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Abstract

The human CST (CTC1-STN1-TEN1) complex is an RPA-like single-stranded DNA binding 

protein complex. While its telomeric functions have been well investigated, numerous studies have 

revealed that hCST also plays important roles in maintaining genome stability beyond telomeres. 

Here, we review and discuss recent discoveries on CST in various global genome maintenance 

pathways, including findings on the CST supercomplex structure, its functions in unperturbed 

DNA replication, stalled replication, double-strand break repair, and the ATR-CHK1 activation 

pathway. By summarizing these recent discoveries, we hope to offer new insights into genome 

maintenance mechanisms and the pathogenesis of CST mutation-associated diseases.
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Introduction

Genome instability is a major driving force for the development of cancer, aging-related 

diseases and other complex diseases [1–3]. The most common cause of genome instability is 

the exposure to exogenous and endogenous DNA-damaging agents, including ionizing 

radiation (IR), UV radiation, reactive oxygen species, DNA-protein crosslinking agents, etc. 

In addition, DNA replication fork stalling caused by intrinsic and extrinsic insults threatens 

genome integrity and leads to inaccurate DNA duplication. To protect genome integrity, cells 

have evolved a complex network of pathways to respond to DNA damage and replication 
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stress, activate cell cycle checkpoints, repair DNA lesions and rescue stalled replication [1, 

4–7]. A broad range of genome maintenance proteins in these pathways exert direct and/or 

indirect functions to mitigate detrimental DNA transactions [8–10].

Mammalian CST complex, composed of CTC1, STN1 and TEN1, is an OB-fold containing 

heterotrimeric protein complex that binds to ssDNA [11]. It was originally identified as an 

accessory cofactor of DNA polymerase α (POLα). By interacting with POLα, CST 

stimulates POLα primase activity and mediates the switch of the primase to polymerase 

activity [12–14]. For this reason, CTC1 and STN1 were initially known as alpha accessory 

factor AAF132 and AAF44, respectively. In addition, STN1 has another alias OBFC1 (OB-

fold containing 1) [15]. Currently, CST is the widely accepted name for this complex.

CST has been extensively investigated for its role in telomere maintenance especially in 

promoting telomere replication and regulating telomerase activity [16–19]. However, 

growing evidence has revealed that CST possesses much more diverse functions in 

promoting DNA replication genome-wide and repairing double-strand breaks (DSBs) [20–

27]. In this review, we summarize recent findings of CST structures and its biochemical 

properties, briefly discuss the roles of CST in maintaining telomere integrity, and then focus 

on reviewing its functions in maintaining global genome stability. Finally, we speculate 

possible applications of CST aberrations in clinical diagnosis and therapy.

Structural and DNA-binding properties of CST

Among the three subunits of CST, STN1 and TEN1 are highly conserved across a wide 

range of species and can form the STN1-TEN1 subcomplex. The structures of STN1 and 

TEN1 closely resemble the RPA32 and RPA14 subunits of the RPA complex (Figs. 1A and 

1B) [28, 29]. In contrast, orthologs of CTC1 in different species show less similarity. The 

yeast Cdc13, which was thought to be the mammalian CTC1 homolog, lacks sequence 

identity with CTC1 [30]. In fact, the cryo-EM structure of human CST indicates that human 

CTC1 shares more similarity with RPA70 rather than Cdc13. Thus, it is proposed that CST 

may have evolved from the RPA complex [31].

CST binding to ssDNA relies on its OB-fold domains and the nature of its three-dimensional 

structures [31, 32]. The recently resolved overall architecture of the CST heterotrimer 

indicates that the telomeric ssDNA staples CST monomers to a decamer assembly [31]. 

Analysis of the CST monomeric structure extracted from the overall structure of the decamer 

supercomplex suggests that the CST complex has a subunit stoichiometry of 1:1:1 [31]. The 

largest subunit CTC1 (134 kDa) contains seven tandem OB-fold domains (OB-A to OB-G). 

These OB-fold domains are divided into two sections, OB-A to OB-C and OB-D to OB-G, 

by an intramolecular three-helix bundle bridge (Fig. 1A). In the OB-A to OB-C section, OB-

C functions as a scaffold for OB-A and OB-B. The OB-B and OB-C domains are 

structurally similar to Ustilago maydis RPA70 OB-A and OB-B [31]. In the OB-D to OB-G 

section, OB-D domain works as a scaffold to support OB-E, -F and -G to form a ring-like 

structure (Fig. 1B). The OB-F and OB-G domains harbor the anchor sites for C ST binding 

to a short telomeric oligonucleotide, and mutations in this nucleotide-anchor patch abolish 

CST binding to telomeric DNA [31]. Binding to such an oligonucleotide is found to stabilize 

the overall CST architecture.
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STN1 consists of an N-terminal OB-fold domain and two winged helix-tum-helix (wHTH) 

motifs at the C-terminus. STN1 works as a bridge connecting CTC1 and TEN1, and no 

direct interaction between CTC1 and TEN1 has been found from biochemical and structural 

analysis (Fig. 1A) [11, 31, 33]. STN1 interacts with CTC1 via two interacting interfaces – 

the N-terminal half of STN1 (STN1n) interacts with OB-G of CTC1 and the first wHTH 

domain at STN1 C-terminal (STN1c) interacts with OB-E of CTC1. The interaction of 

STN1n/OB-Gis relative stable, which explains the observation that disease-causing CTC1 

mutations L1142H and 1196-Δ7, both residing within OB-G, disrupt CTC1-STN1 

interaction [18, 31, 33]. The interaction between STN1c and CTC1 manifests two different 

binding modes in the presence and absence of ssDNA, hinting that such conformational 

changes may be necessary for DNA binding and decametric assembly [31]. Although the 

CST cryo-EM structure provides little information on STN1-ssDNA binding, STN1 alone is 

known to be able to bind telomeric ssDNA (> 18 bp) and long non-telomeric ssDNA (>30 

bp), albeit with a lower affinity compared to that of the whole CST complex [11, 14, 28]. 

Intriguingly, STN1 OB-fold domain mutations (W89A/R139L/Y141A), which are the 

residue counterparts in RPA32 that are associated with ssDNA binding, only affect CST 

binding capacity to short telomeric sequence but not the long telomeric DNA or non-

telomeric sequence [34]. This raises the possibility that CST may be able to adopt dynamic 

DNA binding modes similar to RPA to promote telomere DNA replication and alleviate 

replication stress.

The third subunit TEN1 is the smallest and contains one OB-fold domain. TEN1 alone is 

unable to bind ssDNA [28]. TEN1 and STN1 can form a heterodimer via interaction 

between TEN1 and STN1n (Fig. 1A), and subsequently STN1-TEN1 stabilizes the 

interaction with CTC1.

The three components form an intact CST complex to avidly bind to telomeric ssDNA [31]. 

CST binds to 18-nt telomeric ssDNA with observed Kd values in the range of 2.2 to 21.6 nM 

[11, 22, 34, 35]. The broad range of Kd values may be due to experimental discrepancies 

during protein purification procedures. Nonetheless, it is considered that CST binds to 

ssDNA with affinity comparable to its close relative RPA. Unlike RPA which binds ssDNA 

in a sequence independent manner, the preferred binding substrate for CST is G-rich ssDNA 

but not necessarily telomeric [11, 35]. Such binding preference quickly decreases with the 

increase in nucleotide length [11]. CST also binds to ss-dsDNA junctions without sequence 

specificity [22, 25]. While the CST cryo-EM structure characterizes its decameric status 

with a short telomeric sequence and helps describe its functions at the telomeric region, it is 

noticeable that mutations in the nucleotide-anchor patch that abolish telomeric DNA binding 

appear to have minimal impact on binding to non-telomeric sequences [31]. In addition, it 

has been reported that removal of the N-terminal half of CTC1, which includes OB-A to 

OB-C domains, abolishes DNA binding (Fig. 1A) [11], yet the cryo-EM study shows that 

these domains have no direct contact with the telomeric sequence [31]. Thus, the structural 

status of CST binding to non-telomeric sequences and ss-dsDNA junctions requires further 

investigation, which is important for deciphering its roles in maintaining global genome 

stability.
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Aside from providing insights into how CST binds to DNA, the cryo-EM structure also shed 

lights on other molecular features of CST. One major function of CST is to assist POLα to 

fill in the telomeric C-strand and replenish telomeres. Chen et al reveal that a subset of 

CTC1 disease mutations (A227, V259 in OB-B and V665 in OB-D) mediate the association 

with POLα [33]. Interestingly, these three residues locate at two separate surfaces on the 

cryo-EM structure [31, 33], indicating that CST may interact with POLα through multiple 

interfaces, and perhaps involve multiple interaction modes (Fig. 1A). In addition, it has been 

reported that the STN1n OB-fold physically interacts with the regulatory subunit of POLα, 

POLA2, and mediates the activation of POLα primase activity [13]. It is possible that STN1 

may enable the CST complex to adopt conformational changes that allow CST to access 

specific sequences of ssDNA and/or interact with downstream factors to execute its cellular 

functions. Further investigation is needed to determine CST-POLα interaction modes and 

their respective biological functions.

Roles of CST in telomere replication and telomere protection

Telomeres are specialized DNA segments localized at the ends of chromosomes in 

eukaryotic cells, which are required for maintaining genome stability and cell proliferation 

[36]. CST, along with the six-member Shelterin complex (TRF1-TRF2-TPP1-POT1-TIN2-

RAP1), aids in overcoming the challenges arising from telomere DNA duplication (Fig. 2A) 

[37]. The telomeric functions of CST have been well-described (see other reviews for more 

detailed discussion) [30, 37–40]. In human cells, CST binds to the 3’ ss G-rich overhangs at 

telomere ends and enacts two functions. First, CST inhibits telomerase activity by 

interacting with POT1-TPP1 to prevent the over-extension of the G-strand by telomerase 

[16]. Second, CST promotes C-strand synthesis (also known as C-strand fill-in) via POLα 
during the late S/G2 phase (Fig. 2A) [17, 19, 24]. Thus, CST coordinates G- and C-strand 

synthesis to preserve telomere integrity. As for the functions of the individual subunits of 

CST, Feng et al reported that CTC1-STN1 is sufficient to inhibit telomerase activity and 

reduce telomeric DNA damage, whereas STN1-TEN1 is mainly responsible for C-strand 

synthesis [41].

Multiple studies have established that CST is indispensable for the complete and efficient 

replication of telomere duplex DNA. The tandem (TTAGGG)n repeats are prone to forming 

G4 secondary structures which are well-known obstacles to replication fork progression and 

tend to form DNA gaps or breaks [42, 43]. Purified CST complex can bind to and melt G4 

structures in vitro [22], and STN1 deficiency has been shown to accumulate G4 structures in 

the telomere duplex region [44]. Thus, by preventing G4 accumulation, CST plays a 

prominent role in facilitating the replication of the bulk telomeric DNA (Fig. 2A) [19, 45]. 

CST deficiency increases ssDNA gaps within telomeres and elevates multi-telomere FISH 

signals (MTSs) – a hallmark of replication perturbation at telomeric repeats, leading to 

sudden telomere loss [19, 33, 45]. In addition to directly relieving G4-caused replication 

stress, CST can recruit RAD51 to telomeres and facilitate fork restart and/or protect the 

stability of stalled forks at telomeres [23].

Lyu et al. Page 4

DNA Repair (Amst). Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Roles of CST in unperturbed genomic DNA replication

Faithful duplication and transmission of genetic information to daughter cells is vital for 

maintaining genome stability and the genetic continuity of species. Starting from DNA 

replication initiation to termination, various proteins and protein complexes participate in a 

well-organized manner to ensure the faithful completion of the replication process during the 

S phase [46]. Beyond telomeres, CST has been uncovered as a multifaceted player in 

genome-wide DNA replication.

An early study shows that ~80% of STN1 foci localize at non-telomeric regions [11], 

providing the initial evidence implicating the participation of CST in global DNA 

replication. Recently, it has been reported that CST directly interacts with two subunits of 

the MCM complex, MCM4 and MCM7, and is likely an active component at replication 

origins [47]. In agreement with this, we have observed the presence of both CTC1 and STN1 

at unperturbed replication forks using the assay known as in situ analysis of protein 

interactions at DNA replication forks (SIRF) [25]. By interacting with the MCM complex, 

CST disrupts the interaction between MCM and CDT1, thereby negatively regulating origin 

licensing to avoid DNA re-replication in S-phase (Fig. 2B, top) [47]. Additionally, CST 

physically interacts with AND-1, a ssDNA-binding protein previously reported to 

collaborate with POLα for primer synthesis (Fig. 2B, bottom) [47]. CST deficiency in HeLa 

cells decreases the amount of chromatin-bound AND-1 [47]. It has been proposed that CST 

facilitates AND-1/POLα loading and replisome assembly on chromatin. Under unperturbed 

conditions, depletion of CST proteins leads to genome instability, including excessive 

ssDNA accumulation, metaphase chromosome aberration, and increase of γH2AX foci [25, 

27]. It is likely that CST deficiency may disrupt the regulation of DNA re-replication and 

replisome assembly, thus contributing to the observed genome instability.

Roles of CST during perturbed DNA replication

DNA synthesis is constantly challenged by various endogenous and exogenous agents that 

slow down or transiently stall replication fork progression, leading to replication stress and 

genome instability. To preserve genome stability, a number of pathways including fork 

reversal, re-priming, translesion synthesis, and perhaps others, are engaged in stabilizing and 

protecting stalled forks, and subsequently restarting stalled replication in a timely manner 

(reviewed in [48–50]).

CST has been demonstrated to be an important player in antagonizing genome instabilities 

arising from replication stress. CST localization at replication forks is enhanced upon fork 

stalling [25]. CST depleted cells show reduced cell viability after treatment with replication 

stress inducers such as hydroxyurea (HU), aphidicolin (APH) and methyl 

methanesulphonate (MMS), whereas CST overexpression increases cell fitness in response 

to these stresses [26]. Recently, ChIP-seq analysis of STN1 in S-phase cells treated with 2 

mM HU reveals that nearly 90% of STN1-enriched sequences contain repetitive features 

including long interspersed nuclear elements (LINEs) and short interspersed nuclear 

elements (SINEs), as well as regions of low complexity and simple repeats, suggesting a role 

of CST in overcoming replication obstacles formed in repetitive sequences [23]. In 

agreement with its DNA binding properties in vitro, STN1 is found to be enriched at GC-
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rich repetitive sequences genome-wide upon HU treatment [23]. STN1 depletion induces 

instabilities of G-rich sequences, in particular after fork stalling [23]. Given that G-rich 

sequences are prone to G4 formation, and CST help unwind G4 [22, 44]. CST may help in 

resolving G4 structures genome-wide (including telomeres), thereby directly reducing fork 

barriers caused by G4 formation. This notion is further supported by the observation that the 

amount of G4 in cells is inversely proportional to the level of CST complex [44] and STN1-

depleted cells confer sensitivity to G4-stabilizing agent [51].

In addition to directly resolving G4, CST plays a unique role in protecting stalled forks from 

unscheduled nuclease degradation [25]. Upon fork stalling, the canonical three-way forks 

can regress and be remodeled by translocases like SMARCAL1, ZRANB3, HLTF to form a 

four-way chicken foot-like structure [52–54]. While fork reversal is an important mechanism 

for restarting stalled DNA synthesis, reversed forks can be attacked by nucleases including 

MRE11, DNA2, EXO1 and CtIP. If unprotected, nascent DNA strands at reversed forks are 

degraded by these nucleases, leading to fork degradation and genome instability [55–62]. 

CST localizes at stalled forks, and CST deficiency increases MRE11 association at forks, 

leading to unscheduled MRE11 degradation of nascent-strand DNA in a fork reversal-

dependent manner [25]. In vitro biochemical analysis using purified CST proteins reveals 

that CST binds to the ss-dsDNA junction substrate mimicking the regressed arm of the 

reversed fork and specifically protects this substrate from MRE11 degradation (Fig. 2C, top) 

[25]. While previous studies suggest that CST prefers binding to G-rich or long random 

ssDNA sequences (described above), CST binds and protects the [ISP CHK]5’ overhang of 

the ss-dsDNA substrate with no sequence specificity [25]. The DNA binding ability of CST 

is essential for fork protection, reinforcing the importance of DNA binding in modulating 

CST functions [25]. It will be interesting to determine whether CST can adopt flexible 

conformations when binding to ssDNA or ss-dsDNA junctions in a way reminiscent to RPA 

that depends on ssDNA length [63, 64], and if so, whether the flexible DNA binding modes 

play a role in remodeling or reshaping the fork structure.

Upon exposure to HU, CST proteins form distinct foci [23]. A subset of these replication 

stress-induced CST foci co-colocalize with RAD51 [23] – an essential player for promoting 

fork reversal and protecting reversed forks from degradation [65–67]. CST physically 

interacts with RAD51 in response to HU or APH treatment in an ATR-dependent manner 

[23]. Truncational analysis of CTC1 shows that the RAD51-interacting regions are located at 

the C-terminal half of CTC1 (Fig. 1A) [32]. Depletion of CST subunits partially reduces the 

RAD51 recruitment to stalled forks and RAD51 foci formation [23, 25], indicating that 

nucleation of the RAD51 filament may be affected by CST deficiency. Thus, it is possible 

that RAD51 recruitment by CST offers additional protection against unscheduled nuclease 

attack at stalled forks (Fig. 2C, bottom).

It has been reported that CST promotes genome-wide replication restart after HU treatment 

[24, 27]. DNA fiber analysis reveals that CST facilitates new origin firing [26, 27, 34], albeit 

how CST achieves this function remains unclear. Since RAD51 promotes replication fork 

restart by both strand exchange-dependent and strand exchange-independent mechanisms 

[68], it remains to be determined whether CST recruiting RAD51 plays a role in the fork 

restart process.
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Interplay between CST and ATR-CHK1 activation

ATR kinase activation is a vital process for maintaining genome stability during S phase 

[69–71]. In response to replication stress, the rapidly emerging ssDNA is coated by RPA, 

which recruits ATRIP-ATR to the stalled site. Subsequently, two ATR activation proteins 

TOPBP1 and ETAA activate ATR. The activated ATR then phosphorylates its downstream 

effector CHK1 kinase, which exerts S/G2 checkpoint arrest [71–73]. It has been shown that 

CST deficiency activates ATR-CHK1 in both human and mouse cells. STN1 knockdown 

induces CHK1 phosphorylation at later passages in telomerase-negative normal human 

fibroblasts [19]. Similarly, CTC1-deleted MEF cells also display elevated CHK1 

phosphorylation [45]. The DDR marker γ-H2AX is found at chromosome ends missing 

telomere signals in CTC1 null MEF cells, suggesting that ATR-CHK1 activation is at least in 

part attributed to telomeric defects [17]. Two additional situations caused by CST loss can 

contribute to ATR activation. One is that in the absence of CST, overextended telomeric G-

overhangs may exhaust the pool of POT1 and subsequently recruit RPA to activate ATR, and 

the other is that simultaneously G4 structures-associated stalled replication forks can 

accumulate within telomere duplex [17, 44].

Given that CST is involved in unperturbed DNA replication as described above, it remains to 

be determined whether the genome-wide function of CST may affect ATR-CHK1 activation. 

Surprisingly, a recent study indicates that CST may regulate the ATR-CHK1 pathway in 

response to global replication stress by targeting TOPBP1. While CTC1 deletion in a human 

cell line HCT116 does not affect ATR recruitment and RPA phosphorylation, cytoplasmic 

and chromatin-associated TOPBP1 is profoundly decreased by CTC1 deletion, thereby 

inhibiting CHK1 phosphorylation following HU treatment [20]. The insult of ATR-CHK1 

pathway results in decreased cell proliferation and a G2 arrest (Fig. 2D) [20]. It is currently 

unclear whether this observation is specific to cell types. More investigation is needed to 

explore the detailed mechanism underlying how CST affects TOPBP1 stability, which will 

have important clinical applications in cancer treatment that targets the ATR-CHK1 pathway.

Reciprocally, ATR has been shown to regulate the cellular functions of CST. Upon HU or 

APH treatment, CST physically interacts with and recruits RAD51 to G-rich fragile sites in 

an ATR-dependent manner [23]. However, ATR phosphorylation sites on human CST have 

not been reported. The budding yeast Cdc13 can be phosphorylated on serines 225, 249, 

255, 306 by Mec1 (related to ATR) to promote the telomerase recruitment, and thus, these 

Mec1-mediated Cdc13 phosphorylation sites are critical for telomere protection [74]. No 

STN1 or TEN1 phosphorylation modifications by ATR have been identified yet. More 

investigation is needed to study the CST phosphorylation by ATR kinase and their 

corresponding cellular functions.

CST in DSB repair

DSB is considered the most deleterious type of DNA damage. Nonhomologous end joining 

(NHEJ) and homology-directed repair (HDR) are the two primary pathways for repairing 

DSBs and have been extensively studied [75, 76]. NHEJ occurs throughout the cell cycle. In 

contrast, HDR functions in the S and G2 phases on DSB sites with 3’ overhang ends, which 

result from the 5’ to 3’ resection of DSB ends conducted by several nucleases including 
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MRE11, CtIP, EXO1 or DNA2 with BLM1 helicase [77–80]. Such end resection directs the 

choice of NHEJ and HR [81, 82]. BRCA1 directs the repair pathway to HDR by stimulating 

end resection and blocking 53BP1 function, while 53BP1 promotes NHEJ-mediated DSB 

repairs [82–84]. The Shieldin complex (SHLD1-SHLD2-SHLD3-REV7) is a newly 

identified 53BP1 effector complex that is recruited to DSBs in a 53BP1-RIF1-dependent 

manner [85–87]. Interestingly, CST physically interacts with the Shieldin complex and is 

recruited to DSB sites via the 53BP1-RIF1-Shieldin axis (Fig. 2E) [88]. Genetic screening 

for the PARP inhibitor (PARPi) resistant factors in BRCA1-deficient cells reveals that CST 

deficiency suppresses such synthetic lethality [21, 88]. It is thought that CST may recruit 

POLα to DSB ends to fill in the resected ends in a manner reminiscent to C-strand fill-in at 

telomere ends, therefore antagonizing DSB end resection and facilitating the canonical 

NHEJ repair of DSBs [88]. Removal of CST promotes end resection, restoring HDR in 

BRCA1-deficient cells and thus leading to PARPi resistance [21]. It remains to be 

determined whether POLα-independent mechanisms participate in antagonizing end 

resection.

Post-translational modifications (PTMs) of CST

Proteins PTMs modulate protein functions and influence almost all aspects of biology. 

Identifying and understanding PTMs is critical in the study of disease treatment and 

prevention. To date, PTMs of CST proteins have mainly been characterized in yeasts. In 

budding yeast, phosphorylation of Cdc13 and Stn1 plays a very important role in its 

telomere protection function. The phosphorylation of Cdc13 at T308 by Cdk1 promotes its 

interaction with the Est1 subunit of the telomerase holoenzyme and facilitates the 

recruitment of telomerase to telomeres in late S to G2 phases to ensure proper telomere 

replication [89]. The Mec1 (related to ATR) and Tel1 (related to ATM) phosphorylation of 

Cdc13 also promotes Cdc13-Est1 interaction [74]. The protein phosphatase 2A (PP2A) 

dephosphorylation of Cdc13 and Ipl1 phosphorylation helps in telomerase dissociation from 

telomeres [90]. Following Cdc13 phosphorylation, Cdk1 then phosphorylates Stn1 at T223 

and S250, which promotes its interaction with Cdc13 and Ten1 to form a stable CST 

complex, thus inhibiting telomerase [91, 92]. PTMs on Ten1 have not been reported so far.

In fission yeast S. pombe, the Ssu72 phosphatase is reported to regulate the recruitment of 

Stn1 to telomeres by dephosphorylating Stn1 at Ser74, a residue located within the OB-fold 

domain of Stn1. Defective Stn1 dephosphorylation caused by ssu72Δ or Stn1 S74D mutation 

abolishes Stn1 recruitment to telomeres and telomerase inhibition, leading to telomerase-

dependent telomere elongation [93]. Ssu72 is required for Polα activation. Interestingly, 

Cdk1 activity counteracts Ssu72 phosphatase in telomere length regulation and Stn1 

recruitment [93]. Such regulation appears to be conserved in human cells. Human SSU72 is 

required for hSTN1 recruitment to human telomeres, and down-regulation of hSSU72 results 

in telomere elongation and fragility [93]. It is thus proposed that Cdk1-dependent 

phosphorylation prevents Stn1 association with telomeres and the Ssu72 phosphatase 

reverses phosphorylation, allowing Stn1 recruitment to telomeres and consequently 

telomerase inhibition and (C)ST-Polα activation to fill in C-strands [93].
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Unlike yeast CST, PTMs of human CST remain largely unexplored. It will be critically 

important to investigate PTMs of human CST in regulating its genome-wide functions.

CST deficiency in mice and human diseases

Coat Plus syndrome (CP) and dyskeratosis congenita (DC) are two diseases associated with 

mutations in CTC1 and STN1 genes [94–98]. CP is clinically characterized by retinal 

telangiectasia and exudates, intracranial calcifications, leukodystrophy and brain cysts, 

vascular ectasias and other neurologic signs [99, 100]. DC is a telomere-associated disease 

characterized by bone marrow failure and reticulate hyperpigmentation, nail dystrophy, oral 

leukoplakia and other premature aging manifestations [101, 102]. In addition, STN1 variants 

are associated with risks of age-related diseases including cardiovascular disease mortality 

[103] and idiopathic interstitial pneumonia [104]. Given the role of CST in telomere 

maintenance, it is not surprising that some CP patients carrying CTC1 variants exhibit 

shorter telomeres and telomere defective symptoms [18, 33, 96]. Interestingly, telomere 

lengths in a subset of CTC1 mutant-carrying patients have no significant changes [96, 97]. 

CTC1 and STN1 mutations identified in CP patients cause increased DSB foci in the non-

telomeric regions and induce genome instability [32, 98, 105], in agreement with the global 

genome maintenance functions of CST [23, 98, 105].

The CTC1 null mouse model has provided a better understanding of pathogenesis caused by 

CTC1 loss. CTC1 deleted mice are born smaller, grow slower, have significant smaller thymi 

and spleens than their wild-type littermates, and die prematurely with a median lifespan of 

only 24 days [45]. Hematopoietic stem cells (HSCs) from the CTC1 null mice shows a 

profound G2/M arrest and then significantly depleted, leading to bone marrow failure [45]. 

CTC1 null mice display an overall decrease in cellular proliferation in highly proliferative 

tissues. CTC1 deletion cells exhibits significant defects in telomere end protective functions, 

such as end-to-end chromosome fusions, catastrophic telomere loss, abnormal telomeric G-

overhang extension, and an increase in extrachromosomal telomeric repeat DNA. In 

addition, CTC1 deletion significantly impairs efficient telomere replication [45]. The 

defective telomeres caused by CTC1 deletion are sensed as damaged DNA that activates a 

DNA damage response (DDR), leading to increased p53 and p21 expression [45]. While the 

proliferation deficiency observed in CTC1 null mice can be explained by telomere defects, 

genome-wide replication defects should also be considered and studied in vivo.

Elevated genome instabilities are observed in CST deficient cells, including micronuclei, 

aberrant chromosome segregation, chromosome fragmentation and γH2AX accumulation, 

suggesting that DNA damage response and/or repair activities are defective upon CST 

deficiency [25, 27]. Thus, CST dysregulation might be linked to carcinogenesis and/or 

clinical response to radiotherapy and chemotherapy. Indeed, genetic variants of STN1 and 

STN1 downregulation are associated with a number of cancers including epithelial ovarian 

cancer, colorectal cancer, leukemia, thyroid cancer, melanoma, and uterine cancer [106–

111]. In addition, higher expression of CTC1 and STN1 appears to correlate with better 

disease-free survival in breast cancer patients [25, 112]. It will be interesting to investigate 

whether CST can serve as a clinical target for cancer diagnosis or therapy.
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Concluding remarks and future directions

The CST complex is evolutionarily conserved across a wide range of eukaryotic species. The 

cryo-EM structure of CST has provided new insights into its functional mechanisms at 

telomeres. Recent studies highlight the engagement of CST in protecting global genome 

stability, including replication origin firing, stalled forks protection and restart, DSB repair, 

and ATR signaling. Despite these observations, the molecular mechanisms underlying CST-

mediated genome maintenance remain largely unclear, and more studies in the following 

areas will be helpful to better understand the roles of this complex in genome protection. 

First, while the cryo-EM structure of CST has revealed the mechanism underlying its 

preferential binding to telomeric sequence, its non-telomeric sequence binding modes, 

including binding to ds-ssDNA junction and long nonspecific sequence substrates, still 

requires further investigation. Second, a number of key questions on the regulatory network 

surrounding CST need to be answered. Does CST participate in RAD51-mediated HDR 

pathway and/or stalled fork restart process? Since CST structure is closely related to RPA, 

what is the functional and molecular relationship between CST and RPA in these pathways? 

Can CST resolve other abnormal DNA structures in addition to G4? Does CST binding to 

DNA serve as a platform for recruiting other proteins to stalled forks or DSB sites? Third, 

CST has been found to interact with POT1-TPP1, POLα, Shieldin, RAD51 and MCMs. Yet 

much of these interactions have not been fully characterized. Pinpointing the specific amino 

acid residues mediating these protein interactions will be essential to understand the 

complex functions of CST. Moreover, given that CST participates in multiple genome 

maintenance pathways, it is highly likely that the actual number of CST interacting partners 

surpasses the above list. Discovering these unidentified binding partners will be important to 

fully understand the molecular mechanisms for maintaining genome integrity. In addition, 

PTMs of human CST proteins are largely unknown. Identifying and characterizing PTMs of 

hCST proteins will be crucial for understanding the regulation of CST in various genome 

protection pathways and disease development caused by CST mutations. Lastly, while 

pathogenic CST mutations have been investigated in the context of telomere maintenance, 

the molecular basis of CST pathological mutations in genome maintenance pathways 

beyond telomeres remains to be further investigated in order to obtain a better understanding 

of pathological processes and provide potential therapeutic strategies.
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Figure 1. 
Structures of the human CST complex.

(A) Domain organizations of CST and RPA based on the published crystal or cryo-EM 

structures. STN1 has an extra C-terminal wHTH domain compared to RPA32. DNA binding 

sites are indicated in blue bars, subunit interactions in shaded parallelograms, and domains 

for interacting with other proteins in orange bars/arrows (in CST) or red bars (in RPA).

(B) Structure of monomeric CST derived from PDB ID:6W6W.
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(C) Human STN1n and TEN1 subunits share structural similarity with RPA32 and RPA14, 

respectively. STN1n and TEN1 are colored in green, and RPA32 and RPA14 are colored in 

yellow. Structures are derived from Protein Data Bank with structure codes 4JOI and IQUQ.
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Figure 2. 
Models illustrating the roles of CST in genome stability maintenance.

(A) CST regulates telomere stability via the telomeric synthesis processes. In the ds 

telomeric region, CST resolves G4 structures and relieves replication stress in the telomeric 

region. At telomere ends, CST binds to ss G-overhangs to inhibit the access of telomerase to 

telomeres. CST also mediates C-strand fill-in to replenish C-strands.

(B) CST regulates DNA replication initiation under normal replication condition. In the G1 

phase, CST blocks origin licensing by interacting with MCM to prevent CDT1 interacting 

with MCM. In the S phase, CST interacts with AND-1 and POLα and then facilitates 

replisome assembly and subsequent initiation of DNA synthesis.

(C) CST protects reversed fork stability under replication stress. Top: CST directly binds to 

the regressed arms of reversed forks to inhibit unscheduled MRE11 degradation of nascent 

strand DNA. In addition, CST indirectly protects reversed forks via recruiting RAD51 

(bottom).

(D) CST regulates the ATR-CHK1 pathway under replication stress. CST prevents the 

degradation of the ATR activator TOPBP1. CST deficiency decreases TOPBP1 protein level, 

therefore suppressing CHK1 phosphorylation following replication stress.

(E) CST controls end-resection during DSB repair and favors c-NHEJ. At DSB sites, 

53BP1-RIF1 recruits the Shieldin complex (SHLD1-SHLD2-SHLD3-REV7), which 

interacts with and recruits CST to DSB ends to counteract end resection.
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