
R E V I E W Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit  h t t p  : / /  c r e a  t i  v e c  o m m  o n s .  o r  g / l i c e n s e s / b y / 4 . 0 /. The 
Creative Commons Public Domain Dedication waiver ( h t t p :   /  / c r e a t i  v e c  o m m  o n  s  . o  r  g /  p u b  l i c d  o m  a  i n / z e  r  o / 1 . 0 /) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Chang et al. Cell & Bioscience           (2025) 15:31 
https://doi.org/10.1186/s13578-025-01372-3

protein 2) and RAP1 (Repressor/activator protein 1) 
[1]. Due to the end-replication problem, the telomeres 
of somatic cells shorten by 50 to 150  bp with each cell 
division until a DNA damage response (DDR) is elic-
ited, such as G1 phase arrest and cellular senescence 
[2]. The activation of the telomere maintenance mecha-
nism (TMM) enables tumor cells to achieve replicative 
immortality and evade cellular senescence. While most 
cancer cells maintain telomere length though telomerase 
activation, approximately 5–10% of cancers engage the 
alternative lengthening of telomeres (ALT) pathway for 
telomere maintenance [3]. The prevalence of ALT is nota-
bly greater in certain cancer types, including sarcomas, 
isocitrate dehydrogenase-mutant astrocytoma (WHO 
grade II–IV), pancreatic neuroendocrine tumors, neuro-
blastoma and chromophobe hepatocellular carcinomas 
[4]. ALT cells are characterized by an increased incidence 
of extrachromosomal circular telomeric DNA (C-circles 
and T-circles), an elevated frequency of telomeric sis-
ter chromatid exchanges (T-SCEs), the formation of 

Background
Telomeres are nucleoprotein complexes that protect 
the ends of linear chromosomes from being recognized 
as DNA damage sites. Human telomeric DNA, which 
ranges from 5 to 12 kb,, consists of 5’-TTAGG-3’ repeat 
sequences. They are bound by Shelterin complex com-
prising of TRF1 (telomere repeat-binding factor 1), TRF2 
(telomere repeat-binding factor 2), POT1 (protection of 
telomeres 1), TPP1 (telomere-binding protein POT1-
interacting protein 1), TIN2 (TRF1-interacting nuclear 
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Abstract
Eukaryotic somatic cells undergo continuous telomere shortening because of end-replication problems. 
Approximately 10%~15% of human cancers rely on alternative lengthening of telomeres (ALT) to overcome 
telomere shortening. ALT cells are characterized by persistent telomere DNA replication stress and rely on 
recombination-based DNA repair pathways for telomere elongation. The Bloom syndrome (BLM) helicase is a 
member of the RecQ family, which has been implicated as a key regulator of the ALT mechanism as it is required 
for either telomere length maintenance or telomere clustering in ALT-associated promyelocytic leukemia bodies 
(APBs). Here, we summarize recent evidence detailing the role of BLM in the activation and maintenance of ALT. We 
propose that the role of BLM-dependent recombination and its interacting proteins remains a crucial question for 
future research in dissecting the molecular mechanisms of ALT.
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ALT-associated PML (promyelocytic leukemia) bod-
ies (APBs, which are nuclear structures that assemble 
specifically in ALT-positive cells and are important for 
telomeric DNA synthesis), and frequently harbor inac-
tivating mutations in chromatin remodeling proteins 
(such as ATRX and DAXX) or DNA damage repair fac-
tors (such as SMARCAL1 and SLX4IP) [5–7]. The ALT 
pathway has long been speculated to be a homologous 
recombination-based process that depends on break-
induced replication (BIR)-mediated DNA synthesis to 
produce novel TTAGGG repeats [8]. Although recent 
studies have identified DNA synthesis pathways of ALT 
telomeres, such as RAD51-dependent and RAD51-inde-
pendent, RAD52-dependent and RAD52-independent 
pathways [9–11], it is still unclear what conditions trigger 
or determine the selection of those telomere synthesis 
pathways. Telomeres pose a challenge to DNA replication 
because of their repetitive nature and potential to form 
secondary structures such as telomere loops (T-loops), 
DNA/RNA hybrids (D-loops) and G-quadruplexes (G4s). 
This replication challenge is further exacerbated in ALT 
tumor cells because ALT telomeres exhibit increased 
replication stress that functionally perpetuates telomere 
extension. Although the mechanism of ALT activation in 
cancer cells remains poorly understood, cumulative evi-
dence suggests that replication stress at telomeres may 
trigger ALT [12, 13]. Supporting this, the ATRX/DAXX 
complex is commonly mutated in ALT cell lines, leading 
to nucleosome assembly defects that likely contribute to 
chromatin remodeling and increased replication stress 
[13, 14]. Depletion of the histone chaperone ASF1 results 
in increased replication stress at telomeres and the induc-
tion of ALT phenotypes [15]. It’s worth noting that deple-
tion of some replication fork restart/reversal factors, 
such as SMARCAL1, FANCD2 and FANCM, increases 
ALT activity but also inhibits ALT cell proliferation [16–
18], indicating that the replication stress at telomeres is 
tightly regulated. The increased stress at telomeres causes 
double-strand breaks (DSBs), which may favor BIR, 
resulting in elongated telomeres and establishing ALT [8, 
19]. In this mechanism, a resected 3’-overhang invades a 
homologous dsDNA sequence, forming a displacement 
loop and initiating DNA synthesis [20]. Since ALT-medi-
ated telomere elongation employs homologous recom-
bination-based events, it suggests an important role for 
DNA helicases in the dissolution of recombination inter-
mediates. Indeed, two members of the RecQ helicase 
family, BLM and WRN (the proteins mutated in Bloom’s 
syndrome and Werner’s syndrome), are shown to play 
important roles in telomere elongation during ALT pro-
cesses. Both WRN and BLM localize to APBs and bind 
to ALT telomeric DNA [21, 22]. WRN is required for effi-
cient lagging strand synthesis of telomeres, likely because 
WRN unwinds G-quadruplex structures during telomere 

replication [23]. WRN has been shown to prevent telo-
mere loss in VA13/WI38 and U2OS ALT cells by sup-
pressing aberrant recombination within telomeres [24]. 
However, activation of ALT phenotypes is also observed 
in WRN-deficient cells, suggesting that WRN may be dis-
pensable for ALT [25]. In contrast to WRN, BLM appears 
to be more closely associated with the ALT mechanism. 
BLM colocalizes with telomeres in ALT human cells but 
not in telomerase-positive immortal cell lines or primary 
cells [22]. Depletion of BLM leads to telomere shortening 
in ALT cells but does not affect telomere length in cells 
immortalized by telomerase [26]. Furthermore, BLM 
overexpression results in ALT-specific accumulation 
of telomeric DNA [22]. BLM functions to dissolute BIR 
recombination intermediates as a component of the BTR 
complex (composed of BLM helicase, topoisomerase 
TOP3α, RMI1 and RMI2) [22, 27], which is critical for 
triggering ALT since tethering the BTR complex to telo-
meres is sufficient to induce ALT phenotypes in non-ALT 
cells [28]. Additionally,, BLM plays additional roles in 
recombination to promote the ALT pathway by recruit-
ing endonucleases such as DNA2 or EXO1 for 5’ end 
resection and cooperating with POLD3 in branch migra-
tion and template copying of the invading strand [29–31]. 
Although BLM is known to be critical for ALT, there are 
still many questions about its exact function in ALT. For 
instance, although BLM is required for ALT telomere 
maintenance and genomic stability, in certain contexts, 
such as FANCM-depleted, SLX4/SLX4IP-depleted and 
EXD2-depleted cells, BLM may cause toxicity by elicit-
ing hyperactive ALT and associated telomere dysfunc-
tion [7, 32, 33]. Is the function of BLM in regulating ALT 
is associated with different genetic backgrounds? This 
review will discuss the BLM functions in ALT, includ-
ing processing recombination intermediates during BIR 
or enhancing DSB end resection, and explores emerging 
therapeutic strategies targeting ALT-positive cancers.

BLM: structure, binding partners, and function in 
DNA metabolism
The domains and expression of BLM helicase
The BLM protein consists of 1,417 amino acids and 
shares three highly conserved protein domains with the 
RecQ helicase DNA subfamily: the core helicase domain 
(which contains an ATP binding site and an Asp-Glu-
x-His (DExH) sequence), the RecQ C-terminal (RQC) 
domain, and the helicase and RNase D-like C-terminal 
(HRDC) domain (Fig.  1) [34]. The helicase activity is 
required for unwinding a wide variety of DNA substrates, 
many of which resemble DNA repair intermediates, 
such as DNA G4s, R-loops, D-loops, Holliday junctions 
(HJs) and stalled replication forks [35]. This activity also 
indicates that BLM functions in correcting the genomic 
instability characteristic of Bloom syndrome (BS)cells 
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[36]. The minimal helicase functional unit of BLM also 
includes an RQC domain, which specifically mediates 
binding to G4 DNA and other DNA structures [37]. The 
helicase activity, along with interactions with TOP3α and 
RMI1 to form the BTR complex, is essential for possibly 
all BLM functions (Fig. 1).

The most well-studied mutant of BLM is K695A, which 
is completely defective in both ATPase activity and heli-
case unwinding activity [38]. The HRDC domain in BLM 
plays a role in recruiting it to specific DNA lesions [39], 
and this region is thought to contribute to BLM’s confor-
mational change [40]. A nuclear localization signal (NLS) 
has been identified in the carboxyl-terminal region of 
BLM [34]. BLM functions as a single-stranded (ss) DNA 
translocase by interacting physically and functionally 
with ssDNA-binding (SSB) proteins, such as replication 
protein A (RPA) and RAD51 [41–43], thus highlighting 
the multifaceted genome maintenance function of BLM.

The expression of BLM is regulated by the cell cycle. 
BLM protein accumulates at high levels during S phase, 
persists in G2/M, and is undetectable in G1, suggesting 
rapid degradation during mitosis [42, 44]. This regulation 
is likely tied to BLM’s function in DNA replication in the 
S phase and homologous recombination in the G2 phase. 
Notably, during S phase, BLM colocalizes with RPA at 
replication foci and restarts stalled replication forks 
[45]. Cdc5-mediated hyperphosphorylation of BLM may 
reduce its DNA unwinding activity during mitosis [46]. 
In response to DNA damage, the localization and expres-
sion regulation of BLM are altered. For example, treat-
ment with hydroxyurea (HU) induces the relocalization 
of BLM to RAD51 and p53 foci at sites of stalled DNA 
replication forks to inhibit homologous recombination 
and help maintain genomic integrity [47]. Furthermore, 
HU treatment leads to a significant increase in BRCA1 
and BLM colocalization, which appears to be specific to 
cells in the S and G2 phases [48].

BLM’s interaction proteins and functions
The execution of certain BLM functions relies on its 
interactions with other proteins. BLM forms a BTR 
complex and plays a key role in the resolution of inter-
twined DNA structures during DNA replication and 

DNA damage repair [49]. BLM can interact with RPA to 
unwind DNA duplexes during replication, recombina-
tion, or repair [50]. In addition, BLM has been shown to 
interact with proteins critical for proper DSB repair, such 
as BRCA1, MLH1, FANCJ/M, EXO1, FEN1 and the MRN 
complex (MRE11-RAD50-NBS1); the topoisomerases 
TOP1 and TOP2α; the DNA damage response proteins 
p53, 53BP1, and H2AX; the telomere-binding proteins 
TRF1, TFR2, and POT1; the helicase-like proteins PICH, 
polymerase Polη and Polδ; and others [51, 52].

DNA replication
BLM helicase is involved in several replication-associated 
events of DNA replication, including Okazaki fragment 
processing, DNA strand elongation, and the resolution 
of replicative stress. BLM interacts with FEN1, a 5’-flap 
endonuclease/5’-3’ exonuclease, indicating its role in 
Okazaki fragment maturation [53]. BLM also partici-
pates in extension of the leading strand by interacting 
with p12, the smallest subunit of human Polδ, suggest-
ing that BLM might be recruited to replication sites [54]. 
The physical interaction between BLM and 53BP1 leads 
to Chk1-mediated S-phase arrest, suggesting a poten-
tial role of BLM in the DNA replication checkpoint [55]. 
The helicase activity of BLM is thought to play important 
roles in replication fork restart. Replicative stress can be 
induced by various factors, including protein‒DNA com-
plexes, RNA: DNA hybrids and accumulated atypical 
DNA structures such as quadruplexes, hairpins or HJs. 
BLM is essential for stabilizing stalled replication forks 
and promoting fork progression, mainly due to its abil-
ity to unwind unusual DNA secondary structures and 
prevent hyperrecombination [49, 56]. Fork regression, 
involving the repair of parental strands and the anneal-
ing of nascent daughter strands to form a “chicken foot” 
or HJ intermediate, is believed to be the initial event in 
response to replication blockage. BLM has been shown 
to function in “reverse” branch migration to restart the 
replication fork though its strand-annealing activity [57]. 
BLM may also prevent the formation of UFBs (ultrafine 
anaphase bridges), which correspond to either incom-
pletely replicated DNA sequences or unwound struc-
tures and must be resolved before the end of cell division 

Fig. 1 Schematic representation of the structural domains of BLM from Homo sapiens. Abbreviations: NLS, nuclear localization sequence; HRDC, helicase 
and RNase D-like C-terminal domain; RQC, RecQ C-terminal domain. The figure shows interacting proteins and their direct binding sites in the regulation 
of ALT
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to ensure sister-chromatid disjunction. Most UFBs are 
of centromeric origin, whereas some UFBs induced by 
replication stress originate from common fragile sites 
and telomeres or ribosomal DNA repeats [58, 59]. In 
cooperation with the primary UFB-binding factor PICH 
(PLK1-interacting checkpoint helicase), BLM is recruited 
to UFBs to resolve toxic DNA catenanes [60].

DNA repair
Given that BLM interacts with proteins involved in DNA 
repair and prefers binding to DNA substrates that resem-
ble DNA repair intermediates, it suggests that BLM plays 
a role in DNA repair pathways. BLM is thought to pri-
marily affect DSB repair. DSBs are critical DNA damage 
events that cause mutations and genome instability, even-
tually leading to cell death or tumorigenesis. In mamma-
lian cells, DSBs are repaired mainly by non-homologous 
end-joining (NHEJ, also known as c-NHEJ), alternative 
non-homologous end joining (a-NHEJ) and homolo-
gous recombination (HR). Emerging evidence supports a 
role for BLM in HR. BLM physically interacts with HR 
proteins, such as RAD51 and BRCA1 [47, 48]. DSB end 
resection is one of the earliest steps of recombinational 
DNA repair, and is mediated by 3’-5’ helicase and 5’-3’ 
nuclease activity. BLM is an essential component of both 
the DNA2-dependent and EXO1-dependent pathways for 
long-range resection [29]. BLM can also selectively bind 
Holliday junctions and promote ATP-dependent branch 
migration [61]. However, in some cases, BLM shows anti-
recombination activity. It can disrupt the RAD51-ssDNA 
nucleoprotein filament by dislodging the human RAD51 
protein from ssDNA, which disrupts the D-loop forma-
tion and HR initiation [62]. In cells lacking BRCA1 or 
BRCA2, ablation of BLM rescues genomic integrity and 
defective HR by allowing the accumulation of RAD51 at 
resected DSBs, resulting in cell survival in the presence 
of DNA damage [63]. Therefore, BLM displays both pro-
and anti-recombinogenic activities, each of which con-
tributes to the maintenance of genomic integrity.

Telomere maintenance
BLM mutant cells are characterized by an excess of vari-
ous chromatid lesions, including hyper-recombination 
and telomere associations, which is defined as a pheno-
type in cells with defective telomere maintenance [41], 
suggesting a role for BLM in telomere maintenance. 
Telomeres are especially susceptible to replication stress 
because of the enrichment of secondary structures such 
as G-quadruplexes, D-loops, and T-loops [64]. It is essen-
tial to remove G-quadruplexes and unwind T-loops to 
prevent fork stalling and telomere loss during replication, 
which may partly explain the importance of RecQ heli-
cases in telomere replication. In addition, BLM interacts 
with shelterin proteins, such as TRF1, TRF2 and POT1 

to regulate the unwinding of telomeric D-loops, sug-
gesting a function for BLM in cells that employ recom-
bination-mediated telomeric DNA synthesis [22, 65, 
66]. Telomeres and chromosomal fragile sites (CFSs) are 
specific loci that are prone to breakage, probably due to 
their difficult-to-replicate characteristics. BLM helicase 
cooperates with the MUS81-EME1 resolvase complex to 
prevent uncontrolled chromosome breakage in CFSs in 
normal cells [67]. In BLM-deficient cells, G4 accumula-
tion is observed, causing telomere fragility [68], which 
indicates a function of BLM in resolving telomere and 
whole genome replication problems. However, in some 
studies, primary cells derived from BS patients demon-
strate comparable telomere length to age-matched con-
trols, indicating that BLM may not be a major regulatory 
factor in maintaining telomere length [41]. Rather than 
unwinding G4 or preventing telomere fragility, BLM 
exhibits more complicated functions in ALT cells, either 
by promoting the correct replication of telomeres or dis-
sociating HR intermediates. The detailed mechanism of 
BLM in ALT will be further discussed below.

The role of BLM in ALT activation
Owing to the dysregulated telomeric chromatin sta-
tus, the interspersion of telomere variant repeats, the 
elevated levels of TERRA (Telomeric repeat-containing 
RNA), and abundant telomeric R-loops, the replication of 
ALT telomeres is more stressful, resulting in the accumu-
lation of higher levels of telomeric DNA damage [69–71]. 
It has been proposed that elevated telomeric replication 
stress promotes break-induced telomere synthesis at ALT 
telomeres. The balance between extensive DNA damage 
and homology-directed repair is precisely regulated to 
activate or maintain ALT mechanisms, and BLM is one 
of the known drivers of ALT. In terms of regulating repli-
cation stress, BLM’s helicase activity is required to reduce 
replication stress and promote ALT-associated pheno-
types by unwinding G-quadruplexes and duplex DNA 
[22]. Loss of FANCM, a DNA translocase that interacts 
with the BTR complex and suppresses telomeric R-loops, 
increases replication stress at telomeres and enhances 
ALT features [32]. BLM is likely to contribute to end 
resection in FANCM-depleted ALT cells, which leads to 
hyper-activation of ALT and toxicity in cells [32]. How-
ever, the helicase activity of BLM has also been shown to 
be required for the generation of replication stress and 
BIR at ALT telomere [72]. On the other hand, BLM might 
promote homology-directed repair by both enhancing 
end resection or processing recombination intermedi-
ates. In a most recent report, BLM is also shown to be 
responsible for assembling the ALT telomere DNA dam-
age response through its helicase-dependent genesis of 
5’-ssDNA flaps on lagging strand telomeres, suggesting 
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that the helicase activity of BLM at lagging strand telo-
meres would be the initiating event of ALT [73].

BLM drives ALT by promoting APB formation
Emerging evidence shows that telomere clustering 
and BLM are required for the onset of the ALT path-
way. APBs are unique nuclear structures that are pres-
ent specifically in ALT cells, and are considered as a 
“recombinogenic microenvironment” and bring cluster-
ing telomeres and DNA repair proteins to promote ALT 
[74]. BLM and TRF2 or POT1 colocalize in APBs and 
stimulate BLM to unwind telomeric forked duplexes and 
D-loop structures, thereby promoting recombination-
driven amplification of telomeres in ALT cells [22, 26, 65, 

66]. However, the interaction between BLM and TRF1 
inhibits BLM unwinding of telomeric substrates, pos-
sibly because TRF1 and TRF2 function to coordinate 
BLM activity in cells using ALT [66]. (Fig. 2, A). Intrigu-
ingly, the N-terminus of BLM was shown to be required 
for its telomere binding during the S/G2 phase [75], and 
the colocalization of BLM with TRF2 and PML reached 
a maximum during the late S, G2 and M phases, which 
is consistent with the reported enrichment of APBs dur-
ing G2/M when ALT is initiated [66]. Depletion of BLM 
with siRNAs drastically abolishes APB and ALT telo-
mere synthesis in G2 [9, 15], whereas overexpression of 
the BLM helicase not only results in the localization at 
APBs in the presence of telomere clustering induced by 

Fig. 2 BLM drives ALT by promoting APB formation and BIR. A. The BTR complex and TRF2 or POT1 colocalize on telomeres and promote APB formation 
in a PML-dependent manner (a). The SUMO-SIM interactions of telomeres with BLM and RAD52 can induce the formation of nuclear structures via LLPS 
(b). B. BLM is required for the initiation of RAD52-dependent BIR through 5’ to 3’ end resection (a). In RAD52-independent BIR, BLM is also responsible 
for telomere synthesis and C-circle formation (b). The BTR complex is essential for the dissolution of recombination intermediates, resulting in POLD3-
dependent ALT telomere extension
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engineering poly(SUMO)/poly(SIM) scaffolds but also 
triggers hallmarks of the ALT pathway in ALT cells [76]. 
By tethering PML-IV (a splicing variant of PML, which is 
the only PML variant that restors telomere clustering and 
telomere synthesis in PML knockout cells) to telomeres, 
BLM was observed to induce replication stress in APBs, 
which is essential for ALT telomere synthesis [72].

Moreover, the SUMO-SIM interactions of telomeres 
with BLM, RAD52 and RAD51AP1 can induce the for-
mation of nuclear structures with features of liquid‒liq-
uid phase separation (LLPS) and reminiscent APBs 
formation in a PML-independent manner [77](Fig. 2, A).

BLM is required for maintaining telomere structure and 
length in ALT cells
BLM drives ALT not only by promoting APB forma-
tion and telomere clustering but also by processing BIR 
intermediates and facilitating mitotic DNA synthesis 
(MiDAS). BIR is known as homology-directed DNA 
synthesis, which has been proceeded by strand invasion 
followed by the migration of a D‐loop intermediate [78, 
79]. The D‐loop intermediates can be processed either 
by resolution (catalyzed by structure‐specific endonucle-
ases) or by dissolution (catalyzed by the RecQ helicase) 
[80, 81]. Disruption of BLM causes telomere length 
attrition only in cells using ALT, which is likely due to 
the helicase activity of BLM functioning at the stalled 
replication forks within the ALT telomere DNA [26]. 
In cells harboring PML-IV-induced APBs, loss of BLM 
helicase activity leads to a dramatic increase in telo-
meric anaphase bridges in mitotic cells, suggesting that 
BLM promotes ALT telomere extension by resolving BIR 
intermediates via its helicase activity [72]. In addition to 
its helicase activity, the BTR complex is essential for the 
dissolution of recombination intermediates, resulting 
in POLD3‐dependent ALT telomere extension [22, 31]. 
Furthermore, PML is responsible for the localization of 
the BTR complex to ALT telomere ends to trigger ALT 
phenotypes and telomere synthesis, which attests to the 
importance of BTR in telomere synthesis and triggering 
ALT [28](Fig. 2, B).

MiDAS is known to proceed via a RAD52-dependent 
BIR-like process, which has been proven to be strongly 
related to the activation of ALT [76, 82]. The helicase 
activity of the BLM protein, possibly involved in 5’-to-3’ 
long-range resection processes, is required for telomere 
replication and repair during the mitotic phase [76]. 
Recent studies have shown that even in the absence of 
PML and APBs, BLM is enriched at ALT telomeres by the 
SUMOylating and SUMO-SIM interaction, which can 
induce phase-separated condensates that contain both 
telomeres and DNA repair proteins, leading to telomere 
DNA synthesis [77]. Moreover, in RAD52-knockout 
ALT cells, C-circle formation and telomere synthesis are 

dependent on BLM and the BIR proteins POLD3 and 
POLD4 [83], suggesting a new role for BLM that does 
not depend on end resection in BIR pathway. As a con-
clusion, BLM can promote ALT telomere synthesis in 
various ways, such as dissolving HR intermediates, form-
ing BTR complexes, and promoting liquid‒liquid phase 
separation.

The BTR complex is required for the generation of cECTRs 
in ALT cells
The presence of circular extrachromosomal telomeric 
repeats (cECTRs, including partially single-stranded 
telomeric CCCTAA repeats, known as C-circles, and 
intratelomeric duplex DNA repeats, known as T-circles) 
has long been associated with ALT development and is 
considered as a diagnostic marker for ALT tumors [84]. 
Although the origin and function of cECTRs in ALT 
remain elusive [85, 86], they are currently thought to play 
two main opposing roles in telomere maintenance. cEC-
TRs have been suggested to be associated with telomere 
loss due to telomere-trimming events and HR-mediated 
telomere maintenance. On the other hand, they can also 
serve as templates for rolling-circle-like amplification and 
promote telomere elongation in ALT cells [87, 88]. Deple-
tion of BRCA1 and BLM decreased the number of C-cir-
cles in all ALT cell lines [89]. In addition, loss of the BTR 
complex also results in a significant reduction in cEC-
TRs, suggesting that BLM may be required for the forma-
tion of cECTRs in ALT mechanisms [28, 31]. Depletion 
of the histone chaperones ASF1a and ASF1b in human 
cells induces all ALT-like phenotypes, including BLM-
dependent cECTRs [15]. Similarly, overexpression of the 
telomere-binding protein TZAP induces ALT-like activ-
ity and promotes T-circle and C-circle excision, leading 
to telomere trimming in ATRX/DAXX deficient cells, 
and the BTR complex is required for this TZAP-induced 
generation of cECTRs [90]. Since ASF1 functions pri-
marily in replication coupled chromatin assembly and its 
depletion affects replication fork progression in S-phase; 
and since loading of TZAP onto telomeres in ALT cells 
also causes telomeric replication stress, these findings 
suggest a role for BLM or the BTR complex in alleviating 
replication stress by interaction with fork restart/reversal 
factors, such as FANCD2 and FANCM [18, 32]. Recent 
research has demonstrated that internal telomeric cEC-
TRs called I-loops, which are induced by single-stranded 
damage at normal telomeres and identified as the major-
ity of telomeric structures in ALT tumor cells. These 
I-loops could be substrates for some indicated helicases, 
such as BLM, to generate telomeric circles induced by 
chronic telomere damage in ALT cells [91]. However, this 
conclusion requires further validation.
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The regulation of BLM in the ALT mechanism
ALT is believed to proceed in the yeast Saccharomyces 
cerevisiae via two separate pathways, termed type I and 
type II ALT [92]. Type I ALT in yeast is RAD51-depen-
dent and relies on 5’-3’ resection to initiate inter‐telo-
meric recombination and telomere synthesis, while type 
II ALT in yeast is RAD51‐independent and is proposed 
to involve a break-induced replication process [93, 94]. 
Recent research on human cancer cell lines has indicated 
the conservation between these two distinct ALT mecha-
nisms in yeast and the ALT pathway in human cancers [8, 
31, 93, 95]. While both ALT pathways rely on BLM and 
the PCNA-RFC-Polδ replisome [9], the RAD51-depen-
dent pathway is associated with inter-telomere recom-
bination during the S/G2 phases, and BLM coordinates 
with RAD51 for the initiation of telomere synthesis [31, 
96]. The RAD51-independent ALT-like mechanism in 
human cancer is considered the dominant mechanism 
of telomere lengthening during the G2/M phase, which 
facilitates RAD52-dependent BIR for telomere synthe-
sis and requires BLM for resolving BIR intermediates, 
recruiting RAD52 and other DDR proteins to APBs, and 
generating replication stress [72]. This pathway is also 
compensated by a RAD52-independent but BLM-depen-
dent pathway to produce C-circles [9, 76]. Since the func-
tion of BLM in ALT pathways is complex and precisely 
regulated, here, we attempt to sort out the regulators of 
BLM in the ALT mechanism according to the latest stud-
ies (Fig 3).

Factors that promoted BLM activity in ALT
Besides the shelterin complex and PML, which can 
recruit BLM to APBs, recent studies have emphasized the 
FANCM-BTR complex as a key regulator of ALT homeo-
stasis [17], which may have evolved to process both G4s 
by BLM [97] and R-loops by FANCM [32]. FANCM 
binds to the BTR complex via its MM2 domains, and the 

FANCM-BTR is essential for replication fork remodel-
ing of ALT telomeres, thereby maintaining telomere 
integrity [17]. Disrupting the FANCM-BTR exacerbates 
DSBs and ultimately results in the loss of ALT cell viabil-
ity [32]. Depletion of COUP-TFII/TR4 resulted in a sig-
nificant decrease in BLM signals at telomeres, suggesting 
that COUP-TFII/TR4 might induce different DNA repair 
pathways in ALT besides the FANCM pathway [98]. BLM 
was also found to interact with TERRA [99], and the 
depletion of TERRA resulted in the reduction of BLM 
recruitment to ALT telomeres and telomere clustering, 
indicating that TERRA could serve as a scaffold to recruit 
BLM and other ALT-associated proteins, such as RPA, to 
promote APB formation [100].

Factors that restrict BLM activity in ALT
Although overexpression of BLM recapitulates important 
steps for ALT activation [76], BLM activity seems to con-
tribute to the hyper-ALT phenotypes, leading to genomic 
toxicity and ALT cell death. Thus, many proteins have 
been reported to interact with BLM to limit its activity 
in ALT. Similar to BS, genomic instability syndrome Fan-
coni anemia (FA) is caused by mutations in FA proteins 
that participate in DNA repair processes and replication 
pathways [101]. Twenty-two distinct FA genes have been 
identified to date. In response to DNA damage, eight FA 
proteins (A, B, C, E, F, G, L, and M) form the FA “core” 
complex that recruits and monoubiquitylates two down-
stream FA proteins, FANCD2 and FANCI. The mono-
ubiquitylation of FANCI-D2 complex then recruits and 
activates other DNA damage response proteins, which 
remove interstrand crosslinking (ICL) sites and induce 
HR to repair DNA damage [101]. Several FA proteins 
are directly associated with ALT telomere replication. 
For instance, FANCD2 localizes to APBs, and depletion 
of FANCD2 leads to hyperactivation of ALT-associated 
phenotypes, including increases in telomere length, APB 

Fig. 3 Summary of the positive and negative regulators that modulate the activity of BLM or the BTR complex in ALT
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size, ECTR number, telomere dysfunction induced foci 
(TIFs) and fragile telomeres in ALT cells. Moreover, the 
co-depletion of BLM suppresses these hyper-ALT pheno-
types. Mechanically, the monoubiquitylation of FANCD2 
plays an antagonistic role in restraining BLM from over-
resection of stalled forks in ALT cells, thus inhibiting 
telomere replication and recombination [18]. In addition, 
depletion of FANCD2 increases the signals of BLM at 
telomeres [98], indicating FANCD2 is a negative regu-
lator of the BLM-dependent telomeric DNA synthesis 
pathway in ALT cells.

FANCM also restricts uncontrolled BLM [32]. Mam-
malian FANCM homologs mediate branch migration, 
replication fork reversal and 3’-5’ DNA helicase activity 
[102]. In ALT cells, depletion of FANCM induces robust 
telomere replication stress and damage, elevated APBs 
and ECTRs, and the accumulation of BLM and BRCA1 
at ALT telomeres [32, 103]. In addition, FANCM directly 
displaces BLM from telomeres. Although both FANCD2 
and FANCM have been shown to suppress BLM toxicity 
in ALT cells, this is unlikely due to the general role of the 
FA pathway since the expression of the FANCM MM1 
domain mutant in ALT cells is unable to recruit the FA 
complex to chromatin and suppress all ALT-associated 
features [17].

SLX4IP (SLX4 interacting factor) and SLX4 counter 
BLM-mediated telomere clustering to coordinate the res-
olution and dissolution of recombination intermediates 
in the ALT mechanism [7, 31]. The telomere replication 
intermediates, such as D-loops and HJs are substrates 
for both the SLX4-nuclease complex and the BLM heli-
case. The helicase activity of BLM is able to suppress 
the nuclease activity of SLX4 in processing telomeric 
D-loops and HJs in vitro [104]. It was demonstrated 
that the ALT-mediated telomere synthesis, which is fol-
lowed by BTR complex-modulated telomeric dissolu-
tion is counteracted by the SLX4-SLX1-ERCC4 complex, 
which prematurely resolves the recombination interme-
diate after telomere strand invasion [31]. SLX4IP binds to 
both BLM and SLX4 and counterbalances the dissolution 
activity of BLM to ensure the appropriate processing of 
ALT telomeres and prevent telomere breakage [7].

Mismatch repair (MMR) is initiated by heterodimers 
MSH2/MSH6 (MutSα) or MSH2/MSH3 (MutSβ), where 
MSH3 and MSH6 compete for binding to MSH2 [105]. 
The MutSα complex is proved to interact with the BLM 
helicase and stimulate its ability to process Holliday junc-
tions in vitro [106]. However, a recent study has shown 
that the MutSα complex occupies telomeres specifically 
in ALT cancer cells and restricts telomere extension, in 
part by counteracting the recombination function of 
the BTR complex [70]. In addition, disrupted BLM in 
MutSα-deficient ALT cells increases the discrete banding 
of telomere fragments and exhibits a defect in the ability 

to form colonies, suggesting that ALT cancer cells rely on 
BLM to maintain telomere integrity and cellular survival 
when faced with the hyperextension of telomeres caused 
by MutSα deficiency [70]. BLM is also responsible for 
the elevated levels of C-circles in MSH3-depleted U2OS 
cells, given that MSH3 and MSH6 compete for MSH2 to 
form heterodimers, which suggests a complicated role 
of the interaction between BLM and MutSα in ALT cells 
[107].

In a recent study, a 3’-5’ exonuclease, EXD2, plays a 
critical role in determining repair pathway choice in the 
ALT mechanism. It is found that EXD2 acts within the 
same pathway as SLX4 to suppress RAD52-independent 
BIR in ALT cells, which is mediated by BLM. EXD2-defi-
cient cells engage BLM-dependent conservative mitotic 
telomere synthesis, and co-depletion of EXD2 with BLM 
confers synthetic lethality in ALT cells, suggesting that 
EXD2 functions on ALT telomeres via a parallel pathway 
to BLM [108]. BLM is also required for the initiation of 
telomere clustering and telomere synthesis through long-
range 5’ to 3’ end resection (with DNA2 and EXO1) [29, 
109, 110]. In a recent report, BLM recognizes single-
stranded nicks of C-rich sequence on lagging strand telo-
meres and promotes 5’-flap formation, supporting a role 
of BLM in providing extensive replication stress-associ-
ated damage response and therefore initiate HR in ALT 
[73]. However, the DNA2 endonuclease cleavage this 
long 5’-flaps to limit ALT [73].

Future directions
Cells derived from Bloom syndrome patients exhibit mul-
tiple indications of genome instability such as increased 
chromosomal aberrations and elevated sister chromatid 
exchanges (SCEs), indicating a genome guardian func-
tion. By promoting branch migration, the helicase activity 
and interaction with TOP3α and RMI1 to form the BTR 
complex are important for dHJ dissolution, which results 
in non-crossover DNA repair products [111]. BLM also 
maintains genome stability via other mechanisms, such 
as mediating ultrafine DNA bridges in anaphase (with 
PICH) [112], and restarting stalled replication forks (with 
RPA) [45].

There is no doubt that BLM is critical for regulating 
telomere hemostasis in ALT; however, how it functions in 
ALT still requires future investigation. In a research that 
focuses on identifying protein partners of BLM in ALT 
cells, telomerase-associated protein 1 (TEP1), heat shock 
protein 90 (HSP90), and topoisomerase II alpha (TOP2α) 
were found to bind directly to BLM and TRF2 only in 
ALT cells [26]. In vitro helicase assays show that TOP2α 
slightly slows the kinetics of BLM unwinding of telomeric 
substrates. In contrast, HSP90 inhibits BLM unwind-
ing of both telomeric and non-telomeric substrates 
[26]. However, future studies still need to determine the 
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precise role of each protein in ALT pathways and how 
these proteins interact with BLM to carry out telomere 
elongation. Besides, a component of the splicing factor 
3b protein complex,, SF3B2 was also identified as a BLM 
interaction protein in ALT cells; however, there have 
been no reports of its role in ALT or its interaction with 
BLM thus far [26]. It is also worth noting that ATRX, 
whose deficiency is a well-known driver of ALT, dimin-
ishes BLM localization to ALT telomeres along with 
reductions of APBs. However, the dependence of BLM 
on ATRX loss to direct ALT remains undefined [73].

The role of BLM in dHJ dissolution is well established, 
but the extent to which BLM functions in regulating HR 
is less clear. It was revealed that BARD1 recruits SLX4 
and MUS81 to resolve DNA intermediates left unpro-
cessed by BLM, given the possibility that the BTR com-
plex dissolve most replication intermediates prior to cell 
division. However, BLM may not deal with all joint mol-
ecules before anaphase. Then BRCA1-BARD1 recruited 
SLX4 at the G2/M to cleavage the leftover replication 
intermediates and produce SCEs [113].

As mentioned above, the ALT mechanism relies on a 
delicate balance between high levels of DNA damage at 
telomeres and recombination-dependent repair. There-
fore, altering the level of DNA damage and disrupting the 
repair system may be promising ways to target tumors 
that dependent on ALT. Indeed, an inhibitor of the ATR 
kinase (VE-821) selectively kills ALT cells in vitro, which 
may be attributed to increased replication stress and 
diminished DDR at telomeres [114]. However, more find-
ings support the idea that the tumor-suppressing effects 
of ATR inhibitors are independent of the ALT mecha-
nism, indicating that other targets need to be explored 
[115, 116]. In addition, strategies that inhibit telomeric 
homologous recombination also show potential for tar-
geting ALT cancer cells. For example, the cisplatin deriv-
ative Tetra-Pt(bpy) can specifically kill ALT tumor cells 
by stabilizing G4s, thereby inhibiting the strand inva-
sion/annealing step of homologous recombination [117]. 
The tyrosine kinase inhibitor ponatinib exacerbates rep-
licative stress and limits telomere synthesis, resulting 
in highly effective killing of ALT cells [118]. Since BLM 
plays an important role in regulating both replication 
stress and telomere synthesis in ALT, which has revealed 
its vulnerabilities in ALT tumor therapy. However, there 
are few reports on therapeutic target of BLM helicase, 
among which ML216 is the first and only commercial 
small molecule inhibitor that competitively inhibits the 
DNA-binding activity of BLM [119]. It has been shown 
that ML216 combined with Olaparib, exerts a synergis-
tic radio sensitization effect on Olaparib-resistant non-
small cell lung cancer cells by inhibiting HR repair, and 
ultimately inducing apoptosis [120]. However, there are 
no reports of its effect on ALT cells yet. The dissection 

of BLM’s function in ALT and the mechanism of BLM 
inhibitors in ALT will guide future strategies to eliminate 
ALT-reliant cancers.

Abbreviations
ALT  Alternative lengthening of telomeres
APBs  ALT-associated promyelocytic leukemia bodies
a-NHEJ  Alternative non-homologous end joining
BIR  Break-induced replication
BS  Bloom syndrome
BTR complex  A complex formed by BLM helicase, topoisomerase TOP3α, 

RMI1 and RMI2
cECTRs  Circular extrachromosomal telomeric repeats
CFSs  Chromosomal fragile sites
c-NHEJ  Classic non-homologous end-joining
DDR  DNA damage response
D-loops  DNA/RNA hybrids
DSBs  Double-strand breaks
dsDNA  Double-stranded DNA
FA  Fanconi anemia
G4  DNA G-quadruplex
LLPS  Liquid‒liquid phase separation
HJ  Holliday junctions
HR  Homologous recombination
HU  Hydroxyurea
ICL  Interstrand crosslinking
MiDAS  Mitotic DNA synthesis
MMR  Mismatch repair
PML  Promyelocytic leukemia
ssDNA  Single-stranded DNA
SCEs  Sister chromatid exchanges
TERRA  Telomeric repeat-containing RNA
TIFs  Telomere dysfunction induced foci
TMM  Telomere maintenance mechanism
T-SCEs  Telomeric sister chromatid exchanges
T-loops  Telomere loops
UFBs  Ultrafine anaphase bridges

Acknowledgements
We thank the members of Jia laboratory for discussions.

Author contributions
Shun Chang and Shuting Jia wrote the paper. Jiang Tan, Ren Bao, and Yanduo 
Zhang performed the schemitics. Jinkai Tong and Tongxin Jia performed the 
literature search. Jing Liu and Juhua Dan reviewed the paper. All the authors 
read and approved the final manuscript.

Funding
This work is supported by grants from the Yunnan Fundamental Research 
Project (202101AY070001-235) to Shun Chang. Yunnan Fundamental Research 
Project (202201AS070074) and Yunnan “Xing Dian Ying Cai” project (YNWR-
QNBJ-2019-240) to Shuting Jia. The Joint Foundation of Kunming University of 
Science and Technology (KUST-KH2022007Y) to Shuting Jia.

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 18 November 2024 / Accepted: 23 February 2025



Page 10 of 12Chang et al. Cell & Bioscience           (2025) 15:31 

References
1. de Lange T. Shelterin-Mediated telomere protection. Annu Rev Genet. 

2018;52:223–47.
2. Reddel RR. Telomere maintenance mechanisms in cancer: clinical implica-

tions. Curr Pharm Des. 2014;20:6361–74.
3. Heaphy CM, Subhawong AP, Hong SM, Goggins MG, Montgomery EA, 

Gabrielson E, et al. Prevalence of the alternative lengthening of telomeres 
telomere maintenance mechanism in human Cancer subtypes. Am J Pathol. 
2011;179:1608–15.

4. MacKenzie D Jr., Watters AK, To JT, Young MW, Muratori J, Wilkoff MH et al. Alt 
positivity in human cancers: prevalence and clinical insights. Cancers (Basel) 
2021;13.

5. Pickett HA. Reddel. Molecular mechanisms of activity and derepression of 
alternative lengthening of telomeres. Nat Struct Mol Biol. 2015;22:875–80.

6. Ida CM, Jenkins RB. Smarcal1: expanding the spectrum of genes associated 
with alternative lengthening of telomeres. Neuro Oncol. 2023;25:1576–77.

7. Panier S, Maric M, Hewitt G, Mason-Osann E, Gali H, Dai A, et al. Slx4ip 
antagonizes promiscuous Blm activity during alt maintenance. Mol Cell. 
2019;76:27–e4311.

8. Dilley RL, Verma P, Cho NW, Winters HD, Wondisford AR. Greenberg. Break-
Induced telomere synthesis underlies alternative telomere maintenance. 
Nature. 2016;539:54–8.

9. Zhang JM, Yadav T, Ouyang J, Lan L, Zou L. Alternative lengthening of 
telomeres through two distinct Break-Induced replication pathways. Cell Rep. 
2019;26:955–68. e3.

10. Min J, Wright WE. and J. W. Shay. Alternative lengthening of telomeres medi-
ated by mitotic DNA synthesis engages Break-Induced replication processes. 
Mol Cell Biol 2017;37.

11. McEachern MJ, Haber JE. Break-Induced replication and recombinational 
telomere elongation in yeast. Annu Rev Biochem. 2006;75:111–35.

12. Cesare AJ, Kaul Z, Cohen SB, Napier CE, Pickett HA, Neumann AA, et al. 
Spontaneous occurrence of telomeric DNA damage response in the absence 
of chromosome fusions. Nat Struct Mol Biol. 2009;16:1244–51.

13. Lovejoy CA, Li W, Reisenweber S, Thongthip S, Bruno J, de Lange T, et al. 
Loss of Atrx, genome instability, and an altered DNA damage response are 
hallmarks of the alternative lengthening of telomeres pathway. PLoS Genet. 
2012;8:e1002772.

14. Heaphy CM, de Wilde RF, Jiao Y, Klein AP, Edil BH, Shi C, et al. Altered telo-
meres in tumors with Atrx and Daxx mutations. Science. 2011;333:425.

15. O’Sullivan RJ, Arnoult N, Lackner DH, Oganesian L, Haggblom C, Corpet A, et 
al. Rapid induction of alternative lengthening of telomeres by depletion of 
the histone chaperone Asf1. Nat Struct Mol Biol. 2014;21:167–74.

16. Cox KE, Maréchal A. Flynn. Smarcal1 resolves replication stress at alt telo-
meres. Cell Rep. 2016;14:1032–40.

17. Lu R, O’Rourke JJ, Sobinoff AP, Allen JAM, Nelson CB, Tomlinson CG, et al. 
The Fancm-Blm-Top3a-Rmi complex suppresses alternative lengthening of 
telomeres (Alt). Nat Commun. 2019;10:2252.

18. Root H, Larsen A, Komosa M, Al-Azri F, Li R, Bazett-Jones DP, et al. Fancd2 
limits Blm-Dependent telomere instability in the alternative lengthening of 
telomeres pathway. Hum Mol Genet. 2016;25:3255–68.

19. Costantino L, Sotiriou SK, Rantala JK, Magin S, Mladenov E, Helleday T, et al. 
Break-Induced replication repair of damaged forks induces genomic duplica-
tions in human cells. Science. 2014;343:88–91.

20. Garcia-Exposito L, Bournique E, Bergoglio V, Bose A, Barroso-Gonzalez J, 
Zhang SF, et al. Proteomic profiling reveals a specific role for translesion 
DNA polymerase Η in the alternative lengthening of telomeres. Cell Rep. 
2016;17:1858–71.

21. Laud PR, Multani AS, Bailey SM, Wu L, Ma J, Kingsley C, et al. Elevated 
telomere-Telomere recombination in Wrn-Deficient, telomere dysfunctional 
cells promotes escape from senescence and engagement of the alt pathway. 
Genes Dev. 2005;19:2560–70.

22. Stavropoulos DJ, Bradshaw PS, Li X, Pasic I, Truong K, Ikura M, et al. The bloom 
syndrome helicase Blm interacts with Trf2 in alt cells and promotes telomeric 
DNA synthesis. Hum Mol Genet. 2002;11:3135–44.

23. Crabbe L, Verdun RE, Haggblom CI. Karlseder. Defective telomere lag-
ging strand synthesis in cells lacking Wrn helicase activity. Science. 
2004;306:1951–53.

24. Gocha ARS, Acharya S. and J. Groden. Wrn loss induces switching of Telomer-
ase-Independent mechanisms of telomere elongation. PLoS ONE 2014;9.

25. Fasching CL, Bower K. Reddel. Telomerase-Independent telomere length 
maintenance in the absence of alternative lengthening of telomeres-Associ-
ated promyelocytic leukemia bodies. Cancer Res. 2005;65:2722–9.

26. Bhattacharyya S, Keirsey J, Russell B, Kavecansky J, Lillard-Wetherell K, Tah-
maseb K, et al. Telomerase-Associated protein 1, Hsp90, and topoisomerase 
iialpha associate directly with the Blm helicase in immortalized cells using 
alt and modulate its helicase activity using telomeric DNA substrates. J Biol 
Chem. 2009;284:14966–77.

27. Raynard S, Bussen W, Sung P. A double holliday junction dissolva-
some comprising Blm, topoisomerase Iiialpha, and Blap75. J Biol Chem. 
2006;281:13861–4.

28. Loe TK, Li JLSZ, Zhang YX, Azeroglu B, Boddy MN. Denchi. Telomere length 
heterogeneity in alt cells is maintained by Pml-Dependent localization of the 
Btr complex to telomeres. Genes Dev. 2020;34:650–62.

29. Nimonkar AV, Genschel J, Kinoshita E, Polaczek P, Campbell JL, Wyman C, et 
al. Blm-Dna2-Rpa-Mrn and Exo1-Blm-Rpa-Mrn constitute two DNA end resec-
tion machineries for human DNA break repair. Genes Dev. 2011;25:350–62.

30. Bachrati CZ, Borts RH, Hickson ID. Mobile D-Loops are a preferred substrate 
for the Bloom’s syndrome helicase. Nucleic Acids Res. 2006;34:2269–79.

31. Sobinoff AP, Allen JA, Neumann AA, Yang SF, Walsh ME, Henson JD, et al. Blm 
and Slx4 play opposing roles in Recombination-Dependent replication at 
human telomeres. EMBO J. 2017;36:2907–19.

32. Silva B, Pentz R, Figueira AM, Arora R, Lee YW, Hodson C, et al. Fancm limits alt 
activity by restricting telomeric replication stress induced by deregulated Blm 
and R-Loops. Nat Commun. 2019;10:2253.

33. Broderick R, Cherdyntseva V, Nieminuszczy J, Dragona E, Kyriakaki M, Evmor-
fopoulou T et al. Pathway Choice in the Alternative Telomere Lengthening 
in Neoplasia Is Dictated by Replication Fork Processing Mediated by Exd2’s 
Nuclease Activity. Nat Commun 2023;14.

34. Morozov V, Mushegian AR, Koonin EV, Bork P. A putative nucleic Acid-Binding 
domain in Bloom’s and Werner’s syndrome helicases. Trends Biochem Sci. 
1997;22:417–8.

35. Popuri V, Bachrati CZ, Muzzolini L, Mosedale G, Costantini S, Giacomini E, et 
al. The human recq helicases, Blm and recq1, display distinct DNA substrate 
specificities. J Biol Chem. 2008;283:17766–76.

36. Neff NF, Ellis NA, Ye TZ, Noonan J, Huang K, Sanz M, et al. The DNA helicase 
activity of Blm is necessary for the correction of the genomic instability of 
bloom syndrome cells. Mol Biol Cell. 1999;10:665–76.

37. Huber MD, Duquette ML, Shiels JC, Maizels N. A conserved G4 DNA binding 
domain in recq family helicases. J Mol Biol. 2006;358:1071–80.

38. Bussen W, Raynard S, Busygina V, Singh AK. Sung. Holliday junction 
processing activity of the Blm-Topo Iiiα-Blap75 complex. J Biol Chem. 
2007;282:31484–92.

39. Karmakar P, Seki M, Kanamori M, Hashiguchi K, Ohtsuki M, Murata E, et al. Blm 
is an early responder to DNA Double-Strand breaks. Biochem Biophys Res 
Commun. 2006;348:62–9.

40. Newman JA, Savitsky P, Allerston CK, Bizard AH, Ozer O, Sarlos K, et al. Crystal 
structure of the Bloom’s syndrome helicase indicates a role for the hrdc 
domain in conformational changes. Nucleic Acids Res. 2015;43:5221–35.

41. Yankiwski V, Marciniak RA, Guarente L. Neff. Nuclear structure in normal and 
bloom syndrome cells. Proc Natl Acad Sci U S A. 2000;97:5214–9.

42. Sanz MM, Proytcheva M, Ellis NA, Holloman WK, German J. Blm, the Bloom’s 
syndrome protein, varies during the cell cycle in its amount, distribution, 
and Co-Localization with other nuclear proteins. Cytogenet Cell Genet. 
2000;91:217–23.

43. Bergeron KL, Murphy EL, Brown LW. Almeida. Critical interaction domains 
between bloom syndrome protein and Rad51. Protein J. 2011;30:1–8.

44. Dutertre S, Ababou M, Onclercq R, Delic J, Chatton B, Jaulin C, et al. Cell cycle 
regulation of the endogenous wild type Bloom’s syndrome DNA helicase. 
Oncogene. 2000;19:2731–8.

45. Shorrocks AK, Jones SE, Tsukada K, Morrow CA, Belblidia Z, Shen J, et al. The 
bloom syndrome complex senses Rpa-Coated Single-Stranded DNA to 
restart stalled replication forks. Nat Commun. 2021;12:585.

46. Grigaitis R, Ranjha L, Wild P, Kasaciunaite K, Ceppi I, Kissling V, et al. Phosphor-
ylation of the recq helicase Sgs1/Blm controls its DNA unwinding activity 
during meiosis and mitosis. Dev Cell. 2020;53:706–.

47. Sengupta S, Linke SP, Pedeux R, Yang Q, Farnsworth J, Garfield SH, et al. Blm 
Helicase-Dependent transport of P53 to sites of stalled DNA replication forks 
modulates homologous recombination. EMBO J. 2003;22:1210–22.



Page 11 of 12Chang et al. Cell & Bioscience           (2025) 15:31 

48. Wang Y, Cortez D, Yazdi P, Neff N, Elledge SJ, Qin J. Basc, a super complex of 
Brca1-Associated proteins involved in the recognition and repair of aberrant 
DNA structures. Genes Dev. 2000;14:927–39.

49. Manthei KA, Keck JL. The Blm dissolvasome in DNA replication and repair. Cell 
Mol Life Sci. 2013;70:4067–84.

50. Brosh RM Jr., Li JL, Kenny MK, Karow JK, Cooper MP, Kureekattil RP, et al. Repli-
cation protein a physically interacts with the Bloom’s syndrome protein and 
stimulates its helicase activity. J Biol Chem. 2000;275:23500–8.

51. Ababou M. Bloom syndrome and the underlying causes of genetic instability. 
Mol Genet Metab. 2021;133:35–48.

52. Croteau DL, Popuri V, Opresko PL. Bohr. Human recq helicases in DNA repair, 
recombination, and replication. Annu Rev Biochem. 2014;83:519–52.

53. Sharma S, Sommers JA, Wu L, Bohr VA, Hickson ID. Brosh. Stimulation 
of flap Endonuclease-1 by the Bloom’s syndrome protein. J Biol Chem. 
2004;279:9847–56.

54. Selak N, Bachrati CZ, Shevelev I, Dietschy T, van Loon B, Jacob A, et al. The 
Bloom’s syndrome helicase (Blm) interacts physically and functionally with 
P12, the smallest subunit of human DNA polymerase Delta. Nucleic Acids 
Res. 2008;36:5166–79.

55. Sengupta S, Robles AI, Linke SP, Sinogeeva NI, Zhang R, Pedeux R, et al. 
Functional interaction between Blm helicase and 53bp1 in a Chk1-Mediated 
pathway during S-Phase arrest. J Cell Biol. 2004;166:801–13.

56. Davies SL, North PS, Hickson ID. Role for Blm in Replication-Fork restart 
and suppression of origin firing after replicative stress. Nat Struct Mol Biol. 
2007;14:677–79.

57. Machwe A, Karale R, Xu XH, Liu YL. and D. K. Orren. The Werner and Bloom 
Syndrome Proteins Help Resolve Replication Blockage by Converting 
(Regressed) Holliday Junctions to Functional Replication Forks. Biochemistry 
2011;50: 6774-88.

58. Barefield C, Karlseder J. The Blm helicase contributes to telomere main-
tenance through processing of Late-Replicating intermediate structures. 
Nucleic Acids Res. 2012;40:7358–67.

59. Chan KL, North PS, Hickson ID. Blm is required for faithful chromosome segre-
gation and its localization defines a class of ultrafine anaphase bridges. EMBO 
J. 2007;26:3397–409.

60. Chanboonyasitt P, Chan YW. Regulation of mitotic chromosome archi-
tecture and resolution of ultrafine anaphase bridges by Pich. Cell Cycle. 
2021;20:2077–90.

61. Karow JK, Constantinou A, Li JL, West SC, Hickson ID. The Bloom’s syndrome 
gene product promotes branch migration of holliday junctions. Proc Natl 
Acad Sci USA. 2000;97:6504–08.

62. Bugreev DV, Yu X, Egelman EH. Mazin. Novel Pro- and Anti-Recombination 
activities of the Bloom’s syndrome helicase. Genes Dev. 2007;21:3085–94.

63. Patel DS, Misenko SM, Her J. Bunting. Blm helicase regulates DNA repair by 
counteracting Rad51 loading at DNA Double-Strand break sites. J Cell Biol. 
2017;216:3521–34.

64. Martinez P, Blasco MA. Replicating through telomeres: A means to an end. 
Trends Biochem Sci. 2015;40:504–15.

65. Opresko PL, Mason PA, Podell ER, Lei M, Hickson ID, Cech TR, et al. Pot1 stimu-
lates recq helicases Wrn and Blm to unwind telomeric DNA substrates. J Biol 
Chem. 2005;280:32069–80.

66. Lillard-Wetherell K, Machwe A, Langland GT, Combs KA, Behbehani GK, 
Schonberg SA, et al. Association and regulation of the Blm helicase by the 
telomere proteins Trf1 and Trf2. Hum Mol Genet. 2004;13:1919–32.

67. Pellicioli A, Muzi-Falconi M. A blooming resolvase at chromosomal fragile 
sites. Nat Cell Biol. 2013;15:883–85.

68. Sfeir A, Kosiyatrakul ST, Hockemeyer D, MacRae SL, Karlseder J, Schildkraut 
CL, et al. Mammalian telomeres resemble fragile sites and require Trf1 for 
efficient replication. Cell. 2009;138:90–103.

69. Conomos D, Stutz MD, Hills M, Neumann AA, Bryan TM, Reddel RR, et al. Vari-
ant repeats are interspersed throughout the telomeres and recruit nuclear 
receptors in alt cells. J Cell Biol. 2012;199:893–906.

70. Barroso-Gonzalez J, Garcia-Exposito L, Galaviz P, Lynskey ML, Allen JAM, 
Hoang S, et al. Anti-Recombination function of mutsalpha restricts 
telomere extension by Alt-Associated Homology-Directed repair. Cell Rep. 
2021;37:110088.

71. Silva B, Arora R, Bione S. Azzalin. Terra transcription destabilizes telomere 
integrity to initiate Break-Induced replication in human alt cells. Nat Com-
mun. 2021;12:3760.

72. Zhang JM, Genois MM, Ouyang J, Lan L, Zou L. Alternative lengthening of 
telomeres is a Self-Perpetuating process in Alt-Associated Pml bodies. Mol 
Cell. 2021;81:1027–.

73. Jiang H, Zhang T, Kaur H, Shi T, Krishnan A, Kwon Y, et al. Blm helicase 
unwinds lagging strand substrates to assemble the alt telomere damage 
response. Mol Cell. 2024;84:1684–e989.

74. Nabetani A, Yokoyama O, Ishikawa F. Localization of Hrad9, Hhus1, Hrad1, and 
Hrad17 and Caffeine-Sensitive DNA replication at the alternative lengthen-
ing of Telomeres-Associated promyelocytic leukemia body. J Biol Chem. 
2004;279:25849–57.

75. Schawalder J, Paric E. Neff. Telomere and ribosomal DNA repeats are chromo-
somal targets of the bloom syndrome DNA helicase. BMC Cell Biol. 2003;4:15.

76. Min J, Wright WE. Shay. Clustered telomeres in Phase-Separated nuclear 
condensates engage mitotic DNA synthesis through Blm and Rad52. Genes 
Dev. 2019;33:814–27.

77. Zhao R, Xu M, Wondisford AR, Lackner RM, Salsman J, Dellaire G et al. Sumo 
Promotes DNA Repair Protein Collaboration to Support Alterative Telomere 
Lengthening in the Absence of Pml. bioRxiv. 2024.

78. Dunham MA, Neumann AA, Fasching CL. Reddel. Telomere maintenance by 
recombination in human cells. Nat Genet. 2000;26:447–50.

79. Doksani Y, de Lange T. The role of Double-Strand break repair pathways 
at functional and dysfunctional telomeres. Volume 6. Cold Spring Harbor 
Perspectives in Biology; 2014.

80. Wu L, Bachrati CZ, Ou J, Xu C, Yin J, Chang M, et al. Blap75/Rmi1 promotes the 
Blm-Dependent dissolution of homologous recombination intermediates. 
Proc Natl Acad Sci U S A. 2006;103:4068–73.

81. Sarbajna S, Davies D, West SC. Roles of Slx1-Slx4, Mus81-Eme1, and Gen1 
in avoiding genome instability and mitotic catastrophe. Genes Dev. 
2014;28:1124–36.

82. Brenner KA, Nandakumar J. Consequences of telomere replication failure: the 
other End-Replication problem. Trends Biochem Sci. 2022;47:506–17.

83. Zhang JM, Yadav T, Ouyang J, Lan L, Zou L. Alternative lengthening of 
telomeres through two distinct Break-Induced replication pathways. Cell Rep. 
2019;26:955–.

84. Henson JD, Cao Y, Huschtscha LI, Chang AC, Au AY, Pickett HA, et al. DNA 
C-Circles are specific and quantifiable markers of Alternative-Lengthening-of-
Telomeres activity. Nat Biotechnol. 2009;27:1181–5.

85. Cesare AJ, Reddel RR. Alternative lengthening of telomeres: models, mecha-
nisms and implications. Nat Rev Genet. 2010;11:319–30.

86. Cesare AJ, Griffith JD. Telomeric DNA in alt cells is characterized by free 
telomeric circles and heterogeneous T-Loops. Mol Cell Biol. 2004;24:9948–57.

87. Pickett HA, Cesare AJ, Johnston RL, Neumann AA. Reddel. Control of telomere 
length by a trimming mechanism that involves generation of T-Circles. EMBO 
J. 2009;28:799–809.

88. Tomaska L, Nosek J, Kramara J. Griffith. Telomeric circles: universal players in 
telomere maintenance?? Nat Struct Mol Biol. 2009;16:1010–5.

89. Martinez AR, Kaul Z, Parvin JD, Groden J. Differential requirements for DNA 
repair proteins in immortalized cell lines using alternative lengthening of 
telomere mechanisms. Genes Chromosomes Cancer. 2017;56:617–31.

90. Moreno SP, Fuste JM, Kaiser M, Li JSZ, Nassour J, Haggblom C, et al. Tzap 
overexpression induces telomere dysfunction and Alt-Like activity in Atrx/
Daxx-Deficient cells. iScience. 2023;26:106405.

91. Mazzucco G, Huda A, Galli M, Piccini D, Giannattasio M, Pessina F et al. 
Telomere damage induces internal loops that generate telomeric circles. Nat 
Commun 2020;11.

92. Lundblad V. Blackburn. An alternative pathway for yeast telomere mainte-
nance rescues Est1- senescence. Cell. 1993;73:347–60.

93. Verma P, Greenberg RA. Noncanonical Views Homology-Directed DNA Repair 
Genes Dev. 2016;30:1138–54.

94. Symington LS, Gautier J. Double-Strand break end resection and repair 
pathway choice. Annu Rev Genet. 2011;45:247–71.

95. Roumelioti FM, Sotiriou SK, Katsini V, Chiourea M, Halazonetis TD, Gagos 
S. Alternative lengthening of human telomeres is a Conservative DNA 
replication process with features of Break-Induced replication. EMBO Rep. 
2016;17:1731–37.

96. Cho NW, Dilley RL, Lampson MA, Greenberg RA. Interchromosomal 
Homology Searches Drive Directional Alt Telomere Mov Synapsis Cell. 
2014;159:108–21.

97. Budhathoki JB, Ray S, Urban V, Janscak P, Yodh JG, Balci H. Recq-Core of Blm 
unfolds telomeric G-Quadruplex in the absence of Atp. Nucleic Acids Res. 
2014;42:11528–45.

98. Xu M, Qin J, Wang L, Lee HJ, Kao CY, Liu D, et al. Nuclear receptors regulate 
alternative lengthening of telomeres through a novel noncanonical Fancd2 
pathway. Sci Adv. 2019;5:eaax6366.



Page 12 of 12Chang et al. Cell & Bioscience           (2025) 15:31 

99. Chu HP, Cifuentes-Rojas C, Kesner B, Aeby E, Lee HG, Wei CY, et al. Terra Rna 
Antagonizes Atrx Protects Telomeres Cell. 2017;170:86–.

100. Guh CY, Shen HJ, Chen LW, Chiu PC, Liao IH, Lo CC et al. Xpf activates Break-
Induced telomere synthesis. Nat Commun 2022;13.

101. Nalepa G. Clapp. Fanconi anaemia and cancer: an intricate relationship. Nat 
Rev Cancer. 2018;18:168–85.

102. Gari K, Décaillet C, Delannoy M, Wu L, Constantinou A. Remodeling of DNA 
replication structures by the branch point translocase Fancm. Proc Natl Acad 
Sci USA. 2008;105:16107–12.

103. Pan X, Drosopoulos WC, Sethi L, Madireddy A, Schildkraut CL, Zhang D, 
Fancm. Brca1, and Blm cooperatively resolve the replication stress at the alt 
telomeres. Proc Natl Acad Sci U S A. 2017;114:E5940–49.

104. Sarkar J, Wan BB, Yin JH, Vallabhaneni H, Horvath K, Kulikowicz T, et al. Slx4 
contributes to telomere preservation and regulated processing of telomeric 
joint molecule intermediates. Nucleic Acids Res. 2015;43:5912–23.

105. Acharya S, Wilson T, Gradia S, Kane MF, Guerrette S, Marsischky GT, et al. 
Hmsh2 forms specific Mispair-Binding complexes with Hmsh3 and Hmsh6. 
Proc Natl Acad Sci U S A. 1996;93:13629–34.

106. Yang Q, Zhang R, Wang XW, Linke SP, Sengupta S, Hickson ID, et al. The mis-
match DNA repair heterodimer, Hmsh2/6, regulates Blm helicase. Oncogene. 
2004;23:3749–56.

107. Sakellariou D, Bak ST, Isik E, Barroso SI, Porro A, Aguilera A et al. Mutsβ regu-
lates G4-Associated telomeric R-Loops to maintain telomere integrity in alt 
Cancer cells. Cell Rep 2022;39.

108. Broderick R, Cherdyntseva V, Nieminuszczy J, Dragona E, Kyriakaki M, Evmor-
fopoulou T, et al. Pathway choice in the alternative telomere lengthening 
in neoplasia is dictated by replication fork processing mediated by Exd2’s 
nuclease activity. Nat Commun. 2023;14:2428.

109. Sturzenegger A, Burdova K, Kanagaraj R, Levikova M, Pinto C, Cejka P, et al. 
Dna2 cooperates with the Wrn and Blm recq helicases to mediate Long-
Range DNA end resection in human cells. J Biol Chem. 2014;289:27314–26.

110. Min J. Shay. Telomere clustering drives alt. Aging-Us. 2019;11:8046–47.
111. Wu L, Hickson ID. The Bloom’s syndrome helicase suppresses crossing over 

during homologous recombination. Nature. 2003;426:870–4.

112. Ke Y, Huh JW, Warrington R, Li B, Wu N, Leng M, et al. Pich and Blm limit his-
tone association with anaphase centromeric DNA threads and promote their 
resolution. EMBO J. 2011;30:3309–21.

113. Tsukada K, Jones SE, Bannister J, Durin MA, Vendrell I, Fawkes M et al. Blm and 
Brca1-Bard1 coordinate complementary mechanisms of joint DNA molecule 
resolution. Mol Cell 2024;84.

114. Zou L. Alternative lengthening of telomeres renders Cancer cells hypersensi-
tive to Atr inhibitors. Oncologist. 2015;20:S3–3.

115. Laroche-Clary A, Chaire V, Verbeke S, Algéo MP, Malykh A, Le Loarer F et al. Atr 
Inhibition broadly sensitizes Soft-Tissue sarcoma cells to chemotherapy inde-
pendent of alternative lengthening telomere (Alt) status. Sci Rep 2020;10.

116. Deeg KI, Chung I, Bauer C, Rippe K. Cancer cells with alternative lengthen-
ing of telomeres do not display a general hypersensitivity to Atr Inhibition. 
Frontiers in Oncology 2016;6.

117. Zheng XH, Nie X, Fang YM, Zhang ZP, Xiao YN, Mao ZW et al. A cisplatin 
derivative Tetra-Pt(Bpy) as an oncotherapeutic agent for targeting alt Cancer. 
Jnci-Journal Natl Cancer Inst 2017;109.

118. Kusuma FK, Prabhu A, Tieo G, Ahmed SM, Dakle P, Yong WK et al. Signal-
ling Inhibition by Ponatinib disrupts productive alternative lengthening of 
telomeres (Alt). Nat Commun 2023;14.

119. Nguyen GH, Dexheimer TS, Rosenthal AS, Chu WK, Singh DK, Mosedale G, et 
al. A small molecule inhibitor of the Blm helicase modulates chromosome 
stability in human cells. Chem Biol. 2013;20:55–62.

120. Kong YY, Xu C, Sun XH, Sun H, Zhao XT, He NN, et al. Blm helicase Inhibition 
synergizes with Parp Inhibition to improve the radiosensitivity of Olaparib 
resistant Non-Small cell lung Cancer cells by inhibiting homologous recom-
bination repair. Cancer Biology Med. 2022;19:1150–71.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	Multiple functions of the ALT favorite helicase, BLM
	Abstract
	Background
	BLM: structure, binding partners, and function in DNA metabolism
	The domains and expression of BLM helicase
	BLM’s interaction proteins and functions
	DNA replication
	DNA repair
	Telomere maintenance


	The role of BLM in ALT activation
	BLM drives ALT by promoting APB formation
	BLM is required for maintaining telomere structure and length in ALT cells
	The BTR complex is required for the generation of cECTRs in ALT cells
	The regulation of BLM in the ALT mechanism
	Factors that promoted BLM activity in ALT
	Factors that restrict BLM activity in ALT

	Future directions
	References


