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ATRX was identified over 20 years ago as the gene responsible for a rare developmental 
disorder characterized by α-thalassemia and intellectual disability. Similarities to the 
sucrose nonfermentable SNF2 type chromatin remodelers initially suggested a role 
in transcriptional regulation. However, over the last years, our knowledge of the 
epigenetic activities of ATRX has expanded steadily. Recent exciting discoveries have 
propelled ATRX into the limelight of chromatin and telomere biology, development 
and cancer research. This review summarizes recent breakthroughs in understanding 
ATRX function in heterochromatin structure, genome stability and its frequent 
dysregulation in a variety of cancers.
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The ATRX protein is a chromatin remod­
eling factor, initially described as a putative 
helicase protein due to sequence homology 
with the DNA repair and recombination 
Rad54 protein  [1]. The corresponding gene 
is comprised of 36 exons and spans approxi­
mately 300 kb of DNA sequence located 
on the long arm of the human X chromo­
some (Xq21.1)  [2,3]. It is highly conserved 
between mouse and human (85% homo­
logy) and protein homologs have been iden­
tified in Drosophila melanogaster (dATRX; 
66% homology) and Caenorhabditis elegans 
(XNP-1; 52% homologous)  [2,4–5]. ATRX 
is a ubiquitously expressed nuclear protein 
with highest levels in fetal brain, suggesting 
an important role in brain development  [6]. 
ATRX is a member of the SNF2 subgroup of 
the SWI/SNF protein superfamily that uti­
lize the energy of ATP hydrolysis to remodel 
chromatin [2]. SWI/SNF members have been 
shown to modulate various cellular processes 
including transcription, DNA repair and 
mitotic recombination [2,7–8].

The ATRX polypeptide contains two 
highly conserved domains: a globular ATRX-
DNMT3-DNMT3L (ADD) domain in the 
amino-terminus and a carboxy-terminal heli­
case-like domain [9–12] (Figure 1B). The ADD 
domain is cysteine-rich and contains two types 
of zinc finger motifs: a plant homeodomain fin­
ger flanked by a GATA-1-like C

2
C

2
 motif [13], 

which is uniquely shared between ATRX and 
the de novo DNA methyltransferases (DNMT) 
DNMT3A, DNMT3B and DNMT3L  [10]. 
The helicase-like domain exhibits ATPase 
chromatin remodeling activity that can be 
stimulated by nucleosomes or DNA [14,15].

ATRX binds heterochromatin 
& G-quadruplex DNA
ATRX is exclusively nuclear and associates 
with the nuclear matrix during interphase, 
until it is phosphorylated and released at 
the onset of mitosis  [16]. Early on, immuno­
fluorescence microscopy approaches revealed 
that ATRX is highly enriched at DAPI-bright 
heterochromatin subdomains in mouse nuclei 
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Figure 1. Mutational landscape of cancer-associated ATRX mutations and model depicting ATRX activities at chromatin. (A) ATRX 
mutations cataloged in the COSMIC database. Red: in frame deletion; orange: frameshift deletion; yellow: frameshift insertion; 
green: nonsense substitution; blue: silent coding substitution; purple: missense substitution (COSMIC: exploring the world’s 
knowledge of somatic mutations in human cancer (Forbes et al. 2014). (B) Depiction of the ATRX gene. The ADD (GATA and PHD 
fingers) and ATPase domain are highlighted in addition to residues that mediate protein–protein interaction between ATRX/HP1 
(LxVxL) and ATRX/DAXX. (C) ATRX can directly recognize the H3K4me0–K9me3 combinatorial modification for chromatin targeting. 
ATRX also interacts with the H3K9me3 reader HP1 to stabilize its association with heterochromatin, and the histone chaperone 
DAXX to deposit H3.3 at repetitive DNA. The deposition of H3.3 may help overcome the deleterious effects of G-quadruplex 
structures. Moreover, ATRX restricts macroH2A enrichment and promotes ectopic deposition of CENP-A-containing nucleosomes at 
noncentromeric regions in cancer cells. 
ATRX:αa-thalassemia mental retardation, X-linked; DAXX: Death-associated protein 6. 
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throughout all stages of the cell cycle [17,18]. Since then, 
ATRX enrichment has been demonstrated at constitu­
tive heterochromatic sites, such as pericentric hetero­
chromatin, telomeres and the inactive X chromosome 
in female cells  [19–21]. Permanent silencing of repetitive 
constitutive heterochromatin is linked to DNA methyl­

ation  [22], as well as methylation of specific histone 
residues, namely histone H3 trimethylated on lysine 9 
(H3K9me3) and histone H4 trimethylated on lysine 20 
(H4K20me3) [23,24].

Multiple mechanisms appear to mediate ATRX tar­
geting to heterochromatin (Figure 1C). ATRX interacts 
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directly with heterochromatin protein 1 α (HP1α), a 
chromodomain-containing reader of the H3K9me3 
heterochromatin mark  [16–17,25]. Depletion of ATRX 
has minimal effect on HP1 localization  [26–28], while 
loss of HP1 results in abnormal targeting of ATRX to 
heterochromatin [29], suggesting that HP1 is involved 
in recruitment or stabilization of ATRX. Mutation to 
the LxVxL HP1 interaction motif reduces ATRX local­
ization at heterochromatin to a lesser extent than muta­
tions in the ADD domain [30], pointing to a stabiliza­
tion role for HP1 rather than ATRX recruitment per 
se. ATRX itself is an efficient reader of the H3K9me3 
histone mark via the ADD domain  [9,20,30–33]. The 
ADD domain can bind both DNA and RNA, and 
has affinity for H3K9me3-containing nucleosomes 
in the absence of H3K4 methylation  [9,20,30–33]. More 
recently, ATRX was found to be one of very few spe­
cific readers of the H3K9me3–S10ph combinatorial 
modification [30,34–35]. This grouping of modifications 
on histone H3 modulates binding of polycomb pro­
teins during differentiation  [36]. By itself, H3S10ph 
is induced during mitosis and under periods of high 
neuronal activity at the promoter of immediate early 
genes  [37]. These findings indicate that ATRX likely 
targets heterochromatin primarily through the ADD 
domain and that binding to HP1 may reinforce or 
stabilize this association. The situation in neurons 
appears to be more complex, as the presence of the 
methyl CpG binding protein 2 (MeCP2) is required 
for ATRX to localize to DAPI-rich heterochromatic 
foci  [18]. ATRX interacts with MeCP2 through its 
carboxy-terminal helicase domain and MeCP2-defi­
cient neurons display abnormal targeting of ATRX 
to heterochromatin [18,38–39]. C-terminal fragments of 
ATRX require MeCP2 for heterochromatic localiza­
tion while N-terminal fragments of the protein localize 
to DAPI-bright heterochromatin in an MeCP2-inde­
pendent manner  [18], indicating that the N-terminal 
ADD domain contains elements required for ATRX 
targeting independent from MeCP2 recruitment.

Despite the clear association of ATRX with het­
erochromatin, chromatin immunoprecipitation-
sequencing experiments revealed that the protein also 
associates with numerous intergenic regions and gene 
bodies  [40]. Many of these sites are G-rich tandem 
repeats with the propensity to form complex second­
ary structures such as hairpins/cruciforms, Z-DNA, 
triplexes and tetraplexes, especially when the DNA is 
unwound during transcription or replication [41]. Telo­
meric DNA is particularly prone to the formation of 
G-quadruplex DNA structures  [42,43]. Providing the 
first chromatin immunoprecipitation-sequencing data 
for ATRX in mouse embryonic stem cells, Law et al. 
demonstrated convincingly that ATRX is enriched at 

predicted G-quadruplex-forming DNA sequences and 
that recombinant ATRX protein can interact with 
G-quadruplex oligonucleotides in vitro  [40]. The link 
between ATRX and G-quadruplexes likely has impor­
tant implications for the effects of ATRX inactivation 
on DNA replication and transcription. Indeed, ATRX 
may facilitate RNA polymerase passage through the 
intragenic deposition of the histone H3 replacement 
variant H3.3 in a subset of genes that contain pre­
dicted G-quadruplex structures  [44]. Taken together, 
these data indicate that ATRX targeting to chroma­
tin is likely mediated through direct interaction with 
G-quadruplexes, recognition of posttranslational mod­
ifications of the histone H3 tail by the ADD reader 
domain and stabilization of ATRX at heterochromatin 
through protein–protein interactions with MeCP2 and 
HP1 [18,30,38].

The ATRX/DAXX chromatin remodeling 
complex
An unbiased proteomic analysis to isolate ATRX 
interacting partners led to the identification of the 
death-associated protein 6 (DAXX) [14]. DAXX inter­
acts with the linker region of ATRX located between 
the ADD and ATPase domains (Figure 1B)  [15]. The 
ATRX/DAXX complex exhibits ATP-dependent 
chromatin remodeling activities such as disruption 
of DNA–histone interactions and translocation of 
histones on DNA, but does not display helicase activ­
ity [14,15]. In contrast to the HIRA complex which incor­
porates histone variant H3.3 at transcribed regions [45], 
ATRX and DAXX are responsible for replication-
independent deposition of the histone variant H3.3 at 
telomeres, pericentric heterochromatin and ribosomal 
DNA repeats  [46–48]. ATRX/DAXX-dependent H3.3 
deposition at heterochromatic regions was surprising, 
as H3.3 enrichment had primarily been described at 
transcriptionally active chromatin  [47,49–52]. The need 
for H3.3 incorporation at heterochromatin is still 
unclear, but it may contribute to the stability of repeti­
tive chromatin structure. ATRX loss results in a fail­
ure to incorporate H3.3 and induces a DNA damage 
response at telomeres and pericentric heterochromatin, 
suggesting that H3.3 incorporation is required to 
maintain stability of these elements [27–28,47,53].

Transcription of repetitive elements is important 
for maintenance of heterochromatin structure  [54,55]. 
Despite a failure to incorporate H3.3 at telomeres and 
pericentric heterochromatin in ATRX- or DAXX-
depleted cells, there have been conflicting reports of 
transcriptional dysregulation of noncoding RNAs at 
these sites  [44,47–48]. Telomeres express the telomere 
repeat-containing RNA (TERRA). A recent study 
demonstrated G

2
/M-specific upregulation of TERRA 
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in HeLa cells depleted for ATRX [56], perhaps explain­
ing the discrepancies in earlier findings of ATRX-
dependent TERRA regulation [44,47]. Other repetitive 
DNA sequences, such as the parasitic endogenous retro­
viral elements, are usually silenced to prevent mutation 
and genomic instability. ATRX/DAXX-dependent 
H3.3 deposition at specific endogenous retroviral sub­
families coincides with H3K9me3-containing nucleo­
somes and defines a unique heterochromatin state 
required for silencing and repression of retrotransposi­
tion  [57–59]. The emerging evidence therefore suggests 
that the presence of H3.3-containing nucleosomes at 
repetitive elements contributes to their silencing.

ATRX and DAXX also localize to promyelocytic 
leukemia nuclear bodies (PML-NBs), multipurpose 
subnuclear domains implicated in transcriptional acti­
vation, DNA replication, apoptosis and viral infec­
tion  [60–62]. PML-NBs are present in most cell lines 
and tissue types; in a normal mammalian cell there 
are approximately 5–30 PML-NBs [63]. Over 100 pro­
teins have been associated with PML-NBs, many of 
which show dynamic localization  [64]. In contrast to 
heterochromatic localization, ATRX localization at 
PML-NBs is DAXX-dependent [61]. It is hypothesized 
that PML-NBs serve as platforms for heterochromatin 
remodeling postreplication in G

2
 phase of the cell 

cycle, which is supported by the dynamic colocaliza­
tion of ATRX/DAXX/H3.3, heterochromatin and 
PML-NBs during this time [61,65]. Furthermore, PML-
NBs have been suggested to be sites of H3.3 storage 
within the nucleus and function as a gathering point 
for proteins involved in replication-independent H3.3 
assembly [66]. In fact, PML depletion results in disso­
ciation of PML-NBs and decreased ATRX/H3.3 at 
telomeres, suggesting that these subnuclear structures 
are important for maintaining H3.3 at telomeres [65].

ATRX inactivation causes genomic instability
Replication of heterochromatin and S phase progres­
sion are tightly linked  [67], which may explain the 
increased DNA damage response observed in late-rep­
licating chromatin and S phase lengthening of Atrx-
null cells [28,53,68]. The mechanism of ATRX function 
in replication is not well characterized. A prevalent 
hypothesis is that ATRX helps to resolve or prevents 
the formation of G-quadruplexes to allow progres­
sion of the replication fork through regions prone to 
the formation of complex secondary structures, such 
as telomeres  [69,70]. We were able to show that Atrx-
null cells are hypersensitive to treatment with the 
G-quadruplex stabilizing compound telomestatin, 
suggesting that ATRX helps to overcome the adverse 
effects of these DNA structures [53]. However, resolu­
tion of G-quadruplexes by ATRX appears to be indi­

rect since the protein performed poorly in a G-qua­
druplex unwinding assay  [68]. Instead, ATRX may 
help resolve G-quadruplexes through the deposition of 
H3.3-containing nucleosomes. Recent evidence points 
to a more direct function in replicative mechanisms, 
as ATRX interacts with components of the MRE11-
RAD50-NBS1 (MRN) complex that facilitates repli­
cation fork restart  [68,71]. The MRN–ATRX interac­
tion may occur in the context of telomeric chromatin, 
as the ataxia telangiectasia-mutated kinase, MRN and 
homologous recombination (HR) machinery are all 
recruited to newly replicated telomeres for reformation 
of the protective T-loop structure [72,73].

Replicative DNA damage can be carried over into 
mitosis if the damage is not severe enough to induce 
checkpoint activation and cell cycle arrest  [74]. Ulti­
mately, this can result in abnormal cell division, as 
under-replicated regions of chromosomes remain 
physically joined and eventually break or shatter to 
cause micronuclei or chromothripsis, respectively  [75]. 
Indeed, studies have demonstrated a requirement for 
ATRX in both meiosis and mitosis [26,76–78]. In human 
HeLa cells, ATRX depletion causes chromosome 
congression defects and a prolonged prometaphase-
to-metaphase transition that ultimately results in ana­
phase bridging and micronuclei formation  [26,78]. In 
mouse oocytes, ATRX depletion disrupts alignment of 
chromosomes at the metaphase II spindle and causes 
defective chromosome cohesion, similarly resulting 
in micronuclei formation and centromere instabil­
ity  [76,77]. Therefore, the mitotic/meiotic defects seen 
in the absence of ATRX could be a consequence of 
increased stress during replication. Conversely, replica­
tive stress and increased DNA damage can also result 
from abnormal cell division  [79]. It remains unclear 
whether ATRX deficiency causes replicative stress that 
precedes mitotic/meiotic dysfunction or vice versa. 
Nevertheless, there is ample evidence to conclude that 
ATRX is required to maintain genomic stability.

Mouse models have been useful to investigate the 
effects of ATRX overexpression or inactivation in 
embryonic stem/neuroprogenitor cells (NPCs). Over­
expression of ATRX causes neurodevelopmental and 
craniofacial defects, suggesting that ATRX is required 
in correct stoichiometric amounts for normal develop­
ment [80]. Forebrain-specific deletion of the full-length 
Atrx isoform causes increased apoptosis of NPCs, 
resulting in decreased neonatal cortical size and hip­
pocampal dysgenesis  [81]. Generation of p53/ATRX 
double mutant mice effectively rescued apoptosis, 
implicating p53 in the apoptotic response observed 
in Atrx-null NPCs [82]. However, loss of p53 failed to 
completely restore neonatal forebrain size, indicating 
that ATRX regulates brain size through additional 
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mechanisms [82]. Indeed, Atrx-null NPCs exhibit pre­
mature differentiation, resulting in early depletion of 
the progenitor pool and a failure to sustain birth of 
late-born neurons  [78]. An extended investigation of 
the underlying cause for p53-dependent apoptosis in 
Atrx-null NPCs revealed excessive levels of DNA dam­
age in the embryonic brain caused by DNA replication 
stress [53]. Furthermore, combined inactivation of Atrx 
and p53 led to an accumulation of cells with genomic 
instability in vivo, likely due to their inability to trigger 
an apoptotic response  [53]. The relationship between 
ATRX, replication stress and p53 activation may pro­
vide a glimpse at the early events leading to tumori­
genesis in individuals with acquired ATRX mutations 
in neural stem cells. Noteworthy is a recent report 
that H3.3 loss of function in mice causes developmen­
tal defects that resemble those observed upon loss of 
ATRX, such as lagging chromosomes and micronuclei, 
DNA damage accumulation and cell death that can be 
rescued by loss of p53 [83]. The striking similarities sug­
gest that the developmental defects observed in ATRX-
null cells might be explained by failure to incorporate 
H3.3 at heterochromatin.

ATRX misexpression & mutations are 
observed in various malignancies
Genetic linkage studies originally identified numer­
ous mutations within the coding regions of ATRX as 
the cause for a rare intellectual disability syndrome 
(ATR-X; OMIM#301040) characterized by a wide 
array of developmental abnormalities, α-thalassemia 
and severe cognitive deficits  [84]. ATR-X syndrome 
mutations are predominantly missense and cluster 
within the conserved ADD and ATPase domains of 
the protein, resulting in decreased amounts or function 
of the protein  [9,85]. Patient mutations in the ATPase 
domain of ATRX result in abnormal targeting to 
PML-NBs, implicating the subnuclear structures in 
disease pathogenesis  [86]. Additionally, patient muta­
tions within the ADD domain result in abnormal 
targeting to heterochromatin [30–32]. Variability in the 
degree α-thalassemia presentation in ATR-X patients 
correlates with the length of the ψζ variable nucleotide 
tandem repeat adjacent to the α-globin gene cluster 
that is predicted to form G-quadruplex structures and 
is enriched for ATRX binding in normal individu­
als  [40]. The first clue that ATRX may be involved in 
suppressing malignancy came from the discovery that 
α-thalassemia myelodysplasia syndrome, somatic 
(OMIM#300448), a rare preleukemic condition, is 
caused by acquired somatic loss-of-function ATRX 
mutations [87].

Subsequently, gene expression profiling of de novo 
childhood acute myeloid leukemia patients identified 

reduced ATRX expression as a predictor of patient out­
come [88]. Mutations in FLT3 are a known prognostica­
tor of poor outcome in acute myeloid leukemia patients, 
but further diagnostic markers were needed to distin­
guish between patients who were at high risk for treat­
ment failure versus those who were not. Among those 
patients who harbor FLT3 mutations, high expression 
of RUNX3 and low expression of ATRX correlates with 
worse outcome and are more likely to resist treatment, 
whereas high ATRX expression correlates with a more 
favorable outcome  [89]. Thus, this was the first study 
to identify ATRX expression levels as a predictor of 
cancer patient prognosis. Alterations in ATRX expres­
sion have since been described in a number of cancers: 
reduced expression was detected in neuroendocrine 
tumors  [90–92], glioma  [93], osteosarcoma  [92,94] and 
melanoma [95], while overexpression of the protein was 
reported in colorectal cancer cell lines [96].

An inverse relationship between levels of ATRX 
and the histone variant macroH2A has been linked 
to melanoma progression, and ATRX can interact 
with macroH2A to negatively regulate its deposition 
(Figure 1C)  [21,95,97]. CENP-A is another H3 variant 
that is canonically deposited specifically at centro­
meres by the Holliday junction recognition protein 
HJURP  [98,99]. A recent report described excessive 
production of CENP-A in certain aggressive cancers, 
leading to ATRX/DAXX-dependent ectopic depo­
sition of this variant at noncentromeric sequences 
(Figure 1C)  [96,100]. Hence, under abnormal circum­
stances, the ATRX/DAXX complex can modify the 
histone variant composition of chromatin in a way that 
may promote genomic instability or gene expression 
changes leading to cancer.

In addition to the above scenarios, mutations in 
the ATRX gene have now been detected by exome 
sequencing in neuroblastoma, glioma, pancreatic neu­
roendocrine tumors (panNETs) and pediatric osteo­
sarcoma  [93,101–106]. The ATRX mutational landscape 
primarily includes point mutations scattered through­
out the coding sequence, as well as large deletions and 
insertions that can result in frameshifts (Figure 1A). 
Collectively, this suggests that ATRX mutations in can­
cer are loss of function, however more detailed analysis 
of the functional consequences of ATRX point muta­
tions is necessary, as those mutations may result in 
aberrant gain of function. Mutations in DAXX were 
also reported in these tumor subtypes but rarely co-
occurred with ATRX mutations  [101,103], confirming 
that they function together in the same pathway. In 
contrast, ATRX mutations commonly occurred in 
conjunction with mutations in the tumor suppressor 
TP53  [93,103]. A model was proposed whereby epigen­
etic factors like ATRX may act as ‘backseat drivers’ 
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to suppress oncogenic pathways upstream of master 
regulators, like TP53 [107].

PanNETs
PanNETs are the second most common pancre­
atic malignancy with a 10-year survival rate of only 
40% [108]. Currently, surgical resection of these tumors 
is the front line of treatment, but many patients pres­
ent with unresectable tumors or extensive metastatic 
disease which is not responsive to current medical 
therapies  [108]. Whole-exome sequencing was used to 
identify commonly mutated genes within a subset of 
panNETs, and 17.6% harbored mutations in ATRX, 
25% had alterations in DAXX and 3% showed TP53 
mutations [101]. They concluded that mutations in the 
DAXX/ATRX pathway are the second most common 
alteration after mutations in multiple endocrine neo­
plasia type 1, and ATRX mutations are most commonly 
insertion/deletions leading to frameshifts within the 
resulting polypeptide, presumably resulting in loss of 
protein function  [101]. DAXX and ATRX alterations 
were mutually exclusive, and both correlated with an 
earlier age of diagnosis as well as better overall patient 
survival [101]. In fact, 100% of patients with metastatic 
disease and mutations in DAXX/ATRX and multiple 
endocrine neoplasia type 1 survived at least 10 years, 
versus over 60% of patients without these mutations 
who succumbed to their tumors within 5 years of diag­
nosis [101]. This indicated that ATRX/DAXX mutations 
define a molecular subgroup of panNETs and may 
have prognostic value. Subsequent studies of panNETs 
identified further alterations in ATRX and DAXX 
protein levels. Firstly, immunohistochemical analysis 
of well-differentiated neuroendocrine carcinomas, also 
considered panNETs, lacked ATRX nuclear staining 
in 36.4% of tumors and a loss of DAXX staining in 
9.1% [90]. Again, loss of ATRX and DAXX immuno­
staining was mutually exclusive in these tumors; how­
ever, immunostaining for both ATRX and DAXX was 
intact in the small- and large-cell neuroendocrine car­
cinoma samples, which are not considered to be pan­
NETs [90]. One conclusion is that panNETs are geneti­
cally distinct from other pancreatic neoplasms, and can 
be defined by ATRX and/or DAXX mutation status. 
More recently, analysis of a large group of panNET 
samples obtained from 243 patient samples across a 
variety of hospitals, identified loss of DAXX in 15% 
and a loss of ATRX in 28% of samples, with only two 
samples harboring a loss of both proteins [91]. This large 
study revealed that loss of ATRX/DAXX correlates 
with chromosomal instability, advanced tumor stage, 
development of metastases and poorer overall sur­
vival [91]. The contradictory results obtained by Mari­
noni et al. and Jiao et al. might be explained by the dif­

ferent number and composition of samples analyzed. 
Marinoni et al. analyzed more samples (243 vs 68) that 
were more diverse in composition (both nonmetastatic 
and metastatic) compared  with Jiao et al., where the 
majority of patients were metastatic. A comparison 
between only metastatic patients by Marinoni  et  al. 
in fact demonstrated a trend toward longer survival, 
suggesting that ATRX/DAXX loss have different roles 
in localized versus metastatic tumors. ATRX/DAXX 
mutations may therefore define a biologically specific 
subgroup of panNETs and could be useful to predict 
patient outcome in a stage-specific manner. Absence 
of ATRX or DAXX nuclear immunostaining has also 
been identified in lung, stomach, duodenum and rec­
tal NETs and no samples exhibited loss of staining for 
both proteins  [92]. Therefore, loss of ATRX and/or 
DAXX expression is not only relevant to pancreatic 
lesions, but more generally to neuroendocrine tumors 
across many organ systems.

Glioma spectrum tumors
Mutations in ATRX are also highly prominent across 
the glioma tumor landscape. ATRX mutations were 
initially detected in pediatric glioblastoma multi­
forme (GBM), where 14.3% of samples studied har­
bored frameshift or nonsense mutations associated 
with loss of nuclear ATRX expression  [109]. A sub­
sequent study surveyed four pediatric GBMs that 
contained mutations in the histone variant H3.3 
(H3F3A) and identified two recurrent mutations, 
G34R and K27M, both located near the tail of the 
protein that undergoes important post-translational 
modifications involved with transcriptional repression 
or activation  [103]. All four of these samples also had 
ATRX mutations, suggesting an underlying dysfunc­
tion in the ATRX/DAXX/H3.3 histone deposition 
pathway. Whole-exome sequencing analysis was per­
formed in 42 additional pediatric GBMs and identi­
fied ATRX/DAXX/H3.3 mutations in 50% of samples 
(15/42 H3.3; 14/42 ATRX; 2/42 DAXX )  [103]. The 
majority of ATRX mutations were insertions/deletions 
leading to frameshifts, while the other mutations were 
either nonsense or missense and localized either within 
the SNF2 domain of ATRX or led to a truncation of 
the protein upstream of this domain (Figure 1A)  [103]. 
Notably, mutations in ATRX and H3.3 overlapped sig­
nificantly with mutations in TP53, and eight samples 
had mutations in all three genes [103]. These data indi­
cate a central role for the ATRX/DAXX/H3.3 axis in 
normal cellular homeostasis, and that perturbations 
of this axis in combination with TP53 mutations may 
underlie the pathology of a subset of pediatric GBM.

Missense mutations in the gene encoding histone 
H3.3 (H3F3A) provide direct evidence that alterations 
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in the histone proteins themselves can promote can­
cer. Analysis of the H3.3K27M mutant demonstrated 
alterations in genome-wide H3K27me3 levels through 
inhibition of the Polycomb repressive complex 2 enzy­
matic component EZH2  [110–112]. These findings are 
particularly intriguing given that ATRX is responsible 
for H3.3 deposition at specific genomic positions, and 
that ATRX interacts with EZH2  [20,46–48,113]. Fur­
thermore, the K27M mutation synergizes with p53 
loss in neural progenitor cells resulting in neoplastic 
transformation [114]. Together, the data suggest that the 
ATRX-DAXX-H3.3 pathway may genetically interact 
with the polycomb pathway in cancer progression.

Recent studies have extended analyses of ATRX sta­
tus to adult glioma samples, including WHO grade II 
and III astrocytomas and oligodendrogliomas, WHO 
grade III and IV anaplastic astrocytomas, oligoastro­
cytomas and WHO grade IV primary and secondary 
GBMs. For example, mutations in ATRX were iden­
tified in 93 out of 363 (26%) gliomas samples rang­
ing across all age groups and tumor grades  [102]. Spe­
cifically, ATRX alterations were found in 67% of grade 
II astrocytomas, 73% grade III astrocytomas, 57% 
secondary GBMs, 68% oligoastrocytomas and 20% 
pediatric GBMs [102]. The majority of ATRX mutations 
in pediatric GBMs were again clustered in the C-ter­
minal SNF2 domain, while adult gliomas displayed 
an even distribution across the ATRX gene; however, 
both adult and pediatric gliomas showed a bias toward 
frameshift and nonsense mutations (Figure 1A)  [102]. 
Another study identified ATRX mutations by Sanger 
sequencing in 47.8% of adult glioma samples distrib­
uted across age and subtype, with again the majority of 
mutations being insertions/deletions leading to frame­
shifts (Figure 1A) [93]. Immunohistochemical analysis of 
ATRX expression in another 96 samples demonstrated 
loss of nuclear ATRX staining in 32% of adult glioma 
samples, while ATRX staining remained intact in 34 
pilocytic astrocytomas [93]. Finally, a study that exam­
ined low-grade gliomas identified ATRX mutations in 
samples ranging across grade II and III astrocytomas 
and oligoastrocytomas  [104]. These studies established 
that ATRX mutations represent a recurring event not 
only in pediatric GBM, but also in adult gliomas across 
the tumor spectrum.

In adult gliomas, ATRX inactivation is often accom­
panied by mutations in TP53 and IDH1  [93,102,104], 
but mutually exclusive from mutations in Homolog of 
Drosophila capicua (CIC) as well as 1p/19q codeletion, 
both frequent events in oligodendroglioma  [102]. CIC 
is a transcriptional repressor and potent regulator of 
cell growth downstream of mitogen-associated protein 
kinase signaling  [115,116]. IDH is a cytoplasmic meta­
bolic enzyme that catalyzes the reversible decarbox­

ylation of isocitrate to α-ketoglutarate (α-KG). The 
majority of IDH mutations constitute a single amino 
acid substitution at R132 in the active site, resulting in 
decreased affinity of the enzyme for its normal isocitrate 
substrate and increased affinity to α-KG [117]. Mutant 
IDH1 transforms the latter into a so-called ‘oncome­
tabolite’ referred to as 2-hydroxyglutarate (2-HG) [118]. 
The R132H substitution is frequent in secondary GBM 
tumors and in lower grade astrocytomas  [117]. It is 
believed to be an early event in transformation, but the 
mechanisms involved are not completely resolved. The 
anomalous production of 2-HG from α-KG has three 
major potential outcomes that could contribute to can­
cer progression. First, inhibition of the Tet methylcy­
tosine dioxygenase 2, an enzyme involved in the DNA 
demethylation pathway and of Jumonji-type histone 
demethylases leads to the hypermethylation phenotype 
often associated with IDH1 mutations  [119,120]. These 
widespread epigenetic alterations to the genome might 
lead to the suppression of tumor suppressor genes, thus 
contributing to the cancer phenotype. Second, normal 
production of α-KG is required for the hydroxylation 
of proline residues on precollagen fibrils  [121]. Aber­
rant function of IDH1 consequently prevents colla­
gen maturation, which could modify the extracellular 
matrix and blood–brain barrier, potentially modifying 
the migration or other properties of glioma cells. The 
third consequence is the ectopic activation of HIF1α 
signaling, although it is uncertain whether this is actu­
ally occurring in glioma cells and will require further 
research  [122,123]. The collaborative action of ATRX 
and IDH1 mutations is not yet understood, but might 
involve the transcriptional activation or suppression of 
cancer pathways via epigenetic alterations.

ATRX is a suppressor of ALT
Tumor samples with mutations in ATRX/DAXX nearly 
always display evidence of alternative lengthening of 
telomeres, or alternative lengthening of telomeres 
(ALT)  [94,103,109,124]. Tumorigenesis, or uncontrolled 
cell growth, is limited by replicative senescence that 
occurs as a consequence of the gradual telomeric attri­
tion that accompanies semiconservative DNA replica­
tion  [125]. Most tumor cells are able to overcome this 
hurdle by hijacking telomerase to maintain telomere 
length and suppress senescence  [126]. Interestingly, 
TERT promoter mutations that result in increased 
telomerase expression are mutually exclusive with 
ATRX mutations in glioma, suggesting that the 
growth advantage afforded by TERT mutation would 
be equivalent to that of ATRX mutation [127]. Approxi­
mately 5% of human cancers instead utilize the ALT 
pathway to lengthen their telomeres via HR [128]. Cells 
that have activated the ALT pathway exhibit numerous 
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characteristics that are distinct from cells that express 
the telomerase subunit TERT. Differences include telo­
mere length heterogeneity  [129], abundant extrachro­
mosomal linear and circular DNA [130], high frequency 
of telomeric sister chromatid exchange events [131] and 
the presence of a specific subclass of PML bodies that 
contain telomeric DNA, shelterin proteins and HR 
factors [132]. The molecular details of the ALT pathway 
are uncertain, and even less is known about how the 
ALT pathway is initially activated in cells. Neverthe­
less, we do know that ALT is commonly associated 
with high levels of genomic instability, especially at the 
telomeres  [94], along with remodeling of the telomere 
architecture  [133] and is prevalent in specific cancer 
types with ATRX mutations, such as osteosarcoma and 
glioma [134]. The mechanism linking ATRX dysfunc­
tion to the ALT phenotype and cancer progression is 
presently an intense area of investigation. Although 
ATRX loss has been correlated with telomere dysfunc­
tion [27–28,47,53,56], exclusive loss of ATRX is not suffi­
cient to drive ALT [56,68,94], suggesting that additional 
genetic or epigenetic changes are necessary. ATRX 
may predispose telomeric chromatin to ALT, as its loss 
results in persistent association of replication protein 
A (RPA) with telomeric ssDNA, a key intermediate of 
HR as well as increased TERRA levels at telomeres [56].

ALT is associated with the appearance of large 
PML-NBs (referred to as ALT-associated PML-NBs 
or APBs) that contain telomeric DNA, the DNA 
repair MRN complex, replication protein A (RPA) 
and telomere repeat-binding factor 1 and 2 (TRF1, 
TRF2) [132,135–137]. The appearance of APBs is a robust 
marker for tumors that utilize ALT, and APBs rapidly 
assemble upon ALT induction [138–140], suggesting that 
APBs may be involved in the mechanism underlying 
ALT. This is intriguing since ATRX/DAXX/H3.3 are 
PML-associated factors and mutations in this pathway 
drive cancers with a high frequency of ALT. It is pos­
sible that defects in the ATRX/DAXX pathway results 
in a loss of heterochromatic features at telomeres, such 
as H3.3 enrichment, leading to increased HR rates 
that are associated with ALT activity, but it remains 
unclear as to how PML-NBs are involved.

Conclusion
Accumulating evidence point to the importance of 
chromatin regulation in both development and cancer. 
ATRX is a perfect demonstration of this, as mutations of 
the gene can lead to syndromic ID or cancer, depending 
on the timing and the type of mutation. The developing 
embryo is unlikely to survive complete ATRX loss-of-
function, but merely decreasing the amount or activity 
of the protein leads to severe congenital abnormalities. 
Conversely, de novo null mutations of the ATRX gene 

in combination with other genetic events is compatible 
with cancer progression in many tissues. Several lines 
of evidence now point to a major role for ATRX (with 
DAXX) in the deposition of histone H3.3 with effects 
on nucleosome stability, DNA replication and transcrip­
tion and maintenance of telomere and heterochromatin 
structure and stability.

Future perspective
As ATRX mutations are identified in more types of 
cancers, research efforts have intensified to resolve 
the mechanisms by which ATRX regulates chroma­
tin structure and function. Clearly, ATRX is emerg­
ing as a key suppressor of the ALT phenotype and 
the details of ATRX activities in HR and at the telo­
mere will require further investigation. How replace­
ment of nucleosomes containing the H3.3 variant at 
heterochromatin contributes to telomeric stability 
also remains unexplained. Moreover, evidence sug­
gests that ATRX can participate in the incorporation/
eviction of other histone variants, such as macroH2A 
and CENP-A in certain settings [21,96]. A more com­
prehensive screening of the effects of ATRX inacti­
vation on histone variant incorporation across the 
genome at different developmental times, in various 
tissues and cell types and in normal versus disease 
states will clarify the scope of ATRX’s involvement 
in modifying chromatin in this manner. ATRX loss 
is associated with altered DNA methylation at repeti­
tive elements [141], and a recent study identified a nega­
tive correlation between ATRX expression and DNA 
methylation in astrocytic tumors  [142]. Given that 
methylation changes have been reported in GBM and 
other glioma subtypes, it will be necessary to further 
delineate the functions of ATRX in DNA methylation 
dynamics [143,144].

The mechanisms leading to cancer progression 
in cells lacking ATRX expression are still far from 
resolved. Suppression of the ALT phenotype is emerg­
ing as a critical piece of the puzzle, but genomic 
instability caused by DNA replication stress and 
mis-segregation of chromosomes probably also con­
tributes. Whereas loss of ATRX causes extensive 
genomic instability, it does not on its own lead to ALT 
or cancer. This might be because many ATRX-null 
cells succumb to p53-mediated apoptosis. It follows 
that additional mutational events that prevent DNA 
damage-induced cell death (i.e., TP53 mutations) and 
that promote unrestricted proliferation despite exten­
sive genetic damage are predicted to synergize with 
ATRX loss to promote tumorigenesis. The fact that 
H3F3A/H3F3B and ATRX mutations co-occur in 
some pediatric glioblastomas, but not in other types 
of cancers (i.e.,  PanNETs) is intriguing, and sug­
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gests that the ATRX/DAXX/H3.3 histone deposi­
tion pathway functions are distinct between tissues 
and/or proliferative states. The cooperation between 
ATRX and IDH1 mutations in adult gliomas is dif­
ficult to explain at the moment and will need to be 
investigated in the future. One of the missing pieces 
could involve the ability of ATRX to modulate gene 
expression. For example, loss of ATRX in the neo­
natal mouse brain resulted in altered expression of 
many genes, some of which have been implicated in 
cancer (i.e., Igf2)  [39,44,145]. Intriguingly, ATRX pro­
tein is highly enriched at all known imprinting con­
trol regions  [39,58,146] and whether the mechanism of 
imprinted gene regulation involves H3.3 incorpora­
tion or chromatin looping or both will need to be 
further explored. The generation of mouse models 
lacking ATRX expression in conjunction with other 

co-occurring mutations (i.e.,  H3F3A/H3F3B, IDH1 
and TP53) in specific cell types will provide excellent 
tools to decipher the molecular events that predispose 
ATRX-null cells to cancer progression and to devise 
targeted therapies.
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Executive summary

•	 α-thalassemia mental retardation, X-linked (ATRX) and death-associated protein 6 modulate heterochromatin 
structure via histone variant deposition.

•	 Absence of ATRX causes genomic instability in proliferating cells, often leading to p53-mediated apoptosis.
•	 ATRX loss-of-function mutations are associated with cancers that exhibit the ALT phenotype.
•	 ALT and cancer likely result from combined inactivation of ATRX and other mutational events that stimulate 

survival and proliferation.

References
Papers of special note have been highlighted as:  
• of interest; •• of considerable interest

1	 Stayton CL, Dabovic B, Gulisano M et al. Cloning and 
characterization of a new human Xq13 gene, encoding a 
putative helicase. Hum. Mol. Genet. 3(11), 1957–1964 (1994).

2	 Picketts DJ, Higgs DR, Bachoo S, Blake DJ, Quarrell OW, 
Gibbons RJ. ATRX encodes a novel member of the SNF2 
family of proteins: mutations point to a common mechanism 
underlying the ATR-X syndrome. Hum. Mol. Genet. 5(12), 
1899–1907 (1996).

3	 Villard L, Lossi AM, Cardoso C et al. Determination of 
the genomic structure of the XNP/ATRX gene encoding a 
potential zinc finger helicase. Genomics 43(2), 149–155 (1997).

4	 Lee NG, Hong YK, Yu SY, Han SY, Geum D, Cho KS. 
dXNP, a Drosophila homolog of XNP/ATRX, induces 
apoptosis via Jun-N-terminal kinase activation. FEBS 
Lett. 581(14), 2625–2632 (2007).

5	 Villard L, Fontes M, Ewbank JJ. Characterization of 
xnp-1, a Caenorhabditis elegans gene similar to the human 
XNP/ATR-X gene. Gene 236(1), 13–19 (1999).

6	 Gecz J, Pollard H, Consalez G et al. Cloning and expression of 
the murine homologue of a putative human X-linked nuclear 
protein gene closely linked to PGK1 in Xq13.3. Hum. Mol. 
Genet. 3(1), 39–44 (1994).

7	 Eisen JA, Sweder KS, Hanawalt PC. Evolution of the SNF2 
family of proteins: subfamilies with distinct sequences and 
functions. Nucl. Acids Res. 23(14), 2715–2723 (1995).

8	 Carlson M, Laurent BC. The SNF/SWI family of global 
transcriptional activators. Curr. Opin. Cell Biol. 6(3), 
396–402 (1994).

9	 Argentaro A, Yang JC, Chapman L et al. Structural 
consequences of disease-causing mutations in the ATRX-
DNMT3-DNMT3L (ADD) domain of the chromatin-
associated protein ATRX. Proc. Natl Acad. Sci. USA 104(29), 
11939–11944 (2007).

10	 Xie S, Wang Z, Okano M et al. Cloning, expression and 
chromosome locations of the human DNMT3 gene family. 
Gene 236(1), 87–95 (1999).

11	 Aapola U, Kawasaki K, Scott HS et al. Isolation and initial 
characterization of a novel zinc finger gene, DNMT3L, on 
21q22.3, related to the cytosine-5-methyltransferase 3 gene 
family. Genomics 65(3), 293–298 (2000).

12	 Picketts DJ, Tastan AO, Higgs DR, Gibbons RJ. 
Comparison of the human and murine ATRX gene identifies 
highly conserved, functionally important domains. Mamm. 
Genome 9(5), 400–403 (1998).

13	 Gibbons RJ, Bachoo S, Picketts DJ et al. Mutations in 
transcriptional regulator ATRX establish the functional 
significance of a PHD-like domain. Nat. Genet. 17(2), 
146–148 (1997).

14	 Xue Y, Gibbons R, Yan Z et al. The ATRX syndrome protein 
forms a chromatin-remodeling complex with DAXX and 
localizes in promyelocytic leukemia nuclear bodies. Proc. 
Natl Acad. Sci. USA 100(19), 10635–10640 (2003).

15	 Tang J, Wu S, Liu H et al. A novel transcription regulatory 
complex containing death domain-associated protein and 



10.2217/epi.15.82 Epigenomics (Epub ahead of print) future science group

Review    Watson, Goldberg & Bérubé

the ATR-X syndrome protein. J. Biol. Chem. 279(19), 
20369–20377 (2004).

16	 Berube NG, Smeenk CA, Picketts DJ. Cell cycle-dependent 
phosphorylation of the ATRX protein correlates with 
changes in nuclear matrix and chromatin association. Hum. 
Mol. Genet. 9(4), 539–547 (2000).

17	 Mcdowell TL, Gibbons RJ, Sutherland H et al. Localization 
of a putative transcriptional regulator (ATRX) at 
pericentromeric heterochromatin and the short arms of 
acrocentric chromosomes. Proc. Natl Acad. Sci. USA 96(24), 
13983–13988 (1999).

18	 Nan X, Hou J, Maclean A et al. Interaction between 
chromatin proteins MECP2 and ATRX is disrupted by 
mutations that cause inherited mental retardation. Proc. Natl 
Acad. Sci. USA 104(8), 2709–2714 (2007).

19	 Baumann C, De La Fuente R. ATRX marks the inactive 
X chromosome (Xi) in somatic cells and during imprinted 
X chromosome inactivation in trophoblast stem cells. 
Chromosoma 118(2), 209–222 (2009).

20	 Sarma K, Cifuentes-Rojas C, Ergun A et al. ATRX directs 
binding of PRC2 to Xist RNA and Polycomb targets. 
Cell 159(4), 869–883 (2014).

21	 Ratnakumar K, Duarte LF, Leroy G et al. ATRX-mediated 
chromatin association of histone variant macroH2A1 
regulates alpha-globin expression. Genes Dev. 26(5), 
433–438 (2012).

22	 Lewis J, Bird A. DNA methylation and chromatin structure. 
FEBS Lett. 285(2), 155–159 (1991).

23	 Kourmouli N, Jeppesen P, Mahadevhaiah S et al. 
Heterochromatin and tri-methylated lysine 20 of histone H4 
in animals. J. Cell Sci. 117(Pt 12), 2491–2501 (2004).

24	 Schotta G, Lachner M, Sarma K et al. A silencing pathway 
to induce H3-K9 and H4-K20 trimethylation at constitutive 
heterochromatin. Genes Dev. 18(11), 1251–1262 (2004).

25	 Lechner MS, Schultz DC, Negorev D, Maul GG, 
Rauscher FJ 3rd. The mammalian heterochromatin protein 1 
binds diverse nuclear proteins through a common motif that 
targets the chromoshadow domain. Biochem. Biophys. Res. 
Commun. 331(4), 929–937 (2005).

26	 Ritchie K, Seah C, Moulin J, Isaac C, Dick F, Berube 
NG. Loss of ATRX leads to chromosome cohesion and 
congression defects. J. Cell Biol. 180(2), 315–324 (2008).

27	 Wong LH, Mcghie JD, Sim M et al. ATRX interacts 
with H3.3 in maintaining telomere structural integrity 
in pluripotent embryonic stem cells. Genome Res. 20(3), 
351–360 (2010).

28	 Huh MS, Price O’dea T, Ouazia D et al. Compromised 
genomic integrity impedes muscle growth after Atrx 
inactivation. J. Clin. Invest. 122(12), 4412–4423 (2012).

29	 Kourmouli N, Sun YM, Van Der Sar S, Singh PB, Brown 
JP. Epigenetic regulation of mammalian pericentric 
heterochromatin in vivo by HP1. Biochem. Biophys. Res. 
Commun. 337(3), 901–907 (2005).

30	 Eustermann S, Yang JC, Law MJ et al. Combinatorial 
readout of histone H3 modifications specifies localization 
of ATRX to heterochromatin. Nat. Struct. Mol. Biol. 18(7), 
777–782 (2011).

31	 Mitson M, Kelley LA, Sternberg MJ, Higgs DR, Gibbons RJ. 
Functional significance of mutations in the Snf2 domain of 
ATRX. Hum. Mol. Genet. 20(13), 2603–2610 (2011).

32	 Iwase S, Xiang B, Ghosh S et al. ATRX ADD domain links 
an atypical histone methylation recognition mechanism 
to human mental-retardation syndrome. Nat. Struct. Mol. 
Biol. 18(7), 769–776 (2011).

33	 Dhayalan A, Tamas R, Bock I et al. The ATRX-ADD domain 
binds to H3 tail peptides and reads the combined methylation 
state of K4 and K9. Hum. Mol. Genet. 20(11), 2195–2203 
(2011).

34	 Kunowska N, Rotival M, Yu L, Choudhary J, Dillon N. 
Identification of protein complexes that bind to histone 
H3 combinatorial modifications using super-SILAC and 
weighted correlation network analysis. Nucl. Acids Res. 43(3), 
1418–1432 (2015).

35	 Noh K, Maze I, Zhao D et al. ATRX tolerates activity-
dependent histone H3 methyl/phos switching to maintain 
repetitive element silencing in neurons. Proc. Natl Acad. Sci. 
USA 112(22), 6820–6827 (2014).

36	 Sabbattini P, Sjoberg M, Nikic S et al. An H3K9/S10 methyl-
phospho switch modulates Polycomb and Pol II binding at 
repressed genes during differentiation. Mol. Biol. Cell 25(6), 
904–915 (2014).

37	 Crosio C, Heitz E, Allis CD, Borrelli E, Sassone-Corsi P. 
Chromatin remodeling and neuronal response: multiple 
signaling pathways induce specific histone H3 modifications 
and early gene expression in hippocampal neurons. J. Cell 
Sci. 116(Pt 24), 4905–4914 (2003).

38	 Baker SA, Chen L, Wilkins AD, Yu P, Lichtarge O, Zoghbi 
HY. An AT-hook domain in MeCP2 determines the clinical 
course of Rett syndrome and related disorders. Cell 152(5), 
984–996 (2013).

39	 Kernohan KD, Jiang Y, Tremblay DC et al. ATRX partners 
with cohesin and MeCP2 and contributes to developmental 
silencing of imprinted genes in the brain. Dev. Cell 18(2), 
191–202 (2010).

40	 Law MJ, Lower KM, Voon HP et al. ATR-X syndrome protein 
targets tandem repeats and influences allele-specific expression 
in a size-dependent manner. Cell 143(3), 367–378 (2010).

•	 First genome-wide interrogation of α-thalassemia mental 
retardation, X-linked (ATRX) binding sites reveals an 
interaction at G-rich tandem repeats. Demonstrates that 
ATRX binds G-quadruplex DNA in vitro.

41	 Zhao J, Bacolla A, Wang G, Vasquez KM. Non-B DNA 
structure-induced genetic instability and evolution. Cell. Mol. 
Life Sci. 67(1), 43–62 (2010).

42	 Lipps HJ, Rhodes D. G-quadruplex structures: in vivo 
evidence and function. Trends Cell Biol. 19(8), 414–422 
(2009).

43	 Biffi G, Tannahill D, Mccafferty J, Balasubramanian S. 
Quantitative visualization of DNA G-quadruplex structures in 
human cells. Nat. Chem. 5(3), 182–186 (2013).

44	 Levy MA, Kernohan KD, Jiang Y, Berube NG. ATRX 
promotes gene expression by facilitating transcriptional 
elongation through guanine-rich coding regions. Hum. Mol. 
Genet. 24(7), 1824–1835 (2014).



10.2217/epi.15.82www.futuremedicine.comfuture science group

Emerging roles of ATRX in cancer    Review

45	 Ray-Gallet D, Quivy JP, Scamps C, Martini EM, Lipinski M, 
Almouzni G. HIRA is critical for a nucleosome assembly 
pathway independent of DNA synthesis. Mol. Cell 9(5), 
1091–1100 (2002).

46	 Lewis PW, Elsaesser SJ, Noh KM, Stadler SC, Allis CD. 
Daxx is an H3.3-specific histone chaperone and cooperates 
with ATRX in replication-independent chromatin 
assembly at telomeres. Proc. Natl Acad. Sci. USA 107(32), 
14075–14080 (2010).

•	 Discovery that death-associated protein 6 (DAXX) and 
ATRX catalyze the deposition and remodeling of H3.3-
containing nucleosomes at telomeres in embryonic stem 
cells.

47	 Goldberg AD, Banaszynski LA, Noh KM et al. Distinct 
factors control histone variant H3.3 localization at specific 
genomic regions. Cell 140(5), 678–691 (2010).

48	 Drane P, Ouararhni K, Depaux A, Shuaib M, Hamiche A. 
The death-associated protein DAXX is a novel histone 
chaperone involved in the replication-independent deposition 
of H3.3. Genes Dev. 24(12), 1253–1265 (2010).

49	 Kraushaar DC, Jin W, Maunakea A, Abraham B, Ha M, 
Zhao K. Genome-wide incorporation dynamics reveal 
distinct categories of turnover for the histone variant H3.3. 
Genome Biol. 14(10), R121 (2013).

50	 Schwartz BE, Ahmad K. Transcriptional activation triggers 
deposition and removal of the histone variant H3.3. Genes 
Dev. 19(7), 804–814 (2005).

51	 Wirbelauer C, Bell O, Schubeler D. Variant histone H3.3 is 
deposited at sites of nucleosomal displacement throughout 
transcribed genes while active histone modifications show 
a promoter-proximal bias. Genes Dev. 19(15), 1761–1766 
(2005).

52	 Jin C, Felsenfeld G. Nucleosome stability mediated by 
histone variants H3.3 and H2A.Z. Genes Dev. 21(12), 
1519–1529 (2007).

53	 Watson LA, Solomon LA, Li JR et al. Atrx deficiency induces 
telomere dysfunction, endocrine defects, and reduced life 
span. J. Clin. Invest. 123(5), 2049–2063 (2013).

•	 Demonstration that ATRX inactivation in neuroprogenitors 
in vivo causes genomic instability, DNA replication stress 
and hypersensitivity to a G-quadruplex ligand, leading to 
p53-mediated apotosis.

54	 Buhler M, Haas W, Gygi SP, Moazed D. RNAi-dependent 
and -independent RNA turnover mechanisms contribute to 
heterochromatic gene silencing. Cell 129(4), 707–721 (2007).

55	 Schoeftner S, Blasco MA. A ‘higher order’ of telomere 
regulation: telomere heterochromatin and telomeric RNAs. 
EMBO J. 28(16), 2323–2336 (2009).

56	 Flynn RL, Cox KE, Jeitany M et al. Alternative lengthening 
of telomeres renders cancer cells hypersensitive to ATR 
inhibitors. Science 347(6219), 273–277 (2015).

57	 Sadic D, Schmidt K, Groh S et al. Atrx promotes 
heterochromatin formation at retrotransposons. EMBO 
Rep. 16(7), 836–850 (2015).

58	 Voon HP, Hughes JR, Rode C et al. ATRX plays a key role in 
maintaining silencing at interstitial heterochromatic loci and 
imprinted genes. Cell Rep. 11(3), 405–418 (2015).

59	 Elsasser SJ, Noh KM, Diaz N, Allis CD, Banaszynski 
LA. Histone H3.3 is required for endogenous 
retroviral element silencing in embryonic stem 
cells. Nature 522(7555), 240–244 (2015).

60	 Ishov AM, Sotnikov AG, Negorev D et al. PML is critical for 
ND10 formation and recruits the PML-interacting protein 
daxx to this nuclear structure when modified by SUMO-1. 
J. Cell Biol. 147(2), 221–234 (1999).

61	 Ishov AM, Vladimirova OV, Maul GG. Heterochromatin 
and ND10 are cell-cycle regulated and phosphorylation-
dependent alternate nuclear sites of the transcription 
repressor DAXX and SWI/SNF protein ATRX. J. Cell 
Sci. 117(Pt 17), 3807–3820 (2004).

62	 Bernardi R, Pandolfi PP. Structure, dynamics and functions 
of promyelocytic leukaemia nuclear bodies. Nat. Rev. Mol. 
Cell Biol. 8(12), 1006–1016 (2007).

63	 Melnick A, Licht JD. Deconstructing a disease: RARalpha, 
its fusion partners, and their roles in the pathogenesis of 
acute promyelocytic leukemia. Blood 93(10), 3167–3215 
(1999).

64	 Weidtkamp-Peters S, Lenser T, Negorev D et al. Dynamics 
of component exchange at PML nuclear bodies. J. Cell 
Sci. 121(Pt 16), 2731–2743 (2008).

65	 Chang FT, Mcghie JD, Chan FL et al. PML bodies provide 
an important platform for the maintenance of telomeric 
chromatin integrity in embryonic stem cells. Nucl. Acids 
Res. 41(8), 4447–4458 (2013).

66	 Corpet A, Olbrich T, Gwerder M, Fink D, Stucki M. 
Dynamics of histone H3.3 deposition in proliferating and 
senescent cells reveals a DAXX-dependent targeting to 
PML-NBs important for pericentromeric heterochromatin 
organization. Cell Cycle 13(2), 249–267 (2014).

67	 Quivy JP, Gerard A, Cook AJ, Roche D, Almouzni G. The 
HP1-p150/CAF-1 interaction is required for pericentric 
heterochromatin replication and S-phase progression in 
mouse cells. Nat. Struct. Mol. Biol. 15(9), 972–979 (2008).

68	 Clynes D, Jelinska C, Xella B et al. ATRX dysfunction 
induces replication defects in primary mouse cells. PLoS 
ONE 9(3), e92915 (2014).

69	 Gibbons RJ, Higgs DR. ATRX: taming tandem repeats. Cell 
Cycle 9(23), 4605–4606 (2010).

70	 Clynes D, Higgs DR, Gibbons RJ. The chromatin remodeller 
ATRX: a repeat offender in human disease. Trends Biochem. 
Sci. 38(9), 461–466 (2013).

71	 Leung JW, Ghosal G, Wang W et al. Alpha 
thalassemia/mental retardation syndrome X-linked gene 
product ATRX is required for proper replication restart and 
cellular resistance to replication stress. J. Biol. Chem. 288(9), 
6342–6350 (2013).

72	 Verdun RE, Karlseder J. The DNA damage machinery and 
homologous recombination pathway act consecutively to 
protect human telomeres. Cell 127(4), 709–720 (2006).

73	 Verdun RE, Crabbe L, Haggblom C, Karlseder J. Functional 
human telomeres are recognized as DNA damage in G2 of 
the cell cycle. Mol. Cell 20(4), 551–561 (2005).

74	 Wilhelm T, Magdalou I, Barascu A, Techer H, Debatisse M, 
Lopez BS. Spontaneous slow replication fork progression 



10.2217/epi.15.82 Epigenomics (Epub ahead of print) future science group

Review    Watson, Goldberg & Bérubé

elicits mitosis alterations in homologous recombination-
deficient mammalian cells. Proc. Natl Acad. Sci. USA 111(2), 
763–768 (2014).

75	 Crasta K, Ganem NJ, Dagher R et al. DNA breaks 
and chromosome pulverization from errors in mitosis. 
Nature 482(7383), 53–58 (2012).

76	 De La Fuente R, Viveiros MM, Wigglesworth K, Eppig JJ. 
ATRX, a member of the SNF2 family of helicase/ATPases, 
is required for chromosome alignment and meiotic spindle 
organization in metaphase II stage mouse oocytes. Dev. 
Biol. 272(1), 1–14 (2004).

77	 Baumann C, Viveiros MM, De La Fuente R. Loss of 
maternal ATRX results in centromere instability and 
aneuploidy in the mammalian oocyte and pre-implantation 
embryo. PLoS Genet. 6(9), e1001137 (2010).

78	 Ritchie K, Watson LA, Davidson B, Jiang Y, Berube NG. 
ATRX is required for maintenance of the neuroprogenitor 
cell pool in the embryonic mouse brain. Biology Open 3(12), 
1158–1163 (2014).

79	 Ganem NJ, Pellman D. Linking abnormal mitosis to the 
acquisition of DNA damage. J. Cell Biol. 199(6), 871–881 
(2012).

80	 Berube NG, Jagla M, Smeenk C, De Repentigny Y, 
Kothary R, Picketts DJ. Neurodevelopmental defects 
resulting from ATRX overexpression in transgenic mice. 
Hum. Mol. Genet. 11(3), 253–261 (2002).

81	 Berube NG, Mangelsdorf M, Jagla M et al. The chromatin-
remodeling protein ATRX is critical for neuronal survival 
during corticogenesis. J. Clin. Invest. 115(2), 258–267 
(2005).

82	 Seah C, Levy MA, Jiang Y et al. Neuronal death resulting 
from targeted disruption of the Snf2 protein ATRX is 
mediated by p53. J. Neurosci. 28(47), 12570–12580 (2008).

83	 Jang CW, Shibata Y, Starmer J, Yee D, Magnuson T. Histone 
H3.3 maintains genome integrity during mammalian 
development. Genes Dev. 29(13), 1377–1392 (2015).

84	 Gibbons RJ, Picketts DJ, Villard L, Higgs DR. Mutations 
in a putative global transcriptional regulator cause X-linked 
mental retardation with alpha-thalassemia (ATR-X 
syndrome). Cell 80(6), 837–845 (1995).

85	 Gibbons RJ, Wada T, Fisher CA et al. Mutations in the 
chromatin-associated protein ATRX. Hum. Mutat. 29(6), 
796–802 (2008).

86	 Berube NG, Healy J, Medina CF et al. Patient mutations 
alter ATRX targeting to PML nuclear bodies. Eur. J. Hum. 
Genet. 16(2), 192–201 (2008).

87	 Gibbons RJ, Pellagatti A, Garrick D et al. Identification 
of acquired somatic mutations in the gene encoding 
chromatin-remodeling factor ATRX in the alpha-thalassemia 
myelodysplasia syndrome (ATMDS). Nat. Genet. 34(4), 
446–449 (2003).

88	 Lacayo NJ, Meshinchi S, Kinnunen P et al. Gene expression 
profiles at diagnosis in de novo childhood AML patients 
identify FLT3 mutations with good clinical outcomes. 
Blood 104(9), 2646–2654 (2004).

89	 Rosen DB, Harrington KH, Cordeiro JA et al. AKT 
signaling as a novel factor associated with in vitro resistance 

of human AML to gemtuzumab ozogamicin. PLoS 
ONE 8(1), e53518 (2013).

90	 Yachida S, Vakiani E, White CM et al. Small cell and 
large cell neuroendocrine carcinomas of the pancreas are 
genetically similar and distinct from well-differentiated 
pancreatic neuroendocrine tumors. Am. J. Surg. 
Pathol. 36(2), 173–184 (2012).

91	 Marinoni I, Kurrer AS, Vassella E et al. Loss of DAXX 
and ATRX are associated with chromosome instability and 
reduced survival of patients with pancreatic neuroendocrine 
tumors. Gastroenterology 146(2), 453–460 e455 (2014).

92	 Chen SF, Kasajima A, Yazdani S et al. Clinicopathologic 
significance of immunostaining of alpha-thalassemia/mental 
retardation syndrome X-linked protein and death domain-
associated protein in neuroendocrine tumors. Hum. 
Pathol. 44(10), 2199–2203 (2013).

93	 Liu XY, Gerges N, Korshunov A et al. Frequent ATRX 
mutations and loss of expression in adult diffuse astrocytic 
tumors carrying IDH1/IDH2 and TP53 mutations. Acta 
Neuropathologica 124(5), 615–625 (2012).

94	 Lovejoy CA, Li W, Reisenweber S et al. Loss of ATRX, 
genome instability, and an altered DNA damage response 
are hallmarks of the alternative lengthening of telomeres 
pathway. PLoS Genet. 8(7), e1002772 (2012).

••	 Analysis of a panel of 22 ALT cell lines demonstrates that 
loss of ATRX protein and mutations in the ATRX gene are 
hallmarks of the ALT phenotype.

95	 Qadeer ZA, Harcharik S, Valle-Garcia D et al. Decreased 
expression of the chromatin remodeler ATRX associates 
with melanoma progression. J. Invest. Dermatol. 134(6), 
1768–1772 (2014).

96	 Athwal RK, Walkiewicz MP, Baek S et al. CENP-A 
nucleosomes localize to transcription factor hotspots 
and subtelomeric sites in human cancer cells. Epigenetics 
Chromatin 8, 2 (2015).

97	 Kapoor A, Goldberg MS, Cumberland LK et al. The histone 
variant macroH2A suppresses melanoma progression through 
regulation of CDK8. Nature 468(7327), 1105–1109 (2010).

98	 Dunleavy EM, Roche D, Tagami H et al. HJURP is a 
cell-cycle-dependent maintenance and deposition factor of 
CENP-A at centromeres. Cell 137(3), 485–497 (2009).

99	 Foltz DR, Jansen LE, Bailey AO et al. Centromere-specific 
assembly of CENP-a nucleosomes is mediated by HJURP. 
Cell 137(3), 472–484 (2009).

100	 Lacoste N, Woolfe A, Tachiwana H et al. Mislocalization of 
the centromeric histone variant CenH3/CENP-A in human 
cells depends on the chaperone DAXX. Mol. Cell 53(4), 
631–644 (2014).

101	 Jiao Y, Shi C, Edil BH et al. DAXX/ATRX, MEN1, and 
mTOR pathway genes are frequently altered in pancreatic 
neuroendocrine tumors. Science 331(6021), 1199–1203 
(2011).

••	 First to identify ATRX and DAXX mutations in cancer, 
specifically in pancreatic neuroendocrine tumors.

102	 Jiao Y, Killela PJ, Reitman ZJ et al. Frequent ATRX, CIC, 
FUBP1 and IDH1 mutations refine the classification of 
malignant gliomas. Oncotarget 3(7), 709–722 (2012).



10.2217/epi.15.82www.futuremedicine.comfuture science group

Emerging roles of ATRX in cancer    Review

103	 Schwartzentruber J, Korshunov A, Liu XY et al. Driver 
mutations in histone H3.3 and chromatin remodelling genes 
in paediatric glioblastoma. Nature 482(7384), 226–231 
(2012).

••	 Reveals that mutations in H3F3A/ATRX/TP53 genes 
frequently co-occur in pediatric glioblastoma multiforme, 
suggesting that chromatin structure dysregulation underlies 
this type of cancer. First evidence of histone mutation in 
cancer.

104	 Kannan K, Inagaki A, Silber J et al. Whole-exome sequencing 
identifies ATRX mutation as a key molecular determinant in 
lower-grade glioma. Oncotarget 3(10), 1194–1203 (2012).

105	 Molenaar JJ, Koster J, Zwijnenburg DA et al. Sequencing 
of neuroblastoma identifies chromothripsis and defects in 
neuritogenesis genes. Nature 483(7391), 589–593 (2012).

106	 Chen X, Bahrami A, Pappo A et al. Recurrent somatic 
structural variations contribute to tumorigenesis in pediatric 
osteosarcoma. Cell Rep. 7(1), 104–112 (2014).

107	 Elsasser SJ, Allis CD, Lewis PW. Cancer. New epigenetic 
drivers of cancers. Science 331(6021), 1145–1146 (2011).

108	 Fendrich V, Waldmann J, Bartsch DK, Langer P. Surgical 
management of pancreatic endocrine tumors. Nat. Rev. Clin. 
Oncol. 6(7), 419–428 (2009).

109	 Heaphy CM, De Wilde RF, Jiao Y et al. Altered 
telomeres in tumors with ATRX and DAXX mutations. 
Science 333(6041), 425 (2011).

••	 Shows correlation between ATRX/DAXX mutations with 
the ALT phenotype in tumors.

110	 Bender S, Tang Y, Lindroth AM et al. Reduced H3K27me3 
and DNA hypomethylation are major drivers of gene 
expression in K27M mutant pediatric high-grade gliomas. 
Cancer Cell 24(5), 660–672 (2013).

111	 Chan KM, Fang D, Gan H et al. The histone H3.3K27M 
mutation in pediatric glioma reprograms H3K27 methylation 
and gene expression. Genes Dev. 27(9), 985–990 (2013).

112	 Lewis PW, Muller MM, Koletsky MS et al. Inhibition of 
PRC2 activity by a gain-of-function H3 mutation found in 
pediatric glioblastoma. Science 340(6134), 857–861 (2013).

113	 Cardoso C, Timsit S, Villard L, Khrestchatisky M, Fontes M, 
Colleaux L. Specific interaction between the XNP/ATR-X 
gene product and the SET domain of the human EZH2 
protein. Hum. Mol. Genet. 7(4), 679–684 (1998).

114	 Funato K, Major T, Lewis PW, Allis CD, Tabar V. Use of 
human embryonic stem cells to model pediatric gliomas with 
H3.3K27M histone mutation. Science 346(6216), 1529–1533 
(2014).

115	 Astigarraga S, Grossman R, Diaz-Delfin J, Caelles C, 
Paroush Z, Jimenez G. A MAPK docking site is critical 
for downregulation of Capicua by Torso and EGFR RTK 
signaling. EMBO J. 26(3), 668–677 (2007).

116	 Bettegowda C, Agrawal N, Jiao Y et al. Mutations in CIC 
and FUBP1 contribute to human oligodendroglioma. 
Science 333(6048), 1453–1455 (2011).

117	 Parsons DW, Jones S, Zhang X et al. An integrated 
genomic analysis of human glioblastoma multiforme. 
Science 321(5897), 1807–1812 (2008).

118	 Dang L, White DW, Gross S et al. Cancer-associated IDH1 
mutations produce 2-hydroxyglutarate. Nature 462(7274), 
739–744 (2009).

119	 Sasaki M, Knobbe CB, Munger JC et al. IDH1(R132H) 
mutation increases murine haematopoietic progenitors and 
alters epigenetics. Nature 488(7413), 656–659 (2012).

120	 Chowdhury R, Yeoh KK, Tian YM et al. The oncometabolite 
2-hydroxyglutarate inhibits histone lysine demethylases. 
EMBO Rep. 12(5), 463–469 (2011).

121	 Sasaki M, Knobbe CB, Itsumi M et al. D-2-hydroxyglutarate 
produced by mutant IDH1 perturbs collagen maturation 
and basement membrane function. Genes Dev. 26(18), 
2038–2049 (2012).

122	 Wang G, Sai K, Gong F, Yang Q, Chen F, Lin J. Mutation of 
isocitrate dehydrogenase 1 induces glioma cell proliferation 
via nuclear factor-kappaB activation in a hypoxia-inducible 
factor 1-alpha dependent manner. Mol. Med. Rep. 9(5), 
1799–1805 (2014).

123	 Williams SC, Karajannis MA, Chiriboga L, Golfinos 
JG, Von Deimling A, Zagzag D. R132H-mutation of 
isocitrate dehydrogenase-1 is not sufficient for HIF-1alpha 
upregulation in adult glioma. Acta Neuropathol. 121(2), 
279–281 (2011).

124	 Bower K, Napier CE, Cole SL et al. Loss of wild-type ATRX 
expression in somatic cell hybrids segregates with activation 
of alternative lengthening of telomeres. PloS ONE 7(11), 
e50062 (2012).

125	 Hastie ND, Dempster M, Dunlop MG, Thompson AM, 
Green DK, Allshire RC. Telomere reduction in human 
colorectal carcinoma and with ageing. Nature 346(6287), 
866–868 (1990).

126	 Counter CM, Hirte HW, Bacchetti S, Harley CB. 
Telomerase activity in human ovarian carcinoma. Proc. Natl 
Acad. Sci. USA 91(8), 2900–2904 (1994).

127	 Killela PJ, Reitman ZJ, Jiao Y et al. TERT promoter 
mutations occur frequently in gliomas and a subset of tumors 
derived from cells with low rates of self-renewal. Proc. Natl 
Acad. Sci. USA 110(15), 6021–6026 (2013).

128	 Cesare AJ, Reddel RR. Alternative lengthening of 
telomeres: models, mechanisms and implications. Nat. Rev. 
Genet. 11(5), 319–330 (2010).

129	 Bryan TM, Englezou A, Gupta J, Bacchetti S, Reddel RR. 
Telomere elongation in immortal human cells without 
detectable telomerase activity. EMBO J. 14(17), 4240–4248 
(1995).

130	 Ogino H, Nakabayashi K, Suzuki M et al. Release of 
telomeric DNA from chromosomes in immortal human 
cells lacking telomerase activity. Biochem. Biophys. Res. 
Commun. 248(2), 223–227 (1998).

131	 Bechter OE, Zou Y, Walker W, Wright WE, Shay JW. 
Telomeric recombination in mismatch repair deficient 
human colon cancer cells after telomerase inhibition. Cancer 
Res. 64(10), 3444–3451 (2004).

132	 Yeager TR, Neumann AA, Englezou A, Huschtscha LI, 
Noble JR, Reddel RR. Telomerase-negative immortalized 
human cells contain a novel type of promyelocytic leukemia 
(PML) body. Cancer Res. 59(17), 4175–4179 (1999).



10.2217/epi.15.82 Epigenomics (Epub ahead of print) future science group

Review    Watson, Goldberg & Bérubé

133	 Conomos D, Stutz MD, Hills M et al. Variant repeats are 
interspersed throughout the telomeres and recruit nuclear 
receptors in ALT cells. J. Cell Biol. 199(6), 893–906 (2012).

134	 Heaphy CM, Subhawong AP, Hong SM et al. Prevalence 
of the alternative lengthening of telomeres telomere 
maintenance mechanism in human cancer subtypes. Am. 
J. Pathol. 179(4), 1608–1615 (2011).

135	 Wu G, Lee WH, Chen PL. NBS1 and TRF1 colocalize at 
promyelocytic leukemia bodies during late S/G2 phases 
in immortalized telomerase-negative cells. Implication 
of NBS1 in alternative lengthening of telomeres. J. Biol. 
Chem. 275(39), 30618–30622 (2000).

136	 Wu G, Jiang X, Lee WH, Chen PL. Assembly of functional 
ALT-associated promyelocytic leukemia bodies requires 
Nijmegen Breakage Syndrome 1. Cancer Res. 63(10), 
2589–2595 (2003).

137	 Luciani JJ, Depetris D, Usson Y et al. PML nuclear bodies 
are highly organised DNA-protein structures with a function 
in heterochromatin remodelling at the G2 phase. J. Cell 
Sci. 119(Pt 12), 2518–2531 (2006).

138	 Henson JD, Hannay JA, Mccarthy SW et al. A robust assay 
for alternative lengthening of telomeres in tumors shows 
the significance of alternative lengthening of telomeres in 
sarcomas and astrocytomas. Clin. Cancer Res. 11(1), 217–225 
(2005).

139	 Costa A, Daidone MG, Daprai L et al. Telomere 
maintenance mechanisms in liposarcomas: association 
with histologic subtypes and disease progression. Cancer 
Res. 66(17), 8918–8924 (2006).

140	 Perrem K, Colgin LM, Neumann AA, Yeager TR, Reddel 
RR. Coexistence of alternative lengthening of telomeres and 
telomerase in hTERT-transfected GM847 cells. Mol. Cell. 
Biol. 21(12), 3862–3875 (2001).

141	 Gibbons RJ, Mcdowell TL, Raman S et al. Mutations 
in ATRX, encoding a SWI/SNF-like protein, cause 
diverse changes in the pattern of DNA methylation. Nat. 
Genet. 24(4), 368–371 (2000).

142	 Cai J, Chen J, Zhang W et al. Loss of ATRX, associated 
with DNA methylation pattern of chromosome 
end, impacted biological behaviors of astrocytic 
tumors. Oncotarget 6 (20), 18105–18115 (2015).

143	 Noushmehr H, Weisenberger DJ, Diefes K et al. 
Identification of a CpG island methylator phenotype that 
defines a distinct subgroup of glioma. Cancer Cell 17(5), 
510–522 (2010).

144	 Sturm D, Witt H, Hovestadt V et al. Hotspot mutations in 
H3F3A and IDH1 define distinct epigenetic and biological 
subgroups of glioblastoma. Cancer Cell 22(4), 425–437 
(2012).

145	 Levy MA, Fernandes AD, Tremblay DC, Seah C, 
Berube NG. The SWI/SNF protein ATRX co-regulates 
pseudoautosomal genes that have translocated to autosomes 
in the mouse genome. BMC Genomics 9, 468 (2008).

146	 Kernohan KD, Vernimmen D, Gloor GB, Berube NG. 
Analysis of neonatal brain lacking ATRX or MeCP2 
reveals changes in nucleosome density, CTCF binding and 
chromatin looping. Nucleic Acids Res. 42(13), 8356–8368 
(2014).


