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CST for the grand finale of telomere replication
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elomeric DNA at eukaryotic chro-

mosome ends terminates with sin-
gle stranded 3' G-rich overhangs. The
overhang is generated by the interplay
of several dynamic processes includ-
DNA
tion, 3" end elongation by telomerase,

ing semiconservative replica-
C-strand fill-in synthesis and nucleo-
lytic processing. The mammalian CST
(CTCI1-STN1-TEN1) complex is directly
involved at several stages of telomere
end formation. Elucidation of its struc-
tural organization and identification of
interaction partners support the notion
that mammalian CST is, as its yeast
counterpart, a RPA-like complex. CST
binding at mammalian telomere 3' over-
hangs increases upon their elongation by
telomerase. Formation of a trimeric CST
complex at telomeric 3' overhangs leads
to telomerase inhibition and at the same
time mediates a physical interaction with
DNA polymerase-a.. Thus CST seems to
play critical roles in coordinating telom-
erase elongation and fill-in synthesis to
complete telomere replication.

Telomeres and Telomere
Replication Problems

In eukaryotes, the natural chromosome
termini dodge the surveillance by the
DNA repair machinery through forming
a specialized structure.! Loss of telomere
integrity triggers a DNA damage response
and repair activities that cause genomic
instability and proliferative defects. In
most eukaryotes, telomeres are com-
prised of long segments of DNA duplexes
consisting of short tandem repetitive
sequences, and terminate with 3'-pro-
truding G-rich overhangs. In mammals,
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telomeres are associated with the shel-
terin protein complex comprising TRF1,
TRF2, RAP1, TIN2, TPP1 and POTT1.!
TRF1 and TRF2 bind double-stranded
telomeric DNA  directly. Heterodimers
of POT1-TPP1, which bind telomeric 3'
overhangs are delivered to telomere ter-
mini via TIN2, which interacts with the
duplex binding proteins TRF1 and TRF2.
In addition, a conserved trimeric protein
complex termed CST (CTCI-STNI-
TENT1) also associates with telomeres.

The end-replication problem invokes
that in the absence of telomerase telo-
meres shorten upon semiconservative
DNA replication. Telomeric DNA strands
replicated by lagging-strand synthesis
may shorten because of the removal of
the ultimate RNA primers. Telomeric
strands replicated by leading strand syn-
thesis must shorten because the blunt-
ended leading strand products that may
be produced transiently become processed
by nucleases in order to generate 3' over-
hangs.>? Telomerase extends the telo-
meric G strands by reverse transcription
of the telomerase RNA template.® The
subsequent fill-in synthesis of the comple-
mentary C-strand may complete end repli-
cation. In addition, the repetitive telomere
sequences are replication barriers that
interfere with replication fork progression
and can cause telomere instability.

Mammalian CST is a RPA-Like
Complex Binding to Telomeres

CST was first identified in Saccharomyces
cerevisiae (S. cerevisiae) as a trimeric
complex consisting of Cdcl3, Stnl and
Tenl.° Later CST was also found in mul-
ticellular organisms, including plants and
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Figure 1. Domain topology of the hRPA, ScCST, and hCST complexes. The OB folds (red: structures solved, pink: structures available from other yeasts,
blue: predicted) and winged helix-turn-helix (WH) motifs (purple) are presented. The putative OB folds in hCST are assigned according to reference 13.
Interaction domains between subunits of each complex are indicated by shaded areas. The domains in hRPA70 and ScCdc13 mediating other protein
interactions and ssDNA binding are highlighted with the double arrow. The telomerase-recruitment domain (RD) domain in ScCdc13 mediates EST1

vertebrates.”® Stnl and Tenl are well con-
served throughout evolution whereas S.
cerevisiae Cdcl3 bears only little sequence
similarity with the putative vertebrate
ortholog which is referred to as CTCl
(conserved telomere maintenance compo-
nent 1). S. cerevisiae CST is structurally
related to the heterotrimeric replication
protein A (RPA)-complex.® Structural
studies revealed that the components of
S. cerevisiae CST contain OB folds with
a similar domain organization and struc-
tural identity as RPA (Fig. 1).” In addi-
tion, the C-terminus of ScStnl comprises
winged helix-turn-helix (WHTH) motifs
analogous to that of RPA32.1° ScStnl
interacts with the C-terminus of ScCdc13
via its wHTH motifs, and with ScTenl via
its N-terminal putative OB fold. Like the
RPA complex, yeast CST binds ssDNA.
However, S. cerevisinze CST specifically
binds the telomeric G-rich sequence in
order to exert specific roles in coordinating
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replication events at telomeric termini,
including telomerase regulation and
C-strand fill-in synthesis. Specific rec-
ognition of telomeric ssDNA by CST in
S. cerevisiae is mediated by one of the four
OB folds of Cdcl13 (Fig. 1).

CST subunits and in particular CTC1
in vertebrates and plants show signifi-
cant sequence divergence from their yeast
orthologs.”® Although no 3D structures
are available, secondary structure predic-
tions suggest that the components of CST
in multicellular organisms also contain
OB folds (Fig. 1). Human STNI interacts
with both CTC1 and TENT1 conferring the
formation of a heterotrimeric CST com-
plex.®" Particularly, the interaction with
CTCl is meditated by STN1 N-terminal
OB-fold (Fig. 2). In this regard human
STNI1 resembles hRPA32 which uses its
OB-fold to bind hRPA70 (Fig. 1). ScStnl
on the other hand uses separate domains
to interact with Cdcl3 and Tenl (Fig.
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1). Human CST (hCST) specifically
binds to telomeric G-rich ssDNA in a size
dependent manner,” and Xenopus laevis
CST complex also shows binding prefer-
ence for G-rich sequences.'” Nevertheless,
hCST is also able to bind to long (> 50
nt) ssDNA in a sequence-independent
manner.*"! The ssDNA binding of CST
requires an intact trimeric complex and
hCTC1 and the hSTNI/hTENI1 het
erodimers do not have significant ssDNA
binding activity on their own. This is in
stark contrast to S. cerevisiae in which
Cdcl13 can bind single-stranded telomeric
DNA in the absence of its partners. The
following evidence supports the notion
that mammalian CST binds directly the
single-stranded telomeric DNA overhangs
in vivo." First, deletion of the C-terminus
of CTCl abolishes its interaction with
STNI1 and telomere association. Second,
depletion of the primary telomeric over-

hang associating protein POT-TPPI
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increases hCST telomere association, sug-
gesting that the two complexes compete
for telomere overhang binding." In addi-
tion to CST-DNA interactions, protein-
protein interactions between POT1-TPP1
and the CST complex may enhance telo-

mere association.'»'>4

CST as a Telomerase Terminator

Recently we discovered that hCST plays
crucial roles in telomerase inhibition and
telomere length homeostasis,'” a func-
tion that is also seen with yeast CST.!>1¢
Studies from the Wright and Shay-lab sug-
gested that in cancer cells telomere elon-
gation by telomerase in S phase involves
single rounds of processive elongation.””!s
This temporally limited telomerase reac-
tion is partly mediated by TPP1 which
binds and recruits telomerase to telomeres,
and stimulates telomerase processivity in
vitro when associating with POT1.12
Subsequently, the newly telomerase-
elongated telomere overhangs may serve as
a platform for hCST binding that confers
telomerase inhibition to prevent telomere
over-elongation." Indeed, perturbation of
cellular hCST function by depleting indi-
vidual components or expressing domi-
nant mutant hCTC1 unleashes telomerase
control resulting in telomere lengthening.
In addition, a transient increase of hCST
association with telomeres occurs during
S/G2 phase in dependency of telomerase
activity coinciding with telomerase inhibi-
tion. This model is also supported by in
vitro experiments in which hCST binds as
a unit to telomeric G-rich ssDNA leading
to substrate sequestration of telomerase. In
addition, the association of hCST with the
telomeric 3" overhang should also bring it
in close proximity to POTI-TPP1 pro-
moting their physical interaction which
interferes with telomerase stimulation by
POTI1-TPPI.

Genetic studies revealed that ScCdcl13,
ScStnl and ScTenl negatively regulate
telomerase when co-assembled in a tri-
meric protein complex at telomere over-
hangs at late S/G2.%*" Nevertheless,
ScCdcl3 also has an essential role for
telomerase recruitment through its inter-
action with the Estl subunit of the telom-
erase holoenzyme.” The interaction with
ScStnl may exclude ScCdcl3 from further
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Figure 2. The C-terminus of CTC1 (844-1217) interacts with the N-terminus of STN1 (1-185). (A)
Wild-type and mutant STN1-V5 were ectopically co-expressed with or without CTC1-flag in 293T
cells for co-immunoprecipitation (co-IP) with anti-flag antibody. Western blots were performed

to detect STN1-V5 and CTC1-flag proteins in cellular extracts (input) and immunoprecipitates (IP).
(B) Indicated bait (STN1) and prey (CTC1) proteins were expressed as a fusion proteins with the
Gal4-DNA binding domain and the Gal4-transcriptional activation domain, respectively, in diploid
yeast cells grown on SD (synthetic dextrose-containing minimal medium) -Trp/-Leu agar plates
for yeast two-hybrid assay. Protein interactions were detected by replica-plating and scoring for
growth on SD/-Trp/-Leu/-Ade/-His/Aba (aureobasidin A) agar plates.

associating with Estl.?! Therefore, the cell
cycle dependent telomere association of
yeast CST may allow the temporal cou-
pling of telomerase action to the following
termination events, which is reminiscent
to the situation at human telomeres.

CST in Telomere Fill-in Synthesis

Recent studies also suggest that the mam-
malian CST complex is involved in fill-in
synthesis of the telomeric C-strand.'**%
Conventional DNA replication generates
telomere leading strand daughters that are
initially blunt after replication, whereas
lagging strand daughters containing pro-
truding 3' ends as the final lagging RNA
primer is positioned away from the ends. In
addition, telomeric C-strands are resected
by cellular nucleases and the G-strands
are elongated by telomerase. These DNA
replication and telomere processing events
give rise to transient overhang extensions
that are shortened during late S/G2 phase
by the fill-in synthesis which involves
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CST.132324 The precise role of CST in
the C-strand fill-in synthesis of telomeres
remains to be determined. Interestingly, it
has been shown that DNA polymerase-a
(pola)-primase complex associates with
and is activated by CST.* Thus, it is
conceivable that CST mediates C-strand
fill-in synthesis by telomeric recruitment
and activation of DNA pola-primase. It is
worth noting that in mouse cells the func-
tion of CST in fill-in synthesis requires its
interaction with POT1b,” which is remi-
niscent of telomerase inhibition by the
interaction of CST with POT1-TPP1 as

described above.

CST Coordinates Telomerase
Inhibition and Fill-in Synthesis

Budding yeast CST presents a role for
C-strand fill-in synthesis of telomerase
elongated G-tails. The prevailing model
suggests that CST recruits DNA pola-
primase to telomere overhangs through
direct physical interactions of Cdcl3 and
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Figure 3. hCST interacts with DNA pola. STN1 and TEN1 were ectopically co-expressed in the
presence or absence of wild-type (WT) or mutant (1-1050) CTC1 in 293T cells for Co-IP using
anti-flag antibody. CTC1-flag, STN1, and endogenous DNA pola (PolAT1, catalytic subunit) were
detected by western blot. CTC1-flag (1-1050) is defective in STN1 interaction as previously demon-

Stnl with the Poll and Pol12 subunits of
DNA pola, respectively.?*?” Notably, this
CST-mediated C-strand fill-in synthesis
is coordinated with telomerase regula-
tion. Indeed, mutations in either CST
(Cdc13) or DNA pola that affect their

interactions lead to telomere lengthen-
f 2627

ing
that completion of the C-strand synthesis

Therefore, it has been proposed

may contribute to the blockage of further
telomerase action. In mammals, however,
it has yet to be tested whether a similar
inhibitory effect occurs on telomerase
upon C-strand fill-in synthesis. Consistent
with this notion, however, hypomorphic
defects of DNA pola in mouse cells
manifest a telomerase-meditated telomere
lengthening phenotype.” In addition, we
found that DNA pola interacts with wild
type hCTCl1 but not a mutant hCTC1
lacking the C-terminal hSTNT1 interaction
domain (Fig. 3). Since an intact CST com-
plex is also required for telomerase inhibi-
tion, this result would be consistent with
hCST coordinating telomerase regulation
via its interaction and stimulation of DNA
pola-primase. Thus, C-strand fill-in syn-
thesis coupled telomerase repression may
be conserved in mammals.
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Perspectives

Although CST has significant struc-
tural and functional similarities between
mammals, plants, and fungi, kingdom-
specific roles at telomeres have evolved.
Mammalian CST functions as a telomer-
ase regulator and is involved in C-strand
fill-in synthesis. However, unlike yeast
CST, it seems not required for telomer-
ase recruitment and telomere capping, as
these essential functions are fulfilled by
the other G-overhang binding complex
TPP1-POTI. Furthermore, a novel func-
tion of CST in telomere duplex replication
has been uncovered in mammals whereas
in S. cerevisiae such a function remains
elusive.?>242930 Thus, it appears that mam-
malian CST is involved in multiple tasks
of telomere replication crucial for telomere
length homeostasis and structure integrity
(Fig. 4). With the lessons from budding
yeast, it is conceivable that the various
telomeric functions are interconnected
and coordinated during dynamic pro-
cesses of telomere replication. Thus, dis-
secting the complex roles of CST function
in mammalian cells will be an exciting
and important topic of telomere biology
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research. Among others, it will rely on the
identification of separation-of-function
mutant CST proteins.

Compound heterozygous mutations in
CTCI were recently found to cause short
telomere syndromes, such as dyskerato-
sis congenita (DC) and Coats plus, but
the disease pathology is unknown.”-4
Clinically, DC and Coats plus have over-
lapping clinical manifestations, such as
bone marrow failure, but they also show
diverse disease characteristics. DC is
characterized with mucocutaneous abnor-
malities, including oral leukoplakia, nail
dystrophy, and skin hyperpigmentation,
while Coats plus is defined by exudative
retinopathy and intracranial calcifica-
tions. In addition, in contrast to telomer-
ase deficiency that is the cause of typical
short telomere syndromes, CTCl muta-
tions cause telomere shortening in some
but not all patients. Thus, these diverse
cellular and clinical phenotypes may
reflect the fact that CST has complex
cellular functions both at telomeres and
probably also at non-telomeric regions
of human chromosomes. Future work is
necessary to characterize the molecular
consequences of the mutations in CTCl,
and how they are attributed to cellular
malfunctions. This analysis may help
to delineate the complex roles of CST
in mammals and uncover the molecular
basis of the disease.
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Figure 4. CST functions for telomere replication in mammals. Replication of telomere duplexes can be hindered by ssDNA secondary structures,

such as G-quadruplexes. CST as well as shelterin proteins accompanied with cellular helicases are required for efficient telomere replication by the
conventional DNA replication apparatus. At telomere ends, telomerase is recruited by TPP1 interaction adding fresh telomere repeats to the 3' ends
(red dashed line). The telomerase reaction is terminated when CST binds to the newly telomerase-synthesized overhangs by substrate sequestration
and interaction between POT1-TPP1 and CST. Through interaction with CST, DNA pola-primase may be recruited for the C-strand fill-in synthesis (blue
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