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SUMMARY

Budding yeast Cdc13, Stn1, and Ten1 form the CST
complex to protect telomeres from lethal DNA degra-
dation. It remains unknown whether similarcomplexes
are conserved in higher eukaryotes or not. Here we
isolated mammalian STN1 and TEN1 homologs and
CTC1 (conserved telomere maintenance component
1). The three proteins contain putative OB-fold
domains and form a complex called CST, which binds
to single-stranded DNA with high affinity in
a sequence-independent manner. CST associates
with a fraction of telomeres consistently during the
cell cycle, in quiescent cells and Pot1-knockdown
cells. It does not colocalize with replication foci in S
phase. Significant increases in the abundance of
single-stranded G-strand telomeric DNA were
observed in Stn1-knockdown cells. We propose that
CST is a replication protein A (RPA)-like complex
that is not directly involved in conventional DNA repli-
cation at forks but plays a role in DNA metabolism
frequently required by telomeres.

INTRODUCTION

Telomeres play two major roles: protection and replication of

chromosomal ends (Palm and de Lange, 2008). Deprotected

telomeres undergo noxious DNA reactions, including DNA end-

to-end fusion, homologous recombination, and degradation by

nucleases, which lead to genetic instability and eventually

tumorigenesis. Telomeric DNA is composed of tandem repeats

of a short TG-rich sequence. In vertebrates, TTAGGG repeats

run toward the 30 end of DNA and are called G-strand, while

the complementary CCCTAA repeats are called C-strand.

G-strand is terminated by 50–500 nt single-stranded (ss) DNA

called G-tail.

Telomeric DNA is replicated in two ways. The conventional

semiconservative DNA replication mechanism replicates most
Mo
telomeric DNAs. Specifically, G- and C-strands are replicated

by the leading and lagging-strand syntheses, respectively.

However, due to the end replication problem, this mechanism

alone is not sufficient to maintain telomeric DNAs. Telomerase

extends G-strand, and the C-strand in this case is presumably

filled in by the lagging-strand synthesis that involves the DNA

polymerase a-primase complex, although the precise mecha-

nism is not known (Chakhparonian and Wellinger, 2003).

Telomeric DNAs and numerous proteins form protein-DNA

complexes that achieve the telomere functions. Pot1, a G-tail-

binding protein, plays a critical role in a wide range of organisms.

In fission yeast, loss of Pot1 leads to immediate cell death due to

failure of telomere protection (Baumann and Cech, 2001). In

mammals, Pot1 regulates telomere replication by telomerase

(Wang et al., 2007).

In budding yeast, Cdc13 is the major G-tail-binding protein.

Cdc13 specifically binds ss telomeric DNA and is essential for

viability (Lin and Zakian, 1996; Nugent et al., 1996). Cdc13

prevents lethal degradation of telomeric DNA and regulates telo-

merase reaction. Two cdc13 mutants, cdc13-1 and cdc13-2est,

have been isolated (Hartwell and Smith, 1985; Nugent et al.,

1996). Cdc13 protects telomeres by forming a heterotrimeric

protein complex with Stn1 (Suppressor of cdc thirteen) and

Ten1 (Telomeric pathways in association with Stn1, number 1)

(CST complex, which we will call ScCST in this paper) (Grandin

et al., 1997, 2001; Pennock et al., 2001). cdc13-1 is defective

in this complex formation and telomere protection. Indeed,

cdc13-1, stn1, and ten1 mutants exhibit common phenotypes,

including elongated telomeres, extensive production of ss

G-strand presumably caused by extensive degradation of the

C-strand, and Rad9-mediated DNA damage checkpoint activa-

tion leading to G2/M arrest (Garvik et al., 1995; Grandin et al.,

1997, 2001). In contrast, cdc13-2est does not show phenotypes

related to deprotected telomere. In cdc13-2est, Cdc13 fails to

bind to the telomerase component Est1, to recruit telomerase

to telomeres, and to promote telomere elongation, resulting in

gradual telomere loss and senescence (Evans and Lundblad,

1999; Nugent et al., 1996). Thus, cdc13-1 and cdc13-2est are

separation-of-function mutants uncovering the two essential

and independent functions of Cdc13, i.e., telomere protection
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Figure 1. Mammalian Stn1 Homolog

(A) (Left) Putative OB folds (light gray) and highly conserved regions A and B in the OB folds (dark gray) are indicated. Percentages of identical amino acids in the

putative OB folds between hStn1 and Stn1 from various species are shown. (Right) Amino acid alignments of regions A and B.

(B) Endogenous mStn1 protein. NIH 3T3 cell extracts were probed with anti-mStn1 antibody in an immunoblotting experiment.

(C) Localization of endogenous mStn1 in NIH 3T3 cells. mStn1 (green) and telomeric DNA (red) were detected with indirect IF using anti-mStn1 antibody and FISH

using telomeric PNA probes, respectively. Scale bar, 15 mm.
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and telomerase regulation (Pennock et al., 2001). It has been

suggested that Cdc13 in budding yeast and Pot1 in fission yeast

and higher eukaryotes are functional homologs. However, the

recent identification of fission yeast Stn1 and the observation

of Stn1’s inability to bind to Pot1 challenged this premise (Martin

et al., 2007).

Replication protein A (RPA) is a heterotrimeric ssDNA-binding

protein complex consisting of RPA70, RPA32, and RPA14 at

1:1:1 stoichiometry (Fanning et al., 2006; Wold, 1997). Structural

analyses revealed that the three RPA subunits contain six

oligonucleotide/oligosaccharide-binding (OB)-fold domains

(four in RPA70, one each in RPA32 and RPA14) (Fanning et al.,

2006). OB fold is characterized by a five-stranded b barrel. It is

frequently found in ssDNA-binding proteins, in which the barrel

recognizes the ssDNA (Theobald et al., 2003). OB folds were

identified in Pot1, its binding partner Tpp1, and their ciliate

homologs TEBPa and b as well (Wang et al., 2007, and refer-

ences therein). Moreover, it was recently predicted that Cdc13,

Stn1, and Ten1 contain OB folds, although experimental proof

of this prediction remains to be presented. Given the structural

(OB-fold-containing) and functional (ssDNA-binding activity)

similarities between RPA and ScCST, it has been proposed

that ScCST is an RPA-like protein complex involved in telomere

metabolism (Gao et al., 2007).

In this study, we addressed the question of whether mamma-

lian cells also contain a CST complex with roles in telomeric

DNA metabolism. Recently, Arabidopsis thaliana STN1 gene

(AtSTN1) was identified and characterized, suggesting phyloge-

netically wide conservation of the gene (Song et al., 2008).

However, TEN1 homologs in higher eukaryotes or STN1 homo-

logs in mammals have not been reported. We found mammalian

STN1 and TEN1 homologs and identified a third gene, CTC1

(conserved telomere maintenance component 1). Ctc1, Stn1,

and Ten1 contain putative OB-fold domains and form a protein

complex that binds to ssDNA without sequence specificity. The

Ctc1-Stn1-Ten1 (CST) complex protects telomeres redundantly

with Pot1, suggesting that it plays a role in telomere metabolism

independently of Pot1.

RESULTS

Identification of Mammalian Stn1
We identified previously uncharacterized proteins encoded by

human and mouse OBFC1 (OB-fold-containing 1), based on

sequence similarities to budding yeast STN1 gene products

(Figure 1A). As indicated below, OBFC1 is the Stn1 homolog,
Mo
and we will call the gene STN1. As suggested in the original

nomenclature, secondary structure-based fold recognition

programs packaged in BioInfoBank MetaServer program

(http://meta.bioinfo.pl/submit_wizard.pl) predicted that Stn1

contains an OB fold in its N-terminal region, which shows partic-

ularly high homologies among Stn1 proteins derived from

different species. Human Stn1 (hStn1) and budding yeast Stn1

(ScStn1) sequences show 15.3% amino acid identity in this

region.

We raised polyclonal rabbit antibodies against mouse Stn1

(mStn1) and hStn1. The antibody recognized a single polypeptide

with an apparent molecular weight of�50 kDa in immunoblotting

experiments of NIH 3T3 cell extracts (Figure 1B). Indirect immu-

nofluorescence (IF) experiments using the antibody revealed

homogeneous staining of the nuclei of NIH 3T3 cells (data not

shown). However, when cells were permeabilized with 0.1%

Triton X-100 prior to fixation (prepermeabilization) to remove

soluble proteins, we found punctate nuclear IF signals in NIH

3T3 cells (Figure 1C) and HeLa cells (data not shown). When

telomeric DNA was simultaneously detected by fluorescence

in situ hybridization (FISH) using telomeric peptide nucleic acid

(PNA) probes, 20.4% ± 4.4% (three independent experiments,

each analyzing approximately 20 cells) of FISH signals overlap-

ped with mStn1 signals in NIH 3T3 cells. Retrovirally expressed

mStn1 in NIH 3T3 cells and lentivirally expressed hStn1 in HeLa

(telomerase-positive) and U2OS (alternative lengthening of telo-

meres, ALT) cells also showed telomere localization (see

Figure S1 available online). We examined endogenous hStn1

localization at telomeres during the cell cycle and the quiescent

state. HeLa cells were arrested at G1/S by double-thymidine

block and then released. The frequencies of hStn1 colocalization

among all FISH-positive telomeric signals did not significantly

change during cell-cycle progression (Figure 1D). We prepared

serum-starved growth-arrested WI-38 normal human fibroblast

cells (immortalized by ectopic expression of the telomerase

catalytic subunit TERT). hStn1 colocalized with similar fractions

of FISH-positive telomeric signals in serum-fed asynchronous

WI-38 cells (12.7%, number of telomeres examined = 796 in 25

cells) and serum-starved WI-38 cells (14.0%, n = 465 in 25 cells)

(Figure 1E). Moreover, we found that endogenous hStn1 did not

colocalize with replication foci as detected by 15 min pulse

labeling with a thymidine analog, 5-ethynyl-20-deoxyuridine

(EdU) (Salic and Mitchison, 2008) (Figure 1F). Similar results

were obtained with HeLa cells simultaneously expressing tagged

hStn1 and hCtc1 (Figure S2, see below for Ctc1). These results

strongly suggest that Stn1 association with telomeres is not
(D) Telomeric localization of endogenous hStn1 in HeLa cells during the cell cycle. HeLa cells released from double thymidine block were examined as in (C).

Frequencies of hStn1-positive FISH signals among all FISH signals are shown. AS, asynchronized cells. The following numbers of Stn1-positive signals in 25 cells

were counted: n = 1395 in AS, 777 at 0 hr, 1030 at 2 hr, 1007 at 6 hr, 1388 at 9 hr, and 935 at 12 hr. Bars represent mean values with SDs.

(E) Telomeric localization of endogenous hStn1 in quiescent cells. Serum-starved (�) and serum-fed asynchronous (+) TERT-expressing WI-38 cells were exam-

ined as in (D). Bars represent mean values with SDs. We confirmed that the serum-starved cells were growth arrested by two independent methods. First, cell-

cycle analysis deduced from FACS data showed that the cells in G1, S, and G2/M phases were, respectively, 98.6%, 0.0%, and 1.5% in serum-starved cells and

61.3%, 33.0%, and 5.6% in serum-fed cells. Second, 0.83% and 55.8% of cells were positive for 15 min EdU pulse labeling in serum-starved (292 cells were

counted) and serum-fed cells (362 cells), respectively.

(F) Localization of hStn1 and replication foci in HeLa cells. hStn1 (red) and replication foci (green) were detected with indirect IF and EdU incorporation, respec-

tively. Chromatin (blue) was stained with Hoechst33342. Enlarged images of the boxed area are shown in the right. Scale bar, 10 mm.

(G) Detection of mStn1 and hStn1 at telomeres by ChIP experiments. DNAs present in the immunoprecipitates (IP) obtained with indicated antibodies were

directly hybridized with indicated probes. Recoveries of DNAs in the precipitates are indicated.
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directly related to the ongoing conventional DNA replication at

telomeres. It should be noted that a significant fraction of punc-

tate Stn1 signals did not overlap with telomeric FISH signals,

suggesting that Stn1 is not a telomere-specific protein.

Telomere association of Stn1 was further examined by the

chromatin immunoprecipitation (ChIP) assay. DNAs that were

coimmunoprecipitated with anti-mStn1 antibodies from NIH

3T3 cell extracts were probed for telomeric DNA by slot blot

hybridization. Anti-mouse TRF1 and anti-mouse Pot1a anti-

bodies were used as positive controls. Telomeric DNAs, but not

(CA)12 microsatellite DNAs, were detected in anti-mStn1 immu-

noprecipitates, as in anti-TRF1 and anti-Pot1a immunoprecipi-

tates (Figure 1G). Similarly, telomeric DNAs, but not Alu-repeat

DNAs, were detected in anti-hStn1 immunoprecipitates as well

as in anti-TRF1 and anti-TRF2 immunoprecipitates from HeLa

cell extracts (Figure 1G). Taken together, we conclude that

mStn1 and hStn1 are associated with telomeres.
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Figure 2. Identification of Ctc1 and Ten1

Proteins

(A) Protein components of HA-Flag-mStn1 immu-

noprecipitates. Proteins coimmunoprecipitated

with HA-Flag or HA-Flag-mStn1 were analyzed

by SDS-PAGE and silver staining. All stained

bands were analyzed by mass spectrometry.

(B) Predicted structures of hCtc1, hStn1, and

hTen1. Putative OB folds are shown by black

boxes. For comparison, experimentally estab-

lished OB folds in RPA70, RPA32, and RPA14

are indicated by gray boxes.

(C) Fractionation of recombinant hCtc1, hStn1,

and hTen1. Anti-Flag immunoprecipitates from

HeLa cells expressing Flag-hCtc1, HA-hStn1,

and HA-hTen1 were fractionated with a gel filtra-

tion column, and the fractions were analyzed for

the indicated proteins with immunoblotting exper-

iments using appropriate anti-tag antibodies.

Stn1 Forms a Heterotrimeric
Complex with Ctc1 and Ten1
ScStn1 forms a heterotrimeric complex

with Ten1 and Cdc13. To examine

whether mStn1 forms a protein complex,

NIH 3T3 cells expressing HA-Flag-tagged

mStn1 were obtained by retrovirus infec-

tion. The recombinant protein was immu-

noprecipitated sequentially with anti-Flag

and anti-HA antibodies, and the coimmu-

noprecipitated proteins were identified by

mass spectrometry (Figure 2A). Two

uncharacterized proteins encoded in

1500010J02Rik and 2310004N24Rik

were identified as mStn1-binding pro-

teins. 1500010J02Rik protein does not

show any significant sequence homology

with previously described proteins and

will be called Ctc1 (conserved telomere

maintenance component 1, GenBank

accession number NM_001013256).

2310004N24Rik (GenBank accession number BC027639)

encodes a 161 aa protein that shows 15.6% and 17.2% amino

acid identities with ScTen1 and Schizosaccharomyces pombe

Ten1 (SpTen1), respectively, and will be called Ten1. Human

CTC1 and TEN1 genes encode proteins schematically shown in

Figure 2B (GenBank accession numbers NM_025099 and

NM_001113324). Secondary structure-based fold recognition

programs predicted that Ctc1, Stn1, and Ten1 proteins poten-

tially contain three, one, and one OB fold, respectively. Interest-

ingly, the overall structure and the number of predicted OB-fold

domains of the three proteins are similar to those of the three

RPA components, RPA70, RPA32, and RPA14.

HeLa cells simultaneously expressing Flag-hCtc1, HA-hStn1,

and HA-hTen1 were obtained by lentivirus infection. Flag-

hCtc1 and associating proteins were purified with anti-Flag

beads and Flag peptide elution and were fractionated by gel

filtration chromatography. Each fraction was assayed for the
196 Molecular Cell 36, 193–206, October 23, 2009 ª2009 Elsevier Inc.
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presence of recombinant proteins. It was found that Flag-hCtc1,

HA-hStn1, and HA-hTen1 were cofractionated, suggesting that

these proteins form a complex (Figure 2C).

Physical interactions among hCtc1, hStn1, and hTen1

were examined by immunoprecipitation-immunoblotting (IP-IB)

experiments. Two of the three proteins in all combinations were

transiently coexpressed as either HA-tagged or Flag-tagged

protein in 293T cells. Reciprocal IP-IB experiments using anti-

HA and anti-Flag antibodies revealed that hStn1 interacts with

both hCtc1 and hTen1 (Figures 3A–3D). However, hCtc1 and

hTen1 did not show significant interactions (Figures 3E and 3F).

These results suggest that the three proteins interact in the order

of Ctc1-Stn1-Ten1.

To further analyze the direct interaction of these proteins, we

performed yeast two-hybrid analysis (Figure 3G). hTen1 fused

with GAL4 activation domain (GAD) interacted with hStn1 fused

with GAL4 DNA-binding domain (GB), but not with hCtc1-GB.

hStn1-GAD interacted with full-length hCtc1-GB and C-terminal

hCtc1-GB (hCtc1DN700), but not with N-terminal hCtc1-GB

(hCtc1DC517). These results support the idea of Ctc1-Stn1-

Ten1 interaction. It is also suggested that the C terminus of

Ctc1 that contains one putative OB-fold domain is required for

the Ctc1-Stn1 interaction, an observation reminiscent of the

involvement of the C-terminal OB fold of RPA70 in RPA complex

formation. hPot1-GAD did not show any interaction with hCtc1-,

hTen1-, or hStn1-GB.

We prepared HeLa cells simultaneously expressing Flag-

tagged hCtc1 and HA-tagged hStn1 by lentivirus infection. IF

experiments with anti-HA and anti-Flag antibodies revealed

that these proteins are colocalized in prepermeabilized cells

(Figure 3H). Furthermore, Flag-hCtc1 IF signals were found to

colocalize with a fraction of telomeric FISH signals (Figure 3I,

17.9% of 736 FISH signals in 23 cells).

Rabbit polyclonal antibodies against hCtc1 and hTen1 were

prepared. Anti-hCtc1 and anti-hTen1 antibodies specifically

coimmunoprecipitated telomeric DNAs, but not Alu-repeat

DNAs from HeLa cell extracts in ChIP experiments (Figure 3J).

As expected from the observation that only a fraction of telo-

meres associated with the proteins, the recovery of telomeric

DNA in the immunoprecipitates was relatively low for all cases.

However, the amount of telomeric DNAs that immunoprecipi-

tated with anti-hCtc1, anti-hStn1, and anti-hTen1 antibodies

was not varied significantly during cell-cycle progression after

double-thymidine block and release (Figure 3K), consistent

with the result of hStn1-telomere association revealed by IF

measurements (Figure 1D).

Taken together, we conclude that Ctc1, Stn1, and Ten1 form

a Ctc1-Stn1-Ten1 complex (which hereafter will be called the

CST complex) and are localized at a fraction of telomeres. The

frequency of association between CST and telomeres did not

appear to be significantly varied during the cell cycle.

ssDNA-Binding Activity of CST
The OB-fold domains of RPA and Pot1 are required for their

ssDNA-binding activities (Fanning et al., 2006; Lei et al., 2004).

As Ctc1, Stn1, and Ten1 likely possess OB-fold domains, we

examined whether they bind to ssDNA or not. Flag-tagged

hCtc1, His-tagged hStn1, and nontagged hTen1 were coex-
Mo
pressed in Sf9 insect cells by baculovirus infection. Recombi-

nant CST was tandem purified with anti-Flag beads and Ni-NTA

agarose. Similarly, His-tagged RPA32 as well as untagged

RPA70 and RPA14 were coexpressed in E. coli, and RPA was

purified with Ni-NTA beads. Purified proteins were visualized

by SYPRO Ruby gel staining. We found that Flag-hCtc1 was

copurified with His-hStn1 and hTen1, and His-RPA32 was

copurified with RPA70 and RPA14 in a stoichiometric manner

and that few other proteins, if any, were significantly contami-

nated (Figure 4A, lanes 5–12). We used these preparations as

RPA complex and CST complex, respectively, in the following

electrophoretic mobility shift assay (EMSA).

CST efficiently bound to 38 nt G-strand ss telomeric oligonu-

cleotide (38 nt ssG), but not to 38 bp ds telomeric oligonucleotide

(38 bp dsGC) (Figure 4B and Table 1). To analyze the optimal DNA

length for CST binding, 10, 20, 32, 38, 44, 50, and 74 nt G-strand

ss oligonucleotides (10 nt ssG �74 nt ssG, Table 1) were sub-

jected to EMSA. The 30 ends of oligonucleotides are terminated

by TTAG-30OH as is most frequently observed in vivo (Sfeir

et al., 2005). CST did not bind to the 20 nt ssG but bound 32 nt

or longer ssGs at comparable efficiencies (Figure 4C). In contrast,

purified RPA efficiently bound to 20 nt and longer ssGs, indicating

that CST requires longer ssDNA than RPA does for optimal DNA

binding (Figure 4D). When dissociation constants (KDs) were

measured for RPA and CST binding to the same oligonucleotides,

RPA showed slightly higher ssDNA affinities compared to CST

(RPA, 6.24 nM, and CST, 18.8 nM for 32 nt ssG; and RPA,

0.95 nM, and CST, 8.18 nM for 50 nt ssG; Figures S3A and

S3B). Interestingly, both CST and RPA showed multiple shifted

bands in EMSA using longer DNA substrates (marked by filled

circles in Figures 4C and 4D). Although we do not know the nature

of the protein-DNA complexes causing different mobilities, we

suspect that the stoichiometry between the protein complexes

and DNA and/or DNA conformational changes could be respon-

sible for the observation (see the Discussion).

We next examined the sequence and structure specificity

of CST-DNA binding. Oligonucleotides (74 nt) containing

sequences of ss G-strand, scrambled ss G-strand, ss C-strand,

reverse C-strand, and T homopolymer (74 nt ssG, ssG[scr], ssC,

ssC[rev], and dT, respectively, Table 1) were examined in EMSA.

We did not find significant sequence preference of CST for any of

these oligonucleotides (Figure 4E). We also found that an inde-

pendent preparation of recombinant CST, purified from 293T

cells overexpressing the three components, did not show

sequence specificity by competition assay (Figure S3C).

CST Is a Functional Complex
CST components were overexpressed in 293T cells individually

or in various combinations as follows: Flag-hCtc1 alone;

Flag-hCtc1 and HA-hStn1; HA-hStn1 and Flag-hTen1; and

Flag-hCtc1, HA-hStn1, and HA-hTen1. Immunoblotting of cell

extracts with anti-Flag and anti-HA antibodies revealed that the

proteins were expressed as expected (data not shown). Then

Flag-tagged proteins were immunoprecipitated with anti-Flag

antibody, and copurified proteins were analyzed by immunoblot-

ting. HA-hStn1 and HA-hTen1 were coimmunoprecipitated with

Flag-hCtc1 from 293T extracts expressing these proteins, indi-

cating that hCtc1-hStn1 and hCtc1-hStn1-hTen1 complexes
lecular Cell 36, 193–206, October 23, 2009 ª2009 Elsevier Inc. 197
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Figure 3. CST Complex Formation and Localization at Telomeres

(A–F) Reciprocal IP-IB experiments of recombinant hCtc1, hStn1, and hTen1. Indicated proteins were transiently expressed in 293T cells. Proteins were

immunoprecipitated and detected by immunoblotting experiments using appropriate anti-tag antibodies.

(G) Yeast two-hybrid assays of hStn1, hCtc1, hTen1, and hPot1. GB and GAD were fused to the indicated peptides. S. pombe Poz1 and Tpz1 were used as

positive control.

(H) Colocalization of recombinant hStn1 and hCtc1. HeLa cells simultaneously expressing Flag-hCtc1 and HA-hStn1 were prepermeabilized, and Flag-hCtc1

(green) and HA-hStn1 (red) were detected by indirect IF using appropriate anti-tag antibodies.

(I) Shown is colocalization of recombinant hCtc1 at a fraction of telomeres. Flag-hCtc1 (green) and telomeric DNA (red) in HeLa cells were detected as described in

Figure 1C. Scale bar, 15 mm.
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Figure 4. Recombinant CST Complex Has ssDNA-Binding Activity

(A) Shown are recombinant CST and RPA. Purified proteins and BSA standard (10, 20, 50, and 100 ng) were visualized on 12% SDS-PAGE gel by SYPRO Ruby gel

staining.

(B) CST binds to ssDNA, but not to dsDNA. Thirty-eight nucleotide ssG and 38 bp dsGC (Table 1) were used in EMSA. Each reaction mixture contained 10 nM

labeled probe and the indicated concentrations of CST.

(C) CST binds to 32 nt or longer G-strand oligonucleotides with high affinity. ssG oligonucleotides with indicated lengths (Table 1) were used in EMSA. Each reac-

tion contained 10 nM labeled probes and 0 (�), 1.3, 2.6, or 7.7 nM recombinant CST, respectively.

(D) RPA binds to 20 nt or longer G-strand oligonucleotides with high affinity. EMSA was performed as in (C). Each reaction contained 10 nM labeled probes and

0 (�), 21.6, 43.1, or 86.2 nM recombinant RPA, respectively.

(E) CST binds to 74 nt ss oligonucleotides containing a variety of sequences with largely equal efficiencies. Indicated oligonucleotides (Table 1) were used in

EMSA. Each reaction contained 10 nM labeled probes and 0 (�), 1.3, 2.6, or 5.1 nM recombinant CST, respectively.
were formed (Figure 5A, lanes 3, 7, and 8). Interestingly, the

amount of immunoprecipitated hStn1 was significantly smaller

in hCtc1-hStn1-expressing cells than in the three-component-

expressing cells, suggesting that the hCtc1-hStn1 subcomplex
Mo
is relatively unstable. We also found that hStn1 and hTen1 asso-

ciate, suggesting the formation of hStn1-hTen1 subcomplex

(lane 10). We then used these purified preparations, hCtc1,

hCtc1-hStn1, hStn1-hTen1, and CST in EMSA. Human Pot1
(J) Detection of hCtc1 and hTen1 at telomeres by ChIP experiments. DNAs present in the immunoprecipitates (IP) obtained with indicated antibodies were directly

hybridized with indicated probes.

(K) Telomeric localization of CST complex during the cell cycle as revealed by ChIP experiment. HeLa cells were synchronized by double thymidine block and

harvested at indicated times after release. Cell cycle was monitored by FACS analysis. DNAs coimmunoprecipitated with antibodies toward protein indicated in

the left were examined as in (J). AS, asynchronous cells.
lecular Cell 36, 193–206, October 23, 2009 ª2009 Elsevier Inc. 199
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Table 1. DNA Substrates for EMSA Assay

Name Sequence

Length (Nucleotides

or Base Pairs) Figure

38 nt ssG 50-TTTACTCGACTTAGGGTTAGGGTTAGGGTTAGGGTTAG-30 38

38 bp dsGC 50-TTTACTCGACTTAGGGTTAGGGTTAGGGTTAGGGTTAG-30;

30-AAATGAGCTGAATCCCAATCCCAATCCCAATCCCAATC-50
38/38 4

10 nt ss 50-TTTACTCGAC-30 10

20 nt ssG 50-TTTACTCGACTTAGGGTTAG-30 20

32 nt ssG 50-TTTACTCGACTTAGGGTTAGGGTTAGGGTTAG-30 32 4

38 nt ssG 50-TTTACTCGACTTAGGGTTAGGGTTAGGGTTAGGGTTAG-30 38 5

44 nt ssG 50-TTTACTCGACTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAG-30 44

50 nt ssG 50-TTTACTCGACTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAG-30 50

74 nt ssG 50-TTTACTCGACTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG

TTAGGGTTAGGGTTAGGGTTAG-30
74

74 nt ssG 50-TTTACTCGACTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGT

TAGGGTTAGGGTTAGGGTTAG-30
74

74 nt ssG(scr) 50-TTTACTCGACTGTGAGTGTGAGTGTGAGTGTGAGTGTGAGTGTGAGTGTGAGTG

TGAGTGTGAGTGTGAGTGAT-30
74 4

74 nt ssC 50-TTTACTCGACCCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACC

CTAACCCTAACCCTAACCCT-30
74 5

74 nt ssC(rev) 50-TTTACTCGACAATCCCAATCCCAATCCCAATCCCAATCCCAATCCCAATCCCAAT

CCCAATCCCAATCCCAATC-30
74

74 nt dT 50-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTTTTTT-30
74
similarly expressed and purified was also used (Figure 5A, lane 4).

We found that hCtc1 alone or the hCtc1-hStn1 and hStn1-hTen1

subcomplexes had little binding activity to 74 nt ssG, ssC(rev), or

dT, while CST efficiently bound to all of them (Figure 5B). There-

fore, CST components possess efficient DNA-binding activity

only when the three components form a trimeric complex. We

suggest that CST is a functional complex that shows efficient

ssDNA-binding activity and that its subcomplex is unstable or

nonfunctional in terms of DNA binding. This is in contrast with

Pot1, which alone specifically bound to G-strand oligonucleo-

tides as expected (Figure 5B, lane 6).

Domain Organization of Ctc1, Stn1, and Ten1
To determine which region of Ctc1 is required for DNA binding,

we constructed Flag-tagged hCtc1 deletion mutants (Fig-

ure 5C). Ctc1DN220, Ctc1DN347, and Ctc1DN700 lacked most

N-terminal region, putative OB fold 1, and both putative OB folds

1 and 2, respectively. Each mutant was coexpressed with hStn1

and hTen1 and in 293T cells. We detected hStn1 and hTen1 in all

anti-Flag immunoprecipitates (Figure 5D, lanes 7–10), indicating

that the C-terminal 517 aa region is sufficient for the CST complex

formation and suggesting that the C-terminal putative OB fold

is responsible for the formation. ssG (32 nt) was employed in

EMSA using these protein preparations. CST containing

Ctc1DN220 or Ctc1DN347 showed significant DNA-binding

activity, although the activity was weaker than that observed in

wild-type CST. In contrast, CST containing Ctc1DN700 did not

show any activity (Figure 5E). These results suggest that both

putative OB folds 1 and 2 are responsible for the DNA-binding

activity of Ctc1.
200 Molecular Cell 36, 193–206, October 23, 2009 ª2009 Elsevier In
Next, we constructed N-terminal or C-terminal deleted

mutants of hStn1 (Figure 5C). When Stn1DN or Stn1DC was

coexpressed with hTen1 in 293T cells, neither of the Stn1 mutants

interacted with hTen1 (Figure 5F, lanes 8 and 9). Similarly, when

Stn1DN or Stn1DC was coexpressed with both hCtc1 and

hTen1 in 293T cells, neither of the Stn1 mutants interacted with

hTen1 or hCtc1 (Figure 5G, lanes 7 and 8). These results indicate

that neither the N-terminal half nor the C-terminal half of hStn1 is

sufficient for interacting with hTen1 and hCtc1.

CST Is Localized at Telomeres Independently of Pot1
Mammalian and fission yeast Pot1 specifically binds to G-strand

ssDNA. Because CST complex does not show obvious sequence

specificity in vitro, it is possible that the telomere localization of

CST depends on Pot1. To test this possibility, we constructed

Pot1-knockdown HeLa cells using lentivirus vector expressing

shRNA (Figure 6A). We found that Ctc1 and Stn1 associated

with telomeric DNA in Pot1-knockdown cells to an extent compa-

rable to mock cells in ChIP experiments (Figure 6B). We also

constructed U2OS cells that expressed HA-tagged hStn1 and

shRNA toward Pot1. The frequencies of colocalized HA-hStn1

signals among total TRF1 IF signals did not significantly change

(Figure 6C). These results indicate that CST is localized at

telomeres independently of Pot1.

CST and Pot1 Redundantly Protect Telomeres
Because CST and Pot1 reside at telomeres redundantly, we next

examinedtheeffectofknockdownofbothpathways.HeLa cellsex-

pressing shRNA toward Stn1 and Pot1 individually or simulta-

neously were constructed by lentivirus infection (Stn1-, Pot1-, and
c.
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Figure 5. DNA Binding and Complex Formation by Mutant CSTs

(A) Anti-Flag immunoprecipitates from 293T cells expressing Flag-hCtc1 alone, Flag-hCtc1+HA-hStn1, HA-hStn1+Flag-hTen1, Flag-hCtc1+HA-hStn1+HA-

hTen1, or Flag-hPot1 bound to Flag beads were eluted with Flag peptides for EMSA. Indicated immunoprecipitates were probed by immunoblotting using

indicated antibodies.

(B) CST complex formation is necessary for ssDNA-binding activity. Closed circle and open circle indicate the position of CST-DNA complex and Pot1-DNA

complex in EMSA using indicated probes. Asterisk indicates nonspecific signals.

(C) hCtc1 and hStn1 deletion mutants.

(D) C-terminal 517 aa region of hCtc1 is sufficient for CST complex formation. N-terminally deleted hCtc1 proteins were coexpressed with hStn1 and hTen1 in

293T cells. hCtc1 immunoprecipitates were obtained with anti-Flag antibody and probed for indicated proteins using appropriate anti-tag antibodies.

(E) CST containing N-terminal hCtc1 deletions shows decreased DNA-binding activity. CST containing wild-type or N-terminal deletion mutants of hCtc1 (D) and

32 nt ssG was used in EMSA.

(F) hStn1DN or hStn1DC does not form a subcomplex with hTen1. hTen1 immunoprecipitates were obtained from 293T cells expressing indicated proteins and

probed for hStn1 in immunoblotting experiments using appropriate anti-tag antibodies.

(G) hStn1DN or hStn1DC does not form heterotrimeric complexes with hCtc1 or hTen1. hCtc1 immunoprecipitates were obtained from 293T cells expressing

indicated proteins and probed for hStn1 and hTen1 as described in (F).
Stn1/Pot1-knockdown cells, respectively). The shRNAs specifi-

cally knocked down cognate gene expression as determined

by RT-PCR (Figure 6A, left). Immunoblotting experiments using

anti-Stn1 antibody indicated that the residual Stn1 levels in
Mo
Stn1- and Stn1/Pot1-knockdown cells were approximately

10%–20% of that in wild-type cells (Figure 6A, right). No knock-

down cells showed any significant growth defects or obvious

delay in the cell cycle (Figure S4). We next measured telomere
lecular Cell 36, 193–206, October 23, 2009 ª2009 Elsevier Inc. 201
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Figure 6. CST Associates with and Protects Telomeres Independently of Pot1

(A) (Left) Knockdown efficiencies of CST and hPot1 mRNA in HeLa cells. Poly(A)+ mRNAs from knockdown cells were examined for expression levels of indicated

genes using RT-PCR. (Right) Knockdown efficiencies of hStn1 protein in HeLa cells. Total cell extracts from knockdown cells were examined for hStn1 and actin

protein levels in immunoblotting experiments using anti-hStn1 or anti-actin antibodies.

(B) Telomere-ChIP analysis of Pot1-knockdown HeLa cells. Immunoprecipitates of hCtc1, hStn1, hTen1, and hTRF2 were examined by (CCCTAA)4 or nontelo-

meric Alu-repeat sequence by slot blot hybridization.

(C) Telomeric localization of HA-hStn1 proteins expressed in Pot1-knockdown U2OS cells. Pot1-knockdown efficiency was determined by RT-PCR (upper left).

HA-hStn1 (red) and TRF1 (green) were examined by indirect IF using anti-HA antibody and anti-TRF1 antibody, respectively. The frequency of HA-hStn1-positive

TRF1 signals among total TRF1 signals was scored. Bars represent mean values with SDs.

(D) Shown is TIF formation in HeLa cells singly or doubly knocked down for hStn1 and/or hPot1. HeLa cells expressing indicated shRNA were analyzed by indirect

IF for TRF1 (green) and g-H2AX (red) and counterstained with DAPI (blue). Scale bar, 15 mm. The frequency of TIF-positive cells was scored. Bars represent mean

values with SDs.

(E) (Left) Total telomere length of knockdown HeLa cells. DNAs from HeLa cells expressing indicated shRNA were harvested at indicated time points after lenti-

virus infection and analyzed for TRF lengths by Southern hybridization. (Middle) DNAs from HeLa cells expressing indicated shRNA were harvested at 1 week after
202 Molecular Cell 36, 193–206, October 23, 2009 ª2009 Elsevier Inc.



Molecular Cell

Mammalian CST Complex
dysfunction-induced focus (TIF) formation that reflects telomere

deprotection (Takai et al., 2003). TIF formation was counted posi-

tive when eight or more g-H2AX signals colocalizing with TRF1

signals were detected in one nucleus in IF experiments. We

measured the frequency of TIF-positive cells at 1 week after

shRNA-expressing lentivirus infection (Figure 6D). Mock-infected

cells did not show TIF-positive cells. As reported previously,

Pot1-knockdown cells showed significantly increased TIF

frequency (37.4%, three independent experiments each

analyzing 60–80 cells). In contrast, we did not find any significant

increases of TIF-positive cells in Stn1-knockdown cells (1.58%).

Similar results were obtained when Mre11 or NBS1 localization at

telomeres was used as TIF markers, instead of g-H2AX (data not

shown). However, we found significant increase in the frequency

of TIF-positive cells in Stn1/Pot-knockdown cells compared to

the single knockdown cells (65%), suggesting that Pot1 and

CST play redundant roles in telomere protection.

We measured the telomere restriction fragment (TRF) length in

the knockdown cells by Southern hybridization of HinfI-digested

genomic DNAs using the (CCCTAA)4 probe (Figure 6E, left). As

reported previously, Pot1-knockdown cells showed gradual

elongation of TRF (Veldman et al., 2004). In contrast, Stn1-knock-

down cells did not show any changes in TRF lengths during

6 week culture after the lentivirus infection. Stn1/Pot1-knock-

down cells behaved similarly to Pot1-knockdown cells. There-

fore, Stn1 plays a negligible role in regulating overall telomeric

DNA length.

We next measured the amount of ss G-strand DNA by per-

forming the nondenaturing in-gel hybridization of HinfI-digested

genomic DNAs in native gels using the (CCCTAA)4 probe. The gel

was subsequently denatured in situ, and the total amount of

telomeric DNA was examined by rehybridizing the denatured

gel with the same telomeric probe (Figure 6E, middle). The total

signals obtained in native gels were theoretically derived from

G-tail plus C-strand gaps (internal ss G-strand DNAs). The signal

sensitive to E. coli 30-exonuclease Exo I is considered to repre-

sent G-tail (Wellinger et al., 1993). We quantitated the total and

Exo I-resistant relative signal intensities in native gel (Figure 6E,

right, and see the Supplemental Experimental Procedures for the

details of calculation). Exo I-sensitive signal intensities were

determined by subtracting the Exo I-resistant signal intensity

from the total ss G-strand signal intensity.

We found a decrease, albeit not statistically significant, in the

intensity of Exo I-sensitive (G-tail) signals in Pot1-knockdown

cells, consistent with a previous report (Hockemeyer et al.,

2005). However, the Exo I-resistant signal (internal ss G-strand)

intensity was increased, and accordingly, the total ss G-strand

signal intensity was not changed. In contrast, total ss G-strand

signal intensity was significantly increased in Stn1-knockdown

cells (p = 0.0135) and most profoundly in Stn1/Pot1-knockdown

cells (p = 0.0356). Both Exo I-sensitive and -resistant signal

intensities were increased in Stn1- and Stn1/Pot1-knockdown

cells in proportion to the total ss G-strand signal intensity. Stn1
Mo
knockdown showed an additive effect with Pot1 knockdown

on Exo I-resistant signals, but not on Exo I-sensitive signals.

We therefore propose that CST and Pot1 play redundant roles

in regulating the internal ss G-strand DNAs. We did not observe

any accumulation of ss C-strand DNAs in all cases (data not

shown).

Finally, we examined metaphase chromosomes in these

cells by FISH analysis using telomeric probe. Both Stn1 single

and Stn1/Pot1 knockdown did not show significant levels of

telomere-involved chromosome aberrations, such as end-to-end

fusions or extrachromosomal telomeric signals (data not shown).

DISCUSSION

CTC1, STN1, and TEN1 Genes
Mouse STN1 and CTC1 genes have been reported very recently

as genes encoding alpha accessory factor (AAF)-44 and AAF-

132, respectively (Casteel et al., 2009). AAF proteins were origi-

nally identified as factors that stimulate the DNA polymerase

a-primase activity in vitro (Goulian et al., 1990). Ten1 was not

identified in their study. They showed that AAF-132 (Ctc1) and

AAF-44 (Stn1) formed a complex that bound to ssDNA with

low affinity (KD �2.8 3 10�6 M), pointed out that AAF-44 poten-

tially contains an OB-fold domain and suggested that AAF-44

and AAF-132 function as an RPA-like complex. In this study,

we identified a third component, Ten1, which showed that the

trimeric complex binds to ssDNA with high affinity (KD at nM

order), and deduced potential OB-fold domains in all the three

components. These findings strongly suggest that the CST

heterotrimeric complex, instead of the Ctc1-Stn1 (AAF-132-

AAF-44) dimer, is a functional complex and significantly

strengthens the parallel between CST and RPA complexes.

This premise is also consistent with the recent report showing

the parallel between ScCST and RPA (Gao et al., 2007). Because

mammalian Stn1 and Ten1 show significant structural similarities

to ScStn1 and ScTen1 (Martin et al., 2007 and this study),

we believe that these genes correspond to STN1 and TEN1

homologs. In contrast, mammalian Ctc1 and budding yeast

Cdc13 behave in significantly different manners. First, while

Cdc13 specifically binds to G-strand ssDNA (Lin and Zakian,

1996; Nugent et al., 1996), we did not observe DNA binding

with high affinity by Ctc1 itself. Second, CST shows high-affinity

but sequence-independent ssDNA-binding activity, in contrast

to the highly sequence-specific binding of Cdc13. Third, an

approximately 150 aa Cdc13 region containing a single OB

fold is sufficient for the DNA-binding activity of Cdc13 (Hughes

et al., 2000). In contrast, N-terminal large Ctc1 regions contain-

ing the putative OB folds 1 and 2 are involved in Ctc1’s DNA-

binding activity, although it is not clear whether these regions

are required for DNA binding or functional complex formation.

These observations suggest close similarities between Ctc1

and RPA, rather than between Ctc1 and Cdc13: sequence-

independent high-affinity ssDNA bindings involving multiple
lentivirus infection, treated with or without ExoI, and then digested with HinfI. ss G-strand DNAs were detected by nondenaturing in-gel hybridization (Native).

Subsequently, the gel was denatured and total TTAGGG-repeat DNAs were detected (Denatured). Relative intensities of the total ss G-strand, Exo I-sensitive,

and Exo I-resistant signals were calculated. (Right) The total ss G-strand signal intensity for the mock-infected cells was set to one. Error bars represent mean

values of three independent experiments with SDs. P values based on a two-tailed Student’s t test were shown.
lecular Cell 36, 193–206, October 23, 2009 ª2009 Elsevier Inc. 203
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OB folds. We therefore believe that CTC1 is not an ortholog of

CDC13.

Potential Roles of CST at Telomeres
Although we emphasize the structural similarity between CST

and RPA, the two complexes are likely devoted to different bio-

logical functions. RPA accumulates at DNA double-stranded

breaks (DSBs) to facilitate DSB repair. However, we did not

observe any specific association of Stn1 at etoposide- or ionizing

radiation (IR)-induced DSB lesions (Figures S5 and S6). These

results suggest that CST plays its own roles distinct from those

of RPA. Casteel et al. (2009) reported that the overexpressed

AAF proteins colocalized with PCNA, a molecular marker of repli-

cation foci. They also showed that AAF-44 siRNA treatment

reduced DNA synthesis as measured by [3H]-thymidine uptake.

These observations led the authors to suggest that AAF proteins

are involved in general DNA replication in vivo. Contrary to their

results, we found that endogenous hStn1 does not overlap with

replication foci. One potential source of this discrepancy is that

Casteel et al. (2009) transiently overexpressed the proteins and

did not treat the cells with detergent prior to fixation to remove

soluble chromatin-unbound proteins. This may have hampered

the precise detection of chromatin-bound protein. We also

noticed that the knockdown of Stn1 in HeLa cells did not lead

to reduced growth rates or a significant delay in cell-cycle

progression (Figure S4). These observations argue against the

hypothesis that CST is involved in conventional DNA replication

in S phase.

It should be noted that the colocalization of telomeres and CST

in the nucleus is a partial one. Moreover, we found that CST

binds to various ssDNA substrates in a sequence-independent

manner. We therefore suggest that CST is involved in DNA

metabolism that is not specific to but is frequently encountered

by telomeres. The structural similarity of CST to RPA suggests

possible functions of CST at telomeres. ssDNA, the common

binding substrate of CST and RPA, does not abundantly exist

in the cell. ssDNA functions, however, as an important interme-

diate of various DNA metabolism: it serves as a template and/

or primer during DNA replication, repair, and recombination.

Importantly, RPA protects such ssDNA during its transient

existence from degradation and irregular base pairing and pro-

motes proper flow of the processes. In this sense, telomeres

are exceptional because they constitutively possess ssDNA,

the G-tail. Furthermore, in addition to the template produced

by conventional DNA replication, telomeres may transiently con-

tain large amounts of G-strand during G-strand extension by

telomerase.

Because RPA contains several DNA-binding OB folds as

a module in three subunits, different numbers of OB folds partic-

ipate in DNA binding by changing the spatial organization of the

three subunits. In one case, it binds to 28–30 nt ssDNA using four

OB folds, and in another case, it binds to 8–10 nt ssDNA using

two OB folds. By shifting from the four OB fold binding mode

to the two OB fold mode, RPA may pave the way for other

proteins to execute DNA metabolism. We observed that CST

prefers longer DNAs compared to RPA. This property of CST

may be advantageous for it to deal with relatively longer ssDNAs,

such as the nascent G-strand synthesized by telomerase. Inter-
204 Molecular Cell 36, 193–206, October 23, 2009 ª2009 Elsevier In
estingly, it was reported that Cdc13 and Stn1 genetically and

physically interact with DNA polymerase a components (Grossi

et al., 2004; Petreaca et al., 2006; Qi and Zakian, 2000).

AAF-132 (Ctc1) and AAF-44 (Stn1) were identified as a complex

associated with mouse DNA polymerase a-primase (Goulian

et al., 1990). It has been shown that the lengths of total telomeric

DNA and G-tail are increased in hypomorphic mutants of DNA

polymerase a-primase in yeast and mammals (Adams Martin

et al., 2000; Carson and Hartwell, 1985; Nakamura et al.,

2005). These phenotypes are similar to those found with hStn1

knockdown in the wild-type and Pot1-knockdown backgrounds

revealed in this study. It is attractive to postulate that CST plays

a role at telomeres in processing G-tail and internal ss G-strand

in concert with DNA polymerase a-primase complex in situations

distinct from general DNA replication. De novo DNA synthesis

using long stretches of ssDNA, as expected for C-strand

synthesis using the telomerase product, is one candidate.

Finally, the identification of CST and the finding of CST recruit-

ment to telomeres independently of human Pot1 in this study

suggest that the Pot1 complex and the CST complex are distinct

functional entities. The lack of interaction between Pot1 and CST

components in the yeast two-hybrid experiments and the

additive phenotypes observed in Stn1/Pot1-knockdown cells

compared to single knockdown cells further support this idea.

How these complexes are differentially involved in telomere

protection and replication is an important question to be

addressed in the future.

EXPERIMENTAL PROCEDURES

cDNA Isolation

cDNAs of hStn1 and hTen1 were cloned from total mRNA in HeLa extracts.

cDNA of hCtc1 was obtained from ATCC (I.M.A.G.E. Consortium) (GenBank

accession number BC111783, Image Clone ID 40054070).

Immunoaffinity Purification and Mass Spectrometry

See details in the Supplemental Data.

Constructs and Antibodies for Ctc1, Stn1, and Ten1

See details in the Supplemental Data.

Immunofluorescence Microscopy, FISH, EdU Labeling,

Immunoprecipitation, and Immunoblotting

See details in the Supplemental Data.

RNA Interference and RT-PCR

See details in the Supplemental Data.

Cell Culture, ChIP, and Southern Hybridization

Cell culture, ChIP, and hybridization of telomeric DNA were performed as

described previously (Nakamura et al., 2005).

Gel Filtration Analysis

Flag peptide-eluted samples from HeLa cells were loaded on a Superose

12 PC 3.2/30 gel filtration column (GE Healthcare). The resulting fractions

were resolved by 9% or 12% SDS-PAGE and probed with anti-Flag or anti-

HA antibodies. Tandem-purified CST complex from insect cells (Sf9) was

loaded on a Superose 6 PC 3.2/30 gel filtration column (GE Healthcare). The

resulting fractions were resolved by 12% SDS-PAGE, and the proteins were

stained with SYPRO Ruby gel stain (Invitrogen) and visualized using Typhoon

9400 (GE Healthcare).
c.
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Yeast Two-Hybrid Assay

The cDNAs encoding Ctc1, Stn1, Ten1, and Pot1 were amplified by PCR and

cloned into pGAD-GH and pGBKT7 (Clontech) vectors.

Protein Purification

E. coli BL21 (DE3) expressing recombinant human RPA was a gift from

Dr. F. Hanaoka. RPA complex was purified from E. coli with His-tagged RPA32

by Ni-NTA agarose (QIAGEN) following the manufacturer’s instructions.

EMSA

Probe oligonucleotides were radiolabeled with g-32P ATP (Perkin Elmer) and

polynucleotide kinase (TaKaRa). DNA-protein binding reactions were brought

to a final concentration of 25 mM HEPES (pH 7.4), 50 mM NaCl, 1 mM dithio-

threitol, and 5% (v/v) glycerol and electrophoresed on 7.5% acrylamide gel in

0.53 TBE buffer for 45 min at 15 V/cm at 4�C. After electrophoresis, the gels

were dried, and radioactive signals were measured with a phosphoimage

analyzer (Typhoon 9400, GE Healthcare).

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures, six

figures, one table, and Supplemental References and can be found

with this article online at http://www.cell.com/molecular-cell/supplemental/

S1097-2765(09)00587-5.
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Supplemental Experimental Procedures 

Immunoaffinity purification and mass spectrometry 

For affinity purification of the HA-Flag-mStn1 complex, cells were lysed on ice with 

lysis buffer (20 mM Tris-HCl, 150 mM NaCl, 1 mM MgCl2, 1 mM dithiothreitol, 

0.1%(v/v) NP-40 pH8.0) containing protease inhibitor cocktail (Roche). Soluble 

fractions were recovered by centrifugation for 10 min at 20,400 x g at 4°C. Then, the 

supernatants were incubated with approximately 200 μL volume of anti-Flag 

M2-agarose resin (Sigma) for 4 h at 4°C. The resin was washed three times with the 

lysis buffer. For elution, the lysis buffer containing 100 μg/mL 3xFlag peptide (Sigma) 

was added and the mixture was incubated for 2 h at 4°C. The eluted fractions were 

further purified using anti-HA affinity matrix (Roche). After washing three times with 

the lysis buffer, the purified proteins were denatured in SDS sample buffer and then 

subjected to SDS-PAGE followed by silver staining. After removing silver ions, the 

excited gel slices were incubated in 25 mM NH4HCO3 with sequencing grade-modified 
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trypsin (Promega) at 37 °C for 12 h. After in-gel digestion, the extracted peptides were 

subjected to LTQ LC/MS/MS (Thermo Fisher Scientific). Ion spectrum data were 

analyzed against the NCBI non-redundant protein database with the Mascot program 

(Matrix Science). 

 

Constructs and antibodies for Ctc1, Stn1 and Ten1 

Human or mouse STN1 cDNA was obtained by RT-PCR from total HeLa or NIH 3T3 

cell mRNA and cloned into pcDNA3 vector (Invitrogen) and into pMX-puro retroviral 

vector with three hemagglutinin (HA) epitope tags at the N-terminus. Mouse Stn1-ΔC 

or -ΔΝ was constructed by PCR and represented amino acids 1-189 or 190-378 

preceded by the same HA epitope tags. Retrovirous infections were performed as 

described previously (Serrano et al., 1997). Human CTC1 and TEN1 cDNAs were 

cloned into pcDNA3 vector and into pCSII-puro or pCSII-neo lentivirus vectors with 

Flag or HA epitope tags at the N-terminus. Antibodies against human or mouse Stn1 

were affinity purified from rabbit serum raised against GST fusion proteins containing 

C-terminal residues 180-368 of hStn1 or residues 190-378 of mStn1, respectively. 

Anti-hCtc1 and anti-hTen1 antibodies were raised against recombinant N-terminal 

residue of hCtc1 and full-length Ten1 expressed in E. coli. Other primary antibodies 

were as follows: anti-HA mouse monoclonal antibody clone 16B12 from Babco; 

anti-Flag mouse monoclonal or rabbit polyclonal antibody from Sigma; anti-actin rabbit 

antibody from Chemicon; and anti-γ-H2AX monoclonal antibody from Upstate. 

Anti-human TRF1 and anti-mouse Pot1a antibodies were raised in our laboratory. 
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Rabbit anti-mouse TRF1 antibody was a gift from Y. Shinkai. 

 

Immunofluorescence microscopy, FISH, EdU labeling, immunoprecipitation and 

immunoblotting 

Cells plated on cover slides were treated with 0.1% Triton buffer (0.1%(v/v) Triton 

X-100, 20 mM HEPES-KOH [pH 7.4], 50 mM NaCl, 3 mM MgCl2, 300 mM sucrose) 

on ice for 5 min (pre-permeabilization) and fixed with 2% paraformaldehyde in PBS on 

ice for 10 min. They were washed twice with PBS and treated with 0.5% Triton buffer 

(same as 0.1% Triton buffer except 0.5%(v/v) Triton X-100 was used) at room 

temperature for 10 min. Subsequent steps and FISH were performed as previously 

reported (Nakamura et al., 2005). EdU (5-ethynyl-2’-deoxyuridine) labeling was 

performed according to the manufacture’s instructions (Invitrogen). Images were 

recorded with Delta Vision restoration microscope (Applied Precision) equipped with a 

60x objective lens and a charge-coupled device (Photometrics). The images were 

processed by SoftWoRx (Applied Precision). 

For immunoprecipitation, 293T cells expressing HA-mStn1 and Flag-mouse 

Pot1a were treated with the lysis buffer for 20 min at 4˚C and centrifuged at 12,000 rpm 

at 4˚C. The supernatants were incubated with HA or Flag antibody for 1h at 4˚C. The 

antibody complexes were pulled down with Protein A/G agarose beads (GE Healthcare). 

The beads were washed five times with the same lysis buffer, and eluted with 2 x SDS 

sample buffer (125 mM Tris-HCl [pH 6.8], 40 mg/mL SDS, 20%(v/v) glycerol, 0.01 

mg/mL bromophenol blue, 2% β-mercaptoethanol). 
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For Flag-hCtc1, HA-hStn1 and HA-hTen1 were treated with CSK 

(cytoskeleton) buffer (10 mM PIPES, [pH6.8], 300 mM sucrose, 150 mM NaCl, 3 mM 

MgCl2, 1 mM EGTA, 0.2 mg/mL phenylmethylsulfonyl fluoride, 1 mM dithiothreitol) 

containing 1x Complete EDTA free (Roche) and 0.1%(v/v) Triton X-100 for 30 min at 

4°C, and subjected to low-speed centrifugation (3,000 rpm for 5 min). The supernatants 

were incubated with anti-Flag antibody for overnight at 4°C. The antibody complexes 

were pulled down with Flag-agarose beads (Sigma). The beads were washed five times 

with the same CSK buffer, and eluted with CSK buffer containing Flag-peptides 

(Sigma). 

For immunoblotting, proteins were loaded onto SDS-PAGE gels, transferred onto 

polyvinylidene fluoride (PVDF) membranes (Millipore) and detected with ECL 

immunoblotting detection reagents (GE Healthcare). 

 

RNA interference and RT-PCR 

shRNAs were generated in cells using the pCSII-U6-MCS-EGFP vector that expressed 

shRNA under the control of the U6 promoter and engineered to co-express EGFP as a 

reporter gene. The sequence of the shRNA targets are as follows: human STN1, 

5’-GTGGAACATTCAAATTGCAA-3; and human POT1, 

5’-GTACTAGAAGCCTATCTCA-3’ (Hockemeyer et al., 2005). To produce 

recombinant lentiviruses, the transfer vector was co-transfected with pCAG-HIV gp and 

pCMV-VSV-G-RSV-Rev into 293T cells using the calcium phosphate method. The 

culture supernatants containing viruses were collected 48 h after transfection, and HeLa 
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cells were cultured with viral solution for 24 h in the presence of 8 μg/mL polybrene 

(Sigma).  

RT-PCR was performed with an RNA PCR kit (TaKaRa) according to the 

manufacturer’s protocol. RNA was isolated with the QIAGEN RNeasy mini kit 

(Qiagen) and reverse transcribed using oligo dT priming. Primers used for PCR are as 

follows: human CTC1 (forward 5’-CCTGCCAGGTGGAATTCCTC-3’, reverse 

5’-GGAGTGGCTTGGGATCAGCC-3’), human STN1 (forward 

5’-ATGCCACCGCTTACTATAAA-3’, reverse 5’-CAGGTCTTTGTCTTCTCTGG-3’), 

human TEN1 (forward 5’-ATGCTGCCCAAACCTGGGAC-3’, reverse 

5’-CTACTGGCTGCCGCCCCGCT-3’), human POT1 (forward 

5’-AAAGCAGAAGTGGACGGAGCATC-3’, reverse 

5’-GATAACATCTGAATGCTGATTGGCTGTC-3’) and GAPDH (forward 

5’-ATTTGGTCGTATTGGGCGCCTGGTC-3’, reverse 

5’-TTGTCATACTTCTCATGGTTCACAC-3’). 

 

Quantification of non-denaturing and denaturing in-gel hybridization signals 

The background signal was subtracted from the total signal in each lane to obtain the 

specific signal. It is known that the 2.3-kb signal in the denaturing gel is derived from 

an internal double-stranded telomeric repeats and serve as a loading control 

(Ruiz-Herrera et al., 2008). The specific signal intensity in the native gel was 

normalized to the 2.3-kb signal intensity in the corresponding lane of the denaturing gel. 

Normalized Exo I-sensitive signal intensity was determined by subtracting the 
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normalized Exo I-resistant signal intensity from the normalized total single-stranded 

G-strand signal intensity in native gel. The determined values were used to calculate the 

relative increases or decreases of the intensity when the total single-stranded G-strand 

signal intensity for the mock-infected cells was set to one. 
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Figure S1 

 

Telomere localization of HA-Stn1 protein 

Localization of retrovirally expressed HA-tagged mStn1 in mouse NIH 3T3 cells and 

lentivirally expressed HA-tagged hStn1 in HeLa (telomerase-positive) and U2OS (ALT, 

alternative lengthening of telomeres) cells. HA-Stn1 and TRF1 were detected by 

indirect IF using anti-HA antibody and anti-TRF1 antibody, respectively. Cells were 

extracted with CSK buffer containing 0.1% Triton X-100 prior to fixation to remove 

soluble proteins (see Supplemental Experimental Procedures). Scale bar: 15 μm. 

HA-Stn1 co-localized with a fraction of TRF1-positive signals in all cases. 
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Figure S2 

 

Flag-hCtc1 does not co-localize to replication foci 

Flag-hCtc1 signals do not co-localize with EdU-labeled replication foci in asynchronous 

HeLa cells. HeLa cells expressing Flag-hCtc1 and HA-hStn1 were labeled with 10 μM 

EdU for 15 min immediately prior to fixation. EdU and Flag-hCtc1 were detected by 

AlexaFluor488-azide and rabbit anti-Flag antibody followed by anti-rabbit IgG antibody 

conjugating with Cy3, respectively. Enlarged images of the boxed area are shown below.
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Figure S3 

 

 

 

Recombinant human CST complex binds ssDNA 

(A and B) Dissociation constants (Kd) of RPA and hCST for binding to G-strand 

ssDNAs. Indicated amounts of RPA or hCST were incubated with 10 nM 32-nt ssG (A) 
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or 50-nt ssG (B) (Supplemental Table 1). Calculated Kds are shown.  

(C) Competition assay. hCST complex was incubated with 10 nM labeled indicated 

probes in the presence of 1-, 10- or 20-fold excess of unlabeled competitor as indicated. 

No significant sequence specificity was observed in hCST-DNA binding. 20-nt ssG 

competitor that is presumably too short to bind hCST did not compete with telomeric 

G-strand (lanes 17-20). 
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Figure S4 
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Cell cycle and growth rates are not reduced in Stn1-, Pot1- and 

Stn1/Pot1-knockdown cells 

(A) Growth curve of indicated knockdown cells.  

(B) Cell cycle was monitored by FACS in indicated knockdown cells. Cells were 

synchronized with the double thymidine block method, and were harvested at indicated 

time points after release.
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Figure S5 

 

 

HA-hStn1 does not co-localize with RPA34 in etoposide-treated cells 

Localization of RPA34 and retrovirally expressed HA-hStn1 in U2OS cells. Cells were 

treated with DMSO (No Treat) or 50 μM Etoposide. After 16 hrs, the cells were treated 

with CSK buffer containing 0.1% Triton X-100 (see Supplemental Experimental 

Procedures) prior to fixation to remove soluble proteins. HA-hStn1 and RPA34 were 

detected by indirect IF using anti-HA antibody and anti- RPA34 antibody, respectively. 

Scale bar: 15 μm.  
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Figure S6 

 

 

 

HA-mStn1 does not co-localize with γ-H2AX or Rad51 in IR-treated NIH 3T3 cells 

NIH 3T3 cells expressing HA-tagged mStn1 were exposed to 5-Gy γ-ray. After 3 hours, 

cells were fixed and stained with anti-HA (red) and anti-Rad51 (green) or γ-H2AX 

(green) antibodies for immunofluorescence analysis. Scale bar: 15 μm. Rad51 and 

γ-H2AX are accumulated in DNA damage site with IR treatment, but HA-mStn1 does 

not colocalize with these signals. 
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Table S1  
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