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EXTRAVIEW

A role for sister telomere cohesion in telomere elongation by telomerase
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Telomere length homeostasis is
achieved by a balance of telomere
shortening caused by DNA replication
and nucleolytic attack and telomere
lengthening by telomerase. The impor-
tance of telomere length maintenance
to human health is best illustrated by
dyskeratosis congenita (DC), a disease of
telomere shortening caused by mutations
in telomerase subunits. DC patients suf-
fer stem cell depletion and die of bone
marrow stem cell failure. Recently a
new class of particularly severe DC
patients was found to harbor mutations
in the shelterin subunit TIN2. The
DC-TIN2 mutations were clustered in
small domain of unknown function. In a
recently published study we showed that
the DC mutation cluster in TIN2 har-
bored a binding site for heterochromatin
protein 1 (HP1) and, further, that HP1
binding to TIN2 was required for sister
telomere cohesion in S phase and for telo-
mere length maintenance by telomerase.
We briefly review and discuss the impli-
cations of our findings in this Extra View
and present some new data that may shed
light on how sister telomere cohesion
could influence telomere elongation by
telomerase.

Introduction

Human telomeres are comprised of dou-
ble-stranded TTAGGG repeats that run
out as a single stranded overhang to the 3'
end of the chromosome and a six-subunit
complex called shelterin.! Due to the end
replication problem and nucleolytic pro-
cessing, telomeres shorten with each round
of cell division. This shortening functions
as a molecular clock inducing cells to cease
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division and senesce.”® Shortening can be
counteracted by telomerase, a specialized
reverse transcriptase that adds telomere
repeats to chromosome ends.*> In humans,
telomerase is expressed in the germ line
and during embryogenesis but is repressed
for the most part in the human soma.
Hence, the stock of telomeres that an indi-
vidual possesses at birth must suffice over
their lifetime. Defects in telomere main-
tenance can have severe consequences for
human health, as evidenced by the genetic
disease dyskeratosis congenita (DC).” DC
is caused by mutations in telomerase sub-
units, resulting in very short telomeres in
highly proliferating tissues.*” DC patients
suffer stem cell depletion and die of bone
marrow stem cell failure. Understanding
how telomerase functions in the germ line
and during embryogenesis will be crucial
to understanding the mechanism of dis-
ease in DC and the role of telomerase in
human health.

Telomere Length Maintenance
in Human Tumor Cells:
Multiple Mechanisms
Alcthough human
soma,® telomerase is upregulated in
most tumors'”"® and is required for telo-
mere length maintenance and tumor cell
growth."*> Telomere length regulation
by telomerase has been primarily studied
in human tumor cells, where it has been
shown that telomerase activity is regulated
by proteins that act in cis at individual
chromosome ends to control recruitment

repressed in  the

or access to telomerase.'® Telomerase-
positive human tumor cells maintain their
telomeres at a constant length setting via a
negative feedback loop involving shelterin.
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Figure 1. TIN2-C and FN-tankyrase 1 induce telomere lengthening by different mechanisms. (A) Schematic diagrams of TRF1 and its binding partners,
tankyrase 1 (TNKS1) and TIN2. (B) Graphical representation of telomere length changes in stable HTC75 cell lines overexpressing TIN2-C, FN-
tankyrase 1 (TNKS1), or vector. (C) Immunoblot analysis of the stable lines probed with antibodies against TNKS1, TIN2, TRF1 or TRF2. (D) Immunofluo-
rescence analysis of transiently transfected HelLal.2.11 cells costained with antibodies against Flag (green) and TRF1 (red) and DAPI (blue).

Shelterin contains two double-strand telo-
mere repeat binding proteins, TRF1" and
TRE2."%" Both are bound by the cen-
tral subunic TIN2% that further binds
TPPL** the linker to POTI, the sin-
gle-strand overhang binding protein.?*»
The sixth subunit, RAPI, is bound to
TREF2.% Telomere length regulation has
been studied by generating stable tumor
cell lines overexpressing or depleting indi-
vidual shelterin subunits and analyzing
telomere length changes over multiple
generations. In this way, TRF1, the first
mammalian telomere protein to be identi-
fied, was shown to be a negative regula-
tor of telomere length by telomerase.?”?®
in HTC75

telomerase-positive tumor cells resulted in

Overexpression of TRF1

progressive telomere shortening, whereas
removal of TRFI from telomeres by a
dominant-negative allele led to progressive
telomere elongation.”®
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Shortly after TRF1 was identified,
two-hybrid screens yielded two TRF1
binding partners, tankyrasel” and
TIN2?® (Fig. 1A). TIN2 turned out to
be a bona fide component of the shelterin
complex, while tankyrase 1 was a shelterin
accessory factor that transiently associ-
ated with TRF1 and telomeres. However,
both regulated TRF1 stability and telo-
mere length. Overexpression of a nuclear
allele of tankyrase 1 (FN-tankyrase 1) led
to loss of TRF1 from telomeres®® (due to
PARsylation) and TRF1 degradation by
the proteasome.’ Stable HTC75 cell lines
expressing FN-tankyrase 1 showed pro-
gressive telomere elongation®® dependent
on telomerase.’* The rate of telomere elon-
gation induced by tankyrase 1 was ~48 bp
per population doubling (PD).*® A similar
rate of elongation (-35 bp per PD) had
been observed with the TRF1 dominant-
negative allele.?® Overexpression of TIN2
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had limited effect on telomere length, but
TIN2 depletion (that led to loss of TRF1
from telomeres®® and TRF1 degradation
by the proteasome®) resulted in progres-
sive telomere elongation at a similar rate
(50 bp per PD)* to tankyrase 1 over-
expression and TRF1 inhibition. Hence,
these data fit with the model of TRF1 as
a negative regulator of telomere length,
whose removal leads to telomere elonga-
tion by telomerase.

However, there was an N-terminally
truncated allele of TIN2 (TIN2-13)
whose behavior was not easily recon-
ciled with the model above. This allele
contained the TRF1 binding site but
lacked the (yet-to-be-identified) TPPI
and TRF2 binding sites (see Fig. 1A).
Overexpression of TIN2-13 led to telo-
mere lengthening dependent on telomer-
ase,?’ but the mechanism was unknown.
To gain insight into the mechanism,
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Figure 2. Telomere shortening by the TIN2.RD mutation depends on telomerase. (A) Immunoblot analysis of IMR90 stable cell lines expressing TIN2.
RD, TIN2-C.RD and vector, probed with antibodies against TIN2 or a-tubulin. (B) Analysis of telomere restriction fragments isolated from the stable
IMR90 cell lines at the indicated PD, fractionated on agarose gel, denatured and probed with a *2P-labeled CCCTAA probe.

we generated a similar allele (termed
TIN2-C) that, as expected, led to telo-
mere lengthening.* However, when we
compared TIN2-C side-by-side with
FN-tankyrase 1, we noticed that the telo-
mere lengthening with TIN2-C was more
dramatic (~156 bp per PD) than telomere
lengthening by tankyrase 1 (-44 bp
per PD) (Fig. 1B). Moreover, unlike
tankyrase 1 (or the TRF1 dominant
negative allele,” or TIN2 depletion®),
TIN2-C did not lead to loss of TRF1
from telomeres. In fact, immunoblot
(Fig. 1C) and immunofluorescence (Fig.
1D) analysis revealed a slight increase in
TRF1 levels and TRF1 at telomeres in
TIN2-C-overexpressing cells. We rea-
soned that TIN2-C might bind a novel
factor that stimulated telomere elonga-
tion in a unique way. A two-hybrid screen
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identified heterochromatin protein 1y as
a TIN2-C binding partner.”

A role for HP1y in telomere elonga-
tion. HP1 proteins are highly conserved
non-histone chromosomal proteins that
contain a chromodomain (CD) that
binds to trimethylated lysine 9 of histone
H3 (H3K9Me3) in heterochromatin’®
and a chromo shadow domain (CSD)
that binds with high affinity to proteins
containing the consensus pentapeptide
PXVXL.?% We found that TIN2 con-
tained a canonical HPI binding site
(PTVML), and mutation of this site to
RTDML (TIN2.RD) abrogated binding
to HP1. While overexpression of TIN2
did not affect telomere length mainte-
nance, overexpression of TIN2.RD led to
telomere shortening. Moreover, the RD
mutation in the context of the TIN2-C
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allele (TIN2-C.RD) abrogated telomere
lengthening, indicating that HP1 binding
to TIN2 was required for telomere length
maintenance.”® To determine if the telo-
mere shortening observed with the RD
mutations was due to interference with
telomerase rather than enhancement of
telomere shortening, we generated stable
cell lines overexpressing TIN2.RD and
TIN2-C.RD in normal human fibroblasts
(IMR90) that lack telomerase (Fig. 2A).
We grew the lines for multiple popula-
tion doublings and analyzed telomere
length. As shown in Figure 2B, TIN2.
RD and TIN2-C.RD did not induce
telomere shortening compared with the
vector control, indicating that the telo-
mere shortening in HTC75 tumor cells
(described above) was due to interference
with telomerase.
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Figure 3. All telomeres are not elongated in TIN2-C cells. (A and B) Analysis of telomere restriction fragments isolated from the stable HTC75 cell lines
expressing TIN2-C (A) or FN-tankyrase 1 (TNKS1) (B) at the indicated PD. Samples were fractionated on agarose gel and probed with a *?P-labeled
CCCTAA probe under native and denatured conditions.

Together, these data indicated that the
HP1 binding site in TIN2 was required
for telomere length maintenance by
telomerase, but the mechanism was not
apparent. HP1 is typically associated
with repressive effects in heterochroma-
tin. Hence, one might imagine that HP1
binding could block access to telomer-
ase, not promote it, as appeared to be the
case. A clue came in 2008 when TIN2
was found mutated in dyskeratosis con-
genita.®*4! The TIN2 mutations were
clustered in an area of unknown function
C-terminal to the TRF1 binding domain.
Remarkably, the HP1 PTVML bind-
ing site was embedded in the TIN2-DC
mutation cluster. We found that the
TIN2-DC mutations that were associ-
ated with severe telomere shortening and
abrogated binding of TIN2 to HPL®
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suggesting that HP1 binding was impor-
tant for telomere elongation in humans,
but how did it work?

TIN2, HP1 and Sister
Telomere Cohesion

Our studies indicated that TIN2 could
influence telomere length by a unique
mechanism, distinct from the TRFI1-
controlled negative feedback loop. Hence
we looked to other aspects of TIN2 func-
tion for clues. We showed previously that
TIN2 was required to establish/main-
tain cohesion between sister telomeres in
S phase.* Cohesion between sister chro-
matids is mediated by cohesin, a ring struc-
ture containing Smcl, Smc3 and Sccl and
peripheral protein Scc3,%4* that exists as
two related homologs (SA1 and SA2).%+4
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Cohesin complexes are found with either
SA2 (abundant) or SAl (minor).” We
identified a unique complex comprised
of SAl-cohesin bound to the shelterin
subunits TIN2 and TRF1 ** and showed
that cells depleted of TIN2 (or SA1) were
unable to establish telomere cohesion in
S phase.”? We thus asked if HP1y was
required for telomere cohesion. We found
that depletion of HP1vy led to loss of cohe-
sion at telomeres, and that overexpression
of TIN2 with a mutated HP1 binding site
(TIN2.RD) led to loss of cohesion at telo-
meres. Moreover, we showed that HP1y
localized to telomeres in early S phase
during replication, coincident with the
timing of cohesion establishment.” We
speculate that HP1 acts as a crosslinker
in telomeric heterochromatin by binding
to TIN2 via its chromo shadow domain
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and to H3K9Me3 via its chromodomain
to hold sisters together (see Fig. 4A).

TIN2, HP1 and Telomere
Elongation by Telomerase

But the question still remains, how does
sister telomere cohesion impact telomere
lengthening by telomerase? Again, we
looked to the TIN2-C allele. We won-
dered why this allele (that consisted essen-
tially of a TRF1 and a HP1 binding site)
was so effective at inducing telomere elon-
gation. The allele lacked the TPP1 and
TREF2 binding sites (see Fig. 1A), but this
could not account for telomere elonga-
tion, since TIN2-C.RD also lacked these
binding sites but did not induce telomere
elongation.” Hence, we looked to cohe-
sion. We measured telomere cohesion and
found that telomeres were super cohered
in TIN2-C but not in TIN2-C.RD
cells. We speculate that overexpression of
TIN2-C leads to increased binding sites
for HP1 at telomeres, leading to increased
cohesion. Together, our data show a strong
correlation between telomere cohesion
status and telomere elongation by telom-
erase; increased cohesion increases telo-
mere elongation by telomerase (TIN2-C),
and decreased cohesion decreases telomere
elongation by telomerase (TIN2.RD).
Our findings above prompted us to
reexamine the telomere elongation pheno-
type of the TIN2-C allele. We noticed a
faint smear below the elongated telomeres
that became more apparent with a longer
exposure (Fig. 3A, left parts). Under the
denaturing conditions used for telomere
length analysis, the probe (in this case
2P-CCCTAA) hybridizes all along the
length of the telomere; hence, the lon-
ger the telomere, the stronger the signal.
When we quantified the signal for the
long telomeres vs. the smear below and
adjusted for telomere length (roughly 24
kb vs. 4 kb), the longer telomeres consti-
tuted only a fraction (23%) of the total.
We observed this phenomenon in three
independent  derivations of TIN2-C
cells, and we did not observe it with
tankyrase 1 overexpression (Fig. 3B). To
confirm that, indeed, only a fraction of
telomeres were elongated, we hybridized
the #P-CCCTAA probe prior to dena-

turation. Under these native conditions,
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Figure 4. Schematic diagram showing how sister telomere cohesion could influence telomere
elongation by telomerase. (A) HP1 promotes cohesion between sister telomeres by binding to
TIN2 via its chromo shadow domain (CSD) and to H3K9Me3 via its chromodomain (CD). (B) Telom-
erase as a dimer with two molecules of TERT and two of the RNA (TR). (C) In TIN2.RD mutant
cells, HP1 cannot bind to TIN2.RD, and cohesion is not established. Dimeric telomerase cannot
efficiently elongate single sisters, and telomeres shorten. (D) In TIN2-C cells, HP1 has increased
binding sites to TIN2, leading to super cohesion. Dimeric telomerase efficiently elongates cohered
sisters, and telomeres are super elongated.

where only the G-strand overhang is avail-
able for hybridization, we again observed
that only a fraction of the telomeres
(15%) were elongated; the bulk stayed
the same or even shortened slightly (Fig.
3A, right part). Keeping in mind that in
tumor cells, catalytically active telomer-
ase is present a low levels® and is limit-
ing for telomere length homeostasis,* we
speculated that super cohered telomeres in
TIN2-C cells may promote processivity of
telomerase but at the expense of the other
telomeres; i.e., once telomerase binds to
the super cohered sisters, it stays on and is
not available to elongate other telomeres.
Alternatively, or in addition, loss of cohe-
sion may be required to release telomerase
from chromosome ends.

How might the super cohered sister
chromatids influence telomere lengthen-
ing by telomerase? Studies have suggested
that telomerase functions as a dimer*®>%5!
with two molecules of hTERT and two
molecules of h'TR (Fig. 4B). A dimer with
two active sites could provide a mechanism
for coordinated extension of the 3' ends
of newly replicated sister telomeres (Fig.
4C and D). Cohered sisters may be a pre-
ferred substrate for a dimeric telomerase
enzyme, rendering it more efficient and/
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or processive. Techniques have recently
been developed that allow investigation
of the mode of action (processive or dis-
tributive) of telomerase during a single
5254 These studies suggest that
in human cancer cells, telomerase extends

cell cycle.

most telomeres by about 60 nt, and that
each end is extended processively by one
molecule of telomerase. Using this type
of approach, we should be able to deter-
mine how telomere cohesion influences
telomere elongation by telomerase. We
predict that increased cohesion (TIN2-C)
will increase telomerase processivity,
whereas loss of cohesion (TIN2.RD) will
reduce it.

Telomere Cohesion,
Telomere Elongation
and Dyskeratosis Congenita

Our studies showed that TIN2 harbored
a binding site for HP1 and that mutations
in this site led to loss in sister telomere
cohesion in S phase and interfered with
telomere length maintenance by telomer-
ase.”” The HP1 binding site was embed-
ded in the TIN2-DC mutation cluster.
We further showed that human patient
cells harboring TIN2 mutations were
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defective in sister telomere cohesion.”
Patients with TIN2 mutations have severe
manifestations of DC and extremely short
telomeres, shorter than some of the other
DC subtypes.*4>>¢ Indeed, while inheri-
tance of (heterozygous) telomerase subunit
mutations results in progressive telomere
shortening over successive generations
(anticipation),”® TIN2 mutations are
most often de novo and result in dramatic
telomere shortening in the first generation
at a young age. This distinction suggests
that in the case of the TIN2-DC muta-
tions, severe telomere dysfunction may
occur during embryogenesis. We specu-
late that non-cohered telomeres are not
efficiently elongated by telomerase during
embryogenesis, thereby contributing to
the extreme telomere shortening observed
in TIN2-associated DC.

Recent studies have use induced plu-
ripotent stem (iPS) cells to probe the
disease mechanism of DC. During
reprogramming, TERT is activated and
telomerase activity is reconstituted.’”®
However, this may not be sufficient to
rescue all classes of DC patient cells.
For example, iPS cell reprogramming of
DC patient cells harboring a mutation in
TCABI, a telomerase-associated protein
that facilitates trafficking of telomerase
to Cajal bodies,*"% showed that despite
wild-type telomerase activity, the ability
of telomerase to elongate telomeres was
abrogated, because telomerase was mis-
localized.®* Along these lines, it will be
interesting to determine if iPS cell repro-
gramming of DC patient cells harboring
mutations in TIN2 will rescue telomere
shortening.
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