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kinase contribute to the confinement of b2AR-
cAMP signaling.

One possible mechanism that might be
responsible for T-tubule–selective b2AR local-
ization is the interaction of this receptor with
lipid rafts (11). To investigate the role of these
structures in the b2AR localization and signaling,
we performed SICM-FRET experiments in rat
cardiomyocytes after membrane cholesterol de-
pletion by methyl-b-cyclodextrin (MbCD).
MbCD treatment did not cause any loss of
T-tubules but induced b2AR redistribution and
propagation of b2AR-cAMP signals from the crest
of the cell (fig. S8), which suggested that the
interaction of b2ARs with cholesterol-rich mem-
brane domains is important for normal b2AR
localization and signal compartmentation.

On the basis of the observed distribution of
b1 and b2AR signals in failing versus healthy
cardiomyocytes, we propose a model in which
the compartmentation of the b2AR-cAMP sig-
naling changes in heart failure (fig. S9). Re-
distribution of the b2AR from the T-tubules to
the cell crest in failing cardiomyocytes and the
loss of proper PKA localization, observed also
in human heart failure (24), results in uncou-
pling of the b2ARs from the localized pools
of PKA that are responsible for the compart-
mentation of the b2AR-cAMP signaling. Thus,
in failing cells, activation of b2ARs leads to
cell-wide cAMP signal propagation patterns,
similar to the patterns observed for b1ARs
(compare Fig. 4B and fig. S7D). Upon redis-
tribution of the receptor, b2AR signaling may
lose its normally cardioprotective properties
and may acquire the characteristics of the
b1AR response, thus contributing to the heart
failure phenotype. It has been previously noted
that b2AR signals in ventricular myocytes from
failing human hearts and animal heart failure
models had functional effects more charac-
teristic of the b1AR (25, 26). The propagating
b2AR-cAMP gradients that we observed in
failing cardiomyocytes and in normal cardio-
myocytes treated with rolipram or MbCD are
compatible with the ability of b2ARs to induce
phospholamban and troponin I phosphorylation
that was reported in these experimental settings
and that is associated with arrhythmogenic ef-
fects of the b2AR in heart failure (27–30).

In summary, using the SICM-FRET tech-
nique, we were able to functionally localize
b1ARs and b2ARs to the surface structures of
adult ventricular cardiomyocytes and to uncover
the mechanisms leading to the abnormal cAMP
compartmentation in heart failure. These find-
ings should provide a deeper understanding of
this cardiac disease and facilitate the develop-
ment of new therapeutic strategies.
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Loss of Rap1 Induces Telomere
Recombination in the Absence of NHEJ
or a DNA Damage Signal
Agnel Sfeir,* Shaheen Kabir,* Megan van Overbeek,† Giulia B. Celli, Titia de Lange‡

Shelterin is an essential telomeric protein complex that prevents DNA damage signaling and DNA
repair at mammalian chromosome ends. Here we report on the role of the TRF2-interacting factor
Rap1, a conserved shelterin subunit of unknown function. We removed Rap1 from mouse telomeres
either through gene deletion or by replacing TRF2 with a mutant that does not bind Rap1. Rap1
was dispensable for the essential functions of TRF2—repression of ATM kinase signaling and
nonhomologous end joining (NHEJ)—and mice lacking telomeric Rap1 were viable and fertile.
However, Rap1 was critical for the repression of homology-directed repair (HDR), which can alter
telomere length. The data reveal that HDR at telomeres can take place in the absence of DNA damage
foci and underscore the functional compartmentalization within shelterin.

The shelterin subunit TRF2 is involved in
the repression of the telomeric DNA dam-
age response (1). Deletion of TRF2 re-

sults in activation of the ataxia telangiectasia
mutated (ATM) kinase and telomere fusions
mediated by nonhomologous end joining (NHEJ).
TRF2 also contributes to the repression of
homology-directed repair (HDR), which can
create undesirable telomeric sister chromatid
exchanges (T-SCEs). HDR at telomeres oc-
curs in Ku70/80-deficient cells upon deletion
of either TRF2 or the two POT1 proteins (2, 3).

The repression of ATM signaling, NHEJ, and
HDR by TRF2 could potentially involve Rap1,
which depends on TRF2 for its stable expres-
sion and recruitment to telomeres (4, 5). Telo-
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Fig. 1. Deletion of Rap1 does not affect cell and organismal
viability. (A) Schematic of Rap1, the mouse Rap1 (Terf2ip) locus,
the targeting construct, the floxed allele, and the Dex2 allele. N,
Nde I; B, Bam HI; F1, F2, and R, polymerase chain reaction
primers. Rap1 shRNAs are shown at the bottom. At right, Rap1Dex2-encoded
protein. (B) Genomic blot of Nde I–digested DNA from embryonic stem (ES) cells.
Probe is in (A). (C) Genotyping of tail DNAs. Primers are in (A). (D) Immunoblots
for Rap1 (Ab1252), TRF2 (Ab1254), and TRF1 (Ab1449) from Rap1F/F and Rap1F/+

MEFs 5 days after Hit-and-run (H&R)-Cre (first lane) or pWZL-Cre (second lane).
(E) Loss of Rap1 IF signal from Cre-treated (day 5) Rap1F/F MEFs. Red, Rap1;

green, telomeric fluorescence in situ hybridization (FISH); blue, DNA (DAPI, 4 ,́6´-
diamidino-2-phenylindole). (F) Telomeric ChIPs on Cre-treated (day 5) Rap1F/F

MEFs. Numbers represent ratios of percent telomeric DNA in the ChIPs
[preimmune (PI) signal subtracted] on cells with (+) and without (−) Cre. (G)
Proliferation of SV40LT-immortalized Rap1F/F and Rap1F/+ MEFs infected as
indicated. (H) Offspring from Rap1Dex2/+ and Rap1Dex2/Dex2 intercrosses.

Fig. 2. A TRF2 mutant deficient for Rap1 binding. (A) The TRF2∆Rap1

mutant. H, predicted helix. Amino acid residues: A, Ala; D, Asp; E, Glu; F,
Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; Q, Gln; R, Arg; S, Ser; and T, Thr. (B)
Coimmunoprecipitation of Myc-TRF2 or Myc-TRF2∆Rap1 with FLAG-Rap1 or
FLAG-Apollo from cotransfected 293T cells. In, 2.5% of input. (C)
Immunoblots for TRF2 and Rap1 from TRF2F/-p53−/− MEFs expressing the
indicated alleles at 72 and 96 hours after H&R-Cre. (D) IF-FISH to monitor

TRF2, Rap1, and TIN2 at telomeres in TRF2F/−p53−/− MEFs expressing
TRF2∆Rap1 or vector control at day 4 after Cre treatment. (E) Telomeric ChIP
of TRF2F/−p53−/− MEFs expressing TRF2 or TRF2∆Rap1 at day 7 after Cre
treatment. Duplicate dot blots were probed for telomeric DNA or the
dispersed Bam HI repeats. ChIP ratios represent the percentage of telomeric
DNA recovered in TRF2∆Rap1- versus TRF2-expressing cells calculated as in
Fig. 1.
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mere protection is one of the functions of the
distantly related Rap1 orthologs in yeast. In
Saccharomyces cerevisiae and Schizosccharo-
myces pombe, Rap1 contributes to the repres-
sion of NHEJ at chromosome ends, whereas
Kluyveromyces lactis Rap1 represses HDR
(6–9). Human Rap1 affects telomere-length
homeostasis and has been reported to repress
telomere fusions (10–12). Here, we determined
how Rap1 loss affects telomere function by gen-
erating mouse cells lacking a functional Rap1
gene or lacking the endogenous TRF2 and com-
plemented with a TRF2 mutant incapable of
binding Rap1.

Because the first exon of the mouse Rap1
gene immediately abuts the essential Kars lysyl–
tRNA synthetase gene, we developed a condi-
tional knockout strategy to delete exon 2 (Fig. 1,
A to C). The Rap1Dex2 allele generated by Cre

recombinase treatment of Rap1F/F cells can po-
tentially encode a Rap1 fragment that lacks
the TRF2-binding domain (Fig. 1A). We verified
that this truncated form of Rap1, if it were
produced, would not bind chromatin or localize
to telomeres (fig. S1, A to C). Immunofluores-
cence (IF) and immunoblotting showed that
Cre-treated SV40LT-immortalized Rap1F/F mouse
embryonic fibroblasts (MEFs) indeed lacked
any detectable Rap1 protein, and chromatin im-
munoprecipitation (ChIP) showed the loss of
Rap1 from telomeres (Fig. 1, D to F, and fig.
S1D). The expression and localization of other
shelterin components were not significantly af-
fected (Fig. 1, D to F, and fig. S1E).

The growth rate of the Rap1Dex2/Dex2 MEFs
was similar to that of control cells, regardless of
whether the cells were immortalized with
SV40LT, and primary MEFs lacking wild-type

Rap1 did not show a growth arrest or p53
activation (Fig. 1G and fig. S1, F and G).
Furthermore, Rap1Dex2/Dex2 mice were born at the
expected frequencies and were fertile (Fig. 1H).
The survival of Rap1Dex2/Dex2 cells and mice
indicates that Rap1 deletion does not result in
major telomere dysfunction, which is known to
be lethal. We further corroborated this conclu-
sion by infecting Rap1Dex2/Dex2 MEFs with a
short hairpin RNA (shRNA)–targeting exon
1 (Fig. 1A and fig. S1H), which did not induce
a growth arrest or other phenotypes typical of
telomere dysfunction.

In the second approach to remove Rap1
from telomeres, we used previously character-
ized TRF2F/−p53−/− MEFs (4) to replace the
endogenous TRF2 with a mutant that does not
bind to Rap1. A short predicted helix at position
290 in the previously mapped Rap1-binding
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Fig. 3. No DNA damage signal or NHEJ at the telomeres lacking Rap1. (A) TIF
assay on Rap1F/F MEFs treated with Cre and the indicated shRNA. Red, IF for
53BP1; green, telomeric FISH; blue, DNA (DAPI). (B) TIF assay quantification.
Mean T SEM of two independent experiments (n ≥ 100 nuclei each). (C) Chk2-P
in Rap1-deficient MEFs. TRF2-null cells and ionizing radiation (IR)–treated
cells [1 hour after 2-Gray (Gy) dose] serve as positive controls. (D) Quantification
of TIF assays on TRF2F/−p53−/− cells expressing TRF2, TRF2∆Rap1, or vector
control at day 4 after Cre treatement. Mean T SD of three independent
experiments (n ≥ 100 nuclei each). (E) Chk1 and Chk2 phosphorylation in

TRF2F/−p53−/− MEFs expressing TRF2, TRF2∆Rap1, or vector control. Ultraviolet
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serve as positive controls. (F) Metaphase chromosomes from Rap1F/F cells 5 days
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of telomere fusions, detected as in (F) in Rap1F/F MEFs with the indicated Cre
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(H) Quantification of telomere fusions in TRF2F/−p53−/− MEFs [with (+) or
without (–) Cre, day 4] complemented with TRF2 or TRF2∆Rap1 or vector
control and treated with TPP1 shRNA as indicated.
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region [amino acids 260 to 360 (5)] was con-
served in TRF2 orthologs but not in TRF1 (fig. S2,
A and B). Two mutations in this region (A289S
and F290S) reduced the interaction between Rap1
and TRF2 in coimmunoprecipitation experiments
(fig. S2C). To generate TRF2DRap1, we deleted
amino acids 284 to 297 (Fig. 2A). TRF2DRap1

failed to bind to Rap1 in coimmunoprecipita-
tion experiments, whereas it retained its inter-
action with Apollo (Fig. 2B). Wild-type TRF2
and TRF2DRap1 were expressed in TRF2F/−p53−/−

MEFs, and the endogenous TRF2 was removed
with Cre (Fig. 2C). Although TRF2DRap1 lo-
calized to telomeres efficiently, IF and ChIP
indicated that the telomeres lacked Rap1, and
the overall abundance of Rap1 in the cells was
reduced (Fig. 2, C to E, and fig. S3A). Other
shelterin components were affected to an ex-
tent (less than twofold; Fig. 2, D and E) that is
not expected to be functionally important be-
cause heterozygous MEFs and mice lacking
one copy of TRF1, TPP1, TRF2, or POT1a/b
display no telomere defect. Consistent with the
viability of Rap1Dex2/Dex2 cells, cells expressing
TRF2DRap1 proliferated at the same rate as cells
expressing wild-type TRF2 (fig. S3B).

Rap1Dex2/Dex2 cells did not show telomere
dysfunction–induced foci [TIFs (13)], which
are telomeric DNA damage foci that report on
ATM and/or ATR (ataxia telangiectasia and
Rad3-related) signaling at chromosome ends,
and phosphorylation of Chk1 and Chk2 was
not evident (Fig. 3, A to C). Further depletion
of Rap1 mRNA with an shRNA also failed to
elicit a DNA damage signal in Rap1Dex2/Dex2

cells (Fig. 3B). Consistent with these results,
TRF2DRap1 was equivalent to wild-type TRF2 in
its ability to repress TIFs in cells lacking the
endogenous TRF2 (Fig. 3D). The mutant form
of TRF2 also repressed the induction of Chk-2
phosphorylation to the same extent as wild-
type TRF2 (Fig. 3E). The low level of Chk2-P
observed in Cre-treated TRF2- and TRF2DRap1-
expressing cells is likely due to Cre-induced
DNA damage, because the phosphorylation of
Chk2 was diminished when using a version of
Cre that eventually disappears from the cells due
to self-deletion (fig. S4). Furthermore, telomere
fusions were not induced by deletion of Rap1,
and TRF2DRap1 had the same ability as wild-
type TRF2 to repress NHEJ at telomeres (Fig. 3,
F to H). However, because NHEJ of telomeres

lacking TRF2 requires active DNA damage sig-
naling (14), the lack of telomere fusions could
be due to the lack of ATM or ATR activation.
We therefore used a TPP1 shRNA to activate
ATR kinase signaling at telomeres. This ap-
proach previously resulted in the reactivation of
NHEJ at telomeres of cells lacking both TRF2
and ATM (14). Despite the telomeric ATR ki-
nase signal elicited by the TPP1 shRNA (Fig. 3,
B and D), Rap1 removal from telomeres did not
induce their fusion (Fig. 3, G and H).

Thus, Rap1 does not appear to be required
in the repression of either NHEJ or ATM ki-
nase signaling, explaining why the deletion of
Rap1 does not curb cellular or organismal via-
bility. In addition, Rap1 was not required for the
maintenance of several other features of mouse
telomeres, including the maintenance of telo-
mere length over three generations of mouse
breeding and in cultured cells, the amount of
single-stranded telomeric DNA, the telomeric
nucleosomal organization, the methylation of
telomeric H3K9, and the abundance of telomeric
transcripts [TERRA (15)] (fig. S5).

HDR threatens telomere integrity because
unequal T-SCEs can change telomere lengths.
T-SCEs are most frequent when either TRF2
or POT1a/b are deleted from Ku-deficient cells
(2, 3), although low frequency of T-SCEs have
been reported for POT1a deficiency alone (16).
To determine whether Rap1 was required for
TRF2-mediated repression of T-SCEs, we intro-
duced TRF2DRap1 into SV40LT-immortalized
TRF2F/−Ku70−/− MEFs, which display frequent
T-SCEs upon deletion of TRF2with Cre (2) (Fig.
4). Whereas the telomeric exchanges were re-
pressed by wild-type TRF2, TRF2DRap1 failed to
block the telomeric HDR (Fig. 4, A to D). The
frequency of T-SCEs was the same whether the
cells expressed TRF2DRap1 or no TRF2. Further-
more, T-SCEs were induced by Cre-mediated
deletion of Rap1 from Rap1F/FKu70−/− cells (Fig.
4E). The T-SCEs occurred despite the absence of
TIFs in cells lacking both Ku70 and telomeric
Rap1 (fig. S6).

These data indicate that Rap1 functions at
mouse telomeres to repress HDR, which has the
potential for generating shortened telomeres and
can promote telomerase-independent telomere
maintenance. Rap1 appears to be an adaptor
protein: Its C terminus serves to anchor the pro-
tein in shelterin; its BRCT domain, when di-
merized in the shelterin complex, could bind a
phosphorylated target protein; and the surface
charge of its Myb-type motif makes it a third
potential protein-interaction domain (17). As
adaptors, the Rap1 orthologs could fulfill diverse
functions in different organisms, because alter-
ations in one of the protein-interaction domains
could endow Rap1 with a new binding partner
and thus instigate a new function.

These results underscore the functional com-
partmentalization within shelterin (Fig. 4F),
which contains at least four subunits dedicated
to distinct functions. The replication of telomeric

Fig. 4. Rap1 is a repres-
sor of telomere recom-
bination. (A) Rap1 and
TRF2 from TRF2F/−Ku70−/−

MEFs expressing TRF2,
TRF2∆Rap1, or vector
control analyzed 4 days
after Cre treatment. (B)
Chromosome orienta-
tion (CO) FISH analysis
on cells as in (A). Arrows:
T-SCEs. (C) Enlarged T-
SCE events in Cre-treated
TRF2F/−Ku70−/−MEFs ex-
pressing TRF2∆Rap1. (D)
Quantification of T-SCEs
as assessed in (B). Bars
represent themean T SD
from three independent
experiments (n > 1100
chromosome ends each).
P values are based on
Student’s two-tailed t
test. (E) Quantification
of T-SCEs as assessed in
(B) in cells of the indicated
Rap1 and Ku70 status.
Method as in (D). Error
bars:SEM(Rap1F/+Ku70−/+

and Rap1F/FKu70−/+) or
SD (Rap1F/FKu70−/−). (F)
The functions of shelterin
components. See text for
details.
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DNA is facilitated by TRF1 (18), and TPP1/POT1
are required for the repression of ATR signal-
ing (1, 19). TRF2 is the predominant repressor
of both ATM signaling and NHEJ, and the
current data show that these functions of TRF2
do not require Rap1. Finally, our results iden-
tify a fifth component of shelterin, Rap1, as an
important repressor of HDR. Repression of HDR
also requires TPP1/POT1 because removal of
either Rap1 or POT1a/b result in telomere re-
combination. In a parallel pathway, Ku70/80
inhibits HDR, but it has not been established
whether this function is telomere specific (2).
This separation of function revealed that telo-
meres can undergo HDR without being de-
tected by the ATM and ATR kinase pathways.
When HDR takes place at telomeres lacking
TRF2 or POT1a/b, DNA damage signaling
results in the formation of TIFs. In the case of
Rap1 removal, however, the telomeres lack de-
tectable TIFs, yet are susceptible to HDR. Thus,
consistent with the telomere recombination events
in yeast lacking both Mec1 and Tel1 (20), the

formation of DNA damage foci at telomeres is
not a prerequisite for HDR.
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SFEIR ET AL. SUPPLEMENTARY MATERIALS 

 

MATERIALS AND METHODS 

 

Rap1 gene targeting 

The Rap1 targeting vector was generated by cloning restriction fragments from a BAC 

clone into the pSL301 vector (InVitrogen). A neomycin cassette flanked by 2 FRT sites 

and containing a LoxP site was inserted into a CspCI site in the first intron. A second 

LoxP site, together with an NdeI site was introduced by inserting an oligonucleotide into 

a BsmBI site within the second intron. The vector was linearized with NotI and gene 

targeting of C57BL/6J ES cells was performed using standard techniques. ES cell clones 

with the correct integration were identified by southern blots of NdeI digested DNA using 

a 350-bp probe downstream of exon 3 outside the targeting vector. A correctly targeted 

ES clone was injected into C57BL/6J blastocyst to generate chimeric male founders. 

Crossing the chimeras to albino C57BL/6J females delivered offspring with the Rap1F/+ 

genotype. Rap1 targeted mice were maintained in a C57BL/6J background. The 

neomycin cassette was deleted by crossing the mice to the FLPe-deleter mouse strain 

(Jackson Labs). The Rap1Δex2 allele was generated by crossing the Rap1F/+ to the E2a-

Cre deleter strain (Jackson Labs). Rap1F/F mice were crossed with Ku70-/+ mice 

(obtained from F. Alt, Harvard Medical School, Boston MA) (1). Genotyping PCR used 

the following primers: F1: 5’-CATGCACTTGTACACATACAA-3’; F2: 5’-

GCTTCTTCCACCAAAACTGC-3’; and R: 5’-TTTGACAGTTGATAGGAAATGAAC-3’. 

PCR was performed in a volume of 25 µl containing 1 µl of DNA, 25 pmol of each 

primer, 0.1 µM dNTPs, 1.5 mM MgCl2, 50 mM KCl, 10 mM Tris-HCl (pH 8.0), and 0.5 U 

of Taq polymerase (Takara Taq). Conditions were as follows: 95°C for 1 min, 35 rounds 

of 95°C for 30 s, 58°C for 45 sec, and 72°C for 45 sec and 72°C for 5 min.  
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Cell culture procedures and retroviral infection 

MEFs were isolated from E13.5 embryos and maintained in DMEM supplemented with 1 

mM Na-pyruvate, 100 U of penicillin per ml, 0.1 µg of streptomycin per ml, 0.2 mM L-

glutamine, 0.1 mM nonessential amino acids, and 15% (vol/vol) fetal calf serum (FCS). 

Primary MEFs were immortalized by retroviral infection with pBabeSV40-LT (a gift from 

Greg Hannon) and cultured in media with 10% FCS without sodium pyruvate. TRF2F/-

p53-/- and TRF2F/-Ku70-/- MEFs were previously described (2, 3). Cre recombinase was 

introduced using Hit&Run-Cre or pWZL-Cre as described previously  (2, 3). TRF2F292S 

and TRF2A289S were generated by site-directed mutagenesis. TRF2∆Rap1 (lacking aa 284-

297) was generated by ligating two PCR fragments, whereby nucleotides 851-891 were 

replaced by an NheI restriction site adding two residues (A,S) in place of amino acids 

284-297. The different TRF2 mutations were cloned into pLPC-Myc retroviral expression 

vector. Full-length mouse Rap1 (aa 2-393) and Rap1-ex1 (aa 2-220) were cloned into 

pLPC-FLAG retroviral expression vector. Expression vectors were introduced into MEFs 

by 3 retroviral infections at 12-hr intervals using supernatant from transfected Phoenix 

cells. shRNA for TPP1 (GGACACATGGGCTGACGGA) (4) was introduced using 3 

infections at 12-hr intervals of the shRNA bearing pSuperior-hygromycin retrovirus-

containing supernatants from Phoenix cells.  shRNA for Rap1 (pLK0.1 from Open 

Biosystems; Sh1: ACAGGCAATGCCTTGTGGAAA; sh2: CTTCATCTCCA 

CGCAGTACAT) were introduced using 2 infections at 12-hr interval of lentivirus-

containing supernatant generated in 293T cells. Viral supernatants were supplemented 

with 4 µg/ml polybrene. Infections were followed by puromycin selection for 3 days or 

hygromycin selection for 4 days.  
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Immunoblotting 

Cells at the indicated time point and treatment were harvested by trypsinization, lysed in 

Laemmli buffer (100 mM Tris-HCl pH 6.8, 200 mM DTT, 3% SDS, 20% glycerol, 0.05% 

bromophenol blue) at 1*104 cell per µl, denatured for 10 min at 95ºC, sheared with an 

insulin needle, and resolved on SDS/PAGE gels using the equivalent of 1*105 cells per 

lane. After immunoblotting, the membranes were blocked in PBS with 5% non-fat dry 

milk/0.1%Tween and the following primary antibodies were incubated in PBS/5% non-fat 

dry milk/0.1% Tween: TRF1 (1449, rabbit polyclonal); TRF2 (1254, rabbit polyclonal); 

Rap1 (1252, rabbit polyclonal); POT1a (1221); POT1b (1223); Chk2 (mouse 

monoclonal, BD Biosciences); Phopho-Chk1 (Ser 345) (mouse monoclonal, Cell 

Signaling); Chk1 (mouse monoclonal, Santa Cruz); FLAG (M2, mouse monoclonal, 

Sigma); Myc (9E11 mouse monoclonal, Sigma); p53 (A1-25 mouse monoclonal; gift from 

K. Helin); γ-tubulin (clone GTU88, Sigma); α-tubulin (rabbit polyclonal; Sigma). After 

incubation with the appropriate secondary antibody, immunoblots were developed with 

enhanced chemiluminescence (ECL, Amersham). 

 

Cell Fractionation 

Cell fractionation experiments were performed as described by Mendez and Stillman (5). 

Briefly, cells were collected by trypsinization, washed in PBS and incubated for 10 

minutes in ice-cold buffer A (10 mM HEPES, pH 7.9, 10mM KCl, 1.5mM MgCl2, 0.34 M 

sucrose, 10% glycerol, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and a 

protease inhibitor mixture) containing 0.1 % Triton X-100. The cytoplasmic fraction was 

collected by centrifugation at 1300 g for 4 min.  The cell pellet was then incubated with 

buffer B (3 mM, EDTA, 0.2 mM EGTA, 1 mM dithiothreitol, and the protease inhibitors 

described above) for 30 min. The lysate was fractionated to obtain nuclear fraction 

(supernatant) and chromatin bound fraction (pellet) by centrifugation at 1700 g for 4 min. 



Sfeir et al. Suppl. Materials page 4 

 

IF-FISH 

IF-FISH to detect the telomeric localization of shelterin proteins and TIFs was performed 

as described previously (6). Cells grown on coverslips were fixed for 10 min in 2% 

paraformaldehyde at room temperature followed by three 5 min washes with PBS. Cells 

were incubated in blocking solution (1 mg/ml BSA, 3% goat serum, 0.1% Triton X-100, 1 

mM EDTA in PBS) for 30 min, followed by incubation with primary antibodies in blocking 

solution for 1 hour at room temperature; 53BP1 (100-304) (Rabbit polyclonal, Novus 

Biological); γH2AX (JBW301) (Mouse monoclonal, Millipore). After washing with PBS 

three times, Cells were incubated with Rhoadamine Red-X labeled secondary antibody 

raised rabbit (RRX, Jackson) or Alexa Fluor 555 labeled secondary antibody raised 

mouse (Invitrogen) in blocking solution for 30 min at room temperature, and washed 

again with PBS three times. Coverslips were dehydrated with 70%, 95% and 100% 

ethanol, and allowed to dry up completely. Hybridizing solution (70% formamide, 0.5% 

blocking reagent (Roche), 10 mM Tris-HCl, pH 7.2, FITC-OO-(CCCTAAA)3 PNA probe 

(Applied Biosystems)) was added to each coverslips and heated for 10 min at 80oC. 

After incubation for 2 hour at room temperature, cells were washed twice in washing 

solution (70% formamide, 10 mM Tris-HCl, pH 7.2), and three times in PBS. DNA was 

counterstained with DAPI and slides were mounted in anti-fade reagent (ProLong Gold, 

Invitrogen). Digital images were captured with a Zeiss Axioplan II microscope with a 

Hamamatsu C4742-95 camera using Improvision OpenLab software.  

 

Telomeric ChIP analysis 

Telomeric DNA CHIP was done as previously described (7). The following shelterin 

antibodies were used as crude sera: TRF1, 1449 (rabbit polyclonal); TRF2, 1254 (rabbit 
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polyclonal); Rap1, 1252 (rabbit polyclonal); POT1a, 1220 (rabbit polyclonal); POT1b, 

1223 (rabbit polyclonal); TIN2, 1447 (rabbit polyclonal). Antibodies for H3 (1791), 

H3K9Me1 (9045), H3K9Me2 (1220) and H3K9Me3 (8898) were from Abcam.  

 

Co-IPs from transfected 293T cells 

2 x 106 293T cells were plated 24 h before co-transfection using calcium phosphate co-

precipitation with 20 µg of pLPC-FLAG and pLPC-Myc constructs. Cells were harvested 

at 36 h after transfection, washed once with PBS, and lysed on ice for 10 min in a high 

salt buffer (50 mM Tris-HCl pH 7.2, 400 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM 

EDTA, 1 mM DTT, 1 mM PMSF and cocktail of protease inhibitors). Salt concentration 

was brought down to 200 mM by addition of ice-cold water (drop-wise while mixing) and 

lysates were spun at 4°C at 14,000 rpm for 10 min. Supernatants were used in 

immunoprecipitations. 5 or 2.5% of the supernatant was saved as ‘input’ for western blot 

analysis and the remaining supernatant was pre-cleared with preblocked (10% BSA in 

PBS overnight) protein G-Sepharose beads for 1 h at 4°C. Lysates were incubated 

overnight at 4°C with a 40 µl slurry of Sepharose beads conjugated to 9E10-Myc or M2-

FLAG mouse monoclonal antibody. Beads were washed 5 times with ice-cold PBS. 

Proteins were eluted by boiling for 5 min in 40 µl Laemmli buffer and analyzed by SDS-

PAGE and immunoblotting.  

 

FISH and CO-FISH 

FISH and CO-FISH analysis of telomeric DNA was done as previously described (2, 3). 

Briefly, colcemid was added for 2 hours prior to harvest. Cells were trypsinized, swollen 

in 0.075 M KCl, and fixed in methanol:acetic acid (3:1). Metaphase spreads were 

dropped on glass slides in a Thermotron Cycler (200C, 50% humidity) and aged 

overnight. The following day, the slides were hybridized with FITC-OO-(CCCTAA)3 PNA 
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probe (Applied Biosystems) in hybridizing Solution (70% formamide, 1 mg/ml blocking 

reagent (Roche), 10 mM Tris-HCl pH 7.2) for 2 hours at rt. The slides were washed twice 

for 15 min in 70% formamide/10 mM Tris-HCl  pH 7.2 followed by three 5 minutes 

washes in 0.1 M Tris-HCl, pH 7.0/0.15 M NaCl/0.08% Tween-20. 4,6-diamidino-2-

phenylindole (DAPI) was added during the last wash to stain the chromosomes. Slides 

were mounted in antifade reagent (ProLong Gold, Invitrogen) and images were captured 

with a Zeiss Axioplan II microscope with a Hamamatsu C4742-95 camera. For CO-FISH, 

cells were incubated with 10 µM BrdU:BrdC (3:1) for 16 hrs prior to harvest. After 

processing the metaphase spreads to digest BrdU/dC substituted DNA strands with 

Exonuclease III, the slides were probed sequentially with TAMRAOO-(TTAGGG)3 

followed by FITC-OO-(CCCTAA)3 PNA probe (2 hours each).   

 

Analysis of telomere overhangs and telomere length  

Analysis of telomeric overhang and telomere length was performed using pulse-field gel 

electrophoresis and in gel hybridization as previously described (8).   

 

MNase digestion 

Telomeric nucleosomal configuration was assessed using MNase digestion assays 

following described protocols (9).  

 

Northern analysis for TERRA 

Total cellular RNA was prepared using RNeasy Mini Kit (Qiagen), according to the 

manufacturer instructions and Northern blot analysis was performed as previously 

described (10). Briefly, 10 µg RNA was loaded onto 1.3% formaldehyde agarose gels 

and separated by gel electrophoresis. RNA was transferred to a Hybond  membrane. 
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The blot was prehybridized at 60°C for 1 h in Church mix (0.5 M Na2HPO4 (pH 7.2), 1 

mM EDTA, 7% SDS, and 1% BSA), followed by hybridization at 60°C overnight with 

800-bp telomeric DNA probe from pSP73Sty11 labeled using Klenow fragment, 

CCCTAA primers, and α-[32P]-dCTP. The blot was exposed to a PhosphorImager screen 

and scanned using Image-Quant software.  
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SUPPLEMENTAL FIGURE LEGENDS 

 

fig. S1. Verification of the Rap1 knockout strategy.  

(A) Immunoblot for Rap1 in cells expressing full length Rap1, Rap1-ex1, or vector 

control. The schematic below depicts full-length Rap1 protein (FLAG FL-Rap1) and the 

protein fragment encoded by exon 1 (FLAG Rap1-ex1). The antigenic region recognized 

by Rap1 Ab 1252 is indicated. (B) IF to monitor the localization of Rap1-ex1 and FL-

Rap1. Rap1Δex2/Δex2 MEFs expressing Rap1-ex1 or FL-Rap1 were assayed using FLAG 

(green) and TRF1 (red) antibodies.  (C) Rap1Δex2/Δex2 MEFs expressing FL-Rap1,Rap1-

ex1, or vector control were fractionated as described in the materials and methods 

section and equal fractions of cytoplasmic proteins (CP), nucleoplasmic proteins (NP), 

and chromatin-bound proteins (CB) were analyzed by immunobloting with Rap1 Ab 

(1252) (D) Western blot showing the disappearance of full length Rap1 in cells deleted 

for exon 2. No new Rap1 protein was detected in cells bearing the Rap1Δex allele. (E) 

Rap1F/F and Rap1F/F Ku-/- cells were fractionated on day 4 after Cre infection. The 

fractions were analyzed for the presence of POT1b and Rap1 by immunobloting. (F) 

FACS profiles of primary Rap1F/F cells infected with pWZL-Cre (lower panel) or vector 

control (upper panel) and analyzed at day 5 after infection. The percentage of G1, S and 

G2 cells is noted within the FACS profile. (G) Immunoblot for Rap1 and p53 on primary 

MEFs with the indicated genotype and Cre treatment (H) Western blot showing the effect 

of Rap1 shRNAs 1 and 2 on Rap1 levels in wild type MEFs. The mixture of the two 

shRNAs (mix) was used for the knockdown experiments in Fig. 3.  

 

fig. S2. Identification of TRF2 residues required for Rap1 binding. (A) Schematic of 

TRF2 showing conservation of a subset of amino acids within the previously mapped 

Rap1 interaction domain. (B) Identification of a helical region within the conserved 
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segment. Predicted protein structure from PredictProtein.org. Mutations in the positions 

indicated in red affect Rap1 binding (see (C)). (C) Co-IPs of FLAG-tagged Rap1 with 

wild type TRF2, TRF2 mutants, or no protein from co-transfected 293T cells.  

 

fig. S3. Cell proliferation not affected by TRF2ΔRap1. (A) Immunoblots showing the 

expression of Rap1, TRF2, and TRF2∆Rap1 in TRF2F/-p53-/- MEFs treated with pWZL-Cre 

or the empty pWZL vector for the indicated time-periods.  (B) Growth curve of cells 

shown in (A) and the vector controls.  

 

fig. S4. TRF2∆Rap1 does not induce Chk2 phosphorylation. 

Rap1 and Chk2 immunoblots on TRF2F/-p53-/- MEFs expressing TRF2, TRF2∆Rap1, or 

vector control at 144 hours after treatment with Hit&Run-Cre.  

 

fig. S5. No effect of Rap1 loss on telomere length, structure, and transcription.  

(A) Telomeric restriction fragment analysis on cells isolated from liver of a Rap1Δex2/+ 

mouse and three successive generations of Rap1Δex2/Δex2 mice. Telomeric DNA was 

detected by in-gel hybridization assays using a (CCCAAT)4 probe under denaturing 

conditions. (B) Telomere length analysis on Rap1Δex2/Δex2 MEFs and wild type cells at the 

indicated population doublings. (C) Telomere length analysis of TRF2F/- p53-/- cells 

expressing TRF2, TRF2ΔRap1, or vector, plus or minus treatment with Cre. (D) Loss of 

Rap1 does not alter the telomeric single-stranded DNA signal. MEFs with the indicated 

genotypes were analyzed at day 5 post Cre treatment using in-gel hybridization to MboI 

digested DNA. The panel on the left shows the hybridization signal using a (CCCAAT)4 

probe under native conditions. The panel on the right represents total telomere signal 

after in situ denaturation of DNA and re-hybridization with the same probe. The numbers 
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on the bottom represent the relative overhang signal normalized to the total telomeric 

repeat signal. Values of the normalized signal are compared between – Cre (set at 1) 

and +Cre samples. (E) Unaltered nucleosomal organization of telomeric chromatin  upon 

loss Rap1. DNA from MNase digested nuclei of Rap1F/F MEFs (+ or – Cre treatment) 

fractionated on a 1% agarose gel and stained with ethidium bromide (upper panel) to 

monitor organization of bulk nucleosomes or blotted and hybridized with a 32P-

(CCCTAA)4 probe (lower panel). The two DNA samples marked by (*) were switched. 

The concentration of MNase ranged from 5 – 600 U/ml. (F) Rap1 loss has no effect on 

the heterochromatic marks at telomeres. Telomeric ChIP analysis of Rap1F/F cells 

treated with pWZL-Cre or H&R-Cre as indicated. Antibodies used are indicated on top. 

Pre-immune serum (PI) is used as a negative control. (G) Quantification of percentages 

of total telomeric DNA recovered in the ChIP shown in (F). (H) TERRA levels as 

detected by Northern blot analysis on Rap1 MEFs with the indicated genotype and Cre 

treatment. Ethidium bromide staining pattern serves as a loading control.  

 

Fig. S6. No telomeric DNA damage signaling and normal telomere structure in 

cells deficient for Ku70 and telomeric Rap1. 

(A) TIF assay on TRF2F/-Ku70-/- SV40LT-immortalized MEFs expressing TRF2, 

TRF2∆Rap1, or vector control, 96 hr post Cre. Red, IF for 53BP1; green, telomeric FISH; 

blue, DNA (DAPI). (B) Quantification of TIF assay in (A). (C) Immunoblots for indicated 

shelterin components, Chk1, and Chk2 of the cells in (A). IR (1 hr post 2 Gy) and UV (1 

hr post 25 J/m2) treated cells serve as positive controls. (D) Immunoblots for Rap1 and 

Chk2 on SV40LT-immortalized MEFs with the indicated genotypes, before and after 

treatment with Cre. (E) Loss of telomeric Rap1 in Ku70-deficient SV40LT-immortalized 

MEFs does not alter the telomeric single-stranded DNA signal. MEFs expressing TRF2, 

TRF2∆Rap1, or vector control were analyzed using in-gel hybridization to MboI-digested 
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DNA before and 96 hours after treatment with Cre. Left, hybridization signal with 

(CCCAAT)4 probe under native conditions; right, hybridization signal with same probe 

after in situ denaturation. Overhang signal was normalized to the total telomeric repeat 

signal. Numbers represent the relative overhang signal as compared to lane 4 (TRF2 

plus Cre, set as 1).  
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SUPPLEMENTAL FIGURES S1-S6 
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