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Telomeres avoid end detection by severing the
checkpoint signal transduction pathway
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Telomeres protect the normal ends of chromosomes from being
recognized as deleterious DNA double-strand breaks. Recent studies
have uncovered an apparent paradox: although DNA repair is
prevented, several proteins involved in DNA damage processing
and checkpoint responses are recruited to telomeres in every cell
cycle and are required for end protection1. It is currently not
understood how telomeres prevent DNA damage responses from
causing permanent cell cycle arrest. Here we show that fission yeast
(Schizosaccharomyces pombe) cells lacking Taz1, an orthologue of
human TRF1 and TRF2 (ref. 2), recruit DNA repair proteins
(Rad22RAD52 and Rhp51RAD51, where the superscript indicates the
human orthologue) and checkpoint sensors (RPA, Rad9, Rad26ATRIP

and Cut5/Rad4TOPBP1) to telomeres. Despite this, telomeres fail to
accumulate the checkpoint mediator Crb253BP1 and, consequently,
do not activate Chk1-dependent cell cycle arrest. Artificially recruit-
ing Crb253BP1 to taz1D telomeres results in a full checkpoint
response and cell cycle arrest. Stable association of Crb253BP1 to
DNA double-strand breaks requires two independent histone
modifications: H4 dimethylation at lysine 20 (H4K20me2) and
H2A carboxy-terminal phosphorylation (cH2A)3–5. Whereas
cH2A can be readily detected, telomeres lack H4K20me2, in con-
trast to internal chromosome locations. Blocking checkpoint signal
transduction at telomeres requires Pot1 and Ccq1, and loss of either
Pot1 or Ccq1 from telomeres leads to Crb253BP1 foci formation,
Chk1 activation and cell cycle arrest. Thus, telomeres constitute a
chromatin-privileged region of the chromosomes that lack essen-
tial epigenetic markers for DNA damage response amplification
and cell cycle arrest. Because the protein kinases ATM and ATR
must associate with telomeres in each S phase to recruit telomer-
ase6, exclusion of Crb253BP1 has a critical role in preventing telo-
meres from triggering cell cycle arrest.

Taz1 is required for proper telomere DNA replication and prevents
end-joining reactions at chromosome ends that occur in the G1
phase of the cell cycle7–9. As fission yeast spend most of the cell cycle
in the S and G2 phases, chromosome-end fusions and loss of viability
are undetectable in taz1D mutants. Despite this, taz1D chromosome
ends undergo frequent rearrangements10. To determine the nature of
these rearrangements, we used a combination of live-cell imaging and
chromatin immunoprecipitation (ChIP) to monitor the recruitment
of various DNA repair and checkpoint proteins to telomeres in taz1D
cells.

We endogenously tagged the homologous recombination protein
Rad22RAD52 with green fluorescent protein (GFP) and, using Pot1
tagged with monomeric red fluorescent protein (mRFP) as a marker
for telomeres (Supplementary Fig. 1), we studied its co-localization
to chromosome ends (Fig. 1a). Few wild-type cells have Rad22–GFP
foci at non-telomeric sites but these become prevalent when exposed
to the radiomimetic drug bleomycin. In contrast, taz1D cells had

Rad22–GFP foci at telomeres throughout the cell cycle (Fig. 1a).
Using ChIP, we also found that taz1D cells strongly accumulate
another homologous recombination repair protein, Rhp51RAD51, at
telomeres (Fig. 1b). Thus, DNA repair is ongoing at taz1D chro-
mosome ends.

DNA damage initiates signal transduction pathways, known as
checkpoints, which culminate in cell cycle arrest. Telomeres protect
chromosome ends from DNA repair and do not induce cell cycle
arrest via checkpoint pathways. Unexpectedly, taz1D telomeres
undergo the DNA damage response and yet these cells did not show
any cell cycle delay. We were also able to rule out adaptation phe-
nomena by analysing newly generated taz1D mutants; they were also
unable to elicit a checkpoint response (Fig. 1c, d).

Next we examined the phosphorylation status of the Chk1 protein
kinase, a well-characterized checkpoint target responsible for inhibiting
Cdk1 and preventing entry into mitosis in response to DNA damage.
Consistent with a lack of checkpoint activation in taz1D cells, phos-
phorylated Chk1–Myc was absent in taz1D cell extracts (Fig. 1e). As
expected, exposure to bleomycin caused strong Chk1 phosphorylation
in both wild-type and taz1D cells (Fig. 1e). We performed similar
experiments to investigate the phosphorylation status of Cds1, which
is involved in DNA-replication checkpoints, and failed to detect any
activation of this branch of the checkpoint pathway unless hydroxyurea
was added (Supplementary Fig. 2). Thus, even though taz1D cells are
checkpoint proficient, they are unable to arrest the cell cycle in response
to telomeres undergoing the DNA damage response.

The absence of cell cycle delay prompted us to examine the check-
point pathway to identify at which step it was disrupted. Telomeres in
taz1D cells are long and accumulate single-stranded DNA through-
out the cell cycle11. We started probing the checkpoint pathway
(Fig. 2a) at its upstream point by looking for the accumulation of
RPA at telomeres by co-localization of Rad11–GFP, the largest sub-
unit of RPA, with Pot1–mRFP. Pot1 protects telomeres from trigger-
ing cell cycle arrest via the ATR checkpoint pathway12–14. It has been
proposed that Pot1 accomplishes this function directly by outcom-
peting RPA from telomere ends, as both molecules bind to telomeric
single-stranded DNA13. Surprisingly, Pot1–mRFP co-localized with
Rad11–GFP in taz1D cells (Fig. 2b), indicating that Pot1 does not
abrogate checkpoint signalling by exclusion of RPA from dysfunc-
tional telomeres. We quantitatively confirmed increased recruitment
of RPA to telomeres in taz1D compared with wild-type cells using
ChIP (Fig. 2c). Because telomere-associated RPA greatly increases
during S phase15, we conclude that we are able to measure protein
interaction with telomeres in S-phase cells using an asynchronously
growing population.

Next we analysed Rad26ATRIP, Rad9 (a component of the 9-1-1
complex) and Cut5/Rad4TOPBP1. In contrast to wild type, the majority
of taz1D cells had telomeric foci for all three components (Fig. 2b),
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indicating that taz1D dysfunctional telomeres show increased recruit-
ment for components of the DNA-damage checkpoint pathway. ChIP
analysis revealed that Cut5TOPBP1 is also strongly recruited to wild-
type telomeres (Fig. 2c), consistent with previous observations that
telomeres normally engage DNA damage response components15,16.

Rad3ATR kinase was active in growing taz1D cells, because hyperpho-
sphorylation of its known substrates, Rad26ATRIP and Rad9, was
detected in untreated taz1D extracts as in control cells exposed to
bleomycin (Fig. 2d). Further analysis revealed that phosphorylation
levels of haemagglutinin (HA) tagged Rad26ATRIP observed in taz1D
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Figure 1 | taz1D telomeres undergo the DNA
damage response without eliciting a checkpoint-
dependent cell cycle arrest. a, Live analysis of
Rad22RAD52–GFP and its co-localization with
Pot1–mRFP used as a telomeric marker. WT,
wild type. Bleo, bleomycin. b, Dot-blot ChIP
quantification of Rhp51RAD51 bound to
telomeres for the indicated strains. rhp51D cells
were used as a control. n $ 3; ** P , 0.01 based
on a two-tailed Student’s t-test to control sample.
Error bars represent mean 6 standard deviation
(s.d.). c, Strategy to generate taz1D mutants de
novo. d, Histograms depict the distribution of cell
sizes (mm) after germination over the course of
the experiment. e, Immunoblot analysis of
Chk1–Myc in wild-type and taz1D cells. The
asterisk depicts an antibody cross-reactive band
used as a loading control. The DNA damaging
agent bleomycin (Bleo; 5 mU ml21) was added to
cultures as a positive control. P indicates
hyperphosphorylation.
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Figure 2 | taz1D telomeres initiate a
DNA damage checkpoint response.
a, Checkpoint pathways in fission
yeast. DNA-damage checkpoint
(left) and replication checkpoint
(shaded on the right). b, Co-
localization of Rad11RPA–GFP,
Rad26ATRIP–GFP, Rad9–YFP,
Cut5TOPBP1–GFP with Pot1–mRFP
(used as a telomere marker) (left)
and quantification of cells showing
telomeric and non-telomeric foci
(right). c, Telomeric dot-blot ChIP
quantification of Rad11RPA–Flag
and Cut5TOPBP1–Myc. Untagged
strains were used as controls. n $ 3;
**P , 0.01 and *** P , 0.001 based
on a two-tailed Student’s t-test to
control sample. Error bars represent
mean 6 s.d. d, Immunoblot analysis
of Rad9–HA and Rad26ATRIP–HA.
Bleomycin (5 mU ml21) was added
to cultures as a positive control.
e, Immunoblot analysis of
Rad26ATRIP–HA and Chk1–Myc in
wild-type cells treated with
increasing concentrations of
bleomycin. Asterisks point to a
cross-reactive band that serves as a
loading control. P indicates
hyperphosphorylation.
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cells were otherwise sufficient to trigger cell cycle arrest. Exposure to
increasing doses of bleomycin revealed that, at levels of DNA damage
where phosphorylation of Rad26ATRIP–HA becomes detectable (0.5–
1.0 mU bleomycin; Fig. 2e), Chk1–Myc is clearly hyperphosphory-
lated. Thus, Rad3ATR activity equivalent to that observed in taz1D cells
is sufficient to activate a full checkpoint response if DNA damage
occurs at non-telomeric regions.

Upon Rad3ATR activation and Cut5TOPBP1 recruitment, Crb253BP1

is brought to sites of DNA damage and, on phosphorylation by
Rad3ATR, induces activation of the Chk1 kinase and cell cycle arrest17.
Unlike other upstream checkpoint proteins, yellow fluorescent
protein (YFP)-tagged Crb2 protein did not co-localize with Pot1–
mRFP in most taz1D cells (Fig. 3a). In accordance with this, Crb2 was
not phosphorylated in taz1D cells (Fig. 3b), even though treatment
with bleomycin strongly induces Crb2 phosphorylation. We were
also unable to detect telomere-bound tandem affinity purification
(TAP)-tagged Crb2 in either wild-type or taz1D cells using ChIP,
whereas controls showed clear recruitment of TAP–Crb2 to an
HO-endonuclease-induced DNA double-strand break (Fig. 3c).
Therefore, unlike other DNA damage response components, Crb2
is unable to stably bind to telomeres in either wild-type or taz1D cells,
indicating that the checkpoint signalling pathway is blocked at the
step between Cut5TOPBP1 and Crb253BP1.

We next investigated what prevents the stable association of
Crb253BP1 with telomeres. Apart from Cut5, Crb2 requires two his-
tone modifications for stable association to double-strand breaks:

C-terminal phosphorylation of cH2A (cH2AX in higher eukaryotes)
and H4K20me2 (refs 3–5). These modifications show different res-
ponses to DNA damage: whereas cH2A/X is locally phosphorylated
by ATM or ATR at DNA double-strand breaks, H4K20me2 levels do
not change on DNA damage18. Instead, H4K20me2 seems to be ubi-
quitously distributed even though it participates in the DNA damage
response and is essential for sustained checkpoint activation19.
Consistent with the observed recruitment of Rad3ATR–Rad26ATRIP

to telomeres, we readily detected cH2A by ChIP at both wild-type
and taz1D telomeres (cH2A; Fig. 3c). In contrast, H4K20me2 was
undetectable at telomeres in either wild-type or taz1D cells
(H4K20me2 telomere; Fig. 3c and Supplementary Fig. 3). The
absence of H4K20me2 could not be explained by exclusion of the
methyltransferase Set9/Kmt5 from chromosome ends. Telomeres
show Set9-dependent mono- and trimethylated forms of H4K20
even though taz1D telomeres lacked the latter (H4K20me1 and
H4K20me3; Fig. 3c). Similarly, Clr4 methyltransferase, responsible
for H3K9 methylation, is not required to maintain the pattern of
H4K20 methylation, despite a marked reduction in H4K20me3
(Supplementary Fig. 3). Thus, although H3K9me3 inversely corre-
lates with H4K20me2 at fission yeast telomeres, these are likely to be
independently regulated.

Because checkpoint signalling seems to be achieved through the
exclusion of Crb2, we reasoned that artificial recruitment of Crb2 to
taz1D telomeres might be sufficient to induce cell cycle arrest. Taz1
binds to telomeres via its C-terminal Myb domain (MybTaz1);
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Figure 3 | Dysfunctional taz1D telomeres avert cell cycle arrest by
preventing recruitment of Crb253BP1. a, Visualization and quantification of
YFP–Crb2 foci in the indicated strains. b, Immunoblot analysis of YFP–Crb2.
Bleomycin (5 mU ml21) was added to cultures where indicated (1).
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MybTaz1 has been previously used to tether Rap1 directly to taz1D
telomeres20,21. Likewise, we ectopically expressed a MybTaz1–
YFP–Crb2 chimaeric protein in fission yeast. On induction of
MybTaz1–YFP–Crb2, taz1D cells became extremely elongated (Fig. 3d,
e), denoting a full checkpoint response confirmed by Chk1 phosphor-
ylation (Fig. 3f). None of these phenomena was visible in wild-type cells
expressing the chimaeric protein (Fig. 3e, f). Also consistent with a
checkpoint response, recruitment of MybTaz1–YFP–Crb2 to telomeres
in taz1D rad3D cells resulted in neither cell elongation nor Chk1–Myc
phosphorylation (Fig. 3e, f). These data demonstrate that Crb2 recruit-
ment to telomeres in taz1D cells is sufficient to restore the full check-
point pathway.

Next we investigated what marks telomeres different from the rest of
the genome. Pot1 and its interacting protein Ccq1 are likely candidates
as they bind telomeres independently of Taz1 and prevent checkpoints
at telomeres12–14,22. Indeed, in contrast to wild type, both germinating
pot1D and taz1D lig4D pot1D cells derived from heterozygous diploids
became elongated and presented Chk1–Myc phosphorylation (Fig. 4a,
b). Cell elongation was dependent on Rad3ATR, indicating an activation
of this checkpoint pathway (Supplementary Fig. 4). Therefore, Pot1 is
required to prevent telomeres from eliciting Rad3ATR-dependent
checkpoints not only in wild-type but also in taz1D cells. Ccq1 is
required for telomerase recruitment and inhibition of Rad3ATR check-
points at fission yeast telomeres22,23. Loss of Ccq1 results in progressive

telomere shortening and checkpoint activation before complete telo-
mere erosion. Pre-senescent ccq1D and trt1D single mutants have com-
parable short telomeres that initiate checkpoints on telomere erosion
(Fig. 4c–e). Likewise, ccq1D taz1D and trt1D taz1D double mutants
undergo ALT-like telomere elongation, preserving long and heteroge-
nous telomeres (Fig. 4c). However, in contrast to trt1D taz1D double
mutants, ccq1D taz1D mutants had a strong immediate checkpoint
response, becoming extremely elongated with strong Chk1 phosphor-
ylation (Fig. 4d, e). As expected, quantification of plasmid-borne YFP–
Crb2 revealed that both ccq1D and ccq1D taz1D cells had YFP–Crb2 foci
in the majority of observed cells (Fig. 4f). Moreover, ccq1D telomere
deprotection partially requires H4K20 methylation. Preventing H4K20
methylation at telomeres by removing Set9 from either ccq1D or
ccq1D taz1D cells reduces checkpoint activation and YFP–Crb2 foci
formation (Supplementary Fig. 5). Thus, absence of the Pot1–Ccq1
complex results in prompt Crb2 foci formation, Chk1–Myc phosphor-
ylation and cell cycle arrest, indicating that Crb2 telomere exclusion
constitutes a barrier imposed by normal telomeres to a full checkpoint
response. However, loss of Ccq1 in wild-type cells results in a weaker
and delayed checkpoint response than in taz1D mutants, establishing
that, in addition to Pot1–Ccq1, the Taz1 complex participates in check-
point inhibition at normal telomeres (Fig. 4d, e).

Our work provides new insight into how chromosome ends are pro-
tected from DNA damage checkpoints (Fig. 4g). Instead of preventing
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the detection of DNA damage, fission yeast telomeres constitute a
chromatin-privileged region on the chromosome that blocks transduc-
tion of an active checkpoint signal. This is achieved by preventing stable
association of Crb2 with telomeres, a checkpoint adaptor protein
required for the delivery and activation of Chk1. Studies in budding
yeast using a short telomere seed adjacent to a HO break postulated an
anticheckpoint activity at telomeres24. Following studies showed that
checkpoint repression in budding yeast is primarily regulated by the
inhibition of Mec1ATR recruitment to telomeres25–27. Fission yeast telo-
meres initiate a checkpoint response that fails to phosphorylate Crb2
and Chk1. However, rather than preventing recruitment and activation
of Rad3ATR, exclusion of Crb253BP1 from telomeres represents the critical
step in the inhibition of the checkpoint pathway.

The inability of telomeres to stably recruit Crb253BP1 is probably
due to the lack of H4K20me2 epigenetic marks at chromosome ends.
Studies in both mammalian cells and in fission yeast demonstrate
that H4K20me2 is the relevant histone modification for Crb2 binding
and is required for the stable recruitment of Crb2 to sites of DNA
damage3,4,19,28. Although H4K20me2 is the most abundant form of
H4K20me18, how it is regulated or localized is not understood. Our
finding that telomeres have low levels of H4K20me2 provides a
rationale for its ubiquitous nature throughout the genome.
Conceivably, H4K20me2 marks regions of the genome required for
chromosome contiguity, and cell division should not be attempted
unless the DNA damage response is disengaged. In contrast, the
absence of H4K20me2 marks regions where DNA perceived as
damaged, such as chromosome ends, would not interfere with genome
stability thus precluding a full checkpoint response.

Normal telomeres undergoing DNA replication temporarily lose
DNA protection. Studies in both yeast model systems and mam-
malian cells show that during S phase, concomitant with the replica-
tion fork passage, chromosome ends engage ATR and ATM15,16,29,30,
which are redundantly required for telomerase recruitment6.
However, the periodic activation of ATM and ATR at telomeres does
not result in either Chk1 or Chk2 phosphorylation or in cell cycle
delay. As dividing cells use cell-cycle-staged telomere exposure to
process chromosome ends and engage telomerase, it is likely that
these mechanisms have evolved to prevent cell cycle arrest in res-
ponse to normal replicating telomeres.

METHODS SUMMARY

All experiments were performed using the Schizosaccharomyces pombe strains

listed in Supplementary Information. Checkpoint studies were performed using

a combination of microscopy, ChIP and western blotting. Telomere length was

analysed by Southern blotting using telomere probes. For details of the methods

used, see Methods.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Strains and media. The strains used in this work are listed in Supplementary

Table 1. Strains were constructed using standard techniques31. Standard media

and growth conditions were used throughout this work32. Bleomycin sulphate

(5 mU ml21; Sigma-Aldrich) or hydroxyurea (20 mM; Sigma-Aldrich) was added

to exponentially growing cultures where indicated and incubated for 1 h for

bleomycin or 4 h for hydroxurea before cells were processed for immunoblot or

microscopy analysis. For the strains containing the HO system or the pJR plas-

mids, cultures were grown overnight in media containing 4 mM thiamine to

repress the HO endonuclease (or the protein cloned in the pJR plasmid). Cells
were then washed twice to remove thiamine and incubated for 20 h to induce

expression of HO endonuclease (or the protein encoded in the pJR plasmid).

Southern blot analysis. Genomic DNA was obtained from exponentially grow-

ing cells and digested with ApaI. Southern blot analysis was performed as

described10. A telomere probe labelled with 32P using the Prime-it II random

primer labelling kit (Stratagene) was used for Southern blotting.

ChIP. ChIP was performed as described15 with minor modifications. For TAP–

Crb2 ChIP, lysis buffer containing 0.1% SDS and pan-mouse IgG Dynabeads

(#110.41 Invitrogen) was added to 1.5 mg whole-cell extracts. For all the other

ChIPs, Dynabeads Protein G (#100.04D Invitrogen) was added to 1.5 mg whole-

cell extract pre-incubated with anti-Myc (9B11; Cell Signaling), anti-Flag (M2-

F4802; Sigma), anti-Rad51 (Sc-8349; Santa Cruz), anti-histone H2A (phospho

S129; ab15083; Abcam), anti-histone H4 (mono methyl K20; ab9051; Abcam),

anti-histone H4 (di-methyl K20; ab9052; Abcam) and anti-histone H4 (tri-methyl

K20; ab9053; Abcam). Recovered DNA was either analysed in triplicate by SYBR-

Green-based real-time PCR (Bio-Rad) using the primers listed in Supplementary

Table 2 or by dot-blot Southern blotting as described33. Per cent precipitated DNA

values were then calculated based onDCT between input and immunoprecipitated
samples from RT–PCR analysis or based on the difference in signal intensity

between input and immunoprecipitated samples from the dot-blot analysis

(Supplementary Fig. 6).

Immunoblot analysis. Whole-cell extracts prepared using exponentially grow-

ing cells were processed for western blot as described10. For detection of Chk1–

Myc, we used a 1:2,000 dilution of mouse anti-Myc monoclonal antibody (9E10;

Santa Cruz). For detection of Cds1–HA, Rad9–HA and Rad26–HA, we used a

1:1,000 dilution mouse anti-HA monoclonal antibody (16B12; Covance). Cds1–

HA was separated in 10% polyacrylamide gels containing 25 mM Phos-tag

(AAL-107; NARD Institute). For detection of YFP–Crb2, we used a 1:200 dilu-

tion mouse anti-GFP monoclonal antibody (11814460001; Roche).

Checkpoint studies. Diploids were sporulated in Edinburgh minimal media

(EMM) complete plates directly from 280 uC glycerol stocks and incubated

for 2 days at 32 uC. Cells were then treated with 10 ml of helix pomatia juice

(Pall Biosepra) in 1 ml water overnight with shaking. Spores were germinated in

yeast extract with supplements (YES) containing 50 mg ml21 ampicillin for 7 h

before changing into appropriate selective medium (time zero). Samples were

then collected every 3 h up to 12 h and a final sample was collected at 24 h. Cells

were fixed in 70% ethanol and processed for microscopy. Samples were collected

for immunoblot analysis and processed as described10.

Microscopy. Cells were grown at 25 uC in EMM with all supplements added. For

each individual experiment, at least 100 cells were analysed. For GFP, YFP and

mRFP visualization, live cells were imaged using a Delta Vision Core System

(Applied Precision) using a 1003 1.4 numerical aperture UplanSApo objective

and a cascade2 EMCCD camera (Photometrics). Images were acquired at 14

z-sections separated by 0.2-mm intervals. Deconvolution was performed using

the enhanced ratio method in softWoRx software. Co-localization experiments

were performed using maximum intensity projections of deconvoluted images.

To measure cell size in checkpoint studies, images were acquired in a Leica

DMIRE2 using a 1003 1.4 numerical aperture HCX PlaAPO objective and a

Hamamatsu EM-CCD camara. Cell size was measured using ImageJ software

(National Institutes of Health) calibrated with a reference image.

31. Bähler, J. et al. Heterologous modules for efficient and versatile PCR-based gene
targeting in Schizosaccharomyces pombe. Yeast 14, 943–951 (1998).

32. Moreno, S., Klar, A. & Nurse, P. Molecular genetic analysis of fission yeast
Schizosaccharomyces pombe. Methods Enzymol. 194, 795–823 (1991).

33. Khair, L., Subramanian, L., Moser, B. A. & Nakamura, T. M. Roles of
heterochromatin and telomere proteins in regulation of fission yeast telomere
recombination and telomerase recruitment. J. Biol. Chem. 285, 5327–5337
(2010).
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Supplementary Figure S1 – Validation of Pot1-mRFP as a marker of wt and rap1Δ 

dysfunctional telomeres. (a) Images showing Taz1-GFP and Pot1-mRFP localization in 

wt and rap1Δ cells. (b) Distribution of Taz1-GFP and Pot1-mRFP foci per cell. In wt 

cells, Taz1-GFP foci appear in a distribution of 1-3 foci per cells. In contrast, telomeres 

appear to coalesce in rap1Δ cells since most cells possess either 1 or 2 Taz1-GFP foci. 

Both wt and rap1Δ cells exhibit 1 or 2 Pot1-mRFP foci per cell. (c) Quantification of 

cells exhibiting Taz1-GFP and Pot1-mRFP foci. Whereas Taz1-GFP foci are visible in 

the majority of cells, Pot1-mRFP is only detected in 56% of wt cells. However, Pot1-

mRFP foci are visible in 80% of rap1Δ cells. As all Pot1-mRFP colocalize with Taz1-

GFP in rap1Δ cells, Pot1-mRFP presents as a good telomeric marker in cells with 

dysfunctional telomeres.  

 

Supplementary Figure S2 – Replication checkpoints are inactive in taz1Δ cells. 

Immunoblot analysis of Cds1-HA using Phos-tagTM polyacrylamide gels. Extracts 

derived from wt and taz1Δ cells exhibit hyperphosphorylation of Cds1 upon incubation 

with 20mM HU. Similar to wt cells, untreated taz1Δ cells lack Cds1 

hyperphosphorylation. 

 

Supplementary Figure S3 – Clr4-dependent heterochromatin is not responsible for 

H4K20me2 telomere exclusion. Telomeres are rich in H4K20me1 and H4K20me3 but 

lack H4K20me2 modifications, in contrast to internal chromosomal loci. Absence of Clr4 

methyltransferase (clr4Δ) does not greatly affect H4K20 methylation pattern at 

telomeres, although a reduction in H4K20me3 modification can be observed. Cells 

lacking Set9/Kmt5 methylase (set9Δ) were used as control. qPCR based ChIP analysis of 

H4K20me1, H4K20me2 and H4K20me3 at telomeres (Telomere) and ade6+ locus 

(Internal) on the indicated strains shown as percentage precipitated DNA. Error bars, s.d.; 

n≥3; * p<0.05, ** p<0.01 and *** p<0.001 based on a two-tailed Student’s t-test to 

controls. 
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wt and rap1Δ cells. (b) Distribution of Taz1-GFP and Pot1-mRFP foci per cell. In wt 

cells, Taz1-GFP foci appear in a distribution of 1-3 foci per cells. In contrast, telomeres 

appear to coalesce in rap1Δ cells since most cells possess either 1 or 2 Taz1-GFP foci. 

Both wt and rap1Δ cells exhibit 1 or 2 Pot1-mRFP foci per cell. (c) Quantification of 

cells exhibiting Taz1-GFP and Pot1-mRFP foci. Whereas Taz1-GFP foci are visible in 

the majority of cells, Pot1-mRFP is only detected in 56% of wt cells. However, Pot1-

mRFP foci are visible in 80% of rap1Δ cells. As all Pot1-mRFP colocalize with Taz1-

GFP in rap1Δ cells, Pot1-mRFP presents as a good telomeric marker in cells with 

dysfunctional telomeres.  

 

Supplementary Figure S2 – Replication checkpoints are inactive in taz1Δ cells. 

Immunoblot analysis of Cds1-HA using Phos-tagTM polyacrylamide gels. Extracts 

derived from wt and taz1Δ cells exhibit hyperphosphorylation of Cds1 upon incubation 

with 20mM HU. Similar to wt cells, untreated taz1Δ cells lack Cds1 

hyperphosphorylation. 

 

Supplementary Figure S3 – Clr4-dependent heterochromatin is not responsible for 

H4K20me2 telomere exclusion. Telomeres are rich in H4K20me1 and H4K20me3 but 

lack H4K20me2 modifications, in contrast to internal chromosomal loci. Absence of Clr4 

methyltransferase (clr4Δ) does not greatly affect H4K20 methylation pattern at 

telomeres, although a reduction in H4K20me3 modification can be observed. Cells 

lacking Set9/Kmt5 methylase (set9Δ) were used as control. qPCR based ChIP analysis of 

H4K20me1, H4K20me2 and H4K20me3 at telomeres (Telomere) and ade6+ locus 

(Internal) on the indicated strains shown as percentage precipitated DNA. Error bars, s.d.; 

n≥3; * p<0.05, ** p<0.01 and *** p<0.001 based on a two-tailed Student’s t-test to 

controls. 
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dysfunctional telomeres. (a) Images showing Taz1-GFP and Pot1-mRFP localization in 

wt and rap1Δ cells. (b) Distribution of Taz1-GFP and Pot1-mRFP foci per cell. In wt 

cells, Taz1-GFP foci appear in a distribution of 1-3 foci per cells. In contrast, telomeres 

appear to coalesce in rap1Δ cells since most cells possess either 1 or 2 Taz1-GFP foci. 

Both wt and rap1Δ cells exhibit 1 or 2 Pot1-mRFP foci per cell. (c) Quantification of 

cells exhibiting Taz1-GFP and Pot1-mRFP foci. Whereas Taz1-GFP foci are visible in 

the majority of cells, Pot1-mRFP is only detected in 56% of wt cells. However, Pot1-

mRFP foci are visible in 80% of rap1Δ cells. As all Pot1-mRFP colocalize with Taz1-

GFP in rap1Δ cells, Pot1-mRFP presents as a good telomeric marker in cells with 

dysfunctional telomeres.  
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Immunoblot analysis of Cds1-HA using Phos-tagTM polyacrylamide gels. Extracts 

derived from wt and taz1Δ cells exhibit hyperphosphorylation of Cds1 upon incubation 

with 20mM HU. Similar to wt cells, untreated taz1Δ cells lack Cds1 

hyperphosphorylation. 
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H4K20me2 telomere exclusion. Telomeres are rich in H4K20me1 and H4K20me3 but 

lack H4K20me2 modifications, in contrast to internal chromosomal loci. Absence of Clr4 

methyltransferase (clr4Δ) does not greatly affect H4K20 methylation pattern at 

telomeres, although a reduction in H4K20me3 modification can be observed. Cells 

lacking Set9/Kmt5 methylase (set9Δ) were used as control. qPCR based ChIP analysis of 

H4K20me1, H4K20me2 and H4K20me3 at telomeres (Telomere) and ade6+ locus 

(Internal) on the indicated strains shown as percentage precipitated DNA. Error bars, s.d.; 

n≥3; * p<0.05, ** p<0.01 and *** p<0.001 based on a two-tailed Student’s t-test to 

controls. 
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Supplementary Figure S4 – Pot1 prevents Rad3/ATR checkpoints at telomeres. 

Delay in cell cycle progression activated by depleting Pot1 is dependent on rad3+. 

Histograms depicting the distribution of cell sizes in µm at different time points in 

haploid cells of the indicated genotype. Meiosis was induced in rad3+/ Δ; pot1+/ Δrad3+/ Δ; 

taz1Δ/ Δlig4Δ/ Δrad3+/ Δ and taz1Δ/ Δlig4Δ/ Δpot1+/ Δrad3+/ Δ diploids and the resulting spores 

were allowed to germinate in rich media for 7h. Subsequently, the resulting haploid cells 

were incubated in selective media for the desired genotype and samples were taken at 

different time points. 

 

Supplementary Figure S5 – Preventing H4K20 methylation in ccq1Δ cells partially 

rescues telomere deprotection. In ccq1Δ and ccq1Δ taz1Δ cells, a reduction in the 

number of YFP-Crb2 foci is observed upon deletion of Set9. (a) Quantification of the 

number of YFP foci in cells expressing YFP-Crb2 from a pREP81 multicopy plasmid. (b) 

Immunoblot analysis of Chk1-myc in ccq1Δ and ccq1Δ taz1Δ cells upon deletion of Set9. 

(c) Telomere lengh analysis by southern blotting using a telomere probe in the indicated 

strains.  

 

Supplementary Figure S6 – Telomeric dot-blots used for ChIP quantification. Upper 

rows depict input samples whereas lower rows represent ChIP samples for three 

independent experiments. Input samples exhibit 40% of total DNA.   
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different time points. 
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rows depict input samples whereas lower rows represent ChIP samples for three 

independent experiments. Input samples exhibit 40% of total DNA.   
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2. SUPPLEMENTARY TABLES 

Supplementary Table 1. Strains used in this study. 

Strain Genotype Creator 
MGF10 h- ade6-M210 his3-D1 leu1-32 ura4-D18 J Cooper 
MGF11 h+ ade6-M216 his3-D1 leu1-32 ura4-D18 J Cooper 
MGF21 h+ taz1::KanMX6 J Cooper 
MGF224 h- ade6-M216 leu1-32 ura4-D18 pot1::pot1-mRFP-KanMX6 rad11::rad11-GFP-

KanMX6 
This study 

MGF225 h- ade6-M210 leu1-32 ura4-D18 pot1::pot1-mRFP-KanMX6 rad11::rad11-GFP-
KanMX6 taz1::ura4+ 

This study 

MGF226 h+ ade6-M210 leu1-32 ura4-D18 pot1::pot1-mRFP-KanMX6 rad22::rad22-
GFP-KanMX6 

This study 

MGF228 h+ leu1-32 ura4-D18 rad26::rad26-GFP-KanMX6 T Wolkow 
MGF232 h+ ade6-M216 ura4-D18 pot1::pot1-mRFP-KanMX6 rad26::rad26-GFP-

KanMX6 
This study 

MGF233 h+ ade6-M216 leu1-32 ura4-D18 pot1::pot1-mRFP-KanMX6 rad26::rad26-
GFP-KanMX6 taz1::ura4+  

This study 

MGF298 h+ ade6-M210 leu1-32 ura4-D18 his3-D3 rad26::rad26-3HA AM Carr 
MGF304 h-/h+ ade6-M210/ade6-M216 his3-D1/his3-D1 leu1-32/leu1-32 ura4-D18/ura4-

D18 
J Cooper 

MGF309 h-/h+ ade6-M210/ade6-M216 leu1-32/leu1-32 ura4-D18/ura4-D18 
lig4::KanMX6/lig4::KanMX6 taz1::ura4+/taz1::ura4+ 

J Cooper 

MGF318 h- rad4::rad4-GFP-ura4+ AM Carr 
MGF320 h- leu1-32::2xYFP-crb2-leu1+ ura4-D18 crb2-D2::ura4+ P Russell 
MGF320 h- leu1-32::2xYFP-crb2-leu1+ ura4-D18 crb2-D2::ura4+ P Russell 
MGF321 h+ ade6-M210 leu1-32 ura4-D18 rad9::Rad9-YFP-ura4+ AM Carr 
MGF346 h- ade6-M210 his3-D1 leu1-32 ura4-D18 cds1::cds1-3HA-KanMX6 This study 
MGF347 h- ade6-M210 his3-D1 ura4-D18 taz1::ura4 cds1::cds1-3HA-KanMX6 This study 
MGF348 h- ade6-M210 his3-D1 leu1-32 ura4-D18 chk1::chk1-13myc-KanMX6 This study 
MGF381 h-/h+ ade6-M210/ade6-M216 leu1-32/leu1-32 ura4-D18/ura4-D18 

lig4::KanMX6/lig4::KanMX6 taz1::ura4+/taz1::ura4+ pot1+/pot1::hphMX6 
This study 

MGF424 h- ade6-M210 his3-D1 leu1-32 ura4-D18 chk1::chk1-13myc-KanMX6 
taz1::ura4+ 

This study 

MGF449 h-/h+ ade6-M210/ade6-M216 his3-D1/his3-D1 leu1-32/ leu1-32 ura4-D18/ura4-
D18 pot1+/pot1::ura4+ 

This study 

MGF643 h- ade6-M210 ura4-D18 leu1-32::2xYFP-crb2-leu1+ crb2-D2::ura4+ pot1::pot1-
mRFP-KanMX6 

This study 

MGF645 h- ade6-M210 ura4-D18 leu1-32::2xYFP-crb2-leu1+ crb2-D2::ura4+ pot1::pot1-
mRFP-KanMX6 taz1::Kan-MX6 

This study 

MGF646 h+ ade6-M210 ura4-D18 rad4::rad4-GFP-ura4+ pot1::pot1-mRFP-KanMX6 This study 
MGF647 h- ade6-M210  ura4-D18 rad4::rad4-GFP-ura4+ pot1::pot1-mRFP-KanMX6 

taz1::ura4+ 
This study 

MGF649 h- leu1-32::2xYFP-crb2-leu1+ ura4-D18 crb2-D2::ura4+ taz1::KanMX6 This study 
MGF674 h+ ade6-M216 leu1-32 ura4-D18 rad9::rad9-YFP-ura4+ pot1::pot1-mRFP-

KanMX6 taz1::KanMX6 
This study 

MGF675 h+ ade6-M216 leu1-32 ura4-D18 rad9::rad9-YFP-ura4+ pot1::pot1-mRFP-
KanMX6 

This study 

MGF726 h- ade6-M210 leu1-32  ura4-D18 his3-D1 rad3::natMX6 This study 
MGF728 h+ ade6-M216 leu1-32 ura4-D18 taz1::taz1-GFP-KanMX6 pot1-mRFP-KanMX6 This study 
MGF801 h-/h+ ade6-M216/ade6-M210 his3-D1/his3-D1 ura4-D18/ura4-D18 leu1- This study 
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32::2YFP-crb2-leu1+/leu1-32::2YFP-crb2-leu1+ crb2-D2::ura4+/crb2-D2::ura4+ 

taz1::KanMX6/taz1::kanMX6 lig4::kanMX6/lig4::KanMX6 
MGF802 h-/h- ade6-M216/ade6-M210  his3-D1/his3-D1 ura4-D18/ura4-D18 leu1-

32::2YFP-crb2-leu1+/leu1-32::2YFP-crb2-leu1+ crb2-D2::ura4+/crb2-D2::ura4+ 
taz1::KanMX6/taz1::kanMX6 lig4::kanMX6/lig4::KanMX6 pot1+/pot1::hphMX6 

This study 

MGF804 h-/h+ ade6-M210/ade6-M216 his3-D1/his3-D1 leu1-32/leu1-32 ura4-D18/ura4-
D18 taz1::KanMX6/taz1::KanMX6 

This study 

MGF821 h- ade6-M210 leu1-32  ura4-D18 his3-D1 rad3::natMX6 taz1::KanMX6 This study 
MGF873 h- ade6-M210 his3-D1 leu1-32 ura4-D18 chk1::chk1-13myc-KanMX6 + 

pJR81XL(LEU2) 
This study 

MGF876 h- ade6-M210 his3-D1leu1-32 ura4-D18 taz1::ura4+ chk1::chk1-13myc-KanMX6 
+  pJR81XL(LEU2) 

This study 

MGF882 h- ade6-M210 his3-D1 leu1-32 ura4-D18 chk1::chk1-13myc-KanMX6 + 
pJR81XL-myb-2YFP-crb2(LEU2) 

This study 

MGF885 h- ade6-M210 his3-D1leu1-32 ura4-D18 taz1::ura4 chk1::chk1-13myc-KanMX6 
+ pJR81XL-myb-2YFP-crb2(LEU2) 

This study 

MGF888 h+ ade6-M210 leu1-32 ura4-D18 pot1::pot1-mRFP-KanMX6 + pJR81XL-myb-
2YFP-crb2(LEU2) 

This study 

MGF894 h+ ade6-M216 leu1-32 ura4-D18 pot1::pot1-mRFP-KanMX6 taz1::ura4++ 
pJR81XL-myb-2YFP-crb2(LEU2) 

This study 

MGF927 h+ ade6-M216 leu1-32 ura4-D18 taz1::taz1-GFP-KanMX6 pot1::pot1-mRFP-
KanMX6 rap1::hphMX6 

This study 

MGF977 h- ade6-M210 leu1-32  ura4-D18 his3-D1 rad3::natMX6 taz1::KanMX6 + 
pJR81XL(LEU2) 

This study 

MGF978 h- ade6-M210 leu1-32  ura4-D18 his3-D1 rad3::natMX6 taz1::KanMX6 + 
pJR41XL-myb-2YFP-Crb2(LEU2) 

This study 

MGF998 h- ade6-M210 his3-D1 leu1-32 ura4-D18 rad9::rad9-3HA-hphMX6 This study 
MGF999 h+ taz1::kanMX6 rad9::rad9-3HA-hphMX6 This study 
MGF1000 h-/h+ ade6-M210/ade6-M216 his3-D1/his3-D1 leu1-32/leu1-32 ura4-D18/ura4-

D18 chk1::ckh1-13myc-natMX6/chk1+ 
This study 

MGF1001 h-/h+ ade6-M210/ade6-M216 leu1-32/leu1-32 ura4-D18/ura4-D18 
lig4::KanMX6/lig4::KanMX6 taz1::ura4+/taz1::ura4+ chk1::chk1-13myc-
natMX6/chk1+ 

This study 

MGF1002 h-/h+ ade6-M210/ade6-M216 leu1-32/leu1-32 ura4-D18/ura4-D18 
lig4::KanMX6/lig4::KanMX6 taz1::ura4+/taz1::ura4+pot1::hphMX6/pot1+ 
chk1::ckh1-13myc-natMX6/chk1+ 

This study 

MGF1003 h-/h+ ade6-M210/ade6-M216 his3-D1/his3-D1 leu1-32/leu1-32 ura4-D18/ura4-
D18 chk1::ckh1-13myc-natMX6/chk1+ pot1::ura4+/pot1+ 

This study 

MGF1004 h-/h+ ade6-M210/ade6-M216 his3-D1/his3-D1 leu1-32/leu1-32 ura4-D18/ura4-
D18 rad3::natMX6/rad3+ 

This study 

MGF1005 h-/h+ ade6-M210/ade6-M216 leu1-32/leu1-32 ura4-D18/ura4-D18 
lig4::KanMX6/lig4::KanMX6 taz1::ura4+/taz1::ura4+ rad3::natMX6/rad3+ 

This study 

MGF1030 h- ade6-M210 leu1-32  ura4-D18 his3-D1 rad3::natMX6 taz1::KanMX6 
chk1::chk1-13myc-hphMX6 + pJR81XL(LEU2) 

This study 

MGF1031 h- ade6-M210 leu1-32  ura4-D18 his3-D1 rad3::natMX6 taz1::KanMX6 
chk1::chk1-13myc-hphMX6 taz1-::KanR + pJR81XL-myb-2YFP-crb2(LEU2) 

This study 

MGF1044 h+ ade6-M210 leu1-32 ura4-D18 his3-D3 rad26::rad26-3HA 
taz1::kanMX6 

This study 

MGF1045 
 

h-/h+ ade6-M210/ade6-M216 leu1-32/leu1-32 ura4-D18/ura4-D18 
lig4::KanMX6/lig4::KanMX6 taz1::ura4+/taz1::ura4+ pot1::hphMX6/pot1+ 
rad3::natMX6/rad3+ 

This study 

MGF1046 h-/h+ ade6-M210/ade6-M216 his3-D1/his3-D1 leu1-32/leu1-32 ura4-D18/ura4-
D18  pot1::ura4+/pot1+ rad3::natMX6/rad3+ 

This study 

MGF1054 h-/h+ ade6-M210/ade6-M216 taz1::ura4+/taz1+ J Cooper 
MGF1055 h+ ade6-M216 his3-D1 leu1-32 ura4-D18 pot1::pot1-mRFP-KanMX6 This study 
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rad22::rad22-GFP-KanMX6 taz1::ura4+ 
MGF1263 h- ade6-M210 his3-D1 leu1-32 ura4-D18 chk1::chk1-13myc-KanMX6 

ccq1::hphMX6 
This Study 

MGF1264 h- ade6-M210 his3-D1 leu1-32 ura4-D18 chk1::chk1-13myc-KanMX6 
trt1::hphMX6 

This Study 

MGF1265 h- ade6-M210 his3-D1 leu1-32 ura4-D18 chk1::chk1-13myc-KanMX6 
taz1::ura4+ ccq1::hphMX6 

This Study 

MGF1344 h- ade6-M210 his3-D1 leu1-32 ura4-D18 chk1::chk1-13myc-KanMX6 + 
pJR81XL-2YFP-crb2(LEU2) 

This Study 

MGF1345 h- ade6-M210 his3-D1 leu1-32 ura4-D18 chk1::chk1-13myc-KanMX6 
taz1::ura4+ + pJR81XL-2YFP-crb2(LEU2) 

This Study 

MGF1366 h- ade6-M210 his3-D1 leu1-32 ura4-D18 chk1::chk1-13myc-KanMX6 
ccq1::hphMX6 + pJR81XL-2YFP-crb2(LEU2) 

This Study 

MGF1369 h- ade6-M210 his3-D1 leu1-32 ura4-D18 chk1::chk1-13myc-KanMX6 
taz1::ura4+ ccq1::hphMX6 + pJR81XL-2YFP-crb2(LEU2) 

This Study 

MGF1371 ade6-M210 leu1-32 his3-D1 ura4-D18 taz1::ura4+ trt1::his3+ chk1::chk1-13myc-
KanMX6 

This Study 

MGF1422 h- his3-D1 leu1-32 ura4-D18 set9::KanMX6 chk1::chk1-13myc-hphMX6 
ccq1::natMX6 

This Study 

MGF1424 h- his3-D1 leu1-32 ura4-D18 set9::KanMX6  taz1::ura4+ chk1::chk1-13myc-
hphMX6 ccq1::natMX6 

This Study 

MGF1430 h- his3-D1 leu1-32 ura4-D18 set9::KanMX6 chk1-13myc-hphMX6 + pJR81XL-
2YFP-Crb2(LEU2) 

This Study 

MGF1431 h- his3-D1 leu1-32 ura4-D18 set9::KanMX6  taz1::ura4+ chk1::chk1-13myc-
hphMX6 + pJR81XL-2YFP-Crb2(LEU2) 

This Study 

MGF1432 h- his3-D1 leu1-32 ura4-D18 set9::KanMX6  taz1::ura4+ chk1::chk1-13myc-
hphMX6 ccq1::natMX6  + pJR81XL-2YFP-Crb2(LEU2) 

This Study 

MGF1454 his3-D1 leu1-32 ura4-D18 set9::KanMX6 chk1-13myc-hphMX6 ccq1::natMX6 + 
pJR81XL-2YFP-Crb2(LEU2) 

This Study 

TN1583 h- leu1-32 ura4-D18 ade6-M210 his3-D1 hta1-S129A-ura4+ hta2-S128A-his3+  T. Nakamura 
TN436 h+ leu1-32 ura4-D18 ade6-M216 his3-D1 rhp51::ura4+ T. Nakamura 
TN2411 h- leu1-32 ura4-D18 his3-D1 T. Nakamura 
TN3875 h- leu1-32 ura4-D18 TAP-crb2+ T. Nakamura 
TN4422 h- leu1-32 ura4-D18 his3-D1 cut5::cut5-13myc-kanMX6 T. Nakamura 
TN5599 h- leu1-32 ura4-D18 his3-D1 rad11::rad11-5FLAG-KanMX6 T. Nakamura 
TN6331 h+ leu1-32 ura4-D18 his3-D1 taz1-2::ura4+ rad11-5FLAG:KanMX T. Nakamura 
LK8667 h- leu1-32 ura4-D18 his3-D1 ccq1::hphMX6 This Study 
LK8880 h- leu1-32 ura4-D18 his3-D1 taz1-2::ura4+ ccq1::hphMX6 This Study 
LK10138 h+ leu1-32 ura4-D18 ade6-M210 his3-D1 taz1-2::ura4+ TAP-crb2+ This Study 
LK10142 h+ leu1-32 ura4-D18 ade6-M210 his3-D1 taz1-2::ura4+ cut5::cut5-13myc-

kanMX6 
 

LK10146 h- leu1-32 ura4-D18 ade6-M210 his3-D1 taz1-2::ura4+ hta1-S129A:ura4+ hta2-
S128A:his3+ 

This Study 

LK10152 h+ leu1-32 ura4-D18 his3-D1 taz1-2::ura4+ set9::kanMX6 This Study 
LK10177 h- leu1-32 ura4-D18 his3-D1 ccq1::hphMX set9::kanMX6 This Study 
LK10180 h- leu1-32 ura4-D18 his3-D1 ccq1::hphMX TAP-crb2+ This Study 
CF213 h- leu1-32 ura4-D18 ade6-M210 his3-D1 taz1-2::ura4+ T. Nakamura 
WL5954 h- leu1-32 ura4-D18 his3-D1 arg3::HO-KanRa TAP-crb2+ ars1(Mlu1)::nmt(41)-

HOwt:his3+ 
This Study 

BAM4195 h- leu1-32 ura4-D18 his3-D1 clr4::kanMX6 This Study 
BAM4202 h- leu1-32 ura4-D18 his3-D1 set9::kanMX6 This Study 
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Supplementary Table 2 - DNA primers used for ChIP. 
 

 

Location Primer 
Name 

Primer Sequence (5’ to 3’) References 

Jk380 TATTTCTTTATTCAACTTACCGCACTTC 6 
telomere 
(TAS1) 

Jk381 CAGTAGTGCAGTGTATTATGATAATTAAAATGG 6 

TN633 TGATGGAGGACGTGAGCACATTGA This Study 
ade6+ locus 

TN634 TTGAATGCATCGCAGAGTTGCAGG This Study 

TN545 GCATACGATATATTACGGCGCCAA This Study 
HO site 
(arg3+ locus) 

TN546 TTCGTACCCAATTCGCCCTATAGT This Study 
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