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The PML-associated protein DEK regulates the balance
of H3.3 loading on chromatin and is important

for telomere integrity

Kristina Ivanauskiene,' Erwan Delbarre,’ James D. McGhie,? Thomas Kiintziger,’

Lee H. Wong,? and Philippe Collas’

"Stem Cell Epigenetics Laboratory, Institute of Basic Medical Sciences, Faculty of Medicine, and Norwegian Center for Stem Cell
Research, University of Oslo, 0317 Oslo, Norway; ZEpigenetics and Chromatin (EpiC) Research, Department of Biochemistry
and Molecular Biology, Monash University, Clayton, VIC 3800, Australia

Histone variant H3.3 is deposited in chromatin at active sites, telomeres, and pericentric heterochromatin by distinct
chaperones, but the mechanisms of regulation and coordination of chaperone-mediated H3.3 loading remain largely
unknown. We show here that the chromatin-associated oncoprotein DEK regulates differential HIRA-and DAAX/ATRX-
dependent distribution of H3.3 on chromosomes in somatic cells and embryonic stem cells. Live cell imaging studies show
that nonnucleosomal H3.3 normally destined to PML nuclear bodies is re-routed to chromatin after depletion of DEK. This
results in HIRA-dependent widespread chromatin deposition of H3.3 and H3.3 incorporation in the foci of heterochro-
matin in a process requiring the DAXX/ ATRX complex. In embryonic stem cells, loss of DEK leads to displacement of PML
bodies and ATRX from telomeres, redistribution of H3.3 from telomeres to chromosome arms and pericentric hetero-
chromatin, induction of a fragile telomere phenotype, and telomere dysfunction. Our results indicate that DEK is required
for proper loading of ATRX and H3.3 on telomeres and for telomeric chromatin architecture. We propose that DEK acts as
a “gatekeeper” of chromatin, controlling chromatin integrity by restricting broad access to H3.3 by dedicated chaperones.
Our results also suggest that telomere stability relies on mechanisms ensuring proper histone supply and routing.

[Supplemental material is available for this article.]

Loading of histone variant H3.3 on chromatin occurs inde-
pendently of DNA synthesis and is enabled by dedicated histone
chaperones (Szenker et al. 2011; Filipescu et al. 2013). Among these,
histone cell cycle regulator (HIRA) acts in a complex with ubinuclein
1 and 2 (UBN1 and UBN2) (Tagami et al. 2004; Elsaesser and Allis
2010) to mediate incorporation of H3.3 at gene bodies and pro-
moters (Goldberg et al. 2010; Banaszynski et al. 2013; Pchelintsev
et al. 2013), and at sites of DNA damage (Adam et al. 2013). HIRA
has also been shown to play a nucleosome “gap filling” role in
DNA to maintain chromatin integrity (Ray-Gallet et al. 2011;
Schneiderman et al. 2012), implicating HIRA in widespread H3.3
deposition. In heterochromatin, death-domain associated protein
(DAXX), together with alpha thalassemia/mental retardation
syndrome X-linked (ATRX), a chromatin remodeler (Gibbons et al.
1997; Argentaro et al. 2007), loads H3.3 on pericentric chromatin
and, in embryonic stem cells (ESCs), on telomeres (Drane et al.
2010; Goldberg et al. 2010; Lewis et al. 2010; Wong et al. 2010;
Eustermann et al. 2011; Chang et al. 2013). Further, we have
shown that DAXX, independently of ATRX, also recruits a pool of
nonnucleosomal H3.3 to promyelocytic leukemia (PML) nuclear
bodies (NBs) before deposition in chromatin (Delbarre et al. 2013).

PML NBs are involved in many nuclear processes including
post-translational modifications and transcription regulation
(Bernardi and Pandolfi 2007). The main organizer of PML NBs is the
PML protein (de Thé et al. 2012). PML recruits many proteins
to NBs, a process often requiring mutual sumoylation (Lallemand-
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Breitenbach et al. 2001; de Thé et al. 2012). PML NBs also interact
with chromosomes (Ching et al. 2013) and, in ESCs, are involved in
maintaining telomeric chromatin integrity (Chang et al. 2013).
There, PML NBs serve as platforms tethering ATRX and H3.3 at
telomeres, and depletion of PML, ATRX, or H3.3 causes a telomeric
dysfunction phenotype (Wong et al. 2009, 2010; Chang et al. 2013).
These observations point to functional interactions between PML,
ATRX, and H3.3 important for the regulation of chromatin integrity
at telomeres. Other histone chaperones including HIRA and ASF1A
have also been implicated in chromatin stability at these sites (Jiang
et al. 2011; O’Sullivan et al. 2014), suggesting that several H3.3
chaperones cooperate locally to establish telomere chromatin ar-
chitecture. The question remains, however, of what determines the
extent of cooperation of histone chaperones in the formation and
maintenance of different chromatin environments.

The oncoprotein DEK has been shown to act as another H3.3
chaperone in vitro and in Drosophila cells (Sawatsubashi et al. 2010).
DEK is a nonhistone chromosomal protein with no identified en-
zymatic activity (Kappes et al. 2001; Privette Vinnedge et al. 2013).
DEK binds DNA with no sequence specificity but with a preference
for unconventional DNA conformations such as supercoiled or
cruciform DNA (Waldmann et al. 2003; Bohm et al. 2005). DEK can
bend DNA and introduce positive supercoils (Waldmann et al. 2002)
and is important for heterochromatin integrity by enhancing
binding of CBX3 (also known as HP1 gamma homolog) to histone
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H3 trimethylated on lysine 9 (H3K9me3) (Kappes et al. 2011; Saha
et al. 2013). In addition, the identification of DEK and DAXX in
a complex with histone deacetylase 2 (Hollenbach et al. 2002)
suggests cooperation between histone chaperones in the regulation
of transcriptionally repressive chromatin. These observations col-
lectively suggest a role of DEK in regulating heterochromatin
architecture; however, the extent to which DEK is involved in
controlling H3.3 deposition on chromatin is unknown.

Here, we demonstrate a new and important function of DEK
in the maintenance of chromatin integrity by controlling entry
sites of H3.3 into chromatin. We show that nonnucleosomal H3.3
destined to PML NBs is redirected to chromatin after depletion of
DEK, with domain specificity dependent on HIRA or the DAXX/
ATRX complex. Loss of DEK in ESCs causes dissociation of PML
NBs and ATRX from telomeres, impairs H3.3 loading at these sites,
and disrupts telomeric chromatin integrity. In the context of
mechanisms underlying the formation of architectural chromatin
domains, our results point to a role for DEK as a gatekeeper of
chromatin, controlling DNA access to histones such as H3.3.

Results

DEK associates with PML nuclear bodies

We have recently reported in human mesenchymal stem cells
(MSCs) the association of the H3.3 chaperones DAXX, ATRX, and
HIRA with PML NBs, along with H3.3 itself (Delbarre et al. 2013). We
now show that DEK, another H3.3 chaperone, also associates with
60.2% (*=18) of PML NBs (Fig. 1A; Supplemental Fig. 1A) and with
NBs formed after EGFP-PML overexpression (Fig. 1B). DEK does not
colocalize with TERF2 or CENPA (also known as CenH3) (Supple-
mental Fig. 1B), indicating that DEK is excluded from telomeres and
centromeres, respectively, in these cells. PML and DEK coimmu-
noprecipitate using anti-PML or anti-DEK antibodies, indicating
that both proteins exist in a complex at PML NBs (Fig. 1C). Most
proteins contained within PML NBs contain a SUMO-interacting
motif essential for targeting to PML (de Thé et al. 2012). When
searching for functional sites in the protein motif identification
databases PROSITE Scan (http://prosite.expasy.org) (Sigrist et al.
2013) and Eukaryote Linear Motif resource (http://elm.eu.org)
(Dinkel et al. 2014), we found that DEK contains an AZ°°KRE2%3

motif fitting the [VILAMPFIKX[ED] signature recognized by
SUMOL. This finding is consistent with our results showing an
association of DEK with PML NBs.

Depletion of DEK redistributes H3.3 into heterochromatin foci
as a DAXX/ ATRX-dependent process

The report of DEK as an H3.3 chaperone (Sawatsubashi et al. 2010)
prompts the question of how DEK might affect H3.3 distribution in
chromatin. To test this, we knocked down DEK by siRNA (Supple-
mental Fig. 2A) and examined the distribution of H3.3 fused to
mCherry (H3.3-mC) 48 h after transfection. In control cells, H3.3-
mC is deposited into chromatin and displays foci at PML NBs
(Fig. 2A), in line with our earlier findings (Delbarre et al. 2013). In
the absence of DEK, H3.3-mC forms fewer (one to three) but larger
foci (P =1.54 X 10~%; Wilcoxon rank-sum test) also associated with
PML (Fig. 2A,B). Unlike in DEK-containing cells, these H3.3 foci
consistently coincide with dense DAPI staining and are enriched in
H3K9me3 (Fig. 2C; Supplemental Fig. 2B) and CBX3 (Supplemental
Fig. 2C), indicating enrichment in heterochromatin. H3.3-mC foci
are not associated with telomeres (not shown) and thus do not
correspond to alternative lengthening of telomere (ALT)-associated
PML bodies (Jiang et al. 2011). Association of H3.3-mC with
H3K9me3-enriched chromatin in DEK-depleted cells is reduced af-
ter knockdown of DAXX or ATRX, but not HIRA, despite the per-
sistence of H3K9me3 in heterochromatin foci (Fig. 2D,E). Similar
results were obtained when we examined CBX3 as another het-
erochromatin mark (Supplemental Fig. 2D). We conclude that DEK
depletion results in DAXX/ATRX-dependent localization of H3.3 in
heterochromatin foci that are associated with large PML NBs.

We next examined the role of PML in the localization of H3.3-
mC at heterochromatin foci in DEK-depleted cells. PML and DEK were
simultaneously knocked down by siRNA. After 4 d under knockdown
conditions, H3.3-mC was transfected simultaneously to a second
round of PML and DEK knockdown. After 48 h, we find that DEK
and PML depletion does not abrogate H3.3-mC detection in hetero-
chromatin foci, which remain enriched in H3K9me3 and CBX3
(Supplemental Fig. 2E,F). Thus, PML is dispensable for the relocali-
zation of H3.3 to heterochromatin foci in the absence of DEK and for
the retention of H3.3 at these sites. This reinforces the view that loss
of DEK favors an enrichment of H3.3 in foci of heterochromatin in
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DEK associates with PML NBs. (A) Immunofluorescence localization of DEK and PML in nuclei of human MSCs. Graph shows fluorescence

intensity of PML and DEK along the line drawn on the merged image. (B) Immunofluorescence localization of DEK in cells expressing EGFP-PML. Arrows
point to sites of DEK and PML colocalization. Bars, 10 um. (C) Western blot analysis of PML and DEK immune precipitates (IP) from MSC lysates. Control

immunoprecipitations were done using an anti-FLAG antibody.
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Figure 2. Depletion of DEK inhibits recruitment of H3.3-EGFP to PML NBs and promotes its loading on chromatin. (A) H3.3 forms large foci colocalizing
with PML after DEK depletion. Localization of H3.3-mCherry, DEK, and PML in control (Ctl) and DEK-depleted (siDEK) cells, 48 h after H3.3-mC trans-
fection. DEK was knocked down for 4 d by siRNA, at which time H3.3-mC was transfected concomitantly with a second round of DEK knockdown. (B)
Median area of H3.3-mC foci in control and DEK-depleted cells. (*) P=1.54 X 1078 (Wilcoxon rank-sum test). Quantification of H3.3-mC foci as “large”
arbitrarily required an area =0.3 um?. (C) DEK depletion results in coenrichment of H3.3-mC foci in H3K9me3 and DAPI-dense DNA (100% of large H3.3-
mC foci). Localization of H3.3-mC, H3K9me3, and DAPI intensity in control and DEK-depleted cells, with three-dimensional plots of H3.3-mC, H3K9me3,
and DAPI intensity levels in control and DEK-depleted cells (circled area on the images). Scale: gray levels in arbitrary units; scale is identical within the
marks analyzed. (D) Percentage of cells with H3.3-mC localized at heterochromatic foci marked by H3K9me3 in DEK-depleted cells also treated with siRNA
to ATRX, DAXX, or HIRA. Data for control-transfected and untreated cells are also shown (right). (*) P<10~%, Fisher’s exact test; mean = SD of 200 cells per
condition. (E) Localization of H3.3-mC, H3K9me3, and DAPI intensity in DEK-depleted cells also knocked down of ATRX, DAXX, or HIRA, with three-
dimensional intensity plots as in C. Plots in Cand E were generated using Image]). Note the lower H3.3 enrichment at these foci after knockdown of ATRX or
DAXX, but not HIRA, despite the maintenance of the H3Kk9me3 and DAPI-dense marks. Bars, 10 pm.

a process mediated by the DAXX/ATRX complex. What leads to
aggregation of PML NBs at these sites remains unknown.

the question of whether H3.3 is actively recruited to these bodies in
the absence of DEK. To address this, we examined the mobility of
H3.3-EGFP by fluorescence recovery after photobleaching (FRAP)
at foci of H3.3-EGFP formed at PML NBs. Photobleaching of H3.3-
EGFP at PML NBs in DEK-containing cells leads to partial but fast
EGFP fluorescence recovery at these sites, reflecting recruitment of

DEK restricts broad incorporation of H3.3 into chromatin
and favors its recruitment to PML NBs

We have previously shown that H3.3 is transiently recruited to
PML NBs in a DAXX-dependent manner (Delbarre et al. 2013). The
PML-independent H3.3 accumulation in foci of heterochromatin
associated with PML NBs we observed after DEK depletion prompts

a soluble pool of H3.3 (Fig. 3A, green line). DEK knockdown,
however, strikingly abolishes recovery of H3.3-EGFP (Fig. 3A,
purple line), indicating that it is no longer recruited to PML NBs.
Thus, loss of DEK impairs the mobility of H3.3-EGFP at PML NBs.
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Figure 3. Depletion of DEK inhibits recruitment of H3.3-EGFP to PML NBs and promotes its loading on
chromatin. (A) Loss of DEK by siRNA inhibits targeting of H3.3-EGFP to PML NBs. FRAP analysis of H3.3-
EGFP at PML NBs 48 h after H3.3-EGFP transfection, in control and DEK-depleted cells (green and purple
lines; mean = SD of eight to 10 cells). H3.3-EGFP was also bleached in cells that were also depleted of HIRA
asindicated (blue, red, and orange lines; mean = SD of five to seven cells). Loss of HIRA restores the soluble
pool of H3.3-EGFP sequestered after DEK depletion (cf. red and blue lines). (B) FRAP analysis of H3.3-EGFP
outside NBs 48 h post-transfection in control and DEK-depleted cells. DEK depletion reduces the pool of
soluble H3.3-EGFP (purple line; red arrow, recovery of soluble H3.3-EGFP 10 sec after bleaching) (nine to
14 cells). Cells were also depleted of HIRA as indicated (blue, red, and orange lines; five to six cells). (C)
Western blot analysis of distribution of H3.3-EGFP in cells treated with control siRNA or siRNA to DEK or
DEK + HIRA. Cells were fractionated into a 0.5% Triton X-100-soluble fraction (S1) and an MNase-soluble
nucleosomal fraction (S2) (see also Supplemental Fig. 3C). (D) Densitometry analysis of H3.3-EGFP en-

richment in S2 and S1 fractions (mean = SD from duplicate experiments).

We infer from these data either that DEK interferes with the
DAXX-dependent targeting of H3.3 to PML NBs, or that DEK
promotes the maintenance of a soluble pool of H3.3, perhaps by
configuring chromatin in a way that prevents its incorporation.
Testing these alternatives, we found that inhibition of H3.3-EGFP
recovery at PML NBs after DEK depletion is rescued by over-
expression of DAXX (Supplemental Fig. 3A). This concurs with the
persistence of DAXX at PML NBs in these cells (Supplemental Fig.
3B) and indicates that the DAXX-dependent machinery of H3.3
recruitment to PML NBs (Delbarre et al. 2013) remains functional
in the absence of DEK. Thus we next determined the impact of DEK
knockdown on H3.3-EGFP mobility at random sites outside PML
NBs. Based on our earlier findings (Delbarre et al. 2013), H3.3-EGFP
fluorescence signal in these areas originates both from H3.3-EGFP
loaded on chromatin and from a pool of soluble H3.3-EGFP. In the
absence of DEK, the highly mobile fraction of H3.3-EGFP is di-
minished (Fig. 3B, purple line, red arrow), indicating a reduction in
the soluble pool of H3.3 available for targeting to PML NBs, and
prompt loading of H3.3 on chromatin. These results, therefore,
suggest a role for DEK in preventing incorporation of H3.3 into
chromatin regions from which it should be excluded.

NBs (Fig. 3A,B, yellow line). These results
show that the loss of DEK results in a re-
routing of newly synthesized H3.3 from
PML NBs to broad chromatin areas in a
HIRA-dependent manner. To our knowl-
edge, this is the first evidence of a chro-
matin protein (DEK) modulating H3.3
deposition.

To further test this mechanism, we
fractionated MSCs expressing H3.3-EGFP
into a 0.5% Triton X-100-soluble fraction
(S1) and a micrococcal nuclease (MNase)-
soluble nucleosome fraction (52), and
examined the distribution of H3.3-EGFP in these fractions before
and after DEK depletion. Inmunoblotting analysis shows that loss
of DEK results in a reduced proportion of H3.3-EGFP in the Triton
X-100 soluble fraction (S1) and in an enhanced fraction of H3.3-
EGFP in MNase-soluble nucleosomes (S2) (Fig. 3C,D). Moreover,
knockdown of HIRA in DEK-depleted cells (see Supplemental Fig.
3C) increases the Triton X-100-soluble pool of H3.3-EGFP (Fig. 3C,
D), in complete agreement with the FRAP data. Collectively, our
results indicate that removal of DEK from chromatin favors in-
corporation of H3.3, and that the major part of this process is
mediated by HIRA. The presence of DEK contributes to main-
taining a soluble pool of H3.3 available for recruitment to
PML NBs.

In embryonic stem cells, loss of DEK leads to relocalization

of H3.3 from telomeres to chromosome arms and pericentric
heterochromatin

We have previously shown in mouse ESCs the role of PML in the

recruitment of ATRX and H3.3 at telomeres, a process essential
to maintaining telomeric chromatin integrity (Chang et al.

Genome Research 1587

www.genome.org


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

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

Ivanauskiene et al.

2013). Given the connection between PML, DEK, and H3.3
established in the present study, we examined in mouse ESCs the
role of DEK on the PML/ATRX/H3.3 association with telomeres
and on telomeric chromatin assembly. We find that in all un-
differentiated ESCs, DEK colocalizes with telomeres labeled
with the telomeric protein TERF1, together with ATRX and PML
(Supplemental Fig. 4A). As noted earlier for the association of
PML with telomeres (Chang et al. 2013), not all telomeres harbor
DEK (Supplemental Fig. 4A-C). Nonetheless, DEK association
with telomeres is specific to undifferentiated ESCs as differenti-
ation leads to DEK dissociation from telomeres (Supplemental
Fig. 4B,C). This is in line with our previous observation that
telomeres do not contain DEK in MSCs. DEK depletion by siRNA
(Supplemental Fig. 4D) strikingly delocalizes both PML and ATRX
from telomeres, and elicits strong enrichment of PML and ATRX
at sites of pericentric heterochromatin (Fig. 4A; Supplemental

A

Ctl

siDek

H3.3531p

cu

8 Pattern A Pattern
25 Pattern B
o2
h m Pattern C
8 2
o
o
£15
o
IE 1
0,5
0
Scr siDek siDek +
siHira

Fig. 4E,F). Thus DEK is required for the association of PML and
ATRX with telomeres, providing evidence for a chromatin-based
anchor of PML and ATRX.

Given the role of ATRX on H3.3 deposition at telomeres in
ESCs (Wong et al. 2010), and the DEK-dependent association of
ATRX with telomeres (Supplemental Fig. 4E), we asked whether
a loss of DEK would also affect H3.3 enrichment at these sites. To
unequivocally examine H3.3 at these sites, we assessed H3.3
phosphorylated on Ser31 (H3.3S31p) using a phospho-specific
antibody (Supplemental Fig. SA; Wong et al. 2009), as H3.3831p is
enriched on telomeres, but not in pericentric heterochromatin, on
mitotic chromosomes in ESCs (Wong et al. 2009). We find that DEK
depletion strongly diminishes H3.3S31p labeling at telomeres, in-
dicating reduced H3.3 loading at these sites (Fig. 4B,C). Thus in ESCs,
DEK is also important for targeting H3.3 to telomeres and hence for
proper telomeric chromatin assembly within PML NBs at these sites.
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Figure 4. Loss of DEK in ESCs results in displacement of PML from telomeres, reduced H3.3 loading at telomeres, and HIRA-dependent H3.3 deposition
on chromosome arms. (A) Immunolocalization of TERF1 and PML in control and DEK-depleted cells. Arrows in Ctl cells point to TERF1-PML colocalization;
arrowheads in siDek cells show large PML NBs at sites of heterochromatin. (B) Immunofluorescence localization of H3.3S31p on mitotic chromosomes
from control and DEK-depleted cells. Arrows in Ctl cells point to H3.3S31p at telomeres. White arrowheads in the siDek image show H3.3531p on
chromosome arms and yellow arrows show H3.3S31p at pericentromeres. Bars, 5 um. (C) Fluorescence intensity level of CREST (as an invariant control
marker; see panel D) and H3.3-EGFP on chromosome arms and centromeres in cells depleted of DEK or DEK + HIRA, relative to control cells (Ctl siRNA). (D)
HIRA knockdown in DEK-depleted cells reduces H3.3531p loading on chromosome arms. Graph shows the fold change in the proportion of metaphases
with H3.3S31p patterns “A” (telomere staining; arrow), “B” (chromosome arm staining [arrowhead] and/or pericentromeric labeling), and “C” (no
staining). Sixty mitotic spreads were examined. CREST was labeled as a centromere marker. P < 0.001 relative to Ctl and siDek; P < 0.001 relative to Ctl

(Fisher’s exact test). Larger data sets are shown in Supplemental Fig. 6B.
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Strikingly, DEK loss also results in a widespread increase in H3.3S31p
staining on chromosome arms (Fig. 4B, white arrowheads; Fig. 4C)
and in pericentric regions (Fig. 4B, yellow arrows). These obser-
vations are unlikely to result from H3.3 hyperphosphorylation
on S31 because the global levels of H3.3531p on mitotic chro-
mosomes are not affected by overexpression of DEK (Supple-
mental Fig. 5B). These results indicate that the absence of DEK
results in a broad redistribution of H3.3 in chromatin, outside
telomeres.

The involvement of HIRA in widespread H3.3 deposition
into chromatin in DEK-depleted cells inferred from our earlier
experiments suggests that HIRA might also be involved in the
aberrant H3.3 localization on chromosome arms observed here.
Indeed, knockdown of HIRA (Supplemental Fig. 6A) in DEK-
depleted ESCs reduces H3.3S31p detection on chromosome arms
(Fig. 4C) and increases the proportion of chromosomes with no
detectable H3.3S31p (Fig. 4D; Supplemental Fig. 6B). These re-
sults indicate that depletion of DEK in ESCs reduces H3.3 loading
at telomeres and instead elicits a HIRA-dependent, broad de-
position of H3.3 on chromosome arms.

We conclude that DEK depletion in ESCs results in the
relocalization of PML, ATRX, and H3.3 from telomeres to pericentric
heterochromatin, along with widespread H3.3 loading on chromo-
some arms. This demonstrates the importance of DEK in modulating
ATRX/H3.3 targeting to PML NBs and chromatin, and suggests a
hitherto unknown role of DEK in regulating H3.3 distribution on
telomeric vs. nontelomeric chromatin.

Loss of DEK elicits the formation of fragile telomeres

Consistent with the previous observations, DEK depletion leads to
aberrations in telomere structure detectable on mitotic chromo-
somes. Under normal conditions, both TERF1 immunolabeling
and telomere fluorescence in situ hybridization (FISH) reveal on
chromatid ends a single signal of intensity similar to the signal on
the sister chromatid (Fig. 5A,B). After DEK depletion, however,
most metaphase spreads show stretched or multiple TERF1 signals
on at least one of the chromatid ends (Fig. 5A, arrows) and simi-
larly, stretched or multiple telomere FISH signals (Fig. 5B,C). These
multiple signals are spatially separated from the chromatid end,
consistent with a failure of telomeric DNA to condense and with
a fragile telomere phenotype (Sfeir et al. 2009). As this in turn
would imply telomeric DNA damage, we next examined any en-
richment of telomeres in gamma-H2AX (i.e., H2ZAX phosphor-
ylated on S139), a marker of DNA damage. We find that DEK
depletion results in accumulation of gamma-H2AX in nuclei, in-
cluding at telomeres (Fig. 5D, arrows), in line with a role of human
DEK in regulating DNA damage signaling and repair (Kavanaugh
et al. 2011). Telomere-specific enrichment in gamma-H2AX was
further demonstrated by chromatin immunoprecipitation (ChIP)-
qPCR (Fig. 5E). In addition, transcription of the telomere-encoded
TERRA noncoding RNA (Luke and Lingner 2009) is enhanced in
DEK-depleted cells (Fig. SF), suggesting a loss of chromatin re-
pression at telomeres.

Altogether, these results point to the formation of fragile
telomeres, increased telomere DNA damage, and a telomere
dysfunction phenotype elicited by the loss of DEK. These pheno-
types may arise from defective ATRX and H3.3 targeting to telo-
meres. In addition to a hitherto unidentified role of DEK in the
regulation of H3.3 loading on telomeric vs. nontelomeric chro-
matin, we demonstrate a novel function of DEK in regulating
proper telomeric chromatin assembly and its structural integrity.

Discussion

The chromatin-bound protein DEK restricts histone access

A role of DEK in the maintenance of chromatin architecture by
altering DNA topology is well established (Alexiadis et al. 2000;
Kappes et al. 2001; Waldmann et al. 2002, 2004). DEK has been
associated with DNA supercoiling and bending activities consis-
tent with a role in chromatin compaction (Privette Vinnedge et al.
2013). DEK also promotes heterochromatin formation through its
Su(var) function (Kappes et al. 2011). We now uncover a new role
of DEK in maintaining chromatin integrity by controlling the
chromatin distribution of H3.3. Live imaging and biochemical
fractionation data indicate that the loss of DEK leads to widespread
HIRA-dependent loading of H3.3 on chromatin and DAXX/ATRX-
dependent incorporation of H3.3 in heterochromatin sites. In
ESCs, DEK knockdown causes dislocation of PML and ATRX from
telomeres, defective H3.3 loading at these sites, fragile telomeres,
telomeric DNA damage, and aberrant transcription of the telo-
mere-encoded TERRA RNA. DEK emerges therefore as a hitherto
unidentified chromatin-associated factor regulating H3.3 de-
position in human and mouse cells and important for telomeric
chromatin integrity and function in ESCs.

Our results lead to a model of DEK as a “gatekeeper” of
chromatin, with a role in H3.3 deposition depending on cellu-
lar and genomic contexts (Fig. 6). Outside telomeres (Fig. 6A),
DEK restricts HIRA-mediated widespread deposition of non-
nucleosomal H3.3; nonnucleosomal H3.3 is instead targeted to
PML NBs by DAXX (Delbarre et al. 2013). Loss of DEK relaxes DNA
topology, which may be associated with loss or displacement of
nucleosomes (Talbert and Henikoff 2010). Our findings are con-
sistent with a “gap filling” role of HIRA shown to deposit H3.3 on
DNA free of nucleosomes in order to reconstitute nucleosomal
chromatin (Ray-Gallet et al. 2011). In order to protect chromatin
integrity, one function of DEK may be to maintain nucleosome
composition by preventing unscheduled histone eviction, in-
corporation, or exchange. DEK could also function by removing
H3.3 steadily deposited by HIRA (in chromosome arms) or by the
DAXX/ATRX complex (in heterochromatin). The latter would be
consistent with the H3.3 chaperone activity of DEK (Obri et al.
2014). At telomeres and in ESCs (Fig. 6B), DEK ensures proper in-
corporation of H3.3 by ATRX via PML NBs. In the context of for-
mation or maintenance of chromatin domains, we propose that
DEK plays a critical role in controlling access of histones to DNA.

DEK regulates the H3.3 balance on chromatin by modulating
the interplay between different chaperones

Incorporation of H3.3 in mammalian cells is carried out by at least
two independent complexes, DAXX/ATRX and ASF1A/HIRA/
UBN1/UBN2 (Tagami et al. 2004; Drane et al. 2010; Goldberg et al.
2010; Wong et al. 2010). We now propose a mechanism regulating
the distribution of H3.3 between these complexes by DEK. Re-
cruitment of nonnucleosomal H3.3 to PML NBs has been proposed
to facilitate H3.3 distribution among histone chaperones in these
NBs (Delbarre et al. 2013). We now show that DEK depletion results
in the re-routing to chromatin of this nonnucleosomal pool of
H3.3, with domain definition dependent on HIRA and on the
DAXX/ATRX complex. DEK may thus indirectly influence the al-
location of available H3.3 between different chaperones and hence
its site-specific deposition in the genome. This hypothesis is sup-
ported by our findings that loss of DEK shifts the H3.3 balance on
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Figure 5. DEK depletion in ESCs induces fragile telomeres. Immunofluorescence detection of TERF1 (A) and telomere FISH analysis of telomere structure
(B), on metaphase chromosomes from control and DEK-depleted cells. In control cells, TERF1 and telomere FISH show single signals of similar intensity on
both sister chromatid ends. DEK depletion leads to chromatids with double or multiple TERF1 and telomere FISH signals with some stretched signals
(arrows). (C) Proportions of metaphase spreads with fragile telomeres induced by DEK depletion (mean =+ SD of three experiments; n = 105 cells). (D)
Immunolocalization of gamma-H2AX in relation to telomeres (TERF1) in control and DEK-depleted cells. Arrows point to telomeres enriched in gamma-
H2AX. Bars, 5 um. (E) ChIP-qPCR analysis of gamma-H2AX enrichment at telomeres in control and DEK-depleted cells (mean fold enrichment of three
experiments). Histones H3 and H4 were also chromatin immunoprecipitated as controls. (F) RT-qPCR analysis of telomere-encoded TERRA RNA transcripts

in control and DEK-depleted cells.

chromatin, through a broad deposition on chromosome arms and
heterochromatin foci, and defective loading at telomeres.

DEK impacts H3.3 loading in foci of heterochromatin
associated with PML NBs

In addition to widespread loading of H3.3 on chromatin, the loss
of DEK also promotes H3.3 accumulation in foci of heterochro-
matin. Interestingly, knockdown of ATRX or DAXX abrogates this
accumulation of H3.3 despite the maintenance of H3K9me3 and
CBX3 in these regions; thus we can reasonably exclude that ectopic
H3.3 deposition itself initiates local heterochromatinization. Our
PML knockdown data indicate that H3.3-mC targeting and main-
tenance at these heterochromatin foci do not require PML NBs and

that H3.3-mC is incorporated into chromatin at these sites. This
distinguishes this particular fraction of H3.3 from H3.3 associated
with PML NBs in control (DEK-containing) cells, where its mobility
(Delbarre et al. 2013) suggests no chromatin incorporation. The
detection of PML in heterochromatin foci in DEK-depleted cells
could be due to aggregation of the PML protein at these sites
through an unknown mechanism, or to PML recruitment by the
DAXX/ATRX complex, given the known association of DAXX with
PML (Ishov et al. 1999). Our data favor a scenario where H3.3 is
loaded on heterochromatin foci formed after the loss of DEK, or
alternatively, where H3.3 accumulates at heterochromatin foci
that exist prior to DEK depletion. Either scenario is compatible
with recognition of H3K9me3 by ATRX (Dhayalan et al. 2011;
Eustermann et al. 2011; Iwase et al. 2011). It is then conceivable
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Figure 6. Model of regulation of loading of H3.3 on chromatin by DEK. (A) Outside telomeres, DEK
prevents chromatin loading of nonnucleosomal H3.3, which is recruited to PML NBs by DAXX (Delbarre
et al. 2013). Loss of DEK by siRNA relaxes DNA topology and promotes broad HIRA-dependent H3.3
deposition on chromosome arms (lower right) and DAXX/ATRX-dependent loading in H3K9me3- and
CBX3-containing heterochromatin foci where PML NBs also aggregate (upper right). (B) At telomeres,
DEK has been previously shown to be essential for anchoring of PML NBs and ATRX, enabling H3.3
loading, and this is required to preserve telomere chromatin integrity (Chang et al. 2013). Loss of DEK
results in dislocation of PML NBs and ATRX, impairment of H3.3 loading, and a fragile telomere phe-
notype marked by TERF1 spreading, telomere elongation, and up-regulation of the TERRA long
noncoding RNA. The mislocated PML/ATRX/H3.3 complex may be relocated to pericentric hetero-

chromatin.

that DEK restricts H3.3 deposition in heterochromatin by DAXX/
ATRX in a manner analogous to DEK’s restriction on H3.3 loading
elsewhere in the genome by HIRA.

DEK is important to preserve telomeric chromatin integrity

Localization of H3.3 chaperones at telomeres in association with
PML NBs has been reported in several instances: HIRA and ATRX
are observed at telomeres in ESCs, but while H3.3 incorporation at
these sites is HIRA-independent, PML NBs appear to tether ATRX
and H3.3 at these sites (Wong et al. 2009; Goldberg et al. 2010).
We now show that in ESCs DEK is part of the telomere architec-
ture, and is required for association of PML and ATRX, H3.3
loading at telomeres, and maintenance of telomere integrity. Our
findings concur with the role of PML in ATRX-dependent H3.3
maintenance at these sites and in preserving telomere function
(Chang et al. 2013). We also show that the absence of DEK results
in a loss of chromatin repression at telomeres, which may be at-
tributed to a lack of ATRX-mediated H3.3 loading (Goldberg et al.
2010).

Association of DEK with telomeres has been reported in Dro-
sophila (Antao et al. 2012). However, it is important to note that
not all telomeres contain DEK in mouse ESCs. DEK localization at
telomeres may be linked to their association with PML NBs (Chang
et al. 2013). Yet why this only concerns a proportion of telomeres

/ DAXX/ATRX

\HIRA

@ gt

NNrTERRA RNA

remains unknown but may involve the
epigenetic composition of telomeric
chromatin, including association with
microRNAs (Gonzalo et al. 2006; Benetti
et al. 2007, 2008; Chang et al. 2013).

We reveal the functional importance
of DEK at telomeres by showing the ac-
quisition of a fragile phenotype in ESCs
depleted of DEK. Interestingly, ASF1, an-
other histone chaperone involved in
H3.3 deposition, also plays an important
role with telomeres. ASF1 helps nucleo-
some assembly by transferring (H3.3-H4)
dimers to HIRA (Tagami et al. 2004), and
its depletion results in ALT induction to
maintain proliferative capacity (O’Sullivan
H3.3 et al. 2014). DEK and ASF1 are likely in-
volved in different functions at telomeres
since DEK depletion does not result in
telomeric sister chromatid exchange (LH
Wong, unpubl.), contrary to ASF1 depletion
(O’Sullivan et al. 2014). We also observe a
relocalization of PML from telomeres to
pericentric heterochromatin after DEK de-
pletion, whereas ASF1 depletion maintains
PML at telomeres (O’Sullivan et al. 2014).

Our results highlight a novel func-
tion of DEK as a guardian of chromatin by
restricting widespread histone access, and
in particular by modulating differential
H3.3 loading in specific chromatin areas.
Canonical histones (such as H3.1 and H3.2)
and H3 variants such as H3.3 are subject to
post-translational modifications. In geno-
mic sites associated with DEK, inhibition of
undesirable H3.3 loading, and associated
H3.3 modifications, may be important to preserve the epigenetic
landscape. Regulation of H3.3 incorporation by DEK may also impact
on nucleosome stability (Henikoff 2008). Our results also suggest
that chromatin structure and function depend on the tethering of
mechanisms ensuring proper histone supply and routing to various
chromatin deposition pathways. Our findings may have implications
in the dramatic chromatin remodeling events that take place during
embryonic development, stem and progenitor cell differentiation, or
cancer development (Broxmeyer et al. 2013).

Methods

Cells

MSCs were cultured in DMEM/F12 medium containing GlutaMAX
(Gibco) and 20% fetal calf serum (Delbarre et al. 2013). Mouse ESCs
strain ES129.1 were cultured in DMEM/15% fetal calf serum, es-
sential amino acids, 10*> U/mL of leukemia-inhibiting factor, and
0.1 mM B-mercaptoethanol. ESCs were induced to differentiate by
removal of leukemia inhibitory factor and addition of retinoic acid
(Chang et al. 2013).

Transfection of plasmids and siRNAs

Transfection of mouse ESCs with siRNAs was done using Lipo-
fectamine 2000 (Invitrogen). Mouse Dek siRNAs (DEK ON-target
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Plus siRNA) were from Thermo Scientific. Mouse Hira siRNAs
(Mss205135) were from Life Technologies. Transfection of MSCs
was done by nucleofection (Delbarre et al. 2013). For expression of
proteins in siRNA-treated cells, a first siRNA transfection was fol-
lowed 96 h later by a second transfection with both siRNA and the
relevant plasmid. Plasmids encoding H3.3-EGFP, H3.3-mCherry,
mCherry-PML, and mCherry-DAXX were as described (Delbarre
et al. 2013). The EGFP-PML plasmid was a gift from Dr. Harutaka
Katano. The EGFP-DEK plasmid was a gift from Dr. Ferdinand
Kappes (Kappes et al. 2001). siRNAs to human genes were DEK: CC
UUCUGGCAAACCAUUGCCGAAAU; HIRA: GAGCAGAACCUUG
UGAAAGAGCUGA; DAXX: GAUCAUCGUGCUCUCAGACUCUG
AU; ATRX: GAUAUUGCAGAGAAAUUCCUAAAGA; PML: GGAA
GGUCAUCAAGAUGGAGU; Control siRNA: UUCUCCGAACGU
GUCACGUTT.

Antibodies

Antibodies to TERF1 were as described (Iwano et al. 2004), anti-
bodies to PML (5E10) were a gift from Dr. Roel van Driel, human
autoimmune serum CREST6 was from the Murdoch Children’s
Research Institute (Melbourne), and antibodies to CBX3 were from
Dr. Brigitte Buendia. The following antibodies were from one or
several sources: DAXX (sc-7152, sc-7001), ATRX (sc-15408), DEK
(sc-136222): Santa Cruz Biotechnology; DEK (16448-AP): BioSite;
TERF2 (05-521), H3K9me3 (05-1250), HIRA (04-1488), H3.3 (09-
838): Millipore; H3.3831p (39367): Active Motif; H3K9me3 (pAb-
056-050): Diagenode; CENPA (2186): Cell Signaling Technologies;
PML (ab53773, ab72137, ab50637), H3 (ab1791), H4 (ab10158):
Abcam; alpha-tubulin (T5168), FLAG (F1804): Sigma; gamma-
H2AX (H2AXS139p) (05-636): Millipore; GFP (11814460001):
Roche; Alexa Fluor 488 anti-goat (A-11055): Invitrogen; DyLight
549 anti-rabbit (711-505-152). Cy3-, Cy2-, AMCA-, Alexa Fluor 488
anti-mouse-, and HRP-conjugated: Jackson Laboratories. For im-
munofluorescence, primary antibodies were diluted 1:100 except
TERF2 (1:200), DEK (1:50), and CENPA (1:400). Secondary anti-
bodies were diluted 1:200 except DyLight 549 anti-rabbit (1:800)
and AMCA-conjugated (1:100). For immunoblotting, antibodies
were diluted 1:1000 except CBX3 (1:500), H3 (1:5000), and HRP-
conjugated (1:7000). A peptide competition assay to assess specific-
ity of the anti-H3.3531p antibody was done by immunofluorescence
analysis as described earlier (Wong et al. 2009).

Immunological procedures

For immunofluorescence, MSCs were fixed with ice-cold methanol
for 6 min, or 3% paraformaldehyde for 15 min where indicated,
permeabilized with 0.1% Triton X-100/2% bovine serum albumin/
0.01% Tween 20, incubated with primary antibodies for 45 min,
washed in PBS/0.01% Tween 20/2% bovine serum albumin, and
incubated with secondary antibodies for 45 min. DNA was stained
with 0.1 pg/mL DAPI and coverslips mounted in Mowiol 4-88
(Polysciences). Images were acquired on an Olympus IX71 upright
microscope fitted with the DeltaVision system, and processed with
Image] 1.42q (Delbarre et al. 2013).

ESCs were cultured for 1 h with colcemid, incubated in 75 mM
KCl, spun onto slides, and incubated in KCM (120 mM KCl, 20 mM
NaCl, 10 mM Tris-HCI, pH 7.2, 0.5 mM EDTA, 0.1% Triton X-100,
protease inhibitors) followed by 5 min in KCM/0.5% Triton X-100
(Chang et al. 2013). Slides were blocked in KCM/1% bovine serum
albumin and incubated with primary and secondary antibodies for
1 h at 37°C. Slides were washed 3X 5 min in KCM, fixed in KCM/
4% formaldehyde. DNA was stained with DAPI and slides mounted
in Vectashield. Immunofluorescence analyses and image process-

ing were done using a Zeiss Axioimager.M1 microscope/AxioCam
MRm camera and the AxioVs40v4.6.1.0 software.

PML or DEK was immunoprecipitated from MSC cell lysates
prepared by probe sonication in 20 mM Tris-HCI (pH 7.5), 150
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, and pro-
tease inhibitors. The lysate was sedimented at 10,000g for 15 min
at 4°C and the supernatant used for immunoprecipitation using
anti-PML (10 pg) or anti-DEK (3 ng) antibodies after preclearing
with Protein G Dynabeads. Immune complexes were washed five
times in PBS/0.1% Triton X-100 and dissolved in SDS sample
buffer prior to SDS-PAGE. Western blotting was done as described
after resolving samples by 4%-20% SDS-PAGE (Delbarre et al.
2013).

Fluorescence recovery after photobleaching (FRAP)

FRAP was done in a ~2-pm diameter area using a SuperApochromat
60x/1.35 objective and an Olympus confocal microscope fitted
with a SIM scanner as described (Delbarre et al. 2013). Forty-eight
hours after transfection of H3.3-EGFP, FRAP images were taken
every 10 sec, with the first acquisition taken 10 sec before
bleaching. Data analysis including measures and normalization
was as described previously (Delbarre et al. 2013).

Fluorescence in situ hybridization (FISH)

For telomere FISH (Chang et al. 2013), ESCs treated with colcemid
were suspended in 75 mM K(ClI, fixed in ice-cold methanol:acetic
acid (3:1), dropped onto slides and air-dried. Slides were dehy-
drated in 70%, 95%, 100% ethanol series, denatured in 70%
formamide/2Xx SSC at 70°C, and hybridized with a Cy3-conjugated
telomere DNA probe (PNA Bio) in 50% formamide, 0.5% blocking
reagent (Gibco), and 10 mM Tris-HCI, pH 7.2.

Reverse transcription PCR

Total RNA was isolated and DNase-treated before cDNA synthesis
(High-Capacity ¢cDNA Reverse Transcription Kit; Applied Bio-
systems). Real-time PCR was done using SYBR Green in a Roche
Light Cycler Real-Time PCR System. Data were analyzed using the
ACt method after normalization against Cr values for Gapdh and
Actb. Relative fold difference in RNA level was expressed as 2744€T,
TERRA primers were 5'-GGTTTTTGAGGGTGAGGGTGAGGGT
GAGGGTGAGGGT-3" and 5'-TCCCGACTATCCCTATCCCTAT
CCCTATCCCTATCCCTA-3'. Actb primers were 5'-TCCCTGGAG
AAGAGCTACGA-3' and 5'-AGCACTGTGTTGGCGTACAG-3’, and
Gapdh primers were 5'-AAGTATGATGACATCAAGAAGGTCCT-3’
and 5'-AGCCCAGGATGCCCTTTAGT-3".

Cell and chromatin fractionation

After collection, cells were lysed for 20 min at 4°C in digestion
buffer (250 mM sucrose, 50 mM Tris-HCI pH 7.5, 5 mM MgCl,,
1 mM CaClp, 5 mM Na-butyrate, 1 mM DTT, 1 mM PMSE and
protease inhibitors) containing 0.5% Triton X-100. After sedi-
mentation, the supernatant (S1 fraction) was collected. The pellet
was washed in digestion buffer and resuspended in digestion buffer
containing 0.167 units of MNase (Sigma-Aldrich) per ug DNA for
10 min at 37°C. Digestion was stopped by addition of EDTA to
5 mM, and the MNase-soluble nucleosomal fraction (S2) was re-
covered after sedimentation at 11000g for 10 min at 4°C. DNA was
recovered by methanol-chloroform-isoamyl alcohol extraction
from aliquots of the S1, S2, and P2 (MNase-insoluble) fractions to
assess digestion (data not shown). Proteins were purified from the
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same fractions, from the water-soluble phase after extraction with
methanol-chloroform-isoamyl alcohol, and resolved by 4%-20%
gradient SDS-PAGE.

Chromatin immunoprecipitation

Cells were harvested, crosslinked with 1% paraformaldehyde for
10 min, and quenched by adding glycine to 0.25 M. Cells were
washed in PBS and lysed in 10 mM Tris pH 8, 10 mM NacCl, and
0.2% NP40. Nuclei were sedimented and resuspended in 50 mM
Tris pH 8, 10 mM EDTA, and 1% SDS, and sonicated with a Bio-
ruptor (Diagenode) to obtain chromatin fragments of =500 bp.
Chromatin was diluted in 20 mM Tris pH 8, 2 mM EDTA, 150 mM
NaCl, 1% Triton X-100, and 0.01% SDS, and precleared with
Protein G magnetic beads at 4°C. Precleared chromatin was
immunoprecipitated with antibody-bound beads at 4°C over-
night. After washes, ChIP DNA was eluted, treated with RNase A
and Proteinase K, and reverse crosslinked at 65°C overnight. DNA
was extracted with phenol-chloroform and precipitated using
tRNA and glycogen as carriers. Quantitative PCR was done using
the following primers: 5'-GGTTTTTGAGGGTGAGGGTGAGGG
TGAGGGTGAGGGT-3' and 5'-TCCCGACTATCCCTATCCCTA
TCCCTATCCCTATCCCTA-3".
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