
REVIEW

CST–Polα/Primase: the second telomere
maintenance machine
Sarah W Cai and Titia de Lange

Laboratory for Cell Biology and Genetics, The Rockefeller University, New York, New York 10065, USA

It has been known for decades that telomerase extends the
3′ end of linear eukaryotic chromosomes and dictates the
telomeric repeat sequence based on the template in its
RNA. However, telomerase does not mitigate sequence
loss at the 5′ ends of chromosomes, which results from
lagging strand DNA synthesis and nucleolytic processing.
Therefore, a second enzyme is needed to keep telomeres
intact: DNA polymerase α/Primase bound to Ctc1–Stn1–
Ten1 (CST). CST–Polα/Primase maintains telomeres
through a fill-in reaction that replenishes the lost se-
quences at the 5′ ends. CST not only serves to maintain
telomeres but also determines their length by keeping tel-
omerase from overelongating telomeres. Here we discuss
recent data on the evolution, structure, function, and re-
cruitment of mammalian CST–Polα/Primase, highlight-
ing the role of this complex and telomere length control
in human disease.

Telomeres and human health

Human telomeres contain an array of double-stranded (ds)
TTAGGG repeats that end in a single-stranded (ss) 3′ over-
hang estimated to be 40–500 nt (Fig. 1). The binding of
shelterin to this repeat array prevents activation of the
DNA damage response (DDR) at the natural ends of chro-
mosomes (for review, see de Lange 2018). Shelterin con-
tains two ds telomeric DNA-binding proteins (TRF1 and
TRF2) that, through their interactions with TIN2, bring
the POT1/TPP1 heterodimer to the ss telomeric DNA
(Fig. 1). Shelterin prevents the activation of ATM and
ATR signaling at chromosome ends and blocks double-
stranded break (DSB) repair pathways from inadvertently
acting at telomere ends. Telomere protection by shelterin
involves the remodeling of the telomeric DNA into the
t-loop, in which the 3′ overhang invades the ds telomeric
DNA (Fig. 1). T-loops effectively sequester the telomere
end, thereby rendering telomeres impervious to signaling

and repair pathways that act on DSBs. Shelterin also is re-
quired to recruit the two telomere maintenance ma-
chines: telomerase and CST–Polα/Primase (Fig. 1).
Because telomeres prevent DNA damage signaling at

chromosome ends, their shortening limits the long-term
survival and proliferation of human cells. There are sever-
al telomere disorders, including dyskeratosis congenita
(DC) and Hoyeraal-Hreidarsson syndrome (for review,
see Savage 2022), that result from mutations affecting
the telomerase-mediated telomeremaintenance pathway,
includingmutations in genes encoding the hTERT reverse
transcriptase, the hTR telomerase RNA, telomerase bio-
genesis factors, TIN2, and the telomerase recruitment fac-
tor TPP1 (Fig. 1). These disorders are characterized by
short telomeres and often present with anemia and bone
marrow failure but can also affect other organs, such as
the liver and lungs. The onset and severity of these diseas-
es is variable, presumably due to the magnitude of the
telomere length defect at birth and the residual telome-
rase level in stem cell compartments.
A different telomere syndrome, Coats plus syndrome

(CP), is caused by mutations in Ctc1, Stn1, or POT1 that
affect the function of the CST–Polα/Primase tract (Ander-
son et al. 2012; Keller et al. 2012; Polvi et al. 2012; Walne
et al. 2013;Netravathi et al. 2015; Simon et al. 2016; Takai
et al. 2016; Lin et al. 2017; Hidalgo-Sanz et al. 2019; Passi
et al. 2020). This rare pediatric condition is characterized
by the ophthalmological disorder Coats disease plus addi-
tional associated systemic disorders primarily affecting
the brain, bones, and gastrointestinal tract. Coats plus is
discussed in further detail below.
These diseases illustrate the importance of sufficient

telomere reserve at birth. However, excessive telomere
length at birth also carries a health risk, in this case due
to cancer predisposition (for review, see Maciejowski
and de Lange 2017). Two types of evidence support the
idea that long telomeres at birth predispose to cancer.
First, GWAS and WGS studies showed that a set of SNPs
previously associated with long telomeres in adult blood
predicted a greater risk of a variety of malignancies, in-
cluding sarcoma, glioblastoma, neuroblastoma, and
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ovarian, lung, bladder, and skin cancers (Walsh et al. 2015;
Haycock et al. 2017; Ballinger et al. 2023). Second, a num-
ber of cancer-prone families were found to carry POT1 and
TIN2mutations that induce excessively long telomeres at
birth but no other telomere dysfunction (Schmutz et al.
2020; Kim et al. 2021). Patients with long telomeres due
to TIN2 or POT1 impairment often develop multiple pri-
mary tumors, including thyroid, breast, lung, colon, and
brain cancers. The high frequency and wide spectrum of
the cancers in these patients is comparable with Li-Frau-
meni syndrome, speaking to the importance of correct
telomere length at birth to prevent cancer.

The increased cancer risk associated with long telo-
meres is due to a failure in the telomere tumor suppressor
pathway (for review, see Maciejowski and de Lange 2017).
It is thought that the long telomeres in the patients’
somatic cells delay the onset of the Hayflick limit, the
point in clonal proliferation when critically short telo-
meres impede further cell divisions and thus kill develop-
ing malignant clones. The additional cell divisions
afforded by the long telomeres likely allow early cancer
clones to accumulate mutations, including mutations
that facilitate the escape from this barrier. Thus, telo-
meres not only need to be maintained, but their length
at birth must be regulated to prevent organ failure on
the one hand and cancer on the other.

This review focuses on the CST–Polα/Primase complex
that, together with telomerase, maintains human telo-
meres and regulates their length. We discuss recent

work on the evolution, function, structure, and regulation
of CST–Polα/Primase that has provided a clearer view on
how this machine works and point out questions that
merit attention.

Telomere end replication: two strands, two problems

The G-strand of vertebrate telomeres extends beyond the
C-strand, forming an overhang that is needed for telomere
extension by telomerase, t-loop formation, and telomere
protection (Fig. 1). When leading strand DNA synthesis
reaches the end of the chromosome, it creates a blunt
end that is not protected because it lacks a 3′ overhang
(Fig. 2). Initial resection of leading end telomeres by the
TRF2-bound exonuclease Apollo and subsequent long-
range resection by Exo1 can restore the overhang and
thus telomere protection (Lenain et al. 2006; Lam et al.
2010; Wu et al. 2010, 2012). However, the G-strand of
the leading end telomere will have been shortened by
the length of the original 3′ overhang, representing the
end replication problem that is solved by telomerase
(Fig. 2, bottom). This problem was first identified on the-
oretical grounds (Lingner et al. 1995) and then directly ob-
served at budding yeast telomeres (Soudet et al. 2014).
Telomerase can extend the 3′ end and thereby counteract
the loss of the G-strand sequences (for review, see Hocke-
meyer and Collins 2015). It is the absence of this elonga-
tion, together with the effect of resection, that underlies
the shortening of telomeres by 50–100 bp/PD observed
in human cells lacking telomerase.

It has recently become clear that there is a second end
replication problem resulting in loss of C-strand sequenc-
es from telomeres replicated by lagging strand DNA syn-
thesis (H Takai, V Aria, P Borges, JTP Yeeles, and T de
Lange, in prep.) (Fig. 2). This C-strand loss is due to the
replisome’s inability to supportOkazaki fragment synthe-
sis using theG-strand overhang as a template. In vitro, the
last Okazaki fragment is initiated by Polα/Primase >40 nt
before the end of the duplex linear DNA, leaving the new
5′-ended strand >40 nt shorter than the original one (Fig. 2,
inset). This sequence loss cannot be counteracted by telo-
merase, and its cumulative effect over successive rounds
of replicationwill shorten telomeres. This second end rep-
lication problem is solved by replisome-independent fill-
in synthesis by CST–Polα/Primase. In addition, fill-in syn-
thesis by CST–Polα/Primase can mitigate the loss of C-
strand sequences due to 5′ end resection and elongate
the C-strand after telomerase has added an array of ss
TTAGGG repeats (Fig. 2).

As argued previously (de Lange 2004, 2015; Lue 2018),
the 3′-ended DNA strand of the first linear chromosomes
could have been maintained—prior to the advent of telo-
merase—through a break-induced replication (BIR)-type
mechanism involving strand invasion and extension of
the 3′ end by canonical DNA polymerases. Because BIR
only synthesizes the 3′-ended strand (for review, see Liu
and Malkova 2022), the necessity for a mechanism to ex-
tend the 5′-ended strandmay explain the emergence of the
CST–Polα/Primase fill-in machinery (Lue 2018).

Figure 1. Shelterin-mediated telomeremaintenance and protec-
tion. Cartoon schematic of the threemajor complexes involved in
telomere maintenance and protection. The six-subunit human
shelterin complex associates with ds and ss telomeric DNA and
forms t-loops to protect telomeres from DSB signaling and repair
pathways. Note that two copies of TIN2, TPP1, and POT1 can be
associated with the TRF1 and TRF2 homodimers (Zinder et al.
2022), but only one of each subunit is shown for simplicity. Shel-
terin recruits and regulates two telomeremaintenancemachines.
Telomerase is recruited by TPP1 and uses the 3′ end as a primer
for G-strand synthesis. CST–Polα/Primase is responsible for C-
strand fill-in and is recruited by POT1/TPP1. CST also negatively
regulates telomerase.
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The structure and evolution of CST

CST was first identified in extracts of mouse cells as a
Polα/Primase accessory factor (α accessory factor [AAF])
that stimulates the activities of both Polα and Primase
and acts as a template affinity factor that promotes com-
plete replication of long ss templates (Goulian and Heard
1990; Goulian et al. 1990). AAF was also shown to in-
crease the processivity of Polα from synthesis of ∼20 nt
without AAF to >100 nt with AAF (Goulian and Heard
1990). When two of the AAF subunits (Ctc1 and Stn1)
were cloned (Casteel et al. 2009), it became clear that
AAF was related to CST, a complex long known to func-
tion as the main protector of yeast telomeres (for review,
see Bertuch and Lundblad 2006). Independently, mamma-
lian CST also emerged from database searches for genes
orthologous to yeast and plant subunits (Miyake et al.
2009; Surovtseva et al. 2009).
Mammalian CST is a trimeric ssDNA-binding complex

related to replication protein A (RPA) (Fig. 3A; Casteel
et al. 2009; Miyake et al. 2009; Lim et al. 2020). The
134-kDa Ctc1 subunit contains seven tandem oligosac-
charide/oligonucleotide-binding (OB) folds with struc-
tural homologies with the four OB folds of RPA70. The
N-terminal three OB folds of Ctc1 likely originated from
a duplication and are separated by a three-helix bundle
motif (Lim et al. 2020). Stn1 (44 kDa, comprising an OB
fold and tandem winged helix–turn–helix [wHTH] do-
mains) and Ten1 (14 kDa, a single OB fold) are structurally
homologous to RPA32 and RPA14, respectively (Fig. 3A;
Bryan et al. 2013; Lim et al. 2020).
CST binds DNA with some sequence preference and

binds to G-rich ssDNA with a KD in the 1–20 nM range

when the DNA is at least 18 nt (Hom and Wuttke 2017).
For instance, CST binds [TTAGGG]3 with a KD of ∼1
nM, forming a complex that is stable for hours (Chen
et al. 2012). CST can also bind in a sequence-independent
manner to longer (>30-nt) ssDNAs with a KD in the 100
nM range (Miyake et al. 2009) and can bind substrates
with ss–ds junctions regardless of the sequence or the 5′/
3′ orientation of the transition (Bhattacharjee et al. 2017).
Interestingly,whereasCtc1 and Stn1 are required for the in-
teraction of CSTwith DNA, Ten1 is not, although its pres-
ence increases the stability of the protein–DNA complex
(Feng et al. 2018). Finally, CST has some ability to unwind
G-quadruplex structures (G4) that are readily formed by ss
TTAGGG repeats and, when persistent, result in unrepli-
cated gaps in telomeres formed by lagging strandDNA syn-
thesis (Qureshi et al. 2012; Bhattacharjee et al. 2017; Zhang
et al. 2019; Yang et al. 2020). RPA andCST share some sim-
ilar properties, but RPA binds ssDNA at higher affinity
without sequence preference and is more efficient at un-
winding G4s (Olson et al. 2023).
New structural data suggest that CST evolved from an

archaeal RPA rather than from eukaryotic RPA (Madru
et al. 2023; for a review on eukaryotic evolution, see
Eme et al. 2017). The largest subunit of RPA from Pyro-
coccus abyssi (PabRPA) contains a signature three-helix
bundle at its N terminus called the acidic Rpa1 OB-bind-
ing domain (AROD) that is found in most archaeal RPAs
but is absent from eukaryotic RPA. It functions to oligo-
merize PabRPA by bridging to an OB fold from a second
PabRPA molecule. Strikingly, this OB fold-bridging
three-helix bundle is present in human CST as the con-
nector between the two sets of OB folds in Ctc1 (Fig. 3A;
Lim et al. 2020; Madru et al. 2023). The presence of the

Figure 2. CST–Polα/Primase solves a second end replication problem. While telomerase can solve the leading end replication problem
(loss of theG-strand overhang), CST–Polα/Primase-mediated fill-in is required to replenish the C-rich sequences at the lagging and leading
end telomeres. (Inset) When the replisome reaches the telomere end, the last Okazaki fragment starts >40 nt from the ds–ss junction. This
second end replication problem cannot be solved by telomerase and requires CST–Polα/Primase-mediated fill-in. (Pol δ) DNA polymerase
δ, (PCNA) proliferating cell nuclear antigen, (Pol ε) DNA polymerase ε, (CMG) Cdc45–Mcm2-7–GINS complex. (Purple blocks) RNA
primers.
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AROD-like (ARODL) three-helix bundle suggests that eu-
karyotic CST is derived from an archaeal RPA that had the
AROD motif and evolved separately from modern eu-
karyotic RPAs (Fig. 3A). Furthermore, the predicted
structures of Ctc1 orthologs in some basal fungal phyla
such as Zoopagomycota (e.g., Linderina pennispora;
AF-A0A1Y1WN78-F1) and Mucoromuycota (e.g., Lich-
theimia corymbifera; AF-A0A068RQH6-F1), as well

as in slime molds (e.g., Dictyostelium discoideum; AF-
Q54WQ3), align well with human Ctc1 (Varadi et al.
2022), suggesting that the first eukaryotes had Ctc1-like
proteins (Fig. 3A).

The early emergence of CST is consistent with the C-
strand-centric model of telomere evolution, in which
the C-strand synthesis machinery evolved first to comple-
ment a primordial recombination-based telomere

A

B

Figure 3. Evolution of CST–Polα/Primase. (A) Model for the independent evolution of CST from an archaeal RPA. Comparedwith a gen-
eralized archaeal RPA, CST retains an AROD-like (ARODL) three-helix bundle domain (inset; cf. PabRPA AROD) (Madru et al. 2023) in
Ctc1. The last eukaryotic common ancestor (LECA) CST is drawn as predicted based on sequence alignments and predicted structures,
suggesting that basal eukaryotic CSTs duplicated three OB folds in Ctc1 and the Stn1 wHTH domain, whereas eukaryotic RPAs contain
neither theARODLdomain nor the duplications. It is also possible that eukaryotic RPA is derived froma separate archaeal precursor. CST
itself has diverged in some eukaryotes through deletion of domains (Tetrahymena thermophila and Schizosaccharomyces pombe) or
through a more complex independent evolution (Saccharomyces cerevisiae). (B) Comparison of telomere maintenance systems. Budding
yeast, Tetrahymena, and humans differ in their telomeric proteins and mechanisms of recruiting telomerase and CST–Polα/Primase for
G-strand and C-strand synthesis, respectively.
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maintenance system operating prior to the advent of telo-
merase (de Lange 2015; Lue 2018). In this model, CST
emerged in the eukaryotic lineage as a specialized
ssDNA-binding protein to support telomere maintenance
by Polα/Primase. Polα is also thought to have originated at
the time when linear chromosomes evolved, in this case
emerging from a viral origin (Forterre 2013; Lue 2018).
The acquisition of CST–Polα/Primase prior to the emer-
gence of eukaryotes from an Asgard archaeal ancestor
would have facilitated the maintenance of linear chromo-
somes before telomerase created uniform telomeres that
could function in conjunction with sequence-specific
telomere-binding proteins.
As detailed below, theN-terminal domain of Ctc1, with

its four OB folds and the ARODL motif, plays a critical
role in the interactions with Polα/Primase and POT1/
TPP1 and contains numerous Coats plus mutations (Cai
et al. 2022, 2023). Although this part of Ctc1 is highly con-
served, it is absent from Ctc1 orthologs in some unicellu-
lar organisms, particularly in several model systems for
telomere biology (Fig. 3A). In contrast, the C-terminal
half of Ctc1, which includes the C-terminal OB fold that
is part of the trimerization core, is conserved in all eukary-
otic Ctc1 orthologs (Fig. 3A). This part of Ctc1 interacts
with Polα/Primase in a highly conserved manner, as dis-
cussed below.
Whereas budding yeast Stn1 and Ten1 clearly are

orthologous to their mammalian counterparts, the
Cdc13 subunit of budding yeast CST evolved indepen-
dently of the Ctc1 lineage. Other than its trimerization
core OB fold, Cdc13 has limited structural homology
with mammalian Ctc1 or RPA1 (Fig. 3A; Yu et al. 2012;
Rice and Skordalakes 2016; Ge et al. 2020; Lim et al.
2020). The function of budding yeast CST is also quite dis-
tinct from itsmammalian counterpart, as it is the primary
protector of the ss telomeric DNA (for review, see Bertuch
and Lundblad 2006). Although there is a conserved inter-
action between budding yeast CST and Polα/Primase,
Cdc13 is distinct from mammalian Ctc1 in that it also
recruits telomerase. Nonetheless, C-strand fill-in and
G-strand extension appear to be separate steps, since
Stn1 and Ten1, which are involved in fill-in, prevent bind-
ing of Cdc13 to Est1, the component of yeast telomerase
required for recruitment (Fig. 3B; Pennock et al. 2001;
Chen et al. 2018; Ge et al. 2020).
In Tetrahymena, a CST-like complex that binds Polα/

Primase has been identified as a constitutive part of the
telomerase holoenzyme (Fig. 3; Jiang et al. 2015; He
et al. 2022b). The abundant telomeres in the macronuclei
of Tetrahymena carry a distinct set of telomere binding
proteins whose functional interaction with telomerase
and/or CST is unclear (Premkumar et al. 2014). Although
more work is needed to investigate how the Tetrahymena
telomere-binding proteins affect telomerase and CST, tel-
omerase itself has been the subject of extensive structural
studies (He and Feigon 2022). Notably, Tetrahymena
could coordinate G-strand synthesis and C-strand fill-in
within a single complex (discussed further below), a fea-
ture that may be specific to ciliates (Fig. 3B; He et al.
2022b). This review focuses on the mammalian telomere

maintenance system, which can be generalized to most
metazoans (Myler et al. 2021). Despite differences in reg-
ulation across species, the core functional interaction be-
tween CST and Polα/Primase remains constant (Fig. 3B).
Given the presence of CST in metazoans, fungi, ciliates,
and plants, it is reasonable to conclude that CST was al-
ready present in the first eukaryote, as predicted by Lue
(2018).

C-strand maintenance by CST–Polα/Primase

The role of CST in telomere fill-in was first observed in
mouse cells. At mouse telomeres, CST is recruited by
one of the two POT1 paralogs (POT1a and POT1b) that
evolved through a duplication of the POT1 gene and
gained distinct functions (Hockemeyer et al. 2006; Wu
et al. 2006). POT1a is dedicated to the repression of ATR
signaling at the ss telomeric DNA, whereas POT1b serves
to recruit CST (Denchi and de Lange 2007;Wu et al. 2012).
The first hint that POT1b is instrumental for telomere
maintenance came from telomerase-negative mouse
cells, where POT1b deletion results in exaggerated telo-
mere shortening that ultimately impairs telomere func-
tion (Hockemeyer et al. 2008). This phenotype was not
understood until it became clear that POT1b recruits
CST to telomeres (Wu et al. 2012). When POT1b is mutat-
ed so that it no longer interacts with CST, the telomeric
overhangs remain excessively long, as they do if Stn1 is de-
pleted with an shRNA. In the presence of CST and wild-
type POT1b, the fill-in synthesis at both daughter telo-
meres shortens the overhangs in late S/G2 (Wu et al.
2012). Similarly, in human cells, Stn1 depletion leads to
abnormally long 3′ overhangs due to a defect in the late
S/G2 fill-in synthesis (Wang et al. 2012).
Clever experiments using density gradient separation of

BrdU-labeledDNAhave shown that fill-in synthesis takes
place after telomerase has extended the 3′ end (Zhao et al.
2009; Wang et al. 2012). Since telomerase requires a 3′

overhang (Rivera and Blackburn 2004; Lei et al. 2005),
the elongation of the G-strand must be preceded by 5′ re-
section of the blunt leading end telomere. The order of
events at telomeres therefore appears to be replication, re-
section, extension by telomerase, and last, CST–Polα/Pri-
mase fill-in (Fig. 2).
Human cells tolerate lack of telomere fill-in synthesis

to some extent. Depending on the length of the telomeres,
it can take many cell divisions before lagging strand syn-
thesis and resection have shortened the C-rich strands
enough to curb telomere protection. Analogously, the
long telomeres of POT1b-deficient mouse embryonic fi-
broblasts (MEFs) sustain tens of population doublings in
the absence of CST-mediated fill-in (Hockemeyer et al.
2008). On the other hand, human cancer cell lines with
very short telomeres are highly sensitive to depletion of
CST (Hu et al. 2021).
Interestingly, POT1b KOmice are viable only when tel-

omerase is present, and the rate of telomere shortening in
POT1b KO MEFs is diminished by telomerase expression
(Hockemeyer et al. 2008). How could telomerase make a

CS–Polα/Primase
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difference between life and death if it has no role in C-
strand maintenance? The most reasonable explanation
is that telomerase, freed from its inhibition byCST, gener-
ates very long overhangs in POT1b KO cells. These ex-
tended overhangs may overwhelm the ability of POT1a
to block ATR kinase signaling, leading to ATR- and
53BP1-dependent recruitment of CST–Polα/Primase, sim-
ilar towhat happens at resectedDSBs or telomeres lacking
both POT1a and POT1b (Mirman et al. 2018, 2023; Mir-
man and de Lange 2020). This DDR-dependent loading
and fill-in by CST–Polα/Primase likely mitigates C-strand
loss (and dampens further ATR signaling) and thus pro-
motes the viability of POT1b KO mice expressing
telomerase.

A remaining question regarding the fill-in synthesis re-
action concerns where fill-in starts and how the initiation
is regulated. Since all telomeres carry a 3′ overhang even
when telomerase is absent, fill-in is unlikely to start at
the 3′ tip as seen at some DSBs (Schimmel et al. 2021).
Given the preference of Primase for initiating RNA syn-
thesis at two consecutive pyrimidines (Hay et al. 1984;
Yamaguchi et al. 1985), the telomeric TTAGGG repeats
represent a unique templatewith Primase start sites every
6 nt. Indeed, in vitro, CST–Polα/Primase initiates primer
synthesis at sites spaced 6 nt apart along a telomeric tem-
plate (He et al. 2022a; Zaug et al. 2022). On the shortest
templates that yield a product (five or six repeats), synthe-
sis starts ∼6 nt from the 3′ end. Similarly, the most termi-
nal initiation event on a template of nine repeats appears
to take place in the second repeat (Zaug et al. 2022). This
would suggest that CST–Polα/Primase can create telo-
meres with an overhang of just 6 nt. This is puzzling
because telomeric overhangs are generally >40 nt in
length. Although the addition of purified POT1/TPP1 to
the in vitro reactions did not alter the products, it may
be that the recently described POT1/TPP1 complex bound
to CST will have a different effect (Cai et al. 2023).

Another longstanding curiosity is that most human
telomeres terminatewith the sequence CCAATC-5′ (Sfeir
et al. 2005). One possible explanation for this register spe-
cificity again invokes the biochemistry of Primase (Sheaff
and Kuchta 1993), where Primase could synthesize one
major 10-nt product (5′-AACCCUAACC-3′) on the telo-
meric template, and removal of this specific terminal
RNA primer dictates the 5′ end sequence. In vitro,
CST–Polα/Primase does initiate with a major RNA prod-
uct, but it is 8 nt long (5′-AACCCUAA-3′), and removal
of this primer would result in 5′ ends with the sequence
AATCCC-5′ (Zaug et al. 2022). It remains to be deter-
mined whether CST–Polα/Primase synthesizes the same
length RNA primer in vivo. Whether telomeric fill-in
products are processed similarly to Okazaki fragments is
another open question in this area.

Telomere length control by CST

It has long been known that TRF1, TIN2, and POT1 pre-
vent excessive telomerase-mediated elongation at indi-
vidual telomere ends (van Steensel and de Lange 1997;

Kim et al. 1999; Loayza and De Lange 2003), enforcing
the telomere length homeostasis critical to human health.
The telomere length effects of these three shelterin sub-
units were primarily observed with dominant-negative al-
leles that, while affecting telomere length control, are not
sufficiently penetrant to interfere with the essential pro-
tective role of shelterin. Indeed, TIN2 and POT1 are hap-
loinsufficient for telomere length control, but loss of one
allele of TIN2 or POT1 does not diminish telomere protec-
tion (Schmutz et al. 2020; Kim et al. 2021).

A commonmodel for telomere length regulation (Fig. 4)
poses that long telomeres contain more TRF1/TIN2/
POT1, so that within each nucleus, telomerase is blocked
at long telomeres but not at the short ones (for review, see
Hockemeyer and Collins 2015). Indeed, mammalian telo-
merase extends the shortest telomeres preferentially (Zhu
et al. 1998; Ouellette et al. 2000). Chromatin immunopre-
cipitation (ChIP) experiments showed that the density of
these three proteins per kilobase of telomeric DNA is
the same in cells with long and short telomeres (Loayza
and de Lange 2003). Therefore, the higher total number
of TRF1/TIN2/POT1 per telomere is predicted to enforce
greater inhibition of telomerase at long telomeres. How-
ever, the critical question of whether the shortest telo-
meres in each nucleus indeed contain less shelterin than
the longer telomeres has not been addressed.

Mounting evidence indicates that CST, possibly togeth-
er with Polα/Primase, acts as the effector in the
TRF1–TIN2–POT1 telomere length homeostasis path-
way. Inhibition of either Ctc1 or Stn1 leads to dramatic
telomere elongation mediated by telomerase (Chen et al.
2012; Feng et al. 2017), and a POT1 point mutation that
leads to loss of fill-in synthesis by CST–Polα/Primase
also abrogates telomere length control (Takai et al.
2016). Ten1, on the other hand, is not required for telome-
rase inhibition (Feng et al. 2018), though telomere length
increase was observed in another study using a Ten1
shRNA (Chen et al. 2012).

Two nonmutually exclusivemodels for CST-dependent
telomere length control can be considered. In the first
model, the binding of CST to the 3′ overhang blocks telo-
merase from further extending its product (Chen et al.
2012; Chen and Lingner 2013; Zaug et al. 2021). Telome-
rase has been shown to act at all telomeres immediately
after their replication, implying that this first extension
step is unlikely to be regulated by telomere length (Zhao
et al. 2009), but these experiments were done under condi-
tions in which all telomeres were approximately equal in
length. CST-mediated fill-in synthesis occurs hours later,
and it may be at this point that CST prevents telomerase
from executing a second round of G-strand extension at
the shortest telomeres. In vitro, CST binding to ss
TTAGGG repeats blocks telomerase from acting at the
3′ end, though CST is incapable of evicting telomerase
that is already engaged on the DNA terminus (Chen
et al. 2012; Zaug et al. 2021). Furthermore, CST competes
for the ss telomeric DNA with POT1/TPP1 (Chen et al.
2012), which when bound to the telomerase primer can
promote the processivity of telomerase repeat addition
(Wang et al. 2007). These biochemical findings suggest
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that CST itself could limit telomerase through its DNA-
binding activity.
In the second model, CST would prevent the recruit-

ment of telomerase via protein–protein interactions. Tel-
omerase is recruited to telomeres through an interaction
between hTERT and the TEL patch of TPP1 (Abreu et al.
2010; Nandakumar et al. 2012; Zhong et al. 2012; Liu
et al. 2022; Sekne et al. 2022). Live-cell imaging suggests
that this interaction is labile and distinct from the more
stable interaction of telomerase with the 3′ overhang
(Schmidt et al. 2016; Laprade et al. 2020). Since telomere
elongation is abrogated when telomeres lack the TPP1
TEL patch, it appears that the TPP1-dependent initial re-
cruitment of telomerase is a required first step in shep-
herding the enzyme to the 3′ end. Like telomerase, CST
binds to TPP1 (as well as POT1), and it is conceivable
that its presence on the POT1/TPP1 heterodimer inter-
feres with the loading of telomerase. However, recent
cryo-EM structures of CST–POT1/TPP1, discussed fur-
ther below, argue against inhibition by direct protein–pro-
tein competition, as CST does not interact with the TPP1
TEL patch (Cai et al. 2023). Instead, CST interacts with
the TPP1 TIN2-interacting domain, and loss of this inter-
action results in extensive telomere elongation (Cai et al.
2023; Wang et al. 2023). This interaction is competitive
with TPP1 binding to TIN2, which is required to keep
POT1/TPP1 associated with the rest of shelterin (Takai
et al. 2011; Frescas and de Lange 2014; Cai et al. 2023).
The mechanism by which the CST–TPP1 interaction in-
hibits telomerase is unclear.
The recruitment of telomerase by TPP1 represents a

confounding aspect of telomere length regulation. A prio-
ri, one could expect that longer telomeres, which contain
more TPP1, will recruit more telomerase and become
preferentially elongated. This is clearly not the case.

One possibility is that telomerase recruitment by TPP1,
though dependent on the number of TPP1 molecules per
telomere, does not affect how telomerase acts at the telo-
mere terminus. Indeed, most TPP1-dependent interac-
tions of telomerase with telomeres are transient and
most likely will not result in telomere extension (Schmidt
et al. 2016). A second possibility is that the initial recruit-
ment of telomerase by TPP1 relates only to the first round
of extension by telomerase, when all telomeres are elon-
gated regardless of their length. After this initial
extension, telomerase could remain associated with the
3′ end, and telomere length homeostasis could act at the
second step, preventing telomerase from further exten-
sion at the longest telomeres. In agreement, the POT1-
ΔOB allele that leads to excessive telomere elongation
(Loayza et al. 2004) does not affect the recruitment of tel-
omerase by TPP1 but increases the stable association of
telomerase with the ss telomeric DNA (Laprade et al.
2020). If telomere length control—and thus CST—indeed
plays out at this second step, the model posing that CST
binding to the ss telomeric DNA blocks telomerase is
more likely to be correct.
A second issue that remains to be addressed is the role of

Polα/Primase in telomere length control. In vitro, Polα/
Primase does not affect CST’s ability to prevent telome-
rase initiation by DNA binding (Zaug et al. 2021). Howev-
er, in both yeast and mammals, temperature-sensitive
mutations in Polα lead to telomere elongation (Carson
and Hartwell 1985; Nakamura et al. 2005), suggesting
that CST may work with Polα/Primase to control telo-
mere length in vivo. Furthermore, disruption of the inter-
action between CST and Polα/Primase increases the
recruitment of telomerase to telomeres (Gu et al. 2018).
If Polα/Primase contributes to telomere length control,
it will be important to understand in what state it acts

Figure 4. Protein-counting model for telomere length homeostasis. (Top) At long telomeres, more shelterin is present, and telomerase is
prevented from acting (in cis) by TRF1, TIN2, and POT1. (Bottom) At short telomeres, which contain less shelterin, the inhibition of tel-
omerase is alleviated, allowing telomere elongation. CST is thought to inhibit telomerase as a downstream effector of shelterin, but the
mechanism by which it factors into the protein-counting model described remains an outstanding question. The role of Polα/Primase in
telomerase inhibition is unknown.
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(recruitment complex-like or preinitiation complex-like)
(discussed below).

Regardless of these mechanistic considerations, several
questions deserve immediate attention. First, it needs to
be established that longer telomeres in any given nucleus
contain more TRF1, TIN2, POT1, and perhaps CST than
the shorter ones. Because of the low abundance of both
POT1 and CST, antibodies to the endogenous proteins
are not likely to be of use, and new tools will have to be
developed for quantitative analysis. Second, it is predicted
that the dominant-negative alleles of TRF1, TIN2, and
POT1 will reduce the loading of CST at telomeres. If
this is not the case, it will be hard to argue that CST
acts downstream from these shelterin subunits in a pro-
tein-counting system, and alternative models will have
to be entertained. Finally, it will be important to deter-
mine the positional distribution of TRF1, TIN2, POT1,
and CST throughout the telomeric chromatin, as previ-
ously suggested (Lim and Cech 2021).

Cryo-EM structures of CST–Polα/Primase: recruitment
and preinitiation complexes

Recent cryo-EM structures of CST–Polα/Primase have il-
luminated some of the molecular cogs and levers of this
enigmatic complex, providing insights into regulation
and activation of the fill-in machinery (Fig. 5; Cai et al.
2022; He et al. 2022a,b). These structures show CST is in-
deed a specialized accessory factor for the regulation of
Polα/Primase, participating in multiple modes of interac-
tion with the enzyme.

The first cryo-EM structure of human CST–Polα/Pri-
mase showed the complex inwhat is proposed to be the re-
cruitment state (Fig. 5A; Cai et al. 2022). In this
recruitment complex (RC), CST binds Polα/Primase in
an autoinhibited state stabilized by chemical cross-link-
ing (Baranovskiy et al. 2016; Kilkenny et al. 2022). The
RC may represent the structure of CST–Polα/Primase as
it is recruited to the telomere, prior to activation of the
complex for fill-in synthesis. Although it is not visible
in the cryo-EM map, ss telomeric DNA is present in the
cross-linked sample, and its position is inferred by the
loss of Stn1C binding at the DNA anchor site on Ctc1,
which has been previously observed in ssDNA-bound
CST (Lim et al. 2020; Cai et al. 2022).

The binding of CST to Polα/Primase in the RC is medi-
ated by the POLA1 C-terminal domain (POLA1CTD) and
theCtc1N-terminal domain (Fig. 5D). Half of the interact-
ing cleft in Ctc1 is formed by OB-D, a specialized OB fold
that adopts a stretched architecture that is divergent from
any other describedOB fold inRPA or otherCST complex-
es (Lim et al. 2020). The other half of the Ctc1 cleft inter-
actswith a conserved loop in POLA1CTD, termed the Ctc1
recognition loop (CRL) (Fig. 5D). The two relevant motifs
for RC formation, the CRL and the Ctc1 N-terminal
domain, are conserved in metazoans, whereas CST–
Polα/Primase in many unicellular eukaryotes have lost
these features (Fig. 5D; Cai et al. 2022). Importantly, the
RC and RC-like conformations could potentially explain

why CP mutations in the N-terminal domain have been
observed to disrupt CST–Polα/Primase complex forma-
tion (Chen et al. 2013; Gu et al. 2018). Specifically, the
V665G mutation resides on a β-strand in OB-D, which
constitutes a major part of the RC interface. A destabiliz-
ing mutation in this OB fold would affect the interaction.
The A227V and V265Mmutations are found in OB-B, and
many more mutations have since been identified in this
OB fold after the initial characterization of A227V and
V265M (Fig. 5D). It is likely that the other mutations in
OB-B may affect CST–Polα/Primase complex formation
in a similar manner. Interestingly, OB-B is not involved
in the interface of the 4.6-Å RC structure, but low-resolu-
tion cryo-EM data suggest that OB-B interacts with
POLA2 in an RC-like conformation of CST–Polα/Primase
(Cai et al. 2022). Indeed, the POLA2 N-terminal domain
(POLA2NTD) is predicted to interact with the N-terminal
domain of Ctc1 (Cai et al. 2023).

Human CST–Polα/Primase was also captured in a dis-
tinct conformation that is dependent on ssDNA and pro-
posed to represent a preinitiation complex (PIC) (Fig. 5B;
He et al. 2022a). A major conformational change needs
to take place to remodel the RC into the PIC. In the PIC,
Polα/Primase is held in its extended state by Stn1, Ten1,
and the Ctc1 C terminus. CST forms a platform for the
ss telomeric DNA template and scaffolds the primase
and polymerase catalytic centers in a single plane, provid-
ing a structural basis for CST-mediated stimulation of the
enzymatic activity. Strikingly, both CST and Polα/Pri-
mase use a completely different set of interfaces in the
RC and PIC. Neither the Ctc1 N-terminal domain nor
the POLA1 CRL is involved in the PIC, and the residues
mutated in CP that affect the association of CST with
Polα/Primase (V665G, A227V, and V265M) (Chen et al.
2013; Gu et al. 2018) are not involved in PIC formation
(Fig. 5B). It is interesting to note that CP mutations are
not found at PIC-specific interfaces. Such mutations
may still surface, or perhaps the predominance of muta-
tions affecting RC formation indicates that it is the limit-
ing step in the fill-in reaction. The other CP mutations in
CST appear to affect CST recruitment (discussed below),
DNA binding, or formation of the CST heterotrimer or
are yet uncharacterized mutations in regions that do not
map to protein–protein interfaces (Fig. 5D).

Stn1, Ten1, and the Ctc1 C terminus form the trimeri-
zation core of CST that is the most conserved half of the
complex (Figs. 3A, 5D). Another recent structure deter-
mined of Tetrahymena thermophila (Tt) telomerase–
CST–POLA1 bound to ss telomeric DNA supports a con-
servedmode of interaction between the trimerization core
and Polα/Primase (He et al. 2022b). TtCST is different
frommetazoan CST in twomajor aspects: TtCST is a con-
stitutive component of the Tetrahymena telomerase ho-
loenzyme, and TtCtc1 only has three OB folds that are
orthologous to the metazoan Ctc1 C-terminal OB folds
E, F, and G (Fig. 3A). Although they are orthologous and
the trimerization core is conserved, the Tetrahymena
CST components differ in structure from metazoan
CST, and there are altered CST–Polα interaction interfac-
es. Despite these differences, the overall architecture of
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Figure 5. Cryo-EM structures of CST–Polα/Primase and CST–POT1/TPP1. (A,B) Structures of CST–Polα/Primase in the recruitment
(Cai et al. 2022) and preinitiation (He et al. 2022a) complex conformations, shown in cartoon and surface representations. The cartoon
representation of CST is colored by domain as in Figure 3A, and the surface representation is colored as in Figure 1 ([purple] Ctc1, [light
pink] Stn1, [lavender] Ten1). ssDNA is shown as a magenta surface, and residues mutated in CP are shown as spheres and colored as inD.
(C ) Structure of humanCST bound to POT1/TPP1 in the presence of telomeric ssDNA (Cai et al. 2023). Colors are the same as inD and E.
(D) Domain schematics of CST and Polα/Primase. Hypomorphic CP mutations in CST are indicated and colored as described here. (Red)
Mutations described to disrupt Polα/Primase association, (lime green) mutations affecting POT1 binding, (blue) mutations affecting DNA
binding, (orange) mutations disrupting CST trimerization and complex formation, (black) mutations with unknown mechanism. Null
mutations in CST are not shown. CST domains are colored as in Figure 3A. (NTD) N-terminal domain, (EXO) inactive exonuclease,
(CTD) C-terminal domain, (OB) OB fold, (PDE) phosphodiesterase-like domain, (wH) winged helix–turn–helix. Dashed lines indicate re-
gions notmodeled in cryo-EM structures. (Bottom left) POLA1–Ctc1 interaction in the RC. TheCRL is highlighted in cyan. (Bottom right)
Comparison of POLA1CTDAlphaFold2 (Jumper et al. 2021)models from invertebrates and Tetrahymena showing that the CRL is not con-
served in organisms that do not have a corresponding Ctc1 N-terminal domain. (E) Domain schematics and cartoon representation of
POT1/TPP1. (HJRL) Holliday junction resolvase-like domain, (RD) POT1 recruitment domain, (TID) TIN2-interacting domain. Dashed
lines indicate regions not modeled in cryo-EM structures.
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TtCST bound to TtPOLA1 resembles the human PIC,
where POLA1 sits on an interface formed by the Ctc1 C
terminus, Stn1C, and ss telomeric DNA. The presence of
this complex suggests that the synthesis of the telomeric
G-rich and C-rich strands are executed by a single com-
plex in Tetrahymena, but it remains to be tested whether
and how this allows a direct handoff of the telomerase
product to CST–Polα/Primase (He et al. 2022b).

Because metazoan CST–Polα/Primase is not embedded
in telomerase and does not interact with the enzyme, it
can be recruited to telomeres independently (Fig. 3B).
Such independent recruitment allows the two telomere
maintenance enzymes to be independently regulated
and permits fill-in synthesis in cells lacking telomerase,
a unique condition in humans and in some other
metazoans.

POT1 recruits and regulates CST–Polα/Primase at
telomeres

The DNA-binding activity of CST is not sufficient to en-
sure its presence at telomeres. CST–Polα/Primase is
brought to telomeres through the interaction between
CST and POT1/TPP1, the heterodimer in shelterin that
interacts with ss telomeric DNA (Fig. 1). Human CST
has been shown to interact with TPP1 in coimmunopreci-
pitation (co-IP) studies (Wan et al. 2009) and with POT1 in
yeast two-hybrid experiments (Chen et al. 2012), and a CP
mutation in POT1 (S322L) interferes withCST function at
telomeres (Takai et al. 2016). AlthoughCST is recruited to
mouse telomeres by POT1b (Wu et al. 2012), human
POT1 does not form a complex with CST detectable in
co-IP experiments. It was therefore assumed that human
CST, unlike mouse CST, is primarily recruited by TPP1.
However, amutation inCtc1 that abolishes its interaction
with TPP1 has no effect on telomere fill-in synthesis
(Wang et al. 2023).

Recent cryo-EM structures of human CST bound to
POT1/TPP1 reveal that POT1 is the main interactor
that likely brings CST to telomeres (Fig. 5C; Cai et al.
2023). POT1 uses interfaces that are conserved with
mouse POT1b to recruit CST. Importantly, the interac-
tion between human POT1 and CST requires phosphory-
lation of POT1, explaining the negative co-IP data and
providing a mechanism for cell cycle-dependent regula-
tion of CST at telomeres.

POT1, which is known to be highly flexible (Smith et al.
2022; Zinder et al. 2022), is stabilized in a single conforma-
tion by Ctc1 binding at multiple interfaces (Fig. 5C,E; Cai
et al. 2023). The primary interaction is formed between
the POT1 C terminus (the split OB-3/HJRL) and the
Ctc1 ARODL and OB-D. The POT1 CP mutation
(S322L) likely prevents the formation of a critical intramo-
lecular salt bridge that locks the Ctc1-interacting region
of POT1 in place. The Ctc1 CP mutation H484P maps
directly to the interface between Ctc1 and POT1, and
Ctc1 G503R is predicted to destabilize the hydrophobic
core of the ARODL, which is important in the interaction
(Fig. 5C–E).

At a separate interface, the OB folds of the ssDNA-bind-
ing domain in the POT1 N terminus interact with Ctc1
and Stn1C (Fig. 5C). This region of CST is involved in sev-
eral protein–protein interactions that depend on ssDNA,
including PIC formation (Fig. 5B) and CST oligomeriza-
tion (Lim et al. 2020; He et al. 2022a). In the CST–
POT1/TPP1 complex, POT1 is bound to ssDNA and
blocks the Ctc1 ssDNA anchor site. Comparison of the
CST–POT1/TPP1 structure with the CST–Polα/Primase
structures indicates that POT1/TPP1 binding to CST pre-
cludes PIC formation but is compatible with the RC (Fig.
5A–C; Cai et al. 2023).

The observation that POT1 binds toCSTonlywhen it is
phosphorylated suggests a model for CST–Polα/Primase
recruitment and regulation (Fig. 6; Cai et al. 2023). Follow-
ing DNA replication, CST–Polα/Primase is recruited to
the telomere in the RC state by a phosphorylated POT1.
Sequestration of CST–Polα/Primase in the inactive state
by POT1 can account for the temporal delay between rep-
lication and fill-in, creating awindow for telomerase to act
(Zhao et al. 2009; Wang et al. 2012). According to this
model, a switch occurs upon dephosphorylation of
POT1 that releases CST–Polα/Primase to form the PIC
and initiate fill-in (Fig. 6; He et al. 2022a; Cai et al.
2023). It is predicted that the kinases involved are cell cy-
cle-regulated, but their identity remains an open question.

The effects of Coats plus mutations on telomere
maintenance

CP patients generally have compound heterozygous mu-
tations in CTC1 or STN1, with one allele being nonfunc-
tional (e.g., a frameshift mutation) and the other showing
a partial loss of function (shown in Fig. 5D). This com-
pound genotype explains why CP is rare, and the presence
of one hypomorphic allele, rather than LOF mutations in
both alleles, is consistent with CST being required for
long-term cell viability. The parents of CP patients have
no notable symptoms, indicating that the hypomorphic
alleles do not lead to a phenotype unless the other allele
is not functional (Anderson et al. 2012; Keller et al.
2012; Polvi et al. 2012; Walne et al. 2013; Netravathi
et al. 2015; Simon et al. 2016; Takai et al. 2016; Lin
et al. 2017; Hidalgo-Sanz et al. 2019; Passi et al. 2020).
No CP mutations in the TEN1 gene have been reported
but they may be identified in the future. There is also a
possibility thatmutations in Polα/Primase could be found
to cause CP, though suchmutations would have to be spe-
cific to the interaction with CSTwithout affecting the ca-
nonical replication function of the enzyme. In the two
(related) CP cases ascribed to a POT1 defect, both POT1
alleles have the same sequence alteration that results in
a S322L change (Fig. 5E). Cells expressing only POT1S322L

show defects in the CST-related functions of POT1 but re-
tain the ability to protect their telomeres from ATR sig-
naling, which is the essential function of POT1 (Takai
et al. 2016).

CP mutations are expected to manifest milder versions
of the telomeric phenotypes observed in cells lacking
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CST, which include C-strand shortening and extension of
the G-strand (when telomerase is present), as well as sto-
chastic telomere loss resulting from excessive and unmit-
igated C-strand resection (Stewart et al. 2012; Wang et al.
2012; Takai et al. 2016; Feng et al. 2017, 2018; Gu et al.
2018; Zhang et al. 2019). Additionally, metaphase chro-
mosomes in cells lacking CST can show disrupted telo-
meric FISH signals (referred to as fragile telomeres) (Sfeir
et al. 2009) that report on problems in the replication of
the double-stranded telomeric DNA (Price et al. 2010;
Wang et al. 2012).

Ideally, the effects of CP mutations would be studied in
cell culture systems that reflect the patient genotypes.
However, preliminary studies using co-IP and overexpres-
sion systems have already revealed the mechanism by
which a subset of CP mutations in Ctc1 affects CST–
Polα/Primase function (Chen et al. 2013; Gu and Chang
2013). As mentioned above, three mutations (highlighted
in red in Fig. 5), including one near the Ctc1–POLA1 CRL
interface (Fig. 5A,D), diminish the interaction with Polα/
Primase, resulting in little nuclear CST and defective telo-
meric accumulation of the complex (Chen et al. 2013; Gu
et al. 2018). These data are consistent with the partial de-
pendence of CST on Polα/Primase for nuclear import
(Kelich et al. 2021).
Twomutations in the OB-F part of the Ctc1 DNA-bind-

ing domain (R975G and C985D) (colored blue in Fig. 5)
strongly diminish the interaction of CSTwith DNAwith-
out affecting its association with Polα/Primase or Stn1/
Ten1. Importantly, these versions of Ctc1 accumulate at
telomeres, demonstrating that DNA binding by CST is
not required for its recruitment to the telomeric chroma-
tin. A third mutation in OB-F (R987W) similarly affects
the DNA-binding activity without diminishing the inter-
action of Ctc1with its binding partners. Interestingly, this
mutant has a greater defect in nuclear localization even
though its interaction with Polα/Primase in co-IP appears
normal. However, the portion of nuclear CST in this mu-
tant does still associate with telomeres based on ChIP
(Chen et al. 2013).
The G503R in the ARODL domain appears to behave

like wild-type Ctc1 in terms of DNA binding and interac-
tion with Stn1/Ten1 and Polα/Primase (Chen et al. 2013).
Nevertheless, this protein, while nuclear, does not accu-
mulate at telomeres, suggesting a recruitment defect. In-
deed, G503R is predicted to destabilize the ARODL
domain, which is critical for POT1 binding (Cai et al.
2023). Remarkably, the expression of the G503R mutant
interferes with the regulation of telomere length by the
endogenous wild-type CST, indicating that the minute
amount of G503R protein at telomeres exerts a domi-
nant-negative effect (Chen et al. 2013).
Finally, the R840W and V871M mutants in OB-E are

mysterious in that they appear to behave like wild-type
Ctc1 in all assays (Chen et al. 2013). Perhaps these alleles
and a handful of newly described patient mutations (col-
ored black in Fig. 5) will reveal their defects when they
are tested in a setting that recapitulates the genotype of
the patient.
Why is the presentation of Coats plus so different from

dyskeratosis congenita?One proffered explanation (Zhang
et al. 2019) is that, unlike themutations in the telomerase
pathway, the defects in CST could also affect nontelo-
meric sites in the genome. Indeed, CST (possibly along-
side Polα/Primase) functions at genome-wide sites of
replication stress, where it promotes the unfolding of G4
structures and replication fork restart and additionally af-
fects the firing of dormant origins. The reported interac-
tions of CST with Rad51, AND-1, and the MCM
proteins in the replicative helicase (for review, see Stewart
et al. 2018) are likely relevant to these extratelomeric

Figure 6. Model for fill-in regulation by shelterin. Cartoon sche-
matic depicting the model for shelterin-mediated regulation of
fill-in by CST–Polα/Primase. Following DNA replication, CST–
Polα/Primase is recruited to the telomere in the autoinhibited
RC state by phosphorylated POT1. 5′ end resection by Apollo
and Exo1 creates a 3′ overhang, which can then be extended by
telomerase. During the 5′ resection and 3′ extension steps,
CST–Polα/Primase is held inactive by POT1, accounting for the
known temporal delay between replication and fill-in. Upon
dephosphorylation of POT1 by a hypothetical cell cycle-depen-
dent switch, CST–Polα/Primase is released from shelterin to
the ss telomeric DNA, where it can readily form the PIC and ini-
tiate fill-in synthesis to produce mature G1 telomeres.
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roles of CST. However, one argument against a role for
loss of nontelomeric CST functions in the pathogenesis
of CP is the finding of a POT1 mutation in CP patients
(Takai et al. 2016). Since POT1 is unlikely to contribute
to the genome-wide DNA replication function of CST,
these CP cases show that the full spectrum of CP symp-
toms can arise from lack of the telomere-specific function
of CST. At present, therefore, it remains a mystery why
mutations in the two telomere maintenance machines
lead to different disease manifestations. To make matters
more complex, the Ctc1 C985Dmutation found in CP pa-
tients is also the cause of at least three cases of DC or a
DC-like presentation (Walne et al. 2013; Shen et al.
2019; Han et al. 2020).

Perspective

From its humble beginnings as yet another “accessory fac-
tor” to the replication machinery, CST has emerged as a
new master regulator of telomere length that influences
both C-strand and G-strand synthesis through
CST–Polα/Primase fill-in and telomerase inhibition, re-
spectively. Decades of genetic studies combined with
the recent power of cryo-EM have provided insights into
the structure, function, and evolution of this new (but in
the evolutionary scale, ancient) telomere maintenance
machine. It will be exciting to see further advances in
our understanding of the interplay between CST–Polα/
Primase, telomerase, and shelterin and in the characteri-
zation of molecular missteps in this dance that cause hu-
man disease.
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