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Human telomere function is mediated by shelterin, a six-subunit complex that is required for telomere replication,
protection, and cohesion. TIN2, the central component of shelterin, has binding sites to three subunits: TRF1,
TRF2, and TPP1. Here we identify a fourth partner, heterochromatin protein 1y (HP1vy), that binds to a conserved
canonical HP1-binding motif, PXVXL, in the C-terminal domain of TIN2. We show that HP1y localizes to
telomeres in S phase, where it is required to establish/maintain cohesion. We further demonstrate that the HP1-
binding site in TIN2 is required for sister telomere cohesion and can impact telomere length maintenance by
telomerase. Remarkably, the PTVML HP1-binding site is embedded in the recently identified cluster of mutations
in TIN2 that gives rise to dyskeratosis congenita (DC), an inherited bone marrow failure syndrome caused by
defects in telomere maintenance. We show that DC-associated mutations in TIN2 abrogate binding to HP1+y and
that DC patient cells are defective in sister telomere cohesion. Our data indicate a novel requirement for HP1vy in
the establishment/maintenance of cohesion at human telomeres and, furthermore, may provide insight into the
mechanism of pathogenesis in TIN2-mediated DC.
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Mammalian telomeres are heterochromatic structures
comprised of duplex TTAGGG repeats that end as a 3’
single-strand overhang, and shelterin, a six-subunit com-
plex that is required for the protection and replication of
chromosome ends (Palm and de Lange 2008). TIN2 is at
the heart of the shelterin complex, with binding sites to
three subunits: TRF1 and TRF2 (the duplex DNA-binding
proteins) (Houghtaling et al. 2004; Kim et al. 2004; Liu
et al. 2004a; Ye et al. 2004a), and TPP1 (Houghtaling et al.
2004; Liu et al. 2004b; Ye et al. 2004b), which binds to
POT]1, the single-strand overhang-binding protein (Baumann
and Cech 2001). TIN2 regulates telomere elongation (Kim
et al. 1999) by telomerase, the reverse transcriptase that
adds TTAGGG repeats to chromosome ends (Greider and
Blackburn 1987). Telomerase is recruited to telomeres by
TIN2-tethered TPP1 (Wang et al. 2007; Xin et al. 2007;
Abreu et al. 2010). In humans, telomerase is expressed in
the germline and during embryogenesis, but it is repressed
in most somatic tissues (Wright et al. 1996). The resulting
telomere shortening that occurs with aging contributes to
human disease (Artandi and DePinho 2010).
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In addition to its role in telomere length maintenance,
TIN2 is required for cohesion of sister telomeres (Canudas
and Smith 2009). Sister chromatids are held together
from the time of their replication by cohesin complexes,
ring structures formed by Smcl, Smc3, and Sccl, and a
peripheral regulatory subunit, Scc3 (Anderson et al. 2002;
Haering et al. 2002), that exists as two isoforms, SA1 and
SA2, in vertebrate cells. SAl-cohesin is much less abun-
dant than SA2-cohesin in somatic cells (Losada et al.
2000; Sumara et al. 2000). TIN2 and TRF1 were found to
be associated with the SAl-cohesin complex (Canudas
et al. 2007). Cells depleted of TIN2 or SA1 are unable to
establish/maintain cohesion between sister telomeres in
S phase and, as a result, are unable to repair sister chro-
matid breaks following DNA replication and suffer sister
telomere loss (Canudas and Smith 2009).

TIN2 is mutated in a subset of cases of dyskeratosis
congenita (DC) (Savage et al. 2008; Walne et al. 2008), an
inherited bone marrow failure syndrome that is caused by
defects in telomere maintenance due to mutations in
telomerase and its associated factors (Bessler et al. 2010;
Zhong et al. 2011). While mutations in the telomerase
subunits are usually inherited, TIN2 mutations frequently
occur de novo. Moreover, patients harboring TIN2 mu-
tations have extremely short telomeres, correlating with
early age of presentation and severe clinical presentation
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(Savage et al. 2008; Walne et al. 2008; Sasa et al. 2011).
While the reason for the severity is not known, it suggests
that the TIN2 DC mutations may uniquely influence
aspects of telomere function that are distinct from telo-
merase. The DC mutation cluster in TIN2 is distinct
from its TRF1-, TRF2-, and TPP1-binding sites, but the
amino acids in the mutation cluster are highly conserved,
raising the possibility of a yet to be identified binding
partner.

In addition to shelterin, vertebrate telomeres also con-
tain heterochromatic histone marks that are characteris-
tic of repressive or silent chromatin (Schoeftner and Blasco
2009). Studies in mice indicate a role for these epigenetic
marks in telomere length maintenance and telomere re-
combination (Garcia-Cao et al. 2004; Gonzalo et al. 2005).
One such mark, histone H3 trimethylated Lys 9 (H3K9Me3),
provides a high-affinity binding site for heterochromatin
protein 1 (HP1) (Bannister et al. 2001; Lachner et al. 2001),
a family of highly conserved nonhistone chromosomal
proteins that regulate heterochromatin formation and
maintenance (Lomberk et al. 2006). A role for HP1 in
telomere function is firmly established in Drosophila
(Fanti and Pimpinelli 2008) and is suggested by studies
in mice (Garcia-Cao et al. 2004; Gonzalo et al. 2005).
However, the function of HP1 at telomeres in human
cells remains to be elucidated. Here we identify HP1y as a
new TIN2 partner that binds to the DC mutation cluster
in TIN2 and is required to establish/maintain cohesion at
telomeres.

Results

The HP1-binding site in TIN2 is required for sister
telomere cohesion

Human HPla and HPly were identified in yeast two-
hybrid screens with human TIN2 as bait. Three HP1
isoforms are found in human cells (HP1a, HP18, and HP1vy),
which, although highly conserved, show distinct subnu-
clear localization and function (Minc et al. 1999). Two-
hybrid analysis showed that TIN2 binds strongly to HP1v,
weakly to HPla, and not at all to HP1@ (Fig. 1A). HP1
proteins contain an N-terminal chromodomain (CD) that
binds H3K9Me3, an internal hinge region (H), and a
C-terminal chromoshadow domain (CSD) to which TIN2
binds (Fig. 1B). The CSD exists as a homodimer that binds
with high affinity to proteins containing the consensus
pentapeptide PXVXL (Brasher et al. 2000; Smothers and
Henikoff 2000). TIN2 contains a conserved PXVXL motif
C-terminal to its TRF1-binding domain (Fig. 1C). C-terminal
deletion or a double point mutation of PTVML to RTDML
(designated as TIN2.RD) abrogated binding of TIN2 to
HPly and HPla, while interaction with TRF1 was re-
tained (Fig. 1A). Immunoprecipitation analysis in human
cells shows that TIN2.WT, but not TIN2.RD, coimmu-
noprecipitated with HP1vy (Fig. 1D).

Strikingly, the PTVML site is embedded in the DC-
associated TIN2 mutation cluster (Fig. 1E; Savage et al.
2008; Walne et al. 2008), raising the possibility that this
site plays an essential role in TIN2 function in human
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Figure 1. HPI binds to the PTVML site in the DC-associated
TIN2 mutation cluster. (A) Schematic representation of TIN2
and two-hybrid interaction with HP1. TPP1-, TRF2-, and TRF1-
binding domains (BDs) and the double point mutation in TIN2
(RTDML) are indicated. (B) Schematic representation of HP1
and two-hybrid interaction with TIN2. The chromodomain (CD),
hinge (H), and chromoshadow domain (CSD) in HP1 are in-
dicated. (A,B) Two-hybrid interactions were scored according to
the number of minutes required for the color change: 20 min
(++), 45 min (+), and 150-180 min (+/—). (C) Alignment of the
TIN2 domain containing the PTVML HP1-binding site. Identi-
cal amino acids are indicated in red. (D) HP1 binds to TIN2 in
human cells. HT1080 stable cell lines expressing HP1+y or vector
(V) were transfected with vector or FlagTIN2 (WT or RD). Cell
lysates were immunoprecipitated with anti-myc beads and
analyzed by immunoblotting with anti-myc or anti-TIN2 701
antibody. (E) The DC-associated mutation cluster in TIN2. DC
mutations are indicated by dots and asterisks; asterisks indicate
mutations shown to give rise to shortened telomeres.

cells. We thus asked whether an intact PTVML-binding
site is required for sister telomere cohesion. Stable cell
lines expressing Vector, TIN2.WT, or TIN2.RD were
analyzed by measuring the distance between sister telo-
meres at mitosis by fluorescent in situ hybridization (FISH)
with a subtelomere-specific probe, 16ptelo (Fig. 2A-G;
Table 1). In Vector control cells, telomeres appeared as
closely associated doublets (0.75-wm average distance)
(Fig. 2A), indicating normal resolution of cohesion
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Figure 2. An intact HP1-binding site in TIN2 is required for sister telomere cohesion. (A-F) FISH analysis of HTC75 stable cell lines
expressing Vector (A,D), TIN2.WT (B,E), or TIN2.RD (C,F) following transfection with GFP siRNA (A-C) or TIN2 siRNA (D-F) with
a 16ptelo probe. DNA was stained with DAPI (blue). Bar, 5 um. Histograms based on measurements from two independent experiments
(Table 1) showing the distance between FISH signals are on the right, with the average (Avg) distance + SEM indicated. (G) Graphical
representation of the average distance between sister telomeres + SEM. (H) Immunoblot analysis of extracts from stable HTC75 lines
expressing Vector, TIN2.WT, or TIN2.RD transfected with GFP siRNA or TIN2 siRNA and probed with anti-TIN2 701 or anti-

a-tubulin antibody. Asterisk (*) indicates a nonspecific band.

(Canudas and Smith 2009). Overexpression of TIN2.RD
led to an increase in the distance between sister telomeres
(1.27-wm average distance) (Fig. 2C), indicating a cohesion
defect and suggesting a dominant-negative effect for the
TIN2.RD mutant protein. The increase was not due to
overexpression per se, since TIN2.WT was expressed to a
similar level (Fig. 2H, cf. lanes 3 and 5), but did not lead to
loss of cohesion (Fig. 2B).

To further query the requirement of the PTVML se-
quence in cohesion, we performed a rescue experiment.
TIN2 was depleted from the stable cell lines with siRNA
to the 3’ untranslated region that is not contained in the
TIN2.WT or TIN2.RD transgenes. Immunoblot analysis
indicated efficient depletion of TIN2 (64% knockdown)
and TIN2L (75% knockdown; a higher-molecular-weight
TIN2 isoform) (Fig. 2H; Kaminker et al. 2009). FISH
analysis of TIN2-depleted vector control cells revealed a
dramatic loss in sister telomere cohesion (Fig. 2D), con-
sistent with our previous studies showing loss of co-

hesion using a different nonoverlapping siRNA directed
against the TIN2 coding sequence (Canudas and Smith
2009). The loss in cohesion was rescued by expression of
TIN2.WT (Fig. 2E), but not by TIN2.RD (Fig. 2F|. These
data demonstrate that an intact HP1-binding site in TIN2
is required to maintain sister telomere cohesion.

HP1 is required to establish telomere cohesion
in S phase

Sister telomere cohesion is normally established in S
phase during DNA replication (Uhlmann and Nasmyth
1998; Sherwood et al. 2010). We showed previously that
TIN2 was required to establish/maintain telomere co-
hesion in S phase (Canudas and Smith 2009). We thus
asked whether HP1 is required to establish cohesion at
telomeres in S phase. HeLal.2.11 cells were transfected
with siRNA directed against HP1a, HP1B, HP1vy, or GFP
as control. Immunoblot analysis indicated efficient de-
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Table 1. Measurements of the average distance between
paired FISH signals in mitotic cells from HTC75 stable cell
lines

HTC75 Experiment Fish signals Average
line siRNA number scored distance
Vector GFP 1,2 n=2382,70 0.74 pm, 0.74 pm
TIN2WT  GFP 1,2 1n=1980 0.75pm, 0.65 pm
TIN2.RD  GEP 1,2 n=79 118 1.37 pm, 1.21 pm

Vector TIN2 1,2
TIN2.WT  TIN2 1,2
TIN2.RD TIN2 1,2

n=37,74 222 um, 1.5 pm
n=42,80 0.81 um, 0.66 pm
n=57,89 1.90 um, 1.27 pm

n=>5250 0.87 pm, 0.86 pm
n=>5249 0.44 pm, 0.47 pm
n=4550 0.83 pm, 0.93 pm

Vector None 1,2
TIN2-C None 1,2
TIN2-C.RD None 1,2

pletion of the proteins (Fig. 3A). To determine the status
of cohesion after DNA replication, synchronized siRNA-
treated cells were analyzed in mid-S phase. Cells were
synchronized by double thymidine treatment; 4 h after re-
lease from the first thymidine treatment, cells were trans-
fected with siRNA, and 4 h after the second thymidine
treatment, cells were processed for FACS and FISH (Fig.
3B, experimental protocol). FACS analysis showed that
cells were synchronized in S phase (Fig. 3C). Telomere
FISH analysis of control (GFP) cells showed that, as
expected, only a small fraction (7.3%) of telomeres lost
cohesion (appeared as doublets) (Fig. 3D,F; Table 2). De-

pletion of HPla led to a twofold increase in doublets
(13.7%). HP1vy-depleted cells showed a more dramatic
(3.3-fold) increase to 24.2%. The double depletion (HP1a
and HPly) led to a slightly greater (26.3% doublets)
increase. Centromere cohesion in HPla- and HPly-
depleted cells was unaffected (Fig. 3E,F; Table 2). Telo-
mere cohesion was unaffected in HP1B-depleted cells, but
centromere cohesion was slightly impaired (Fig. 3E,F;Table
2). Similar results were obtained with a different set of
telomere and centromere probes (Fig. 3F; Table 2). Together,
these data indicate that HP1y (and, to a lesser extent,
HP1a) is required for sister telomere cohesion in S phase.

We next asked whether we could detect an association
between HPly and TIN2 in cells by focusing on the
window in S phase when TIN2 and HP1vy are required to
establish cohesion. Cells were synchronized by a double
thymidine block, collected 4 h after release, and analyzed
by immunofluorescence. Cells were costained with anti-
bodies to TIN2 and HP1v. Individual foci where the HP1vy
and TIN2 signal overlapped could be detected (Fig. 4A).
We observed generally one focus per cell and only in
a subset of cells. To determine whether the colocalization
was regulated across the cell cycle, cells were synchro-
nized by a double thymidine block, collected at 2-h time
points after release (from 0 h to 12 h), and analyzed by
immunofluorescence. As shown in Figure 4B, the HP1vy-
TIN2 foci were highly enriched in early S phase, co-
incident with the time when cohesion is established. A
similar colocalization of HP1y could be detected with
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Figure 3. HP1 is required to establish/maintain sister telomere cohesion in S phase. (A) Immunoblot analysis of extracts from
HeLal.2.11 cells transfected for 48 h with GFP, HP1a, HP1B, or HP1y siRNA. (B) Schematic representation of the protocol to analyze
siRNA-treated synchronized cells. (C-E) FACS (C) and FISH (D, E) analysis 4 h after release from the second thymidine block. Cells were
hybridized with a telomere 16ptelo (green) (D) or centromere 6cen (red) (E) probe. The cen locus is trisomic. DNA was stained with
DAPI (blue). Bar, 5 pm. (F) Graphical representation of the frequency of doublets from two independent experiments: 16pter and 6¢cen
probes (Experiment 1) and 4pter and 10cen probes (Experiment 2) (see Table 2).
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Table 2. Analysis of singlet versus doublet FISH signals
in siRNA-treated HeLal.2.11 S-phase cells

Experiment

number Probe siRNA n Singlets Doublets

1 16pter GFP 232 212 17(7.3%)
HPla 212 183 29 (13.7%)
HP1B 227 212 15 (6.6%)
HP1ly 202 153 49 (24.2%)
HPla + HP1y 209 154 55 (26.3%)

1 6cen  GFP 745 735 10 (1.3%)
HPl« 886 875 11 (1.2%)
HP1B 867 849 18 (2.1%)
HP1vy 805 794 11 (1.4%)
HPla + HPly 855 843 12 (1.4%)

2 4pter GFP 213 193 20 (9.4%)
HPla 209 178 31 (14.8%)
HP1B 204 184 20 (9.8%)
HP1ly 223 169 54 (31.9%]
HPla + HP1y 202 113 89 (44.0%)

2 10cen GFP 208 203 5(2.4%)
HPla 170 166 4(2.3%)
HP1B 91 80 11 (12.0%)
HP1y 218 211 7(3.2%)
HPla + HP1y 211 205 6 (2.8%)

other shelterin subunits, TRF1 (Fig. 4C) and RAP1 (Fig.
4D), and with telomeres using FISH with a TTAGGG
repeat probe (Fig. 4E), indicating that HP1vy association
with TIN2 occurs at telomeres.

The HP1-binding site in TIN2 can impact telomere
length maintenance by telomerase

To determine whether HP1 binding to TIN2 influenced
telomere length maintenance by telomerase, stable
HTC75 cell lines expressing Vector, TIN2.WT, and
TIN2.RD were passaged for 120 population doublings
and subjected to immunoblot (Fig. 5A) and telomere length
analysis (Fig. 5B,C). Vector and TIN2.WT cells main-
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tained telomere length, whereas telomeres shortened in
TIN2.RD cells, indicating that an intact HP1 site is re-
quired for telomere length maintenance. As these effects
were subtle and only appeared after many of generations,
we sought a more dramatic example. Previous studies
showed that an N-terminally deleted allele of TIN2, TIN2-
13 (amino acids 197-354), led to dramatic telomere elon-
gation that was dependent on telomerase (Kim et al. 1999).
We generated a similar N-terminally deleted allele, TIN2-
C (amino acids 180-354), and a TIN2-C.RD allele and
subjected them to telomere length analysis. As shown in
Figure 5, B and C, the telomere lengthening observed in
TIN2-C cells was abolished in TIN2-C.RD cells.

The effect of mutating the HP1-binding site in TIN2 on
telomere length maintenance was very striking in the con-
text of the TIN2-C allele. Apart from its dependence on
telomerase (Kim et al. 1999), the mechanism by which
this allele induces telomere elongation is not known. We
thus queried the cohesion status of sister telomeres in the
TIN2-C cells lines (Fig. 5D-G). We observed a dramatic
decrease in the distance between sister telomeres in TIN2-
C cells (Fig. 5E)—0.44-u.m average distance compared with
0.87-um average distance in the vector control (Fig.
5D)—indicating an increased association between sister
telomeres. This increased association was abolished in
TIN2-C.RD cells (Fig. 5F).

DC mutations in TIN2 abrogate binding to HP1
and show a loss in telomere cohesion
in human patient cells

Our data indicate that the PTVML motif in TIN2 is re-
quired for HP1 binding. The observation that the PTVML
site is embedded in the DC mutation cluster raises the
possibility that TIN2-DC mutations are defective in HP1
binding. We used the two-hybrid assay in yeast and immu-
noprecipitation analysis in human cells to analyze inter-
action of the TIN2-DC mutations with HP1+y (Fig. 6). We

Figure 4. HPly colocalizes with TIN2 at
telomeres in S phase. (A,C-E) Immunofluo-
rescence analysis of HeLal.2.11 cells 4 h
after release from a double thymidine block.
| Cells were extracted with Triton prior to
i fixation and dually stained with antibodies

\ against HP1vy (green) (A,C-E), TIN2 (red) (A),

‘ . TREI [red) (C), and RAPI (red) (D), or
processed for FISH with a PNA-TTAGGG

‘ HP14-TIN2 foci

G1/S early mid late G2/M G1

repeat probe (red) (E). Merge is yellow. Bar,
5 pm. (B) Graphical representation of the
frequency of cells containing colocalizing
HP1v-TIN2 foci across the cell cycle. Cells
were synchronized by a double thymidine
block and released for 0 h (G1/S), 2 h (early
S), 4h (mid S), 6 h (late S), 8 h (G2), 10 h (M),
and 12 h (G1). Mean * SD of three in-
dependent experiments (n, ~100 cells each).

2 4 6 8 10 12
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Figure 5. TIN2 mutations in the HP1-binding site interfere with telomere length maintenance. (A) Immunoblot analysis of extracts
from stable HTC?75 cell lines expressing Vector (V), TIN2.WT, TIN2.RD, TIN2-C, or TIN2-C.RD at population doubling 4 (PD 4) or 120
(PD 120) probed with anti-TIN2 701 or anti-a-tubulin antibody. (B) Analysis of telomere restriction fragments isolated from the stable
HTC75 cell lines at the indicated population doubling, fractionated on agarose gel, denatured, and probed with a 3*P-labeled CCCTAA
probe. (C) Graphical representation of telomere length changes in B. (D-F) FISH analysis of HTC75 stable cell lines expressing Vector
(D), TIN2-C (E), or TIN2-C.RD (F) with a 16ptelo probe. DNA was stained with DAPI (blue). Bar, 5 wm. Histograms based on
measurements from two independent experiments (Table 1) showing the distance between FISH signals are on the right, with the
average (Avg) distance = SEM indicated. (G) Graphical representation of the average distance between sister telomeres = SEM.

focused mainly on those mutations associated with short
telomeres, indicated by asterisks in Figure 6, A and B
(Sasa et al. 2011; Vulliamy et al. 2011). The nonsense
mutations Q269X and K280X result in truncated proteins
that lack the HP1-binding site and thus, as expected, did
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not interact with HP1vy in the yeast two-hybrid assay (Fig.
6A). The missense mutations P283R (in the context of
TIN2.RD) (see Fig. 1A}, and L287P also did not bind HP1y
(Fig. 6A). The R282H mutation showed some binding in
the two-hybrid assay (Fig. 6A). However, immunoprecip-
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Figure 6. DC-associated TIN2 mutations interfere with HP1
binding. (A) Two-hybrid analysis of the interaction between DC-
associated TIN2 mutations and HP1y and TRF1. Two-hybrid
interactions were scored according to the number of minutes
required for the color change: 20 min (++), 45 min (+), and 150~
180 min (+/—). (B) Coimmunoprecipitation analysis of the
interaction between DC-associated TIN2 mutations and HP1vy.
HT1080 stable cell lines expressing HP1y or vector (V) were
transfected with the indicated FlagTIN2 plasmids. Cell lysates
were immunoprecipitated with anti-myc beads and analyzed by
immunoblotting with anti-myc or anti-TIN2 701 antibody.

itation analysis in human cells showed that binding of
TIN2.R282H as well as K280X, P283H, and L287P to
HP1vy was severely diminished compared with TIN2.WT
(Fig. 6B). Together, these data show that DC-associated
TIN2 mutations are defective in HP1+vy binding.

We next asked whether DC-associated TIN2 muta-
tions were defective in sister telomere cohesion by an-
alyzing patient cell lines using chromosome-specific
FISH (Fig. 7; Table 3). Analysis of skin fibroblasts derived
from a patient harboring the TIN2p.Q269X mutation
(Sasa et al. 2011) revealed a dramatic loss in sister telo-
mere cohesion compared with control fibroblasts (Fig.
7B,C), while centromere cohesion was unaffected (Fig.
7D,E). Additionally, analysis of lymphoblastoid cell lines
(LCLs) from patients harboring the mutations TIN2p.
K280Rfs36X (Sasa et al. 2011) and TIN2p.R282H (Savage
et al. 2008) showed a loss in sister telomere cohesion
compared with LCL control cells (Fig. 7G-I). In contrast,
LCLs from a patient harboring a DC-associated mutation
in dyskerin (DKC1p.A2V) showed normal telomere co-
hesion, similar to control LCLs (Fig. 7]), indicating that
loss in telomere cohesion is not a general feature of DC or
of short telomeres.

Heterochromatin protein 1y at telomeres

Discussion

We identified HP1vy as a novel binding partner for TIN2
and showed that it (like TIN2) is required to establish/
maintain cohesion at telomeres in S phase. We show that
HP1v colocalizes with TIN2 at telomeres, peaking in early
to mid-S phase (Fig. 4). Initially, we were surprised to
detect only a single focus per cell and in only ~50% of
cells in early S phase. However, previous studies have
shown that human telomeres replicate asynchronously
during S phase (Wright et al. 1999) and that telomerase
elongates telomeres immediately following DNA repli-
cation (Zhao et al. 2009), evidenced by localization of
telomerase at one to two telomeres per cell in a fraction of
S-phase cells (Jady et al. 2006; Tomlinson et al. 2006).
Only 70% of HeLa cells express telomerase at any time
(Bryan et al. 1998). Hence, the timing and frequency of
HP1vy-TIN2 foci (one per cell in ~50% of cells in S phase)
(Fig. 4) suggest that they could correspond to replicating
telomeres.

Precisely how cohesin links sister chromatids in vivo is
not known. The embrace model posits a single cohesin
complex entrapping the sisters (Haering et al. 2008). Al-
ternatively, the handcuff model posits a cohesin complex
per sister connected by the SA subunit (Zhang et al. 2008).
We showed previously that depletion of SA1 leads to loss
of sister telomere cohesion (Canudas and Smith 2009),
consistent with the handcuff model. Studies indicate that
heterochromatic domains may require distinct mecha-
nisms for cohesion. For example, in budding yeast, cohesion
between sister chromatids in silent chromatin relies on
the SIR proteins (which might be considered functional
orthologs of HP1) to bridge cohesin complexes that
encircle each sister (Chang et al. 2005). It is interesting
to speculate that HP1 could have a similar function in telo-
meric heterochromatin by binding to TIN2/SAl-cohesin
via its CSD and to H3K9Me3 via its CD (Fig. 8A), thereby
bridging cohesin rings on each sister to promote cohesion
(Fig. 8B). In support of this model, overexpression of the
TIN2-C allele (containing only a TRF1- and HP1-binding
site) led to increased cohesion between sister telomeres
(Fig. 5E), perhaps by increased recruitment of HP1lvy to
telomeres.

Overexpression of full-length TIN2 lacking an intact
HP1-binding site (TIN2.RD) led to telomere shortening;
however, the effect was subtle and took many population
doublings to appear. We detected a more dramatic require-
ment for HP1 binding in telomere lengthening in the con-
text of TIN2-C. Apart from the requirement for telomerase
(Kim et al. 1999), the mechanism by which TIN2-C in-
duces telomere elongation is not known. It is striking that
telomeres in TIN2-C cells show an increased cohesion
compared with control cells. Although TIN2-C is an ar-
tificial protein, these observations nonetheless raise the
possibility that cohesion status may influence telomere
lengthening by telomerase. Cohered sisters may be a pre-
ferred substrate for telomerase, which has been suggested
to function as a dimer (Prescott and Blackburn 1997a,b;
Wenz et al. 2001). Additionally, cohered sisters may serve
to coordinate processing events (C-strand resection, telo-
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Figure 7. DC patient cells harboring TIN2 mutations suffer loss in sister telomere cohesion. (A) DC mutations in patient cell lines are
indicated. (B-E) Loss in sister telomere cohesion in DC patient fibroblasts harboring the TIN2p.Q269X mutation. FISH analysis with
a 16ptelo (B,C) or 10cen (D,E) probe. DNA was stained with DAPI (blue). Bar, 5 pm. Histograms showing the distance between FISH
signals (Table 3) are on the right, with the average (Avg) distance = SEM indicated. (F) Graphical representation of the average distance
SEM. (G-K) Loss in sister telomere cohesion in DC patient LCLs harboring the following mutations: TIN2p.K280Rfs36X,
TIN2p.R282H, and DKC1p.A2V. (G-]) FISH analysis with a 16ptelo probe. DNA was stained with DAPI (blue). Bar, 5 wm. Histograms
showing the distance between FISH signals (Table 3) are shown on the right, with the average (Avg) distance = SEM indicated. (K)
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merase-dependent elongation, and C-strand synthesis) that
occur at sister chromatid ends following DNA replication
(Fig. 8B; Zhao et al. 2009; Giraud-Panis et al. 2010). Recent
work indicates that extension of human telomeres by telo-
merase can be influenced at multiple levels, including
recruitment, processivity, and release of telomerase (Zhao
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et al. 2011). Sister telomere cohesion may impact any or all
of these aspects.
the HP1-binding site in TIN2 impact our
understanding of DC-associated TIN2 mutations? We
an intact HP1-binding site in TIN2 is re-
quired for sister telomere cohesion (Fig. 2). The HP1-
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Table 3. Measurements of the distance between paired FISH signals in control and DC patient mitotic cells

Cell type Cell line Probe Fish signals scored Average distance

Fibroblast Control 16ptelo n=19 0.81 pm = 0.02 pm
TIN2pQ269X 16ptelo n =109 1.58 um = 0.08 pm
Control 10cen n=19 0.55 pm = 0.03 pm
TIN2pQ269X 10cen n =47 0.69 pm *= 0.03 pm

LCL Control 16ptelo n=>50 0.88 pm = 0.06 pm
TIN2pK280Rfs36X 16ptelo n =145 1.28 um = 0.03 pm
TIN2pR282H 16ptelo n=99 1.31 pm * 0.05 pm
DKCl1p.A2V 16ptelo n=98 0.94 pm = 0.05 pm

binding site is embedded in the DC-associated TIN2
mutation cluster. We show that TIN2 proteins containing
DC mutations are diminished in HP1+ binding (Fig. 6) and
that DC-associated TIN2 patient cells suffer loss in sister
telomere cohesion (Fig. 7). The HP1-binding site is dis-
tinct from TIN2’s binding sites for TRF1, TRF2, and TPP1.
We speculate that this distinction (in the context of human
disease) allows TIN2 DC mutant proteins (despite their
defect in HP1vy binding and telomere cohesion) to maintain
the central organization of the shelterin complex, thereby
avoiding catastrophic consequences like loss of end pro-
tection and cell death.

Finally, we consider how loss in sister telomere cohesion
might impact on telomere function in DC patients. DC-
associated TIN2 mutations are characterized by very short
telomeres, shorter than most telomerase mutations
(Savage et al. 2008; Walne et al. 2008; Bessler et al. 2010),
suggesting that DC-associated TIN2 mutations could in-
fluence other aspects of telomere function. Indeed, recent
studies have shown that while overexpression of missense
DC-associated TIN2 mutations in tumor cells leads to
telomere shortening (Yang et al. 2011), these length effects
are subtle (similar to what we observed here with TIN2.RD)
(Fig 5B,C) and thus may not fully account for the severe
shortening observed in TIN2-DC patients. We thus con-
sider the possibility that defective telomere cohesion might
impact telomerase-independent aspects of telomere func-
tion. We showed previously that cells defective in sister
telomere cohesion were unable to repair sister chromatid
breaks following DNA replication and suffered sister
telomere loss (Canudas and Smith 2009). Telomere co-
hesion might be important for telomere lengthening by
homologous recombination between sister chromatids. Re-
cent studies indicate that telomere lengthening in mouse
embryos relies on a recombination-based mechanism that
is independent of telomerase (Liu et al. 2007; Zalzman
et al. 2010). Although highly speculative, one possibility
is that defective sister telomere cohesion could hinder telo-
mere lengthening by recombination during embryogenesis
and thereby contribute to the extreme telomere shortening
observed in the context of de novo DC-associated TIN2
mutations.

Materials and methods

Yeast two-hybrid screen and assays

Two-hybrid screens were performed with the yeast reporter
strain L40 (Hollenberg et al. 1995) using a HeLa cell or human

fetal liver cDNA library (Clontech) and the LexA-TIN2C bait
plasmid (pBTTIN2-C;TIN2 amino acids 180-354 cloned into
the pBTM116 vector) (Bartel et al. 1993) according to Clontech
Matchmaker protocol. We identified four independent isolates
of HP1y from a human fetal liver cDNA library and one isolate
of HPla from a HeLa cell cDNA library. Two-hybrid interac-
tions were scored according to the number of minutes required
for the color change: 20 min (++), 45 min (+), and 150-180 min
(+/—). Interactions were confirmed by two or more independent
experiments.

Site-directed mutagenesis

TIN2.RD and TIN2-C.RD mutations were created by substitut-
ing the proline (P) and valine (V) residues at position 283 and 285
with arginine (R) and glutamic acid (D) residues by site-directed
mutagenesis of pBTTIN2 and pBTTIN2C using the oligonucle-
otide 5'-GGCCATAAGGAGCGCCGCACAGACATGCTGTTT
CCCTTT-3'. The following mutations were generated by site-
directed mutagenesis of pBTTIN2C or FlagTIN2 using the in-
dicated oligonucleotides: K280X, 5-GGGGAGGCCATTAGGA
GCGCCCC-3’; R282H, 5'-GGCCATAAGGAGCACCCCACAG
TCATGC-3’; P283H: 5'-GGAGGCCATAAGGAGCGCCACAC
AGTCATGC-3'; L287P, 5'-CGCCCCACAGTCATGCCGTTTC
CCTTTAGG-3’; P289S, 5'-CCCACAGTCATGCTGTTTTCCT
TTAGGAATCTCGG-3’; and Q298Rfs, 5'-GGCTCACCAACC
AGGTCATATCTAAGCC-3'. Mutagenesis was performed using
the Stratagene QuikChange site-directed mutagenesis kit accord-
ing to the manufacturer’s instructions.

A cohesin HP1

HP1
B \
cohesion g % . end
! established . é% processing

Figure 8. Schematic diagram showing how HP1 might influ-
ence cohesion at telomeres. (A) HPI could act as a bridge in
telomeric heterochromatin by binding to the heterochromatin
mark H3K9Me3 via its CD and to TIN2-SA1 cohesin via its
CSD. (B) HP1 associates with telomeres in S phase to aid in
establishment of cohesion. Once cohesion is established, chro-
mosome ends from both sisters could undergo coordinated
processing, including C-strand resection, telomerase-dependent
elongation, and C-strand synthesis.
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Immunofluorescence analysis

HeLal.2.11 cells, a HeLa-derived clonal cell line (van Steensel
et al. 1998), were permeabilized in Triton X-100 buffer (0.5%
Triton X-100, 20 mM Hepes-KOH at pH 7.9, 50 mM NaCl, 3 mM
MgCl,, 300 mM sucrose) for 5 min at room temperature and
fixed in 3% paraformaldehyde (in phosphate-buffered saline [PBS],
2% sucrose) for 10 min at room temperature, followed by perme-
abilization in Triton X-100 buffer for 10 min at room temperature.
Cells were blocked in 1% bovine serum albumin in PBS, followed
by incubation with mouse anti-HP1vy (1.5 wg/mL) (Upstate Bio-
technology) and rabbit anti-TRF1 415 (0.36 pg/mL) (Cook et al.
2002), rabbit anti-TIN2 701 (0.5 pg/mL) (Houghtaling et al. 2004),
or rabbit anti-RAP1 (0.25 pg/mL) (Novus Biologicals). Primary
antibodies were detected with fluorescein isothiocyanate-conju-
gated or tetramethyl rhodamine isothiocyanate-conjugated donkey
anti-rabbit or anti-mouse antibodies (1:100) (Jackson Laborato-
ries). DNA was stained with 4,6-diamino-2-phenylindole (DAPI)
(0.2 wg/mL).

Immunofluorescence/PNA FISH analysis

HeLal.2.11 cells were processed for immmunofluorescence ex-
actly as described above. After the last step (incubation with the
fluorescently labeled second antibody), coverslips were washed
in PBS, fixed in 2% paraformaldehyde in PBS for 5 min; washed
six times in PBS over 10 min; dehydrated in a 70%, 95%, 100%
ethanol series for 5 min each; and air dried. Coverslips were
incubated with 0.5 pg/mL of a Cy3-conjugated (CCCTAA); PNA
probe in 10 mM NaHPO,, 10 mM NaCl, 20 mM Tris (pH 7.5),
70% formamide, 0.1 pg/mL tRNA, and 0.1 pg/mL herring sperm
DNA for 5 min at 75°C, followed by a 2-h incubation at room
temperature; they were then washed twice for 15 min each with
70% formamide in 10 mM Tris (pH 7.2), washed with PBS, and
stained with DAPI.

Telomere length analysis

Genomic DNA was isolated as described (de Lange et al. 1990)
and cleaved with Hinfl and Rsal. Approximately 1 pg of DNA
was fractionated on 0.7% agarose gels, and telomeric restriction
fragments were detected by hybridization to a 32P-end-labeled
(CCCTAA), oligonucleotide probe as described (Dynek and Smith
2004). The mean length of telomeric restriction fragments was
determined by TELO, a macro for NIH Image written by the
Research Computing Department at Fox Chase Cancer Center
(http://www.fcce.edu), using scanned images of autoradiograms.

Retroviruses and cell lines

Amphotropic retroviruses were generated by transfecting
pBABEpuro, pBABE-Flag-TIN2FL.WT pBABE-Flag-TIN2.RD,
PBABE-Flag-TIN2C.WT, pBABE-Flag-TIN2C.RD, or pBABE-
MycHP1lvy into Phoenix amphotropic cells using calcium phos-
phate precipitation. HT1080 or HTC75 cells, an HT1080-derived
clonal cell line (van Steensel and de Lange 1997), were infected
essentially as described (Serrano et al. 1997). Infected cells were
selected in 2 pg/mL puromycin, and population doublings were
counted as described previously (Cook et al. 2002).

Transient transfection and immunoprecipitation

HT1080 stable cell lines expressing pBABE-puro (V) or
PBABE-MycHP1y were transfected with (Vector [pBABEpuro],
PBABE-Flag-TIN2FL.WT, or pBABE-Flag-TIN2.RD) or (Vector
[3XFlag-CMV-10; Sigma], 3XFlag-TIN2.WT, 3XFlag-K280X,
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3XFlag-R282H, 3XFlag-P293H, or 3XFlag-L287P) using Lipofect-
amine 2000 reagent (Invitrogen) for 18 h and processed for im-
munoprecipitation as described previously (Houghtaling et al.
2004). Briefly, cells were lysed in 0.5 mL (per one 15-cm-diameter
dish) of TNE buffer (10 mM Tris at pH 7.8, 1 % Nonidet P-40, 0.15
M NaCl, 1 mM EDTA, protease inhibitor cocktail [Sigma])for 1 h
on ice, then pelleted at 8000g for 10 min. Supernatants were
precleared with protein G-Sepharose, rotating for 30 min at 4°C.
Nonspecific protein aggregates were removed by centrifugation,
and the supernatant was used for immunoprecipitation analysis
or fractionated directly on SDS-PAGE (indicated as input, ~1%
of the amount used in the immunoprecipitation). Supernatants
were incubated with 35 uL of rabbit anti-Myc agarose bead
conjugates (Sigma) for 3 h, washed three times with 1 mL of TNE
buffer, fractionated on a 10% SDS-PAGE gel, and processed for
immunoblotting as described below.

siRNA transfection

siRNA transfections were performed with Oligofectamine (In-
vitrogen) according to the manufacturer’s protocol. The final
concentration of siRNA was 100 nM. The following siRNAs
(synthesized by Dharmacon Research, Inc.) were used: HPla (5'-
GCUUUGAGAGAGGACUGGAAC-3’), HP1B (5'-GACUCCA
GUGGAGAGCUCAUG-3'), HP1y (5'-GAGGCAGAGCCUGAA
GAAU-3') (HP1a, HP1B, and HP1+y were described previously) (du
Chene et al. 2007), GEP Duplex I, and TIN2.L (5'-AGGAAUCU
CUGGAAAACUA-3’). TIN2.L is directed against TIN2 long
(TERFI isoform 1), but also has 16 nucleotides (nt) of homology
with TIN2 short (TERF1 isoform 2), and thus leads to depletion
of both proteins (shown in Fig. 2H, lane 2). The amount of siRNA
knockdown was quantified using Image] software.

Cell synchronization and siRNA transfection

For siRNA experiments, cells were synchronized essentially as
described (Canudas and Smith 2009). Briefly, HeLal.2.11 cells
were grown in the presence of 2 mM thymidine for 24 h, washed
three times with PBS, and released into fresh medium for 4 h.
Cells were then transfected with siRNA as described above. After
4 h, the medium was replaced with fresh medium and cells were
further incubated for 4 h. Two-millimolar thymidine was then
added and the cells were incubated for 12 h, washed three times
with PBS, and released into fresh medium. Cells were then har-
vested by trypsinization for 4 h for FACS analysis and for chro-
mosome-specific FISH as described below.

For immunofluorescence analysis across the cell cycle,
HeLal.2.11 cells were treated with 2 mM thymidine for 24 h,
washed three times with PBS, released into fresh medium for 11 h,
treated again with 2 mM thymidine for 14 h, washed three times
with PBS, and released into fresh medium for 0-12 h.

FACS analysis

siRNA transfected, trypsinized cells were washed twice with PBS
containing 2 mM EDTA, fixed in cold 70% ethanol, stained with
propidium iodide (50 pg/mL), and analyzed using a Becton-
Dickenson FACSAN and FlowJo 8.8.6 software.

Immunoblot analysis

Whole-cell extracts were prepared and immunoblots were per-
formed exactly as described (Canudas et al. 2007). Briefly, siRNA
transfected HeLal.2.11 cells were resuspended in 4 vol of buffer C
(20 mM Hepes-KOH at pH 7.9, 420 mM KCl, 25% glycerol, 0.1



mm EDTA, 5 mM MgCl,, 0.2% NP40, 1 mM dithiothreitol,
2.5% protease inhibitor cocktail [Sigmal) and incubated for 1 h
on ice. Suspensions were pelleted at 8000g for 10 min. Twenty-
five micrograms (determined by Bio-Rad protein assay) of super-
natant proteins was fractionated by SDS-PAGE and analyzed by
immunoblotting. Immunoblots were incubated with the follow-
ing primary antibodies: mouse anti-HPla MAB3446 (1:1000)
(Chemicon International Inc.), rabbit anti-HP1g (1:1000) (Cell
Signaling Technology), mouse anti-HPly MAB3450 BL143G
(1:1000) (Millipore), rabbit anti-TIN2 701 (0.5 pg/mL) (Houghtaling
et al. 2004), rabbit anti-Myc (0.8 wg/mL) (Santa Cruz Biotechnol-
ogies), and mouse anti-a-tubulin ascites (1:50,000) (Sigma), followed
by horseradish peroxidase-conjugated donkey anti-rabbit or anti-
mouse IgG (Amersham) (1:2500). Bound antibody was detected
with Super Signal West Pico (Thermo Scientific).

Skin fibroblasts

TIN2p.Q269X mutant (Sasa et al. 2011) human skin fibroblasts
were cultured from a punch biopsy obtained from a research
subject diagnosed with DC and enrolled on a research protocol
approved by the Baylor College of Medicine institutional review
board. Fibroblasts were cultured in a minimal essential medium
with 10% fetal bovine serum. Control human skin fibroblasts
were kindly provided by Olivia Pereira-Smith (University of Texas
Health Science Center, San Antonio, TX).

LCLs

For the DKCp.A2V cells, a blood sample was obtained from a
male with DC and a DKC1p.A2V mutation at Texas Children’s
Hospital, Houston, TX, following enrollment on a research pro-
tocol that was approved by the Baylor College of Medicine
institutional review board. A DKClp.A2V Epstein-Barr virus-
transformed LCL was generated from the blood sample by the
tissue culture core laboratory within the Department of Molec-
ular and Human Genetics, Baylor College of Medicine. The
DKCp.A2V mutation was reported previously (Knight et al. 1999;
Safa et al. 2001). The development of TIN2p.R282{s36X and
control unaffected sibling LCLs was described (Sasa et al. 2011).
The R282H LCL was derived from a participant in the National
Cancer Institute’s institutional review board-approved protocol
02-C-0052 (NCT00056121, http://www.marrowfailure.cancer.gov)
as described (Savage et al. 2008). LCLs were cultured in RPMI-
1640 medium with 10% fetal bovine serum.

Chromosome-specific FISH

Cells were treated with 0.5 pg/mL colcemide (Invitrogen) for 1.5
h (siRNA transfected HTC75 cell lines) or 24 h (human skin
fibroblasts and LCLs), collected by mitotic shake-off, fixed, and
processed as described previously (Dynek and Smith 2004). Briefly,
cells were fixed twice in methanol:acetic acid (3:1) for 15 min,
cytospun (Shandon Cytospin) at 2000 rpm for 2 min onto slides,
rehydrated in 2X SSC for 2 min at 37°C, and dehydrated in an
ethanol series of 70%, 80%, and 95% for 2 min each. Cells were
denatured for 2 min at 75°C and hybridized overnight at 37°C
with a subtelomeric FITC-conjugated probe (16ptelo or 4ptelo),
a chromosome 6-specific a-satellite TRITC-conjugated centro-
mere probe (6¢cen), or a FITC-conjugated chromosome 10 cen-
tromere probe (10cen) (Cytocell). Cells were washed in 0.4 X SSC
for 2 min at 72°C, and in 2X SSC with 0.05% Tween 20 for 30 sec
at room temperature. DNA was stained with 0.2 pg/mL DAPL
The distance between FISH signals was measured using Openlab
software (Perkin Elmer).

Heterochromatin protein 1y at telomeres

Image acquisition

Images were acquired using a microscope (Axioplan 2, Carl Zeiss,
Inc.) with a Plan Apochrome 63X NA 1.4 oil immersion lens (Carl
Zeiss, Inc.) and a digital camera (C4742-95, Hamamatsu Photon-
ics). Images were acquired and processed using Openlab software
(Perkin Elmer).
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