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Abstract 

Telomeres are nucleoprotein comple x es that protect the chromosome-ends from eliciting DNA repair while ensuring their complete duplication. 
Pot1 is a subunit of telomere capping complex that binds to the G-rich o v erhang and inhibits the activation of DNA damage c hec kpoints. In 
this study, w e e xplore ne w functions of fission y east Pot1 b y using a pot1-1 temperature sensitive mutant. We show that pot1 inactivation 
impairs telomere DNA replication resulting in the accumulation of ssDNA leading to the complete loss of telomeric DNA. Recruitment of Stn1 
to telomeres, an auxiliary factor of DNA lagging strand synthesis, is reduced in pot1-1 mutants and o v ere xpression of Stn1 rescues loss of 
telomeres and cell viability at restrictive temperature. We propose that Pot1 pla y s a crucial function in telomere DNA replication by recruiting 
Stn1-Ten1 and Pol α-primase complex to telomeres via Tpz1, thus promoting lagging-strand DNA synthesis at stalled replication forks. 
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ntroduction 

elomeres, the ends of eukaryotic chromosomes, contain short
ouble-stranded tandem repeats that terminates in a single-
tranded DNA ( ssDNA ) overhang. They are bound by a
rotein complex, termed Shelterin, which ensures their pro-
ection ( 1–3 ) . In humans, Shelterin is composed by TRF1
nd TRF2 that directly bind to the telomeric duplex DNA
nd recruit RAP1. Telomeric ssDNA is bound by POT1,
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which recruits TPP1, and the two subcomplexes are bridged
by TIN2. Shelterin prevents inappropriate DNA repair at
chromosome-ends, checkpoint activation and facilitates repli-
cation of telomeric DNA ( 4 ,5 ) . Telomeres shortening occurs
with successive cell divisions caused by the inability of replica-
tive DNA polymerases to fully replicate terminal DNA. This
process is known as ‘end replication problem’ ( 6 ) . The slow
telomere erosion is counteracted by the action of telomerase,
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a reverse transcriptase that uses the telomere 3 

′ overhang
to extend chromosome-ends ( 1 ,7 ) . However, abrupt loss of
telomeric DNA can occur during telomeric DNA replica-
tion. Indeed, telomeres are genome fragile sites hard to repli-
cate as they contain several DNA replication barriers ( DNA
secondary structures, R-loop containing RNA:DNA hybrids,
bound proteins and topological constrains ) . These barriers im-
pede the progression of the replication fork through telom-
eric repeat sequences leading to fork collapse and, potentially,
DNA double strand breaks ( DSBs ) ( 8 ,9 ) . Thus, unidirectional
replication forks that progress toward the end of the chromo-
some frequently slow down and stall when entering telomeric
tracks ( 10 ,11 ) . 

The fission yeast Sc hizosacc haromyces pombe contains a
shelterin-like complex that is evolutionary conserved between
fission yeast and humans ( 12 ) . Taz1, the homolog of both
mammalian TRF1 and TRF2, binds to duplex telomeric DNA
wherease the 3 

′ overhang is protected by Pot1. Both factors
are physically bridged by Rap1, Poz1 and Tpz1 and ensure
the full protection of telomeres ( 13 ,14 ) . S. pombe shelterin
plays a major function in recruiting telomerase that includes
the catalytic subunit Trt1 and the RNA subunit ter1 ( 15 ,16 ) .
Phosphorylation of Shelterin by the Rad3 

ATR kinase promotes
the recruitment of telomerase to fission yeast telomeres via
Tpz1 ( 17 ,18 ) resulting in telomere elongation ( 19 ) . The cycle
of elongation is terminated through the SUMOylation of Tpz1
on lysine 242, which promotes the recruitment of the Stn1-
Ten1 complex ( 20–22 ) . Stn1-Ten1 fulfils an important func-
tion in telomere protection ( 25 ) by recruiting Pol α-Primase
complex and lagging strand synthesis ( 22 ,23 ) . 

As in mammals, fission yeast Shelterin regulates telomere
replication. Taz1 is a major factor in this process although
its precise function has not yet been established ( 10 ) . Addi-
tional components, such as the RPA heterotrimer, the Pfh1
helicase and telomerase itself, contribute to promoting effi-
cient replication of telomeres ( 24–27 ) . Recently, we and others
have shown that the Stn1-Ten1 complex is required for telom-
ere and subtelomere replication ( 22 ,28 ) . More recently, we
showed that Stn1-Ten1 is recruited to the subtelomeric STE3-
2 region ( 58 ) . This region requires a fully functional Stn1-Ten1
complex to be efficiently replicated and maintained. Remark-
ably, Stn1-Ten1 recruitment to STE3-2 requires Pot1-Tpz1-
Poz1 but not Taz1. All together, these experiments indicate
that Stn1-Ten1 prevents the accumulation of ssDNA by pro-
moting lagging strand DNA synthesis through the recruitment
of Pol α-Primase complex to stalled replication forks. In mam-
mals, the CST complex is composed by CTC1, STN1 and
TEN1 and is not only required for telomere replication ( 29–
31 ) but also global genome replication ( 32 ,33 ) . The CST com-
plex may also act as a terminator of telomerase elongation
by promoting lagging strand synthesis and blocking the 3 

′ -
overhang ( 34 ,35 ) . 

Pot1 is an essential subunit of the Shelterin complex. It rec-
ognizes the 3 

′ single-stranded overhang and plays a major role
in the protection of telomeres ( 36 ,37 ) . This function is rein-
forced by its interaction with TPP1 

Tpz1 ( 38 ) . Pot1 is also de-
scribed to act as a negative regulator of telomerase ( 39 ) . In-
deed, mammalian POT1 is thought to promote telomere lag-
ging strand synthesis by the recruitment of the CST complex
to telomeres ( 40 ,41 ) . Thus, functions of POT1 seems to be in-
timately linked to CST complex. However, in contrast to CST,
a role of POT1 in telomere replication has not been estab-
lished so far. A thermosensitive ( ts ) mutant of pot1 

+ ( pot1-
1 ) was identified by the Cooper laboratory ( 42 ) . This mutant 
loses telomeres rapidly and accumulate ssDNA during S-phase 
at restrictive temperature, indicating that Pot1 fulfils crucial 
functions during DNA replication ( 42 ) . Using pot1-1 mutants,
we further explore the role of Pot1 in telomere replication.
We show that Pot1 acts with the Stn1-Ten1 complex via Tpz1 

to promote DNA replication of telomeric and subtelomeric 
DNA. Our results indicate that Pot1 stabilizes Stn1-Ten1 at 
telomeres and promotes Pol α−dependent DNA replication to 

ensure efficient replication of chromosome ends. 

Materials and methods 

Yeast strains and media 

The strains used during this work can be found listed in Sup- 
plementary Table S1. De novo strains were constructed using 
commonly used techniques ( 43 ) . These include yeast mating 
combined with tetrad dissection and yeast transformation. In- 
tended mutants were screened using appropriate selective me- 
dia combined with Polymerase Chain Reaction ( PCR ) tests.
Gene knockouts were made by substituting entire Open Read- 
ing Frames ( ORF ) with kanMX6, hphMX6 or natMX6 cas- 
settes while gene tagging was made using GFP, HA or Myc 
epitopes. pot1-1 strain generated in the Cooper lab resulted 

from integration of GFP-KanMX cassette at the C-terminal 
part of endogenous pot1 + carrying E158G and D456N mu- 
tations ( 42 ) . 

Standard media and growth condition were used, unless 
stated otherwise. The growth media used for most of the 
strains was Yeast Extract Supplemented ( YES ) and the nor- 
mal growth temperature was 32 

◦C. Temperature sensitive 
strains were cultured at 25 

◦C for non-conditioned protein 

( permissive temperature ) and at 37 

◦C to inactivate the protein 

being studied ( restrictive temperature ) . Strains that have genes 
under nmt promoter were grown in Pombe Minimal Gluta- 
mate medium ( PMG ) , which lacks thiamine to induce over- 
expression of the target gene. The media was complemented 

with the required amino acids. 

Spot viability assay 

Cells were grown in YES or PMG liquid media in a shacking 
incubator ( 200 rpm ) until mid-logarithmic growth phase is 
reached ( OD ≈ 0.7 ) . Incubation temperature was 32 

◦C while 
temperature sensitive strains were incubated at 25 

◦C. Five- 
fold serial dilution were made from 0 . 7 × 10 

6 cells and each 

dilution were spotted in YES or PMG solid media. Plates were 
incubated at 25 

◦C to control for the loading while others were 
incubated at 37 

◦C for 3–5 days before imaging. 

Microscopy and cell length measurement 

Cells were grown in liquid media at 25 

◦C for temperature sen- 
sitive strains ( permissive temperature ) and 32 

◦C for remaining 
strains until mid-logarithmical growth phase. They were then 

incubated in a 37 

◦C shaking water bath. Eight hours after tem- 
perature shift cells were fixed in 70% ethanol and imaged us- 
ing Delta Vision Core System Microscope ( 100 × 1.4 numer- 
ical aperture UplanSApo objective and a cascade2 EMCCD 

camera ) . Deconvolution was performed using the enhanced 

ratio method in softWoRx software. Lengths of 400 cells per 
strain were assessed using FIJI Software and analyzed using 
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outhern blotting 

ells were grown in liquid media and genomic DNA was ex-
racted from exponentially growing yeast cells using phenol-
hloroform technique. DNA samples were digested using
coR I enzyme and resolved by electrophoresis in a 0.7%
garose gel. The gel was quantified using REDSAFE signal
 Supplementary Figure S2 ) and treated for 15 min in 0.25M
Cl, 30 min in denaturing solution ( 0.5 M NaOH, 1.5 M
aCl ) and 1 h in the neutralizing solution ( 1 M NH4Ac,
0 mM NaOH ) . DNA was transferred from the agarose gel
o a positively charged membrane ( Hybond-XL membranes
rom GE healthcare ) using capillarity technique. After being
xposed to UV radiation to induce DNA cross-link the mem-
rane was pre-hybridized in Church-Gilbert solution ( 1%
SA, 1 mM EDTA, 7% SDS, 0.5 M Na 2 HPO 4 , 4 ml H 3 PO 4

5%, upto 1 L with H 2 O ) at 65 

◦C and probed using Telom-
re oligo radiolabeled with radioactive phosphate 32 P to vi-
ualize the telomeres. To measure the loading the membrane
as probe with radiolabeled Rad4 oligo that was created us-

ng 5 

′ -tcataatttcccccaaacca-3 

′ and 5 

′ accgtattttagccgacgtg-3 

′ 

rimers. We also probed subtelomeric region that is 5Kbp
 subtelo-5K probe ) from telomere using 32 P-labeled PCR
roducts amplified with 5 

′ -acactcaattcaaatcaacttc-3 

′ and 5 

′ -
tgtttgaaaattgagcttatg-3 

′ primers ( 28 ) . 

verhang assay 

east cultured in liquid media was used to extract DNA us-
ng phenol-chloroform technique after Zymolyase treatment.
n-gel telomeric overhang assay was performed on EcoR I-HF
igested DNA samples. DNA was resolved by electrophoresis
n a 0.7% agarose gel which was dried for 2 h at 50 

◦C using
83 gel dryer model from Bio-Rad. Dried gel was hybridized
n Church-Gilbert solution ( 1% BSA, 1 mM EDTA, 7% SDS,
.5 M Na 2 HPO 4 , 4 ml of H 3 PO 4 85%, upto 1 L with H 2 O )
t 50 

◦C for one hour and probed overnight using telomeric
-rich oligo radiolabeled with γ-ATP. 

wo-dimensional ( 2D ) gel electrophoresis 

D gel electrophoresis assay was implemented as described by
oguchi et al. ( 44 ) . 60 U of Nsi I enzyme was used to digest 10
g of DNA, which was used to access telomeres. The first di-
ension DNA was run on 0.4% agarose gel while the second
imension was run in a 1% agarose gel. Gels were transferred
o positively charged membranes ( Hybond-XL membranes )
nd probed with the STE1 probe. 

ulse Field Gel Electrophoresis ( PFGE ) 

ells cultured in liquid media were collected when they
eached mid-logarithmic phase, washed twice with SP1 ( 1.2 M
-sorbitol, 50 mM sodium citrate, 50 mM Na 2 HPO 4 ·7H 2 O,
0 mM EDTA, pH 6.5 ) and treated for 40 min with Zymolase-
0T ( 30 mg / 100 μl ) . Spheroplasts were then spun down and
e-suspended in 1% low melting point agarose in TSE ( 10 mM
ris-HCl, pH 7.5, 0.9 M sorbitol, 45 mM EDTA ) to have a
nal concentration of 1 x 10 

8 cells in 100 μl. The mix was dis-
ensed in 90 μl plugs molds and let to solidify at 4 

◦C. Plugs
ere then incubated for 90 min in 0.25 M EDTA, 50 mM
ris-HCl, pH 7.5 and 1% SDS and then in 0.5 M EDTA 10
M Tris ( pH 9.5 ) , 1% lauryl sarcosine and 1–2 mg / ml pro-

einase K for 24 h at 55 

◦C. Three washes of 30 min in 10
◦
M EDTA and 10 mM Tris-HCl at 25 C were made and  
then plugs were treated for 1 h with 10 mM EDTA,10 mM
Tris-HCl and 0.04 mg / ml PMSF at 55 

◦C. Three other 30 min
washes were made with 10 mM EDTA and 10 mM Tris-HCl at
25 

◦C and plugs were digested over night with Not I enzyme af-
ter being treated with Not I buffer for 1 h at 37 

◦C. We loaded
the plugs into 1% pulse-field certified agarose gel dissolved
in 0.5X TBE and used CHEF Mapper Pulse Field Gel Elec-
trophoresis ( PFGE ) System to run the gel at 14 

◦C, 6 V / cm
with pulse time of 60–120 s. We then transferred the DNA
to a positively charged membrane ( Hybond-XL membranes ) ,
pre-hybridized with Church-Gilbert solution ( 1% BSA, 1 mM
EDTA, 7% SDS, 0.5 M Na 2 HPO 4 , 4 ml H 3 PO 4 85%, up 1
L with H 2 O ) at 65 

◦C for 1 h and probed using Telo and
LMIC oligos radiolabeled with 

32 P. 

Chromatin Immunoprecipitation ( ChIP ) 

Protocol described by Moser et al. ( 45 ) was used to per-
form Chromatin Immunoprecipitation ( ChIP ) assay. Cells at
mid-log growth phase were collected and fixed with 11%
formaldehyde ( dilution was made with 0.1 M NaCl, 1 mM
ED TA, 50 mM HEPES-K OH, pH 7.5 ) for 20 min at room
temperature. About 0.25 M glycine was used to quench the
solution for 5 min. Cells were pelleted, washed twice with
cold PBS and lysed with 2x lysis buffer ( 100 mM Hepes-
KOH pH 7.5, 2 mM EDTA, 2% Triton X-100, 0.2% Na
deoxycholate ) by mechanical disruption method. QSonica
Sonicator Q800R3 was used to shear the chromatin and then
equal amounts of DNA were used for immunoprecipitation
protocol with anti-Myc ( 9E10; Santa Cruz biotechnology ) or
anti-GFP ( Invitrogen ) with magnetic Protein A beads. The
DNA–protein complexes were washed with lysis buffer ( 0.1%
SDS, 275 mM NaCl ) , then lysis buffer ( 0.1% SDS, 500 mM
NaCl ) and last with TE-buffer ( 10 mM Tris-HCl pH 8.0, 0.25
M LiCl, 1 mM EDTA, 0.5% NP-40, 0.5% Na deoxycholate ) .
DNA was precipitated using sodium acetate, 2-propanol and
glycogen. DNA was resuspended with 50 mM Tris-HCl, pH
7.5, 10 mM EDTA, 1% SDS, de-crosslinked, purified used to
in triplicate together with SYBR-Green-based to perform a
quantitative real-time PCR ( Bio-Rad ) using the primers de-
scribed in Carneiro et al . ( 46 ) and Vaurs et al. ( 58 ) . 

Results 

Pot1 inactivation prevents Stn1 recruitment to 

telomere 

Deletion of S. pombe pot1 

+ leads to rapid telomere loss and
survival through chromosome circularization ( 32 ) . To cir-
cumvent this terminal phenotype, we used a pot1 tempera-
ture sensitive mutant previously described by the group of
Julie Cooper ( pot1-1 ) ( 42 ) . At the permissive temperature
( 25 

◦C ) , pot1-1 cells grow normally although with slightly
longer telomeres ( 42 ) . When temperature is raised to 37 

◦C
( restrictive temperature ) , pot1 function is inactivated and vi-
ability of pot1-1 mutant is severely reduced ( Figure 1 A ) . In
fission yeast, checkpoints delay cell cycle progression result-
ing in cell elongation ( 47 ) . To investigate if pot1-1 reduced
viability at 37 

◦C was due to checkpoint activation, we mea-
sured cell length and observed that, at permissive tempera-
ture, WT and pot1-1 cells length averaged 10 μm ( Figure 1 B ) .
However, when the temperature was raised to 37 

◦C for 8 h,
pot1-1 elongated to an average length of 20 μm ( Figure 1 B ) .
As previously shown ( 42 ) , pot1-1 cells arrest at the restrictive
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A B
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Figure 1. Pot1 inactivation reduces Stn1 recruitment to telomeres. ( A ) pot1-1 inactivation compromises cell viability. Cell viability was assessed through 
spot dilution assay. ( B ) Cell elongation is triggered upon pot1-1 inactivation. Delta Vision Core Sy stem w ere used to image the cells and their length were 
assessed using FIJI software. ( C ) pot1-1 deficiency leads to rapid telomere loss. Chromosomes loose telomeres upon pot1-1 inactivation. Cells were 
collected at 0, 2, 4 and 8 h after temperature shift and DNA samples were digested with EcoR I enzyme. ( D ) PFGE shows no chromosome circularization 
upon 8 h of pot1-1 inactivation. Samples were digested with Not I enzyme and Southern blots were radiolabeled with telomeric and LMIC probes. 
Mutants for telomerase ( trt1 Δ) controlled for cells containing circular chromosomes. The top band is the well and shows unresolved genomic DNA. ( E ) 
pot1-1 cells ha v e longer G-rich o v erhang when Pot1 is inactive. In-gel hybridization assay was performed to access telomeric ssDNA. Samples were 
digested with EcoR I enzyme and radiolabeled with C-rich probe when native and telomeric probe when denatured. Mutants for fission yeast exo1 Δ
were used as cells deficient for telomere end-resection. Esc heric hia coli exonuclease ( EXOI ) enzyme was added to digest all the ssDNA of pot1-1 
samples collected at the restricted temperature. ( F ) Stn1 recruitment to pot1-1 telomere is significantly reduced at permissive temperature and Pot1 
inactivation abolishes Stn1-myc binding to telomeres. ChIP analysis was used to quantify Stn1-myc recruitment to telomere. n ≥ 3; P-values are 
indicated and calculated based on a t wo-t ailed Student’s t -test to control sample. Error bars represent standard error of the mean ( SEM ) . 
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emperature through a DNA-damage response ( DDR ) path-
ay. To assess the telomeric effects of pot1-1 inactivation, we
erformed a Southern blot probing for telomeric sequences.
hereas pot1-1 have longer telomeres than WT at 25 

◦C, af-
er 8 h of incubation at 37 

◦C, we observed a significant loss of
elomeres , revealed by the disappearance of telomeric signal
 Figure 1 C and Supplementary Figure S3A ) , confirming previ-
us results by the Cooper lab ( 42 ) . This is accompanied by loss
f subtelomere sequences 5 kb upstream of the chromosome-
nd ( Figure 1 C, Subtelo 5K ) , as previously observed in stn1-1
utants ( 28 ) . To investigate if pot1-1 inactivation led to chro-
osomes circularization as pot1 Δ, we performed a PFGE of
otI -digested genomic DNA followed by Southern blotting

 Figure 1 D ) . In contrast to telomerase mutants ( trt1 Δ) and to
ot1 Δ mutant that circularize their chromosomes ( 48 ,49 ) , we
ere unable to detect chromosome fusion bands ( L + I and
 + M ) in pot1-1 mutants , indicating that chromosomes re-
ained linear after 8 h at 37 

◦C despite the inability to detect
elomere sequences. 

In fission yeast, the presence of RPA-coated ssDNA induces
ad3-dependent checkpoint activation ( 50 ) . Because pot1-1
ells activate DDR at restrictive temperature, we hypothesized
hat pot1 deficiency leads to an increase in telomeric ssDNA.
hus, we performed native in-gel hybridization assay with a
-rich telomeric probe to detect the G-rich strand. As previ-
usly shown ( 42 ) , we observed that pot1-1 inactivation led
o an increased in telomeric ssDNA ( Figure 1 E ) . We treated
ot1-1 genomic DNA with EXOI, an exogenous exonucle-
se that degrades linear ssDNA in the 3 

′ to 5 

′ direction. As
een on native gels, telomeric ssDNA of pot1-1 grown at 37 

◦C
as lost upon treatment with Esc heric hia coli EXOI ( Figure
 E ) . These observations indicate that telomeric G-rich ssDNA
ormed upon pot1 inactivation exhibits a 3 

′ end. 
The Stn1-Ten1 complex was shown to inhibit telomerase

inding at telomeres and to promote lagging-strand synthe-
is through its interaction with Tpz1 and the recruitment of
ol α-Primase ( 20–23 ) . Thus, we analyzed the pattern of Stn1
ecruitment to telomeres in pot1-1 cells by performing a ChIP.
hIP of myc-tagged Stn1 revealed a significant reduction of
tn1 present at telomeres of pot1-1 already at the permissive
emperature ( Figure 1 F ) . This reduction was further exacer-
ated by growing pot1-1 cells for 4 h at the restrictive tem-
erature ( Figure 1 F ) . The observation that Stn1 recruitment
o telomeres was significantly reduced in pot1-1 mutants , even
t the permissive temperature, shows that Pot1 is important
or Stn1 recruitment to telomeres. At restrictive temperature,
he absence of Stn1 binding at telomeres is likely to be a com-
ound result from both Pot1 inactivation and loss of telomeric
NA. Importantly, the reduction of Stn1 binding to telom-

res at the permissive temperature can explain the presence
f longer telomeres in pot1-1. Reduction of Stn1-Ten1 com-
lex results in the retainment of telomerase at telomeres and

onger telomere extension. The same phenotype can be ob-
erved in stn1 mutants ( see below ) . Although no direct interac-
ion has been detected between Pot1 and Stn1 ( or Ten1 ) ( 51 ) ,
ur data suggest that Pot1 participates to Stn1 recruitment to
elomeres, likely by stabilizing Tpz1 and favoring Tpz1–Stn1
nteraction. 

ot1 and stn1 function in the same genetic pathway
or telomere length maintenance 

ike pot1-1 mutants , stn1-1 temperature sensitive mutants
ave longer telomeres than WT even at permissive temper-
ature ( 25 

◦C ) and its inactivation results in loss of telomeres
and cell cycle arrest at restrictive temperature ( 28 ) . In addi-
tion, stn1 inactivation leads to increased 3 

′ overhang extension
( 28 ) . Taking into consideration these striking similarities and
the observation that Pot1 is important for Stn1 recruitment to
telomeres, we hypothesized that Pot1 controls Stn1 function
in telomere maintenance, possibly acting upstream of Stn1. To
test this hypothesis, we generated a pot1-1 stn1-1 double mu-
tant. At 25 

◦C, WT and mutants grew similarly well, while at
restrictive temperature the combination of both alleles is syn-
thetically lethal ( Figure 2 A ) . Confirming the synergistic effect
on growth, pot1-1 stn1-1 cells elongated up to 30 μm while the
single mutants ranged from 15 to 20 μm when grown at 37 

◦C
for 8 h ( Figure 2 B ) . The combination of pot1-1 and stn1-1 mu-
tations on telomere length appeared to be additive as derived
from crossing both parental strains. pot1-1 stn1-1 cells dis-
played a compound of longer telomeres similar to stn1-1 sin-
gle mutants and shorter telomeres like pot1-1 single mutants
( Figure 2 C,D ) . This result indicates that Pot1 and Stn1 act to-
gether regarding the regulation of telomere length. However,
pot1-1 stn1-1 cells lose their telomeres at restrictive tempera-
ture faster than either single mutant ( Figure 2 C and Supple-
mentary Figure S3B ) . Thus, in contrast, pot1 and stn1 appear
to participate independently in telomere protection, not be-
ing able to compensate for the loss of each other’s deficiency.
Taken together, our data indicate that pot1 and stn1 function
in the same pathway in telomere length regulation and that
both fulfil independent functions to protect telomeric DNA. 

Previous studies showed that rif1 

+ deletion restored stn1-1
viability and reduces the rate of telomere loss at the restrictive
temperature ( 22 ,28 ) . Similarly, we wondered if the lack of Rif1
could also rescue pot1-1 deficiency. Thus, we combined rif1 �

deletion with pot1-1 allele. Strikingly, we observed a rescue of
pot1-1 growth defects by rif1 � mutants ( Figure 2 E ) . In addi-
tion, rif1 � partially suppressed the loss of telomeres of pot1-1
cells at restrictive temperature ( Figure 2 F and Supplementary
Figure S3C ) . These observations suggest that the function of
Rif1, known to repress subtelomeric replication origin firing,
is deleterious for pot1-1 cells, further linking Pot1 to telomere
replication. 

Pot1 promotes efficient telomere DNA replication 

Because loss of telomeric DNA occurs in S-phase in pot1-1
cells ( 42 ) and our observed genetic interactions between rif1 �

and pot1-1 , we investigated the replication dynamics of pot1-
1 using 2D gel electrophoresis ( 2D-gel ) at telomeres, as previ-
ously described ( 10 , 22 , 23 ) . Genomic DNA samples, from the
parental WT and pot1-1 , grown at permissive and restrictive
temperatures, were analyzed after Nsi I digestion by Southern
blotting using a subtelomeric ( STE1 ) probe ( Figure 3 A ) . In
the first dimension, we observed four distinct bands for the
parental WT ( pot1+ ) whereas pot1-1 mutants possessed only
one thick band ( Figure 3 B ) . This suggests that subtelomeric re-
gions of pot1-1 are highly rearranged, reminiscent to taz1 �,
ssu72 � and stn1-226 mutants ( 10 , 22 , 23 ) . Y-structures, corre-
sponding to the unidirectional moving of the replication forks
within the Nsi I fragment, were visualized in the WT strain
at both temperatures ( Figure 3 C ) . However, these structures
were not detected in pot1-1 cells in either condition ( Figure
3 C ) . We concluded that replication of telomeric regions is
severely affected in pot1-1 at 25 

◦C, leading to superimposed
Y arcs that spread into higher molecular weight intermedi-
ates, mimicking the phenotype observed in taz1 � ( 10 ) . At
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D
C

E F

Figure 2. Phenotypic analysis of pot1-1 stn1-1 double mutant. ( A ) Spot Assay revealed that pot1-1 stn1-1 double mutant cells display lower cell viability 
upon inactivation than either pot1-1 or stn1-1 single mutants. ( B ) pot1-1 stn1-1 double mutants elongate more at the restrictive temperature than either 
pot1-1 or stn1-1 single mutants. ( C ) pot1-1 stn1-1 double mutant has similar telomere length as pot1-1 or stn1-1 single mutants. Southern blot was 
performed using samples collected at 0, 4, 8 and 16 h after temperature shift to 37 ◦C. DNA samples were digested with EcoRI enzyme and the 
membrane was radiolabeled with telomeric probe. ( D ) Telomere length of pot1-1 stn1-1 double mutants encompasses the size of pot1-1 and stn1-1 
single mutants . Densitometry of Wt, pot1 -1, stn1 -1 and pot1 -1 stn1 -1 double mutants at 25 ◦C ( T = 0 ) . Dashed lines represent the maxima and minima of 
telomeres in each strain. ( E ) Spot viability assay revealed a rescue of Pot1 and Stn1 deficiency upon rif1 deletion. ( F ) Southern blotting shows that rif1 
deletion rescues telomere loss that characterizes Pot1 and Stn1 inactivation. Samples were digested with EcoRI enzyme. All telomere Southern blots 
were equally loaded ( Supplementary Figure S2 ) before transferred and radiolabeled using a telomeric probe. 
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A B

C

D E

Figure 3. Pot1 inactivation induces replication fork stalling and collapse. ( A ) Relative position of the restriction sites in the subtelomeric regions of 
chromosomes I and II. Position of the STE sequences are indicated. The subtelomeric probe ( STE1 ) that is used for 2D-gel hybridization ( see below ) is 
represented. Oligonucleotides used for the ChIP and specific to telomeres and STE3-2 regions are represented by red arrows. Cen, centromere. ( B ) 
Southern blot analysis of Nsi I telomeric fragments ( first dimension ) from the parental WT ( pot1 + ) strain and pot1-1 mutant re v ealed b y S TE1 probe. ( C ) 
2D-gel analysis of Nsi I telomeric fragments of WT ( pot1 + ) and pot1-1 strains at 25 ◦C and after 4 hours at 37 ◦C. The Y-arc pattern is generated by 
unidirectional mo v ement of a replication f ork across each telomeric fragment sho wn in the first dimension. T he cone-shaped signal represents f our-w a y 
DNA junctions ( double Y ) . ( D ) Pot1 is recruited to telomeres and to S TE3-2 subtelomeric region at permissiv e temperat ure. Pot1-1 recr uitment is strongly 
reduced at both telomeres and subtelomeres. ChIP analysis was used to quantify Pot1-GFP and Pot1 -1 -GFP recruitment to telomeres and STE3-2. n ≥ 3; 
P- values are indicated on the graph. They are calculated based on a two-way ANO V A test. Error bars represent standard deviation and dots the mean 
value. ( E ) Tpz1 is recruited to telomeres and to STE3-2 subtelomeric region at permissive temperature. Tpz1 recruitment is significantly reduced at both 
sites. ChIP analysis was used to quantify Tpz1-myc recruitment to telomeres and STE3-2. For ( C and D ) , n ≥ 3; P- values are indicated on the graph. T he y 
are calculated based on a tw o-w a y ANO V A test. Error bars represent standard deviation . 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkad1036/7416369 by Bibliotheque de L'U

niversite de N
ice Sophia Antipolis user on 13 N

ovem
ber 2023



8 Nucleic Acids Research , 2023 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkad1036/7416369 by Bibliotheque de L'U

niversite de N
ice Sophia Antipolis user on 13 N

ovem
ber 2023
restrictive temperature, the replication intermediates of pot1-
1 were barely detected, consistent with the disappearance of
telomeric DNA in these conditions. Thus, from the 2D-gel
analysis, we conclude that Pot1 is actively involved in the
replication of telomeric DNA, possibly by facilitating Stn1 re-
cruitment and its role in DNA end replication. 

We previously showed that Stn1 is crucial to maintain
‘hard-to-replicate’ regions located at STE3 and STE2 ( named
STE3-2 ) , likely by preventing the accumulation of ssDNA
through lagging-DNA synthesis ( 58 ) . We further demon-
strated that the recruitment of Stn1 relies on Pot1-Tpz1-Poz1
factors but not Taz1. Thus, Pot1 and Tpz1 like Stn1 are likely
recruited to the STE3-2 region. To test this assumption, we as-
sessed the binding of Pot1 and Tpz1 at telomeres and STE3-2
by ChIP in pot1-GFP and pot1-1-GFP cells ( Figure 3 D and E ) .
Our results show that both Pot1 and Tpz1 are recruited to
telomeres and to the STE3-2 region in WT cells. In contrast,
binding of Pot1 and Tpz1 is impaired in pot1-1 grown at the
restrictive temperature. Taken together, our ChIP experiments
indicate first that Pot1, Tpz1 and Stn1 are recruited to telom-
eres and subtelomeres and second that binding of Tpz1 and
Stn1 to these regions require a fully functional Pot1 protein. 

Overexpression of stn1 

+ rescues pot1-1 deficiency 

Our data indicate that pot1 and stn1 are crucial for telomere
replication and that Pot1 is important to recruit Stn1 to telom-
eres. Thus, we hypothesized if overexpression of stn1 

+ could
restore defects of pot1-1 mutants. To test this, we replaced
the endogenous promoter of stn1 

+ by the nmt promoter ( i.e.
nmt1-stn1 ) and incorporated it in pot1-1 mutants. Strikingly,
overexpression of stn1 

+ restored the growth defect of pot1-1
mutants at the restrictive temperature ( Figure 4 A ) . This rescue
was abolished by Tpz1-K242R , a mutation that prevents the
SUMOylation of Tpz1 and impairs the recruitment of Stn1
at telomeres ( 20 ,21 ) ( Supplementary Figure S1A ) , indicating
that the rescue of pot1-1 by overexpression of stn1 

+ relies on
the SUMOylation of Tpz1. In addition, this growth rescue at
37 

◦C depended on the strength of the nmt promoter that con-
trols the level of expression of stn1 

+ ( Supplementary Figure
S1B ) . Indeed, expression of Stn1 with weaker versions of the
nmt promoter ( nmt41 and nmt81 ) restored pot1-1 viability
only partially ( Figure 4 A ) . Consistent with this, overexpres-
sion of stn1 

+ also abrogated cell elongation of pot1-1 at 37 

◦C
( Figure 4 B ) . Next, we assessed the impact of the overexpres-
sion of stn1 

+ on telomere maintenance. We found that higher
expression of stn1 

+ prevented both the loss of telomeric DNA
( Figure 4 C and Supplementary Figure S3D ) and accumulation
of telomeric ssDNA after 8 h at 37 

◦C ( Figure 4 D and Sup-
plementary Figure S3E ) . Conclusively, pot1-1 mutants longer
telomeres were also rescued by stn1 

+ overexpression ( Figure
4 C ) . Taken together, our data indicates that Pot1 regulates
telomere length and replication by the recruitment of Stn1 to
telomeres. 

Overexpression of Pol α partially rescues pot1-1 

deficiency 

The ( C ) ST complex promotes DNA replication through the
recruitment of the Pol α-primase complex at telomeres and
stalled replication forks ( 52 ) . We previously showed that the
overexpression of the catalytic subunit of the DNA poly-
merase α ( Pol1 ) partially restores viability and telomere loss
of stn1 mutants ( 22 ) . In line with this, we tested whether over-
expression pol1 

+ driven by pREP41-pol1 plasmids could also 

rescue the defects of pot1-1 mutants. Indeed, we observed 

that overexpression of pol1 

+ partially restores the growth de- 
fects of pot1-1 mutant at restrictive temperature ( Figure 5 A ) ,
and partially prevents the loss of telomeric sequences ( Figure 
5 B ) , thus paralleling the positive effects observed on stn1 mu- 
tants ( 22 ) . Thus, our data suggest that Pot1 facilitates re- 
initiation of DNA synthesis at stalled or collapsed replication 

forks through recruitment and / or the stabilization of Stn1- 
Ten1 complex at telomeres leading to fork restart by the Pol α- 
primase complex. 

Discussion 

Pot1 is an essential subunit of the Shelterin telomere bind- 
ing complex that binds directly the telomeric single-stranded 

DNA and to TPP1 

Tpz1 ( 2 ) . A main function of Pot1 is to pro- 
tect chromosomal ends from an inappropriate DNA damage 
response, by blocking the accumulation of RPA-coated ss- 
DNA, thereby inhibiting the recruitment of ATR 

Rad3 ( 37 ,53 ) .
The ( C ) ST complex interacts with Tpz1 / Pot1 that both pro- 
mote lagging strand DNA replication ( 41 ) and negatively reg- 
ulate telomerase ( 39 ) . In this study, we further explored the 
role of Pot1 in fission yeast using pot1-1 mutant. Our data 
demonstrate that Pot1 has a dual role at chromosomes ends.
First, in regulating telomere length and, second, by participat- 
ing in telomere and subtelomere DNA replication ( Figure 5 C ) .
Both functions rely on the ability of Pot1 to recruit Stn1-Ten1 

complex and to promote DNA synthesis by Pol α-primase.
This mechanistically explains how Pot1 limits the accumula- 
tion of ssDNA at telomeres and prevents Rad3 

ATR -dependent 
DDR. Although Pot1 does not appear to bind directly to Stn1 

or Ten1 ( 51 ) , we propose that Pot1 stabilizes Stn1-Ten1 re- 
cruitment through its interaction with Tpz1 ( Figure 5 C ) . This 
idea is supported by the observation that overexpression of 
stn1 

+ can restore growth deficiency, telomere loss and telom- 
ere elongation of pot1-1 mutants at restrictive temperature.
Upon pot1 inhibition , Stn1-Ten1 recruitment to telomeres is 
impaired causing telomere elongation, replication defects and 

accumulation of ssDNA ( Figure 5 C ) , all reminiscent of phe- 
notypes observed in stn1-1 and stn1-226 mutants ( 22 ,28 ) . 

Taken together, our results suggest that Pot1, Tpz1 and 

Stn1-Ten1 work together not only in controlling the telom- 
erase elongation cycle but also in DNA replication of telom- 
eric and subtelomeric regions, possibly at stalled replication 

forks. Thus, Pot1, like Stn1-Ten1 and Taz1, is a new com- 
ponent of the Shelterin involved in the DNA replication of 
telomeres and subtelomeres. Remarkably, the deletion of rif1 

restores viability and telomere loss of pot1-1 mutant, mimick- 
ing the effect observed in stn1-1 and stn1-226 mutants. This 
indicates that the firing of subtelomeric origins can circumvent 
the replication defects of pot1-1 by rescuing blocked replica- 
tion forks. 

We established that fission yeast Pot1 is crucial for repli- 
cation of chromosome ends ( Figure 5 C ) . This is achieved by 
recruiting Stn1-Ten1 and Pol α-primase complexes to promote 
DNA-synthesis upon stalled or blocked replication forks. Un- 
like mammalian cells, this mechanism appears to be restricted 

to telomeres and subtelomeres since Stn1-Ten function de- 
pends uniquely on its interaction with Tpz1 / Pot1. The evo- 
lutionary difference may have occurred as result of the loss of 
the CTC1 homolog in fission yeast. In human and mouse cells,
POT1 was proposed to promote the telomere lagging strand 
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A B

DC

Figure 4. Ov ere xpression of stn1 + rescues pot1-1 deficiencies. ( A ) Spot viability assa y sho ws that stn1 + o v ere xpression rescues pot1 -1 cells viability . 
The nmt1 promoter was used to induce stn1 + overexpression in both WT and pot1-1 cells. ( B ) Cell length measurements reveals that stn1 + 

o v ere xpression rescues pot1-1 cell lengthening at the restrictive temperature. ( C ) stn1 + overexpression rescues telomere length and telomere loss of 
pot1-1 cells to WT le v els. To assess the length of telomeres we performed a Southern blotting with EcoR I-digested samples collected at 0 and 8 h after 
pot1-1 inactivation. Telomere Southern blots were equally loaded ( Supplementary Figure S2 ) before transferred and radiolabeled using a telomeric probe. 
( D ) stn1 + o v ere xpression pre v ents the accumulation of telomeric ssDNA upon Pot1 inactiv ation. In-gel h ybridization using EcoR I digested sample w ere 
radiolabeled with C-rich probe for native gels, while telomeric probe was used for denatured gels. 
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A

B

C

Figure 5. Pol α o v ere xpression rescues cell viability and telomere loss of pot1-1 cells. ( A ) Spot viability assa y re v eals that pol1 + o v ere xpression partially 
rescues the viability of pot1-1 cells at 37 ◦C. ( B ) Quantification of Southern blot shows a modest rescue of pot1-1 telomere loss 8 h after Pot1 
inactivation. DNA samples were digested with EcoR I enzyme and equally loaded ( Supplementary Figure S2 ) before transferred and radiolabeled using a 
telomeric probe. ( C ) Dual function of Pot1 at telomeres via the recruitment of Stn1-Ten1. We sho w ed here that Pot1 is crucial to recruit and / or stabilize 
Stn1-Ten complex at telomeres. Through this function, we propose that Pot1 has a dual function at telomeres, first in regulating telomere length and, 
second, by participating in telomere DNA replication. Both functions rely on the ability of Pot1 to recruit Stn1-Ten1 complex and to promote DNA 

synthesis by Pol α-primase, explaining how Pot1 limits the accumulation of ssDNA at telomeres and prevents the activation of ATR-dependent DDR. 
When Pot1 is impaired, Stn1-Ten1 recruitment is reduced and telomerase inhibition is altered leading to the lengthening of telomeres. This also causes 
the accumulation of ssDNA and DDR activation through ATR 

Rad3 . Telomere DNA replication is also hindered by Pot1 inactivation. This also leads to 
ssDNA accumulation during DNA replication and DDR activation. 
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ynthesis by the recruitment of the CST complex ( 40 ,41 ) .
ased on our data in fission yeast, we anticipate that hu-
an POT1 participates in telomere DNA replication by pro-
oting CST-dependent DNA synthesis at stalled replication

orks by preventing the accumulation of RPA-coated ssDNA
nd repressing ATR activation as suggested in mammalian
ells as suggested by the unpublished work of the de Lange’s
aboratory. 

Mammalian CST also fulfils important functions outside
f telomeres ( 52 ,54 ) . It facilitates the replication of G-rich
egions in the genome ( 32 , 33 , 55 ) and counteracts DNA re-
ection at double strand breaks ( DSBs ) in cooperation with
he Rev7-Shieldin complex ( 56 ) . The interaction between CST
nd TPP1-POT1 may not necessary for its function at global
enomic G-rich sites or DSBs. However, CST interaction with
PP1-POT1 may be required to promote CST recruitment at

he multiple interstitial telomeric sequences ( ITS ) and facilitate
heir replication ( 57 ) . Further research will be necessary to elu-
idate the role of POT1 in DNA replication of both telomeric
nd non-telomeric region in mammalian cells. 
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he data underlying this article are available in the article and
n its online supplementary material. 
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