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Ku’s essential role in keeping telomeres intact
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elomeres, the specialized nu-

cleoprotein structures present

at the ends of linear chromo-

somes, function to prevent
natural chromosomal termini from acti-
vating the DNA damage response and
becoming substrates for inappropriate
DNA repair. Telomeres are organized
into lariat-like structures known as t-
loops, which are formed by the invasion
of the terminal G-rich 3’ telomeric over-
hang into the proximal duplex telomeric
tract on the same chromosome (1) (Fig.
1). T-loops have been proposed to be a
crucial means by which the telomeric
end is hidden from DNA double strand
break (DSB) repair pathways, with non-
homologous end joining (NHEJ) being
the dominant mechanism of DSB repair
in mammalian cells. Consequently, when
telomeres become dysfunctional, and
presumably no longer able to form t-
loops, they can be engaged in NHEJ,
giving rise to chromosome end-to-end
fusions (2). Paradoxically, the Ku70/
Ku86 heterodimer, a central component
of NHEJ, is important at functional
telomeres. There, instead of mediating
NHEJ, Ku has been shown to contribute
to various aspects of telomere structure
and function. For example, Ku has been
found to protect telomeres from inap-
propriate degradation and interchromo-
somal recombination and contribute to
the tethering of telomeres to the nuclear
periphery and the regulation of telomer-
ase (3). Although Ku has a conserved
role in NHEJ and appears to have at
least one or more roles at the telomere
across species, only in humans has it
been shown to be an essential protein
(4). The reason has been unknown, but
it has been speculated that Ku’s essen-
tial function lies in its telomeric, not
NHE]J, role. In this issue of PNAS,
Wang et al. (5) have not only confirmed
this speculation but have revealed that
Ku’s essential role in human cells is to
prevent dramatic telomere loss.

In their article, Wang et al. (5) dem-
onstrated that the cell death that re-
sulted from the conditional knockout of
Ku86 in a human somatic cell line was
associated with massive telomere loss.
Telomere FISH showed that, on aver-
age, a striking 66% of chromosome ends
were devoid of telomere signal after
depletion of Ku. These so-called signal-
free ends were associated with the ap-
pearance of extrachromosomal telomere
circles (t-circles), which suggests that the
telomere loss was the result of telomere
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Possible scenarios by which Ku prevents telomere loss and t-circle formation. (A) Ku inhibits

t-loop excision. This might occur (i) directly, independent of other proteins, via regulation of both TRF2
and WRN, or via recruitment of a protein/factor that represses recombination or (ii) indirectly, through
free Ku sequestering away from telomeres a protein that promotes t-loop excision. (B) Ku prevents
intramolecular recombination between telomeric repeats, independent of t-loops.

rapid deletion, a previously described
phenomenon that results in telomere
shortening caused by intrachromosomal
recombination (6). Additionally, ~50%
of Ku-deficient cells accumulated
v-H2AX foci, indicative of DNA ends
being recognized as DSBs. This number
is much greater than what was observed
in a cell line that lacked DNA-PKcs, a
protein that associates with DNA-bound
Ku and is crucial for NHEJ-mediated
repair. Moreover, the DNA-PKcs ™/~ cell
line was viable and did not exhibit mas-
sive telomere loss (7). The results taken
together, therefore, strongly suggest that
the essential function of Ku86 in human
cells is not to perform NHEJ, but rather
to prevent the elimination of telomeres
and the formation of t-circles.

A fair amount is known about t-circles
already, because they have been observed
in a number of settings. In many cases,
t-circles are thought to arise from re-
combinational excision of t-loops (8).
This mechanism makes sense when one
considers that the base of the t-loop,
known as a displacement loop (d-loop),
resembles a Holliday junction (HJ) in-
termediate (Fig. 1). In contrast to what
occurs in homologous recombination,
branch migration and HJ resolution are
suppressed at telomeric d-loops because
these activities would result in the excision
of a t-loop and a shortened telomere. The
N-terminal basic GAR domain of TRF2,
a component of the telomere maintenance
complex shelterin, appears to play a major
role in this suppression. This domain is
required for TRF2 inhibition of re-
solvase cleavage of telomeric HJs in
vitro and both mouse and human cells
expressing high levels of TRF2AB,

which lacks the domain, exhibit high
levels of t-circles (9, 10). Additional fac-
tors implicated in t-circle formation in
response to TRF2AB expression include
XRCC3, which is associated with HJ
resolvase activity in mammalian cells;
Nbs1, a component of the Mrell com-
plex, which is involved in recombina-
tional repair; and WRN, an helicase/
exonuclease, which interacts directly
with TRF2 (9, 11).

Of interest now is determining the
mechanism by which Ku functions to
prevent telomere loss and t-circle forma-
tion, and there are suggestions it may
prove to be novel. Wang et al. (5) dis-
cuss that Ku has been shown to interact
with both TRF2 (12) and WRN (13),
supporting the notion that it might me-
diate its effects through one of these
proteins. However, TRF2 deficiency or
WRN dysfunction results in preferential
loss of leading- or lagging-strand telo-
meres, respectively. In contrast, Wang et
al. found that the telomere loss exhib-
ited in Ku86-deficient cells was random.
This result suggests that Ku prevents
t-circle formation via either a combined
disturbance in TRF2 and WRN function
or a distinct mechanism like inhibiting
directly or recruiting a repressor of re-
combination (Fig. 14).

That Ku might function through a
distinct pathway is also supported by
findings in Arabidopsis, in which Ku was
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first implicated in the suppression of
t-circle formation (14). T-circles arise in
Ku-deficient plants; however, neither
Mrell nor any of the Rad51 paralogs,
including XRCC3, are required for their
formation. This finding raised the possi-
bility that the factors that mediate t-
circle formation in Ku-deficient plants
may be distinct from those that arise as
a result of TRF2AB expression.
Whether this distinction will hold true
for Ku-deficient human cells remains to
be determined, but these findings high-
light the notion that not all t-circles are
created equally.

T-circles have also been observed in
the setting of telomere hyperelongation,
which has been shown to occur when
telomerase activity is up-regulated in
telomerase-positive human cell lines
(15) or when telomeres are maintained
by a telomerase-independent, recombi-
nation-based mechanism referred to as
alternative lengthening of telomeres
(ALT) (9, 16). An important difference
between Ku in Arabidopsis and humans
is that in plants Ku negatively regulates
telomerase, such that telomeres are
much longer in Ku-deficient cells com-
pared with wild-type plant cells. Thus,
telomere elongation may contribute to
t-circle formation in Ku-deficient plants,
but not Ku-deficient human cells where
telomeres are significantly shorter
(17, 18), again pointing to a potentially
novel mechanism.

Although it is often envisioned that
t-circles arise from excision of t-loops, it
is possible that they arise from other
forms of intrachromosomal recombina-
tion (Fig. 1B). In mouse cells, Ku itself
has been shown to be important in the
suppression of interchromosomal recom-
bination between sister telomeres in a
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pathway that functions in parallel with
TRF2 (19). Thus, in human cells, it is
possible that its effects on suppressing
intrachromosomal recombination are
not localized to the base of the t-loop,
but rather are distributed along the en-
tire tract of telomeric chromatin.

A piece to the puzzle of how Ku sup-
presses telomere loss and promotes t-
circle formation will likely come when it

Ku’'s essential role
in human cells
is to prevent dramatic
telomere loss.

is determined exactly how Ku associates
with the telomere. Ku has a high affin-
ity for DNA ends independent of DNA
sequence and could therefore load di-
rectly onto the telomeric end. This
mode of association would require that
the t-loop structure is disassembled at
some point in the cell cycle, which is
often suggested to occur during S phase,
and that the telomere end is naked and
available for Ku loading. Alternatively,
Ku could associate with telomeres indi-
rectly via protein—protein interactions,
e.g., with TRF2, WRN, or other telo-
mere-associated factors. Stepping back,
it remains to be determined whether
Ku’s role in suppressing telomere loss in
human cells is even direct as opposed to
being mediated by the dysregulation of a
Ku-interacting factor that is released by
the absence of Ku.

Regardless of the mechanism, what
makes the work by Wang et al. (5) par-
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ticularly important is that it will bring
Ku more center stage in the study of
human telomeres. For many years stud-
ies on mammalian telomere end protec-
tion have focused on the shelterin com-
plex, which is a key player at mouse and
human telomeres (8). Ku, however, has
remained in the background, often left
out of telomere models, most likely be-
cause a Ku deficiency alone in mouse
cells does not lead to profound alter-
ations in telomere length or structure or
telomere dysfunction-induced foci (19).
Instead, the field has focused on the
potent role Ku has in mediating the fu-
sion of dysfunctional telomeres. This
work should intensify the interest in hu-
man Ku’s contribution to normal telo-
mere function.

Last, the finding of human Ku’s es-
sential telomeric function by Wang et al.
(5) underscores the point that as much
as there are common themes in how
organisms maintain telomere structure
and function there can also be signifi-
cant differences even between two
closely related organisms such as hu-
mans and mice. Prior analyses of Ku
have indicated that its involvement at
the telomere varies greatly among spe-
cies (3). Why Ku is required for telo-
mere maintenance in human but not
mouse cells is unknown. It may relate to
differences in their telomere lengths or
how Ku interacts with the homologous
recombination machinery or telomere-
associated proteins. Determining the
basis for human Ku’s essential telomeric
function will no doubt contribute to our
general understanding of how telomeres
differ between the two species.
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