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Abstract

Coats plus(CP) is a rare autosomal recessive disordaused by mutations in CTCH,
component_of sthe CST (CTC1, STN1, TEN1l) complemportant for telomere length
maintenanceThe moleculabasisof how CP mutations impact upon telomere length remains
uncleariThe"CP CTC1'*?" mutation has been previously shown disrupt telomere
maintenance: this study, we use@RISPR/Cas9 to enginethis mutation into both allels of
HCT116 and RPE callto demonstrate that CTC1:STNrteractionis required to repress
telomerase activityCTC1-'**?" interacts poorly with STN1, leading to telomerase mediated
telomere elongatiorimpaired interaction between CTE¥*?"STN1 and DNA pok: result in
increased telomerase recruitment to telomeres and further telomere elongation, revealing that C:S
bindingto DNA"pota is required to fully repress telomerase activity. CP CTC1 mutantshat fail

to interact with"DNA polu resulted in loss of C-strand maintenance and catastrophic telomere
shortening.Our findings place the CST complex as importantregulatorof both Gstrand

extension by telomerase ands@andsynthesis by DNA potx.
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I ntroduction
The development of aging phenotypes is associated increased accumulation of damaged DNA
highly proliferative tissues, leading to compromised tissuemeostasis and frailty.
Accumulating evidence suggests that proper telomere function is critically importatttefor
maintenanceof a stablegenome. Telomeres, proteiBNA complexes that cap the ends of
chromosomes,/play important roles in preventingaittezation of DNA damage checkpoints that
would otherwisenduce cell cycle arrest and apoptodidammalian telomeres consist r@fpeats
of a TTAGGG lagging Gstrand and the complementary CCCTAA leadingt@ndsequences
that end in a singistranded (ss) @ch overhang. Due to the inability of conventional DNA
polymerasesgto copy the lagging strand of telomeric DNA, progressive telohmitenang
occurs with“each round of DNA pkcation in somatic cells.This “end replication probletnis
solved by the enzyme telomerase, a specialized ribonucleoprotein caoimgpieaddsde novo
telomere repeats to the 3-@erhang. Telomerass normally expressed only in human stem
and progenitor cells.In somatic cellsthe lack of telomerasexpressiorresults in progressive
telomere shorteningnd reduced cellular lifesparConsequently, @rexpression of telomerase
extends telomeres, maintains genome stability and prevents the onset of replicative senescence.
Telomers are bound byix telomere binding proteins, collectively termed Shelterin,
which cap=and protedelomeres(Palm & de Lange 2008) The TTAGGG repeat binding
factors, Telomere Recognition Factor TRE1) and Telomere Recognition Factor 2:
Repressor/Activator binding Protein 1 (TRRAP1) bind to the duplexportion of telomeric
DNA. TheProtection of Telomere 1 (POTfjoteininteracts with the ss telomeric overhagl
forms a heterodimer with TPR& consensus name derived from the three competing acronyms
TINT1, PTOP and PIP1while TRF1-Interacting nuclear protein ZiN2), the linchpin of this
complex, bridges TP1:POT1 with TRF1.TRFRAP1(Huet al. 2017). Shelterincomponents
function to_repress distindDNA damage responsand repair pathways at telomeres:or
exampleremoval of TRF2 activates ATM to promatkassical norhomologous end joing (C-
NHEJ)-mediated repaiwhile removal of TPP1:POThctivates ATR and telomere repair via
alternative"Q)-NHEJ mediated repair Finally, RAP1 and TRF2 coordinate to reprebte
activation of homologadirected DNA repaifDenchi & de Lange 2007; Guat al. 2007; Raiet
al. 2016; Raiet al. 2017).
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In addition to telorare end protection, Sheltersooperates withmultiple proteins to
replicatetelomeres. These proteingnclude the evolutionarily conserve@TC1: STN1: TEN1
(CST) complex CTC1 and STNlwere originally discovered as proteins tséitmulate DNA
Pola: primase activity, suggesting an essential foleCSTin DNA replication(Casteelket al.
2009; Miyakeet al. 2009; Surovtsevat al. 2009). Targeted deletion of CTC1 in the mouas,
well asdepletion ofindividual CST components in human cel&l result intelomere replication
defects"and“global telomere attrition, suggesting that the CST complequisedefor multiple
steps of telomere replicatidiGu et al. 2012; Wuet al. 2012 Fenget al. 2017). After DNA
replication leadingstrand telomeres ameitially blunt-ended requiringnucleolyticprocessing of
the leadingstrand termini to generate the-@verhangneeded for telomerase extension of the G
strand. In ‘eontrast, the laggingtrand telomeres already possess &-8verhangamenable for
telomerase extensionDuring S phase TPP1 activates and stabilizes telomerase on the G
overhang of both newly replicated leadirand laggingstrand telomeres However,telomere
extensionisrestrainedby the CST compleXChenet al. 2012). The recruitment of CST to
telomereqby*POT1b in mouse cells and TPP1 in human cells) ingtwmotesDNA Pol-a to
perform C-strandill -in reactiondWu et al. 2012). CST:DNA Pol-a mediatedC-strand filkin is
absolutely=required for telomere length maintenance, since telomerase by itself is insufficient to
generate.the proper duplex telomé@u et al. 2012; Fenget al. 2017). Defects intelomere
replication due to disruption of the CST complex leads to replication fork stalbnge
telomeresan adopsecondary structures that are difficult to repliq@e et al. 2012; Stewarét
al. 2012). ;Stalled replication forksnd thefailure of stalled fork restart at telomer@stiate
aberrant hemelogous recombination events ithgiartaccount for the catastrophic loss of total
telomeric [DNA observed imousecellsdevoid of CTC1L(Gu et al. 2012),or the activation of a
DDR inmammaliarcells(Wanget al. 2012).

Missense mutations in tieimanCTC1 gene causes Coats pl(GP), a rare autosomal
recessive disorder characterized by retinal telangiectasia, intracranial calcificatienpenit
and gastrointestinal bleeditgndersonet al. 2012; Polviet al. 2012; Walneet al. 2013). While
some CP patients possess very short telomeres and have phenotypes resénusi@pmatients
with Dyskeratosis congenitdDC), suggesting thatelomere maintenance aso functionaly
impairedin these patientdelomere lengths in other CP patients are not markedly redRoéd
et al. 2012). Biochemical characterizations revedthat mosthumanCP mutations disrupted
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CST complex formatiorfChenet al. 2013; Gu & Chang 2013)One mutation, CTC1?" is
particularly interesting since impacts on telomere length maintenance (Gu & Chang 2013)
CTC1'*?is a highly conserved amino acid at thee@minus of the protein that plays a role in
promoting, STN1 interactioChen et al. 2013). Since characterization of humatisease
mutations has.often yielded valuable insights into basic biological functions, wagatedthe
impact of CTC1'“?" on telomeremetabolism We compare the effect of thisCTC1 mutation

in two distinct cell typesthe HCT116 colon cancetell line and thetelomerase immortalized

retinal pigmentiepithelial (RPE) celldVe showthat mutantCTC1-*4%"

interacs poorly with
STN1, and thatthe CTC1STN1 subcomplexis sufficient to repress telomeraseediated
telomere ngation. Expression of CP mutations that cannot interact with DNA-oPol
CTC1STN%'is7also required to promote DNA Roimediated Gstrand maintenanc®ur results
reveal that the \CST complexs required tocoordinateboth telomerasenediated Gstrand

extension and DNAola-mediated Gstrandsynthesido maintain telomere length homeostasis

Results

Charactéfization of cells expressing the CTC1-***" mutation. Coats plus patientsre
compound_.heterozygous for two differe@TC1 mutations, with one allele harboring a
frameshift mutation and the other a missense vatfamtlersonet al. 2012; Kelleret al. 2012;
Polvi et als 2012; Walneet al. 2013). Previous analysis of theumanCTC1-****" mutation
relied on transient expression of theutant in HT1080cells bearing wiledtype (WT) CTC1
alleles makingt difficult to understand the vivo effectsof this mutation(Chenet al. 2013)
To understand“mechanisticalypw the CTC1'***" mutationimpacted telomere metabolisim
CP patients;"we utilized Clustered, Regularly Interspaced, Short PalindroepeatR
(CRISPR/CRISPRASssocated 9 (Cas9) to muta@TClLeu 1142 to His 1142 on botileles in
the HCT116cell line andtelomerasemmortalizedRPE cells (Figure JA). A BseNL1 restriction
enzymesite was engineered into the targeted alleles to facilitate screening for correctly targeted
cells Supplemental Figures 1ALB), and Sanger sequencingnfirmed correcimutagenesis
(Supplemental Figure 1C)While CRISPRCas9mediated mutagenesis whghly efficient in
HCT116 cell linesand yieldedseveralcorrectly targeted cloneg was very difficult togenerate
CTC1'**" RPEmutants. We succeed in obtaining onfynecorrectly targetedRPECTC1-+142"

This article is protected by copyright. All rights reserved



1112 clones

146 mutantcell line (Figure 1B).Analysis oftwo independently deriveddCT116CTC
147  revealed thaboth grew at similar rates athe WT controland expresseBNA Pola at similar
148  levels(Figures 1B-1C).Compared to WT controlshe CTC1?" RPE clone R46-5 exhibited
149  slower growthefter the first 7 passag@s vitro (Figure 1B. Thisreduced growth rate wéigely

11428 mutants, sinceve

150  not due to_activation of BNA damageresponse at telomeras CTC
151  did not observe significanly increased localization dhe DNA damage signaling proteigps

152  H2AX and'53BP1o telomere ends over WT contrgBupplemental FigueelD 1E). Western

153  analysis showethat compared to WT controlsgsduced STN1evel wasobserved irboth cell

154  typesbearing theCTC1-''*?" mutation(Figure IC). For both cell types, wattempted to detect
155  the endogenou8TC1-**?" mutant protein by immunofluorescence (IF) microscopy. However, a
156  reliable antibody against endogenous CTiS1lnot commercially availableand we were

157  unsuccessfuln ‘our multiple attempts to generadmtibodiesagainst both human and mouse
158 CTC1 (data_not shown)o circumvent this difficultywe performedF microscopy using an
159 anti-STN1 antibody to visualize endogenous STN1, which we have sposwipuslyto be a

160 reliable marker'to detect the endogenous CST conf{ext al. 2012) We found thaSTN1is

161  presentexclusivelyin the nucleiof WT HCT116 cells but in HCT116 CTC1-***?" mutants

162 nuclearlevels of STN1 are reducedFigure 10). In RPE CTC1-***# cells Western analysis
163  revealed.thaéndogenosi STN1 is present at low levels, and was barely detectable in the nuclei
164 of the RPE CTCE™ mutant (Figure 1D)Expression of Flag TC1-''*?" revealed both
165 nuclear and cytoplasmic localization in HCT116 and RPE ,ceHiaggesting that
166  STN1:CTGH4?" interaction is unable to completely retain CTE¥" to the nucleugFigure

167  1E). Biochemical analyses revealed thagCTC1-*'*?" displayed reduced ability to interact
168  with both{HASTN1 and DNA Pochb (Figure 1F). A DNA binding assay revealed that in the
169  presence .of HASTN1, FlagCTC1**?" also bound poorly to singlstranded telomeric DNA
170  (TelG: TIAGGG:) (Figure 1F). Taken together, these results suggest that the €¥¢H

171 mutation disrupted intaction with STN1, and that STNATC1-'**?" subcomplex cannot
172 interact robustly with DNA Peb or ss telomeric DNA, likely contributing to its partial
173  localization*to,the cytoplasnn addition,endogenou®NA Pol-a levels are significantly higher

174  in HCT116 tumor cells than in immortalized RPE cells.

175
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Increased telomere length in CTC1-*" cells, We next examined telomere length in WT and
CTC1*" mutant cellscontinuouslypassaged in cultureising telomere restriction fragment
(TRF) Southern analysis and nativegel DNA hybridization with a CCCTAA (robe)
oligonucleotide complementary to TTAGQG detect the 3telomeric overhang repeat£ells
were havested at the indicatedopulation doublings (PDsand genomic DNA prepared,
digested with Hinf1/Rsal and resolved by gel electrophorgfes. signal capture, the gel was
denatured and rehybridized with thepébe to determine the amount of total telomeric DNA
present An"Alu’probe was useds an internaloading control. Surprisingly,compared to WT
controls, Ipth HCT116 and RPE CTCH“** mutant cell lines exhibitedignificant telomere
length increase from an averagdelomere length of 3.5 kb to ~9.1 kb (Figure 2A).
Interestingly, the heterogeneous telomere lengths normally observed in \&/Traxedjing in size
from ~2kb to ~6kb, becamemorerestrictedin mutant cellsspanningn most caseffom ~63

kb to ~9.5kb. To determinethe status of th&8'-overhangin these cells, we normalized the total
telomeric sigal with the 3*overhang signal. In addition, wealso used Exd digestion to
distinguishrsinglestranded (ss) telomer&-overhang from internal regions sgtelomericDNA.

1-142H mutant

While no appreciable increase in ss telomeric signal was detiect@dT116CTC
cell linessthe RPE CTC1**" mutant exhibited an ~3#Id increase in sselomeric DNA,
largely stemmingfrom a 7-fold increase in Exd resistant telomeric DNA (FigureB2to 2D).
An increased amount of Exbresistant ss telomeric DNA was also obseruedHCT116
CTC1'**" mutantsover WT control(Figures 2B and®C). This increased accumulation of
internal stretches of ss telomeric DNA likely represented defects in laggamgl synthesis
during DNAwreplication, since endogenous DNA -Bols present at very low levels in
CTC1'#'RPE cellsand cannobe efficiently recruied by CTC1-****" to telomereqFigures
1C, 1E).

We_next examined whethdhe elongatedelomere lengths in CTCH*"

mutants
remained stablduring continuoupassaging While telomere lengths decreasedWT HCT116
and RPEcontrols after continuous serial passagesitro for over 4 months, suggestintpat
these cells"possessed insufficient telometageaintainbulk telomere length telomere lengths
in both HCT116 CTC1-****" mutant cell lines remain stably elevatedter continuously
passaging for ~11PD (Figure 2D). Interestinglythe RPE CTC1'*?" mutant displaying slight
telomere shortening aft@&4 PD, with increased heterogeneiyserved irboth the ss overhang
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and total telomeréengths by 53°D (Figure 2D) These results suggest tHatC1, in complex

1-1142% mutationled to an

with STN1, negdively regulats telomere length. While the CTC
initial increase intelomere length in RPE cellghis increase in lengtltannot bestably

maintained

CTC1 leucine<1142 limits telomerase mediated telomere elongation. To understand
mechanisticallyhow telomere lengths increased in CTE4?H mutants, we reconstituted WT

FlaghCTCT"into WT and mutartiCT116cell lines Expression of WT Flage TC1 increased

L1142H
1

endogenous STN1 levels CTC cells reinforcing the notiorthat endogenous STN$%

unstableinsthe, presence of the CTE}*"

CTCldecreasettelomere length in HCT116 CTC1-**?" mutant cell linesin accord with

mutant (Figure 3A). Expression &WT Flag

previous observationthat CTC1 (and the CST complerprmallyrepresseselomere elongation
(Figure3B) (Chenet al. 2012). In contrast WT FlagCTC1 had no impact on telomere length
when expressed in WT HCT116 cellsVe next tested whether telomerase responsible for
elongating=teldmeresn CTC1-42H
Treatment'oboth WT andHCT116 CTC"*?" cell lineswith 10 uM BIBR 1532 resulted in

rapidtelomere shorteningvhile stoppindBIBR treatment reversed this decline, further resuming
1L1142H

mutants using the telomerase inhibitor BIBR532.

telomereelongation(Figure 3B). These resultseinforce our observatisrthatthe CTC
mutationis unable taestraintelomerase activity on the telomeriesBand resulting in telomere
elongation.

Telomerase recruitment to telomeres requires interaction with the oligosaceharide
oligonucleotide binding (OBfold domain of TPP1 (Nandakumar & Cech 2012; Zhehgl.
2012) To(examine whether expressing WT TPP1 in cells bearing the ‘¢ mutation can
lead to further extension of telomere length, we overexpressed WT TPP1, ful TERBtL
bearing a single, amino acid deletion in the acidic loop of the TEL patch (K170A) which
abrogated.its_ability to interact with telomergbandakumar & Cech 2012; Kocakal. 2014;
Bisht et al2016), WT TPPXOB fold domain, or TPRDB fold domain containing two
mutations that prevented asso@atiith telomerase (TPRQB-RR) (Zhonget al. 2012) in WT
or CTC1"*?" HCT116 cells (Figure 3C)After selection, cells werpassaged for 60 daygsd
telomere length determined by TRF Southeixpression of WT TPPZtesulted in telomere

L1142H
1

elongation in WTcells from an average length 63.5 kbto ~4.5 kb. In CTC mutants
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WT TPPfurtherincreased telomere length from an already long baselinedévél5kb to ~9.5
kb (Figure ). Telomere length did not increagerther in both WT and CTC%'?" cells
expressing TPRA170, revealing that telomere length increase is due to IrR&diated
recruitment of telomeras€€ompared to vector control, expressionVeT TPP1OB, but not
TPP1OB-RR:led to rapid telomere shorteniimgboth WT and CTC1'*?" cell linesdue to the
competitive_removal of telomerase from telomef&ong et al. 2012) These resultsuggest
that the" CTC4*?" mutation & unable to repress telomerase recruitment by TPP1's OB fold,
resulting infurther telomere elongation.

We nextexaminedelomere lengths) telomerase immortalizePE cellsTRF Southern
reveal thaiR-46-5 mutant cells initially possessed long teloegebut with increasingpassages
telomeres‘in this cell line shortenedthe length of WT RPE cell§igure 2D. Treatmenf R-
465 mutant cellswvith BIBR 1532 resulted increased heterogeneity of the 3’ overhang and
further shorteningf both the overhang and total telomere len@igures &). TelomereFISH
revealed progressive increase the percentage of sister chromatidsth greatly reduced or
missing telomere signals, a phenomenon termed sister telomere(3ddg, on metaphase
spreads fromilate passaget6-5 mutant cells, but not WT cel{€rabbeet al. 2004)(Figure J,
3G). Fragile telomeres, prominent in CTC1 knockout mouse cells and suggest®erére
replicative-défects, were not significantly increased above backgroundie@TC1**"RPE
mutants (data not show(fpu et al. 2012).While telomere length also shortergagressivelyn
serially passaged WT RPE cells, sister telomere loss was infrequentdandt dignificantly
increase witkserial passagelmportantly, reconstitutiorof WT FlaghCTClinto R-46-5 mutant
cells prevented both progressive telomere shortening and sister telome(Eitpses E-3G),
indicatingthat the CTCY****" mutation directly contributed tthe observedlefects intelomere
lengthmaintenance

11421 mutants. To understand how

Increased telomerase recruitment to telomeresin CTC
the CTC1****mutation promotes telomere elongation, we performed telomerase FISH on WT
and CTC¥#" mutant cell lines reconstituted with plasmids expressing hTERT (the catalytic

component of telomerase), hTR (the RNA component of telomerase) and WT TPP1
(Nandakumar & Cech 2012; Kocak al. 2014) While only 510% of WT RPE and HCT116

cells displayed >& hTRpositive foci per nuclei, ~40% of CTE1**" RPE cells displayed >5
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hTR-positive foci per nuclei. Similarly, ~40% of HCT116 CT&'1?" cells displayed >3 hTR
positive foci per nuclei (Figures 4AC, Supplemental Figuse?A, 2B). Theseresults further
support the notion that CTC1 represses telomerase localization to telomeres, and that the
CTC1-**?" mutation alleviates this inhibition. We utilized a second approach to determine how
the CTC1'*#! mutation impacted telomerase recruitmantelomeres. HelLa cells transiently
transfected. with plasmids encoding hTERT, hTR, CTC1 (either WT or E¥E&3), WT STN1

and WT TENI"were examined for telomerase recruitment to telomeres. A FISH probe against
hTR was "used to label telomerase @n8-TamOO-(CCCTAA);-3' PNA probewas used to

label telomeres. Under such overexpression conditions, the total number of dlisERviDCI in

the nucleus 4s, a good indicator of the amount of telomerase recruitment. This is because
successfultelomerase recruitment to telomeres results in telomerase foci at several telomeres
while lack of recruitment causes telomerase to residedrnCajal bodies in the nucleus. Only

22% of cells_expressing WT CTC1 showed >6 hTR foci in the nucleus (Figure 4D, 4E). In
contrast,80% of cells expressing the CTE¥?" mutant displayed >6 hTR positive foci in the
nucleus, indicating increased telomerase localization to telomeres in the presence of the

CTC1-'***Mmutation.

CTC1 interaction with both STN1 and DNA polymerase-a is needed to completely repress
telomerase-mediated telomere length elongation. The observation thattelomerase
immortalized CTC1-****" RPE cells cannot maintain elongated telomere lengtrer long
passagessandythat expression of WT CT&Vgned further telomere losgFigure 3) suggest
thattelomerasanediated elongation of the-&rand cannofully maintain telomere lengthsVe
therefore (examined how the-sfrand is maintained in CTE1*?" mutant cells. Revious
research revealed that tB&® mutations CTC#*?"Y and CTC1"*** abolishedCTC1 interaction
with DNA polymeraser that alsaresulted in a paradoxical extension of telomere le(Qtienet
al. 2013). To understand how the§dNA Pola interaction domain CTCinutations impacted
upon telomeré lengtregulation we generated CTCE?"Y, CTC1'®*™ and the CTC¥?"V: V&M
double mutant _and performed -oomunoprecipitation(Co-IP) experiments withDNA pol-a
(Figure 5A). While all three CTC1 mutants failed to interact with DNA jpolthey werestill
able to robustly bind to singlgrandedrel-G DNA in the presence of STNMWe nextexpressed
WT CTC1, CTCE#"Y, cTC1®M or CTCL?"V: V&Min WT or CTCH**? mutant cell lines
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300 (Supplemental Figur@A). Compared to WT CTC1, expression of allCIC1 DNA pol-a
301 mutants lead to an increasehiothtelomere length and-Gverhangn bothWT and CTCH4?"

302 HCT116 cells (Figure B). Expression ofCTC1DNA pol-a mutants but not WT CTC1lalso

303 resulted intheir enhanced localization to the nuclear periphery (Supplemental F3@)rand

304 increasedocalization of telomerase to telomeres (Figus€s and 5D). Theseresuls suggest

305 thatinteraction/of CTC1 with STN1 andDNA pol-a is required to fully repress telomerase

306  activity.

307 Since“DNA polymerase is required for telomeric C-strand filkin, which is a

308 prerequisite for telomere length elongatidinis puzzlingwhy expressingCTC1 DNA Pol-a

309 interactionsdemaimutants did not induce telomesbortening. We surmised that this wadue

310 to thepresencedf high leves of endogenou®NA polymerasen in HCT116 cells (Figure 1C).

311  We tested thisthypothesis by express@ifgC1l mutantsunable to interact with DNA Pal in

312 RPE cellspossessingpw levelsof endogenous DNA pat. While a slight increase in telomere

313 length was_bserved wherthesemutants were expressed @rC1-'**" RPE cells, boththe

314 lengths ofstatal telomeseand the 3G-overhang were extremelyheterogeneoysuggesting a

315 defect inDNAwol-a-mediatedC-strand filkin reaction(Figure 5B). Importantly,expression of

316 the CTCT%" V2*M double mutanin WT RPE cellsled to dramatictelomereloss andthe

317 disappearance of the 3’ overhanig. addition, a 2.50ld increase in the number of STLs and a

318 6-fold increase in the number of fragile telomeres, indicative of telomere replication defects, was
319 observed $upplemental Figure$A-4C). We surmised thaéxpression ofhe CTCL?27V: V25M

320 mutant severely disrupted the localization ofendogenousDNA pol-a to the Gstrand of
321 telomeres.Coupled with heinability of telomerase telongatetelomeres due to the presence of
322 endogenousNT CTCY, catastrophic telomere shorteniegsued, a phenotype reminiscent to
323  what was observed in CTC1 null mouse c@Bsi et al. 2012).

324 The CTCL-SIN1-DNA pol-a complex inhibits telomerase recruitment to telomeres. The

325 CTC1**?" mutant interactgpoorly with both STN1 andDNA pol-a and faik to bind ss
326 telomeric DNA, suggestinthat ptysical interactions between CTC3TN1and DNA pota are

327  all requiredto, bind to ss telomeric DNA. To test this hypothesis, we examined whether

L1142H
1

328  artificially tetheringmutantFlagCTC to STN1 via a flexiblel0-amino acidlinker could

L1142H wT
1 1" -

329 rescueCTC s interactionwith DNA pol-a and sstelomeric DNA. The FlagCTC

330 linker-STN1 protein interactedrobustly with both DNA pota and sstelomeric DNA (Figure
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6A), completelylocalized to the nucleus (Figure 6Biad functionally reduced telomere lergth
in bothWT andCTC1-****" HCT116 and RPEells (Figure €). In addition expression ofhe
Flag CTC1""-linker-STN1 constructreduced telomerase accumulation on telomeres, as revealed
by telomerase FISH (Figur&D and6E). In contrast, whilgetheringSTN1to Flag CTC1-+4%H
increasedheexpressiorievels of Flag CTC1-***?" the FlagCTC1-****"linker-STN1 construct
was unable_to'interact witkither DNA pol-a nor ss telomeric DNA and it still localized
partially”t6"the"cytoplasnfFigures 6A 6B). FlagCTC1***"|inker-STN1 also dramatically
reducedtelomere lengths in both WT and CTE&4%?" RPE cells, likely byfunctioning as a
dominantinegative to redu@ndogenous DNA pat accumulationat telomeres (FigureG).
These resultsrssuggest that CTi€tequired to directlynteract with STN1 tdorm aCTC1STN1
(C:S) complexs CS then interacts with DNA pal to enable stable binding to SS telomeric

DNA, and thisCiS:DNA pola complex is inhibitory to telomeraseediated Gstrand extension.

TEN1 promotes CTC1:STN1:DNA pol-a complex formation. To examine the contribution of
TEN1 to €ST=«complex formatiowith DNA pol-a and ss telomeric DNA, we first expressed
FlagCTC1yHASTN1 and MyeTEN1 in HEK293T celland examined their interactions by co
IP. By itself, HA-STN1, but not FlagcTC1 or Myc-TEN1, weakly interacted with endogenous
DNA pal-e«(Figure 7A). Co-expressing all thre€:S:T components together resultedrobust
binding to DNA pola, although C:S and S:T also interacted well with DNA pol-a. The presence

of Myc-TEN1 enhanced the interaction betwddagCTC1****" and HA-STN1, as well as
complex formation between FlagrC1-**?" HA-STN1, and DNA pol-a (Figure 7B). TEN1
also prometed the interaction between FGECI*?"linker-STN1 with endogenous DNA
pol-a and ss DNA (compare Figures 6A to Figure 7B). In addition, TEN1 also promoted the
interaction between Fla@TC1*“?" HA-STN1 DNA pol-a and ss telomeric DNA. These
results suggest, thétte trimeric CST complex is rpired toefficiently interact withboth DNA
pol-a and ss.telomeric DNA.

Discussion
The CST complex has emerged asegative regulator of telomerase mediated telomere
elongation(Chenet al. 2012) Deletion of CTC1 results in extensivedBerhang extension due

to increased synthesis by telomerase. However, it is unclear how indi@80atomponents
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362 function toregulatetelomere lengthSince the CST complealso participates ina myriad of

363  other biological activitiesat nontelomeric genomic sitesincluding therestart of stalled
364 replication forksat GC rich loci(Chastairet al. 2016),we reasoned thakeletingindividual CST

365 components will likely lead to confounding effects not associated tekbmere length
366 regulation. Te.circumvent this issue, we used CRISPR/Cas9 to entline®f C1'***" CP point

367 mutationinto_both alleles of HCT116 and RPE cell lindhis mutation has been previously
368  shown "biochemically taeducethe ineraction between CTC1 and STN1 and to promote
369 telomere elongatio(Chenet al. 2013; Gu & Chang 2013)Ve provide functionakvidence that

370 CTC1:STN1 is required to repress telomerase actimitjvo. The CTC1*4%H

proteininteract
371 poorly with: STN1 and localizes partially to the cytoplasheadng to telomerase mediated
372 telomereelongation(Figure 7C) Biochemical characterizatioevealed tha€TC1-4?H STN1,
373 TEN1 interact poorly with both DNA pol-o and telomeric DNA, suggesting thathe
374 CTC1""*?" STN1:TEN1complex cannotompete with telomerader access tdhe 3' Grich
375  overhang Impairedinteraction baveen CTC"*?*STN1 and DNA pota result in increased
376  telomerase=recruitment to telomeres &mthertelomere elongationevealingthat CS binding
377 to DNA poka'is‘required to fully repress telomerase activity. In addition, we also shothat C:S
378 regulates=&strand filFin by DNA pola. Our findings place the CST complex e major
379  regulator.ef'both G-strand extension angt@nd filkin reactions

380 Deletion of CTC1 inboth mouse and human cells results in extensivev&rhang
381 extension'due tbothincreased &trand synthesis by telomerase and dsfiecC-strand filkin
382  synthesis by"DNA pet, suggesting that the CST complex coordinates bbthese processes
383 (Wanet al"2009; Guet al. 2012; Kasbelet al. 2013; Fenget al. 2017). In vitro experiments
384  suggest thaCST limits telomerase access @rich telomeric DNA(Chenet al. 2012). Analysis
385  of CTCI™** mutant cellsrevealedthat they possesslongatedtelomers due to increased

142"t STN1 was unable to

386 recruitment.otelomerase téelomeresAirtificially tethering CTC
387 prevent telomere elongation, indicating that direct CTC1:STN1 interaction iseeédaiimpart
388 negative _regulationio telomerase. Our dataindicate that CTC1 binding to STN1 regulates
389 telomerase"aecess to theiéh ss overhangand that TENL1 is dispensable imsthrocess.

390 Evenwith abundant telomeraséailure to maintain the Gstrandresults insignificant
391 telomere shorteningver time Telomerase immortalize®PE cells bearing the CTE$*"

392  mutation initially exhibited a rapid increase in telomere length due to unrestrained telomerase
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activity. However, telomeres did not remain stably elongated, exhibiting progressiktening
after extensive passaging, accompanied by increased hetetpgehethe 3’ overhang.

Accumulation of internal ss @eh telomeric DNAin CTC1-42H

mutant cells suggestlefective
maintenance of th€-strand which is further exacerbated by the low level of endogenous DNA
pol-o. presentwin RPEs. Furthermore, our dat suggest that C:&lso regulates &strand
maintenance by DNA pat (Figure 7C). Both CTC1 and STN1 have been shown to interact

with DNA'pola, with a recent report suggesting that STN1 stimulates the switch between RNA
priming and"DNA synthesis activiseof DNA pola (Huanget al. 2012; Nakaokat al. 2012,
Ganduri & Lue 2017) Telomere shortening was further exacerbated with the introduction of
dominant negative CTC1 mutants incapable of interacting BMNIA pol-a, leading to marked
heterogeneity in the length of thedserhang and a smear of very long telomeres suggestive of
telomere hyperextension (Figure 6Bpefecive C-strand synthesigesultedin telomere loss
manifested a$TL. When endogenous DNAol-o’s ability to interact withtelomeres is further

£227Vi V259M mtant that cannddind

compromisedy expressing the dominant negatwe CTC
to DNA pol<atotal telomereloss andthe complete disappearance of theGobverhangwas
observed. “Inwaddition, elevated cytogenetic defects including STL and fragile tedomere
suggestive.of telomere replication failumere observed. Thigatastrophic telomere shortening
phenotypasTeminiscenpf the dramatic loss of telomere sequermeserved in CTC1 nuthice
(Gu et al. 2012). Our data suppora recent modelof telomere maintenancknking DNA
replication,to telomere length regulatjowith the CST complex regulating both-sBand
extension bytelomerase ands@and filkin by DNA pol- (Greider 2016).

Progressivedlomere shortening was not observedFC1-****" mutantHCT116 tumor
cells, revealing that &trand fill in synthesis is not negatively impactedhis cancer cellglue

1A227Vi V259 i tantinto

to elevated levels of DNA pal. Introduction of dominant negative CTC
the CTC1:4?" mutant background resultedfimthertelomere elongation, suggesting thatal
(and the &I _complex)cooperates with DNA pak to negatively regulate telomerase. These
findings arerreminiscent of observations revealing that disrupting the intesadigiween
CDC13 and DNA peb in yeast and CTC1 and DNA pol-a in mouse cells both result in
telomere elong#on (Adams & Holm 1996; Qi & akian 2000; Grossit al. 2004; Cheret al.
2013). Our data alsohighlight the significant differences in telomere length maintenance

mechanisms between normal and cancer céllsie most investigationson telomere length
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maintenance mechanisms focusestlo® impact oftelomerase, our findings suggesattthe
amount of endogenousDNA pol-a is an equally important consideration wherevaluating
telomere lengthmaintenance mechanisnts normal and cancer cells, a finding likely to have
important implications in aging research

Because a subset of @Rtients displaymarkedly shortened telomeres, this disease has
beenclassifiedas a telomeropathfArmanios & Blackburn 2012). However, unlikiee classical
telomere 'shortening phenotype observedi@ patients,which is clearly due to defects in
telomerasenotdl CP patients display shomlomeregPolvi et al. 2012) Moreover, CP patients
display clinicalmanifestationglistinct from those observed in DC patients, suggestivagthe
underlyingdefects of these two diseases might be mechanistically distinct. Results gleaned from
overexpression studies diuman CP mutations iiHCT116 cancer cellsand expresing
correspondindhumanCTC1 mutationsinto CTC1” MEFs strongly suggest that CP is due to
failure to properly maintain the telomeri-strand, leading to telomere replication def¢Ga et
al. 2012; Cheret al. 2013; Gu & Chang 20135TL is a prominent feature in our late passage
CTC1**"'mutdnt RPE cell linegnd this cytogenetic aberratiblmasbeen previously found in
cells lacking the RecQ helicase WRN, a protein necessary for the replicatiencbf t€lomeric
DNA (Crabbeet al. 2004). A recent report also suggetttat C-strand replication defects is
associated'witlsTLs (Takai et al. 2016).We speculatghatin tissues bearing an elevated level

of DNA pol-a, theelongated telomeres exhibited by B&C1-**42"

mutationlikely conferredan

initial proliferative advantage. However, continuagdlular replicationn tissues witHimiting

DNA pol-adevels results irC-strand maintenance defects, manifested as stalled replication forks
unable to ‘bypasS-rich secondary structurascluding G-quadruplexe@G4), resulting inthe
formation|of singlestranded gaps that when degraded give risTio. Both POT1 and CST
efficiently disrupt Gquadruplex formatiom vitro (Wanget al. 2011; Bhattacharjeet al. 2017)

and our data_suggest thattroduction of WT CTC1 into CTC1-***?" mutants completely
suppressed. STL formation (Figure 3@e postulate thaEST/POTL1 play an important role in

preventing.the formation @4 on sstelomeric Grich DNA to maintain genome stability.
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598  Figurelegends

599  Figure 1.:Generation of the CTC1 L1142H mutation in HCT116 and RPE cells using

600 CRISPR/Gas9. A. Schematic of the guide sgRNA utilized to mutate CTt4to CTC1*!*?

601  Arrows indicate, PCR primers used for genotyping. NBH 3T3 assays were used to measure
602 the proliferative capacitie®f the indicated cell lines. C. Expression pattern of endogenous
603 DNA Polo and STN1 in the indicated cell lines detected by Western anahtsisulin was used

604 as a loading controD. ImmuncFISH analysisor endogenous STNIgKeen)and telomeres
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(red)in WT or L1142H mutant HCT116 or RPE cell lineSTN1 was visualized using an anti
STN1 antibody, telomeres visualized by hybridization with -d&1hO0O-(CCCTAA)4-3' PNA
probe and uclei visualizedby 4,6diamidino-2-phenylind@ staining (DAPI; blue). E.
Immunostaining for WT Flag€TC1 or FlagCTC1-***?" (green) expressed in HCT116 or RPE
cells. Nuclei-were stained with DAPI (in blue). ®o-IP to determine the ability of WT Flag
CTC1 and\FlagC TC1-"*?" mutant proteins to ieract with HASTN1, endogenous DNA pal
and ss telomeric DNA (Tel G oligo: (TTAGGE))

Figure 2. [Increased telomere lengths in cells bearing the CTC1-**#*! mutation. A. TRF
Southern analysis of thiengtrs of singlestranded (ss) (top panel) and total telomeric DNA
(bottom parnel)‘in cells of the indicated genotypes. Numbers at the bottom indecatenber

of population doublings (PDs)B. Telomere length analysis of singleanded (ss) (top panel)
and total telomere length (bottom pBne cells of the indicated genotypes either treated with
(+), or without ), Exol. Alu was used aBNA loading control. C. Quantification of the
relative ss»@iech telomere signal normalized to total telomeric signal in cells of the indicated
genotypes, ‘either untreated (top) or treated (bottom) with Exol. Values represent the mean from
three independent experiments and error bars represent standard error drths.eae). D.
Telomereslength analysis of singdganded (ss) (top panel) and tai@lomere length (bottom
panel) of cells of the indicated genotypes subjected to long term serial pasB&gipgpulation
doublings.. Alu was used a®NA loading control.Numbersin native gelrefer to ratio of

overhangsignahintensity to total telomenatensity.

Figure 3. CTC1 L1142H promotes telomere elongation by telomerase. A. Determinatiorof

the expression of WT FlaGTC1 and endogenous STN1 in the indicated cell lines by Western
analysis _B.. IRF Southern analysis of telomere length WT or mutant HCT116 cells
reconstituted. witheither WT CTCL1 orculturedin the presence of0 uM of the telomerase
inhibitor BIBR: Cells werefirst passaged for 12BD, reconstituted with WT CTC1 or treated
with BIBR,"andmaintainedor another 120 PD. +BIBR: cells were maintained in the presence
of 10 uM BIBR for 120 PD, then maintained for another 120 &fer discontinuing BIBR
treatment. C. Expression levels of WT TPPQ1T®RL TPP1  -OB"" or OB® (K166R;
K167R mutations) in HCT116 cells by@stern analysis. D. Analysis of total telomeric DNA in
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WT or mutant HCT116 cells expressing either WT TPP1,ATRP®br TPP1 -OB"" or OB,

Cells expressed TPP1 constructs for 60 days before undergoing telomere lengilk agaljRF
Southern. Alu was sed as aDNA loading control. E. Telomere length analysis of single
stranded (ss) (top panel) and total telomere length (bottom panel) in cells of the indicated
genotypes...PD: population doublings. +CTC1: WT CTC1 was expressed for 120 days before the
cells were harvested for telomere length analysis. +BIBR: cells were treated with 10 uM of the
telomerase“inhibitor BIBRNumbers in native gel refer to ratio of overhang signal intensity to
total telomererintensitys. Metaphase spreads revealsigtertelomere loss in RPE“?" cellsat

the indicated PD. White arrowheads point to STLs. In one experiment, WT CTC1 wassexpr

in RPE“# cells at PD54 and then passaged for an addition&PD. G. Quantification of the
percentage-ofssister telomere o WT RPE or RPE?" cells with the indicatedD when
harvested.

1-14%H mytant cells. A.

Figure 4. [ncreased telomerase recruitment to the telomeresof CTC
RPE or HECT116 cells were infected with retrovirus expressing hTERT and TPRL, the
transientlytransfected with hTR. Fluorescencesitu hybridization(FISH) was used to detect
co-localization of hTR (red) with telomeres {famOO-(CCCTAA)4-3' PNA, green) in cells of

the indicated genotypes. White arrows point tdamalized hTRtelomere signalén nuclei. B,

C. Quantification of the percentage of hTR positive foci on telomeres in RPE (B) 18 (C)

cells. At least 100 nuclei possessinglacalized hTR signal on telomere were counted. D. FISH

was used to"detect hTR foci (red), and immuno#isoence with antrlag antibody was used to

detect the“kEla@CST complex (purple) and a rabbit alfRF2 antibody was used to detect
endogenous TRF2 (green). Telomerase recruitment to telomeres is indicated in the merge panel
by yellow, spots. (Magnification: 100x). E. Quantitation of the fraction of teloseefact
containing,cells transfected with indicated CST constructs that cofitéihed or> 6

(orange) hIR foci per nucleudumber of nuclei scored: WT CTC85 nuclei, mutant CTCH7

nuclei, telonerase alone&6 nuclei.
Figureb5. Disruption of CTC1:DNA pol-a interaction results in further telomere elongation

in CTC1-* mutant cells. A. Biochemical characterization of Fi&JC1 WT and mutants

unable tointeract with endogenous DNA pal Flag-CTC1 was incubated with H&TN1 and
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667 interaction with endogenous DNA pealwas determined by co-IP. B. Analysis of the lengths of
668 the 3’ overhang (top panel) and total telomere DNA (bottom panel) in HCT116 daddtR
669 expressing WT CTC1, CTE#"Y, cTC1®™M or cTCT??"V: VM mutantsfor 2 months by
670 TRF Southern. Alu was used as ®NA loading control. C. Expression of CTC1 mutants
671 unable tointeract with DNA pola increased telomerase recruitment to telomeres in CTC42H

672 mutant RPE cells. Cells of the indicated genotypes were infected with retrovirus expressing
673 hTERT"and TPPL1, then transiently transfected with a hTR cDNA. FISH was used to detect co
674 localization'of'ATR (red) with telomeres (afifRF2 antbody, green). D. Quantification of (C).

675 For eachicell type, a minimum of 100 nuclei with signal were scored for the number of c
676  localized focix

677

678 Figure 6. The CTC1:STN1 complex inhibits telomerase recruitment to telomeres. A. WT

679 FlagCTC1, FlagCTC1***?" WT FlagCTC1 tethered to STN1 or FlagTC1-'***" tethered to

680 STN1 were examined for their ability to interact with $AN1, endogenous DNA pal and ss

681 Tel-G oligowsBe’IF examination of the cellular distribution of WT F@§C1, FlagCTC1-**4%",

682 WT FlagCTC#STN1 or FlagCTC1**?MSTN1 in CTC*?" mutant RPE cells using anti

683 Flag antibedy (green). Blue: DARitaining to detect nucleiC. TRF Southern analysis of

684 telomere.dengths in WT or CTE®*" mutant HCT116 or RPE cells expressing thdidated

685  DNA constructfor 2 months Alu was used aBNA loading control. D. Tethering CTE$4?"

686 to STN1 does not inhibit telomerase recruitment to telomeres in ‘€¥&imutant RPE cells.

687  Cells of the"indicated genotypes were infected with a retrevéxpressing hTERT and TPP1,

688 then transiently transfected with a hTR cDNA. FISH was used to detdotalation of

689 hTERC (red) with telomeres (afiRF2 antibody, green). E. Quantification of (D). A
690  minimum of 100 nuclei for each cell type bearmR signals were scored for-tmcalization of

691 telomerase with telomeres.

692

693 Figure 7. TEN1 enhances CTC1:STN1 interaction. A. Biochemical characterization of Flag

694 CTC1, HASTN1 and MyeTENL1 interaction with endogenous DNA pwland ss TelG oligo.

695 B. Chanacterization of protein interactions between WT FGKC1, FlagCTC1 mutants, HA

696  STN1, with (+) or without{) Myc-TEN1, with endogenous DNA pal and ss TelG oligo. C.
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Summary of how WT and CTC1 mutants interact with DNA @@ influence telomere binding

and telomere length maintenance.

Experimental Procedures

Plasmids and antibodies. CTC1 point mutations were generated by PCR. The fusion protein
CTC1-STN1 was linked by a 10 amino acids polyglycine spacer and adgagas inserted at
the Nterminusof CTC1. The retrovirus vector pQXCIP (Clontech) was used for transient
protein expression in 293T cells or stable expression in the HCT116 and RPE hilriaesce
Antibodies that recognize phosphorylated YH2AX (Millipore #05-636) and 53BP1 (Santa Qru
#sc22760) were used for the DNA damage assays. Mouse monoclor@R&&i (Millipore
#05521) orrabbit polyclonal aniRF2 antibody (Novus NB118713) were used to visualize
telomeres-for.-RNAFISH. the antDNA Pol o antibody was purchased from Santa Cruz (#s€
5921) and'the an®TN1 antibody from Sigma (#WH0079991M1). Aepitope tag antibodies
were purchased from Sigma (akRtag #F3165 and arbIA #A300-305A) or Millipore (anti

Myc #05-724). The telomerase inhibitor BIBR1532 was purchased frgmaS

Cell cultureand the generation of CTC1-L1142H mutant cell lines by CRISPR/Caso.
Human cancer HCT116 cells were maintained in McCoy’s 5A media supplemented with 10%
FBS. Human hTERAImmortalized RPE cells were cultured in DMEM/F12 (1:1) media with
10% FBS. The CTGL1142H point mutation targeting vector was constructed into rAAV
vector GGMES-SEPTN2 (Kanet al. 2017)and a new restriction enzyme site for BseNI was
generatedin.the mutated site. The sgRNA waserted into retrovirus plasmid px458
(containing"Cas9:GFP) and was designed so that it would likely destroy the Hpyl188ttioes
enzyme recognition site around the mutation site. The targeting vector and sgRNAIplasm
were ceinfected into HCT116or RPE cells and targeted cell lines were screened by BseNI
restriction_enzyme digestion and further confirmed by DNA sequencing. Teerperss CTC1
wildtype or mutant protein in HCT116 or RPE cells, the cells were infected by the relevant

retrovirus ad then selected for puromycin resistance for at least one week.
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DNA binding and Co-IP assays. Streptavidinsepharose beads (Invitrogergated with Biotia

Tel-G (TTAGGG) were used for the ss DNA binding assays. Antibody dinksd-sepharose
beads (Sigma) were used for-®d Both beads were incubated with crude cell lysates in
TEB150 buffer (50 mM Hepes, pH 7.3, 150 mM NaCl, 2 mM Mg@ mM EGTA, 0.5% Triton
X-100, 10%-glycerol and proteinase inhibitors) overnight at 4°C. After washing with same

buffer, the beads were analyzed by immunoblot assay.

I mmunofluor escence-fluorescence in situ hybridization IF-FISH experiments for telomerase
recruitmentrinsSupetelomerase Hela cells were performed as previously reported (Bisht et al.,
2016) with'medifications to accommodate CST protein overexpression. Conflusvelsplates
containing HeLa cells were trsiected with a 2:1:1 ratio of CTC1:STN1:TENland a 3:1 ratio of
hTR:hTERT.using lipofectamine 2000 (Life technologies) following manufactui@ogwls.

The total DNA«transfected per well was held constant by complementation with empty vector if
necessaryml never exceeded 6 pg per well. Two days following transfection, cells were fixed

with 4% formaldehyde in PBS for 10 min. Cells were washed with PBS and then permedabili

in a solution containing 0.5% Triton-X00 and PBS. Following permeabilization, Iselere
blocked with,PBS containing 1 mg/mL BSA, 3% goat serum, 0.1% Tritd0 1 mM EDTA

(pH 8.0) for 1h: After washing with PBS, the cells were incubated with mouse moncatbinal
FLAG M2%(Sigma; F1804; 1:500) in combination with rabbit polyclonai-&RF2 antibody
(Novus NB1165713; 1:200) for 30 minutes. Alexa Fluor 488njugated artmouse 1gG (Life
Technologies) was used to detect FL-fggged CST proteins by IF. Alexa Fluor 56&jugated
anti-rabbit IgG (Life Technologies) was used to detect endogenous TRF2.

RNA-EFISH assay in HCT116 or RPE cells was performed as follow. Cells were infected
with hTRPEY, selected by puromycin, and transiently transfected with hTR:hTERT at a ratio of
3:1 for twordays. Telomeres were visualized either by imntamesg with mouse monoclonal
anti-hTRF2 antibody and Alexa Fluor 48®njugated antmouse 1gG (Life Technologies) or by
mixing 5’-TamOO-(CCCTAA),-3" probe with Cy5-conjugated TR probe.

Metaphase PNA-FISH and immunofluorescence (T1F) assays. To image me&phase spreads,
cells were treated with 0.5 pg/ml of colcemid for 4 hr before harvest. Trypsinized cells were
treated with 0.06 M KClI, fixed with methanol:acetic acid (3:1) and metaphpsesdson glass
slides. Metaphase spreads were hybridized wi{hadtOO-(CCCTAA),-3’ probe. For the TIF
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assay, cells were seeded Hw8Il chambers and immunostained with primary antibodies against
y-H2AX or 53BP1, and then treated with FI'B€condary antibodies before hybridization with
the 5-Cy3-O0-(CCCTAA),-3’ probe to detect telomeres.

TRF Southern.. Serial cultures were done according to the 3T3 protocol as previously described
(Blascoet al. 1997) To analyze telomere length, 20 pgtatal genomic DNA was separated by
0.8% agarose gel electrophoresis. The gels were dried at 50 °C and prehybri8z&d an
Church mix™©@:5 M NakPO,, pH 7.2, 7% SDS) and hybridized with y-*P{CCCTAA)4
oligonucleotide probes at 55 °C overnight. The gels were washed with 4 X SSC, 0.1% SDS
buffer at 55 2€, and exposed to phosphorimager screens. Afget hybridization for the &
overhang ‘under native conditions, the gels were denatured with 0.5 N Na®®) NaCl
solution and neutralized with 3 M NaCl, 0.5 M FHEI, pH 7.0, then r@robed with y->2P-
(CCCTAA), oligonucleotide probes to detect total telomere DNA after denaturation. Finally,
the gel was_relenatured to remove all probe and rehybridizéth a y->*P radiolabeled Alu

probe (GTGATCCGCCCCGCCTCGGCCTCCCCAAAGTG) as an internal loading control. To
determine thesrelative -Gverhang signals, the signal intensity for each lane was scanned with a
Typhoonmager (GE) and quantified by ImageQuant (GE) before and after denaturation. The
G-overhangsignal was normalized to the total telomeric DNA and compared between samples.

Supplemental«lnfor mation

Supplemental Figure 1. Characterization of the CTC1-***" mutation. A. BseNI restriction
enzyme digestion patterns for WT and L1142H mutants. B. BseNI digestion of PCR groduct
from the.ndicated cell lines. HelLa DNA was used as a negative control. C. Sanger sequencing
results for wildtype and the L1142H mutard. Immunostaining for DNA damage signals y-
H2AX or 53BP1 on telomeres of the indicated cell lines. Telomeres were probed \Tam5’
OO-(CGETAA)s-3' PNA and nuclei stained by DAPI. E. Quantification oflecalization of

DNA damage foci on telomeresIfs). At least 100 nuclei were counted per genotype.

Supplemental Figure 2. Quantification of the number of hTR-positive foci on telomeresin
WT or CTC1-*# HCT116 or RPE cells. A. Percentage afuclei with the indicated number
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of hTR foci on telomeres. B. Average number of hddgitive telomeres pdiTR-positive

nucleus.

Supplemental Figure 3. Expression of CTC1 mutants. A. Expression of WT FlagTC1,
Flag:CTC1 bearing DNA pob mutants, Flag-CTC1""-STN1 or Flag CTC1***".STN1 in the
indicated cell lines. y-tubulin was used as loading control. B. Expression of WT-EEG1,
Flag CTC¥"bearing DNA peb mutants, FlagCTC1""-STN1 or FlagCTC1-****".STN1 in R-

465 cellsLeft: FlagCTC1 (green), DAPI (blue). Right: endogenous STN1 (green) and DAPI
(blue).

Supplemental Figure 4. Increased sister telomere loss and fragile telomeres in RPE-4#"

cells reconstituted with WT CTC1, CTC1*#", CTC1V®M, or CcTC1M#?V VM A
Examples of sistetelomere loss (white arrows) and multiple telomere signals (MTS) which are
fragile telomeres (red arrows). Quantification of sister telomere loss (B) and MTS (C).
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