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Abstract

Telomeres are protected by the shelterin complex and consist of TTAGGG repeats. Their gradual erosion
triggers replicative senescence unless counteracted by telomerase or the telomerase-independent Alternative
Lengthening of Telomeres (ALT) pathway, utilized by 10-15% of cancers. Accumulating evidence indicates
that the decision to activate ALT is intimately linked to the plasticity of telomeric chromatin. This review
integrates recent data showing that both constitutive and facultative heterochromatin marks shape ALT acti-
vity. We summarize the dynamic regulation of telomeric chromatin and explore the contrasting evidence for
two models: the 'open telomeric chromatin model,' where loss of constitutive heterochromatin (e.g., reduced
H3K9me3) promotes ALT by increasing chromatin accessibility for homologous recombination (HR) factors,
and the 'closed telomeric chromatin model,' where a specific gain of heterochromatic features (e.g., H3K9me3
or H3K27me3) facilitates ALT by creating a specialized phase-separated environment that promotes telomere
clustering and break-induced replication (BIR). Resolving this paradox is crucial for understanding ALT ini-
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tiation and for developing promising synthetic-lethal strategies against ALT-dependent cancers.
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1. Introduction

Human telomeres localize to the termini of linear chro-
mosomes to protect against degradation and end-to-end
fusions[1]. In most eukaryotes, telomeric DNA consists
of TTAGGG tandem repeats bound by the shelterin pro-
tein complex. The “end-replication problem” causes the
progressive loss of nucleotides from the 3' ends of linear
chromosomes during cell division, leading to gradual
shortening of telomeres[2]. Once telomeres reach a cri-
tical length, known as the Hayflick limit, they become
dysfunctional and trigger activation of the DNA damage
response (DDR), ultimately leading to cellular senescence
or apoptosis[3]. To achieve replicative immortality, tumor
cells must therefore overcome this telomere shortening
barrier[4, 5]. Most tumors extend telomeres through reac-
tivating telomerase, while approximately 10—-15% utilize a
telomerase-independent mechanism known as Alternative
Lengthening of Telomeres (ALT)[6]. ALT activation is

usually associated with specific phenotypes, including co-
localization of ALT telomeres with promyelocytic leuke-
mia protein (PML) nuclear bodies (forming structures
called ALT-associated PML bodies, APBs), heterogeneous
telomere length, telomere sister-chromatid exchange
(T-SCE), and extrachromosomal telomeric repeat DNA
(ECTR, such as C-rich circle)[7]. However, the mecha-
nisms underlying ALT activation are not fully understood.
A prevalent hypothesis posits that ALT initiation requires
the accumulation of replication stress at telomeres[8, 9],
which sustains endogenous DNA damage, thereby trigge-
ring break-induced replication (BIR) at telomeres to main-
tain telomere length[ 10, 11].

Increasing evidence demonstrates that alterations in te-
lomeric chromatin—such as histone modifications, dysre-
gulation of histone chaperone complexes, and the pres-
ence of variant repeats—can modulate replication stress
and consequently influence ALT activation[12]. However,
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the highly specialized and dynamic nature of telomeric
chromatin complicates the precise delineation of its role
in ALT cells. This has led to two seemingly contradictory
models: one where a loss of heterochromatin (‘open’ state)
promotes ALT, and another where a specific gain of hete-
rochromatin (‘closed' state) is facilitative. In this review,
we first summarize the dynamic regulation of telomeric
chromatin. We then critically evaluate the evidence for
these contrasting models by examining key chromatin
remodelers, histone modifiers, and readers involved in
ALT initiation and maintenance. Finally, we discuss the
therapeutic implications of targeting telomeric chromatin
plasticity in ALT-positive cancers. This review focuses on
recent studies (primarily from the past decade) elucida-
ting the role of chromatin structure in the ALT pathway
in mammalian systems. Literature was identified through
searches of PubMed and Google Scholar using keywords
including 'Alternative Lengthening of Telomeres,' 'telo-
meric heterochromatin,' 'H3K9me3,' 'ATRX,' 'chromatin
remodeling,' and 'phase separation.' Priority was given to
primary research articles establishing mechanistic links
between chromatin modifiers, remodelers, and ALT phe-
notypes.

2. Dynamic regulation of telomeric chromatin state
The nucleosome is the basic unit of chromatin, consis-
ting of DNA wrapped around octamers of the core histones
H2A, H2B, H3, and H4. In mammalian cells, chromatin is
structurally categorized into two types: euchromatin and
heterochromatin. Heterochromatin is a key architectural
feature of eukaryotic chromosomes and endows particular
genomic regions with specific functional properties. Hete-
rochromatin is distinguished from euchromatin by its high-
ly condensed state through cell cycle. It plays vital roles in
chromosome segregation, genome stability maintenance,
gene expression silencing and elements transport[13].
Chromatin state is defined epigenetically by specific his-
tone modifications, for instance, heterochromatin, which
is predominatly found at pericentromeres, telomeres, and
other silent regions, is frequently marked by trimethyla-
tion of histone H3 lysine 9 (H3K9me3)[14].
Heterochromatin could be further subdivided into
constitutive and facultative heterochromatin based on
its dynamic nature and specific marks. Facultative hete-
rochromatin regions are characterized by high density of
H3K27me3, H3K9me2, and H4K20me and relatively dy-
namic in response to developmental or environmental si-
gnals, thus enabling rapid reprogramming of gene expres-
sion[ 15]. In contrast, constitutive heterochromatin regions
are rich in H3K9me3 and H4K20me3 and preferentially
target repetitive DNA regions, such as centromeres and
telomeres, and maintains a highly condensed state[16].
The chromatin state of human telomeres is complex
and somewhat paradoxical. While they exhibit strong
enrichment of facultative heterochromatin marks like
H4K20me, H3K27me3, and H3K9me2[17], recent studies
suggest that human telomeres may also display euchro-
matin characteristics such as H4K20mel and H3K27ac. A
chromatin immunoprecipitation (IP) combined with high-
throughput sequencing (ChlP-seq) study in human CD4" T
cells, for instance, revealed that H3K9me3 enrichment pri-
marily occurs in subtelomere and centromere, rather than
in telomere regions[18]. In addition, the histone methy-
lation pattern at telomeres may also correlate with telo-

mere length variations in different cell types. In general,
cells with shorter telomeres exhibited low histone density,
and the modification level of H3K9me3 and H4K20me3
reduced in the telomeres of Terc’mice[19]. Additionally,
the loss of telomere repeats leads to a reduced heterochro-
matin features and nucleosome density[20, 21].

The heterochromatic state of telomeres and subtelo-
meres is essential for their function, including telomeric
integrity and transcriptional regulation[22]. TERRA is a
long noncoding RNA transcribed from telomeres[23]. The
transcription of TERRA is up-regulated by the open telo-
meres and subtelomere chromatin state[24]. DNA methyl-
transferase 3B (DNMT3B) genetic mutations were found
in lymphoblastoid and fibroblast cells from patients of ICF
syndrome (Immunodeficiency, Centromeric instability,
Facial anomalies syndrome), the mutations lead to subtelo-
meric DNA hypomethylation, ICF cells then consequently
exhibit advanced telomere replication timing and elevated
levels of transcripts of TERRA[25]. TERRA, together with
two other processes--the binding of the shelterin complex
to telomeric DNA and histone tail modifications--collabo-
rates to dynamically regulate telomeric heterochromatin
state. Disruptions in these processes can lead to reduced
telomere DNA synthesis efficiency, activation of ALT pa-
thway and compromised telomere protection[17].

Given the established correlation between telomeric
heterochromatin state and tumor, it has been gradually
revealed that chromatin plasticity plays an important role
in tumor progression, particularly in tumors rely on ALT
pathway. However, it remains controversial whether a loss
or a gain of heterochromatin promotes ALT initiation. The
specific molecular mechanisms of heterochromatin regu-
lation were applied at ALT telomeres, and whether these
mechanisms are the causes of ALT initiation, or they are
just the consequence of the replication stress inherent to
ALT-positive cells? These questions still require further
elucidation.

3. Regulation of telomeric chromatin state and ALT
activation

3.1. The role of chromatin remodeling complexes in
ALT

It has been reported recently that chromatin remodeling
complexes play crucial roles in the initiation and mainte-
nance of ALT by dynamically modulating heterochroma-
tin accessibility through precise regulation of nucleosome
positioning and histone variant deposition at telomeres. In
eukaryotes, chromatin remodelers can be classified into
four families based on protein similarity and domain ar-
chitecture: (i) SWI/SNF, (ii) ISWI (imitation switch), (iii)
INOSO (inositol requiring mutant 80), and (iv) CHD (chro-
modomain helicase DNA-binding)[26].

The regulation of telomere heterochromatin on ALT
was originally derived from the study of alpha-thalasse-
mia mental retardation X-linked (ATRX) and its binding
chaperone, the death-domain associated protein (DAXX).
ATRX is a chromatin remodeling factor and transcriptio-
nal regulator that belongs to the SWItch/Sucrose Non-
Fermentable (SWI/SNF) protein family[27]. The ATRX-
DAXX complex deposits histone variant H3.3 at chromatin
repetitive sequences, such as telomeres, ribosomal DNA
(rDNA), and centromeres[28, 29], to maintain a repres-
sive heterochromatic state and prevent genomic instabili-
ty[30]. Notably, ATRX mutations are present in over 90%
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ALT tumors, underscoring a strong association between
ATRX/DAXX dysfunction and ALT activation[6, 31, 32].
Consistently, restoring ATRX expression in ATRX-defi-
cient ALT cells significantly suppresses ALT-related phe-
notypes[33]. Several mechanisms have been proposed for
how ATRX suppresses ALT activity, including suppres-
sing DDR and homologous recombination (HR) at ALT
telomeres[34]; resolving G-quadruplexes (G4) and TER-
RA hybrid structures by its helicase activity; inhibiting
MREI11-mediated resection of stalled replication forks;
and preserving proper chromatin architecture[33, 35, 36].
Many of the above models are related to ATRX’s role in
heterochromatin homeostasis. For example, the ATRX/
DAXX-mediated deposition of histone H3.3 at telomeres
limits the formation of G4 structures, thereby inhibiting
replication fork stalling caused by G4 accumulation and
its activated HR repair mechanisms in ALT cells[37].
However, in ATRX-DAXX deficient ALT cells, H3.3 was
deposited by HIRA (another histone H3.3 chaperone)
compensatory to restrict telomeric single-stranded DNA
and 'bad' TERRA R-loops accumulation that threaten ALT
cancer cell viability[38].

In addition to ATRX, other subunits of the SWI/SNF
complex are also implicated in ALT regulation. For ins-
tance, the catalytic subunit BRM (SMARCA?2) of the
SWI/SNF complex is recruited to the promoters of the
shelterin components TRF1 and TRF2, where it pro-
motes their transcription by remodeling chromatin into an
open conformation. Depletion of BRM in ALT-positive
VA13 cells leads to telomere dysfunction and replication
defects, indicating that the remodeling complex is essen-
tial for maintaining telomere stability and ALT cell survi-
val[39-41]. The role of ATRX and BRM highlight the cru-
cial function of chromatin remodeling protein complexes
in regulating ALT.

Like the SWI/SNF complex, the INO80 complex,
driven by its core ATPase Ino80, participates in telomere.
Deletion of INO80O subunits in yeast induces ALT-like
phenotypes, including telomere elongation and formation
of extrachromosomal telomeric circles[42]. In mammalian
cells, INOSO is critical for the generation of ssDNA to pro-
mote HR (homologous recombination) of dysfunctional
telomeres. Conditional deletion of m/no80 in mouse em-
bryonic fibroblasts (MEFs) results in decreased telomere
sister chromatid exchanges at dysfunctional telomeres,
increased frequency of fragile telomeres, and activation of
cellular senescence programs[43]. These studies suggest
that the chromatin remodeling complexes play important
roles in HR-mediated telomere replication.

Additional support for the role of chromatin remode-
ling factors in ALT regulation comes from a large-scale IP
and mass spectrometry study of DAXX, which identified
heterochromatin protein 1 (HP1) and HP1-binding protein
3 (HP1BP3) as its interacting proteins. Notably, HP1BP3
was found to be specifically enriched at telomeres in ALT
cells. Functional studies demonstrated that inhibition of
HP1BP3 resulted in decreased H3K9me3 levels and hete-
rochromatin integrity, which ultimately led to increased
ALT activity. This suggests that HP1BP3 helps maintai-
ning ALT telomere chromatin compaction by facilitating
H3K9me3 occupancy. In addition, HP1BP3 can also en-
hance chromatin compaction by clustering multiple H1
proteins for nucleosome condensation[44]. Collectively,
these findings suggest that the telomere heterochromatin

state is specifically regulated in ALT cells which may be
important for the activation of ALT mechanism.

3.2. Telomeric constitutive heterochromatin state plays
an important role in the activation and maintenance of
ALT mechanism

The contrasting models of H3K9me3 regulation at telo-
meres in normal and ALT-positive cells are summarized
in Figure 1. Panel (a) illustrates the heterochromatic state
of telomeres in normal cells, where ATRX recognizes
H3K9me3-enriched chromatin to suppress homologous re-
combination and prevent ALT activation. Panel (b) depicts
the 'open telomeric chromatin model', in which disrup-
tion of heterochromatin maintenance leads to reduced
H3K9me3 levels, increased chromatin accessibility, and
enhanced recruitment of homologous recombination fac-
tors, thereby promoting ALT. In contrast, panel(c) shows
the 'closed telomeric chromatin model', where a specific
gain or reorganization of heterochromatic features, parti-
cularly H3K9me3, facilitates telomere clustering, phase
separation, and break-induced replication to support ALT
activity.

Histone methylation, catalyzed by histone methyltrans-
ferases (HMTs), is a key determinant of telomeric chroma-
tin state. For instance, the H3K9me3 mark deposited by
the H3K9-specific methyltransferases SUV39H1/2 at telo-
meres recruits HP1, which drives chromatin condensation
via liquid-liquid phase separation (LLPS), thereby ensu-
ring telomere integrity[56, 57]. Depletion of SUV39H1/2
reduces H3K9me3 level and HP1 recruitment, leading to
telomere decompaction and aberrant homologous recom-
bination, ultimately compromising telomere stability (Fi-
gure 1, a)[57, 58].

In addition to regulating chromatin structure, histone
methylation also plays important roles in regulating telo-
meric DDR signaling. For instance, the lysine demethy-
lases (KDMs) of H3K36, including KDM2A and KDM4A,
function in promoting DNA damage repair pathways.
When DSBs are formed, ATM phosphorylates KDM2A
and blocks its demethylase activity, which finally increases
H3K36me?2 level around DSBs sites and facilitates the re-
cruitment of the MRN (MRE11-RAD50-NBS1) complex
to promote HR[59]. Besides, DSBs trigger the ubiquitin-
dependent degradation of KDM4A. Since KDM4A and
53BP1 sharing same binding sites near DSBs, the reduc-
tion of KDM4A facilitates the recruitment of 53BP1 to
DSBs, thus facilitates c-NHEJ repair system[60]. Emer-
ging evidence indicates that numerous KDMs and HMTs
are involved in the regulation of ALT mechanisms pri-
marily by either modulating constitutive heterochromatin
marks (e.g., H3K9me3, H4K20me3) at telomeres or by
participating in the telomeric DDR regulation[61, 62].

3.2.1. Open telomeric chromatin model: reduced telome-
ric H3K9me3 level activates ALT

H3K9me3 is the predominant constitutive heterochro-
matin mark in mammalian cells. Recent studies have shown
that reduced H3K9me3 epigenetic marks is closely related
to the activation of ALT, since this histone modification
keep chromatin in an open state and allows the access of
HR factors[46, 57, 63]. A study investigating chromatin
state and ALT activity revealed that telomeric H3K9me3
is reduced at ALT telomeres, suggesting a more open telo-
meric chromatin may favor ALT mechanism[63]. Several
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(a) Normal cells

(b} ALT cells: open telomeric chromatin model
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Fig. 1. The figure summarizes the molecular mechanisms by which
the H3K9me3 modification level in normal cells and ALT cells
models. (a) In normal cells, telomeres maintain a certain level of
H3K9me3. The chromatin remodeler ATRX directly binds to telo-
meric H3K9me3, which inhibits HR and prevents ALT. (b) In ALT
cells: open telomeric chromatin model. In this model, dysregulation
of multiple pathways converges to cause telomeric heterochromatin
decompaction and reduced H3K9me3 levels, thereby activating ALT.
Dcafl11-TRIM28 axis: Dcafl1 targets TRIM28 for ubiquitin-media-
ted degradation. The loss of TRIM28 leads to destabilization of the
methyltransferase SETDBI, resulting in decreased H3K9me3 deposi-
tion at telomeres; Impaired function of ORCA compromises its role in
promoting telomeric heterochromatin condensation, thereby increa-
sing the accessibility for HR factors; Inhibition of HP1BP3 function
reduces H3K9me3 levels, disrupts heterochromatin compaction,
and promotes ALT. LAP20-HDACI axis impairment: Deficiency of
LAP2a abrogates the recruitment of HDACI to telomeres, leading
to pathological chromatin decondensation, increased telomeric DNA
accessibility, and consequently activate ALT.(c) In ALT cells: closed
telomeric chromatin model. In this model, a specific mechanism
of heterochromatin establishment drives ALT. CHAMP1-POGZ-
SETDBI positive feedback loop: The CHAMP1-POGZ complex di-
rectly recruits the methyltransferase SETDB1 and deposits H3K9me3
to ALT telomeres. H3K9me3 is recognized by HP 1o, whose dimeriza-
tion and LLPS properties facilitate the formation of heterochromatin
clusters and promote HR. This process further enriches the CHAMP1-
POGZ complex, establishing a positive feedback loop that amplifies
H3K9me3 signaling and promotes HR. KDM4B is precisely regula-
ted, and its balanced activity helps maintain the pro-recombinogenic
heterochromatin state. The slash indicates downregulation or deple-
tion of indicated proteins.

HMTs and HDMs(Histone Demethylases) are involved in
the regulation of telomeric H3K9me3, and are associated
with ALT activation (Table 1). Depletion of the H3K9-spe-
cific methyltransferases SUV39H1/2 causes a loss of pe-
ricentromeric H3K9me3, thereby triggering typical ALT
phenotypes[57], indicates SUV39H-mediated high telo-
meric H3K9me3 level protecting telomeres and inhibiting
ALT activation (Figure 1, a). Subsequent research showed
that ALT telomeric H3K9me3 heterochromatin marks are
mainly regulated by SETDBI, a highly specific enchroma-
tin methyltransferase targeting H3K9 to H3K9me2/3[64].
In synergy with the co-repressor TRIM28/KAP1 (a core
component of the human silencing hub (HUSH) complex),
SETDB1-mediated H3K9me3 triggers chromatin compac-
tion, converting euchromatic regions into transcriptionally
silenced heterochromatin-like states[65, 66]. A study has
found that TRIM28 preferentially at ALT telomeres and in-
teracts with telosome complex, which stabilizes SETDBI1
to maintain the modification level of telomere H3K9me3
and inhibits ALT activity in tumor cells [46]. Consistently,
another research in mouse embryonic stem cells has revea-
led that Dcafl1 targets TRIM28 for ubiquitination-media-
ted degradation, leading to the removal of heterochromatic
H3K9me3 at telomere/subtelomere regions and activating
the Zscan4-mediated ALT mechanism[67].

In addition, several H3K9me3-binding proteins are
also involved in regulating H3K9me3 modifications on te-
lomere chromatin thus related to the ALT mechanism. For
instance, H3K9me3 can directly interact with ATRX[68],
which may contribute to ALT mechanism via ATRX inhi-
bition (Figure 1, a). The H3K9me3 occupancy on telomere
is bound by HP1BP3, which stabilizes the compacted
structure of telomere chromatin and inhibits ALT pheno-
types and ALT tumor cell growth [44]. The nuclear enve-
lope protein lamin-associated polypeptide 2o (LAP2a)
recruits histone deacetylase HDACI to telomeres, leading
to histone deacetylation that driving heterochromatic com-
paction by elevating H3K9me3 deposition and stabilizing
HP1 anchoring. Thus, LAP2a deficiency causes patho-
logical chromatin decondensation and increases telome-
ric DNA accessibility and promotes ALT activation[49].
Notably, methotrexate (MTX), a drug widely used to treat
osteosarcoma, traps STATS in its unphosphorylated, active
form. This enables STATS to bind HP1a, leading to hetero-
chromatin stabilization and promotion of H3K9me3[69].
In patient-derived xenograft (PDX) models of LAP2a-
deficient ALT-positive osteosarcoma, MTX treatment
reverses chromatin decompaction, suppresses ALT-driven
recombination, and significantly inhibits tumor proli-
feration[49], validating heterochromatin restoration as
a synthetic lethal strategy against ALT tumors. Origin
Recognition Complex-Associated (ORCA/LRWDI1) is
recruited to telomeres of ALT cells through a specific inte-
raction with the MMS21-SUMOylated shelterin complex.
This recruitment enables ORCA to orchestrate a repressive
chromatin architecture by facilitating the deposition of the
H3K9me3 heterochromatin mark. The establishment of
this compact chromatin state directly impedes the access
and loading of key homologous recombination mediators,
including RPA and RADSI1, thereby effectively suppres-
sing the initiation of telomere recombination. Consequent-
ly, the loss of ORCA triggers heterochromatin deconden-
sation, which in turn drives the hyper-activation of the ALT
pathway, as evidenced by increased APBs formation and
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Table 1. Heterochromatin marks and associated methylation/demethylation enzymes involved in ALT maintenance.

Histone marks/ Related Molecular Telomeric Effect on References
Process Proteins Function/Mechanism chromatin state ALT
H3K9me3 SETDBI H3K9 methyltransferase Compaction Promotes/ [45, 46]
Suppresses
Recruits SETDBI to enhance .
CHAMPI1 H3K9me3. Compaction Promotes [47]
KDM4B H3K9 demethylase Relaxation Promotes [48]
Stabilizes SETDBI1; Telomeric .
TRIM28 accumulation of H3K9me3. Compaction Suppresses [46]
Recruits HDACT to enhance .
LAP2a H3K9me3 deposition. Relaxation Suppresses [49]
Induces chromatin condensation and .
ORCA enhances H3K9me3 deposition. Compaction Suppresses [50]
Telomeric accumulation of H3K9me3;
HP1BP3 Stabilizes heterochromatin via HP1 & Compaction Suppresses [44]
DAXX binding.
H3.3 deposition HIRA H3.3 chaperone; n}al.n.talns telomeric Relaxation Promotes [38]
accessibility.
ATRX/ H3.3 deposition at telomeric Compaction SUDDresses [51]
DAXX heterochromatin. p PP
H4 NuRD- Histone deacetylase complex; .
hypoacetylation ZNF827 promotes HR Compaction Promotes [52]
Catalytic component (EZH2) .
H3K27me3 PRC2 responsible for H3K27 methylation, Compaction Promotes [53]
H3K36me2 KDM2A H3K36 demethylase NM Suppresses [54]
H3K23ac TRIM24 Reader of H3K23ac NM Promotes [55]

* NM: not mentioned.

elevated telomere sister chromatid exchanges[70] (Figure
1, b). These findings indicate that the reduction in telo-
meric heterochromatin could promote ALT, possibly due
to increased telomeric accessibility benefits replication
and HR. It is also worth noting that, decreased H3K9me3
may accumulate more telomeric DNA damage, which is
proved by either deletion of TRIM28 or HP1BP3 caused
a decrease of telomeric H3K9me3 level, accompanied by
the elevated telomeric damage foci[44, 46], suggesting the
replication stress induced by de-heterochromatinization
may also be a potential trigger for ALT (Table 1).

3.2.2 Closed telomeric chromatin model: elevated telo-
meric H3K9me3 level contributes to the occurrence of
ALT

Although numerous studies suggest that the loss of the
heterochromatin mark H3K9me3 can activate ALT, other
studies have reported completely opposite findings (Table
1). For example, in ALT cells, ATRX deficiency prevents
the deposition of the histone variant H3.3 at telomeres[71].
This leads to unopposed, persistent demethylase activity of
histone demethylase KDM4B, resulting excessive deple-
tion of the critical heterochromatic marks of H3K9me3/2
and HP1a binding. The erosion of these constitutive hete-
rochromatin marks not only disrupts telomere maintenance
but also impedes the formation of APBs in ALT cells[48]
, This observation suggests that ALT activation requires
not merely a reduction of heterochromatin, but the mainte-
nance of a minimal or properly organized H3K9me3 pool.
In this context, excessive KDM4B activity leads to over-
erasure of H3K9me3, disrupting HP1-dependent telome-
ric compartmentalization and impairing APB formation,
thereby suppressing ALT (Figure 1, c¢). However, in the

LAP2a-deficient U208, the elevated H3K9me3 and HP1
at telomeres caused by KDM4B knockdown instead yields
decreased C-circle[49]. The contradictory result has also
been observed in SETDB1 study. As we mentioned above,
SETDBI suppresses ALT by maintaining the H3K9me3
heterochromatin mark on telomeric DNA[46]. However,
it has also been demonstrated that SETDBI1 catalyzes
H3K9me3 modification specifically at telomeres to recruit
HR-related factors such as BRCA1 and SMC5/6 complex,
ultimately activating ALT in the absence of ATRX[45]. In
addition, further studies have found that the CHAMPI-
POGZ complex directly recruits SETDB1 through zinc
finger scaffold interactions, and promotes HR at ALT telo-
meres[47] (Figure 1, ¢). These conflicting results indicate
that the H3K9me3 state may not directly engage in the
activation or inhibition of ALT, further investigation of
DNA methylation molecular mechanism in ALT tumors
need to be explored.

Taken together, the seemingly contradictory roles of
H3K9me3 in ALT regulation suggest that its function can-
not be explained by a simple gain-or-loss model. One pos-
sible explanation is cell-type specificity: distinct ALT-po-
sitive cell lines or tumor types may differ in their chromatin
remodeling landscape, DNA damage response capacity, or
dependency on specific recombination pathways, leading
to context-dependent outcomes of H3K9me3 modulation.
In addition, the genomic context of H3K9me3 deposition
may be critical. H3K9me3 enrichment at subtelomeric
regions could exert different effects compared with its pre-
sence on the telomeric repeat array itself, potentially in-
fluencing TERRA transcription, replication timing, or te-
lomere—nuclear compartment interactions in distinct ways.

Another important consideration is that ALT regulation
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may depend not on the global abundance of H3K9me3,
but rather on its spatial organization and local distribution.
A threshold level, focal enrichment, or specific hetero-
chromatin microdomains of H3K9me3 may be required
to promote liquid-liquid phase separation, telomere clus-
tering, and break-induced replication, whereas excessive
loss or uniform spreading of this mark could instead lead
to uncontrolled DNA damage and ALT suppression. Thus,
the balance, localization, and dynamics of H3K9me3—
rather than its bulk level alone—are likely to determine
whether heterochromatin acts as a barrier or a facilitator
of ALT.

3.2.3. Other histone modifications that govern telomeric
chromatin state

Beyond telomeric H3K9me3, several additional his-
tone marks are also essential for activating or maintaining
the ALT pathway. For example, the NuRD complex, is
recruited to telomeres by zinc finger protein ZNF827 via
its N-terminal RRK motif, induces histone deacetylation
and nucleosome repositioning through its ATPase subunit
CHDA4. This activity establishes a hypoacetylated chro-
matin state (H4K5ac and H4K8ac increase) that reducing
shelterin binding, promoting telomere-telomere interac-
tions, and recruiting HR proteins to initiate recombination
process[52]. In a related but distinct pathway, CBP/p300-
mediated histone H3K23ac acts as an initiating signal that
recruiting the reader protein TRIM24, subsequent SU-
MOylation of TRIM24 stabilizing RAD51 and BLM, di-
rectly facilitating the telomere recombination process[55,
72]. Conversely, the demethylase KDM2A contributes to
resolving the recombination state by erasing H3K36me2
marks, creating a permissive environment for the isopepti-
dase SENP6 to remove excessive SUMO modifications at
PML, thereby preventing aberrant telomere clustering and
ensuring normal cell division. Thus, the loss of KDM2A
considerably suppresses the survival of ALT cells without
affecting the viability of non-ALT cells[54, 73, 74] (Table

).

3.3. The regulation of facultative heterochromatin on
ALT telomeres

Very little evidence supports that facultative heterochro-
matin marks participate in regulating ALT activation, al-
though both facultative heterochromatin and euchromatin
marks exist on human telomeres. It has been demonstrated
that the H3K27me3/H3 ratio increased 2-fold in BRCA2-
deficient ALT-like MEFs compared with non-ALT MEFs,
whereas the H3K9me3/H3 ratio did not change signifi-
cantly[53]. Evidence indicates that H3K27me3 deposition
in ALT cells is primarily mediated by the Polycomb Re-
pressive Complex 2 (PRC2) complex. Specifically, PRC2
complex is recruited to telomeres through LLPS, which
triggered by the stabilization of G4 upon BRCA2 loss.
Once recruited, the methylase subunit (EZH2) catalyzes
the methylation of the H3K27, establishing a facultative
heterochromatin state at telomeres. This PRC2-mediated
heterochromatinization creates a permissive chromatin
environment that facilitating the engagement of BIR pa-
thway, thereby directly activating the ALT mechanism[53]
(Table 1). Unlike the constitutive heterochromatin, facul-
tative heterochromatin presents temporal and context-de-
pendent feature during development progression, the plas-
ticity makes it a compelling regulator for ALT, a process

requiring a delicate balance between telomere stability and
recombination. How heterochromatin state is regulated in
ALT system and whether crosstalk exists between faculta-
tive and constitutive heterochromatin remain outstanding
questions in ALT research.

4. Discussion

Chromatin structure is an important factor that regu-
lates protein-DNA and protein-protein interactions. Te-
lomeric DNA is not synchronized with the DNA helical
repeat and lacks nucleosome positioning signals[75], sug-
gesting that telomeric chromatin condensation and histone
modification-associated biological effects are achieved
through a pathway distinct from the classical mechanism
of bulk chromatin. Due to frequent loss of ATRX/DAXX
histone chaperone complex, alterations in recruitment of
proteins such as nuclear receptors and chromatin remo-
delers, and changes in histone modifications of telome-
ric chromatin, the ALT telomeres are structurally distinct
from that of non-ALT tumor cells or normal cells, sug-
gesting that the unique chromatin state of ALT telomeres
may be associated with its activation and maintenance[7,
52, 76]. In fact, ALT activity is not dependent on a univer-
sally 'open' or 'closed' chromatin state, but rather is closely
tied to context-specific chromatin states. For instance, in
both 'open' and 'close' telomeric chromatin models, ALT
activity is facilitated by certain chromatin state-either the
promotion of HR template dissociation through open chro-
matin or recruitment of telomere-associated proteins and
formation of LLPS through compacted heterochromatic
state[45, 46, 53]. This highlights that ALT activity depends
on dynamic chromatin changes rather than a single 'open’
or 'closed' state.

It is also worth noticing that whether these chro-
matin alterations are a cause or a consequence of ALT.
While the suppression of ALT upon restoring ATRX or
heterochromatin factors like LAP20 suggests a causa-
tive role[49]. RADS51AP1 was reported to interact with
chromatin remodeling and modification factors PDS5a,
BRG1, ZYMNDS and lead to suppression of TERRA by
chromatin modulation and ubiquitination of H2A at telo-
mere DSBs, consequently unchallenged telomeres in ALT
cancer cells[77]. The loss of ATRX disrupts the mainte-
nance of heterochromatin at telomeres, leading directly to
reduced levels of the H3K9me3 modification. This epige-
netic change causes the aberrant expression and accu-
mulation of TERRA and simultaneously destabilizes the
chromatin structure at telomeres. Together, these effects
hinder the progression of replication forks, creating per-
sistent replication stress. It is within this environment of
endogenous replication stress that the homologous recom-
bination-based ALT pathway becomes selectively activa-
ted and relied upon to maintain telomere length[7]. It is
also possible that the persistent replication stress inherent
to ALT cells drives progressive chromatin remodeling. It
was found that TERRA R-loops can recruit PRC2, leading
to H3K27me3 at telomeres as well as LLPS in ALT-like
cells[53]. Replication stress induces dynamic remodeling
of chromatin at DNA damage sites, including increased
histone acetylation and reduced repressive methylation
modifications, which temporarily'opens up' the local chro-
matin structure. This change facilitates the recruitment of
repair factors such as those involved in HR, promoting
accurate DDR. It is noteworthy that this replication stress-
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triggered, unstable chromatin state-particularly its charac-
teristics of promoting recombination and transcription-
may create a potential molecular environment for telomere
lengthening via abnormal HR.

Future research should aim not only to elucidate the
temporal sequence of these events but also to identify the
precise readers of ALT-specific chromatin marks. Given
that reports on histone reader proteins regulating ALT are
currently limited, it is promising that these readers play a
crucial role. The catalytic component of the NuRD com-
plex is CHD?3 or its isoform CHD4 protein, both of which
possess PHD domains and exhibit histone modification
reader capabilities[78]. They are recruited to ALT telo-
meres to maintain an HR-permissive environment[52].

Many studies speculated that APB-associated telo-
mere clustering is dynamic in the nucleus and promotes
telomere-telomere recombination[79, 80]. Studies of the
dynamic behavior of telomeric DNA repeats showed that,
unlike telomerase-positive cells, a majority of telomeres
have constrained diffusive movement and tend to cluster
in ALT activated cells[79, 81]. It has also been reported
that the RAP1-SUN1-mediated telomere-nuclear envelope
attachment to prevent hyper-activated telomere-telomere
recombination in ALT cells, which suggests the movement
of telomeres may be tightly regulated and important for
telomeric DNA synthesis[82, 83]. Telomere movement is
likely facilitated by SIRT6-SNF2H mediated telomeric
chromatin decondensation[84]. It is possible that DNA
remodeling activity in ALT cells acts together with seve-
ral associated DNA repair factors to change the structure
of the telomeric DNA, thereby regulating telomere move-
ment, and thus facilitating or maintaining ALT activity.

Both constitutive and facultative heterochromatin
marks exist at human telomeres. The role of constitutive
marks, particularly H3K9me3, in regulating ALT has
been extensively documented, whether it promotes or in-
hibits ALT activity (Figure 1). However, the role of the
facultative heterochromatin marks in ALT has been less
studied[53]. It has been proposed that the properties of
human telomeric chromatin align more closely with those
of facultative heterochromatin[53]. Could the facultative
heterochromatin marks serve as a regulator that modulates
chromatin compaction or recruitment of histone modifi-
cation reader under different stress conditions? It is pos-
sible that facultative heterochromatin adds another layer
of regulation. ALT-like telomeres display a hybrid signa-
ture containing both increased H4K20me3 and decreased
H4K5ac and H4K8ac[52]. Furthermore, the H3K27me3
allows ALT cells to reversibly toggle between recombina-
tion-permissive and refractory states, a plasticity that ca-
nonical H3K9me3-based heterochromatin cannot provide.
The nuclear lamina plays an important role in maintaining
the structural integrity of telomeric chromatin and regula-
ting the choice between constitutive and facultative hete-
rochromatin pathways. The dynamic interaction between
nuclear lamina components and telomeres could influence
the overall chromatin state at telomeres, contributing to
the regulation of telomere maintenance mechanisms such
as ALT. Expression of progerin, a truncated unprocessed
lamin A protein observed in Hutchinson-Gilford proge-
ria syndrome, reduces both the association of telomeres
with LAP2a and the global levels of H3K27me3[85]. This
suggests that nuclear lamina integrity could influence the
chromatin state at telomeres and affect ALT activity. Whe-

ther progerin could also affect LAP2a regulated telomeric
H3K9me3 elevation and ALT inhibition? And whether this
process is related to its elevated H3K27me3 levels? Fur-
ther studies will be needed.

Although many studies suggest that ALT is a targetable
pathway, there are currently no ALT cancer-specific targe-
ted therapeutics. In a most recent study, Benura Azeroglu,
Eros Lazzerini Denchi and colleagues developed a high
throughput imaging-based screen assay named TAILS (te-
lomeric ALT in situ localization screen) to identify genes
that either promote or inhibit ALT activity. Accordingly,
84 ALT-suppressors and 7 ALT-activators were identi-
fied. Besides Fanconi anemia complementation group
proteins, genes encoding chromatin remodeling factors
or histone chaperones are highly enriched, such as the
nucleosome-remodeling factor CHD4 and the chromatin
reader SGF29[86], suggesting chromatin state is a promi-
sing therapeutic target for ALT-positive cancers. Howe-
ver, very few researches have investigated the inhibition
of ALT tumor proliferation by targeting heterochromatin
remodeling complexes or histone modification enzymes.
Currently, only the following reports are available: the
co-treatment with the G4 stabilizer PDS and the EZH2
inhibitor EPZ-6438 selectively inhibited BRCA2-deple-
ted ALT-like fibroblasts[53]. In addition, as we mentio-
ned above, MTX holds potential for treating ALT-posi-
tive osteosarcoma by reversing chromatin decompaction,
thereby suppressing ALT-associated recombination[49].
Moreover, since the telomeric chromatin compaction has
been demonstrated to be essential for LLPS. Disruption
of LLPS may provide a further opportunity by which to
disrupt the APB formation. For instance, the organic com-
pound 1,6-hexanediol (1,6-HD) has been proved to disrupt
LLPS and change chromatin compaction[87]. However,
its potential as an ALT inhibitor is still highly speculative,
and it is important to note that 1,6-HD may exhibit non-
specific effects and toxicity in vivo, which complicates its
therapeutic application. Nonetheless, understanding how
to therapeutically manipulate the delicate balance of chro-
matin in ALT cells, such as destabilizing the pro-recom-
binogenic heterochromatin, holds significant promise for
synthetic lethal strategies targeting ALT-positive cancers.
However, this approach also presents considerable chal-
lenges, particularly in terms of specificity and minimizing
off-target effects in a clinical setting.

5. Conclusion

The regulation of Alternative Lengthening of Telo-
meres by telomeric chromatin presents a compelling para-
dox, with robust evidence supporting both its activation by
open, accessible chromatin and by specialized, condensed
heterochromatic states. This apparent contradiction under-
scores a more fundamental principle: ALT is not gover-
ned by a uniform, static chromatin environment. Instead,
its initiation and maintenance likely depend on achieving
a precise, context-dependent equilibrium of chromatin
states, each fulfilling distinct mechanistic roles. The 'open
chromatin' model may facilitate the initial recognition of
telomeric DNA damage and the recruitment of HR ma-
chinery, while the 'closed chromatin' model, particularly
through liquid-liquid phase separation, appears crucial
for creating discrete nuclear compartments like APBs that
promote efficient telomere clustering and BIR.

Key chromatin remodelers and modifiers, such as
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ATRX/DAXX and SETDBI, emerge not as simple on/off
switches but as bidirectional regulators. Their function,
whether suppressing or promoting ALT, is determined by
a complex interplay of interacting partners, downstream
effectors, and the specific cellular and telomeric context.
The emerging role of facultative heterochromatin marks,
like H3K27me3, introduces an additional layer of plasti-
city, potentially allowing ALT cells to reversibly toggle
between recombinogenic and silent states in response to
replication stress.

As research into the ALT mechanism continues to ad-
vance, many critical questions remain to be addressed. The
following will discuss several important directions that
could drive future research.

5.1 Temporal dynamics and causality

The precise temporal dynamics of ALT activity remain
to be fully characterized. While recent studies suggest that
ALT is triggered under specific chromatin conditions, the
causal relationship between chromatin state and ALT acti-
vation needs further clarification. Specifically, the time-
line of chromatin remodeling events in ALT-positive cells
and how these processes influence telomere maintenance
require deeper exploration. Longitudinal studies tracking
chromatin alterations over time, paired with functional as-
says, could provide a clearer understanding of cause-and-
effect relationships in ALT regulation.

5.2 The role of chromatin readers

Chromatin readers, such as DNA binding proteins
and histone modifiers, play a crucial role in the regula-
tion of telomeric chromatin states. However, their specific
contributions to ALT are not yet fully understood. Future
research should focus on identifying chromatin readers
that are recruited to ALT telomeres and their impact on
ALT-related processes like homologous recombination.
Targeted studies using ChIP and proximity ligation assays
could reveal the intricate interactions between chromatin
readers and telomere-associated proteins.

5.3 Nuclear architecture and telomere movement

The spatial organization of telomeres within the nu-
cleus appears to be an important factor in ALT activation.
Recent evidence suggests that telomere repositioning to
specific nuclear compartments correlates with ALT acti-
vation. Investigating the role of nuclear architecture in
ALT may provide insights into how telomere dynamics
influence ALT activity. Live-cell imaging and 3D genome
architecture studies could offer new perspectives on the
mechanisms underlying telomere movement and its rele-
vance to ALT.

5.4 Therapeutic exploitation

Given the central role of chromatin states in ALT, the-
rapeutic strategies aimed at modulating these states could
be a promising avenue for cancer treatment. Chromatin
remodeling agents or telomere-targeting small molecules
could potentially disrupt ALT activation in cancer cells,
thus limiting their proliferative potential. However, these
approaches will require careful consideration of off-target
effects and potential resistance mechanisms. Further pre-
clinical and clinical studies are needed to assess the fea-
sibility of such therapies in targeting ALT-driven cancers.

The plasticity of telomeric chromatin emerges as a

critical, yet complex, regulator of the ALT pathway. Evi-
dence supports roles for both heterochromatin loss and
gain, suggesting that ALT is not governed by a single chro-
matin state but may require a precise, context-dependent
equilibrium. The 'open chromatin model' likely facilitates
the initial recruitment of HR machinery to deprotected
telomeres, while the 'closed chromatin model,' particularly
through phase-separated condensates like APBs, may pro-
vide a specialized compartment for efficient BIR and telo-
mere synthesis. Key chromatin remodelers like ATRX and
modifiers like SETDBI1 appear to function as bidirectional
switches, whose outcomes depend on interacting partners
and cellular context. Moving forward, resolving the chro-
matin paradox in ALT will require techniques that capture
the spatial heterogeneity and temporal dynamics of histone
marks at single-telomere resolution. Furthermore, elucida-
ting the roles of facultative heterochromatin and chromatin
readers will be crucial. Ultimately, understanding how to
destabilize the precise chromatin balance that ALT cancers
depend on offers a compelling, albeit challenging, avenue
for the development of synthetic-lethal therapies against
this aggressive subset of tumors.
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