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Summary

In mammals, DNA methylation is essential for protecting repetitive sequences from aberrant
transcription and recombination. In some developmental contexts (e.g., preimplantation embryos)
DNA is hypomethylated but repetitive elements are not dysregulated, suggesting that alternative
protection mechanisms exist. Here we explore the processes involved by investigating the role of
the chromatin factors DAXX and ATRX. Using genome-wide binding and transcriptome analysis,
we found that DAXX and ATRX have distinct chromatin-binding profiles and are co-enriched at
tandem repetitive elements in wildtype mouse ESCs. Global DNA hypomethylation further
promoted recruitment of the DAXX/ATRX complex to tandem repeat sequences, including
retrotransposons and telomeres. Knockdown of DAXX/ATRX in cells with hypomethylated
genomes exacerbated aberrant transcriptional de-repression of repeat elements and telomere
dysfunction. Mechanistically, DAXX/ATRX-mediated repression seems to involve SUV39H
recruitment and H3K9 trimethylation. Our data therefore suggest that DAXX and ATRX
safeguard the genome by silencing repetitive elements when DNA methylation levels are low.
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Introduction

DNA methylation is tightly regulated by the de novo DNA methyltransferases DNMT3a/3b
and the maintenance DNA methyltransferase DNMT1, and required for somatic cell growth
and survival in mammals (Jackson-Grusby et al., 2001; Tsumura et al., 2006). DNA
methylation can inhibit gene transcription and facilitate the formation of compact and
inactive chromatin or heterochromatin (e.g., repetitive sequences) to safeguard genome
integrity and stability (Armour et al., 1996; Branzei and Foiani, 2010; Chan et al., 2006;
Deepali Pathak 2012; Jurka et al., 2007; Ross et al., 2010; Sakaue et al., 2010; Treangen and
Salzberg, 2012). Repeat elements such as telomeres and centromeres are located in specific
regions and critical for maintaining the structure and integrity of chromosomes. The
dysregulation of these sequences have been directly linked to genome instability and human
diseases (Bzymek and Lovett, 2001; Heartlein, 1990; Mattick and Makunin, 2006). Other
repeat elements such as long-terminal repeat (LTR) containing retrotransposons (or
endogenous retroviruses (ERVSs)) are scattered throughout the genome. Increasing evidence
indicates that these sequence elements also possess the capacity to contribute to malignant
transformation (Gao et al., 2008; Lee et al., 2012). It has been shown that ERVs are
normally actively suppressed through chromatin maintenance mechanisms such as DNA
methylation and histone modifications (Rebollo et al., 2012; Shalginskikh et al., 2013; Wolf
et al., 2013), the disruption of which can have serious consequences and lead to diseases and
cancer in humans (Bourc’his and Bestor, 2004; Dodge et al., 2005; Gaudet et al., 2003;
Jackson-Grusby et al., 2001; Lewis et al., 2010; Lovejoy et al., 2012; Ross et al., 2010;
Wilson et al., 2007).
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Interestingly, embryonic stem (ES) cells can tolerate global loss of DNA methylation.
Mammalian genomic DNA undergoes programmed genome-wide demethylation during
specific developmental stages. For example, the vast majority of genomic DNA loses
methylation due to restricted DNMT1 mobility and low DNMT3a/3b expression in
preimplantation embryos (2-8 cell stage) and during primordial germ cell (PGC)
specification (Cirio et al., 2008; Grohmann et al., 2005; Howell et al., 2001). Mouse ES
(mES) cells deficient for DNMTs are also able to survive and maintain their self-renewal
capacity (Jackson et al., 2004; Tsumura et al., 2006). Despite risks such as de-repression of
repetitive elements, such genome-wide DNA demethylation does not lead to genomic
instability (Baumann et al., 2010; Hutnick et al., 2010; Reik et al., 2001; Seisenberger et al.,
2012), suggesting the existence of additional control mechanisms that ensure genome
integrity and stability.

Recent studies have linked the DAXX/ATRX complex to DNA methylation. The SWI/SNF-
like chromatin remodeling protein ATRX (a-thalassemia/mental retardation X-linked) can
form a hetero-complex with the transcriptional co-repressor DAXX (death-domain
associated protein). DAXX can also act as a chaperon for the chromatin deposition of
histone H3 variant H3.3 (Wong et al., 2010; Xue et al., 2003). Knocking out (KO) either
DAXX or ATRX in mice was embryonic lethal (Garrick et al., 2006; Michaelson et al.,
1999). Previous work has indicated that both DAXX and ATRX can localize to pericentric
heterochromatin and telomeres in somatic and ES cells (Baumann et al., 2008; Emelyanov et
al., 2010; Wong et al., 2010). Recent genome-wide sequencing studies suggest that ATRX
target regions (e.g., promoters and GC-rich tandem repeats) are enriched with the CpG
dinucleotide (Law et al., 2010). In particular, ATRX associates with pericentric
heterochromatin regions that are transcriptionally silenced by H3K9 trimethylation
(H3K9me3) (McDowell et al., 1999). Mutations in ATRX were shown to cause changes in
DNA methylation at repeat sequences including rDNA, interstitial heterochromatic repeats,
and subtelomeric repeats (Gibbons et al., 2000). However, the precise role of DAXX and the
DAXX-ATRX complex in these processes remains unclear.

In this study, we tested the hypothesis that the DAXX/ATRX complex participates in
protecting repetitive elements in the absence of DNA methylation. To this end, we
investigated genome-wide chromatin targeting of DAXX and ATRX in wildtype mES cells,
and in mES cells that exhibit extensive loss of DNA methylation due to homozygous
knockout of all three DNA methyltransferases (TKO cells) (Okano et al., 1999). Our data
uncovered distinct genomic distribution patterns of DAXX vs. ATRX, and revealed
significant changes in DAXX and ATRX targeting in cells with hypomethylated DNA. We
showed that upon DNA hypomethylation DAXX and ATRX became preferentially targeted
to tandem repetitive elements that are heavily methylated in wildtype mES cells, such as
IAPs (intracisternal A particle) and telomeres. This chromatin re-distribution of DAXX/
ATRX appeared to depend on DAXX, not ATRX. Our RNA-seq and quantitative RT-PCR
experiments using TKO cells, mES cells maintained in ground-state conditions, and
preimplantation embryos further support an essential role of the DAXX/ATRX complex in
silencing these repetitive elements in cells undergoing global DNA demethylation.
Additionally, we provide evidence that DAXX can recruit SUV39H1 and promote H3K9
trimethylation to silence tandem repetitive elements. Our findings demonstrate the
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functional link between the DAXX/ATRX complex and DNA methylation, and highlight the
critical role of DAXX in silencing repetitive sequences in the absence of DNA methylation.

Results

DAXX and ATRX target to distinct chromatin regions in wildtype mouse ES cells

To better understand the function of DAXX and ATRX, we first determined their genome-
wide targets by ChlP-seq using antibodies against endogenous DAXX and ATRX in
wildtype mouse ES cells (J1) (supplemental Figure S1A-B). A total of 767 DAXX and
1,505 ATRX-binding sites were identified, including those in promoter regions, tRNA
genes, and various repetitive elements (e.g., satellite and simple repeats) (Figure 1A-B).
Enrichment of DAXX and ATRX at a number of the identified sites was further validated by
ChIP Q-PCR (supplemental Figure S1C-D).

Given that DAXX and ATRX can heterodimerize on chromatin, we were surprised by the
relatively small percentage of shared binding sites (~34% for DAXX and ~18% for ATRX)
(supplemental Figure S2A). Compared to ATRX, DAXX appeared to preferentially bind to
promoter regions (156 vs. 98) (Figure 1C-D) and target tRNA genes (99 vs. 2) (Figure 1E).
Many DAXX-only (504) and ATRX-only (1,242) binding sites were found at both gene
promoters and repetitive sequences, supporting the notion that these two proteins carry out
independent functions on different targets. Two major types of repetitive sequences (LTR
and simple repeats) were highly enriched for both DAXX and ATRX, and satellite repeats
were found exclusively in DAXX/ATRX co-binding sites, suggesting a role for these
proteins in regulating repetitive sequences (Figure 1A-B, 1D). Consistent with DAXX and
ATRX working as a complex on IAPs, the two proteins exhibit similar binding profiles and
are enriched at the 5’ terminal regions of the tandem repeats (Figure 1F). These results
underscore the unique functions of each protein and suggest related but distinct binding
profiles/targets of DAXX vs. ATRX in mouse ES cells.

DNA hypomethylation impacts the genomic targeting of DAXX and ATRX

We reasoned that genome-wide alterations in DNA methylation should impact the targeting
of DAXX and ATRX, given the importance of DNA methylation in silencing genes and
repressing repeat sequences. To investigate this possibility, we carried out ChlP-Seq
experiments using J1 cells knocked out for all three DNA methyltransferases (TKO cells)
(supplemental Figure S1IA-B). Compared to wildtype J1 cells, dramatic increases in the
number of sites targeted by DAXX (2,280) and ATRX (2,191) were apparent in TKO cells,
along with significant increases in both the number (263 vs. 863) and percentage (13% vs.
24%) of DAXX/ATRX co-occupied sites (Figure 2A, supplemental Figure S2B), indicating
enhanced genomic targeting of individual DAXX and ATRX proteins and the DAXX/
ATRX complex upon DNA hypomethylation (x2: p=1.184715). While most DAXX binding
sites remained bound by DAXX in TKO cells (86.3%) with highly correlative binding
intensities (coverage depth), only ~56% of the ATRX binding sites were retained in TKO
cells, often with poor correlation in binding intensities (Figure 2A and B, supplemental
Figure S2C-D). These results underline the different outcomes upon DNA hypomethylation:
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more chromatin sites became readily available for DAXX binding, whereas new potential
ATRX target sites had to “compete” with existing sites for ATRX binding.

Compared to wildtype J1 cells, the TKO cell-specific DAXX (1,665) and ATRX (1,354)
binding sites were highly enriched for LTR-type sequences (24% vs. 14% for DAXX and
39% vs. 12% for ATRX) (Figure 2B-C), particularly simple repeats and the IAP and RLTR
repeats of endogenous retroviruses family K (ERVK) (Figure 2D, supplemental Figure
S2E). The binding intensity on these sites was also higher in TKO cells for both proteins
(especially DAXX) (Figure 2E, supplemental Figure S2F). Taken together with our failure
to detect similar enrichment at sites such as promoters and tRNA genes (data not shown),
these results strongly suggest that DNA hypomethylation can specifically promote the
binding of DAXX and ATRX to LTR-containing sequences. Because repetitive sequences
are often methylated, we postulated that the additional DAXX/ATRX sites identified in
TKO cells should be protected by DNA methylation in wildtype J1 cells. This was indeed
the case when we calculated the relative intensities of DNA methylation on these sites using
published DNA bisulfite sequencing data of TKO and wildtype J1 cells (Figure 2E)
(Williams et al., 2011). Importantly, DNA methylation signals were only detected at IAP
and RLTR sites targeted by DAXX and ATRX, reinforcing the link between the loss of
DNA methylation and gain of DAXX and ATRX binding on repeat sequences.

The DAXX/ATRX complex is essential for transcriptional repression of repetitive elements
in mES cells during DNA hypomethylation

To further determine the changes in DAXX and ATRX-mediated transcriptional repression
in response to DNA demethylation, we generated J1 and TKO cells knocked out for DAXX
and ATRX using the CRISPR-Cas9 technology (supplemental Figure S3) (Cong et al.,
2013), and examined the transcription levels of IAP repeats in these cells. As shown in
Figure 3A, knocking out DAXX or ATRX resulted in an increase of IAP transcription in
both TKO and wildtype J1 cells. Again, the increase was more pronounced in TKO cells,
consistent with the notion that loss of DNA methylation in TKO cells may have rendered the
cells more dependent on DAXX and ATRX for repressing IAP transcription.

It has been shown that culturing normal mES cells in ground-state conditions (e.g., addition
of 2i (MEK/ERK and GSKa3 inhibitors) (Ying et al., 2008) and vitamin C) could also lead to
global DNA hypomethylation (Blaschke et al., 2013). We therefore carried out RNA-seq
experiments using parental and DAXX KO J1 and TKO cells grown in ground-state
conditions (Figure 3 and supplemental Figure S4). As illustrated in Figure 3B, we found no
significant differences in the expression of repetitive elements between wildtype and TKO
cells under different culturing conditions (leftmost plots), indicating that loss of DNA
methylation alone is insufficient to derepress repetitive elements. Derepression of IAPs and
MMERVK retrotransposons induced by DAXX loss was much more pronounced under
ground-state conditions in J1 cells (center top vs. bottom). Consistent with our RT-PCR
results, IAP and MMERVK transcription was significantly higher in TKO DAXX KO cells
than in TKO cells (top right). In comparison, maintaining TKO DAXX KO cells in ground-
state media produced no further IAP derepression (Figure 3B bottom right, supplemental
Figure S4A), since such treatment of these cells likely yielded no additional DNA
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demethylation. A more detailed examination of one IAP locus highlights the expression
pattern of IAPgz in different cells and under different conditions (Figure 3C). Again,
combined DNA hypomethylation and DAXX loss was required for IAP derepression in both
WT and TKO cells. These data support our hypothesis that DAXX is critical for repressing
repeat elements such as IAPs and LTRs, especially when cells undergo global DNA
demethylation. The coordinated action of these two pathways mediates the regulation of
repetitive element expression.

Early pre-implantation embryos undergo genome-wide epigenetic reprogramming through
rapid and global DNA demethylation (Figure 3D) (Messerschmidt et al., 2014). Given the
important role of the DAXX/ATRX complex in repressing retrotransposons in
hypomethylated mES cells, we speculated that this complex might also be necessary for
retrotransposon silencing in early pre-implantation embryos. We therefore determined the
expression of IAPs by quantitative RT-PCR using one-cell stage embryos knocked down
(KD) for ATRX. Consistent with the data obtained from mES cells, |AP expression was
activated in ATRX KD embryos compared to controls (Figure 3E). These data strongly
suggest that the DAXX/ATRX complex likely represents an alternative mechanism that cells
utilize to protect retrotransposons in the event of DNA hypomethylation, adding support to
our model that DNA hypomethylation can induce DAXX-dependent repression of IAPs/
LTRs.

Loss of DNA methylation promotes the targeting of the DAXX/ATRX complex to telomere/
subtelomeric regions in mouse ES cells and during early embryogenesis

Both DAXX and ATRX are capable of binding telomeric/subtelomeric regions in mouse and
human ES cells (Law et al., 2010; Lewis et al., 2010; Lovejoy et al., 2012). Loss of ATRX
has been shown to lead to upregulated transcription, aberrant epigenetic changes, and DNA
damage at telomeres (Heaphy et al., 2011; Lovejoy et al., 2012; Wong et al., 2010). We
therefore examined how changes in DNA methylation would affect DAXX/ATRX targeting
to these regions. Our ChlP-seq experiments suggest increased DAXX/ATRX targeting to
telomeric repeat-containing sequences in TKO cells compared to J1 cells (Figure 4A). In
support of the ChlP-seq results, telomere ChlP experiments using antibodies against
endogenous DAXX and ATRX also brought down more telomeric DNA from TKO cells
(Figure 4B—-C). To rule out the possibility that this enrichment was due to longer telomeres
in TKO cells (Gonzalo et al., 2006), we also performed telomere FISH-immunostaining
assays. J1 cells knocked out for both Dnmt3a and Dnmt3b (DKO cells) were included as
controls (supplemental Figure STA-B). As expected, the majority of DAXX and ATRX
localized to pericentric heterochromatin in wildtype J1 cells (Figure 4D-E). However, most
DAXX and ATRX foci co-stained with telomeres in both DKO (~60%) and TKO (>80%)
cells, which was accompanied by reduced staining for pericentric heterochromatin.

Our immnuostaining data using TKO cells also suggest a central role for DAXX in the
recruitment of DAXX/ATRX to telomere/subtelomere regions. Loss of ATRX had a minor
effect on the telomeric localization of DAXX (Figure 4F, supplemental Figure S5 and S6A—
B). However, knockdown of DAXX severely compromised the ability of ATRX to localize
to telomeres. This was especially evident when cells with or without DAXX expression
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were compared to each other in the same image. When we ectopically expressed wildtype
Dnmt3a or Dnmt3b in TKO cells (supplemental Figure S6C), these cells exhibited enhanced
pericentric heterochromatin localization of DAXX and ATRX, with concomitant decreases
in co-staining of DAXX/ATRX with telomere markers (Figure 4G). In contrast, ectopic
expression of the enzymatically dead mutants of Dnmt3a/3b (Dnmt3a_R716A and
Dnmt3b_V725G) failed to rescue the pericentric heterochromatin localization of DAXX and
ATRX (Figure 4G). These data combined further support our hypothesis that DNA
hypomethylation promotes binding/translocation of the DAXX/ATRX complex to tandem
repetitive sequences such as telomeres.

To determine whether the localization of DAXX and ATRX also changes in pre-
implantation embryos, we immunostained early embryos at different stages (zygotes to 16-
cell morula) using anti-DAXX and ATRX antibodies (Figure 3E, supplemental Figure S6D).
In zygotes, DAXX and ATRX exhibited nuclear staining and localized to pericentric
heterochromatin. By morula stage, the majority of ATRX and DAXX appeared to have
translocated to telomeres, which coincided with the drastic decrease in DNA methylation in
embryos, indicating that DNA demethylation during early embryonic development can also
induce the translocation of DAXX and ATRX to telomeres, where DAXX/ATRX likely play
critical roles in telomere repression.

The DAXX/ATRX complex protects telomeres in the absence of DNA methylation

It has been shown that ATRX depletion leads to modestly increased telomere damage and
de-repression of the telomere repeat containing non-coding RNA transcripts (TERRA) in
mouse ES cells (Azzalin et al., 2007; Wong et al., 2010). When we knocked down DAXX or
ATRX in TKO and wildtype J1 cells (supplemental Figure S6), we also observed increased
TERRA expression, which was more pronounced in TKO cells (Figure 5A), suggesting a
reliance on the DAXX/ATRX complex in repressing TERRA expression in the absence of
DNA methylation. On hypomethylated telomeres, the DAXX/ATRX complex might
function to inhibit telomeric sister-chromatid exchange events (T-SCE). Indeed, depleting
ATRX or DAXX led to more cells showing T-SCE, and TKO cells again exhibited more
severe phenotypes (Figure 5B), underlining the importance of the DAXX/ATRX complex in
maintaining telomeres when DNA is hypomethylated. Additionally, double depletion of
both DAXX and ATRX had no apparent additive or synergistic effects in cells.

Telomere recombination may hinder DNA replication. We therefore carried out Q-FISH
assays to examine abnormal fragile telomeres, a hallmark of defective telomere replication.
While depleting DAXX or ATRX had little effect on wildtype J1 cells, TKO cells exhibited
increased fragile telomeres, with smeared or double telomere signals on metaphase
chromosomes (Figure 5C). Dysregulated telomere length control can result in abnormally
long telomeres with average lengths of >1MB (super telomeres) (Chiodi et al., 2013). Again,
we could observe super telomeres in TKO but not wildtype cells (Figure 5C). These
observations help establish a role for DAXX and ATRX in protecting telomeres from
damage and aberrant elongation in cells with hypomethylated DNA.
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DAXX may recruit SUV39H1 to facilitate repression of repeat sequences

Both histone modifications and DNA methylation are crucial to transcriptional control. To
better understand the epigenetic changes that occur with DNA hypomethylation, we
investigated repressive epigenetic marks on telomeres in TKO and DKO cells. As shown in
Figure 6A-B, antibodies against the repressive histone mark H3K9me3, the H3K9me3-
binding protein HP1a (Kourmouli et al., 2005), and ATRX were able to bring down more
telomeric DNA from DKO and TKO cells than from wildtype J1 cells. Furthermore,
immunostaining analysis revealed extensive co-staining of H3K9me3 and HP1a with
telomeres in TKO cells, but not in wildtype J1 cells (Figure 6C, 6D). ChIP-gPCR assays
indicated that H3K9me3 was also enriched in TKO cells on DAXX/ATRX co-occupied
repetitive sequences (e.g., subtelomeric regions and IAP), but not at promoter regions and
tRNA genes (Figure 6E). These results provide evidence for the corresponding increases in
repressive epigenetic marks following DNA hypomethylation at DAXX/ATRX target sites.
Consistent with DAXX/ATRX-dependent H3.3 deposition, we also observed elevated
accumulation of H3.3 on telomeres in DKO and TKO cells (Figure 6A-B).

Heightened H3K9me3 marks could be a result of increased recruitment of histone
modification enzymes. To investigate this possibility, we performed pull-down assays using
SFB-tagged DAXX and ATRX, along with GST-tagged SUV39H1 and SETDBL, two major
histone methyltransferases for H3K9. As shown in Figure 7A, DAXX was able to co-
precipitate with SUV39H1, suggesting interaction between these two proteins. Further
deletional mapping and Co-IP experiments using truncated DAXX and SUV39H1 proteins
identified specific regions within DAXX and SUV39H1 that mediated the interaction
(Figure 7B-C). In TKO cells, knockdown or knockout of DAXX resulted in the loss of
telomeric accumulation of H3K9me3 (Figure 7D-E), suggesting DAXX-dependent
H3K9me3 enrichment on telomeres in TKO cells. Taken together, our data support the
model in which the DAXX/ATRX complex may upregulate H3K9me3 at its binding sites
through interaction between DAXX and SUV39H1 (Figure 7F).

Discussion

In this study, we generated genome-wide binding profiles of ATRX and DAXX and the
transcriptomes of their target genes in both wildtype and DNA hypomethylated mouse ES
cells. DAXX and ATRX clearly differ in their genomic binding distribution. The large
number of DAXX-only binding sites, primarily located near promoters and tRNA genes,
provides strong evidence for ATRX-less DAXX complexes, a conclusion also supported by
findings of substantial DAXX-alone fractions in gel fractionation experiments (Lewis et al.,
2010). Interestingly, inhibiting DAXX in mouse ES cells did not affect the transcription of
DAXX-only target genes in general (supplemental Figure S4B), supporting differential
function of DAXX on these two types of targets. Additionally, the lack of overlap between
DAXX and H3.3 on DAXX-only targets also argues against a role for DAXX in H3.3
deposition in these cases (supplemental Figure S7).

Our study also revealed significant changes in DAXX and ATRX targeting when genomic
DNA became hypomethylated. The DAXX/ATRX complex was preferentially recruited to
the ERVK family of LTRs (e.g., IAP and RLTR) and telomeres under DNA
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hypomethylation conditions, and loss of DAXX and ATRX led to pronounced de-repression
of these repeat sequences. Our findings have thus uncovered a pathway essential for
repressing repetitive sequences in response to global DNA demethylation, which occurs
during early embryogenesis, in ground-state mES cells, and when cells lose DNA
methyltransferases (e.g., DKO and TKO cells). Indeed, our data with preimplantation
embryos suggest that the DAXX/ATRX complex translocates to telomeres following global
DNA demethylation. Given previous data in mammalian somatic cells that also found
changes in DNA methylation distribution due to loss of ATRX (Gibbons et al., 2000), the
dynamic modification and repression of repeat elements by both the ATRX/DAXX complex
and DNA methylation pathways may be a general feature in most cell types. DAXX and
ATRX are not responsible for H3.3 enrichment at ETn/MusD ERVs (Elsasser et al., 2015).
We found derepression of ETn/MusD ERVSs to be more apparent in DAXX KO cells under
DNA hypomethylation (Figure 3B), suggesting that DAXX and DNA methylation work
together to inhibit ETn/MusD ERVs. Our study underscores the role of the DAXX/ATRX
complex in repressing retrotransposon transcription and safeguarding the genome in cells
with hypomethylated DNA. While our manuscript was in revision, two groups published
their work showing that ATRX and histone H3.3 were required for silencing specific sets of
LTRs (IAPs) in ES cells (Elsasser et al., 2015; Sadic et al., 2015). In this study, we have
further demonstrated overlapping yet independent functions of DAXX and ATRX in
regulating repetitive sequences beyond IAPs.

Repressive epigenetic marks such as H3K9me3 are highly enriched on LTRs and telomeres.
It is possible that H3K9me3 enrichment may prime telomeres for the recruitment of DAXX/
ATRX, similar to what occurs at pericentric heterochromatin (Kourmouli et al., 2005). In
fact, DAXX appears to play an active role in maintaining H3K9me3 at telomeres. Depletion
of DAXX resulted in the loss of telomeric localization of both ATRX and H3K9me3.
Furthermore, the interaction between DAXX and SUV39H1 offers a possible mechanism for
DAXX-dependent establishment of H3K9me3 marks on telomeres. Previous reports have
shown an association between the ADD domain of ATRX and H3K9me3 (Iwase et al.,
2011) and a role of SUV39H1/2 in the maintenance and spreading of H3K9me3 on a subset
of repeat elements (Bulut-Karslioglu et al., 2014). Our findings have added another layer of
regulatory control to telomere chromatin. Recent studies suggest SETDB1 and KAP1 to be
important for H3K9me3 of ERVs in mES cells (Elsasser et al., 2015), while SUV39H1/2 is
partially responsible. Our model does not exclude factors such as SETDB1 from repetitive
sequence repression. It is possible that SUV39H1, DAXX, H3K9me3, and ATRX can form
a positive feedback loop to ensure the repression of repetitive sequences when DNA
methylation level is low.

What are the mechanisms for increased recruitment of ATRX and DAXX to unmethylated
regions? ATRX may be recruited through binding to H3K9me3 or tandem repetitive
sequences that can adopt G-quadruplex structures. Our study here underscores the central
role of DAXX in targeting DAXX/ATRX/H3K9me3 to repetitive sequences, where ATRX
appears largely dispensable. The ChIP-seq and RNA-seq analyses have revealed that tandem
repeat sequences are common in both DAXX only and DAXX/ATRX co-occupied sites. For
instance, DAXX/ATRX clearly accumulate on IAP 5" UTRs that are enriched in short
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tandem repeat sequences. These tandem repetitive DNA sequences (and not just ERV LTRS)
are likely crucial to determining DAXX targeting as well.

Despite the ubiquitous expression of both DAXX and ATRX, co-localization of the DAXX/
ATRX complex with telomeres was only observed in certain cell lines and tissues. Our study
points to DNA methylation as a major determinant in the telomeric recruitment of DAXX/
ATRX. Cells with reduced DNA methylation therefore may be more sensitive to DAXX/
ATRX dysfunction. Mutations of DAXX and ATRX have been directly linked to
chromosome instability, reduced cell survival, and activation of the ALT pathway in
telomerase-negative cancers such as pancreatic neuroendocrine tumors (Bower et al., 2012;
Marinoni et al., 2013; Zhang et al., 2013). Further investigation of DNA methylation status
in ALT tumors should shed more light on the pathogenesis and progression of these cancers.

Experimental Procedures

Vectors and cell lines

Human ATRX (Dr. Junjie Chen, UT MDACC) and DAXX (GE Lifesciences) cDNAs were
cloned into pDEST-27 and pCL-based vectors for GST, FLAG, or SFB tagging. Wildtype
J1, DNMT3a/3b double KO (DKO), and DNMT1/DNMT3a/3b triple KO (TKO) mES cells
were gifts from Dr. Margaret A. Goodell (Baylor College of Medicine). Ground-state cells
were cultured in media with 2i (1 uM MEK inhibitor PD0325901 and 3 pM GSK3p inhibitor
CHIR99021) and treated with vitamin C (100 pg/ml) (L-ascorbic acid 2-phosphate, A8960,
Sigma) for 72 hours before analysis.

Cells were passaged 4 hours before transfection of siRNA oligos (supplemental Table S1),
replenished with fresh media 4 hours after transfection and then harvested 48 hours later.
CRISPRs/Cas9 gRNA vectors (supplemental Table S2) were generated using the pX330-
hSpCas9+chimeric construct (Addgene) (Cong et al., 2013). Cells were transfected twice
with the constructs and plated by limiting dilution four days after the second round of
transfection. Deletion of ATRX and DAXX was also confirmed by western blots and
immunostaining.

ChiP-seq and data analysis

ChlIP-seq experiments and analysis were carried out essentially as previously described
(Yang et al., 2011). ChIP-Seq data are available from the GEO database (GSE70850). DNA
libraries were prepared from whole-genome ChIP using the DNA Sample Kit (lllumina),
with ~10ng of precipitated DNA end-repaired and ligated to Illumina adaptors. The 1gG
sample served as a control. See Supplemental Materials for detailed analysis procedures.
Published ChlP-seq data sets are listed in supplemental Table S3. Antibodies, ChIP-gPCR
primers, and qRT-PCR primers used in this study can be found in supplemental Table S4,
S5, and S6 respectively.

RNA-seq and data analysis

Cytoplasmic RNAs were extracted using the RNeasy Mini Kit (QIAGEN). mRNAS were
captured using oligo-dT magnetic beads and fragmented. First-strand and second-strand
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cDNAs were generated using random primers and in the presence of dUTP respectively. The
double-stranded cDNAs were end repaired, followed by the addition of a 3’A and Y-shaped
adaptors to each end. The dUTP-containing strand was digested using UDG before PCR and
sequencing on the lllumina HiSeq 2000. RNA-Seq data are available from the GEO
database (GSE70850). Analysis follows published protocols with minor modifications
(supplemental Materials) (Trapnell et al., 2012).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DAXX and ATRX exhibit distinct genome-wide distribution of binding sites in
wildtype (WT) mES cells

See also supplemental Figure S1. (A-B) ChlP-seq analysis of wildtype J1 mES cells was
carried out using anti-DAXX and ATRX antibodies. The different types of binding sites
identified throughout the genome are summarized here. (C) The identified binding sites at
different gene loci were divided into DAXX only (top), DAXX & ATRX co-binding
(middle), and ATRX only (bottom) sites. The distance to signal peaks and number of sites in
each group were plotted on the x- and y-axis respectively, to show representative signal peak
distributions of various DAXX/ATRX binding sites. Green bar, CpG island. Orange bar,
LTR region. (D) Genomic features of the three groups of binding sites from (C) were plotted
and further compared. (E) Comparison of the DAXX and ATRX binding profiles at tRNA
genes. The x-axis indicates distance to the transcriptional start site (TSS) of tRNA genes. (F)
The binding profiles of ATRX and DAXX at IAPEz regions (including £2kb from these
regions). Top panel, relative intensities of the peaks were plotted on the y-axis. The blue and
red lines denote the average binding profiles of ATRX and DAXX respectively. The grey
line indicates the distribution of tandem repetitive sequences. The bottom two panels are
heat maps of ATRX and DAXX binding profiles.
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Figure 2. Loss of DNA methylation in TKO cells leads to preferential targeting of both DAXX
and ATRX to repeat sequences

See also supplemental Figure S1-3. TKO cells were used for ChlP-seq analysis using anti-
DAXX and ATRX antibodies. (A) Comparison of DAXX and ATRX-binding sites in
wildtype J1 (WT) vs. TKO cells. (B) A comparison of genome-wide DAXX and ATRX-
binding sites in TKO vs. wildtype J1 (WT) cells. Left, all of the identified binding sites for
DAXX and ATRX were plotted, where the x-axis is the distance to signal peaks and the y-
axis represents the signaling intensity for each site. Right, the binding sites specific for TKO
cells were classified and graphed as pie charts. (C) DAXX-binding sites that were found
only in wildtype J1 (WT_Alone) or TKO (TKO_Alone) cells, or shared between the cells
(Shared) were plotted based on various genomic features. (D) The DAXX-binding sites on
LTR-containing sequences were further classified and similarly plotted as in (C). (E) The
average distribution of DAXX, ATRX, and DNA methylation (£5kb from the binding peaks
on LTRs) in wildtype J1 (WT) (blue) and TKO (red) cells was plotted and compared. The
center vertical dotted lines indicate the summit of binding peaks.
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Figure 3. DAXX and ATRX are important for repressing repetitive sequences in cells
undergoing global hypomethylation

See also Figure S4. (A) RT-gPCR analysis of transcript levels of IAP-1, DAXX, and ATRX
in wildtype J1 (WT) and TKO cells, as well as in WT and TKO cells knocked out for
DAXX or ATRX. Error bars are standard deviation (n=3). The data were analyzed using the
Student t-test. ** indicates p<0.01 and * indicates p<0.05. (B) Wildtype J1 (WT) and TKO
cells as well as J1 and TKO cells knocked out for DAXX were grown in regular or ground-
state (2i+vitamin C (VC)) media and examined for the transcriptional levels of five types of
repetitive elements (color coded as indicated). RPKMs (Reads Per Kilobase of transcript per
Million mapped reads) of various samples were plotted in pairs on logyq scale. In each
paired comparison (plot), the expression of a particular repetitive element (represented by
RPKMs) in different cells or conditions was plotted on the x- or y-axis as indicated. A shift
from the diagonal line indicates differential expression between the two samples. |APEz-int,
intracisternal A particle interspersed repeats. ETn/MusD, the early transposon family of long
repeated sequences, also known as MMET in Repbase database (Jurka et al., 2005).
MERVL, mouse retroelement MUERV-L/MERVL. MMERVK, LTR family of mouse
endogenous retrovirus K. RLTR4, Long Terminal Repeat for HERV3 endogenous
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retrovirus. (C) A snapshot of aligned ChiP-seq and RNA-seq data shows a representative
case of IAP expression differences between samples. RNA-seq data from wildtype J1,
wildtype DAXX KO, TKO, and TKO DAXX KO cells grown under regular vs. ground-state
conditions were used. The relative coverage was normalized by the total number of aligned
reads for each sample and the plot was drawn using GenomeBrowse (Golden Helix Inc.).
Blue and green represent reads aligned to the plus and minus strand respectively. (D) Top,
the global DNA demethylation process that occurs in early pre-implantation embryos.
Bottom, different stages of mouse embryos were examined by immuno-FISH using a
telomere FISH probe (red) and anti-ATRX antibodies (green). Arrowheads indicate co-
localized foci. Magnified images of 2-cell and 16-cell embryos are shown on the right. (E)
ATRX knockdown induces IAP de-repression in early mouse embryos. Mouse embryos
were injected with control siRNA oligos or those against ATRX, and allowed to recover.
Morula-stage embryos were then collected for quantitative RT-PCR analysis to determine
the expression level of ATRX (left) and AP (right) messages. Error bars indicate standard
error. The data were analyzed using the Student t-test. ** indicates p<0.01.
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Figure 4. The DAXX/ATRX complex is targeted to subtelomeric/telomeric regions in response to
genomic DNA demethylation in ES cells

See also supplemental Figure S5-6. (A) We calculated and plotted the percentages of
telomeric reads (TTAGGG g)) out of total reads that were aligned to the mouse genome
using our ChlP-seq data from wildtype J1 (WT) and TKO cells. (B) Telomere ChIP
experiments were performed using antibodies against endogenous DAXX and ATRX. The
telomeric protein RAP1 served as a positive control, and rabbit IgG was used as a negative
control. The blots were probed with a radiolabeled TTAGGG 3) (Tel(3)) probe or a major
satellite DNA probe. (C) Quantification of data from (B). Three independent experiments
were performed. Error bars indicate standard deviation. The data were analyzed using the
Student t-test. ** indicates p<0.01. (D) The percentages of telomeres occupied by ATRX
and DAXX. Immuno-FISH experiments were carried out in wildtype J1 (WT), DKO, and
TKO cells. ATRX and DAXX were detected by immunostaining using anti-ATRX and
DAXX antibodies, while telomeres were detected using a Tel-RNP FISH probe. Error bars
indicate standard deviation (n=3). The data were analyzed using the Student t-test. **
indicates p<0.01. (E) Representative IF-FISH images from (D). The white arrows indicate
ATRX/DAXX occupied telomeres. (F) TKO cells depleted of DAXX or ATRX (SiDAXX_3
and siATRX 1) were immunostained with antibodies against ATRX (green), DAXX (gray),
and the Tel-RNP FISH probe that marks telomeres (red). Dotted circles indicate cells
depleted of ATRX or DAXX due to successful knockdown. (G) TKO cells stably expressing
Myc-tagged wildtype or mutant (Dnmt3a_R716A and Dnmt3b_V725G) Dnmt3a and
Dnmt3b proteins were immunostained with anti-ATRX (green) and Myc (gray) antibodies.
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Telomeres were marked with a Tel-RNP FISH probe (red). Dotted circles indicate cells not
expressing ectopic Dnmt3a/3b proteins.
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Figure 5. The DAXX/ATRX complex protects telomeres and ensures genome stability in
response to DNA hypomethylation

(A) Wildtype J1 (WT) and TKO cells knocked down for DAXX or ATRX were analyzed by
RT-PCR for TERRA expression. Two different siRNA oligos each were used for DAXX
and ATRX. Error bars indicate standard deviation (n=3). (B) The levels of telomeric sister-
chromatid exchange (T-SCE) in wildtype J1 (WT) and TKO cells and those knocked down
for DAXX and ATRX individually or together (sSiDAXX_3 and siATRX_1) were
determined by CO-FISH. Leading and lagging strands were labeled by G3-Cy3
(TTAGGGTTAGGGTTAGGG) and C3-FAM (CCCTAACCCTAACCCTAA) respectively.
Representative images are shown on top. The percentages of T-SCE in different cells were
quantitated and plotted below. Error bars indicate standard deviation (n=3). (C) Metaphase
spreads from wildtype J1 (WT) and TKO cells and those knocked down for DAXX or
ATRX were prepared for FISH hybridization using the G3-Cy3 and C3-FAM oligo probes.
Representative images of fragile and super telomeres are shown on top. The percentages of
defective telomeres in different cells were quantitated and summarized below.
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Figure 6. DNA hypomethylation leads to increased recruitment of H3K9me3 and HP1 on
telomeres and LTR-containing repeat elements
(A) Telomere ChIP experiments were performed using wildtype J1 (WT), DKO, and TKO

cells with the indicated antibodies. Precipitated DNA was dot-blotted and probed with the
Tel(3) probe (TTAGGG 3)). IgG and anti-RAP1 antibodies were used as negative and
positive controls respectively. Two different anti-H3K9me3 antibodies were used
(H3K9me3-1 from Abcam and H3K9me3-2 from Upstate). *, non-relevant sample. (B)
Three independent telomere ChlP experiments as described in (A) were performed and
quantified. Error bars indicate standard deviation. The data were analyzed using the Student
t-test. ** indicates p<0.01 and * indicates p<0.05. (C) Wildtype J1 (WT) and TKO cells
were used for immunostaining analysis with an anti-H3K9me3 antibody (Abcam).
Telomeres were marked with a telomere PNA probe. Arrows indicate co-staining of
H3K9me3 with telomere foci. (D) Wildtype J1 (WT) and TKO cells were used for Immuno-
FISH studies with antibodies against HP1a. Telomeres were marked with a Tel-RNP FISH
probe. Arrows indicate co-staining of HP1a and telomere foci. (E) Wildtype J1 (WT) and
TKO cells were used in ChlP-qPCR experiments with anti-H3K9me3 antibodies for LTR-
containing repeat sites that are targeted by DAXX. Error bars indicate standard deviation
(n=3). The data were analyzed using the Student t-test. ** indicates p<0.01 and * indicates
p<0.05.
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Figure 7. DAXX associates with SUV39H1 and facilitates H3K9me3 enrichment on telomeres in
response to DNA demethylation

See also supplemental Figure S7. (A) SFB-tagged DAXX or ATRX were co-expressed in
mES cells with GST-tagged SUV39H1 or SETDBL. The cells were then harvested for
immunoprecipitations (IP) using anti-FLAG antibodies. Co-precipitated proteins were
detected by anti-GST antibodies. SFB-Con, vector alone. (B) GST-tagged full-length
SUV39H1 was co-expressed with FLAG-tagged full-length or truncation mutants of DAXX
in mES cells. The cells were then harvested for immunoprecipitations (IP) using anti-FLAG
antibodies and probed with anti-GST antibodies. (C) FLAG-tagged full-length DAXX was
co-expressed with GST-tagged full-length or truncation mutants of SUV39H1 in mES cells.
The cells were then harvested for GST pull down and probed with anti-FLAG antibodies.
(D) Wildtype J1 (WT) and TKO cells were transfected with control (siNeg) or DAXX
(siDAXX_3) siRNAs and then analyzed by Immuno-FISH using anti-DAXX and H3K9me3
antibodies along with the telomere FISH probe TelG3-Cy3. Arrows indicate co-stained foci.
(E) Parental and DAXX-knockout TKO cells were immunostained using anti-ATRX and
H3K9me3 antibodies. Telomeres were marked by the telomere FISH probe TelG3-Cy3.
Arrows indicate co-stained foci. (F) DAXX may act as a transcriptional regulator on gene
promoters and tRNA regions that are normally low in DNA methylation. Global DNA
demethylation may promote the recruitment/translocation of the DAXX/ATRX complex to
tandem repeats (e.g. IAP, RLTR, and telomeres) to silence transcription and prevent
instability. Through interaction with SUV39H1, DAXX may facilitate H3K9me3
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recruitment to repetitive sequences for heterochromatin maintenance in the absence of DNA
methylation.
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