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Maintenance of chromatin homeostasis involves proper delivery of histone variants to the genome. The interplay between

different chaperones regulating the supply of histone variants to distinct chromatin domains remains largely undeciphered.

We report a role of promyelocytic leukemia (PML) protein in the routing of histone variant H3.3 to chromatin and in the

organization of megabase-size heterochromatic PML-associated domains that we call PADs. Loss of PML alters the hetero-

chromatic state of PADs by shifting the histone H3 methylation balance from K9me3 to K27me3. Loss of PML impairs dep-

osition of H3.3 byATRX and DAXX in PADs but preserves the H3.3 loading function of HIRA in these regions. Our results

unveil an unappreciated role of PML in the large-scale organization of chromatin and demonstrate a PML-dependent role of

ATRX/DAXX in the deposition of H3.3 in PADs. Our data suggest that H3.3 loading by HIRA and ATRX-dependent

H3K27 trimethylation constitute mechanisms ensuring maintenance of heterochromatin when the integrity of these do-

mains is compromised.

[Supplemental material is available for this article.]

In the eukaryotic nucleus, chromatin is organized in domains dis-
tinguishable by their composition in post-translational histone
modifications and histone variants. Proper routing and delivery
of histone variants, including histone H3 variant H3.3, is essential
for chromatin homeostasis (Chang et al. 2013; Ivanauskiene et al.
2014; Rapkin et al. 2015). Site-specific loading of H3.3 on chroma-
tin is mediated by two major histone chaperones. Histone cell cy-
cle regulator (HIRA) deposits H3.3 in transcribed regions (Goldberg
et al. 2010; Pchelintsev et al. 2013), at sites of DNA damage (Adam
et al. 2013), and in open chromatin areas (Ray-Gallet et al. 2011;
Schneiderman et al. 2012). In contrast, the death domain–associ-
ated protein (DAXX) and alpha thalassemia/mental retardation
syndrome X-linked (ATRX) complex loads H3.3 on telomeric and
pericentric heterochromatin and in repeat regions (Drane et al.
2010; Goldberg et al. 2010; Wong et al. 2010; Eustermann et al.
2011; Chang et al. 2013).

The promyelocytic leukemia (PML) protein is a tumor sup-
pressor initially found in acute promyelocytic leukemia as a fusion
protein with retinoic acid receptor alpha (Lallemand-Breitenbach
and de The 2010). PML is the main component of PML nuclear
bodies, which is shown to play a key role in the interplay between
nonnucleosomal H3.3 and H3.3 chaperones before the deposition
ofH3.3 in chromatin (Chang et al. 2013; Delbarre et al. 2013). PML
bodies consist of a shell of PML protein that encloses up to more

than 100 other proteins (Bernardi and Pandolfi 2007; de The
et al. 2012), including newly synthesized H3.3 (Delbarre et al.
2013) and the H3.3 chaperones ATRX, DAXX (Ishov et al. 1999),
HIRA (Delbarre et al. 2013), and DEK (Ivanauskiene et al. 2014).
Heterogeneity in PML body composition may account for the va-
riety of processes implicating PML, including tumor suppression,
genome stability, transcription, and chromatin organization
(Bernardi and Pandolfi 2007; Kumar et al. 2007; Hoemme et al.
2008; Torok et al. 2009; de The et al. 2012).

Although they seem to be devoid of DNA, PML bodies have
been found to associate with transcribed regions (Bernardi and
Pandolfi 2007), linking PML to gene activity. In contrast, PML
bodies can also associate with transcriptional repressors such as
histone deacetylases (Khan et al. 2001), CBX3 (Seeler et al. 1998;
Ivanauskiene et al. 2014), and the H3K9 methyltransferase
SETDB1 (Cho et al. 2011). This implicates PML not only in gene si-
lencing but also as potentially a regulator of epigenetic states.
Consistent with this notion, electron spectroscopic studies have
identified PMLbodies surrounded by decondensed and condensed
chromatin (Torok et al. 2009), and fluorescence in situ hybridiza-
tion (FISH) (Shiels et al. 2001), immuno-TRAP labeling (Ching
et al. 2013), and chromatin immunoprecipitation (ChIP) (Kumar
et al. 2007; Hoemme et al. 2008) reveal associations of PML with
specific loci.
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The ability of PML to associate with defined areas of the ge-
nome is supported by its interaction with telomeres in mouse em-
bryonic stem (ES) cells, where it enables ATRX-mediated H3.3
deposition and maintenance of heterochromatin (Wong et al.
2009, 2010; Chang et al. 2013; Udugama et al. 2015). Cancer cells
with an alternative lengthening of telomere (ALT) phenotype also
anchor a subset of PML bodies at telomeres (Henson et al. 2005). In
human somatic cells, a pool of H3.3 is recruited to PML bodies by
DAXX before deposition into chromatin (Delbarre et al. 2013), in-
cluding pericentric heterochromatin (Corpet et al. 2014). Thus,
whether or not it is part of nuclear bodies, PMLmayorganize chro-
matin domains containing H3.3. By using biochemical, imaging,
and genomics approaches, we investigatedwhether PML also plays
a role in chromatin organization on a broader scale.

Results

A pool of H3.3 relocalizes from a nuclease-sensitive to a nuclease-

resistant chromatin compartment in the absence of PML

We investigated the role of PML in the deposition of H3.3 in chro-
matin using wild-type (Pml+/+; wt) and Pml knock-out (Pml−/−; ko)
mouse embryonic fibroblasts (MEFs). We first established that lev-
els of H3.3, HIRA, DAXX, and ATRX are similar in wt and Pml ko
cells (Supplemental Fig. 1A) and verified the specificity of the
anti-H3.3 antibody used here (Supplemental Fig. 1B). We then ex-
amined the distribution of endogenous H3.3 between chromatin
compartments sensitive or refractory to micrococcal nuclease
(MNase) digestion, which reflects their degree of compaction
(Fig. 1A). Whereas in wt cells H3.3 is mainly found in an MNase-
soluble fraction (S2), in Pml ko cells H3.3 is also detected in an
MNase-resistant (P2) fraction (P < 0.05) (Fig. 1B,C). Since partition-
ing of total H3 between both fractions is not affected (Fig. 1B,C),
we conclude that H3.3 is enriched in MNase-resistant chromatin
in the absence of PML. This is confirmed by restoration of the
H3.3 pool in S2 after introduction of the mouse PML isoforms

PML-1 or PML-2 in ko cells (Fig. 1D). We also note that PML is
found in the S2 fraction (Fig. 1D), indicating an association with
chromatin. These results suggest that PML regulates the balance
of H3.3 incorporation between loose and compact chromatin
compartments.

Wenext askedwhetherHIRA,DAXX, or ATRXwouldmediate
this H3.3 redistribution. In wt MEFs, knock-down of Hira, Atrx,
or Daxx by siRNA (Supplemental Fig. 1C) enhances accumulation
of H3.3 (but not total H3) in P2, phenocopying the effect of PML
loss (Fig. 1E). In Pml ko cells, none of the knock-downs reduceH3.3
partitioning in P2 (Fig. 1E). In fact, depletion of HIRA, but not
ATRX or DAXX, further enhances H3.3 partitioning in P2 seen
in the sole absence of PML (P = 1.4 × 10−5; paired t-tests). Thus,
HIRA favors H3.3 incorporation in MNase-accessible chromatin
independently of PML, whereas the involvement of the ATRX/
DAXX complex in this process is PML dependent. This suggests
that PML favors H3.3 loading in open chromatin regions or, alter-
natively, restricts H3.3 deposition in compact domains.

Absence of PML accelerates H3.3 deposition into chromatin

To address the mechanisms by which PML modulates H3.3 depo-
sition, we expressed epitope-tagged forms of H3.3 inwt and Pml ko
MEFs. Transient expression of fluorescently tagged H3.3 is well
suited for imaging studies of H3.3 incorporation (Delbarre et al.
2013). Time-course imaging shows that as in human cells, H3.3-
mCherry is detected at PML bodies (“type 2” cells) in wt MEFs
and is gradually incorporated into chromatin (“type 1” cells)
(Fig. 2A,B). At PML bodies, at least a fraction of H3.3 resists
Triton X-100 solubilization but is extractable with DNase I, sug-
gesting association with chromatin (Supplemental Fig. 2A). H3.3
recruitment to PML bodies is dynamic, as shown by fluorescence
recovery after photobleaching (FRAP) (Supplemental Fig. 2B–D),
and is DAXX dependent (Supplemental Fig. 2E).

In Pml ko MEFs, H3.3 is in contrast invariably detected in
chromatin (Fig. 2A,B), and reintroduction of PML restores H3.3

detection at exogenous PML bodies (Fig.
2C). In addition, a SNAP-tagged H3.3
(Supplemental Fig. 3A,B) accumulates at
PML bodies within 3 h after synthesis
in wt cells, while it is already detectable
in chromatin in Pml ko cells (Supplemen-
tal Fig. 3C). Thus, PML regulates H3.3
routing to chromatin by diverting a
pool of H3.3 and restricting its deposi-
tion into chromatin.

To investigate the role of PML on
global deposition of H3.3 in chromatin,
we examined by FRAP the mobility of
H3.3-EGFP outside PML foci (Fig. 2D;
Supplemental Fig. 2C,D). In type 1 wt
cells and in Pml ko cells, FRAP shows
only ∼15% H3.3-EGFP fluorescence re-
covery (Fig. 2D; red and green lines),
reflecting chromatin incorporation
(Delbarre et al. 2013). In contrast, H3.3-
EGFP in type 2 wt cells is significantly
more mobile (P < 0.05; paired t-tests)
(Fig. 2D; blue line). This rapid fluores-
cence recovery (>25% within 5 sec of
photobleaching) reflects a diffusible nu-
cleoplasmic pool of H3.3-EGFP. This

Figure 1. Loss of PML partitions histone H3.3 into a compact micrococcal nuclease (MNase)–resistant
chromatin compartment. (A) MEF fractionation into a cytosolic fraction (S1), a Triton X-100 (0.5%)-in-
soluble/MNase (0.5 U/µg DNA)-soluble fraction (S2), and a Triton X-100/MNase-insoluble fraction (P2).
(B) Nucleosome laddering (DNA; top) and Western blot (bottom) of endogenous H3.3 and total H3 in
each fraction, from wt and Pml ko MEFs. (C) Proportions of H3.3 and total H3 in P2; (∗) P < 0.05 relative
to wt; paired t-tests. (D) Distribution of H3.3 and PML in S1, S2, and P2 from mock-transfected wt and
Pml ko MEFs and from ko MEFs expressing MYC-PML1 or MYC-PML2 (full-length PML); alpha-tubulin
was used as loading control for S1. (E) Proportions of H3.3 and total H3 in P2 after knockdown of
Hira, Daxx, or Atrx; mean ± SD, three experiments; (∗) P = 0.03 (siHira wt); 0.04 (siAtrx wt); 1.4 × 10−5

(siHira ko); (§) P = 0.06 (siDaxx, wt); paired t-tests relative to mock control.
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pool is not detected by FRAP in Pml ko cells (Fig. 2D), and corrob-
orating this observation, detergent extraction reveals a soluble
fraction of epitope-tagged H3.3 only in wt cells (Fig. 2E). These re-
sults suggest an effect of PML on the deposition of H3.3, whether
H3.3 is associatedwith PMLbodies or not.We do not observe a dif-
ference by FRAP in the mobility of the canonical histone H3.1-
EGFP in Pml ko versus wt cells (Supplemental Fig. 2F), indicating
that only deposition of H3.3 is affected. Our biochemical and im-
aging data therefore suggest a regulatory role of PML in the depo-
sition of H3.3 in chromatin by refraining incorporation into
compact heterochromatic domains.

PML associates with heterochromatic domains not necessarily

associated with PML bodies

We next took a genomic approach to determine where in the ge-
nome PML would influence H3.3 deposition. By using anti-PML
antibodies, we mapped by ChIP sequencing (ChIP-seq) the ge-
nome-wide association of endogenous PML with chromatin in
MEFs. Detection of PML in a chromatin preparation for ChIP
(Supplemental Fig. 4A) is consistent with PML fractionation in
MNase-soluble chromatin (see Fig. 1D). This PML fraction is, how-
ever, not necessarily in the formof PML bodies, which are resistant
to detergent and nuclease extraction (Supplemental Fig. 2A). In wt
MEFs, ChIP-seq reveals megabase-sized regions associated with
PML (Fig. 3A; Supplemental Fig. 4B). In contrast, both PML
ChIP-seq and ChIP-qPCR data from Pml ko MEFs show no signifi-
cant PML enrichment (Fig. 3A; Supplemental Fig. 4B,C). By using
the Enriched Domain Detector algorithm (Lund et al. 2014), we
identify in wt MEFs 484 domains enriched in PML, which we
call PML-associated domains (PADs) (Fig. 3A; Supplemental Fig.
4B). We find that PADs encompass a total of 515Mb, have a medi-
an length of 0.8 Mb, are gene-poor, and contain mostly inactive
genes (Fig. 3B–D; Supplemental Tables 1, 2).

To assess the relationship between PADs and PML bodies, we
carried out FISH using probes designed in PADs, coupled to PML
immunofluorescence. Immuno-FISH results show that FISH

probes overlaying PADs do not necessarily localize in vicinity to
PML bodies (Fig. 3E) and are not closer to PML bodies than probes
covering genes not associated with PML (Ube2b, Gapdh; P > 0.02,
Wilcoxon tests) (Fig. 3E). This confirms that immunoprecipitated
PML in our ChIP experiments is predominantly not localized at
PML bodies. Interaction of PML with chromatin detected here
thereforemainly occurs from a pool of “nonbody” PML, providing
an explanation as to howH3.3 dynamics and incorporation can be
affected by PML loss, also outside regions interacting with PML
bodies.

PADs are domains of low-level H3.3 incorporation

To assess the relationship between PADs and H3.3 deposition, we
expressed H3.3-Flag for 24 h in wt MEFs and profiled its enrich-
ment by ChIP-seq using anti-Flag antibodies. We identify 28,213
peaks of H3.3-Flag mainly in transcriptionally active gene-rich re-
gions (Fig. 3A,C,D). In contrast, PADs strikingly display low levels
of H3.3-Flag incorporation (Fig. 3A). Ruling out an epitope tag ef-
fect, ChIP-seq profiles of H3.3-Flag were validated by H3.3-Flag
ChIP-qPCR (Fig. 3F), ChIP-seq of HA-taggedH3.3, and comparison
with ChIP-seq profiles of endogenous H3.3 in mouse ES cells
(Supplemental Fig. 4D,E; Elsasser et al. 2015).

The repressed state of PADs suggests a heterochromatic com-
position. Indeed, we find that PADs are enriched in H3K9me3 and
H3K27me3 (Fig. 3A,G; Supplemental Fig. 5A), and the H3K9
methyltransferase SETDB1 is detected at PML bodies (Supple-
mental Fig. 5B; Cho et al. 2011).We then assessed PML association
with DNA repeats (Day et al. 2010) that are maintained in a re-
pressed state by H3K9me3 (Elsasser et al. 2015; Sadic et al. 2015)
in a manner that involves H3.3 (Elsasser et al. 2015). We find
that PML is detected in only 40 out of 952 mouse repeats (Sup-
plemental Table 3); thus, PADs are not enriched in repeat elements
in MEFs. We conclude that PML associates with heterochromatic
regions of low-level H3.3 incorporation; this is consistent with
the low turnover of H3.3 in heterochromatin (Huang and Zhu
2014).

Figure 2. Loss of PML accelerates deposition of epitope-tagged H3.3 into chromatin. (A) Distribution of H3.3-mCherry (mC) in wt and Pml koMEFs 24 h
after H3.3-mC transfection. Cells were labeled using anti-PML antibodies and DNA stained with DAPI. Bar, 10 µm. (B) Proportions of cells of “type 1” and
“type 2” over time after H3.3-mC transfection; no “type 2” Pml ko cells are detected at any time point. (C) Expression of HA-PML (full-length isoform PML2)
in Pml ko MEFs restores H3.3-mC targeting to PML bodies. Bar, 10 µm. (D) FRAP analysis of H3.3-EGFP in wt and Pml ko cells; mean ± SD for 19–33 cells of
each indicated type. See Supplemental Figure 2C for visualization of photobleached areas. (E) Western blot of H3.3-Flag and endogenous H3 in a 1%Triton
X-100 soluble (Sup.) and insoluble (Pellet) fraction in wt and Pml ko MEFs.
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In the absence of PML, H3.3 is targeted to PADs

A view of PML withholding H3.3 deposition in PADs suggests that
a loss of PML would enable H3.3 loading at these sites. First, we
confirm H3.3 targeting to specific DNA repeat classes (Elsasser
et al. 2015), albeit at similar levels in wt and Pml ko cells
(Supplemental Table 3), suggesting that PML is not involved in
loading H3.3 in these repeats. Further, we note that while H3.3-
Flag is mostly detected in common regions in Pml ko and wt
MEFs, it is also strikingly targeted to PADs in ko cells (P = 2.2 ×
10−16, Wilcoxon test) (Fig. 4A,B; Supplemental Fig. 5C,D). This
does not result from increased nucleosome density because total
H3 levels are unaltered, and repeating the analysis on randomized
PADs abolishes this H3.3 enrichment (Fig. 4B). These results
strengthen the view that PML restricts but not fully abrogates
H3.3 deposition in PADs.

Loss of PML switches the heterochromatic states of PADs

Deposition of H3.3 in PADs in Pml ko cells raises the possibility
that the heterochromatic state of PADs may be affected. Indeed,
we find that in Pml ko cells, both H3K9me3 level (P < 5.3 × 10−8,
Wilcoxon test) (Fig. 4A,B) and peak coverage (P < 10−4, one sample

t-test) (Fig. 4C,D) are reduced within PADs but not between PADs.
In contrast, H3K27me3 level (P < 2.2 × 10−16) (Fig. 4A,B) and cover-
age (P < 10−4) (Fig. 4C,D) are increased in PADs. These findings
were validated by ChIP-qPCR (Supplemental Fig. 5A) and by
PAD randomization (Fig. 4B). Consistent with these changes,
most genes in PADs remain repressed in ko cells (Supplemental
Fig. 5E,F). Thus, in the absence of PML, the heterochromatic land-
scape is rearranged in regions no longer associated with PML.
Moreover, the shift in H3 methylation from K9 to K27 suggests
the importance of PML inmaintaining a repressed heterochromat-
ic state in these domains.

In the absence of PML, HIRA loads H3.3 in PAD regions but is not

responsible for the increase in H3K27me3

We next determined, using knock-down and ChIP approaches,
which H3.3 chaperone might be responsible for H3.3 deposition
in PAD regions in the absence of PML. Figure 5A reveals in wt
MEFs a significant impairment of H3.3-Flag levels in PADs after
knock-down of Hira, Atrx, or Daxx (R1-5, R18-19), while no effect
is seen in non-PAD regions (R16-17). Lower H3.3 deposition in
PADs after knock-down of Atrx/Daxx is consistent with the

Figure 3. PML associates with large heterochromatin domains. (A) ChIP-seq profiles of PML in wt and Pml ko MEFs and of H3K9me3, H3K27me3, and
H3.3-Flag in wt MEFs; data are shown as log(ChIP/input) ratios. RNA-seq counts (FPKM) are shown. (B) PAD length (median, 0.8Mb). (C ) Expression levels
of genes enriched in H3.3-Flag, H3K27me3, and H3K9me3; genes in PADs; and of all RefSeq genes in wtMEFs. (D) Gene density within H3.3-Flag peaks, in
PADs, and in thewhole genome. (E) Immuno-FISH analysis of PML (showing PML bodies; immunolabeling, red signal) and PADs (green signal; arrows; FISH
probes).Ube2b andGapdh are shown as genes outside PADs. Planar and orthogonal views are shown. Bar, 5 µm. Graph indicates distribution of FISH probe
distances to nearest PML body (about 60 FISH signals analyzed). (F ) ChIP-qPCR of H3.3-Flag and total H3 in indicated PAD and non-PAD regions inwtMEFs.
(∗) P < 0.01 relative to H3.3-Flag at all other sites; two-tailed t-tests; mean ± SD, three experiments. See Supplemental Table 4 for position of amplicons. (G)
PAD area coverage by H3K9me3 and/or H3K27me3 peaks in wt cells.
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H3K9me3 enrichment of PADs and with the H3K9me3-binding
property of ATRX (Eustermann et al. 2011; Iwase et al. 2011), while
the effect of HIRA depletionmay be explained by the deposition of
H3.3 at genes in PADs (see Fig. 4A). Thus, both the ATRX/DAXX
and HIRA complexes are capable of H3.3 deposition in PADs in
wt cells, in agreement with the genic and intergenic content of
these domains. In Pml ko cells, however, the effect of ATRX or
DAXX depletion on H3.3-Flag levels in PAD regions is strikingly
abrogated (Fig. 5A), This suggests that the H3.3 loading function
of the ATRX/DAXX complex in PADs requires PML. Nevertheless,
HIRA depletion still hampersH3.3-Flag deposition in these regions
(Fig. 5A), indicating that HIRA retains its H3.3 loading function in
the absence of PML.

To determine whether the increase in H3K27me3 reported
above in PADs in Pml ko cells (see Fig. 4B) could be linked to the
rise in H3.3 in these domains, we assessed the dependency of
H3K27me3 levels on HIRA, which deposits H3.3 in PADs in the
absence of PML. We find that HIRA depletion does not affect
H3K27me3 levels in PADs in ko cells (Fig. 5B). Thus, the
H3K27me3 increase in PADs is unlikely to result from a higher lev-
el of H3.3. In contrast, depletion of ATRX or DAXX reduces
H3K27me3 levels within and outside PADs (P < 0.02) (Fig. 5B).
Again, this is likely unrelated to H3.3 deposition, because knock-
down of ATRX or DAXX in Pml ko cells does not affect H3.3 dep-
osition (Fig. 5A). Rather, ATRX/DAXX may modulate H3K27me3
by a mechanism distinct from its chaperone activity. This finding
notably agrees with evidence of ATRX being essential for targeting
of the H3K27 methylating Polycomb repressor complex 2 (PRC2)
to chromatin (Sarma et al. 2014).

Discussion

We identify a role of PML in the organization of broad heterochro-
matic domains that we call PML-associated domains, or PADs. We

used a ChIP-seq approach, which is dis-
tinct from the immuno-TRAP technique
developed to map genomic regions close
to PML bodies, and differences between
the two have been discussed (Ching
et al. 2013). ChIP identifies regions asso-
ciatedwith the PMLprotein,whether it is
found in “bodies” or not. In contrast, the
immuno-TRAP study focused on PML
bodies; yet, the genomic regions identi-
fied in this assay may not necessarily in-
teract with PML and would not be
detected by ChIP. In addition, our
immuno-FISH data indicate that PADs
identified here are not necessarily associ-
atedwith PMLbodies. Interestingly, PML
can also be detected in dense chromatin
regions outside PML bodies (de The
et al. 2012), consistent with an asso-
ciation with heterochromatin. These
regions could correspond to PML cover-
ing megabase-size portions of the ge-
nome or to PML dynamically scanning
broad genome areas. Both alternatives
are plausible: By analogy, lamin-associat-
ed domains have been reported to en-
compass >25% of the genome, but this
does not imply that lamins associate

with such large genome fractions in single cells (Kind et al. 2015;
Paulsen et al. 2017).

Our results lead to a model of organization of chromatin do-
mains involving a PML-ATRX-H3.3 axis (Fig. 5C). In wt cells, PML
interacts withH3K9me3-rich domainswhere H3.3 can be incorpo-
rated, yet at low level, by HIRA, DAXX, or ATRX. FRAP and ChIP
analyses suggest that PML restricts access of H3.3 to regions of
low transcriptional activity, perhaps because of low nucleosome
turnover (Huang and Zhu 2014). In the absence of PML, deposi-
tion of H3.3 in PADs may reflect higher nucleosome turnover.
The ATRX/DAXX complex loses its H3.3 loading ability (Fig.
5C). This may be because ATRX/DAXX needs to associate with
PML in PADs to function as an H3.3 chaperone or, alternatively,
ATRX association with chromatin is decreased due to lower
H3K9me3 levels in these regions. In contrast, HIRA retains its
H3.3 loading capacity in PADs in the absence of PML, lending
additional support to the idea of a gap-filling process delivering
H3.3 to regions of altered chromatin integrity (Ray-Gallet et al.
2011; Adam et al. 2013; Ivanauskiene et al. 2014).

The loss of PML results in a remodeling of the chromatin state
of PADs through a shift fromH3K9 toward H3K27me3, maybe as a
way to preserve heterochromatin integrity (Fig. 5C). A compensa-
tory mechanism maintaining heterochromatin by a shift in the
H3K9me3/K27me3 balance is not unlike that reported in instances
of PRC2 recruitment to pericentric heterochromatin to counteract
deficiencies in the H3K9 methyltransferase SUV39H1 (Saksouk
et al. 2014). In ES cells, H3.3 is implicated inmaintaining integrity
of heterochromatin in repeat elements and at telomeres (Elsasser
et al. 2015; Udugama et al. 2015) and is required for H3K27me3
and interaction of PRC2 with HIRA (Banaszynski et al. 2013). We
show here that while H3.3 deposition in PADs in Pml ko cells is
HIRA dependent, H3K27 trimethylation in these domains relies
on the ATRX/DAXX complex. This argues against a contribution
of neo-deposited H3.3 to H3K27 methylation at these sites.

Figure 4. The heterochromatic state of PADs is remodeled in the absence of PML. (A) Profiles of
H3K9me3, H3K27me3, and H3.3-Flag inside and outside PADs in wt and Pml ko MEFs. (B) Median en-
richment level of indicated marks in PADs and in randomized PADs. (∗) P < 2.2 × 10−16; Wilcoxon tests.
(C) Proportions of PAD area enriched in H3K9me3 and H3K27me3. (D) Fold change of H3K9me3 and
H3K27me3 coverage in PADs (red bars), between PADs (purple bars), and in the whole genome (brown
bars) in Pml ko versus wt cells. Reference (wt) coverage is set to one (blue bars). (∗) P < 0.01, (∗∗) P < 0.001
relative to wt; one-sample t-tests.
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Rather, ATRX/DAXX may be involved in recruiting PRC2 to
PADs. Supporting this possibility, ATRX has been shown to direct
PRC2 loading on chromatin on a broad scale (Sarma et al. 2014).
The underlying mechanism remains to be elucidated but may en-
tail an RNA mediator, since ATRX binds a wide range of RNAs.
Alternatively, ATRX, while displaying weak chromatin remodeling
activity, harbors ATPase activity that may remodel a cofactor for
PRC2 to a conformation enabling PRC2 binding. These possibili-
ties remain to be examined.

Clustering of functionally related genes in PADs may provide
the right spatial conformation to coregulate expression. PADs no-
tably include olfactory receptor gene clusters (including Olfr,
Vmn1r, and Vmn2r genes) and nonclassical MHC class I genes
that cooperate with the former in specific neuron subtypes in
which they are expressed (Dulac and Torello 2003). This suggests
that PML is involved in clustering functionally related genes.
Interestingly, the SATB1-PML complex has been implicated in a
chromatin loop conformation proposed to regulate expression of
MHCclass I genes (Kumar et al. 2007), and immuno-TRAP findings
are compatible with a view of chromatin loops tethering loci near

PML (Ching et al. 2013). These observations raise the hypothesis
that PML may be involved in the topological organization of
chromatin.

We ascribe a novel role of PML in organizing chromatin do-
mains through two mechanisms. One involves the regulation of
a pool of H3.3 available to its various chaperones prior to deposi-
tion into chromatin (Delbarre et al. 2013). The other, evidenced
here, involves the interaction of PML with the genome to regulate
site-specific H3.3 deposition and maintain heterochromatin
integrity.

Methods

Cells and transfection

MEFs were derived from wt and Pml−/− mice. 129Sv Pml−/− mice
(Wang et al. 1998) from the National Cancer Institute Repository
were backcrossed to C57BL/6 mice for eight generations. wt con-
trols were C57BL/6. MEFs were cultured in DMEM/F12/10% fetal
calf serum. For ChIP and chromatin fractionation, cells were

Figure 5. Absence of PML promotes H3.3 loading by HIRA in PADs. (A) ChIP-qPCR of H3.3-Flag in PAD and non-PAD sites in wt and Pml ko MEFs after
Hira, Daxx, or Atrx knock-down. (B) ChIP-qPCR of H3K27me3 under the same conditions as in A. All ChIPs: mean ± SD of three to five experiments. (∗) P <
0.02; Fisher’s exact tests. Position of amplicons is given in Supplemental Table 4. (C) PML organizes heterochromatin domains and modulates H3.3 load-
ing. (Left) In wt cells, PML associates with heterochromatic H3K9me3-rich domains (PADs). Deposition of H3.3 in PADs is low relative to inter-PAD regions,
and can bemediated by HIRA, DAXX, or ATRX. (Right) In the absence of PML, H3K9me3 levels are reduced in PADs. The ATRX/DAXX complex loses is ability
to load H3.3 in these regions. In contrast, HIRA retains its ability to deposit H3.3 in PADs, supporting the idea of a gap-filling mechanism (Ray-Gallet et al.
2011) established to preserve chromatin integrity. A heterochromatic state is maintained in PADs by an increase in H3K27me3 in a manner implicating the
ATRX/DAXX complex, perhaps through the ability of ATRX to recruit the PRC2 complex to chromatin (Sarma et al. 2014). Our results suggest an interplay
between the HIRA-H3.3 and ATRX/DAXX-Polycomb pathways to maintain heterochromatin homeostasis in domains where H3K9me3 is compromised in
the absence of PML, with the purpose of keeping these regions transcriptionally silent.
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from confluent cultures. Cells were transfected by electroporation
(Nucleofector, Lonza) using 5 µg plasmid or 200 pmol relevant
siRNA per 3 × 106 cells. For expression of epitope-tagged H3.3 in
siRNA-treated cells, a first siRNA transfectionwas followed 96h lat-
er by a second transfection with both siRNA and the relevant H3.3
plasmid (Delbarre et al. 2013).

Antibodies

Antibodies to ATRX (sc-10078, immunofluorescence; sc-15408,
blots), SETDB1 (sc-66884), and DAXX (sc-7152) were from
Santa Cruz Biotechnology; PML (05-718), H3.3 (09-838), and
H3K9me3 (05-1250, blots) from Millipore; H3 (ab1791) and HA
(ab9110) from Abcam; H3K27me3 (pAb-069-050) and H3K9me3
(pAb-056-050) fromDiagenode; and Flag (F1804) and alpha-tubu-
lin (T5168) from Sigma. DyLight 549- (711-505-152), Cy3-,
Cy2-, Dylight 488-, and HRP-conjugated antibodies were from
Jackson ImmunoResearch Laboratories. Antibodies to SNAP-tag
were from New England Biolabs. Antibodies to lamin A/C were
from Brigitte Buendia. Antibodies to HIRA were from Peter
Adams. For immunolabeling, primary antibodies were diluted
1:100 (DAXX, ATRX), 1:200 (PML, SNAP), and 1:1,000 (HA, lamin
A/C); secondary antibodies were diluted 1:200 except DyLight 549
(1:800). For immunoblotting, antibodies were diluted as follows:
ATRX, DAXX, HIRA, and H3.3 1:1000; H3 1:7000; alpha-tubulin
1:20,000; and HRP-conjugated 1:7000.

Plasmids and siRNAs

Plasmids encoding H3.3-mCherry and H3.3-EFGP were as previ-
ously described (Delbarre et al. 2010). Plasmids encoding HA-
PML2, MYC-PML1, and MYC-PML2 were from Shu-Yong Lin
(Xiamen University, China). The pH3.3-Flag 3× plasmid was
made in two steps. H3.3 cDNA was amplified from pH3.3-EGFP
(Delbarre et al. 2010). Primers contained an EcoRI site (5′ end of
sense primer 5′-GCGAATTCATGGCACGTACCAAGCAAACAGC-
3′) and a BglII site (5′ end of antisense primer 5′-ATAGATCTAA
GGCCCGCTCGCCACGGATGCGT-3′). Products were digested
with EcoRI and BglII and ligated into the EcoRI and BglII cloning
sites of pFlag-CMV5 (Sigma) to make pH3.3-Flag. Primers contain-
ing two Flag cDNAs in tandem with a BglII site (5′ end of sense
primer (5′-GCAGATCTATCCATAGCAGATTACAAGGACGACGAT
GACAAGTCGATCTCGGACTATAAGGATGACGACGACAAAGTC
GACCG-3′) and a SalI site (5′ end of antisense primer 5′-CGGTC
GACTTTGTCGTCGTCATCCTTATAGTCCGAGATCGACTTGTCA
TCGTCGTCCTTGTAATCTGCTATGGATAGATCTGC-3′) were an-
nealed. The double-stranded DNA was digested with BglII and
SalI and ligated into the BglII and SalI cloning sites of pH3.3-Flag.

siRNA oligonucleotides were from Invitrogen (MSS212902
(Atrx siRNA), MSS273927 (Daxx siRNA), and MSS205135 (Hira
siRNA).

H3.3-SNAP labeling and immunofluorescence

MEFswere transfectedwithH3.3-SNAP and treated 24 h later as de-
scribed in Supplemental Figure 3 (Ray-Gallet et al. 2011). After
treatment, cells were processed for immunostaining with anti-
PML or anti-SNAP antibodies and analyzed using the same acqui-
sition parameters. Immunostaining was done after cell fixation
with 3% paraformaldehyde and permeabilization with 0.1%
Triton X-100/0.01% Tween 20/2% BSA. Images were captured at
100×/1.4 NA on a DeltaVision personalDV (Applied Precision)
and analyzed using ImageJ 1.48v (National Institutes of Health).

FRAP

FRAP was done as previously described (Delbarre et al. 2013) 24 h
after plasmid transfection. Bleaching was done within a ∼2-µm
diameter area with a 405-nm laser, and fluorescence followed us-
ing a 488-nm laser. Images were taken every 5 sec. Fluorescence
recovery was analyzed with corrections for photobleaching using
ImageJ and data normalized as a percentage of prebleach fluores-
cence intensity. Statistics were done using unpaired Student’s
t-tests.

Cell fractionation

Cells were lysed 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 protease inhibitors and sedimented at 20,000g (10 min,
4°C), and the insoluble fraction was dissolved in 1× Laemmli buff-
er at a 10,000 cell equivalent per microliter. Proteins of the soluble
fraction were precipitated with methanol/chloroform and solubi-
lized in 1× Laemmli buffer at a 10,000 cell-equivalent per microli-
ter. For MNase digestion, cells were lysed (20min, 4°C) on a shaker
with 0.5% Triton X-100 in digestion buffer (250 mM sucrose, 50
mMTris-HCl at pH 7.5, 5mMMgCl2, 1mMCaCl2, 5mMNa-buty-
rate, 1mMDTT, 0.1mMPMSF, protease inhibitors). The lysatewas
centrifuged at 20,000g (10min, 4°C) and the supernatant collected
(S1). The pellet was washed, suspended in digestion buffer, and
chromatin digested for 10 min at 37°C with MNase at 0.5 U/µg
DNA. After centrifugation at 20,000g (10 min, 4°C), the superna-
tant (S2) was collected, and the pellet washed and dissolved in
digestion buffer (P2). Twenty microliters was taken from S1, S2,
and P2 for DNA isolation. Proteins were purified and solubilized
in 1× Laemmli buffer at a 10,000 cell-equivalent per microliter
for electrophoresis.

Western blotting

Proteins were resolved in 4%–20% or 10% SDS-PAGE gels and
immunoblotted and detected as previously described (Delbarre
et al. 2013).

Immuno-FISH

MEFs grown on glass coverslips were fixed with 3% paraformalde-
hyde for 15 min, washed 3 × 5min in PBS, blocked, and permeabi-
lized in PBSwith 0.01%Tween-20, 2%BSA, and 0.1%TritonX-100
for 30min. Cells were incubated for 45min eachwith primary and
secondary antibodies diluted in PBS with 0.01% Tween-20 and
2% BSA. Antibodies were anti-mouse PML (1:100; Millipore
Mab3738) and donkey anti-mouse Alexa 594 (2.3 µg/mL;
Invitrogen). Slides were washed 3 × 5 min in PBS with 0.01%
Tween-20 and 2% BSA between and after the incubations.
Immunostaining was fixed with 3% PFA for 10 min. Slides were
washed 3× in PBS, 2 × 2 min in 2× SSC and 3 min in 2× SSC at
80°C. Slides were denatured for 20 min in 80°C in 70% deionized
formamide (Ambion) in 2× SSC (pH 7.5). BAC FISH probe DNA
(BacPac Resource Center) was labeled using a nick translation kit
(Roche) and Biotin-16-dUTP (Roche).

Probes used were RP24-355G21 (Chr14:4997796–5168126;
PAD-1), RP24-95N11 (Chr5:126000257–126123539; PAD-2),
RP23-101019 (Chr7:22580017–22580829; PAD-3), RP24-147C4
(Chr6:125120297–125253818; Gapdh), and RPA24-340021
(Chr11:51908305–52087687; Ube2b). Per slide, 200 ng labeled
probe was mixed with 8 µg mouse Cot-1 DNA (Invitrogen) and
30 µg salmon sperm DNA (Invitrogen) and precipitated. DNA pel-
let was dissolved in 11 µL hybridizationmix (50% deionized form-
amide [Ambion], 2× SSC, 1% Tween 20, 10% dextran sulphate) for
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20min at 42°C and preannealed for 1 h at 37°C. Probes were dena-
tured for 5 min at 80°C and preannealed for 15 min at 37°C. Ten
microliters of probe was applied onto coverslips (22 × 22 mm),
which were then mounted on a slide. Slides were hybridized over-
night at 37°C. Slides were washed in 2× SSC (45°C for 2 min and
then 3 × 5 min) and in 0.1× SSC (60°C for 4 × 4 min). Slides were
blocked in 5% skimmilk in 4× SSC for 15min at 37°C and incubat-
ed for 30–60 min at 37°C with Avidin Alexa Fluor 488 conjugate
(Invitrogen) at 1.7 µg/mL in blocking buffer. Slides were washed
in 4× SSC with 0.1% Tween 20 for 3 × 5 min and incubated with
biotinylated anti-Avidin D conjugate (goat; vector; 1.0 µg/mL
in blocking buffer) for 30 min at 37°C. Slides were washed as
above and incubated again with Avidin Alexa Fluor 488 conjugate
as above. Slides were mounted with DAPI (0.2 µg/ml) in Dako
fluorescent mounting medium and examined on a wide-field
Olympus microscope. Images were processed with ImageJ
(National Institutes of Health).

ChIP

ChIPof PML,H3.3-Flag,H3.3-HA, andmodifiedhistoneswas done
as previously described (Lund et al. 2014) using chromatin from
3 × 106 cells (107 cells for ChIP-seq). Immunoprecipitation was
done at 4°C using 2.5 µg anti-Flag, HA, H3K9me3, or H3K27me3
antibody (20 µg for ChIP-seq); ChIPDNAwas purified and libraries
prepared and sequenced on an Illumina HiSeq 2500. ChIP DNA
was also used for qPCR (Supplemental Table 4) using SYBR green
(BioRad), with 3 min at 95°C and 40 cycles of 30 sec at 95°C, 30
sec at 60°C, and 30 sec at 72°C.

ChIP-seq data processing

Scripts were written in Perl (Stajich et al. 2002) or R (R Core Team
2015), and graphs were plotted using ggplot2 in R (Supplemental
Scripts 1–4; R Core Team 2015). ChIP-seq reads were mapped to
mm10 using Bowtie v1.0.0 (Langmead et al. 2009). Mapped PML
ChIP-seq reads were used to call peaks (PADs) using Enhanced
Domain Detector (Supplemental Scripts 2, 3a,b; Lund et al.
2014). Significance testing was done by Monte Carlo simulation
and P-values adjusted for multiple testing with FDR 0.01. H3.3-
Flag, and H3.3-HA, and histone peaks were called using RSEG
(Song and Smith 2011). Intersects and randomizations were com-
puted using BEDTools v2.21.0 (Quinlan and Hall 2010). “Random
PADs”were nonoverlapping regions of the same sizes as PADs dis-
tributed in a genome subtracted of PADs (Supplemental Scripts 4a,
b). Browser files were generated from ChIP/input ratios for each of
1-kb bins with input normalized to ratio of total ChIP reads/total
input reads (Supplemental Script 1).

Repeat analysis

ChIP-seq reads for ChIP and input were assigned to Repbase repeat
classes and families using the Repeat Enrichment Estimator algo-
rithm provided with the software (Day et al. 2010) after extraction
from Repbase tracks of the UCSC Genome Browser. The applica-
tion computes the maximum likelihood estimate fold enrichment
inChIP versus input for each repeat type.Maximum likelihood en-
richment estimates for H3.3-Flag, H3, H3K9me3, and H3K27me3
in wt and Pml ko were computed using the R function “heatmap”
(R Core Team 2015).

RNA sequencing

Total RNA was isolated using the Ambion TRIzol reagent RNA ex-
traction kit from triplicate cell cultures. Libraries were prepared
and paired-end sequenced on an Illumina NextSeq500. RNA-seq

reads were processed using Tuxedo (Trapnell et al. 2010). TopHat
(Trapnell et al. 2012) was used to align reads with no mismatch
against mm10 applying Bowtie 2 (Langmead and Salzberg 2012)
preset “-very sensitive”. Cufflinks and cuffdiff were run using de-
fault settings and bias correction in R (https://bioconductor.org/
packages/release/bioc/html/cummeRbund.html). Genes with log
(fold change) > 2 and α < 0.05 were considered differentially
expressed. Gene ontology analysis was done using GOSlim
(Ashburner et al. 2000).

Data viewing

Browser views are shown using Integrated Genomics Viewer
(Robinson et al. 2011). Genes are from Illumina iGenomes with
UCSC source for mm10. Plots were generated using ggplot2 or
LSD libraries in R (R Core Team 2015).

Data access

Sequence data from this study have been submitted to the NCBI
Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/
geo/) under accession number GSE66364.
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