
by the addition of galactose to 2%. An attenuated GAL1 promoter was used to express
myc18-CDC20 in the W303 control to achieve levels close to that of the sug1-25 mutant,
which is defective in GAL1 induction. Cells were left to grow for 1.5 h at 36 8C, then
harvested. Cells were lysed with glass beads in 25 mM Tris-HCl pH 8.0, 2 mM EDTA,
1 mg ml21 leupeptin, 1 mg ml21 pepstatin, 2 mg ml21 aprotinin, 2 mM
phenylmethylsulphonyl fluoride. Protein concentrations in soluble lysates were measured
with Lowry assays against a standard curve of BSA. Protein samples (100 mg) were resolved
on a Tris-glycine SDS 8% polyacrylamide gel, transferred to poly(vinylidene difluoride)
membrane, probed with 9E10 anti-Myc primary antibody and horseradish-peroxidase-
conjugated goat anti-mouse secondary antibody.

ChIP experiments
ChIP experiments were performed essentially as described in ref. 23 and references therein.
For additional details, see Supplementary Information.
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Human telomere maintenance is essential for the protection of
chromosome ends, and changes in telomere length have been
implicated in ageing and cancer1–4. Human telomere length is
regulated by the TTAGGG-repeat-binding protein TRF1 and its
interacting partners tankyrase 1, TIN2 and PINX1 (refs 5–9). As
the TRF1 complex binds to the duplex DNA of the telomere, it is
unclear how it can affect telomerase, which acts on the single-
stranded 3

0
telomeric overhang. Here we show that the TRF1

complex interacts with a single-stranded telomeric DNA-binding
protein—protection of telomeres 1 (POT1)—and that human
POT1 controls telomerase-mediated telomere elongation. The
presence of POT1 on telomeres was diminished when the amount
of single-stranded DNA was reduced. Furthermore, POT1 bind-
ing was regulated by the TRF1 complex in response to telomere
length. A mutant form of POT1 lacking the DNA-binding domain
abrogated TRF1-mediated control of telomere length, and
induced rapid and extensive telomere elongation. We propose
that the interaction between the TRF1 complex and POT1 affects
the loading of POT1 on the single-stranded telomeric DNA, thus
transmitting information about telomere length to the telomere
terminus, where telomerase is regulated.

Telomeric DNA can be maintained by telomerase, which uses the
3 0 end of the telomeric overhang as a substrate. In germline and
tumour cells, the length of the duplex telomeric repeat array is kept
within a narrow range by telomere length homeostasis. Extensive
evidence indicates that the length of human telomeres is evaluated
at each individual chromosome end based on the amount of TRF1
complex bound along the length of the telomere5–8,10–14. An ana-
logous cis-acting ‘protein counting’ mechanism of the duplex
telomere-binding protein Rap1 (ref. 15) has been proposed for
the control of telomere length in budding yeast. However, it is not
clear how regulatory proteins engaged on the duplex part of the
telomere affect telomerase at the 3 0 end of the telomeric overhang.
In yeast, the 3

0
overhang is bound by Cdc13, which recruits and

regulates telomerase16, but there is no known connection between
Cdc13 and Rap1. Human cells contain a candidate overhang-
binding protein, POT1, which is related to Cdc13 and other
oligosaccharide/oligonucleotide-binding (OB) fold proteins with
single-stranded telomeric DNA-binding activity17–20. Our data
suggest that interactions between POT1 and the TRF1 complex
allow POT1 to transduce information about telomere length to the
telomere terminus, where the regulation of telomerase takes place.

To study the association of POT1 and other proteins with
telomeres, we developed a chromatin immunoprecipitation
(ChIP) assay, in which protein-associated telomeric DNA is
detected by quantitative hybridization of a TTAGGG repeat probe
to DNA dot blots (Fig. 1a–c; see also Supplementary Fig. 1). Alu
sequences are used as a negative control in each experiment (Fig.
1c). As a second negative control, ChIPs were performed with
various pre-immune sera, which yielded background signals (Fig.
1a–c). By contrast, TRF1 ChIPs yielded about 30% (28 ^ 4; n ¼ 7)
of the total telomeric DNA in the HT1080-derived cell line HTC75
(data not shown). Similar telomeric DNA yields were obtained in
TRF1 ChIPs in a variety of cell strains, including GM847, HeLa,
IMR90 and BJ cells (Fig. 1 and data not shown). As the ChIP values
are presented as a percentage of the total telomeric DNA, they are
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corrected for telomere length variations in different cell lines. The
telomeric association of TRF1-interacting protein 2 (TIN2) and
components of the TRF2 complex was also readily detectable by
ChIP. The yield of telomeric DNA was approximately 15% for TRF2
and its interacting partner human RAP1 (Fig. 1), and 10–15% for
TIN2 (see below). Two rabbit anti-peptide antibodies to POT1 as
well as two sera raised against the full-length protein immuno-
precipitated a significant fraction (about 10%) of the telomeric
DNA in ChIPs from HTC75 and GM847 cells (Fig.1; see also
Supplementary Fig.1). Consistent with this finding, two of these
sera (1048 and 1049) also detected POT1 at telomeres by immuno-
fluorescence (Supplementary Fig. 1). Furthermore, telomeric DNA
was recovered in ChIPs with a Myc antibody in cells expressing
Myc–POT1 (Fig. 1a). Thus, POT1 behaves as a telomeric protein on
the basis of ChIP and immunofluorescence.

As POT1 binds to single-stranded telomeric TTAGGG repeats but
not to duplex telomeric DNA in vitro17,18 (D.L., H. Parsons, K. Hoke
and T.d.L., unpublished data), we anticipated that the telomeric
binding of POT1 requires the presence of the 3 0 telomeric overhang.
To test this mode of binding in vivo, we made use of the fact that
inhibition of the telomere protective factor TRF2 results in loss of
50% of the single-stranded telomeric DNA but leaves the duplex

part of the telomere intact21. TRF2 was inhibited using two
doxycyclin-regulated cell lines (T4 and T19) that express the
TRF2(DBDM) dominant-negative allele of TRF2 (ref. 21). As
expected, induction of TRF2(DBDM) resulted in a significant
reduction (twofold, P ¼ 0.027) in the binding of TRF2 to telomeres
as assessed by ChIP (Fig. 1b, c). Furthermore, there was an
associated loss of the TRF2-interacting factor RAP1 from the
telomeres (sixfold reduction, P ¼ 0.009; Fig. 1b, c) and about
50% loss of the 3

0
overhang (data not shown). The amount of

POT1 at telomeres was also reduced at least twofold in cells
expressing TRF2(DBDM) compared with uninduced controls (Wil-
coxon two-sample test, P ¼ 0.013; Fig. 1b, c). As a control, TRF1
was not significantly affected by inhibition of TRF2 (Fig. 1b, c; see
also ref. 21). Thus, the diminished POT1 binding to telomeres
correlated with a reduction in the amount of single-stranded
telomeric DNA. The lack of interaction with TRF2 and RAP1 (see
below) argues against the possibility that TRF2(DBDM) removed
POT1 from telomeres through protein interaction. However, we
cannot rule out an indirect effect of the perturbation of the whole
telomeric structure on POT1 binding.

Biochemical studies showed that the amino-terminal OB fold of
POT1 is required for DNA binding17,18 (D.L., H. Parsons, K. Hoke,
J. Donigian and T.d.L., unpublished data). To test the role of the
POT1 OB fold in telomere binding, we examined the localization of
a mutant lacking the N-terminal 127 amino acids (POT1(DOB);
Fig. 2a). Myc-tagged full-length POT1 and POT1(DOB) yielded
proteins of the predicted molecular mass detectable with anti-Myc
sera as well as with two antibodies raised against a POT1 peptide
(Fig. 2b). Although the anti-peptide antibodies should detect four
of the five proposed splice variants of POT1 (ref. 18), only a single
endogenous protein was detected by both sera in HTC75 and HeLa
cells and this polypeptide had an apparent molecular mass consist-
ent with full-length POT1 (Fig. 2b and data not shown). Moderate
overexpression of exogenous Myc–POT1 and Myc–POT1(DOB)
resulted in nearly complete suppression of endogenous POT1
protein detectable by immunoblotting (Fig. 2b); the mechanism
of this downregulation is not known. Immunofluorescence showed
that POT1(DOB) still had the ability to localize to telomeres (Fig.
2c). This result was unexpected as we anticipated the DNA-binding
domain of POT1 to be required for targeting to telomeres. We
confirmed the telomeric association of POT1(DOB) using the ChIP
assay (Fig. 2d, e). In these experiments, ChIPs with POT1 antibodies
using cells expressing Myc–POT1(DOB) or Myc-tagged full-length
POT1 resulted in the same yield of approximately 7% of the
telomeric DNA. ChIPs with the Myc antibody were less efficient,
but still yielded a significant fraction of telomeric DNA (about
2.5%) even when Myc-tagged POT1 lacked the OB fold (Fig. 2d, e).
Although variations in expression levels interfere with direct com-
parison between the telomeric association of POT1(DOB) and full-
length POT1, the data indicate that POT1(DOB) can still locate to
telomeres. Owing to the very low abundance of endogenous POT1
in cells expressing POT1(DOB), it is unlikely that the telomeric
association of POT1(DOB) occurs through an interaction with the
endogenous full-length protein. Hence, the telomere localization of
POT1(DOB) suggested that direct DNA binding mediated by the N-
terminal OB fold is not the only mode of recruitment of POT1 to
telomeres.

Therefore, we explored the possibility that POT1 interacts with
the telomeric protein complexes formed by TRF1 and TRF2. Co-
immunoprecipitation experiments showed that TRF1 associated
with Myc-tagged POT1 (Fig. 3a), and immunoprecipitation of
endogenous POT1 resulted in recovery of the TRF1-interacting
factors TIN2 and tankyrase 1 (Fig. 3b–d). In parallel experiments,
no interaction was detected between POT1 and TRF2 or its inter-
acting partners RAP1 or Mre11 (refs 22, 23) (Fig. 3a, b; see also
Supplementary Fig. 2), indicating that the association of POT1 with
the TRF1 complex was highly specific. The association of POT1 with

Figure 1 Telomeric association of POT1 correlates with single-stranded DNA (ssDNA).

a, Telomeric ChIP on GM847 cells infected with pLPC or pLPC–Myc–POT1 using the

indicated antibodies or pre-immune serum (PI). Dot blots were hybridized with a TTAGGG

repeat probe. b, ChIP after reduction in telomeric overhang DNA owing to inhibition of

TRF2. HTC75 clones T4 and T19 were induced (þ) to express TRF2(DBDM) for 7 days

and were processed alongside uninduced cells (2). Duplicate dot blots were probed for

telomeric or Alu repeats. c, Quantification of the data in b representing per cent TTAGGG

repeat DNA recovered in each ChIP. Averaged duplicate signals obtained with total DNA

samples were used as 100% value for the quantification.
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the TRF1 complex was not dependent on the OB fold, as Myc-
tagged POT1(DOB) was recovered in association with both TRF1
and TIN2 (Fig. 3a, b). Thus, the binding of POT1(DOB) to
telomeres could be explained by the interaction of POT1 with the
TRF1 complex.

To test whether the accumulation of POT1 on telomeres
depended on its interaction with the TRF1 complex, we used
tankyrase 1 overexpression, which is the most effective method
for removing the TRF1 complex from telomeres7. Poly(ADP-ribo-
syl)ation of TRF1 by the PARP activity of tankyrase 1 results in loss
of its DNA-binding activity in vitro24, and this effect is thought to be

Figure 3 POT1 binds the TRF1 complex and is affected by tankyrase 1.

a–d, Co-immunoprecipitation of POT1 and POT1(DOB) with TRF1, TIN2 and tankyrase 1

from HTC75 cells infected with the indicated retroviruses. Immunoprecipitated antibodies

are indicated above the lanes. Input, 12% of input extract; PI, pre-immune serum; beads,

BSA-blocked beads. Immunoblot antibodies are indicated on the right. e, ChIP on HTC75

cells infected with Flag–NLS–tankyrase 1, Flag–NLS–tankyrase 1(PD) or the pLPC vector

(as in Fig. 1). POT1 values represent median and standard deviations (n ¼ 4). For dot

blots see Supplementary Fig. 1.

Figure 2 Telomeric association of POT1(DOB). a, POT1(DOB). b, Immunoblot of HTC75

cells infected with Myc–POT1, Myc–POT1(DOB) or pLPC probed for Myc or POT1. Asterisks

indicate nonspecific bands (not detected by duplicate POT1 serum 979). Molecular mass

standards (kDa) are shown on the left-hand side. c, Myc (9E10) and TIN2 (864) immuno

fluorescenceof IMR90cellsexpressingMyc–POT1orMyc–POT1(DOB).Arrowheads indicate

examples of POT1 localizing together with TIN2. Both POT1 forms show non-telomeric

signals. d, ChIPs on HTC75 cells containing the indicated retroviruses. Owing to telomere

elongation over 150 population doublings, the TTAGGG signals are 3.5-fold higher for Myc–

POT1(DOB). e, Quantification of the data in d (as in Fig. 1c). As the histograms represent the

percentage of input telomeric DNA, they are corrected for telomere length changes.
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responsible for the loss of the TRF1 complex from telomeres in cells
overexpressing tankyrase 1 in the nucleus7. As a control, we used
cells expressing the same level of a mutated PARP-dead derivative of
tankyrase 1 (tankyrase 1(PD)) that does not remove TRF1 from
telomeres (J. Ye and T.d.L., manuscript in preparation; see also ref.
25). As previously observed by immunofluorescence7, ChIP data
indicated that overexpression of catalytically active tankyrase 1
resulted in diminished telomeric association of TRF1 and TIN2
(Fig. 3e; see also Supplementary Fig. 3). We found that overexpres-
sion of tankyrase 1, but not the PARP-dead derivative, reduced by
half the amount of POT1 on telomeres as determined by ChIP
(twofold reduction, P ¼ 0.009; Fig. 3e; see also Supplementary
Fig. 3). We note that POT1 is able to interact with both PARP-
dead and active tankyrase 1 (Fig. 3d), suggesting that the effect seen
with wild-type tankyrase 1 is not simply due to titration by over-
expression. TRF2, which serves as a negative control, was not
affected by tankyrase 1 (Fig. 3e). Furthermore, the telomeric over-
hangs were not altered in the cell lines expressing tankyrase 1 or its
PARP-dead derivative (Supplementary Fig. 3). Taken together, these
data suggest that POT1 is recruited to telomeres through an
interaction with the TRF1 complex.

Because the TRF1 complex regulates telomere length, we tested
whether POT1 could also affect the steady-state length of human
telomeres. Expression of POT1(DOB) induced exceptionally rapid
telomere elongation (about 230 base pairs per end per population

doubling) in HTC75 cells whereas vector control cells maintained
stable telomeres (Fig. 4a, b). This rate of telomere elongation
exceeds the growth rate of newly formed telomeres11 and is also
faster than the rate of telomere elongation observed in experiments
that altered TRF1-mediated length control5,7,8. The POT1(DOB)
telomeres continued to elongate over at least 150 population
doublings, resulting in ultra-long telomeres detectable in genomic
blots and in a commensurate increase in TTAGGG repeat signal in
dot blots (Fig. 2d). Myc-tagged full-length POT1 did not affect
telomere length (Fig. 4b). Neither form of POT1 affected the
G-strand overhang signal in HTC75 cells as determined by in-gel
analysis (data not shown). The telomere elongation phenotype of
POT1(DOB) is not attributable to changes in the amount of TRF1
or TIN2 on the telomeres, as ChIP experiments showed that
POT1(DOB) did not decrease the presence of these proteins
(Fig. 2d, e). The finding that these telomeres contained normal
amounts of TRF1, yet elongated at a very high rate, indicates that
POT1(DOB) abrogated the TRF1-mediated inhibition of telomere
elongation. This is consistent with POT1 being a downstream
effector of the TRF1 pathway and POT1(DOB) being defective in
this function.

According to the protein-counting model for telomere length
homeostasis, longer telomeres should contain larger amounts of the
TRF1 complex. We used ChIP of cells with long and short telomeres
to test this. HeLa1.2.11 cells have exceptionally long telomeres of

Figure 4 POT1 regulates telomere length. a, Genomic blots of telomeric restriction

fragments in HTC75 cells at the indicated population doubling (PD) expressing Myc–

POT1(DOB) or no exogenous protein. b, Median telomeric fragment lengths in the

indicated cell lines plotted against population doubling. c, ChIP yields on telomeres of

HeLa1.2.11 and HeLaII cells. ChIP values are corrected for telomere length as in Fig. 1. As

telomeres of HeLa1.2.11 cells are threefold longer than telomeres of HeLaII cells,

equivalent ChIP of the telomeric DNA in both cell lines indicates that the HeLa1.2.11 ChIP

brought down threefold more telomeric DNA. For dot blots see Supplementary Fig. 4b.

d–f, Models proposing a role for POT1 as a terminal transducer of TRF1 telomere length

control. See text for discussion.
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approximately 23 kilobases (kb) in length, whereas another HeLa
subclone, HeLaII, has canonical telomeres in the range of 6–10 kb
(ref. 26). In agreement, dot blots indicated that HeLa1.2.11 had
about 2.9-fold higher relative abundance of telomeric sequences
(Supplementary Fig. 4a). The telomeres in the two HeLa subclones
only differ in the length of the duplex telomeric repeat array
(Supplementary Fig. 4c)26; the 3 0 telomeric overhangs in the two
HeLa cell lines are similar (Supplementary Fig. 4c, d). Comparison
of ChIPs with antibodies to TRF1 and TIN2 revealed that the
fraction of precipitated telomeric DNA in the two HeLa lines was
independent of telomere length (Fig. 4c; see also Supplementary
Fig. 4b). Thus, the same fraction of telomeric DNA (about 15%) was
recovered in TRF1 ChIPs in the two HeLa cell lines. This result is
consistent with previous immunofluorescence data6 and indicates
that longer telomeres contain a higher number of TRF1 complexes.
Similarly, the fraction of precipitated telomeric DNA in TRF1 ChIPs
was independent of telomere length in two HTC75 cell lines that
differed in telomere length by a factor of 3.5 owing to expression of
POT1(DOB) (Fig. 2d, e). The POT1 ChIP efficiency was also the
same in HeLaII and HeLa1.2.11 cell lines (Fig. 4c), suggesting that
long telomeres recruited more POT1 than short telomeres. We note
that the increased association of POT1 with longer telomeres could
be due to more efficient loading of POT1 on single-stranded
TTAGGG repeats, or to recruitment along the duplex part of the
telomere by protein interaction. The ChIP technique cannot differ-
entiate between these two possibilities owing to the lack of speci-
ficity in the crosslinking.

These data demonstrate that the human single-stranded telo-
meric DNA-binding protein POT1 responds to the telomere length
regulatory pathway governed by the TRF1 complex (Fig. 4d). The
TRF1 complex binds along the duplex part of the telomere and
functions as a measuring device to assess telomere length. For
telomere length homeostasis to be effective, information about
the length of the telomere needs to be relayed from the TRF1
complex to the single-stranded part of the telomere where telomer-
ase is regulated. Our data indicate that POT1 transduces this
information (Fig. 4d–f). The two critical features of POT1 that
allow it to relay information about telomere length to the telomere
terminus are that it binds to single-stranded telomeric DNA and
that its accumulation on telomeres is, in part, regulated by the TRF1
complex.

We predict two possible ways in which POT1 might act to relay
telomere length information to telomerase (Fig. 4e, f). The TRF1
complex might recruit POT1 to the telomeric chromatin and
facilitate its accumulation on the single-stranded DNA at the nearby
telomere terminus. Once located on the single-stranded DNA,
POT1, which has a slight preference for 3 0 ends27 (D.L.,
H. Parsons, K. Hoke and T.d.L., unpublished data), might sequester
the telomere terminus and thus directly block telomerase from
elongating the telomeric DNA (Fig. 4e). Alternatively, the recruit-
ment of POT1 to the telomeric chromatin could facilitate its
binding to the single-stranded DNA (D-loop) at the base of the
t-loop (Fig. 4f). Biochemical studies indicate that POT1 has the
ability to bind to single-stranded telomeric DNA in the absence of a
3 0 end (D.L., H. Parsons, K. Hoke and T.d.L., unpublished data).
The binding of POT1 to the D-loop could stabilize telomeres in
the t-loop configuration and thus inhibit telomerase by indirect
sequestration of the 3

0
terminus. Both models predict that the

POT1(DOB) mutant, which lacks the single-stranded DNA-binding
activity, will fail to inhibit telomerase, even though POT1(DOB) is
recruited to the telomeric chromatin by the TRF1 complex (Fig. 4e,
f). Thus, POT1(DOB) expression will abrogate TRF1-mediated
telomere length control, resulting in the observed extensive telo-
mere elongation phenotype. In both versions of the model, control
of telomere length is achieved when the larger mass of TRF1 on
longer telomeres leads to increased loading of POT1 on the single-
stranded telomeric DNA. Depending on the loading of POT1 on the

single-stranded DNA, the probability that telomerase becomes
inhibited at the telomere terminus will be increased. A

Methods
POT1 constructs, cell lines and antibodies
A full-length human POT1 complementary DNA (Supplementary Information) was
generated by polymerase chain reaction (PCR) and cloned into FastBac and into the
pLPC retroviral vector with a Myc epitope tag replacing the start codon. POT1(DOB)
was constructed by PCR and represents amino acids 127–634 preceded by the Myc
epitope tag. GM847 cells were obtained from the American Type Culture Collection.
Myc-tagged POT1 and POT1(DOB) were retrovirally expressed in HTC75 cells as
described28. HTC75 cells infected with retroviruses expressing Flag–NLS–tankyrase 1
and Flag–NLS–tankyrase 1(PD) were provided by J. Ye (J. Ye and T.d.L., manuscript in
preparation). All cell lines were grown in DMEM, 15% fetal bovine serum with
appropriate antibiotics as described21,28. Antibodies 978 and 979 were affinity purified
from rabbit serum to a keyhole limpet haemocyanin-conjugated POT1 peptide
(CYGRGIRVLPESNSDVDQLKKDLES representing amino acids 271–294 plus a Cys
residue). Antibodies 1048 and 1049 were affinity purified from rabbit serum raised against
baculovirus-derived POT1. The TIN2 antibody 864 will be described elsewhere (J. Ye and
T.d.L., manuscript in preparation). Antibodies to TRF1, TRF2, RAP1 and the Mre11
complex have been described5,6,22,23. 9E10 antibody to the Myc epitope was from Oncogene
Biosciences and the M2 Flag antibody was from Sigma.

Chromatin immunoprecipitations
For ChIPs, cells were digested with trypsin, washed with PBS, fixed in 1% formaldehyde in
PBS for 60 min at room temperature, washed with PBS, and lysed in 1% SDS, 50 mM Tris-
HCl, pH 8.0, 10 mM EDTA at a density of 107 cells ml21. Lysates were sonicated to obtain
chromatin fragments ,1 kb, and centrifuged for 10 min in a microfuge at 4 8C. Two
hundred microlitres of lysate, diluted with 1.2 ml 0.01% SDS, 1.1% Triton X-100, 1.2 mM
EDTA, 16.7 mM Tris-HCl, pH 8.0, and 150 mM NaCl was supplemented with antibody
(typically 20 ml crude serum or 5 ml 9E10), mutated overnight at 4 8C, supplemented with
30 ml protein G Sepharose beads (Amersham; blocked with 30 mg bovine serum albumin
(BSA) and 5 mg sheared Escherichia coli DNA), and incubated for 30 min at 4 8C.
Immunoprecipitated pellets were washed with 0.1% SDS, 1% Triton X-100, 2 mM EDTA,
pH 8.0, 20 mM Tris-HCl, pH 8.0, containing 150 mM NaCl in the first wash and 500 mM
NaCl in the second wash. Further washes were with 0.25 M LiCl, 1% NP-40, 1% Na-
deoxycholate, 1 mM EDTA, pH 8.0, 10 mM Tris-HCl, pH 8.0, and with 10 mM Tris-HCl,
pH 8.0, 1 mM EDTA. Chromatin was eluted from the beads with 500 ml 1% SDS, 0.1 M
Na2CO3. After addition of 20 ml of 5 M NaCl, crosslinks were reversed for 4 h at 65 8C.
Samples were supplemented with 20 ml of 1 M Tris-HCl, pH 6.5, 10 ml of 0.5 M EDTA, and
20 mg DNase free RNase A, and incubated at 37 8C for 30 min. Samples were then digested
with 40 mg proteinase K for 60 min at 37 8C, phenol extracted, and the DNA was
precipitated overnight at 220 8C with 1 ml ethanol. The precipitate was dissolved in 100 ml
water, denatured at 95 8C for 5 min, and dot blotted onto Hybond membranes in 2 £ SSC
(80% was loaded for the detection of telomeric sequences, and 10% for Alu sequences).
Membranes were treated with 1.5 M NaCl, 0.5 N NaOH for 10 min, and with 1 M NaCl,
0.5 M Tris-HCl, pH 7.0, for 10 min. Hybridization with a 800-bp Klenow-labelled
TTAGGG probe or an Alu probe was performed as described previously29; membranes
were washed four times in 2 £ SSC and exposed overnight to PhosphorImager screen. The
quantification of the per cent precipitated DNA was done with the ImageQuant software.
All lysates were normalized for cell number. For the total telomeric DNA samples, two
50-ml aliquots (corresponding to one-quarter of the amount of lysate used in the
immunoprecipitations) were processed along with the rest of the samples at the step of
reversing the crosslinks. The average of the telomeric signal in two total fractions was taken
for the reference value (total DNA), and the percentage of each immunoprecipitation
sample was calculated based on the signal relative to the corresponding total DNA signal.
Therefore, the calculated ChIP yield takes into account changes in telomere length. Initial
control experiments were done to ensure that the amount of antibody and duration of
crosslinking were not limiting in the ChIP yields.

Telomere assays and other analyses
Telomere length and overhang assays were as described28. Immunoprecipitations and
immunoblotting were performed using standard protocols (Supplementary Information)
except for the detection of POT1, which involved guanidine re-naturation (see
Supplementary Information for details). Immunofluorescence was performed using
previously published procedures5 (see Supplementary Information for details).
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corrigendum

Selection of evolutionarily
conserved mucosal-associated
invariant T cells by MR1
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Owing to mislabelling by the mouse provider, the strain of mice
used as a control in the experiment shown in Fig. 4 was not
C3H/HeJ but C3H/HeOu. C3H/HeJ have a defect in TLR4-
mediated signalling that the other C3H strains do not have. This
correction does not affect our conclusions. A
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addendum
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mediates switch in a sensory
neuron’s frequency tuning
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Joseph Bastian
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In this Letter, we inadvertently omitted to give the species name,
Apteronotus leptorhynchus (brown ghost knife-fish), of the weakly
electric fish used in our study. A
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Supplemental Material 

 
Methods 

 

Cloning of hPot1 

A full length human Pot1 cDNA was generated by PCR. Most of the ORF was derived from a 
Pot1 EST from the ATCC (#aa66f08.s1), encoding an N-terminally truncated protein; the N-

terminus from the start codon to the NdeI site at bp 427 was obtained by reverse transcription of 

HeLa RNA. The resulting cDNA was identical to the published cDNA 18 and to GenBank entry # 
FLJ11073. 
 
 
Protein extracts, co-immunoprecipitations, and Western blot 
Cells were trypsinized, washed once with culture medium and once with PBS, and lysed in 0.5 

ml lysis buffer (50 mM Tris-HCl pH 7.4/1% Triton X-100/ 0.1% SDS/150 mM NaCl/1 mM 

EDTA/1 mM DTT/1mM PMSF, 1 g aprotinin per ml, 10 g pepstatin per ml, 1 g leupeptin per 
ml). Nuclear proteins were extracted by adding 25 l of 5 M NaCl and incubating on ice for 20 

min. Lysates were diluted with 0.5 ml of cold water and centrifuged in a microfuge at 4oC for 10 

min at maximum speed.  Supernatants (200 l/IP) were immuno-precipitated for 4 hr at 4oC with 
20 l of rabbit serum, 5 l of 9E10, or 2 l of M2.  Immune complexes were bound for 30 min at 

4oC to 30 l of Protein G Sepharose beads blocked with BSA.  The beads were washed twice 

with lysis buffer and resuspended in 50 l of Laemmli buffer (50 mM Tris-HCl pH 6.8/4% 

SDS/20% Glycerol/5% -mercaptoethanol/0.01% Bromophenol Blue) and 20 l was fractionated 

on SDS-PAGE gels alongside total fractions. Western blotting and membrane incubations were 

performed as described previously30. Blots with the 978 anti-peptide antibody to detect hPot1 

were performed as follows.  After transfer onto nitrocellulose, the membrane was incubated in 
decreasing concentrations of guanidine (6 M, 3 M, 1 M, 0.1 M) in AC buffer (10% glycerol/100 

mM NaCl/20 mM Tris-HCl pH 7.5/1 mM EDTA/0.1% Tween 20/2% non-fat dry milk powder/1 

mM DTT).  All incubations were performed at rt for 30 min.  The membrane was then incubated 

overnight in AC buffer without Guanidine, washed with PBS/0.1% Tween 20 and subjected to 
conventional primary and secondary incubations.  The affinity purified 978 antibody was used at 

a dilution of 1:1000, the 9E10 at 1:1000, and the M2 anti-FLAG at 1:10,000. 

 
Immunofluorescence 

Cells were grown on coverslips, washed with PBS, fixed in 2% paraformaldehyde (Sigma P-

6148) for 10 min and permeabilized in PBS/0.5% NP40 for 10 min.  The coverslips were 
washed twice with PBS and blocked with PBG (0.2% (w/v) cold water fish gelatin (Sigma G-

7765), 0.5% (w/v) BSA (Sigma A-2153) in PBS) for 40 min.  Primary antibody incubations were 

performed at rt for 4 hr (1:2000 for Ab 1048 (hPot1), Ab 1049 (hPot1), Ab 864 (TIN2) and Ab 

647 (TRF2); 1:1000 for 9E10 (myc) antibody).  The coverslips were washed 3 times with PBG 
and incubated with the secondary antibody for 40 min at room temperature (Jackson Labs 

Donkey anti-Rabbit-TRITC or Donkey anti-Mouse-FITC, diluted 1:250).  After 3 washes with 

PBG and one wash with PBS, cells were stained with DAPI (100 ng/ml) for 3 min, washed again 
with PBS and mounted on slides with 1mg/ml p-phenylene diamine (Sigma P-6001) in 

PBS/glycerol.  Images were captured with an Axioplan 2 Zeiss microscope equipped with a 

Hamamatsu digital camera supported by OpenLab software.  

 
 

 

 



Figures and Legends: 

 

 

 

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
Supplemental Fig. 1. a, Co-localization of 

endogenous hPot1 with TRF2. HeLa1.2.11 

cells were infected with a retrovirus 

expressing myc-tagged TRF2 and 
processed for IF.  Endogenous hPot1 was 

detected with a rabbit serum against full 

length hPot1 (#1048, red) and co-localized 
with myc-TRF2 detected with the 9E10 

antibody (green).  b, Telomeric ChIP on 

HTC75 cells.  Cells infected with pLPC or 
pLPC-myc-hPot1 were processed for ChIP 

analysis with the indicated antibodies.  Dot-

blots were hybridized with a TTAGGG 

repeat probe. 



 
 

Supplemental Fig. 2. a, Specificity test for hPot1 sera 1048 and 1049 and lack of co-IP of 
Mre11 and hPot1. IPs from HTC75 cells expressing myc-hPot1 with the indicated antibodies, 

probed with the 9E10 myc tag antibody as indicated. b, Lack of co-IP of myc-tagged TRF2 with 

endogenous hPot1. IPs from HeLa 1.2.11 cells expressing myc-TRF2 using the indicated sera, 

probed with the 9E10 antibody.  The hRap1 IP is a positive control for the detection of protein 
interaction with TRF2. 



 
 
 
Supplemental Fig. 3 a, ChIP analysis of telomeric association of the indicated components in 

HTC75 cells expressing FLAG-NLS-tankyrase 1, FLAG-NLS-tankyrase 1PD, or no exogenous 

protein (vector).  For histogram, see Fig. 3e. b,  Analysis of the telomeric overhangs by in-gel 
hybridization in HTC75 cells infected with the retroviral vector control (vector) or retroviruses 

expressing FLAG-NLS-tankyrase 1 or FLAG-NLS-tankyrase 1PD (used in Fig.3e and panel a).  

Hybridization with a C-strand telomeric probe to native DNA detecting telomeric overhangs 
(left).  Hybridization with the complementary strand did not reveal any signal (not shown).  Right 

panel shows the total telomeric DNA in the same gel re-hybridized with the same probe after 

denaturation. Note that the telomeres in the tankyrase 1 expressing cells have elongated 
slightly. c, Quantitation of the G-strand overhangs and total telomeric DNA signal of the panels 

shown in b, in arbitrary units.  The ratio between the two values is a measure of the telomeric 

overhang signal. 



 
 

Supplemental Fig. 4 a, Relative abundance of TTAGGG repeats in HeLa1.2.11 and HeLaII. 

Indicated amounts of total DNAs used for the ChIPs shown in Fig.4c and panel b were probed 
for TTAGGG (top row) or Alu sequences (bottom row). Quantitation of the signals indicates that 

HeLa1.2.11 has 3-fold more TTAGGG repeats than HeLaII, in good agreement with published 

telomere lengths determined by genomic blotting and EM analysis 26.b, ChIP with the indicated 

antibodies in HeLa1.2.11 and HeLaII. Dot-blots were probed for TTAGGG repeats.  For 
histogram, see Fig.4c.  

c,d Measurement of the amount of telomeric overhangs in HeLa 1.2.11 versus HeLa II, as 

detected by in-gel hybridization. In gel hybridization and quantitation were performed as in 
Suppl. Fig.3b.  The ratio between the two values (1.8 and 0.5) is accounted for by the difference 

in telomere length in these two cell lines and indicates that the telomeric overhangs are not 

significantly different. 

 
 


