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Topolla prevents telomere fragility and formation
of ultra thin DNA bridges during mitosis through
TRF1-dependent binding to telomeres
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Telomeres are repetitive nucleoprotein structures at the ends of chromosomes. Like most genomic regions consisting
of repetitive DNA, telomeres are fragile sites prone to replication fork stalling and generation of chromosomal instability.
In particular, abrogation of the TRF1 telomere binding protein leads to stalled replication forks and aberrant telomere
structures known as “multitelomeric signals.” Here, we report that TRF1 deficiency also leads to the formation of “ultra-
fine bridges” (UFB) during mitosis, and to an increased time to complete mitosis mediated by the spindle assembly check-
point proteins (SAC). We find that topoisomerase lla (Topolla), an enzyme essential for resolution of DNA replication
intermediates, binds telomeres in a TRF1-mediated manner. Indeed, similar to TRF1 abrogation, Topolla downregulation
leads to telomere fragility and UFB, suggesting that these phenotypes are due to decreased Topolla at telomeres. We
find that SAC proteins bind telomeres in vivo, and that this is disrupted upon TRF1 deletion. These findings suggest that
TRF1 links Topolla and SAC proteins in a pathway that ensures correct telomere replication and mitotic segregation,
unveiling how TRF1 protects from telomere fragility and mitotic defects.

Introduction

Telomeres are specialized nucleoprotein structures at the
termini of linear chromosomes composed of tandem repeats of
the DNA TTAGGG sequence bound by associated proteins.””
Telomere binding proteins include a 6-subunit complex known
as shelterin® that protects the end of chromosomes from degra-
dation, exonucleolytic attack, homologous recombination, and
end-to-end fusions.>> The 6 subunits of shelterin encompass
TRF1, TRF2, TIN2, RAP1, TPP1, and POT1. TRFI, the first
mammalian telomere-binding protein to be identified,*” binds to
the double-stranded DNA portion of telomeres as a homodimer.
TRF1 has been shown to lead to telomere shortening when over-
expressed, whereas its inhibition by a dominant-negative form
caused telomere elongation.® Ubiquitous deletion of the Trfl
gene in mice results in early embryonic lethality,” and ES cells
conditionally deleted for TRF1 showed increased chromosomal
aberrations.!” More recently, conditional depletion of TRFI in
mouse was found to lead to a massive DNA damage response at
telomeres along with multitelomeric signals (MTS), an aberra-
tion suggested to be due to telomere fragility."*?

In order to maintain genetic information with each cell
division, accurate genome duplication is necessary. However,
there are regions within the mammalian genome that present a
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challenge to the replication process, such as fragile sites. These
are defined as loci that display breaks on mitotic chromosomes
upon partial inhibition of DNA synthesis."” It is believed that
the observed breaks occur due to under-replicated sequences
upon chromosome condensation at the onset of mitosis. The
delay in replication was believed to be a result of replication forks
encountering secondary structures that form more frequently in
areas rich in AT repeats. However, other regions rich in guanine
tracts that are capable of forming secondary structures known as
G-quadruplexes (G4) can also cause replication problems. It has
been suggested that replication forks arrested at G4 quadruplexes
are remodeled into recombination intermediates to be more eas-
ily processed and repaired." Telomeres are very G-rich and prone
to G4 formation. Shelterins are able to bind these structures and
regulate them throughout the cell cycle.”

An important characteristic of telomeric chromatin is that, like
centromeric chromatin, it is a highly repetitive DNA sequence that
has the potential to become an obstacle for the replication machin-
ery. Many studies have implied that replication forks can pause or
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stall naturally at telomeres in yeast'®'® and in human primary fibro-

blasts.”” In agreement with these thoughts, there is mounting evi-
dence suggesting that telomeres behave like fragile sites.!'#2%%3 In
particular, increased replication stress either by ATR deficiency,?

or by drugs such as aphidicolin and hydroxyurea, which render
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replication suboptimal,''? leads to telomere fragility as indicated
by formation of multitelomeric signals (MTS).

Strikingly, shelterins have been shown to protect from telo-
mere fragility. In particular, abrogation of shelterin components
such as TPP1*' and Rapl* also lead to formation of multi-
telomeric signals. In the case of TRF1, it has been shown that
TRF1 deficiency causes slower replication rates at telomeres and
increased MTS, thus reinforcing the notion that shelterins aid in
telomere replication and prevent fragility at telomeres.'>!?

Common fragile sites are sequences that are intrinsically dif-
ficult to replicate. Advancement of replication forks at these sites
generates vast topological stress that must be solved by DNA
topoisomerases.”> An important player in ensuring replication
fork progression as well as mitotic segregation of cells with dys-
functional telomeres is Topolla. In particular, yeast mutants for
the telomere binding protein Tazl show severe mitotic defects,
which can be corrected by a catalytically dead topo2—191 mutant,
a temperature-sensitive Topollat mutant that causes chromosome
missegragation in S. pombe.*® Topoisomerase 2 is a homodimeric
enzyme that is able to modulate DNA topology and, thus, main-
tain chromosome integrity. It does so by creating transient DSBs
in the DNA in order to promote and allow the disentanglement of
the duplex. Topolla has also been found to be able to relax super
coiled DNA and resolve or promote catenation between DNA
circles.”3° Topoisomerases do not act randomly. In fact, they are
able to preferentially distinguish between different types of DNA
and collaborate with other factors capable of specifically target-
ing their activity, such as SMCs during chromosome compaction
(reviewd in ref. 31). Although there has been much progress in
understanding the function and role of topoisomerases in various
cellular functions, including replication and chromosome segre-
gation, transcription, and recombination and repair (reviewed in
ref. 31), a specific role at telomeres has not been described. In
a recent study, Topolla was suggested to act in the same telo-
mere protection pathway as TRF2 and Apollo,* directly linking
Topolla to telomere maintenance for the first time. Studies have
shown that treatment with ICRF193, a Topolla inhibitor, leads
to mitotic arrest.”” Topolla has also been found to be important
for the resolution of thin DNA threads that connect kinetochores
of sister chromatids during anaphase.*® It is interesting to note
that BLM, topoismoerase IIIet, and hRMI have been shown to
associate with these threads.?> These proteins have been found to
form a complex that is required for the resolution of recombina-
tion and replication intermediates.’*3® Another important player
in the resolution of DNA threads is PICH (Plkl-interacting
checkpoint helicase), a protein recently identified as a key com-
ponent of the spindle assembly checkpoint (SAC). PICH was
found to localize to kinetochores and inner centromeres as well
as decorating ultrafine threads of DNA.** Further studies dis-
covered that Topolla is fundamental for the resolution of these
threads during anaphase, allowing the complete separation of
sister chromatids.* It is believed that the PICH-BLM-coated
DNA threads originated from incompletely replicated DNA or
catenated duplexes.®

Precise segregation of sister chromatids during mitosis is essen-
tial for the maintenance of euploidy and genomic stability. The
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spindle assembly checkpoint (SAC) is fundamental for ensuring
the correct attachment of spindle microtubules to kinetochores
during prometaphase, and for delaying progression to anaphase
in the event of incomplete or incorrect attachment. The core
components of this checkpoint are products of the mitotic arrest-
deficient (MAD) and the budding uninhibited by benzimidazole
(BUB) genes and a handful of other proteins (reviewed in ref.
40). All known SAC transducers, including BubR1, Madl, and
Mad2, associate with unattached kinetochores in prometaphase.
It is believed that kinetochore-localized Mad1/Mad2 heterodi-
mers catalyze the conversion of soluble inactive Mad2 to an
active form that is able to stably bind Cdc20 and inhibit acti-
vation of the anaphase-promoting complex/cyclosome (APC/C)
and, hence, the progression to anaphase.”’ However, there is
evidence to suggest that SAC signaling is not solely dependent
on kinetochores. In mammalian cells and yeast strains that lack
functional kinetochores the mitotic checkpoint complex (Mad2/
BubR1 bound to Cdc20) was detected in interphase cells.**%
BubR1 and Mad2 are required not only to signal the presence
of unattached kinetochores, but also to specify the minimum
duration of mitosis.** Moreover, cells lacking BubR1 do not pro-
liferate and, instead, die within a week. This phenotype can be
rescued by ectopic expression of a fragment of BubR1 that binds
to Cdc20 but does not localize to kinetochores.® These data
imply a kinetochore-independent function for BubR1, whereby it
may act as an inhibitor of APC/C (Cdc20) during interphase to
prevent premature degradation of specific APC/C substrates and
unscheduled anaphase.

A precise role for TRF1 in mitotic regulation has not been
thoroughly explored to date. However, a direct interaction
between TRFI and both the SAC protein Madl and the mitotic
kinase Nek2 was detected by yeast 2-hybrid screen assay.*® In
addition, Mad2 and BubR1 were imaged to colocalize in vivo
with TRF1 at telomeres in keratinocytes overexpressing TRF1.%
Remarkably, TRF1 was found to cosediment with SA1-cohesion
complex and was found to play a role in telomere cohesion.®
More recently, BubR1 SUMOylation has been associated with
both centromeric and telomeric cohesion.” The above data impli-
cate both TRF1 and BubR1 in telomere cohesion. It is possible
that they may be acting together to ensure telomere cohesion
resolution for anaphase onset. Together, these results suggest a
putative link between TRF1 and the SAC.

To this end, we closely examined the role of TRF1 both in
Topolla regulation of stalled replication and SAC coordination,
thus ensuring correct mitotic segregation using TRF1-deficient
cells. We demonstrate that Topolla, BubR1, and Madl, are able
to bind to telomeres in vivo in a TRF1-dependent manner, and
that cells lacking TRF1 have a severe mitotic phenotype, coinci-
dental with occurrence of DNA threads.

Results
Topolla localizes to telomeres in a TRFI-dependent manner

Previous work has shown that dysfunction of a single shel-
terin, such as TRF1, is sufficient to cause replication-dependent
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Figure 1. For figure legend, see page 1466.
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Figure 1 (See previous page). Topolla binds to telomeres via TRF1 (A) ChIP of Trf1** p53~~and Trf17- p53~~ MEFs for Topolla and TRF1. The amount of
immunoprecipitaded telomere repeats was normalized to the amount of telomere repeats present in the chromatin fraction unbound to preimmune
serum. n, independent MEFs used. Bars represent the average between replicates. (Right) Quantification. (Left) Representative dot blot. (B) 293T cells
transfected with eGFP-Topolla and eGFP-TRF1 were collected and lysed. Equal amounts of lysate were immunoprecipitated with TRF1 IgG or Topolla
1gG, immunoprecipitaes were blotted for GFP and cell lysates for TRF1 or Topolla. (C) Aberration frequency in metaphase spreads of the indicated
genotypes untreated (UN) or treated with indicated drugs. At least 10 metaphases from 2 independent MEFs per genotype were analyzed. Statistical
comparisons using Student t test are shown. (D) Aberration frequency in metaphase spreads of the indicated genotypes untreated (UN) or infected with
indicated shRNAs against Topolla. At least 10 metaphases from 2 independent MEFs per genotype were analyzed. Statistical comparisons using Student
t test are shown. (E) Western blot demonstrating knockdown of Topolla in cells of indicated genotypes.

defects akin to fragile sites.>'? A recent study implicated Topolla
in the resolution of topological stress during telomere replica-
tion.” Moreover, Topollaw was shown to colocalize with telo-
meres in a cell cycle-specific manner and play an important role
in protecting telomeres from replicative damage.?? The recruit-
ment of Topolla to telomeres was found to be dependent on the
levels of another shelterin component, TRF2.% To establish if
Topolla telomere binding was altered in the absence of TRF1,
and therefore could be the possible cause of replication stalling
in these cells, we first performed ChIP using specific antibod-
ies against Topolla.. We confirmed that Topolla was present at
mouse telomeres (Fig. 1A). Interestingly the amount of Topolla
bound to telomeres was significantly reduced in TRF1-null cells
(Fig. 1A). These findings suggest the absence of Topolla at telo-
meres owing to TRF1 deficiency could be associated to the frag-
ile telomere phenotype observed. We also detected an in vitro
interaction between Topolla and TRFI. In particular, upon
overexpression of tagged versions of both TRF1 and Topolla in
293T cells, we could co-immunoprecipitate Topolla when we
pulled down TRF1, and TRF1 when we pulled down Topolla
(Fig. 1B). This suggests that these proteins are able to interact
either directly or in a complex.

To confirm the hypothesis that Topolla may play a role in the
resolution of telomere fragile sites, we speculated that the inhibi-
tion of Topolla could result in increased multitelomeric signals
(MTS), a type of telomere aberration previously shown to be an
indicator of telomere replication problems.'"'? Using replication-
stalling agent aphidicolin and the Topolla-specific inhibitor
ICRF-193, we treated both TRF1 wild-type and knockout cells
and quantified the presence of MTS and of other chromosomal
aberrations (Fig. 1C). We found that both multitelomeric sig-
nals (MTS) and chromosome fusions were increased in ICREF-
193-treated wild-type cells to similar levels seen in untreated
TRF1-knockout cells (Fig. 1C). Interestingly, treatment with
ICRF-193 further increased these aberrations in TRF1-deficient
cells. Previous reports have suggested that treatment with ICRF-
193 may also affect TopolIB,”® which may explain the additive
effect in TRF1-deficient cells. To circumvent this, we used 2 spe-
cific shRNAs against Topolla in both Trf1**p53~- and Trf1"/
p53~"~ and checked for chromosome aberrations. Upon specific
depletion of Topolla, as confirmed by western blot (Fig. 1E), we
detected a significant increase in MTS, breaks, and fragments, as
well as sister chromatid fusions in TRF1-proficient cells but not in
TRF1-deleted cells (Fig. 1D). This strongly supports the notion
that TRF1-dependent recruitment of Topolla to telomeres is
important for telomere fragile site resolution. Surprisingly, TRF1
knockout MEFS appeared to have higher Topolla levels as
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detected by western blot (Fig. 1E). Higher Topolla levels have
recently been reported to occur in coincidence with high DNA
damage burden.”® We confirmed this by immunofluorescence
using replication stalling agents aphidicolin and hydroxyurea as
controls for Topolla induction, and quantified the nuclear fluo-
rescence intensity of Topolla. We found that untreated Trfl-/
p53~- MEFs harbored approximately 3-fold more Topolla than
wild-type cells, and that levels of Topolla increased in both cell
types upon treatment (Fig. 2A). This increase in Topolla levels
was not due to increased mRNA, as seen by Q-RT PCR using
2 distinct sets of primers (Fig. 2B), in agreement with previ-
ous findings by Eguren et al.! The subcellular localization of
Topolla was affected in the absence of TRF1, with more Topolla
accumulating in the nucleoplasmic fraction (Fig. 2C). By using
immunofluorescence on cells undergoing mitosis, we did not see
any aberrant localization (Fig. 2D). Together, these findings are
in agreement with recent results linking high levels of Topolla
with increased DNA damage.” Therefore, the increased nuclear
fluorescence of Topolla in the absence of TRF1 may result from
a higher DNA damage burden in these cells.

TRF1 abrogation leads to the appearance of Topolla-
dependent DNA threads

In addition to its role in topologically modifying DNA for
correct chromosome segregation during mitosis,”> Topolla is
also an important factor in the resolution of thin DNA threads
that appear at anaphase onset, which have been proposed to rep-
resent catenated DNA.* These threads stretch under tension
until decatenation by Topolla resolves them before the end of
anaphase.*® DNA threads, which can persist throughout ana-
phase, have been suggested to comprise incompletely replicated
DNA or unresolved recombination intermediates.”® The findings
described above prompted us to investigate whether decreased
Topolla at telomeres owing to TRF1 deficiency could also lead
to persistent DNA threads due to the incomplete resolution of
telomeric replication intermediates. To this end, we performed
immunofluorescence with a pH3 antibody to visualize chroma-
tin threads in wild-type and TRF1-deficient cells upon catalytic
inhibition of Topolla. In particular, we treated both TRFI wild-
type and knockout cells with aphidicolin and ICRF-193 and
quantified the presence of DNA threads (Fig. 3A). We found
a significant increase in DNA threads in both genotypes upon
aphidicolin treatment. The percentage of DNA threads was fur-
ther increased upon specific inhibition of Topolla.. Remarkably,
the catalytic inhibition of Topolla in wild-type cells resulted in
a similar percentage of DNA threads to that found in untreated
TRF1-deficient cells (Fig. 3A). Upon quantification, we observed
that 20% of untreated TRF1-knockout cells were connected by
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counterstained with Dapi (blue).
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pH3-positive DNA threads compared with
only <5% of wild-type controls (Fig. 3B).
PICH (Plkl-interacting checkpoint heli-
case), a helicase-like protein found to bind
to Plkl, localizes to centromeres, but it
is also present at DNA threads.** PICH-
positive threads have been found to require
Topolla activity after anaphase onset for
their resolution.”® Thus, we transfected
wild-type and TRF1-deficient cells with
a GFP-PICH construct. In this case, we
found that 15% of TRF1-abrogated cells
were connected by GFP-PICH-positive
threads compared with only <3% of the
wild-type counterparts (Fig. 3C). These
results suggest that TRF1 deficiency
results in incorrectly decatenated DNA
leading to threads, and that the sever-
ity of this phenotype is similar to that
of Topolla inhibition. In turn, DNA
catenates are likely to be the products of
incompletely replicated DNA or unre-
solved recombination intermediates in the
absence of TRF1."? Taken together these
data support a model whereby absence
of TRF1 results in decreased Topolla at
telomeres and a defective resolution of rep-
lication intermediates, thus leading to the
appearance of thin DNA threads.

TRF1 interacts with SAC proteins
and is important for their telomeric
localization

PICH has been identified as a crucial
component of the spindle assembly check-
point (SAC), a checkpoint that ensures
bipolar attachment of chromosomes to the
mitotic spindle and correct segregation dur-
ing mitosis.** Interestingly, there are multi-
ple reports that suggest a direct interaction
of spindle assembly checkpoint (SAC)
proteins and TRF1.“# To explore if this
interaction occurred in vivo, we performed
immunoprecipitation experiments using
cells with a knock-in TRF1 allele, in which
TRFI is fused to the eGFP protein previ-
ously generated by us.*® Using GFP anti-
bodies to immunoprecipitate extracts from
heterozygous eGFP-TRF1*¥, homozygous
eGFP-TRFI¥/¥, and wild-type induced
pluripotent stem (iPS) cells. We chose iPS
as a platform to discover TRF1-interacting
proteins, as pluripotent cells have been
previously described by us and others to
have endogenously higher levels of TRF1
compared with differentiated cells.®>* As
positive control, we previously showed that
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eGFP-TRF1 selectively co-immu-
noprecipitated the known compo-
nents of the shelterin complex.
Interestingly, we found here that
eGFP-TRF1 also co-immuno-
precipitates the SAC components
Madl and Mad2 (Fig. 4A), pro-
viding an in vivo demonstration
for the previously suggested asso-
ciations between TRF1 and both
Mad1%¢ and Mad2.¥

TRF1 has also been described
to co-localize with BubR1 at telo-
meres in murine keratinocytes.”
Thus, we set out to study whether
Madl, Mad2, and BubR1 could
directly bind to telomeres in vivo
by using chromatin immuno-
precipitation (ChIP) analyses in
wild-type and TRF1-deficient
mouse embryonic  fibroblasts
(MEFs) previously generated by
us."! As a positive control, we
confirmed strong TRFI bind-
ing to telomeres by ChIP, which
was abrogated in TRF1-deficient
cells (Fig. 4B). Interestingly,
we found that both Madl and
BubR1 showed significant bind-
ing to telomeres in vivo, and that
the interactions were consider-
ably decreased in the absence of
TRF1 (Fig. 4B). Mad2 showed
lower affinity for telomeric
DNA that was not affected by
the abrogation of TRFI1. Using
centromeric Minor and Major
probes confirmed binding speci-
ficity of the antibodies (Fig. 1A;
Fig. SIA). Decreased binding
of SAC proteins to telomeres in
the absence of TRF1 was inde-
pendent of the total amount of
cellular protein. In particular,
when whole-cell extracts of both
wild-type and TRF1-deficient
MEFs were checked for altera-
tions in the total amount of SAC
proteins, we found a small but
significant increase in the total
amount of Madl in TRFI1-null
cells (Fig. 4C). Moreover, we see
that the levels of both Madl and
Mad2 in wild-type cells arrested
with nocodazole is comparable
to that seen in untreated TRF1
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Figure 5. BubR1 delocalizes in the absence of TRF1. (A) Representative images of BubR1 (green), TRF1 (purple), ACA (anti centromere antibody) (red)
and Dapi (blue) in Trf1** p53~~ and Trfl1~ p537~ MEFs. (B) (Left) Quantification of the percentage of cells that display the punctuate centromeric and
telomeric localization of BubR1. More than 15 cells from 3 independent MEFs per genotype were scored. Statistical significance was calculated using the
Fisher exact test; P values are indicated. (Right) Quantification of the number of TRF1/BubR1 foci that colocalize in Trf1*+ p53~~ MEFs. (C) Representative
images of BubR1 (green) and ACA (red) in G3 Terc 7~ MEFs. (D) Representative images of Rap1 (pink), BubR1 (green), and ACA (red) in Trf2~~ p53~~ MEFs.
(E) Representative images of TRF1 (pink), BubR1 (green), and ACA (red) in Trf27~ p53~~ MEFs. Bars = 10 pM.

knockout cells, suggesting that these cells have a delay in mitosis
(Fig. 4C). To ensure that the alteration in telomeric binding of
these proteins was due specifically to the depletion of TRF1, we
examined the effect of TRF2 depletion by using TRF2-deficient
MEFs.” In the absence of TRF2, neither Madl nor BubR1 bind-
ing to telomeric DNA was affected, as seen by ChIP (Fig. S1B).

1470 Cell Cycle

Remarkably, the only protein affected by the absence of TRF2
was TRF1 (Fig. S1B). In particular, in 3 independent MEFs, we
found a consistent and significant decrease of telomeric DNA
pulled down by TRF1 as secen by ChIP (Fig. S1B). Previous
reports state that TRF1 is still present at telomeres in the absence
of TRF2,” consistent with our observation that the decrease in
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TRF1 was not sufficient to alter the telomeric binding of the SAC
proteins. These data strongly suggest that Mad1 and BubR1 SAC
proteins are bound to telomeres, and that TRF1, but not TRF2,
is important for their telomeric localization. Remarkably, immu-
nofluorescence with BubR1 antibodies in prometaphase cells
showed that the previously described colocalization of BubR1
with TRFI at telomeres,” as well as the well characterized local-
ization of BubR1 at kinetochores, was significantly decreased and
in some cases completely lost in the absence of TRF1 (Fig. 5A).
In particular, Trf1*"* cells in prometaphase showed a BubR1 pat-
tern consisting of discrete nuclear foci that was largely abolished
in Trf1”~ cells (Fig. 5B). To confirm that this delocalization
was specific to TRF1 depletion, and not to the severe telomere
dysfunction and DNA damage caused by TRFI deficiency, we
studied BubR1 localization in MEFs derived from third genera-
tion (G3) telomerase-deficient mice (Terc’"), which also show
telomeric dysfunction owing to the presence of critically short
telomeres.”® In this instance, however, the normal discrete foci
pattern of BubR1 was not affected and colocalized with the
centromeric marker ACA (Fig. 5C). The unaltered localization
of BubR1 in G3 Terc”~ cells suggests that the presence of dys-
functional telomeres, per se, is not the cause of the above-noted
delocalization of BubR1; instead, this should be attributed to the
depletion of TRFI1. To further ensure the observed phenotype
was specific to the absence of TRF1 and not of other shelterin
components, we examined the localization of BubR1 in the cells
lacking another TRF2 (Fig. 5D and E). Previous reports have
shown that depletion of TRF2 affects the telomeric binding of
Rapl.” We used the absence of Rapl nuclear foci as readout for
cells lacking TRF2, and found that BubR1 centromeric localiza-
tion, as seen by its co-localization with ACA, was not affected
(Fig. 5D). We also assessed TRF1 localization in these cells and
found that it was not affected, and that we could still find BubR1
colocalizing with TRF1 foci (Fig. 5E).

Together, these results indicate that members of the SAC can
localize to telomeres in a TRF1-dependent manner. In addition,
we find that localization of BubR1 to the kinetochores is also
dependent on TRF1 but not on telomere length or the TREF2 shel-
terin components, thus suggesting a specific role for TRF1 in the
proper localization of SAC proteins in the cell.

TREF1 is important for the correct completion of mitosis

A study by Malureanu et al. suggests that the main function
of BubR1 is during interphase and not through kinetochore bind-
ing.® In particular, during interphase, BubR1 is proposed to
act as a pseudosubstrate inhibitor of APC/C®, thus prevent-
ing unscheduled degradation of specific APC/C substrates.”
Intriguingly, BubR1 deficiency was found to interfere with a
cell’s ability to cope with genotoxic stress.’® Cells heterozygous for
BubR1 were unable to undergo significant mitotic arrest in the
presence of DNA damage.® However, there are studies that have
shown that persistent telomere damage signaling due to telomere
uncapping occurs when TRF2 is deleted from Ligd~~ (NHE]-
deficient) cells® as well as in POT1a/b doubly deficient cells,”
causing these cells to bypass mitosis. To further explore possible
mitotic defects in the absence of TRF1, we used time-lapse live-cell
imaging of asynchronously growing Trf1”-p53-~ MEFs as well
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as the corresponding wild-type controls. During the 2-d imag-
ing session, we found that, whereas control cells divided normally,
taking on average 40 min to complete mitosis, TRF1-deleted cells
also divided but took approximately 80 min to complete mito-
sis, and a large fraction divided into multiple nuclei remaining
connected by chromatin bridges (Fig. 6A). We observed nuclear
envelope breakdown and chromosome condensation in H2B-
Cherry-expressing cells in the absence of TRF1 (Fig. 6A).

Based on the above-described role for TRF1 in the local-
ization of SAC proteins to telomeres and the observed mitotic
delay, together with previous reports suggesting that disruption
of the telomeric structure causes not only mitotic arrest but also
mitotic abnormalities,'*"**>* We more closely examined the effect
of TRFI abrogation. To this end, we deleted TRF1 in Trf1'¥
Lo MEFs simultaneously deficient in p53 (Trf1""*p53-/~ cells)
to avoid the potential S-phase arrest caused by the DNA damage
response (DDR) induced by TRF1 deletion.!"'*6¢! Interestingly,
Trf17-p53~- MEFs showed polyploidization as characterized by
FACS profiles, showing a discrete 8n peak (Fig. S2A, left panel).
The polyploid cell fraction (defined here as the fraction of cells
with a DNA content > 4n) increased from a basal level of 9-10%
to 25-30% at day 8 after TRF1 deletion (Fig. S2A, right panel).
In addition, 40% of TRF1-knockout cells were multinucleated and
accumulated supernumerary centrosomes (Fig. S2B—E). These
results suggest that TRF1 depletion may result in abnormal mitosis.

As overexpression of TRF1 is known to cause mitotic spindle
defects,” and TRF1 is reported to associate with the mitotic spin-
dle in HeLa cells,”* we next examined spindle integrity by using
a-tubulin to label the spindle in control and Trf17/-p53 -~ MEFs.
We found that TRF1-knockout cells had multiple centrosomes,
and these were able to initiate spindle formation resulting in
multi-polar spindles (Fig. S2E), thus suggesting that TRF1 was
not necessary for spindle formation.

To address whether the delay in mitosis observed in the
absence of TRF1 is due to increased telomere damage, as previ-
ously described for Potla/1b double deficiency,” we examined the
time taken to complete mitosis in cells with increased telomere
damage owing to telomerase deficiency and presence of critically
short telomeres, such as late generation (G3) Terc”’~ MEFs (G3)
(Fig. S4),%>¢ as well as in cells deficient for TRF2, TRF2- p53-~
MEFs” (Fig. 6B). We found that cells lacking telomerase took on
average 50 min to complete mitosis compared with 40 min in the
case of the wild-type controls, and most of the cells (>90%) were
able to complete mitosis (Fig. 6B; Fig. S4). Surprisingly, TRF2-/-
p537- MEFs also entered mitosis, rounding up and displaying
nuclear envelope breakdown, but, in the majority of the cases,
the cells flattened out again after an average of >100 min, with
approximately 60% of the cells being unable to undergo cytokine-
sis, resulting in their nuclei becoming enlarged (Fig. 6B and C).
Although the percentage of cells that enter mitosis is very similar
between TRF17~ p53~'~ and TRF2"~ p53-~ MEFs, (23.5% and
24.6%, respectively), the percentage of these that do not undergo
cytokinesis is markedly higher in the absence of TRF2 (60% vs.
20.8%) (Fig. 6C). Cells lacking TRF2 did not show the appear-
ance of chromatin bridges as seen in the absence of TRF1 (data
not shown). The severity of the mitotic phenotype in TRF2 and

Cell Cycle 1471

©2014 Landes Bioscience. Do not distribute.



Time taken to
complete mitosis(minutes)
8

i

8

5

3%

F1+* TRF1+

B Wildtype 0:00:00

80:00:00

20:00:00

20:00:00

100:00:00

30:00:00

40:00:00

120:00:00

40:00:00

60:00:00

150:00:00

Time taken to exit mitosis(minutes)

e 4
o

Cells (%)

(4]
o

o Complete mitosis
= No Cytokinesis

f<0.0001
n= 3 MEFs
A

50
A
40 s
30 P
=3
200} mEFs
1001 gy

TRF2* TRF2*
p<0.0001

[ 1

YrF2 TRF2*

C

Genotype Estimated Cytokinesis Completed Time taken to
Mitoses (% failure (% of Mitosis (% of extit mitosis
total cells) mitotic cells) mitotic cells) (mins)

Wildtype 34 3 97 40

TRF1/ 235 20.8 79.2 80
TRF2/ 246 60 40 >100

(minutes)
E=y
58 3 & 8

Time taken to complete mitosis U
N
=]

Rk

n.s

(=]

TRF1
53BP1

+}+ +l/+ afe
+/+ - 5 +/+

s
-

Figure 6. For figure legend, see page 1473.

1472

Cell Cycle

Volume 13 Issue 9

Do not distribute.

I0Science.

©2014 Landes B



indicated. ***Represents a P value of < 0.0001; n.s., non-significant.

Figure 6 (See opposite page). (A) Time-lapse images of Trf1*+ and Trf17~ or (B) Trf2*p53~-and Trf27~ p53~ MEFs treated with Cre. Selected time points
are shown. Cells are transfected with H2B-CHERRY (red). Arrow indicates chromatin bridge. (Right panel) Quantification of the time taken to exit mitosis
of 5 independent Trf1** and Trf17~ MEFs. Error bars represent standard error. (B) Quantification of the time taken to exit mitosis (top) and the percent-
age of cells that complete cytokinesis (bottom) of 3 independent Trf2**p53~- and Trf27-p53~~ MEFs. (C) Table of comparison of percentages of mitotic
cells and time taken to exit mitosis in wild-type, Trf1~~, and Trf2~~ MEFs. (D) Quantification of the time taken to exit mitosis of 2 independent Trf1** and
Trf17~ MEFs either wild-type or knockout for 53BP1. Error bars represent standard error. Student t test was used for all statistical analysis, and P values are

TRF1 knockout cells vs. Terc-deficient MEFs suggests that the
mitotic delay phenotype is likely to be related to the increased
telomere damage in TRF1- and TRF2-deficient cells compared
with the late-generation Terc™’~ mice (see below).

In order to address whether the mitotic phenotype was related
to the previously described increase in telomere fusions upon
TRF1 deletion,''? we analyzed by time-lapse microscopy the
mitotic duration in cells doubly deficient for the NHE] path-
way component 53BP1 and for TRF1.% The absence of 53BP1
was not able to rescue the delay in mitosis observed in TRF1-
knockout cells (Fig. 6D), implying that the delay is not due to
fusions per se, but could be related to the induction of the DNA
damage response at dysfunctional telomeres.

The SAC is responsible for mitotic delay associated to TRF1
ablation

TRF1 depletion causes extensive DNA damage, resulting in a
rapid DDR.'"'? Previous studies have reported that massive DNA
damage causes a p53-independent delay in the division process.**
The authors found that the observed transient metaphase block
was due to activation of the SAC, and that the delay could be
rescued by Mad2 depletion.®* To further analyze the mechanisms
by which TRFI deficiency results in extended time to complete
mitosis, we analyzed SAC activation in TRF1-deficient cells. To
this end, we treated wild-type and TRF17-p53~- MEFs with the
microtubule depolymerizing agents nocodazole and colcemid,
which activate the SAC, leading to mitotic arrest. We first stained
cells with pH3 and determined the mitotic index and found no
significant differences between wild-type and TRF1-knockout
cells in their ability to activate the SAC in response to the mitotic
poisons, as indicated by a similar percentage of cells arresting in
prometaphase in wild-type and TRF1-deficient MEFs (Fig. 7A).
Next, we set out to address whether abnormal SAC activation in
TRF1-deficient cells was responsible for the increase duration of
mitosis. We disrupted the SAC in both wild-type and TRF1-null
cells by using an siRNA against the essential SAC component
Mad2 (Fig. 7B). We achieved a 70% decrease in Mad2 pro-
tein levels as indicated by western blot (Fig. 7B-D). To address
whether the increased time to exit mitosis in the absence of TRF1
was mediated by the SAC, we analyzed the time taken to com-
plete mitosis in wild-type and TRF17-p53~"- MEFs as compared
with cells in the presence of nocodazole alone, with the siRNA
against Mad2 alone, and with a combination of both siRNA and
nocodazole. We found that TRF1-knockout cells responded to
treatment with nocodazole, as did control cells, activating the
SAC due to spindle depolymerization and delayed completion of
mitosis. This confirmed that the SAC is fully functional in the
absence of TRF1. When the SAC was disrupted by the siRNA
against Mad2, the observed delay in mitosis in TRF1-deficient
cells was rescued, and cells completed mitosis at the same rate
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as their wild-type counterparts even in the presence of the same
amounts of chromosomal aberrations and genome instability.
As control, the delay in mitosis in the presence of nocodazole
was also reversed upon knockdown of Mad2 (Fig. 7E). Taken
together, these data suggest that TRF1 deficiency causes activa-
tion of SAC-dependent mitotic arrest, and this is responsible for
the delay in the completion of mitosis of TRF1-deficient cells.
This is in agreement with the studies performed by Mikhailov
et al.* It is relevant to point out that the abnormal localization
of SAC proteins in the absence of TRF1 (lower amounts at telo-
meres) does not affect SAC function (see “Discussion”).

Unlike for Pot1/1b double deficiency, TRF1-deficient cells
show normal APC/Cdc20 activity

If cells are to proceed from metaphase to anaphase, then cohesin
must be cleaved due to the activation of the ubiquitin ligase APC/
Cdc20. The mechanism behind the delay observed in vertebrate
cells with DNA damage is as yet unclear. However, a proposed
hypothesis is that DNA damage is able to prevent the activation
of APC as is the case in Drosophila.®® To examine the status of
the mitotic checkpoint, we studied APC/Cdc20 mitotic targets in
synchronized Trf1”-p53-"~ MEFs. Upon release from G /S block-
age, both control and TRF1 knockout cells entered S phase, as
shown by FAC:s profile (Fig. S3A), but, as expected, TRF1 knock-
out cells exhibited an increase in the number of 4n cells and in
polyploid cells compared with control cells. We first examined by
western blot the protein levels of Geminin, a negative regulator of
replication and an APC/Cdc20 target, and Aurora B, a member of
the chromosomal passenger complex, and saw no significant alter-
ation in the stabilization of these proteins in the absence of TRF1,
contrary to what has been reported for the POT1a/b doubly defi-
cient cells (Fig. S3C-E).” We also confirmed a normal localiza-
tion of Aurora B in the absence of TRF1. In particular, we found
Aurora B to localize to the centromere during prometaphase, the
midbody in anaphase/telophase, and at the cleavage furrow in
both wild-type and TRF1-deleted cells (Fig. S3D and E). Upon
closer examination, we also found no alterations in the kinet-
ics of other APC/Cdc20 targets such as Cyclin Bl or Securin.
Interestingly we were also unable to detect any differences among
Aurora A levels, which were previously reported to cause mitotic
abnormalities that are regulated by TRF1% (Fig. S3A—C). These
studies reveal that the observed mitotic delay induced upon TRF1
abrogation is not correlated with an inability to activate APC.

Discussion

The repetitive nature of telomeres confers them a high risk
of DNA replication stalling, a phenomenon that is known as
fragility. Indeed, both in yeast and mammals replication forks
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Figure 7. TRF1 knockout cells have a functional SAC. (A) Trf17~ MEFs display an efficient mitotic assembly checkpoint in the presence of colcemid
or nocodazole. (Right) Percentages of pH3-positive cells after indicated treatments. n refers to independent MEF cultures. Bars = 50 wM (Left)
Representative images of Trf1** and Trf17~ MEFs pH3-positive cells. Nuclei are counterstained with Dapi (blue). Two-way ANOVA used to determine sta-
tistical significance. P values are shown. (B) Western blot of Trf1** and Trf1~~ MEFs treated with scrambled oligo (control) or with an siRNA against Mad?2.
(€) Quantification of TRF1 and Mad2 (D) normalized to Actin. Student t test was used to determine significance. P values are shown. (E) Trf1** and Trf17/~
MEFs transfected with either scrambled siRNA or an siRNA against Mad2 and subjected to mitotic arrest by nocodazole and analyzed by time-lapse
video microscopy. Dot plot of elapsed time (min) between NEBD and anaphase onset for individual cells. Analysis performed on >50 cells per condition
from 5 independent MEFs. Statistical analysis using the Student t test. ***Represents a P value of < 0.0001 all other values are indicated.
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were found to stall at telomeres.'*

Y In particular, replication
stress induced by drugs that make replication suboptimal, or by
decreasing the amounts of ATR, causes increased fragility at telo-
meres.''>?° Furthermore, shelterin proteins, which are important
for telomere protection, have been also recently found to prevent
telomere fragility.!"'#2% Here, we are the first to show that
Topolla is able to directly bind to telomeres during mitosis in
a TRF1-dependent manner. Furthermore, we find that Topolla
catalytic inhibition results in increased telomere fragility as mea-
sured by abundance of MTS and UFB, comparable to that seen
upon abrogation of TRFI. Interestingly, previous reports sug-
gested a role for Topolla during telomere replication,?** which
is in line with the previously described role for TRF1 in allowing

proper telomere replication.!'?

Thus, our findings suggest that
unreplicated DNA or unresolved homologous recombination in
the absence of TRF1 maybe the consequence, at least in part, of
decreased Topolla binding to TRF1-depleted telomeres.

We also confirm the previously reported association of TRF1
with SAC proteins** at telomeres, and that this is strictly depen-
dant on the presence of TRF1. The SAC plays a crucial role in
ensuring correct microtubule attachment before cell division,
preventing cells from progressing through to anaphase if attach-
ment is incomplete or incorrect. Here, we are the first to show
that the localization of SAC proteins to telomeric chromatin in
vivo is disrupted upon TRF1 deletion. In the absence of TRFI,
cells show a significantly increased time to complete mitosis,
which is dependent on SAC function. We postulate that TRF1
links Topolla and SAC proteins at telomeres, ensuring correct
telomere replication and mitotic segregation. These findings clar-
ify the molecular mechanism by which TRF1 deficiency results
in telomere fragility and mitotic defects.

A TRFI1-dependent Topoisomerase Ila telomericlocalization

The absence of TRF1 has been shown to cause telomeres to
behave as fragile sites as a result of inaccuracies during telomere
replication.!™* TRF2, another shelterin component, has been
suggested to work in a complimentary manner with Apollo and
Topolla in relieving topological stress during telomere replica-
tion.” In this study, the authors postulate that perhaps TRF1,
and possibly other shelterin components, are enriched at telomeric
regions encountering replication problems and suggest that telo-
meres are more sensitive than the rest of the genome to the lack
of topoisomerase 2 activity. Our data supports this hypothesis,
as we are able to detect Topolla at telomeres in wild-type cells.
However, this is significantly impaired in the absence of TRFI.
This could explain the presence of increased multitelomeric sig-
nals detected in the absence of TRF1 and the fragile site-like
behavior observed.'"** Upon inhibition of Topolla with a catalytic
inhibitor and, more specifically, with shRNAs against Topolla,
we see an increase in the presence of DNA threads, chromosomal
fusions, and multitelomeric signals in wild-type cells comparable
to that seen in TRFI-deleted cells (Figs. 1 and 3). It is interest-
ing to note that studies using catalytically inactive mutants of
Topolla found that it was still able to bind chromosomal DNA
throughout the cell cycle like the wild-type form.®” The authors
intimate that the catalytic ability of Topolla can be independent
of its structural function.”” Strikingly the catalytic inhibition of
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Topolla in wild-type cells led to an increase of these aberrations
to levels equivalent to those seen in untreated TRF1 knockout
cells. Of note, the increase in DNA threads is proportional to the
increase in multitelomeric signals seen per metaphase. This is in
agreement with earlier reports, where the frequency of UFBs was
found to correlate with telomere replication defects.®® Our data
strongly implies a role for Topolla in the resolution of MTS,
and that multitelomeric signals are caused by incomplete resolu-
tion of catenated DNA that, if unresolved, leads to DNA threads.
Interestingly, there is evidence to suggest that the inhibition of
Topolla by ICRF-193 is able to induce DNA damage and pro-
long the duration of mitosis in certain cell types.®* This may be in
part due to differences in telomere capping and protection. Those
cell lines that have short, deprotected telomeres and therefore less
TRF1 are more sensitive to replication stalling agents, resulting
in a delayed exit from mitosis. Of note, although the telomeric
localization of Topolla is impaired, there is an overall increase
in the amount of Topolla in the nucleus of TRF1 knockout cells
(Figs. 1E and 2A). This could be a result of cells not being able to
repair the stalled forks and overcompensating by increasing the
total amount of Topolla.

Topolla has been implicated in the resolution of centromeric
catenates via a pathway involving BLM helicase and PICH.®”°
The absence of either BLM or PICH helicases results in a lack
of recruitment of Topolla to centromeres and the formation of
ultrafine bridges.” It is believed that PICH and BLM collaborate
to keep anaphase DNA threads free of nucleosomes, providing a
window of opportunity for Topolla, and possibly other enzymes,
to resolve these aberrant DNA threads.” In general, UFBs do
not contain histones and cannot be visualized by Dapi. In cells
depleted for either BLM or PICH, these DNA threads were found
to contain histones® much like the threads we see in the absence
of TRF1. However, we were still able to see localization of PICH
to these threads, albeit through the use of a PICH-GFP plasmid.
This suggests that appearance of these histone-rich threads could
be a result of impaired BLM localization. PICH- and BLM-positive
threads have been shown to evolve from inner centromeres® as well
as those that extend from telomeric foci.®® BLM has been found to
be important for telomere maintenance in cells using alternative
lengthening of telomeres,”"’? and more recently in the suppression
of telomere fragility.'*** It is not unreasonable to believe that TRF1
recruits Topolla to telomeres, allowing it to function in the same
or parallel pathway to PICH and BLM in the presence of replica-
tion intermediates, thus resolving telomeric DNA catenates.

TRF1 interacts with SAC proteins and is important for their
telomeric localization

PICH has also been found to be an essential component of the
spindle assembly checkpoint (SAC). This led us to more closely
examine previously suggested interactions of TRF1 with the SAC
protein Mad1,%¢ as well as with Mad2, another member of the
SAC. Using a cellular system in which TRF1 is endogenously
abundant (i.e., iPS cells) and by using co-immunoprecipitation,
we find that TRF1 does appear to interact with both Madl and
Mad2. Furthermore, by using chromatin immunoprecipita-
tion we found binding of Madl and BubR1, another important
component of SAC, and to a lesser extent, Mad2 to telomeres
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Table 1. Cells used

Cell type Relevant genotype Experiments
Figure 1A, C,and D
Figure 2
Figure 3Band C
Figure 4A
+/+e, /-
Mouse Embryonic Fibroblast (MEF)" T-IF;T;LX,L;E?S?)_'/_ Figure 5Aand C
! Figure 6
Figure STA
Figure S2
Figure S3
G3 TERC™, Figure 4B
- 4 ,
Mouse Embryonic Fibroblast (MEF) G3TERCH* Figure 54
Figure 4C
+/+e, /-
Mouse Embryonic Fibroblast (MEF) T-IF-{TZI;E"X’L:’E)';S)353"/‘ Figure 5Band C
' Figure S1B
++e —/— ++
Mouse Embryonic Fibroblast (MEF)® TL'T:I;1L°VL’£§3353"E;§§E;1-L Figure 5D
Overexpressing .
2931 Topolla-EGFP;EGFP-TRF1 Figure 18
EGFP-TRF1 +/+,
Induce Pluripotent Stem cell (iPS)* EGFP-TRF1 Kl/+, Figure 3A
EGFP-TRF1 KI/KI,

in vivo. The fact that we were unable to detect any alteration in
Mad? binding to telomeres may suggest that its localization to
telomeres is not mediated by TRF1. Alternatively, the interaction
between TRF1 and Mad2 may be weak and not reliably detect-
able by chromatin immunoprecipitation. Indeed, we previously
reported co-localization of TRF1 and both Mad2 and BubR1 at
telomeres only upon overexpression of TRF1.%

Importantly, here we make the unprecedented finding that
binding of Madl and BubR1 to telomeres in vivo is largely
dependent on TRF1. We confirmed this finding by immunofluo-
rescence in the case of BubR1. In particular, the characteristic
BubR1 punctuate staining is abolished in the absence of TRFI.
Interestingly, the defective BubR1 localization was not observed in
cells with telomere damage owing to TRF2 deficiency or telomer-
ase deficiency and presence of critically short telomeres, suggest-
ing that the phenotype is specific for cells with TRF1 abrogation.
Fascinatingly, in Drosophila HOAP mutants with uncapped telo-
meres, BubR1 is found both at kinetochores and telomeres.”? In
the case of Drosophila, the accumulation of BubR1 at uncapped
telomeres was mediated by proteins associated to the DDR, and
proposed to activate the SAC either through the negative regu-
lation of Cdc20 or other APC/C subunits causing a metaphase
arrest.”> However, the situation in mammals seems to be different,
as we see decreased levels of both Madl and BubR1 at TRFI-
abrogated telomeres, and this is concomitant with SAC activation
and SAC-mediated delay in the time to complete mitosis. BubR1
has been proven to be an important protein not only for ensuring
correct distribution of genetic material, but also in lifespan. Mice
hypomorphic for BubR1 were found to develop many age-related
phenotypes, such as short lifespan, growth retardation, sarcope-
nia, and subdermal fat loss and infertility.”*” It is interesting to
note that these phenotypes are very similar to those observed in

late generation mice deficient for telomerase.”*”” The similarity in
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phenotypes between the above-mentioned mouse models and the
increased severity in the BubR1 mouse may be due to increased
telomere fragility resulting in increased rates of telomere attri-
tion resulting from a lack of surveillance. However, more detailed
analysis of the telomeric phonotype of the BubR1 mutant mouse
is necessary to confirm this hypothesis.

BubR1 is an essential protein, as the knockout is embryonic
lethal.”® This may be due to its multiple functions as a mitotic
checkpoint control protein, an active kinase at unattached kinet-
ochores, and as a cytosolic inhibitor of APC/Ced20 #479-81 Thege
functions have been uncoupled, and it has been proven that the N
terminus of BubR1 is essential for APC/C inhibition during
interphase® and that CDK1 phosphorylation of BubR1 is impor-
tant for kinetochore—microtubule attachements.®> However, the
GLEBS domain is essential for both functions. Mutations in this
domain resulting in faulty binding to Bub3 result in reduced
accumulation at kinetochores and undetectable phosphorylation
culminating in congression and checkpoint defects.®? Cells lack-
ing TRF1 show reduced BubR1 accumulation at kinetochores as
well as at telomeres and mitotic timing defects. This could be due
to impairment of BubR1-Bub3 binding through modification of
the GLEBS domain or structural changes in the protein resulting
in our observed phonotype. Of note, Madl was also found to
have a SAC-independent function in Drosophila.® We find both
Madl and BubR1 at telomeres, where they may be either exert-
ing a non-SAC function and ensuring correct chromosome seg-
regation, or an undefined novel function. However, in order to
ascertain this, more detailed analysis of BubR1 and Madl struc-
ture and binding abilities in the presence and absence of telomere
binding needs to be done.

TREF1 is important for the correct completion of mitosis

A recent report by Davoli et al. shows that the absence of
p53 in a persistent telomere damage scenario owing to Potla/lb
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double deficiency can result in a bypass of mitosis leading to tetra-
ploidization.” They also find that endoreduplication and mitotic
failure occurs in human fibroblasts during telomere crisis.** Our
results indicate that deletion of TRF1 also induces a sustained
and persistent telomere damage signal. In particular, cells sim-
ulatenously deficient in TRF1 and p53 become multinucleated
over time and display multiple spindle forming centromeres, in
agreement with persistent telomere damage being an important
factor in tetraplodization. However, in contrast to Davoli et al.,
cells lacking TRF1 did not bypass mitosis. In fact they were able
to complete mitosis, although with increased mitotic duration and
the occurrence of multinucleated cells. In agreement with this,
and in contrast with previous reports, we were unable to see the
stabilization of APC targets such as Geminin, Securin, or Cyclin
B.? This, along with our observation that in other telomere dam-
age scenarios we did not see the same effect on mitosis, proffers a
specific role for TRF1 in the completion of mitosis. Our data sup-
port the hypothesis that telomeres may act as a mitotic-duration
checkpoint responsible for eliminating cells that fail to complete
mitosis properly.® The differences we observe are most likely due
to the different systems used to induce telomere destabilization.
The authors in this study induced telomere deprotection through
prolonged mitotic arrest using microtubule poisons or by RNAi
of cohesin, sororin, and shugoshin, whereas we directly induced
telomere damage through removal of TRFI. The authors saw
a significant reduction of TRF2 bound to telomeres; however,
although there was a slight reduction in the levels of TRF1, they
did not suspect a role for TRF1 in this phenotype, as its overex-
pression did not rescue the TIF phenotype.®> Our data suggests
that TRF1 plays an important role in the mitotic checkpoint and
for the correct completion of mitosis.

The SAC is responsible for mitotic delay associated to TRF1
ablation

Further supporting the idea that incorrect resolution of stalled
telomere replication is the cause for the activation of the SAC
and delay in mitosis, inhibition of Topollaw by ICRF-193 (and
therefore failure to decatenate DNA) was shown to cause a meta-
phase arrest that is independent of DNA damage and, above all,
is independent of the recruitment of kinetochore-associated SAC
proteins Mad2 and Bubl.*® However, though the arrest is not
due to the recruitment of Mad2 to kinetochores, it does depend
on Mad?2 function, which we also see. Upon depletion of Mad2
by siRNA, we were able to see a rescue in the delay in mitosis
observed in the absence of TRF1 and induced by treatment with
nocodazole (Fig. 6B—E). Taken together our results strengthen
the hypothesis that there is a metaphase checkpoint that allows
entry into anaphase only after Topolla-dependent DNA decat-
enation, and that in the case of telomeres, this is dependent on
the recruitment of Topolla by TRF1.

Experimental Procedures
Isolation of primary MEFs

TRF1¥x; p53-= and TRF1**; p53~-, TRF2** p537,
TRE2"x 553~ and G3 Terc”’~ primary MEFs were isolated

www.landesbioscience.com

from E13.5 embryos. TRF1¥*; p53-/- and TRF1**; p53~/~ and
TRE2** p53-"-, TRF2"/"* p53-- MEFs were infected once with
retroviral Cre-recombinase as previously described,'" or with
Puromycin (2 Mg/mL) selection was added 48 h after the infec-
tion. Other cell types used are listed in Table 1.

TRF1 and TRF2 deletion in Cre-infected MEFs was checked
by PCR with: Forward primer: El-popout 5'-ATAGTGATCA
AAATGTGGTC CTGGG-3'; Reverse  primer:  SAl
5'-GCTTGCCAAA TTGGGTTGG-3" and excision of TRF2
was confirmed as in.”®

Retroviral infections

Retroviral supernatants were produced in 293T cells (5 x 10°
cells per 100 mm diameter dish) transfected with the ecotropic
packaging plasmid pCL-Eco and either pBabe-Cre, or pBabe,*
as described."! Deletion of Trfl was confirmed by PCR with
primers described in."

Preparation of nuclear extracts and immunoprecipitation

EGFP-TRF1 KI/KI, KI/+, and +/+ iPS cells were generated
as described in Schneider et al.”® 30 x 10 per sample were resus-
pended in 5 mL of osmotic buffer (10 mM Hepes pH 7.5, 210
mM manitol, 70 mM sucrose, 1 mM EDTA, 1x protease inhibi-
tor cockrail [Sigma], I mM NaVO,, 5 mM B-glycerophosphate,
0.1 M PMSF, 5 mM NaF), and cytoplasmic membrane was bro-
ken using a Dounce homogenizer. Nuclei were pelleted by cen-
trifugation at 800 g for 10 min. at 4 °C, resuspended in 1 mL
of RIPA buffer (150 mM NaCl, 10 mM Tris pH 7.5, 0.1% SDS,
1% Triton, 1% deoxycholate, 5 mM EDTA), and lysed for 30
min in a rotating wheel for 30 min at 4 °C. Nuclear lysate were
sheared by sonication for 15 min (30 s ON and 30 s OFF) and
then cleared by centrifugation at 13000 rpm for 10 min. Total
nuclear lysate were immnunoprecipitad using MMACS™ GFP
Tagged Protein Isolation Kit (Miltenyibiotec; 130-091-125), fol-
lowing the manufactures instructions.

293T cells were transfected using X-tremeGENE transfection
reagent (Roche) as per the manufacturer’s protocol. Four micro-
grams of pBabe-EGFP-TRF1 and 4 wg pEGFP-C3 Topoll a were
used for transfection. Cells were collected 48 h after transfection,
and nuclear extracts were prepared as described in reference 87.
Immunoprecipitation was performed on nuclear extracts using anti-
bodies specific for topoisomerase IT o, Topoll a« (ABCAM-ab45175)
4 pl, and against TRF1, rabbit anti-mouse TRFI serum (gener-
ated in our lab) 4 pl. Equal amounts of protein (500 ng) were
analyzed by gel electrophoresis followed by western blotting.
Anti-Lamin B (Santa Cruz, sc-6216) was used as loading control.

Western blotting

Whole-cell and nuclear protein extracts, as described by refer-
ence 11, were used for western blot analysis. Protein concentration
was determined using the Bradford assay (Sigma). Up to 50 pg
of protein per extract were separated in SDS—polyacrylamide
gels by electrophoresis. After protein transfer onto nitrocellulose
membrane (Whattman), the membranes were incubated with the
indicated antibodies. Antibody binding was detected after incu-
bation with a secondary antibody coupled to horseradish per-
oxidase using chemiluminescence with ECL detection KIT (GE
Healthcare) or by antibodies coupled to Alexa680 (Invitrogen)
emitting light at 700 nm upon excitation.
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Primary antibodies

MADI (Santa Cruz sc-137026), MAD2 (MBL K0167-3),
TRF1 (Abcam; ab-10579), GFP (Clontech; JL-8 632380),
SMC1 (Bethyl; A300-055A) p55 Cdc20 (H-175) (Santa Cruz
sc-8355), Geminin (FL-209) (Santa Cruz sc-13015), Cyclin Bl
(Chemicon International MAB3684), Securin (abcam ab3305),
Aurora B (abcam ab2254), Aurora A (abcam ab13824), TOP II
a (TopoGEN, Inc, TG2011-1), TOP II o (ABCAM-ab45175),
Actin (Sigma; a2228), Tubulin Clone GTU-88 (Sigma; T6557),
BubR1 (Abcam ab28193).

ChIP assay

ChIP assays were performed as previously described® in col-
cemid-arrested cells. In brief, after cross-linking and sonication,
chromatin from 4 x 10° cells were used per each immunopre-
cipitation the following antibodies: 8 Wl of anti-Madl (Santa
Cruz sc-137026), 8 wl of anti-Mad2 (MBL K0167-3), 8 pl of
anti-BubR1 (Abcam ab28193), 8 wl of anti-Topolla (EPY1102Y)
(Abcam ab52934), and 8 pl of polyclonal rabbit anti-TRFI serum
at (homemade and described in ref. 89). The immunoprecipitated
DNA was transferred to a Hybond N+ membrane using a dot
blot apparatus. The membrane was then hybridized with either a
telomeric probe containing TTAGGG repeats or a probe recog-
nizing major or minor satellite sequences, which is characteristic
of pericentric heterochromatin. Quantification of the signal was
performed with Image] software (NIH). In all cases, ChIP values
are represented as percentages of the total input DNA, therefore
correcting for differences in the numbers of telomere repeats.

Quantitative real-time PCR

Total RNA from cells was extracted with Trizol (Life
Technologies). Samples were treated with DNase I before reverse
transcription, using random priming and iScript™ (BioRad)
according to the manufacturer’s protocols or using Ready-
To-Go You-Prime First-Strand Beads Kit (GE Healthcare).
Quantitative real-time PCR was performed using an ABI PRISM
7700 (Applied Biosystems), using DNA Master SYBR-Green 1
mix (Applied Biosystems) according to the manufacturers pro-
tocol. All values were obtained in triplicates. Primers used are
as follows: mTRF1-F: 5'-GTCTCTGTGC CGAGCCTTC-3;
mTRF1-R: 5" TCAATTGGTA AGCTGTAAGT CTGTG-3;
Gapdh-F, 5"”TTCACCACCA TGGAGAAGGC-3'; Gapdh-R,
5-CCCTTTTGGC TCCACCCT-3', Topolla (a)_Forward
5" TGGTCAGTTT GGAACCAGGC-3" Topolla (a)_Reverse
5" TCAGGCTCAA CACGTTGGTT-3" Topolla (b)_Forward
5'-AACGAGAGAC ACATCATTGT CAG-3’ Topolla (a)_
Reverse 5'"-TCACCTTCCC TATCACAGTC C-3'

Antimitotic drugs and quantification of mitotic index

TRF1"%; p53-/- and TRF1*"*; p53~~ primary MEFs were
treated overnight with nocodazole (0.2 pg/ml; Sigma) or col-
cemid (33 nmol; Sigma) and fixed in PBS-buffered 4% para-
formaldehyde at room temperature for 10 min, followed by
permeabilization with PBS-0.1% Triton X-100 for 10 min. Cells
were then blocked with 2% bovine serum albumin (Sigma) in
PBS for 1 h at room temperature and incubated for 1 h at room
temperature with a rabbit anti-phospho-histone H3 (Ser10) anti-
body (Upstate; 1:500). After being labeled, cells were rinsed
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with PBS-0.1% Triton X-100 and incubated with anti-rabbit
antibody-Alexa 488 (Molecular Probes), and DNA was counter-
stained with DAPI. The mitotic index was calculated by scoring
the ratio of positive cells for phospho-histone H3.

Time-lapse analysis

For time-lapse videomicroscopy, MEFs of the indicated gen-
otypes expressing Histone H2B-Cherry were plated on glass-
bottom dishes (24 well plates; MatTek) and transfected with
siGenome SMART pool against Mad2 (Thermo Scientific
Dharmacon), mouse MAD2L1 M-059314-01-0005) where indi-
cated. After 24 h, cells were followed by time-lapse microscopy in
fresh medium or in the presence of nocodazole for 48 h. Image
acquisition was performed using a CCD fluorescence micro-
scope (Leica) equipped with a selective filter for Cherry emission.
Images were acquired at 10 and 4 min intervals using LAS AF
(Leica) software for analysis.

Flow cytometric analysis

MEFs (1 x 10°) were washed twice with PBS and fixed/perme-
abilized with ice-cold 70% ethanol. Fixed cells were washed with
PBS and resuspended in 1 ml PBS containing 0.2 g propidium
iodide and 100 g RNase. The samples were incubated overnight
at 4 °C, and the samples were acquired on a FACS Canto-II or
a LSRII Fortessa (for SSEA-1) (BD) using pulse processing to
exclude cell aggregates and debris. At least 20000 events were
collected per sample. Data was analyzed using FlowJo Software
v.9.1 (Treestar).

Immunfluorescence

Cells were grown on coverslips or glassbottom dishes (24-well
plates; MatTek), washed twice with PBS, and fixed for 10 min in
PHEM buffer (20 mM PIPES pH 6.8, 0.2% Triton X-100, 10
mM EGTA, and 1 mM MgCl,) containing 4% paraformalde-
hyde. For immunofluorescence staining, coverslips were washed
twice with PBS, and then blocked 100% goat serum albumin for
1 h before the indicated primary antibody was applied. Cells were
then washed with PBS and incubated with Alexa Fluor 488-,
555-, or 647-conjugated secondary antibody (Molecular Probes).
Cell nuclei were stained with DAPI (Sigma). After washing, cov-
erslips were mounted onto glass microscope slides with Prolong
antifade (Invitrogen).

Microscopy

All the fluorescence stainings were acquired in a confo-
cal high-resolution microscope Leica TCS-SP5 (AOBS). Type,
magnification, and numerical aperture of the objective lenses:
40 x 1.25 oil UV plan apochromat; 63 x 1.4 oil UV plan apo-
chromat. Temperature: room temperature. Imaging medium:
Prolong Antifade Kit (Invitrogen). Fluorochromes: AlexaFluor
488, AlexaFluor 555/568, AlexaFluor 647 (Invitrogen).
Photomultiplier tubes (PMT). Stacks were taken with a step size
0f 0.8 Mm and maximum projected by the LAS AF (Leica) soft-
ware for analysis.

Analysis of fluorescence intensities of all the staining that were
analyzed was performed with Definiens Developer XD1.2 or XD
1.5 software (Definiens). Nuclei were segmented with cellenger
and developer algorithms. Intensity results were exported with a
developer ruleset into Excel.
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