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TRF2-Tethered TIN2 Can Mediate Telomere Protection by

TPP1/POT1

David Frescas, Titia de Lange
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The shelterin protein TIN2 is required for the telomeric accumulation of TPP1/POT1 heterodimers and for the protection of
telomeres by the POT1 proteins (POT1a and POT1b in the mouse). TIN2 also binds to TRF1 and TRF2, improving the telomeric
localization of TRF2 and its function. Here, we ask whether TIN2 needs to interact with both TRF1 and TRF2 to mediate the telo-
mere protection afforded by TRF2 and POT1a/b. Using a TIN2 allele deficient in TRF1 binding (TIN2-L247E), we demonstrate
that TRF1 is required for optimal recruitment of TIN2 to telomeres and document phenotypes associated with the TIN2-L247E
allele that are explained by insufficient TIN2 loading onto telomeres. To bypass the requirement for TRF1-dependent recruit-
ment, we fused TIN2-L247E to the TRF2-interacting (RCT) domain of Rap1l. The RCT-TIN2-L247E fusion showed improved te-
lomeric localization and was fully functional in terms of chromosome end protection by TRF2, TPP1/POT1a, and TPP1/POT1b.
These data indicate that when sufficient TIN2 is loaded onto telomeres, its interaction with TRF1 is not required to mediate the
function of TRF2 and the TPP1/POT1 heterodimers. We therefore conclude that shelterin can protect chromosome ends as a
TRF2-tethered TIN2/TPP1/POT1 complex that lacks a physical connection to TRF1.

helterin represses DNA damage signaling by the ATM and

ATR kinases and prevents double-stranded break (DSB) re-
pair at chromosome ends (reviewed in reference 1). Conditional
deletion of individual shelterin proteins has revealed considerable
functional compartmentalization within shelterin. TRF2 is re-
quired for the repression of ATM-dependent signaling and classi-
cal nonhomologous end joining (c-NHEJ), whereas the closely
related TRF1 protein prevents replication fork stalling in telo-
meric DNA and represses a fragile site phenotype at telomeres.
POT1aprevents ATR kinase signaling at telomeres by blocking the
binding of RPA to the single-stranded TTAGGG repeats. POT1b,
on the other hand, is required for the correct formation of the 3’
telomeric overhang.

TIN2, the central component of shelterin, is critical for the
function of POT1a and POT1b because it links TPP1/POT1 het-
erodimers to TRF1 and TRF2 (2-6). Consistent with this role,
TIN2 deletion phenocopies the loss of TPP1 and/or POT1a/b,
including the activation of ATR signaling, the deregulation of the
amount of single-stranded telomeric DNA, and a low frequency of
(postreplicative) sister telomere fusions (7-10). In addition, dele-
tion of TIN2 elicits ATM kinase signaling and a moderate level of
chromosome-type telomere fusions that are hallmarks of TRF2
loss (7, 10-12). The chromosome-type fusions associated with
TIN2 deletion are due to decreased telomeric accumulation of
TRE?2, as overexpression of TRF2 in TIN2-null cells alleviates this
phenotype (10). However, overexpression of TRF2 does not fully
repress ATM kinase signaling in TIN2-knockout (KO) cells, and a
TRF2 mutant that lacks the TIN2 binding domain is partially de-
fective in preventing ATM activation, suggesting that TIN2 di-
rectly contributes to this TRF2 function. There is no indication for
a role of TIN2 in the function of TRF1 at telomeres since TIN2-
deleted cells do not display the fragile telomere phenotype typical
of TRF1 loss (10, 13, 14).

Here, we ask whether TIN2 requires its interaction with both
TRF1 and TRF2 in order to function as a tether for the TPP1/
POT1 heterodimers. Deletion of TRF2 does not give rise to any of
the phenotypes associated with POT1a/b deficiency (7, 11). Sim-
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ilarly, deletion of TRF1 does not appear to elicit the phenotypes
typical of the loss of POT1a/b from telomeres (14). However, de-
letion of either TRF1 or TRF2 induces a prominent telomeric
DNA damage response, which could mask (some of) the pheno-
types of POT1a/b loss. Thus, to further elucidate the role of the
TIN2-TRFI and TIN2-TREF2 interactions in the protective func-
tion of shelterin, we generated a TIN2 allele defective in TRF1
association. We show that TRF1 is principally responsible for the
recruitment of TIN2 to telomeres and describe a distinct set of
telomere dysfunction phenotypes that arise from the severing of
this interaction. By artificially tethering TIN2 to TRF2 via the
fusion of the Rapl TRF2-interacting domain (RCT) to TIN2, we
provide direct evidence that TRF2-bound TIN2 is in principle
sufficient to fulfill the TPP1/POT1 tethering function required to
protect chromosome ends.

MATERIALS AND METHODS

Cell lines and expression plasmids. SV40-LT-immortalized TIN2/F,
TIN2"F ATM ™/, TIN2"" ATR™" (10), TRF2"", and TRF1"" mouse
embryonic fibroblasts (MEFs) (14) were grown in Dulbecco modified
Eagle medium (DMEM) supplemented with r-glutamine, penicillin-
streptomycin, nonessential amino acids, and 10% fetal bovine serum (In-
vitrogen). HT1080 and 293T cells were maintained in DMEM supple-
mented with L-glutamine, penicillin-streptomycin, nonessential amino
acids, and 10% bovine calf serum (BCS) (HyClone). TIN2"F, TIN2"F
ATM /", and TIN2"F ATR™" MEFs were infected with pWZL-hygromy-
cin retroviruses expressing FLAG-hemagglutinin (HA)-HA (FLAG-
HA,)-tagged mouse TIN2 alleles or an empty vector and selected with
hygromycin. In some experiments, the hygromycin-selected MEFs were
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subsequently infected with pLPC-puromycin retroviruses expressing
MYC-tagged TRF2, TPP1, or POT1b. In all cases, following three rounds
of retroviral infection, MEFs were selected with hygromycin or puromy-
cin for 2 to 4 days. The human HT1080 fibrosarcoma cells were first
infected with pWZL-hygromycin retroviruses expressing short hairpin
RNA (shRNA)-insensitive FH2-TIN2 alleles or an empty vector. TIN2i
constructs possess silent mutations to generate sShRNA resistance (AGAC
AATATGGTGTGGACAT to AGGCAGTACGGCGTGGACAT; under-
lining identifies which bases were changed to introduce silent mutations
to confer shRNA resistance). Following selection with hygromycin,
HT1080 cells were infected with a previously characterized shRNA (pu-
romycin-resistant lentiviral vector) against human TIN2 and selected
with puromycin (10). For immunoprecipitation studies, 293T cells were
transiently cotransfected with MYC-tagged TRF1 or TRF2 plasmids
(pLPC-based) and FLAG-HA,-tagged mouse TIN2 alleles (pLPC-based)
using the calcium phosphate coprecipitation method. All introduced mu-
tations and deletions in TIN2 were made by using a QuikChange IT site-
directed mutagenesis kit (Agilent Technologies) and confirmed by DNA
sequencing. Deletion of floxed alleles in all MEF lines was induced by two
infections with Hit&Run Cre retrovirus at 12-h intervals. Time points are
defined in hours or days after the second infection.

Immunoblotting. Cell extracts were made from MEFs using 450 mM
NaCllysis buffer (50 mM Tris-HCI [pH 7.4], 1% Triton X-100, 0.1% SDS,
450 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol [DTT]) and protease
inhibitors. Lysates were centrifuged at 13,200 rpm for 10 min. Protein
concentrations from supernatants were determined using the Bradford
protein assay (Bio-Rad). Samples were suspended in 2 X sample buffer (75
mM Tris-HCI [pH 6.8], 10% glycerol, 2% SDS, 0.05% bromophenol blue,
2.5% B-mercaptoethanol) prior to being loaded on 8% or 10% SDS-
PAGE gels and then transferred to nitrocellulose membranes in transfer
buffer (25 mM Tris, 0.192 M glycine, 20% methanol). After being blocked
with 5% nonfat dry milk in phosphate-buffered saline (PBS)-0.1%
Tween 20 (PBST) at room temperature for 20 min, membranes were
incubated in PBST for 1 h with the following primary antibodies: rabbit
polyclonal anti-mTRF1 antibody (1449), rabbit polyclonal anti-mTRF2
antibody (1254), rabbit polyclonal anti-mRap1 antibody (1252), rabbit
polyclonal anti-hTRF1 antibody (370), mouse monoclonal anti-a-tubu-
lin (Sigma-Aldrich), mouse monoclonal anti-MYC antibody (9E10 [Cal-
biochem]) and mouse monoclonal anti-HA antibody (12CA5 [Roche]).
Membranes were developed with enhanced chemiluminescence (ECL;
Amersham).

Coimmunoprecipitation. Cell extracts were made from MEFs or
293T cells using 150 mM NaCl lysis buffer (50 mM Tris-HCI [pH 7.4], 1%
Triton X-100, 0.1% SDS, 150 mM NaCl, 1 mM EDTA, 1 mM DTT) and
protease inhibitors. Lysates were centrifuged at 13,200 rpm for 10 min.
One percent of the supernatant was taken to serve as the input. Following
preclearing with protein G beads (GE Healthcare) for 30 min at 4°C,
supernatants were incubated with anti-HA affinity matrix (Roche) over-
night at 4°C on a rotator wheel. Following three 10-min washes with lysis
buffer, beads were pelleted by centrifugation and resuspended in 2X sam-
ple buffer (75 mM Tris-HCI [pH 6.8], 10% glycerol, 2% SDS, 0.05%
bromophenol blue, 2.5% B-mercaptoethanol) prior to being loaded on
8% or 10% SDS-PAGE gels and then transferred to nitrocellulose mem-
branes in transfer buffer (25 mM Tris, 0.192 M glycine, 20% methanol).
Membranes were immunoblotted as described above.

Indirect immunofluorescence. Cells were grown on coverslips and
fixed with 2% paraformaldehyde (PFA) in PBS for 10 min. Telomeric
DNA fluorescence in situ hybridization (FISH) was combined with im-
munofluorescence (IF) as described previously (7) by using the following
antibodies: polyclonal rabbit anti-mTIN2 (1447), polyclonal rabbit anti-
mRap1 (1252), polyclonal rabbit anti-human 53BP1 antibody NB 100-
304 (Novus), mouse monoclonal anti-MYC antibody 9E10 (Sigma), and
anti-HA antibody (12CA5 [Roche]). Secondary antibodies were Alexa
Fluor 555 goat anti-rabbit IgG (Molecular Probe) or RRX-conjugated
donkey anti-mouse IgG (Jackson Laboratory). A fluorescein isothiocya-
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nate (FITC)-TelC (FITC-OO-CCCTAACCCTAACCCTAA; Applied Bio-
systems) probe was used to detect telomeric DNA using the protocol
developed by Herbig and colleagues (15). DNA was stained with 4,6-
diamino-2-phenylindole (DAPI). Where noted, nucleoplasmic proteins
were removed using Triton X-100 buffer (0.5% Triton X-100, 20 mM
HEPES-KOH [pH 7.9], 50 mM NaCl, 3 mM MgCl,, 300 mM sucrose) on
ice for 2 min prior to fixation with 2% paraformaldehyde (PFA) in PBS.
Digital images were captured with a Zeiss Axioplan II microscope with a
Hamamatsu C4742-95 camera using Improvision OpenLab software.

ChIP. Chromatin immunoprecipitation (ChIP) was performed as de-
scribed previously (16) with minor modifications. Cells were fixed in me-
dium with 1% paraformaldehyde for 60 min at room temperature. Gly-
cine was added to 0.2 M to stop the cross-linking. Cells were pelleted by
centrifugation, washed once with cold PBS, followed by a final wash in
PBS-1 mM phenylmethylsulfonyl fluoride (PMSF). The cells were resus-
pended in cell lysis buffer [5 mM piperazine-N,N’-bis(2-ethanesulfonic
acid) (PIPES) at pH 8.0, 85 mM KCl, 0.5% NP-40, 1 mM PMSF, Complete
protease inhibitor cocktail (Roche)] and incubated on ice for 15 min.
After sonication, the lysates were centrifuged at 13,200 rpm for 10 min.
The supernatants were incubated with crude rabbit antibody serum raised
against mTRF1 (1448), mTRF2 (1254), mRap1 (1252), or mTIN2 (1447)
or with commercial purified antibodies against MYC (9B11 Cell Signal-
ing) or HA (Abcam). Samples were incubated at 4°C overnight and for 45
min with ChIP-grade protein G magnetic beads (Invitrogen Dynal). The
immunoprecipitated DNA was collected and washed using a 16-tube
magnetic separation rack (Cell Signaling) and precipitated with ethanol
after reversal of the cross-links. The DNA samples were dissolved in Tris-
EDTA (TE), blotted using a slot blotter, and hybridized with an 800-bp
probe labeled with Klenow and a primer for the C-rich telomeric repeat
strand. The signal intensity measured by ImageQuant software was nor-
malized to the signals of the input DNA on the same blot.

Telomere analysis. Telomeric overhang signals and telomeric restric-
tion fragment patterns were analyzed by in-gel analysis as previously de-
scribed (11). Briefly, a (CCCTAA), oligonucleotide was hybridized to
native Mbol-digested genomic DNA fractionated on contour-clamped
homogeneous electric field (CHEF) gels to determine the overhang signal.
After capture of the signal, the DNA was denatured in situ, neutralized,
and then rehybridized with the same probe to determine the total telo-
meric DNA signals. The overhang signal in each lane is normalized to the
duplex telomeric signal so that comparisons of these ratios reveal changes
in the overhang status. The procedures for telomeric FISH on metaphase
spreads were as described previously (14). Briefly, cells at the indicated
time points and treatments were incubated for 2 h with 0.2 pg/ml Colce-
mid. The cells were harvested, swollen in 75 mM KCl, fixed in methanol-
acetic acid (3:1), and dropped onto glass slides. After aging overnight, the
slides were washed in 1X PBS for 5 min followed by consecutive incuba-
tion with 75%, 95%, and 100% ethanol. The slides were allowed to air dry
before applying hybridizing solution (70% formamide, 1 mg/ml blocking
reagent [Roche], 10 mM Tris-HCl [pH 7.2]) containing FITC-OO-
(CCCTAA); PNA probe (Applied Biosystems). The spreads were dena-
tured for 3 min at 80°C on a heat block and hybridized at room temper-
ature for 2 h. The slides were washed twice for 15 min with 70%
formamide-10 mM Tris-HCI (pH 7.0), followed by three 5-min washes in
0.1 M Tris-HCI (pH 7.0)-0.15 M NaCl-0.08% Tween 20. The chromo-
somal DNA was counterstained with DAPI added to the second wash.
Slides were mounted in antifade reagent (ProLong Gold; Invitrogen), and
digital images were captured with a Zeiss Axioplan II microscope with a
Hamamatsu C4742-95 camera using Improvision OpenLab software.

RESULTS

TIN2 is dependent on TRF1 for optimal telomeric association.
Human TIN2 uses an FXLXP motif around position 260 to inter-
act with the TRFH domain of TRF1, and substitution of the leu-
cine at position 260 of TIN2 with glutamate (L260E) abolishes its
binding to TRF1 but not to TRF2 (17). A mouse TIN2 allele har-
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FIG 1 TIN2 allele lacking TRF1 binding is lost at telomeres. (A) Schematic of the mouse TIN2 protein indicating regions of shelterin binding and location of mutations
identified in dyskeratosis congenita (DC) patients. Homology between human and mouse TIN2 is shown surrounding the FXLXP TRF1 binding motif. Amino acids in
red indicate mutations introduced to generate TRF1 binding mutants. (B) Cell extracts from TIN2"* MEFs exogenously expressing the indicated FLAG-HA, TIN2 alleles
were immunoprecipitated (IP) with anti-HA resin, and immunocomplexes were probed for the indicated proteins. (C) Cell extracts from 293T cells coexpressing the
indicated FLAG-HA, TIN2 alleles and TRF2 were immunoprecipitated with anti-HA resin, and immunocomplexes were probed for the indicated proteins. (D)
Immunoblotting of cell extracts from TIN2* MEFs expressing TIN2 alleles (as in panel B) or empty vector (EV) with or without Cre treatment (72 h). (E) Left, loss of
TIN2 as observed by IF-FISH from TIN2"" MEFs with or without Cre treatment (72 h). Right, IF of FLAG-HA, TIN2 alleles (anti-HA antibody, red) and telomeric FISH
(green) following Triton X-100 extraction of soluble proteins in TIN2 ™/~ MEFs (72 h post-Cre). (F) Left, IF of TRF2 (anti-TRF1 antibody, red) in cells expressing
FLAG-HA, TIN2 alleles and telomeric FISH (green) following Triton X-100 extraction of soluble proteins in TIN2 ™/~ MEFs (72 h post-Cre). Middle, IF of TRF2
(anti-TRF2 antibody, red) in cells expressing FLAG-HA, TIN2 alleles and telomeric FISH (green) following Triton X-100 extraction of soluble proteins in TIN2 '~
MEFs (72 h post-Cre). Right, IF of Rap1 (anti-Rap1 antibody, red) in cells expressing FLAG-HA, TIN2 alleles and telomeric FISH (green) following Triton X-100
extraction of soluble proteins in TIN2 ™/~ MEFs (72 h post-Cre). DNA is stained with DAPI (blue). At least 200 cells were used for quantification of TIN2 and Rap!1 foci.
Bars, 1.5 pm.
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FIG 2 TIN2-L247E protein is absent from telomeres by ChIP. (A) Telomeric DNA ChIP for FLAG-HA, TIN2 alleles (anti-HA), TRF1, or Rap1 in TIN2"*
MEFs with or without Cre treatment (72 h). (B) Quantification of the ChIP signals from three identical experiments, as described for panel A. ChIP signals
were normalized to the input, and the background (PI) was subtracted. **, P < 0.05 (paired Student’s ¢ test). (C) Telomeric DNA ChIP for TRF2 in
TIN2FF MEFs expressing FLAG-HA, TIN2 alleles (anti-HA) with or without Cre treatment (72 h). (D) Quantification of the ChIP signals from three
identical experiments, as described for panel C. ChIP signals were normalized to the input, and the background (PI) was subtracted. **, P < 0.05 (paired

Student’s t test).

boring the analogous leucine-to-glutamate substitution at residue
247 was introduced as a FLAG-HA,-tagged version into previ-
ously characterized SV40-LT-immortalized TIN2"" mouse em-
bryonic fibroblasts (MEFs) (Fig. 1A) (10). As expected, coimmu-
noprecipitation (co-IP) analysis showed that TIN2-L247E failed
to interact with TRF1, whereas the mutated allele interacted nor-
mally with TRF2 (Fig. 1B and C). Similar to the effect of complete
deletion of TIN2 (10), cells expressing only the TIN2-L247E allele
showed diminished TRF1 protein levels compared to those of
TREF2 or Rapl1 (Fig. 1D).

Indirect immunofluorescence (IF) showed diminished accu-
mulation of TIN2-L247E at telomeres, resulting in a dispersed
nucleoplasmic staining pattern (Fig. 1E). This IF pattern was
clearly distinct from FLAG-HA,-tagged wild-type (WT) TIN?2 as-
sayed in parallel (Fig. 1E) and from endogenous TRF1, TRF2, or
Rapl in these cells (Fig. 1F).

Based on chromatin immunoprecipitation (ChIP), the amount of
TIN2-L247E at mouse telomeres was ~5-fold lower than that of
wild-type TIN2 and comparable to the background levels ob-
served in cells infected with the empty vector (Fig. 2A and B). The
amounts of TRF1 at telomeres in TIN2-L247E-expressing cells
were also reduced (Fig. 2A and B). Although the IF signals for
TRF2 or Rap1 did not show a strong reduction in cells expressing
TIN2-L247E (Fig. 1F), TRF2 and Rapl ChIP suggested that the
TIN2-L247E mutant also had a small effect on the accumulation
of TRF2 and Rapl at telomeres (Fig. 2B and D). However, this
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effect was not statistically significant when analyzed based on
three independent experiments.

Similar to the effect of the TIN2-L247E allele in mouse cells, a
reduction in human TRF1 protein was also observed in HT1080
cells treated with a TIN2 shRNA and expressing an shRNA-resis-
tant version of the TIN2-L260E allele (TIN2-L260Fi) that binds
TREF2 but does not interact with TRF1 (Fig. 3A to C). Human
TIN2-L260Ei also did not accumulate efficiently at telomeres in
HT1080 cells after the endogenous TIN2 was knocked down with
an shRNA (Fig. 3D and E). The effect of TIN2-L260E on TRF1
abundance in human cells is consistent with a previously pub-
lished role of TIN2 in protecting TRF1 from tankyrase-mediated
PARsylation and subsequent degradation (18, 19). The reason
TIN2 binding is required for optimal expression of mouse TRF1,
which does not interact with tankyrase (20), is unclear.

Consistent with the role of TRF1 in promoting the accumula-
tion of TIN2 at telomeres, there was also a reduction in the telo-
meric TIN2 signals after deletion of TRF1 from immortalized
TRF1"F MEFs, whereas the telomeric Rap1 foci were unaltered
(Fig. 4A and B). Importantly, this reduction of TIN2 or changes in
the levels of TRF1 at telomeres was not observed following dele-
tion of TRF2 from TRF2™ cells (Fig. 4C and D). Together, these
data demonstrate the significance of the TIN2-TRF1 association
for optimal accumulation of shelterin at telomeres.

Phenotypes of TIN2-L247E suggest impaired function of
TRF2 but not TRF1. TIN2 deletion results in a telomeric DNA
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stained with DAPI (blue). At least 200 cells were used for quantification of TIN2 foci. Bars, 1.5 pm.

damage response mediated by both the ATM and ATR kinase
pathways (10). This DNA damage response, detected based on
53BP1 telomere dysfunction-induced foci (TIFs) (21), was
fully repressed by expression of wild-type TIN2 but not by
TIN2-L247E (Fig. 5A). However, TIN2-L247E-expressing cells
had significantly fewer TIFs than TIN2-null cells, suggesting
that this allele is partially competent in repressing the DNA
damage response despite its diminished association with telo-
meres (Fig. 5B). Exogenous expression of TRF2 does not blunt
activation of the DNA damage response following TIN2 dele-
tion (10), and overexpression of TRF2 also failed to improve
the ability of TIN2-L247E to fully repress the DNA damage
response in TIN2-deleted cells (Fig. 5C and D). To determine
whether TIN2-L247E differentially affected ATM and ATR sig-
naling, the effect of this allele was monitored in ATM- or ATR-
deficient cells. The expression of TIN2-L247E in TIN2"" ATM '~
cells, where the TIFs are induced by ATR signaling, showed a sig-
nificantly reduced number of TIFs per nucleus (Fig. 5E), indicat-
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ing that TIN2-L247E is partially competent for repression of the
ATR-dependent DNA damage response. The deficiency of TIN2-
L247E in repression of the ATM-dependent DNA damage re-
sponse was more pronounced, resulting in the same level of TIF
formation in TIN2"" ATR™" cells treated with Cre, regardless of
whether they expressed TIN2-L247E or contained no TIN2 (Fig.
5E). In agreement with these results, ATR activation, as moni-
tored by Chkl phosphorylation, was repressed in TIN2-deleted
MEFs expressing wild-type TIN2 and TIN2-L247E, while the
ATM response, as monitored by Chk2 phosphorylation, was read-
ily observed in cells expressing TIN2-L247E (Fig. 5F).

Consistent with the inability of TIN2-L247E to function like
wild-type TIN2, expression of this allele did not improve the
growth of TIN2F/F cells treated with Cre (Fig. 6A). Furthermore,
TIN2-L247E was partially defective in protecting telomeres from
c-NHE], resulting in a substantial telomere fusion phenotype after
the deletion of TIN2 (Fig. 6B and C). Exogenous expression of
TRF2 was previously shown to reduce the amount of chromo-
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Endogenous TIN2 (left) and endogenous TRF1 (right) were detected by IF in
Triton X-100 was used to extract soluble proteins. DNA is stained with DAPI

some-type fusions resulting from TIN2 deletion, suggesting that
TIN2 is not required for the ability of TRF2 to repress c-NHE]
(10), and exogenous expression of TRF2 in TIN2-deleted cells
expressing TIN2-L247E similarly reduced the amount of chromo-
some-type fusions (Fig. 6D). Thus, the L247E allele of TIN2, de-
ficient in TRF1 binding, acts as if it has a diminished capacity to
support TRF2 function at telomeres.

On the other hand, TIN2-L247E-expressing cells did not show
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combination with telomeric FISH (green) with or without Cre treatment (72 h).
(blue). Bars, 1.5 pm.

one of the hallmarks of TRF1 deficiency, the formation of fragile
telomeres (Fig. 6B and C), arguing that the TIN2-TRF1 interac-
tion is not essential for the replication function of TRF1, despite
the fact that the overall expression level of TRF1 is lowered in these
cells. This conclusion is consistent with the absence of a fragile
telomere phenotype in TIN2-KO cells (10). The occurrence of
telomere fusions does not mask our ability to detect fragile telo-
meres since they were readily detected after the complete removal
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of shelterin in a setting where ~30% of the telomeres undergo
fusions (22).

TIN2-L247E interacts with TPP1. The partial deficiency of
TIN2-1247E for repression of ATR signaling in ATM ™/~ cells
could be explained if the L247E mutation affected the ability of
TIN2 to adequately recruit TPP1 to telomeres. Although immu-
noprecipitation (IP) analysis for TPP1 binding showed the L247E
protein was fully capable of interacting with TPP1 (Fig. 7A), ChIP

1356 mcb.asm.org

for exogenous MYC-tagged TPP1 indicated that the accumulation
of TPP1 at telomeres was compromised in cells expressing the
TIN2-L247E mutant (Fig. 7B and C). Furthermore, IF for MYC-
tagged TPP1 and POT1b showed that little TPP1 and POT1D as-
sociated with telomeres when the TIN2-L247E mutant was the
only TIN2 protein in cells (Fig. 7D). However, cells expressing
L247E did not display Chk1 phosphorylation (as observed follow-
ing TPP1 or POT1a deletion) (Fig. 5D) or a statistically significant
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increase in the single-stranded TTAGGG repeats compared to
TIN2-deficient MEFs (Fig. 7E and F), as would have been expected
if TPP1 or the POT1 proteins were completely absent. This result
would suggest that despite the obvious reduction in telomeric
TPP1/POT]1, there is sufficient TPP1/POT1a and TPP1/POT1b
heterodimers at telomeres in the TIN2-L247E cells for the POT1
proteins to fulfill most of their functions. These results are consis-
tent with a prior analysis of MEFs bearing the TPP1 ACD allele,
which also show severely reduced TPP1 accumulation at telo-
meres yet do not have an increase in the telomeric overhang or a
high level of TIFs (23). Moreover, despite a substantial reduction
of endogenous TIN? at telomeres (Fig. 4B), TRF1-deficient MEFs
also do not display an increase in the single-stranded telomeric
overhang (14). Nevertheless, given that TIN2-L247E does not ac-
cumulate at telomeres efficiently, our results are difficult to inter-
pret; thus, we sought to improve the loading of the TIN2-L247E
mutant on telomeres.

TRF2-tethered TIN2-L247E restores telomere end protec-
tion. In order to test whether TIN2-L247E could protect telo-
meres like wild-type TIN2 when its localization to telomeres was
restored, TIN2-L247E was fused at its N terminus to the TRF2
binding (RCT) domain of Rapl (Fig. 8A). Immunoblotting of
whole-cell extracts from TIN2"* MEFs expressing TIN2 or the
RCT fusion derivatives confirmed expression of the higher-mo-
lecular-weight fusion proteins (Fig. 8B). Similar to TIN2-L247E,
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RCT-TIN2-L247E resulted in reduced TRF1 protein levels in
TIN2-deleted cells, whereas the RCT-fused wild-type TIN2 did
not have this effect (Fig. 8B). Interestingly, Rapl protein levels
were reduced in cells expressing the RCT-TIN2 alleles (Fig. 8B),
suggesting that the RCT-TIN2 alleles compete with Rap1 for bind-
ing to TRF2 and result in destabilization of the displaced Rap1. As
expected, RCT-TIN2 retained its ability to bind TRF1 in co-IP
experiments, whereas the RCT-TIN2-L247E allele failed to inter-
act with TRF1 (Fig. 8C). RCT-TIN2 and RCT-TIN2-L247E were
equally efficient in binding to TRF2 (Fig. 8D).

The addition of the RCT domain to TIN2-L247E restored its
association with telomeres as evaluated by IF analysis (Fig. 9A).
However, ChIP analysis indicated that the RCT-TIN2 fusion pro-
teins were significantly impaired in their telomeric association
compared to that of wild-type TIN2 (Fig. 9B and C). Nonetheless,
the RCT domain improved the accumulation of TIN2-L247E at
telomeres, as intended (Fig. 7E and F).

We also observed that Rap1 levels at the telomere were consider-
ably reduced in cells expressing the RCT-L247E allele, which is likely
due to both competition for TRF2 binding and a reduction in Rap1
protein levels (Fig. 9B and C). Interestingly, the RCT-TIN2 (WT)
fusion did not completely outcompete Rapl compared to RCT-
TIN2-L247E, perhaps because it can interact with TRF1. ChIP anal-
ysis for TRF2 indicated that, as expected, the loss of Rap1 from telo-
meres did not affect TRF2 at telomeres (Fig. 9B and C). The reduction
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in Rap1 at telomeres is not anticipated to interfere with the functional
analysis of TIN2 since Rap1 is not involved in the repression of ATM/
ATR signaling or c-NHE] at telomeres (24, 25).

Despite its suboptimal telomeric accumulation, RCT-TIN2-
L247E showed a restored ability to promote telomere protection by
TRF2. Expression of RCT-TIN2-L247E in TIN2-null cells rescued the
growth arrest phenotype of MEFs as effectively as wild-type TIN2 and
repressed the occurrence of telomere fusions (Fig. 10A, B, and C).
Furthermore, the DNA damage response observed in TIN2-deleted
cells expressing TIN2-L247E was no longer observed in cells express-
ing RCT-TIN2-L247E or RCT-TIN2 (Fig. 10D, E, and F). As ex-
pected, RCT-TIN2-L247E was also fully competent in repressing the
increased overhang phenotype associated with TIN2 deletion (Fig.
11A and B). Thus, despite the lack of connection to TRF1, RCT-
TIN2-L247E is proficient in protecting telomeres in conjunction with
TRF2 and the TPP1/POT]1 heterodimers.

DISCUSSION

In this study, we elucidate the role of the TIN2-TRF1 interaction
in shelterin. Our results establish that a subcomplex of shelterin,
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composed of a modified TIN2 fusion protein (RCT-TIN2-
L247E), TRF2, Rapl, TPP1, and POT1a/b, can protect chromo-
some ends from ATM and ATR signaling, prevent c-NHE], and
ensure appropriate processing of the telomere ends. Thus, the
TIN2-TRF1I link is not required for the tethering of TPP1/POT1a
and TPP1/POT1D to telomeres, as observed by the lack of Chk1
phosphorylation and maintenance of the single-stranded telo-
meric overhang. Furthermore, while loss of TIN2 compromises
the ability of TRF2 to repress ATM signaling and c-NHE], TRF2-
linked TIN2 does not need to associate with TRF1 in order for it to
promote these functions. Finally, these data demonstrate that
TRF1 can function in the repression of replication problems at
telomeres even when it is not connected to the rest of shelterin.
However, the TRF1-TIN2 link is clearly important for the shel-
terin complex since it improves the expression level and telomeric
accumulation of TRFI.

Consistent with earlier data on human TIN2, the TIN2-1L.247E
mutant used in this study has no ability to interact with TRF1,
while its interactions with TPP1 and TRF2 are unaltered. The use
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FIG 10 RCT-L247E rescues telomere deprotection phenotypes of TIN2 deletion. (A) Growth curve of SV40-LT-immortalized TIN2 ™/~ MEFs expressing an
empty vector (EV) or the indicated FLAG-HA, RCT-TIN2 alleles. (B) Examples of metaphases in TIN2-deficient cells expressing RCT-TIN2 alleles by telomeric
FISH. Green, TelC PNA probe; red, DAPI DNA stain. (C) Summary of telomere phenotype TIN2-deficient cells expressing RCT-TIN2 alleles, as determined by
FISH, as shown in panel B. Values are averages and SDs from 3 independent experiments. Chromosome-type and chromatid-type telomere fusions were scored
on 3,000 to 5,000 telomeres/experiment. Long-arm sister telomere fusions and fragile telomeres were scored on 2,000 to 3,000 telomeres/experiment. (D) IF for
53BP1 (red) and telomeric FISH (green) in TIN2~/~ MEFs (72 h post-Cre) transduced with RCT-TIN2 or RCT-L247E. DNA is stained with DAPI (blue). Bars,
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of this mutant revealed the dependency of TIN2 on TRF1 for its
normal accumulation at telomeres in vivo. It is not clear why TIN2

periments and far-Western analysis is based on a low-affinity in-
teraction and does not reflect how poorly TIN2 interacts with

is so reliant on TRF1 compared to TRF2 for this purpose. It is
possible that the binding of TIN2 to TRF2 detected via co-IP ex-
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TRF2 in vivo (2, 3, 5, 17). Therefore, it will be of interest to deter-
mine the structure and biochemical characteristics of the TRF2-
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FIG 11 RCT-TIN2-L427E expressing cells have telomeres with normal 3" overhangs. (A) In-gel hybridization assay for ss telomeric DNA after TIN2 deletion in
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telomeric signals and compared to TIN2"F MEFs without Cre. **, P < 0.05 (paired Student’s ¢ test).

TIN2 interface. Importantly, the interaction of TIN2 with TRF1
not only is critical for the accumulation of TIN2 at telomeres but
also improves the expression and telomeric accumulation of
TRF1. This effect is most likely due to the previously described
tethering role of TIN2, where its ability to link TRF1 and TRF2 was
found to increase the telomeric occupancy of both proteins (3, 5,
26). However, in the case of TRF1, its binding to TIN2 does not
appear to play an additional role other than ensuring optimal
loading of TRFI on telomeres. As shown here, TRF1 function is
not obviously impaired in cells expressing the TIN2-L247E mu-
tant since the fragile telomere phenotype typical of TRF1 defi-
ciency is not observed. This finding is consistent with the prior
analysis of TIN2-knockout MEFs in which there was also no indi-
cation of impaired TRF1 function (10). Thus, the severely reduced
levels of TRF1 that are observed when the protein cannot bind
TIN2 are nonetheless sufficient to ensure efficient replication of
the duplex telomeric repeat array.

The data obtained with these TIN2 binding mutants further
underscore the importance of TIN2 for the proper functioning of
TREF2. Previous work using TIN2 KO cells and TRF2 KO cells
complemented with a TRF2 mutant that does not bind TIN2
showed that TRF2 requires TIN2 for its optimal accumulation at
telomeres (10). Furthermore, the prior work had shown that even
when sufficient TRF2 is localized to telomeres, its ability to repress
ATM signaling to its full extent requires that TRF2 interacts with
TIN2. In contrast, full repression of c-NHE] by TRF2 does not
require TIN2 as long as sufficient TRF2 is present at telomeres,
and exogenous expression of TRF2 in TIN2-deleted cells express-
ing TIN2-L247E fulfilled the same function. The current data pro-
vide further insight into how TIN2 modulates the control of ATM
signaling by TRF2, showing that TIN?2 itself and not its ability to
connect TRF2 to TRF1 is important. It will be of obvious interest
to understand what aspect of TIN2 is responsible for this attribute
and how the binding of TIN2 affects the way TRF2 executes its
protective functions.

These results also shed light on the quantities of shelterin re-
quired for telomere protection. Remarkably, cells expressing
TIN2-L247E have a severely diminished ability to load TPP1 and
thus recruit less POT1a and POT1b to telomeres. However, the
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residual POT1b at telomeres is sufficient to ensure the correct
processing at telomere termini, resulting in a wild-type-length 3’
overhang of the telomeres. Previous estimates indicated that
mouse telomeres contain in the order of only 20 to 70 copies of
POT1D per telomere (10). Since the loading of TPP1 on telomeres
in cells expressing TIN2-L247E is diminished by ~5-fold, the
number of POT1b molecules per telomere that can sustain the
processing of the telomere terminus may be as low as 4 to 14.
Similarly, a dozen POT1a proteins per telomere may be sufficient
to repress ATR signaling.

TIN2 has emerged as a remarkably versatile component of
shelterin, not only affecting the accumulation of TRF1 and the
accumulation and function of TRF2 but also being required for
the association of TPP1 and POT1 with telomeres. TIN2 is mu-
tated in a subset of dyskeratosis congenita (DC) patients with
severe disease manifestation (27, 28). Although the DC mutations
in TIN2 are close to the TRF1 binding site, most do not affect
TRF1 binding. It therefore remains unclear which aspect of TIN2
is compromised in these patients. One suggestion is that the TIN2
residues mutated in DC contribute to the telomeric recruitment of
HP1vy, which has been implicated in telomere cohesion (29).
These distinct functions of TIN2 within shelterin suggest the need
for further analysis on how the DC TIN2 mutations may affect the
function of shelterin, with regard to both telomere protection and
telomerase recruitment.
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