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A POT1 mutation implicates detective
telomere end fill-in and telomere
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Coats plus (CP) can be caused by mutations in the CTC1 component of CST, which promotes polymerase a (pola)/
primase-dependent fill-in throughout the genome and at telomeres. The cellular pathology relating to CP has not
been established. We identified a homozygous POT1 $322L substitution (POT1<?)in two siblings with CP. POT1¢*?
induced a proliferative arrest that could be bypassed by telomerase. POT1<F was expressed at normal levels, bound
TPP1 and telomeres, and blocked ATR signaling. POT1? was defective in regulating telomerase, leading to telo-
mere elongation rather than the telomere shortening observed in other telomeropathies. POT1? was also defective
in the maintenance of the telomeric C strand, causing extended 3’ overhangs and stochastic telomere truncations
that could be healed by telomerase. Consistent with shortening of the telomeric C strand, metaphase chromosomes
showed loss of telomeres synthesized by leading strand DNA synthesis. We propose that CP is caused by a defect in
POT1/CST-dependent telomere fill-in. We further propose that deficiency in the fill-in step generates truncated
telomeres that halt proliferation in cells lacking telomerase, whereas, in tissues expressing telomerase (e.g., bone
marrow), the truncations are healed. The proposed etiology can explain why CP presents with features distinct from
those associated with telomerase defects (e.g., dyskeratosis congenita).

[Keywords: CST; CTC1; Coats plus; Exol; POT1; telomerase; telomere]
Supplemental material is available for this article.

Received December 21, 2015; revised version accepted March 2, 2016.

Coats plus (CP) is a rare autosomal recessive disorder, the
key characteristics of which include retinal telangiectasia
and exudates (Coats disease); intracranial calcification
with leukodystrophy and cysts; osteopenia with tendency
to fracture and poor bone healing; and a high risk of
developing vasculature ectasias in the stomach, small in-
testine, and liver, leading to gastrointestinal bleeding and
portal hypertension (Tolmie et al. 1988; Crow et al. 2004;
Linnankivi et al. 2006; Briggs et al. 2008).

Recently, CP was shown to be due to biallelic muta-
tions in CTCI, encoding conserved telomere mainte-
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nance component 1 (Anderson et al. 2012; Polvi et al.
2012; Walne et al. 2013). CTC1 is distantly related to the
budding yeast telomeric protein Cdcl3 and, like Cdcl13,
interacts with STN1 and TENT1 to form the three-subunit
CST complex (for review, see Price et al. 2010; Chen and
Lingner 2013).

The mammalian CST complex contributes to telomere
function in three ways. First, CST is required to regenerate
the proper telomeric 3’ overhang after the replication
of telomere ends (Miyake et al. 2009; Surovtseva et al.
2009; Wang et al. 2012; Wu et al. 2012), most likely by
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facilitating a fill-in step that regenerates 3’ overhangs of
the correct size after extensive nucleolytic degradation
of the 5’ ended C-rich telomeric repeat strand. In mice,
CST is recruited to telomeres by one of the two mouse
POT1 proteins, POT1b, which is the component of shel-
terin that governs the length of the 3’ overhang (Hocke-
meyer et al. 2006, 2008; He et al. 2009; Wu et al. 2012).
Human telomeres contain a single POT1 protein, which
is thought to bind CST indirectly via its binding partner,
TPP1, although a direct interaction of POT1 with CST
has also been reported (Wan et al. 2009; Chen et al.
2012; Diotti et al. 2014).

Second, CST plays a role in the negative regulation of
telomerase (Chen et al. 2012). Thus, when CST is inhibit-
ed in certain human lines (Wan et al. 2009; Chen et al.
2012; Kasbek et al. 2013), telomere length homeostasis
is reset to a longer length. CST can inhibit telomerase in
vitro, presumably in part through its ability to bind to
the TTAGGG repeat telomerase primers (Chen et al.
2012). However, in vivo, the fill-in reaction itself may
also contribute to the negative regulation of telomerase,
since mouse cells harboring a temperature-sensitive poly-
merase a (pola) have elongated telomeres at elevated tem-
perature (Nakamura et al. 2005), as do human cells in
which pola is partially inhibited with aphidicolin (Sfeir
et al. 2009). Of note, POT1 is also a negative regulator of
telomerase (Loayza and de Lange 2003; Liu et al. 2004;
Ye et al. 2004), potentially acting through occlusion of
the 3’ end of the telomere (Lei et al. 2004; Kelleher et al.
2005) and/or mechanisms involving CST.

A third function of CST is to facilitate the replication of
the duplex telomeric TTAGGG repeat array (Surovtseva
et al. 2009; Gu et al. 2012; Stewart et al. 2012; Wang et
al. 2012; Bryan et al. 2013; Chen et al. 2013; Kasbek
et al. 2013), which poses a challenge for the replisome
(Sfeir et al. 2009). Frequent stalling of the replication
fork, in part due to the formation of G4 DNA in the
TTAGGG repeat template of lagging strand DNA synthe-
sis (Zimmermann et al. 2014), is thought to result in sin-
gle-stranded gaps that require CST-mediated fill-in.
When the single-stranded gaps are not repaired, telomeres
exhibit aberrant structures in metaphase—referred to
as fragile telomeres (Martinez et al. 2009; Sfeir et al.
2009)—that resemble the common fragile sites.

The functions of CST are consistent with biochemical
data on the ability of CST to associate with DNA pola/
primase and promote DNA replication (Goulian et al.
1990; Casteel et al. 2009; Nakaoka et al. 2012; Diotti
et al. 2014) and the proposal that CST is a specialized
form of RPA (Gao et al. 2007). Indeed, human CST was
first identified as a pola/primase-associated factor (AAF)
(Goulian et al. 1990; Casteel et al. 2009). Recent data con-
firm the view that mammalian CST is involved in some
aspects of genome-wide DNA replication (Gu et al.
2012; Stewart et al. 2012; Kasbek et al. 2013). Budding
yeast CST also interacts with pola (Qi and Zakian 2000;
Grossi et al. 2004) and has long been known to counteract
nucleolytic attack at telomere ends (Weinert and Hart-
well 1993; Garvik et al. 1995; Grandin et al. 1997; Zubko
et al. 2004).

Telomere truncations in Coats plus

Here we describe two siblings demonstrating a clinical
and radiological phenotype consistent with CP in whom
mutations in CTC1 were not present, suggesting the pos-
sibility of genetic heterogeneity. Of note, sequencing of
STN1 and TEN1 was also normal. Rather, we identified
a homozygous variant in the POT1 gene (referred to here
as POT1“%) and describe the effect of this mutation on
telomere structure and function. POT1 is the ssDNA-
binding protein in shelterin (Baumann and Cech 2001;
Lei et al. 2004). Human POT1 was previously implicated
in protecting telomeres from ATR-mediated DNA dam-
age signaling, the regulation of the 3’ overhang and the se-
quence of the 5 end of telomeres, and the negative
regulation of telomere length maintenance by telomerase
(for review, see Palm and de Lange 2008). We show that
POT1“® is a separation-of-function allele that causes a
defect in the maintenance of the C strand of telomeres
and induces stochastic telomere truncations that lead to
proliferative arrest. The CP-associated telomere trunca-
tions and accompanying arrest can be repressed by expres-
sion of telomerase. We propose that CP mutations in
either POT1 or CTC1 cause incomplete fill-in of the C-
rich telomeric strand after DNA replication, resulting in
telomere truncations that are the proximal cause of the
disease.

Results

A novel homozygous POT1 mutation in two
related patients

The parents of patients F339:II:1 and F339:1I:2 are third
cousins and have three children—two affected females
and an unaffected male sibling (Fig. 1A). These patients
have been previously reported as demonstrating classical
features of CP (Fig. 1A; Briggs et al. 2008; Anderson
et al. 2012), although a possibly noteworthy feature in
this family has been the very early onset and rapid progres-
sion of the disease when compared with other affected in-
dividuals. The older sibling (F339:1I:1) demonstrated a
prenatal onset and died of gastrointestinal bleeding at 3
yr of age. Meanwhile, her younger sibling (F339:11:2) began
to deteriorate rapidly at age 4 yr and currently, at age 7 yr,
is incontinent, unable to walk or talk, and has difficulty
feeding.

In view of the consanguineous relationship of the par-
ents in this family, we undertook genome-wide single nu-
cleotide polymorphism (SNP) microarray analysis and
autozygosity mapping using AutoSNPa software. The
two affected individuals were heterozygous across the
chromosomal interval containing CTC1 (Briggs et al.
2008). A 13.7-Mb region of shared homozygosity was iden-
tified on chromosome 7q31.32-q33 (Fig. 1B). The region
was flanked by SNPs rs12668266 (position 123,614,938)
and rs270898 (position 137,362,637) (build hg19). This lo-
cus contains 76 known RefSeq genes, one of which is
POT1, encoding the telomeric POT1 protein.

The sequence of the POT1 gene was determined using
PCR products generated with primers designed to amplify
all coding exons and exon/intron boundaries. A novel
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homozygous missense variant, ¢.965C>T [Chr7(GRCh3)
7:8.124487037G>A;p.S322L], was identified in both
affected individuals (Fig. 1C). Both parents were heterozy-
gous carriers of the p.S322L change, while the unaffected
male sibling demonstrated the wild-type POT1 sequence
on both alleles (Fig. 1C). The p.S322L variant was not
seen in the 61,486 unrelated individuals present on the
Exome Aggregation Consortium (ExAC) browser (http
:/[exac.broadinstitute.org, December 18, 2014, version)
and was not annotated as a polymorphism in dbSNP.
S322 is a highly conserved residue across mammalian
POT]1 proteins (Fig. 1D), and the S322L change is predict-
ed as pathogenic according to in silico prediction software
packages Polyphen2 (probably damaging 0.959) and SIFT
(deleterious; score 0, median 3.87). S322 is beyond the
DNA-binding domain of human POT], in a region of un-
known function and structure (Lei et al. 2004). However,
the CP-associated variant at S322 is noteworthy in that
a mutation in the leucine neighboring the equivalent ser-
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from the indicated mammalian POT1 pro-
teins were aligned using ClustalW using
the MultAlin interface (http://multalin.
toulouse.inra.fr/multalin).

ine in mouse POT1b diminishes its interaction with CST
(Wu et al. 2012).

POTIC? cells show premature senescence and contain
dysfunctional telomeres

Patient-derived POT1® fibroblasts were cultured in par-
allel with fibroblasts from a normal individual and from
another CP patient with two mutated CTCI alleles
(K242Lfs*41 | G503R, a combination referred to here as
CTC1"). Both POT1¢? and CTCI1? fibroblasts rapidly
entered senescence, whereas normal fibroblasts could be
cultured for a greater number of population doublings
(PDs) (Fig. 2A; Supplemental Fig. S1). Even when infected
with a retrovirus expressing SV40 large T antigen (SV40-
LT), which inactivates the Rb and p53 pathways, POT1<?
and CTC1? fibroblasts divided only a limited number of
times (10-15 PDs) (Fig. 2B), indicating a severe prolifera-
tion defect reminiscent of telomere crisis.
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The proliferation defect of SV40-LT transformed
POTI1 P cells could be rescued by expression of exogenous
wild-type POT1 but not by POT1“¥, indicating that the
POT1 mutation is the cause of the diminished prolifera-
tive potential (Fig. 2C,D) and of the CP phenotype exhib-
ited by these patients.

Immunofluorescence (IF) for the DNA damage response
factor 53BP1 in combination with telomeric FISH showed
that primary and SV40-LT transformed POT1®T cells
contained telomere dysfunction-induced foci (TTFs) (Fig.
2E-G), which are indicative of a DNA damage signal at
telomeres (Takai et al. 2003). The TIF phenotype was re-
pressed by expression of wild-type POT1 (Fig. 2H). Simi-
larly, CTCI®Y cells demonstrated evidence of telomere
dysfunction (Fig. 2E-G). POT1“" and CTCI? cells also
showed 53BP1 foci that did not obviously colocalize
with telomeric signals (Fig. 2E-G). An explanation for
this phenomenon is given below.

The growth arrest associated with POT1<F and CTC1<?
could be mitigated by activation of telomerase achieved
through lentiviral introduction of A TERT. After the intro-
duction of h\TERT into the SV40-LT transformed CP fibro-
blasts, numerous (>50) immortal clones that carried the

401 SV4Q-LT
POT1CP

]
vec POT1iwt

9. 20 28 53BP1 foci at telomeres are highlighted
with arrowheads. (F,G) Quantification of
the fibroblasts with five or more 53BP1 foci
(F) or three or more 53BP1 foci colocalizing
with telomeres (G)in the indicated cells, de-
termined as shown in E. Where applicable,
mean values and SDs are shown. (*) P<
0.05, unpaired t-test. (H) Quantification of
three or more 53BP1 foci colocalizing with
telomeres in SV40-LT transformed POT1?
fibroblasts transduced with wild-type POT1
or vector as shown in D.

CP mutations in POT1 or CTC1 were isolated (see below),
whereas no clones emerged from cells infected in parallel
with the vector control.

POT1? binds TPP1 and telomeres and represses
ATR signaling

Immunoblotting showed that the expression of POT1 in
the primary POT1¢® fibroblasts was indistinguishable
from that of normal fibroblasts (Fig. 3A). Furthermore,
POTI" showed the expected interaction with TPP1
when cotransfected into 293T cells, whereas a version of
POT1 lacking the C-terminal TPP1-interacting domain
did not (Fig. 3B). Consistent with its interaction with
TPP1, IF in combination with telomeric FISH showed
that a myc-tagged version of POT1<? localized to telo-
meres in HeLal.3 cells (Fig. 3C), which contain long
(~25-kb) telomeres, facilitating their detection with
FISH (Takai et al. 2010).

To assay for the ability of POT1? to prevent the activa-
tion of ATR signaling at telomeres, we used an shRNA to
reduce the level of the endogenous POT1 in HeLal.3 cells.
As reported previously (Hockemeyer et al. 2005), POT1
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Figure 3. Normal TPP1 binding, localization, repression of ATR signaling, and telomere length control by POT1<". (A) Immunoblot for
POT1 and GAPDH (loading control) in normal and POT1? primary fibroblasts. (B) Coprecipitation of TPP1 from 293T cells cotransfected
with wild-type (wt) POT1, POT1F, POT1%€, or empty vector. Strep-tagged wild-type POT1, POT1F, or POT14€ (amino acids 2-350; lack-
ing the C-terminal half) were precipitated with Strep-tactin beads and queried for association with TPP1 by immunoblotting. TPP1 was
detected with antibody (Ab) 1050, and POT1 was detected with Strep Ab. (C) Localization of wild-type POT1 and POT1¢¥ to telomeres in
retrovirally transduced HeLal.3 cells. IF for the myc tag of the expressed POT1 proteins (red) was used together with TTAGGG repeat-
specific FISH (green) to detect the localization of POT1 at telomeres. (DAPI) DNA stain. (D) Repression of the DNA damage response in-
duced by POT1 shRNA by both wild-type POT1 and POT1°F. HeLal.3 cells were transduced with the indicated retroviruses expressing
the shRNA-resistant version (indicated by an asterisk) of POT1 or POT1? and subsequently infected with a POT1 shRNA. The occur-
rence of 53BP1 foci (red) at telomeres (green) was assayed. Quantification of the cells with five or more TIFs is shown at the right. (E) Im-
munoblot for POT1 in POT1 knockout (KO) clone ¢5 complemented with Flag-tagged wild-type POT1 or POT 1. Cells were treated with
Cre to delete the floxed myc-tagged POT1. (F) Growth curves of two Cre-treated POT1 knockout clones (c5 and ¢7) and the same clones
complemented with either wild-type POT1 or POT1? (as in E). (G) Representative images of TIF analysis in clone c5 on day 5 of Cre trans-
duction. (Red) IF for 53BP1; (green) telomeric FISH; (blue) DNA (DAPI). Quantification of the ¢5 and c17 cells with five or more TIFs is
shown at the right. (H) Telomere length analysis of c17 cells not treated with Cre and Cre-treated c17 cells complemented with the in-
dicated POT1 alleles. A telomere-specific probe to detect TTAGGG repeats was used.

shRNA treatment induced a DNA damage signal at telo- Similarly, expression of an shRNA-resistant form of
meres, as evidenced by the formation of TIFs. The TIFs in- POT1“® completely repressed the TIF response after deple-
duced by the POT1 shRNA were repressed by expression of tion of the endogenous POT1 (Fig. 3D). Thus, POT1¢" is
an shRNA-resistant version of wild-type POT1 (Fig. 3D). largely normal with regard to its expression, interaction
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with TPP1, localization to telomeres, and repression of the
acute telomere dysfunction induced by POT1 knockdown
in the telomerase-positive HeLa cell line.

POTI? is defective in limiting telomerase-mediated
telomere elongation

Most telomeropathies are associated with unusually
short telomeres (for review, see Savage and Bertuch
2010), but telomere length measurements in CP patients
have not revealed a consistent telomere length pheno-
type (Anderson et al. 2012; Polvi et al. 2012; Walne et al.
2013). To determine the ability of homozygous POT1<?
to maintain telomere length homeostasis in telomerase-
positive cells, we used expression in HT1080 fibrosarco-
ma cells lacking the endogenous POT1 due to TALEN
gene editing (Supplemental Fig. S2A-C). Before TALEN
editing of the POT1 locus, the HT1080 cells were infected
with a floxed version of myc-tagged human POT1, and
a clone (c20.3) was isolated from which floxed POT1
could be efficiently deleted with Cre (Supplemental Fig.
S2A). After TALEN editing of clone ¢20.3, two POT1
knockout clones (c5 and c17) were isolated that lacked
the endogenous POT1 due to insertion of a stop cassette
in one allele and a TALEN-induced splicing defect in the
other (Supplemental Fig. S2B,C). Cre treatment of the
cells showed efficient deletion of POT1 (Supplemental
Fig. S2C), resulting in loss of POT1 from the telomeres,
whereas other shelterin components were not affected
(Supplemental Fig. S2D,E). Furthermore, Cre-induced
deletion of POT1 resulted in the expected ATR signaling
at telomeres and a growth defect (Fig. 3E,F; Supplemental
Fig. S2F,G), although cells that had escaped the Cre-medi-
ated deletion of POT1 eventually emerged. The use of
POT1 knockout cells to analyze the POT1<F phenotype
has the advantage that it circumvents potential confound-
ing genetic and epigenetic changes associated with the pa-
tient cell lines.

The two POT1 knockout clones were infected with
Flag-tagged versions of either wild-type POT1 or POT1F,
and the floxed myc-tagged POT1 was deleted with Cre.
POTI®? and wild-type POT1 were expressed at similar
levels after deletion of the floxed myc-POT1 (Fig. 3E).
The c5 and c17 cultures expressing wild-type POT1 and
POT1® proliferated normally after Cre treatment, and,
consistent with the data presented above, there was a ro-
bust repression of the TIF response by POT1" (Fig. 3F,
G). Thus, in these telomerase-positive cells, POT1?
does not confer a growth defect.

However, telomere length analysis on cultures main-
tained for ~50 PDs showed a gradual increase in telomere
length in POT1 knockout cells expressing POT1? (Fig.
3H; Supplemental Fig. S3A,B) that was abrogated when
the cells were treated with the BIBR1532 telomerase in-
hibitor (see Fig. 4). These results indicate that POT1? is
deficient in the POT1 function that exerts negative regu-
lation on telomerase. The telomerase-dependent telomere
elongation associated with POT1<F contrasts the develop-
mental and generational telomere shortening observed in

Telomere truncations in Coats plus

most telomeropathies (for review, see Savage and Bertuch
2010).

POTI1? and CTC1°? are defective in 3 overhang
regulation

To determine the possible cause of the telomere dysfunc-
tion associated with POT1Y (Fig. 2), we examined the sta-
tus of the telomeric DNA and the telomeric 3’ overhang.
By hybridizing a telomeric CCCTAA repeat probe to telo-
meric DNA in its native state, the relative abundance of
single-stranded TTAGGG repeat DNA can be quantified.
The single-stranded TTAGGG repeat signal is normalized
to the total TTAGGG repeat signal obtained in the same
lane after in situ denaturation of the DNA and rehybridiza-
tion of the same C-strand probe. These values were then
compared between different samples with closely
matched telomere lengths to evaluate variations in the rel-
ative abundance of the single-stranded TTAGGG repeats.

This approach revealed that the telomerase-negative
SV40-LT transformed POT1? and CTCI1? patient fibro-
blasts showed greater single-stranded TTAGGG repeat
signals compared with the same cells complemented
with the wild-type proteins (Fig. 4A). An increase in the
telomeric overhang signal was also observed in the telo-
merase-positive ¢5 and c¢17 POT1 knockout clones com-
plemented with POTI®? as compared with those
complemented with wild-type POT1 (Supplemental Fig.
S3A—C].

To determine the contribution of telomerase to the in-
creased overhang signals, the complemented POTI1
knockout cells were treated with the telomerase inhibitor
BIBR1532 (Pascolo et al. 2002). Cre-treated ¢5 and cl17
POT1 knockout cells expressing POT1F again showed
an increase in the overhang signal as compared with cells
expressing wild-type POT1 (Fig. 4B,C). Comparison be-
tween the 3’ overhang signal in cells treated with
BIBR1532 and those with active telomerase showed that
while telomerase made a significant contribution, the in-
crease was unlikely to be solely due to telomerase-mediat-
ed elongation of the 3’ overhang (Fig. 4B,C).

The overhang phenotype of POT1? was further veri-
fied in immortalized telomerase-positive clones derived
from SV40-LT POTI1“" fibroblasts infected with an
hTERT lentivirus (Fig. 4D,E). Clones from these cells
showed a 1.7-fold to 2.1-fold increase in the 3’ overhang
signal. Treatment with the Escherichia coli 3’ exonucle-
ase Exol (exonuclease I) completely removed the single-
stranded TTAGGG repeat signal, consistent with it repre-
senting the 3’ overhang. No residual 3’ exonuclease-resis-
tant signal was detected. Introduction of wild-type POT1
into the clones diminished the overhang signal by 2.5-
fold, whereas additional POT1? expression did not (Fig.
4D,E).

The effect of POT1°? on the single-stranded telomeric
DNA was also observed in the telomerase-positive
HT1080 and HeLal.3 cells (Supplemental Fig. S3D-H).
HT1080 or HeLal.3 cells treated with a POT1 shRNA to
reduce the expression of endogenous POT1 showed a
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Figure 4. Excess 3’ overhang signal in POT1°" and CTC1°? cells. (A) Analysis of single-stranded and total telomeric DNA in SV40-LT
transformed normal (wild-type [wt]), POT1¢?, and CTC1? cells transduced to express wild-type POT1 and CTC]1 as indicated. The single-
stranded (ss) TTAGGG signal (native) was normalized to the total TTAGGG signal (denatured) in the same lane, and these ratios were
compared between the lanes with fibroblasts transduced with wild-type POT1 or CTCI set to 1.0 (underlined). (B) Analysis of single-
stranded and total telomeric DNA in Cre-treated (21 d after Cre) POT1 knockout (KO) clones c5 and c17 expressing wild-type POT1 or

POTI1? either not treated or treated with 20 uM BIBR1532 for

17 d to inhibit telomerase. Overhang signals were quantified as in A.

(C) Quantification of overhang signals performed as shown in B comparing the results of cells with and without BIBR1532 treatment. Val-
ues represent the means of eight independent experiments (data on ¢5 and c17 pooled) with SDs. P-values were derived from unpaired ¢-
test (*) and paired t-test. (D) Effect of POT1<F and CTC1°F on the telomeric 3’ overhang in hTERT immortalized fibroblast clones. Two
clones were analyzed for each setting. Note that telomere length shows the expected clonal variation. Escherichia coli Exol treatment (+)
confirms the 3’ terminal origin of the single-stranded TTAGGG signal. (E) Quantification of the effect of POT1Y on the telomeric 3’ over-
hang. Data were derived from experiments as in D. Values are means and SDs derived from pooling of data on four or more clones per

setting. P-values were derived from unpaired t-test.

1.6-fold greater single-stranded TTAGGG repeat signal
when they were complemented with shRNA-resistant
POT1“? as compared with those complemented with
wild-type POT1.

Interestingly, the CTCI? clones also showed a sub-
stantial increase in the 3’ overhang signal (Fig. 4D), consis-
tent with CST playing a role in the telomere end fill-in
step after DNA replication. In contrast to what has been
reported previously (Chen et al. 2013), there was no 3’ exo-
nuclease-resistant single-stranded TTAGGG signal in
cells expressing the CP alleles (Fig. 4D).
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POTI1°? and CTC1°? cause telomere truncations

The telomeric DNA fragments from cells expressing
POTI1C? showed a tendency to overpopulate the lower
MW range (Fig. 4B; Supplemental Fig. S4). This “smear”
below the average telomere length suggested that a subset
of the telomeres was truncated. To measure these trunca-
tions, we applied the high-resolution telomere length
measurement technique STELA (single telomere length
analysis), in which PCR is used to amplify the telomeres
abutting the pseudoautosomal region of the X and Y chro-
mosomes (Baird et al. 2003).
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STELA products showed an abundance of very short
telomeres (<2.3 kb) in primary CP patient fibroblasts
containing either the POT1®Y or CTCI" mutation
(Fig. 5A). These short products were also observed in
SV40-LT transformed POT1" fibroblasts (Fig. 5B,C). In
contrast, POT1°? did not affect the nature of the 5’ end
(Fig. 5C), which is known to be converted from the ca-
nonical ATC-5' sequence to a random position within
the 5-CCCTAA-3’ repeats when cells are treated with
a POT1 shRNA (Hockemeyer et al. 2005; Sfeir et al.
2005).

Extensive telomere truncations were also induced in
¢5 POT1 knockout cells expressing POT1* when the
cells were treated with the BIBR1532 telomerase inhibi-
tor. POT1°T expression was associated with a large num-
ber of STELA products <4 kb, including a subset <2.3 kb
(Fig. 5D).

Even in telomerase-positive patient-derived cells, the
presence of POT1Y or CTC1“? led to a subset of telo-
meres with STELA products <4 kb (Fig. 5E). However, tel-

primary fibroblasts 8 4 SVA40-LT fibroblasts
=z
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SV40-LT POT1CP fibroblasts
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Telomere truncations in Coats plus

omerase expression appeared to repress the persistence of
the severely truncated telomeres, since very few STELA
products <2.3 kb were detected. This result suggests that
the shortened telomeres can be healed by telomerase
and explains why telomerase mitigates the growth defect
associated with POT1¢F,

Such telomere truncations also explain why patient-
derived CP cells contain 53BP1 foci that do not overlap
with telomeric FISH signals (Fig. 2). The severely truncat-
ed telomeres are well below the detection limit of our
FISH technique so that the DNA damage response at these
shortened telomeres will appear as 53BP1 foci that do not
colocalize with telomeric signals.

POT®? induces telomere truncations
in metaphase chromosomes

Because of the induction of telomere truncations by
POTI1?, we examined telomeres in metaphase spreads.
SV40-LT transformed POT1¢" cells showed an increased

Figure 5. Telomere truncations induced by POT1<?

and CTCI1? and their healing by telomerase. (A)
STELA of truncated telomeres (line at 2.3 kb) in pri-
mary CP fibroblasts. Normal fibroblasts grown in par-
allel served as a control. Larger telomeric STELA
products are amplified less efficiently, resulting in di-
minished intensity in the normal fibroblasts. STELA
was performed with telorette 3 (ATC-5" ends). PCR
products from four independent reactions were run
in separate lanes. Controls without ligation or geno-
mic DNA are shown. STELA products contain ~0.4-
kb subtelomeric sequences. (B) Truncated telomeres
in POTI? fibroblasts after transformation with
SV40-LT. (C) Canonical ATC-5' ends at telomeres in
SV40-LT transformed POT1CY cells. STELA was per-

POT1

POT1CP

formed with six telorettes, each of which ligates to a

« AAT CAA ATC TCC CCC CCA 5'end
9.4 TR : i

S Or=h=
o wok

18%

different 5" end sequence as indicated. (D) STELA of
truncated telomeres in BIBR1532-treated POT1
knockout (KO) c5 cells complemented with wild-
type (wt) POT1 or POT1". The genomic DNA sam-
ples shown in Figure 4B were analyzed. Lines are
drawn at 4 kb and 2.3 kb. STELA products <4 kb
were quantified. Products <2.3 kb were not detected
in cells expressing wild-type POT1. (E) Repression
of truncated telomeres by hTERT expression in

56% POT1®? and CTC1? cells. The indicated SV40-LT

% products <4 kb

E SV40-LT CTC1CP
fibroblasts + hTERT

SV40-LT POT1EP fibroblasts + hTERT

+ vector + POT1 wt +POT1CP + vector
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(tel length, kb)
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CP fibroblasts complemented with POT1, POT1<?,
or empty vector were transduced with hTERT, and
isolated clones (numbered above the lanes) were ana-
lyzed by STELA. Products <2.3 kb were absent from
hTERT clones. STELA products <4 kb were quanti-
fied. For each clone used, the mean telomere length,
determined by telomeric restriction fragment analy-
sis, is given.
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frequency of chromosome ends demonstrating the (partial)
loss of telomeric signals from one of the two sister telo-
meres (referred to as sister telomere loss) (Fig. 6A,B). The
cumulative effect of sister telomere truncations would
be expected to lead to chromosome ends lacking all detect-
able telomeric signals (referred to as signal-free ends), as
were observed in POT1<* cells (Fig. 6A,B). SV40-LT trans-
formed CTC1< cells also demonstrated an elevated level
of signal-free chromosome ends, although this phenotype
was less severe than that of POT1T fibroblasts (Fig. 6A,
B). Sister telomere losses were indistinguishable from
background levels, consistent with the milder signal-free
end phenotype in CTC1? cells.

CTCI1? cells showed the expected increase in fragile
telomeres, consistent with the results in CTC1 knockout
mouse embryo fibroblasts (MEFs) (Gu et al. 2012) and oth-
er data indicating that CST plays a role in the semiconser-
vative replication of telomeres (see above). In contrast,
POT1? cells did not harbor a significant level of fragile
telomeres (Fig. 6B), suggesting that telomere replication
is not impaired. This result is consistent with the absence
of a fragile telomere phenotype in MEFs with telomeres

D POT1KO c5 +Cre +BIBR

p<0.05

devoid of POT1a and POT1b (Hockemeyer et al. 2006; T
de Lange, unpubl.).

To further analyze the effect of POT1<F on metaphase
telomeres, we used the ¢5 POT1 knockout cells comple-
mented with POT1?. These cells showed no (<1%) fragile
telomeres but had a sister telomere loss phenotype
after deletion of wild-type POT1 with Cre (Fig. 6C). The
sister loss phenotype was quantified by measuring the ra-
tio of the signals of sister telomeres, which is expected to
be close to 1. Quantification of the percentage of sister
telomeres that deviated in intensity by a factor of >2.5
showed a significant increase in sister telomere loss asso-
ciated with POT1? (Fig. 6D). Thus, the telomere trunca-
tions noted from STELA are also observed in metaphase
chromosomes.

The sister loss phenotype associated with POT1¢¥
could be explained by the excessive shortening of the 5’
ended C-rich telomeric repeat strand that was noted on
telomeric 3’ overhang analysis. A prediction of this mech-
anism of telomere truncation is that sister loss in the fol-
lowing metaphase would primarily manifest itself in the
telomeres formed through copying of the C-rich repeat

Figure 6. POTI1®® induces truncations of leading
end telomeres. (A) Metaphase chromosomes from
SV40-LT transformed POT1¢® fibroblasts. Telomeres
were visualized by FISH (green), and DN A was stained
with DAPI (blue). Enlarged images show examples of
the telomere aberrations that were scored. Arrow-
heads indicate defective telomeres. (B) Quantification

of telomere losses and fragile telomeres in the indicat-
ed SV40-LT transformed fibroblasts. (*) P <0.05; (**) P
<0.01. P-values (based on unpaired t-test) in compar-
ison with normal SV40-LT cells. (C) FISH for telo-
meric DNA in metaphase spreads of Cre-treated
POT1 knockout (KOJ clone ¢5 complemented with
wild-type POT1 or POT1". Representative images
of ¢5 cells treated with BIBR1532 for 4 d (day 8 after
Cre transduction) are shown. Telomere lengths were
6.5 kb in both cases. Arrowheads indicate chromo-
some ends with the sister telomere signal ratio 2.5
times or more. (D) Quantification of the sister telo-
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at 2.5. Median signal ratios are shown with red lines.
(E) Chromosome orientation FISH (CO-FISH) to
detect the telomeres replicated by leading (green)
and lagging (red) DNA synthesis on the cell lines as
in C. Arrows indicate chromosome ends with dimin-
ished leading strand telomere signals. Representative
images from POT1 knockout c5 cells treated with
BIBR1532 for 11 d (day 15 after Cre transduction) are

shown. (F) Quantification of loss of the leading and lagging end telomeres detected as in E. Analysis was performed in Cre-treated (15
d after Cre) POT1 knockout clones c5 and c17 expressing wild-type POT1 or POT1<" treated with BIBR1532 for 11 d to inhibit telomerase.
Values are means and SDs from three independent experiments. In total, 5776 and 6082 chromatid ends from POT1 knockout cells com-
plemented with wild-type POT1 or POT1°F were scored (data on c5 and c17 pooled). P-values were derived from unpaired -test. (n.s.) Not

significant.
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strand by leading strand DNA synthesis. Indeed, chromo-
some orientation FISH (CO-FISH) to measure truncations
of telomeres formed by leading and lagging strand DNA
synthesis revealed that the POT1P-induced truncations
primarily affected the leading end telomeres (Fig. 6, F).

Collectively, our data indicate that POTI®’ and
CTC1? cells experience stochastic losses of telomeric
DNA, explaining the 53BP1 foci in the POT1F and
CTCI®? cells and their proliferative arrest. These telo-
mere truncations can be healed by telomerase, allowing
telomerase-expressing cells to overcome the consequenc-
es of the CP phenotype.

Discussion

We propose that the homozyogous S322L change in the
shelterin component POT1 can cause CP. Although
only one CP family with mutations in POT1 was identi-
fied, our mapping and sequencing data, together with
the fact that wild-type POT1 can repress the proliferation
defect and the telomere dysfunction phenotypes observed
in patient fibroblasts, strongly argue that the POT1 vari-
ant is the cause of the disease. The involvement of
POT]1 further supports the idea that CP is a telomere dis-
ease. Whereas the CST complex is implicated in the repli-
cation of genome-wide loci (Stewart et al. 2012), POT1 is a
specific telomeric DNA-binding protein whose known
functions are limited to telomeres. Since the data indicate
that POT1°? represents a recessive separation-of-function
rather than a null allele, very few mutations of this kind
might be expected in CP families.

We observed expression levels of POT1>" protein in pa-
tient cells comparable with wild type as well as normal
telomere localization and interaction of mutant POT1
with TPP1. POT1“" was also proficient in repressing
ATR kinase signaling at telomeres and capable of dictat-
ing the exact sequence at the 5 end of the chromosome.
POTI1C? was defective in controlling telomerase, leading
to overelongated telomeres. This phenotype is unlikely
to be pathogenic in CP, since most CP patients do not
show unusually long telomeres.

The likely cause of CP is revealed by the observation
that POT1< failed to protect telomeres from sudden dele-
tions, resulting in excessively short telomeres that have
likely lost the ability to protect chromosome ends. In par-
ticular, mutant patient cells contained telomeric STELA
products <2.3 kb, which have been correlated with telo-
mere dysfunction and fusion (Lin et al. 2014). The finding
that telomerase can immortalize the POT1¢F cells and di-
minishes the presence of the extremely short telomeres
argues in favor of the shortened telomeres causing the ob-
served proliferation defect.

1CP

Common telomere phenotypes of POT1" and CTC1"
as the cause of CP

It is not known what type of telomere dysfunction is the
proximal cause of CP. We consider it likely that CP is
the result of a telomere dysfunction phenotype that is

Telomere truncations in Coats plus

shared between POT1" and the CTCI-associated form
of the disease (Fig. 7A). One feature common to both mo-
lecular forms of CP is a defect in telomere end processing
leading to extended 3’ overhangs. These extended over-
hangs are thought to arise from Exol-dependent resection
of the 5’ end of telomeres after DNA replication (Fig. 7B;
Wu et al. 2012). We note that this aspect of telomere biol-
ogy has not yet been addressed in human cells, and it is not
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Figure 7. Proposed consequences of POT1 and CTCI mutations
in CP. (A) Model of the mechanism by which POT1 and CTC1
mutations lead to CP. According to the depicted speculative mod-
el, both the POT1 S322L substitution and the CP CTC1 muta-
tions interfere with the function of CTC1 in promoting the
pola/primase-dependent fill-in of replicated telomere ends. With-
out this fill-in, the long 3’ overhangs generated by the Exol 5’ nu-
clease will persist. In addition, both types of CP mutations
abrogate or diminish the negative regulation of telomerase, lead-
ing to extended telomeres. (B) Schematic depicting how dimin-
ished telomere C-strand fill-in can lead to telomere truncations
of the leading end telomeres and cell cycle arrest. In cells with tel-
omerase, the CP phenotype can be suppressed through healing of
the truncated telomeres.

GENES & DEVELOPMENT 821


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on April 22, 2016 - Published by Cold Spring Harbor Laboratory Press

Takai et al.

excluded that the Apollo nuclease plays a role in nucleo-
lytic attack on the 5’ telomeres (Lenain et al. 2006; Wu
et al. 2010, 2012). In mouse cells, the resulting long over-
hangs are normally filled in by CST and its associated
pola/primase (Fig. 7). The second phenotype shared by
POT1? and CTC1¢" is the presence of severely truncated
telomeres that can be detected by STELA and were re-
vealed as signal-free chromosome ends in metaphase.

We propose that the two cellular phenotypes held in
common by POT1? and CTC1? are linked such that
the truncated telomeres result from duplication of short-
ened C-rich telomeric strands at telomeres where CST-
mediated fill-in has failed (Fig. 7B). We further propose
that CP arises when telomere truncations induce prolifer-
ative arrest. The loss of protection at a few telomeres and
the concomitant ATM/ATR DNA damage signaling
would be expected to induce senescence or apoptosis de-
spite the adequate telomere reserve at most chromosome
ends. Only the expression of telomerase, as modeled here
with POT1¢F and CTC1® cells, can alleviate the effect of
ongoing telomere truncations in mutant cells. Therefore,
this type of telomere dysfunction is predicted to induce
pathology in tissues where telomerase is repressed during
development, whereas cellular compartments that retain
telomerase expression (e.g., bone marrow stem cells and
intestinal stem cells) may be less affected. Notably, such
telomere truncations are predicted to give rise to CP
even when the average telomeres are long, explaining
the existence of CP patients with no obvious average telo-
mere length defect (e.g., Polvi et al. 2012; this study).

The most severe telomere truncations observed in cells
expressing POT1F or CTC1“* removed many kilobases
of telomeric DNA. However, the average increase in the
telomeric overhang signal is only twofold, which, assum-
ing that the telomeric overhangs are in the 35- to 600-nu-
cleotide range (Sfeir et al. 2005), appears insufficient to
explain the observed telomere truncations. However, as
Exol is processive in vitro (Nimonkar et al. 2011; Myler
etal. 2016), there may be a wide range in overhang lengths
in cells lacking normal CST function. Indeed, in fungi and
plants, impaired CST function results in extensive degra-
dation of the 5’ end of telomeres (Garvik et al. 1995; Mar-
tin et al. 2007; Song et al. 2008). Similarly, long overhangs
and severely truncated telomeres are induced by deletion
of mouse CTC1, although the sudden telomere losses in
CTC1-null cells were interpreted as products of replica-
tion stress (Gu et al. 2012).

A simple explanation for the common phenotypes of
POT1“? and CTC1°? would be that POTI recruits and/
or positions CST at telomeres in a manner that is altered
by POTI1C? (Fig. 7A). Indeed, human POT]I, like mouse
POT1b, has been shown to interact with CST (Chen
et al. 2012; Diotti et al. 2014), and the S322L mutation
in human POTI1 is very close to the CST interaction
site in mouse POT1b (Wu et al. 2012). It will therefore
be of interest to execute a detailed analysis of the
POT1-CST interaction using wild-type and CP mutant
proteins. Unfortunately, our attempts to monitor changes
in the POT1-CST interactions have been thwarted by
their weak interaction.
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Interestingly, mice do not survive without POT1b when
telomerase is also absent (mTR™/~) (Hockemeyer et al.
2008). This result is not readily explained by the accelerat-
ed telomere shortening (Hockemeyer et al. 2008). Possi-
bly, the occurrence of telomere truncations due to
insufficient CST-mediated fill-in of the telomere ends
may be the cause of POT1b/mTR double knockout lethal-
ity, similar to what is proposed for CP.

The role of telomere replication stress in CP

It was previously suggested that CP is caused primarily by
a telomere replication defect (Chen et al. 2013). This view
arose from the observation that a battery of CTC1°Y pro-
teins, when tested by overexpression in HT1080 cells,
consistently resulted in an excess of Exol-resistant sin-
gle-stranded TTAGGG DNA. These single-stranded
TTAGGG repeats are assumed to represent unrepaired
single-stranded gaps resulting from telomere replication
defects. The proposal that CP mutant CTC1 induces telo-
mere replication stress is consistent with the occurrence
of fragile telomeres in the CTC1 cells noted here (but
not in two other CP patient fibroblasts) (Polvi et al.
2012), the induction of fragile telomeres by depletion of
components of human CST (Stewart et al. 2012; Kasbek
et al. 2013), and the fragile telomere phenotype upon dele-
tion of mouse CTC1 (Gu et al. 2012). However, Exol-resis-
tant single-stranded TTAGGG repeat DNA was not
observed in CTC1<® cells (this study) or CST knockdown
cells despite the presence of fragile telomeres (Surovtseva
et al. 2009; Kasbek et al. 2013). Furthermore, in other sit-
uations where telomere replication is severely affected
(e.g., deletion of TRF1 from mouse cells), no increase in
the single-stranded TTAGGG repeat signal was observed
(Sfeir et al. 2009; Martinez et al. 2010), and mouse cells
with a temperature-sensitive pola show no increase in
telomere-internal single-stranded TTAGGG repeats at
the nonpermissive temperature, while their 3’ overhang
signal doubles (Nakamura et al. 2005). We therefore pro-
pose that the increase in single-stranded TTAGGG re-
peats observed upon diminished CST function is
primarily caused by a failure of pola/primase to fill in telo-
mere ends. This fill-in phenotype, but not the fragile telo-
meres associated with replication stress, occurs in both
CTC1°? and POTI1? cells and is therefore a prime candi-
date for the molecular basis of CP.

CST and POT1 as negative regulators of telomerase:
working together!?

POT]1 has long been known to act as a negative regulator
of telomerase, but its mechanism of action has not been
established. Extensive telomere elongation occurs upon
overexpression of the POT1AOB mutant or a C-terminal
fragment of POT1, both of which are dominant-negative
mutants that lack DNA-binding activity but retain their
telomeric localization through TPP1 (Loayza and de
Lange 2003; Liu et al. 2004). Similarly, telomere elonga-
tion is observed upon POT1 knockdown with shRNA in
telomerase-positive cells (Ye et al. 2004). More recently,
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CST has emerged as a second negative regulator of telome-
rase-mediated telomere extension in human cells (Chen
etal. 2012). Diminished CST expression or overexpression
of a dominant-negative allele of CTC1 results in rapid
elongation in cells that normally maintain telomeres at
a short length setting (Chen et al. 2012), although this ef-
fect may be variable among telomerase-positive cell lines
(Kasbek et al. 2013). Furthermore, inactivation of a tem-
perature-sensitive allele of pola in mouse cells results in
telomere elongation, as does inhibition of this polymerase
with aphidicolin in human cells (Nakamura et al. 2005;
Sfeir et al. 2009). Our data on the similarity of the over-
hang and telomere truncation phenotypes seen with the
POT1 and CTC1 CP-associated mutant alleles now sug-
gest that these two regulatory pathways of telomerase
may be related such that POT1 regulates telomerase
through the action of CST (Fig. 7A). Consistent with
this view, both the POT1" and the CTCI? cells show
a deficiency in telomerase inhibition, as the overhangs
are more elongated than in cells with wild-type POT]I,
and the telomeres show extensive elongation. It will be
of interest to further explore the possibility that POT1 reg-
ulates telomerase in part through recruitment and/or po-
sitioning of CST at telomeres.

Materials and methods

Genotyping analysis and autozygosity mapping

A genome-wide SNP microarray using the Affymetrix Human
SNP array 6.0 (Affymetrix) was performed in affected siblings ac-
cording to the manufacturer’s instructions. Regions of autozygos-
ity were identified using AutoSNPa software with build
GRCh37/hgl19 (http://dna.leeds.ac.uk/autosnpa; Carr et al. 2006).

PCR and Sanger sequencing

Genomic DNA was extracted from whole blood of affected in-
dividuals and parents using standard techniques. PCR was
performed using Abgene AB575 master mix, and sequencing
was carried out using BigDye terminator cycle sequencing sys-
tem version 3.1. All primers were designed using Primer3
software (Untergasser et al. 2012). For primer sequences, see
Supplemental Table S1.

Senescence-associated B-galactosidase staining

Primary fibroblasts were grown through an equivalent number of
passages (passaged at a ratio of 1:2 each time). Cells were fixed and
stained using the senescence B-galactosidase staining kit (Cell
Signaling Technology, #9860) in accordance with the manufac-
turer’s instructions.

Cell culture

Primary human fibroblasts were maintained in DMEM (Corning)
with 15% fetal bovine serum (Gibco), 2 mM L-glutamine, 100 U/
mL penicillin, 0.1 mg/mL streptomycin, 0.1 mM nonessential
amino acids (NEAA), 1 mM sodium pyruvate, and 50 mM p-mer-
captoethanol. Prior to and during the SV40-LT transformation, fi-
broblasts were grown at 7% (v/v) CO, and 2% (v/v) O,. Cells were
transformed with lentiviral SV40-LT and then transduced with
POT1 Ex18 shRNA-resistant N-terminal myc-tagged POT1

Telomere truncations in Coats plus

(pLPC-mycPOT1), POT1 $322L (pLPC-mycPOT1%), or control
retrovirus (pLPC-myc). These cell lines and SV40-LT transformed
CTCI1®? cells were subsequently transduced with lentiviral
hTERT (pLVX myc-hTERT-IRES-Hyg; a gift from T. Davoli). Af-
ter the hTERT infection, individual colonies were picked and ex-
panded. hTERT-expressing fibroblasts and other human lines
were maintained under normoxic conditions with 5% (v/v) CO,
in DMEM with 10% bovine calf serum (Hyclone), L-glutamine,
penicillin, streptomycin, and NEAA as above. POT1 shRNAs
used were pSuperior POT1 Ex18 (Hockemeyer et al. 2005) and
pLKO.1 POT1 635 (target site: 5-GGAGCATCATTTCTTC
TAA-3') (Sigma). Retroviral and lentiviral gene delivery was per-
formed as described (Wu et al. 2012). For Cre recombinase trans-
duction, cells were infected twice at 12-h intervals with pMMP
Hit&Run Cre. The ATR inhibitor ETP-46464 (Toledo et al.
2011) was used at 1 uM.

TALEN-mediated human POT1 gene targeting

The heterodimeric TALEN pair for human POT1 gene targeting
was constructed using the following RVD sequences. left, 5'-NI-
NI-NI-NI-NG-NI-NG-NG-NN-NI-NI-NI-NN-NG-HD-NI-NN-
3’; and right, 5-NN-NI-NN-HD-NI-NI-NG-NI-NI-NG-HD-NG-
NN-NN-NI-3'. TALENSs were constructed using the Flash assem-
bly system (Reyon et al. 2012). The PGK Neomycin cassette from
the PL451 vector (National Cancer Institute) was ligated into
pSL301 (Invitrogen) using Nhel and BamHI sites. The stop cas-
sette was digested out of Lox-Stop-Lox TOPO (Addgene) (Jackson
et al. 2001) with BamHI and EcoRI and cloned into the relevant
sites of the neomycin donor constructs. The 5" and 3’ homology
arms were PCR-amplified with restriction site overhangs from ge-
nomic HT1080 DNA. Primers for PCR of the 5 arm were as fol-
lows: 5-CTACCACCAGTGTTTGAAGTTATCG-3' and 5-AA
TATTTTACCTGACTTTCAATATTTTAAAGC-3'. Primers for
PCR of the 3 arm were 5-CTCTGTATTGTTCACTGAAAC
TAGTTAGCAC-3' and 5-CCAGAAGTGCATTGAACAAAAAA
GCTC-3'. The resulting 647-base-pair (bp) 5 homology arm ended
14 bp from the intron 6/exon 7 junction and had Xhol and Nhel
sites on the 5" and 3’ ends, respectively. The resulting 649-bp 3’
homology arm started 43 bp from the exon 3/intron 3 junction
and had EcoRI restriction 5’ and a blunt 3’ end. The homology
arms were cloned into the relevant restriction sites in pSL301
containing the PGK Neomycin. Gene targeting was conducted
as previously described (Kabir et al. 2014). Genotyping PCR
used the following primers: POT1 primers (F1: 5-GTGTA
CTTCAGAACCATGTATAGCACACC-3/, R1: 5-GGGCTTCA
TAGTTTCCACTAAAGAGCAGGC-3') and PGK internal prim-
er (R2: 5-CATCTGCACGAGACTAGTGAGACGTGCTAC-3).

Telomeric chromatin immunoprecipitation (ChIP)

Telomeric ChIP was conducted as previously described (Loayza
and de Lange 2003). The following antibodies (Abs) or crude
sera were used: myc (Cell Signaling, 9B11), POT1 (Abcam,
ab124784), TRFI (rabbit polyclonal, 371), TRF2 (rabbit polyclon-
al, 647), Rap1 (rabbit polyclonal, 765), TIN2 (rabbit polyclonal,
864), and TPP1 (rabbit polyclonal, 1151).

IF-FISH and immunoblotting

For IF, cells grown on coverslips were incubated for 1 min with
Triton X-100 extraction buffer (0.1% Triton X-100, 20 mM
HEPES-KOH at pH 7.9, 50 mM NaCl, 3 mM MgCl,, 300 mM
sucrose) on ice, fixed with 3% paraformaldehyde (PFA)/2%
sucrose in PBS for 10 min, and processed for IF-FISH as described
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(Wu et al. 2012). Abs for IF were as follows: myc (Cell Signaling,
9B11), 53BP1 (Novus, 100-305), and y-H2AX (Millipore,
JBW301). Protein coimmunoprecipitation assay was performed
as follows: Full-length wild-type POT1, POT1<¥, and POT1 lack-
ing the C terminus (POT14<; amino acids 2-350) were cloned into
pQE Strep2 (Qiagen). N-terminally Strep-tagged POT1 proteins
were coexpressed with hTPP1 (pLPC-hTPP1) in 293T cells.
293T cells (1 x 10° per 10-cm dish) were plated 24 h prior to calci-
um phosphate transfection. Cells were scraped into cold PBS at
36-48 h after transfection, collected by centrifugation, and lysed
in cold lysis buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 0.5
mM MgCl,, 0.1% SDS, 1% Triton X-100, 1 mM DTT, Complete
protease inhibitor mix [EDTA-free; Sigma]). After 5 min on ice,
NaCl was added to 400 mM; 5 min later, ice-cold H,O was added
to lower the NaCl concentration to 200 mM, and the lysate was
immediately centrifuged at 15,000 rpm for 10 min at 4°C. Super-
natants were collected, supplemented with 100 U/mL benzonase
nuclease (Sigma), and used for coprecipitation by adding 70 uL of
Strep-Tactin Superflow beads (Qiagen) per sample. Following 2 h
of incubation at 4°C, beads were washed once with lysis buffer
containing 400 mM NaCl and twice in lysis buffer with 150
mM NaCl. Proteins were eluted with Laemmli loading buffer
and analyzed by immunoblotting using Strep tag (Qiagen,
34850) for POT1 and Ab 1150 (Hockemeyer et al. 2007) for
TPPI1. In other immunoblots, POT1 was detected with Ab
124784 (Abcam), and GAPDH was detected with Ab 5174 (Cell
Signaling).

Metaphase spreads

Telomeric FISH and CO-FISH on metaphase spreads were per-
formed as described previously (Celli and de Lange 2005).

STELA

STELA was performed as described previously (Baird et al. 2003;
Sfeir et al. 2005). Briefly, 2 pg of genomic DNA was digested
with EcoRI (New England Biolabs) overnight at 37°C. Ten nano-
grams of digested DNA was ligated to telorettes in 10 uL of liga-
tion buffer (5 U of T4 DNA ligase [New England Biolabs], 1x ligase
buffer [New England Biolabs], 0.18 nM individual telorettes) over-
night at 35°C. Ligated DNA (250 pg) was amplified by PCR in 25
L of PCR mix (0.2 pM XpYpE2 primer, 0.2 uM teltail primer, 1x
Fail Safe PCR buffer H, 2 U of Fail Safe enzyme mix [Epicentre]
with 27 cycles [15 sec at 95°C, 20 sec at 58°C, and 9 min at 68°
C]). PCR products were resolved on a 0.7 % agarose/ TAE gel, blot-
ted onto Hybond (GE Healthcare), UV cross-linked in a Strata-
linker, prehybridized with Church mix (0.5 M sodium
phosphate buffer at pH 7.2, 1 mM EDTA, 0.7% SDS, 0.1%
BSA), and hybridized overnight at 55°C with Klenow [a-3’P]
dCTP-labeled XpYp probe in Church mix. Membranes were
rinsed three times for 15 min each in Church wash (40 mM
sodium phosphate buffer at pH 7.2, 1 mM EDTA, 1% [w/v]
SDS) at 55°C and exposed to Phosphorlmager screens.

Telomeric overhang analysis

In-gel telomeric overhang assay was performed on DNA embed-
ded in plugs as described (Hemann and Greider 1999) with minor
modifications as described previously (Wu et al. 2012) using 60 U
of Mbol and 60 U of Alul for digestion. For E. coli 3’ Exol (New En-
gland Biolabs) treatment, plugs were equilibrated in Exol buffer
(67 mM glycine-NaOH at pH 9.5, 6.7 mM MgCl,, 10 mM p-mer-
captoethanol) and treated twice with 100 U of Exol in 1 mL of
Exol buffer for 10 h each at 37°C. The plugs were washed exten-
sively in TE before restriction endonuclease digestion.
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