cap-
tured with a 1003 objective (NA 1.4) on a CellR wide-field Imaging
Station (Olympus). For deconvoluted pictures, images were cap-
tured with a 1003 objective (NA 1.4) on a PersonalDV (Delta Vi-
sion) wide-field imaging station (Applied Precision), and decon-
voluted with the integrated software. Images were treated with
ImageJ 1.42q (National Institutes of Health). To analyze overlap
between different signals, we measured fluorescence intensity
profiles along a defined line using Plot Profile in ImageJ. To analyze
the surface distribution of the fluorescent signal, a region corre-
sponding to the contour of the nucleus was selected, and the
fluorescence intensity of each pixel inside this area was plotted on
a 3D graph using the Interactive 3D Surface Plot program in ImageJ
(K.U. Barthel, Internationale Medieninformatik).

FRAP analysis

FRAP experiments were done 24 h after transfection (except for the
results shown in Fig. 6, which were performed after 96 h) using
a SuperApochromat 603/1.35 oil objective and an Olympus
FluoView 1000 laser scanning confocal microscope. Cells were
kept at 37°C in a humid 5% CO2 atmosphere. EGFP fluorescence
was followed using a multiline Argon laser with low output power
at 488 nm. Photobleaching was done with a 405-nm diode laser
at maximum power, fitted to a SIM scanner for laser stimulation
simultaneously to imaging. An ;2-mm diameter circle to be
bleached was defined, and pictures were taken every 20 sec over 30
min. The first acquisition was made 20 sec before photobleaching
to measure pre-bleach fluorescence, and the second acquisition
was made during photobleaching to measure its efficiency. To
analyze fluorescence recovery in the bleached area, images were
treated with ImageJ. For each series, three areas were selected as
follows: ‘‘bleached’’ (bleached area), ‘‘control’’ (nonbleached area
in the nucleus), and ‘‘background’’ (background signal outside the
nucleus). Mean gray values were measured in the three areas
(Ibleached, Icontrol, and Ibackground, respectively) for each time point,

Targeting of H3.3 to chromatin via PML bodies

Genome Research 449
www.genome.org



and the corrected fluorescence intensity of the bleached area (I)
was calculated by I = (Ibleached � Ibackground)/(Icontrol � Ibackground).
This correction takes into account photobleaching due to illumi-
nation and the lower amount of fluorescent molecules after pho-
tobleaching. Data were normalized and converted into a percent of
fluorescence intensity before bleaching (100%). Statistical analysis
for indicated time points was performed using an unpaired Stu-
dent’s t-test.

Cell extraction

For preparation of total cell extracts, cells were washed in PBS and
suspended in sample buffer (3000 cells per mL). For extractions,
cells were washed in PBS and extracted for 15 min on ice with 1%
Triton X-100 in 10 mM HEPES (pH 7.9), 10 mM KCl, 1.5 mM
MgCl2, 1 mM DTT, 0.1 mM PMSF, and a protease inhibitor cocktail.
Lysed cells were centrifuged at 20,000g for 10 min at 4°C, and the
pellet (insoluble fraction) was dissolved in SDS sample buffer (3000
cell-equivalent per mL). Proteins of the supernatant (soluble frac-
tion) were precipitated with trichloroacetic acid and dissolved in
SDS sample buffer at 3000 cell-equivalent per mL.

Western blotting

Samples were resolved in a 4%–20% SDS-PAGE gel and transferred
to a nitrocellulose membrane, and the membrane was blocked in
TBS/0.05% Tween 20 (TBST) and 5% milk for 30 min at 37°C.
Membranes were incubated with primary and secondary anti-
bodies for 45 min each at room temperature with a 33 wash in
TBST in between. Horseradish peroxidase activity was detected by
enhanced chemiluminescence.
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