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Ku86 plays a key role in nonhomologous end joining in organisms as evolutionarily disparate as bacteria and
humans. In eukaryotic cells, Ku86 has also been implicated in the regulation of telomere length although the
effect of Ku86 mutations varies considerably between species. Indeed, telomeres either shorten significantly,
shorten slightly, remain unchanged, or lengthen significantly in budding yeast, fission yeast, chicken cells, or
plants, respectively, that are null for Ku86 expression. Thus, it has been unclear which model system is most
relevant for humans. We demonstrate here that the functional inactivation of even a single allele of Ku86 in
human somatic cells results in profound telomere loss, which is accompanied by an increase in chromosomal
fusions, translocations, and genomic instability. Together, these experiments demonstrate that Ku86, separate
from its role in nonhomologous end joining, performs the additional function in human somatic cells of
suppressing genomic instability through the regulation of telomere length.

Most human tumors display some sort of chromosomal in-
stability, ranging from minor DNA sequence changes to GCRs
(gross chromosomal rearrangements) and aneuploidy (re-
viewed in references 53 and 68). These genomic alterations are
often the causative event(s) in the transformation of a normal
cell into a neoplastic cell. This occurs when the alteration
results in the activation of proto-oncogenes or the inactivation
of tumor suppressor genes and/or by the acquisition of a mu-
tator phenotype (reviewed in reference 51). There are at least
three proposed pathways by which chromosomal rearrange-
ments may originate: (i) checkpoint defects (reviewed in ref-
erence 46), (ii) stalled replication fork collapse (reviewed in
reference 15), and (iii) telomere dysfunction (reviewed in ref-
erence 54). Studies with yeast have demonstrated that a defi-
ciency in any of these three pathways enhances chromosome
loss and GCRs by up to 2 to 3 orders of magnitude (reviewed
in reference 46). Similarly, in higher eukaryotes, mutations in
genes regulating checkpoints and the repair of stalled replica-
tion forks result in a highly elevated frequency of GCRs (re-
viewed in references 38 and 78). Finally, in mice and humans,
evidence is accumulating that the dysfunction of telomeres
may be the driving force in the generation of genomic insta-
bility, which is strongly linked to cancer predisposition (re-
viewed in reference 54).

Telomeres are the terminal structures of linear chromo-
somes. Telomeres appear to perform at least two functions: (i)

* Corresponding author. Mailing address: 6-155 Jackson Hall, De-
partment of Biochemistry, Molecular Biology, and Biophysics, 321
Church St. SE, University of Minnesota Medical School, Minneapolis,
MN 55355. Phone: (612) 624-5988. Fax: (612) 624-0426. E-mail:
hendr064@tc.umn.edu.

+ Present address: The Children’s Hospital, Harvard Medical
School, Boston, MA 02115.

5050

they allow for the replication of the ends of chromosomes, and
(ii) they stabilize chromosomes by keeping them from recom-
bining with one another (reviewed in references 17 and 24).
Telomeric DNA consists of a repetitive motif with the general
form T,A,G,, which in mammals is T,A,;G;. At the ends of the
chromosomes, the G-rich strand is often extended over the
C-rich strand for a variable number of nucleotides (reviewed in
reference 7). Many of the genes involved in telomere biogen-
esis and stability have been identified, and their subsequent
characterization has led to the identification of even more
genes, leaving the field with a rich, yet complicated, picture. In
yeast, for example, mutation of any of more than 25 different
genes can deleteriously affect telomere length and/or structure
(17). The mammalian counterparts of some of these genes
have been identified, and these include the ribonucleoprotein
complex consisting of TERT (telomerase reverse transcrip-
tase) (35) and TR (telomerase RNA) (8), which is responsible
for the synthesis of the T,A,G; repeat; TRF1 and TRF2 (telo-
mere recognition factors 1 and 2, respectively) (12, 18), which
bind to the double-strand portion of the T,A ;G5 repeat; and
Potl (protection of telomeres 1) (3), which binds to the single-
stranded, G-rich strand overhang. In addition, a variety of
DNA repair proteins are also associated, directly or indirectly,
with telomeres.

The DNA-dependent protein kinase catalytic subunit DNA-
PK,,, together with the heterodimeric Ku protein (Ku86 and
Ku70), comprises a complex, DNA-PK, that is critically in-
volved in DNA DSB (double-strand break) repair and V(D)J
recombination in mammalian cells (reviewed in references 41
and 50). Animals mutant at the DNA-PK_ locus are IR® (ion-
izing radiation sensitive), defective in DNA DSB repair, and
immunodeficient. Moreover, DNA-PK_, appears to regulate
telomere length (28, 36, 69) and prevent GCRs (2, 31, 32). Ku
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is a heterodimeric protein of 70- and 86-kDa subunits that is
conserved from prokaryotes (21, 82) to humans. Ku binds in a
sequence-nonspecific fashion to all double-stranded DNA
ends, including 5’ and 3’ overhangs, blunt ends, duplex DNA
ending in stem-loop structures, and telomeres (reviewed in
references 39 and 75). Mice containing targeted disruptions of
Ku86 (59, 84), Ku70 (49, 61), or DNA-PK_ (10, 30, 43, 73) are
IR® and defective for DNA DSB repair and have the antici-
pated immune defects. In addition, inactivation of the murine
Ku86 gene results in cells with severe growth retardation (60),
premature senescence (79), and a marked increase in chromo-
somal aberrations (20, 25, 44) that show elevated telomeric
fusions (2, 67). Thus, DNA-PK is an important mammalian
DNA repair complex, and mutations in Ku or DNA-PK_ result
in DNA DSB repair defects and immunodeficiencies.

Despite the relative uniformity of phenotypes of eukaryotic
cell lines with defects in DNA-PK concerning repair and re-
combination, there are some glaring differences concerning
telomere biology. In Saccharomyces cerevisiae, Ku86 and Ku70
mutant strains exhibit temperature-sensitive lethality and ab-
errant telomere shortening (11, 33, 63) or telomeric repeat
maintenance (26, 29, 34, 74). Ku-null Schizosaccharomyces
pombe (4, 52) and trypanosome (19) cells also show telomere
shortening but no exacerbated telomere degradation and le-
thality. In contrast to these organisms, the majority of Ku-null
chicken DT40 cells exhibit telomeres of the parental length
although some telomeric expansions have been observed in
independent subclones (81). In contrast to the sporadic telo-
meric expansions seen in the chicken—and in sharp contrast to
what has been observed with yeast and trypanosomes—Ku-null
Arabidopsis thaliana plants show consistent, massive telomeric
expansions (65). In rodents, multiple contradictory studies
have reported telomeric shortening (20), telomeric expan-
sions—some slight (27, 67), some large (36, 69)—and/or no
discernible effects (28, 31, 32) in Ku- or DNA-PK_-null cell
lines and animals. The fact that all three of the DNA-PK
mutant knockout mouse lines are fertile and viable, however,
suggests that if there are telomeric defects, they cannot be as
severe as those caused by the loss of telomerase activity, which
results in senescent and infertile animals by the sixth genera-
tion (9). Given the glaring lack of uniformity between—and
even within—the various model systems, it has been unclear
which model system is most applicable to humans. Moreover,
because DNA-PK activity in humans appears to be essential
(48), the direct effect of DNA-PK mutations on telomere func-
tion has not been reported.

In the present report, we demonstrate that the inactivation
of a single allele of Ku86 in human somatic cells results in
dramatic telomere shortening. This telomeric shortening is
accompanied by chromosomal fusions, aneuploidy, and GCRs.
Thus, human Ku86 appears to be a critical suppressor of
genomic instability.

MATERIALS AND METHODS

Tissue culture. HCT116 and all of the genetically modified cell lines derived
from it were cultured in McCoy’s 5A medium with 10% fetal calf serum (48). For
construction of complemented subclones #A6 and #A10, 25 pg of a Bgll-
linearized pcDNA3.1 expression plasmid (Invitrogen) containing the full-length
human Ku86 gene was electroporated (240V, 975 pF) into 107 clone #70-32
cells. These cells were then plated onto two 10-cm-diameter dishes, and after
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24 h, the cells were placed under selection (1 mg of G418 per ml). Ten to 14 days
later, individual G418-resistant clones were isolated by toothpicking and ex-
panded. Clones containing elevated levels of Ku86 protein were then identified
by immunoblotting.

Immunoblotting. Levels of Ku86 protein in the various cell lines were deter-
mined by Western blotting, which was performed exactly as previously described
(48). Ku86 and B-actin were detected with antibodies SC-5280 (Santa Cruz) and
A5441 (Sigma), respectively.

Telomeric TRF and G-strand overhang analyses. TRF (terminal restriction
fragment) and G-strand overhang assays were performed exactly as previously
described (45, 77), with the restriction enzymes Mbol and Alul (New England
Biolabs). Oligonucleotides used for probes were obtained from Operon/Qiagen.
Exonuclease I (Exol) was purchased from Amersham.

FISH and SKY analyses. Fluorescence in situ hybridization (FISH) analysis
for the presence of telomeres was performed with metaphase-arrested cells with
a protein-nucleic acid telomere-specific probe [Cy3 conjugated to (T,AG3)s] in
accordance with a protocol provided by the manufacturer (DAKO) (66). Indi-
vidual rearrangements in mammalian cells were analyzed by spectral karyotyping
(SKY) analysis as previously described (14).

RESULTS

Functional inactivation of a single allele of Ku86 in human
somatic cells results in profound telomeric shortening. We
have recently demonstrated that the functional inactivation by
gene targeting of both Ku86 alleles in a diploid human somatic
cancer cell line is not compatible with viability (48). Interest-
ingly, Ku86-null cells did not die immediately but underwent 8
to 10 cell divisions before they succumbed to apoptosis. This
phenotype was identical to that caused by overexpression of a
dominant negative telomerase in human cancer cells (83).
Moreover, two of the most distinctive phenotypes of human
Ku86-heterozygous cell lines were a decrease in proliferation
and a significant elevation in the spontaneous levels of the
DNA damage-regulated transcription factor p53 (48). These
two phenotypes have also been observed in mice in which both
alleles of the murine telomeric RNA gene, TERC, have been
inactivated (47). Together, these similarities suggested that at
least some of the deleterious effects associated with the reduc-
tion of Ku86 expression in human somatic cells could be due to
telomeric dysfunction. To experimentally test this hypothesis,
we used the well-established TRF assay (57) to directly mea-
sure the telomere lengths in the telomerase-positive parental
HCT116 colorectal carcinoma cell line (16), as well as in two
independent Ku86-heterozygous clones, #44 and #70 (48).
This assay takes advantage of the fact that the telomeric repeat
region, in contrast to the adjacent unique genomic DNA, is
devoid of the recognition sequences for almost all restriction
enzymes. Thus, human genomic DNA that has been digested
to completion with the very frequent-cutting restriction en-
zymes Alul and Mbol will yield intact telomeric TRFs, which
can be detected with a radioactive d(C;TA,); probe in a
Southern blotting procedure. TRFs from wild-type cells were
significantly longer than those observed in heterozygous cells
(Fig. 1, compare lane 1 with lanes 2 and 3, respectively). The
range for the TRFs from the parental line was 3 to 9 kb, with
an average size of 5.6 kb (=0.8 kb, n = 11). In contrast, the
range for the TRFs from Ku86-heterozygous cells was only 2 to
5 kb, with an average length of 3.1 kb (+0.1 kb, n = 5) and 2.9
kb (£0.6 kb, n = 17) for clones #44 and #70, respectively. We
have constructed two additional independent Ku86-heterozy-
gous cell lines (G. Li, G. Ghosh, and E. A. Hendrickson,
unpublished data), clones #13 and #20, in an isogenic
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FIG. 1. Human Ku86-deficient cell lines have shortened telomeres.
Genomic DNA was purified from the indicated cell lines, digested to
completion with Mbol and Alul, and then subjected to terminal re-
striction fragment Southern blot analysis under denaturing conditions
with a (C5TA,); 5’-end-radiolabeled oligonucleotide probe. Lanes: 1,
HCT116 parental cell line; 2 and 3, HCT116 Ku86-heterozygous cell
lines #44 and #70, respectively; 4, HCT116 p53-null cell line; 5 and 6,
HCT116 p53-null Ku86-heterozygous cell lines #13 and #20, respec-
tively. Approximate molecular size markers are shown on the far left.

HCT116 strain that is null for p53 (13, 14). The p53-null
HCT116 cells had somewhat shorter telomeres (range of 3 to
8 kb, with an average size of 5.0 kb [£0.7 kb, n = 7]) than the
parental cells from which they were derived (Fig. 1, compare
lane 4 with lane 1), but upon inactivation of one allele of Ku86,
the telomere size was reduced even more (range of 2 to 6 kb,
with average sizes of 3.8 kb [+0.5 kb; n = 6] and 4.3 kb [£0.1;
n = 3] for clones #13 and #20, respectively) (Fig. 1, compare
lanes 5 and 6 with lane 4). The observation that four indepen-
dent Ku86-heterozygous cell lines displayed the same short-
telomere phenotype strongly suggests that the phenotype was
due to the reduction in Ku86 expression and was not an artifact
of clonal cell line variability.

Partial functional complementation of telomere shortening
by reintroduction of a Ku86 cDNA. To directly test the hypoth-
esis that a reduction in Ku86 expression was responsible for the
short-telomere phenotype of these cell lines, a full-length, wild-
type human Ku86 cDNA expressed from a pcDNA3.1(Neo)
vector was introduced into the heterozygous clone #70 cell
line. Stable subclones were selected for G418 resistance and
expanded, and then cell lines with restored levels of Ku86
protein were identified by Western blot analysis. Two sub-
clones (A6 and A10) had levels of Ku86 that were 1.7 and 2.4
times, respectively, more abundant than that of the wild type
(Fig. 2A). In contrast, two clones, C7 and CS5, that had only
been transfected with vector DNA did not show any restora-
tion of Ku86 expression (Fig. 2A). After ~30 generations of
cell growth, these subclones were subjected to a TRF analysis,
which demonstrated that the telomeres of clones A6 and 10
(Fig. 2B, lanes 2 and 5, respectively) were partially comple-
mented and migrated at a size intermediate between those of
wild-type HCT116 (Fig. 2B, lane 1) and the heterozygous clone
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FIG. 2. Introduction of a human Ku86 cDNA into Ku86-heterozy-
gous cells results in partial restoration of telomere length. (A) Whole-
cell extracts were prepared from the indicated cell lines and subjected
to immunoblot analysis with commercial monoclonal antibodies di-
rected against either Ku86 or B-actin. The signals on the autoradio-
gram were quantitated by densitometry, and the ratio of the level of
Ku86 to p-actin (K/B) expression is shown below each lane.
(B) Genomic DNA was purified from the indicated cell lines and
subjected to TRF analysis by denaturing gel electrophoresis. Lanes: 1,
HCT116 parental cell line; 2 and 4, clone A6 cells harvested after 30 or
60 population doublings, respectively; 3, HCT116 Ku86-heterozygous
cell line #70; 5 and 6, clone A10 cells harvested after 30 or 60 popu-
lation doublings, respectively; 7 and 8, clone C7 and C5 cell lines
(HCT116 Ku86™'~ cell lines complemented with an empty vector),
respectively. Approximate molecular size markers are shown on the far
right.

#70 cell line (Fig. 2B, lane 3). In contrast, there was no
complementation of the telomere length in clones C7 and CS,
which contained only the empty vector (Fig. 2B, lanes 7 and 8,
respectively). When all of these cell lines were grown for an
additional ~30 generations, another TRF analysis was carried
out. The complemented clones did not show any additional
lengthening of their telomeres (Fig. 2B, lanes 4 and 6). Thus,
the partially complemented phenotype was stable. These data
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FIG. 3. The G-strand overhang is elongated in Ku86-heterozygous
cells. (A) Genomic DNA was purified from the indicated cell lines and
either left untreated (—) or digested overnight (+) with Exol. The
DNA was subsequently purified, digested to completion with Mbol
and Alul, and then subjected to terminal restriction fragment Southern
blot analysis under nondenaturing (Native) conditions with a (C5TA,);
5'-end-radiolabeled oligonucleotide probe. (B) The gels shown in
panel A were denatured and rehybridized with the identical probe
(Denatured). Exp., experiment.

strongly reinforced the contention that a reduction in Ku86
expression in the heterozygous cell lines was directly respon-
sible for their short-telomere phenotype.

The G-strand overhang is longer in human Ku86-heterozy-
gous cells. Mutations in Ku affect the length of the G-strand
overhang in yeast (6, 33) and plants (64). To assess the length
of the G-strand overhang in human Ku86-heterozygous cells,
we used a TRF analysis combined with nondenaturing gel
electrophoresis (57). In a native (nondenaturing) gel, the sin-
gle-stranded G-strand overhang is the only substrate capable of
hybridizing to the probe (Fig. 3A, —Exol lanes). This inter-
pretation was confirmed by prior treatment of the samples with
Exol (57), a single-stranded exonuclease, which removed the
overhangs and completely eliminated all of the hybridization
signal (Fig. 3A, +Exol lanes). The total amount of telomeric
DNA in each lane was quantitated by subsequently denaturing
the gel and rehybridizing it with the probe (Fig. 3B). The ratio
of the signal obtained from the native gel (i.e., a function of the
length of the G-strand overhang only) to that obtained from
the denatured gel (i.e., a function of the total telomere length)
was arbitrarily set to 1.0 for the HCT116 cell line. Since the
overall telomere length in the heterozygous cells is shorter
than that of wild-type cells, their G-strand overhang-to-total
ratio was normalized to account for this difference. Even with
this normalization, however, the G-strand overhang ratio for
the four Ku86-heterozygous clones, which ranged from an av-
erage of 1.49 to 2.95, was always greater than that for the wild
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TABLE 1. The G-strand overhang is elongated in Ku86™/~ cells*

Cell line G overhang ratio SD? ne
HCT116 1.00 NAY 8
Clone #44 1.49 NA 1
Clone #70-32 1.51 +0.30 4
Clone #13 1.93 +0.34 2
Clone #20 2.95 NA 1
Clone #A6 0.78 +0.36 3
Clone #A10 0.90 +0.31 3

“ Gels such as those shown in Fig. 3 were quantitated with a phosphoimager,
and the ratio of the signal from the native gel in comparison to that from the
denatured gel was arbitrarily set to 1.00 for the parental HCT116 cell line. Clones
#44, #70-32, #13, and #20 are all Ku86™/~ cell lines, and clones #A6 and
#A10 are Ku86™ ™ cell lines complemented with a Ku86 cDNA (see the text for
a fuller description). All cell lines were normalized relative to HCT116 for total
telomere length.

> SD, standard deviation.

¢ n, number of independent experimental data points.

4 NA, not applicable.

type (Table 1). When a similar analysis was carried out with
Ku86 cDNA-complemented clones #A6 and #A10, their G-
strand overhang ratios were slightly lower than that of the wild
type (Table 1). Together, these experiments suggest that a
deficiency in Ku86, while causing overall telomere shortening,
results in more telomeres with G-strand overhangs and/or telo-
meres with slightly longer G-strand overhangs. Moreover, the
overexpression of a Ku86 cDNA in Ku86-heterozygous cells
completely complemented this defect.

Confirmation of telomere dysfunction in Ku86-heterozygous
cells by FISH analyses. To independently confirm the telomere
defect observed by TRF analysis, parental HCT116 cells and
the two independent p53-positive, Ku86-heterozygous cell
lines were arrested in metaphase, hybridized with a protein-
nucleic acid telomere probe, and analyzed by FISH. All of the
1,840 telomeres examined in the parental HCT116 cells hy-
bridized to the probe (Fig. 4A and Table 2). In striking con-
trast, 61 of 4,232 telomeres examined in Ku86-heterozygous
cells were completely devoid of any telomeric signal (Fig. 4B
and Table 1). Thus, 1.4% of the telomeres in Ku86-heterozy-
gous cells were either entirely missing or so short that they
could no longer be detected by this probe. Moreover, the FISH
analysis uncovered additional defects in the Ku86-heterozy-
gous cells. In 6 of the 23 metaphases examined, two examples
of telomere fusions (Fig. 4C) and four examples of ring chro-
mosomes that completely lacked telomeric signals (Fig. 4D)
were observed. In contrast, no such abnormalities were de-
tected in the parental HCT116 cell line (Fig. 4A and Table 2).
Thus, Ku86-heterozygous cells had shortened telomeres and
this appeared to promote chromosomal instability.

Confirmation of genomic instability in Ku86-heterozygous
cells by SKY analyses. To independently confirm the genomic
instability suggested by the FISH analyses, we next performed
SKY analyses (5). The HCT116 cell line has previously been
analyzed by SKY by two independent laboratories, and three
identical karyotypic anomalies have been detected: (i) a trans-
location involving chromosome 16 [der(16)t(8;16)], (ii) a trans-
location involving chromosome 18 [der(18)t(17;18)], and (iii) a
variable number of cells retaining the Y chromosome (1, 56).
Similarly, we detected precisely the same three karyotypic ab-
normalities (Fig. SA). Importantly, in 17 metaphases exam-
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FIG. 4. Human Ku86-heterozygous cells contain chromosomes with telomere abnormalities. FISH analysis with a telomere-specific Cy3-
(C5TA,); protein-nucleic acid probe of either wild-type cells (A) or three independent Ku86-heterozygous cells (B to D). Telomeres are seen as
red dots, and the metaphase chromosomes are stained blue. In panel A, every chromosome contains four discrete spots of hybridization (two at
each end). In panel B, the arrows point to chromosomes where no discernible hybridization was detected. In panel C, an example of two
chromosomes that have fused is shown and the position of the internal telomere signal is designated by the arrow. In panel D, an example of a
ring chromosome lacking any telomeric DNA is shown by the arrow.
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TABLE 2. Telomere abnormalities in Ku86 heterozygous cells

Type of telomere

abnormality HCT116 HCT116 Ku86™/~
Telomere loss 0/1,840 61/4,232
Chromosome fusion 0/10 6/23¢

“Two events were fusions between different chromosomes (one of which is
shown in Fig. 4C), and four events were fusions generating ring chromosomes
(one of which is shown in Fig. 4D).

ined, no (0 of 17, 0%) additional chromosomal aberrations
were detected (Table 3). Thus, the HCT116 cell line appears to
be karyotypically very stable. In stark contrast, we detected
seven additional gross chromosomal abnormalities in 28 met-
aphases (7 of 28, 25%) from the HCT116 Ku86-heterozygous
cell lines (Table 3). These included various instances of aneu-
ploidy (Fig. 5C), translocations involving whole chromosomes
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(Fig. 5B) or parts of chromosomes (Fig. 5D), fragmented chro-
mosomes (Fig. 5D), and amplifications (Fig. 5D and Table 3).
These data confirmed the contention that the loss of a single
Ku86 allele in human cells results in a highly elevated fre-
quency of GCRs.

DISCUSSION

Telomere biology appears to vary radically between different
species. Modern biology is replete with examples of genes and
processes that are highly conserved throughout evolution. In-
deed, the very existence of telomeres appears to be nature’s
consistent answer to the problem of chromosome end mainte-
nance. Yet, despite the near universal presence of telomeres in
eukaryotic organisms, it is a clear understatement to suggest
that the way that different species maintain telomeres is idio-
syncratic (reviewed in reference 23). The confusing diversity of

FIG. 5. Human Ku86-heterozygous cells contain chromosomal abnormalities. SKY analysis of either wild-type cells (A) or two independent
Ku86-heterozygous cell lines (B and C). Each chromosome is represented in sets of three corresponding to the actual image, the 4',6’-diamidino-
2-phenylindole (DAPI)-stained image, and the computer-generated, false-color image, respectively. In panel A, the two derivative chromosomes
(16 and 18) common to the parental cell line are marked with an asterisk. Panel B shows an example of a Ku86-heterozygous cell that contains—in
addition to the parental translocations—a translocation of chromosome 15 to chromosome 10, each of which is also marked with an asterisk. Panel
C shows an example of a Ku86-heterozygous cell that has become aneuploid and has sustained an amplification of chromosome 10. Panel D shows
individual examples of the parental translocations, as well as some of the abnormalities detected in Ku86-heterozygous cells (see also Table 3).
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TABLE 3. Genomic instability of Ku86 heterozygous cells

HCT116 Ku86™/~*

der(16)t(8;16)
der(18)t(17;18)

Incidence of GCRs
All cells

HCT116"

der(16)t(8;16)
der(18)t(17;18)

Only Ku86"/~ cells der(10)t(10;15)
der(14)t(14;14;4)
del(1)

dup(10)
der(10)t(10;18)
der(7)t(7;18)
der(15)t(15;21)

2 cases of polyploidy

“ The incidence of GCRs was 0 of 17 (0%).
® The incidence of GCRs was 7 of 28 (25%).

mechanisms used by various organisms is perhaps best exem-
plified by mutations in Ku, which, while being involved in
telomere maintenance in most of the species examined, can
give rise to dramatically shortened telomeres (in yeast) (11, 33,
63), unaltered telomeres (in chicken cells) (81), or massively
expanded telomeres (in plants) (65) when mutated. It is par-
ticularly noteworthy that there appear to be significant differ-
ences in telomere biology between humans and mice. (i) Hu-
man telomeres are shorter, whereas murine telomeres are
substantially longer. (ii) Human somatic cells generally do not
express telomerase, whereas mouse somatic cells often do. (iii)
Humans can regulate telomere damage via two redundant
pathways (p53 and pl16/Rb), whereas mice regulate telomere
damage only through p53 (reviewed in references 17 and 24).
The best model for studying telomere structure and damage
regulation in human cells was via the overexpression of a dom-
inant-negative form of TRF2 that resulted in telomere uncap-
ping, telomeric fusions, and cell death (77). Human model
systems using loss-of-function approaches have not been de-
scribed.

Haploinsufficiency of Ku86 results in short telomeres. Here
we have demonstrated that the functional inactivation via gene
targeting of a single allele of human Ku86 results in profound
telomere shortening. One possibility is that Ku might regulate
TRF1 and/or TRF2. Ku is known to physically interact with
TRF1 (40) and TRF2 (71). Moreover, overexpression of TRF1
(76) or TRF2 (70) results in telomeric shortening in human
cells. Thus, if Ku negatively regulates TRF1 or TRF2, then a
Ku86-heterozygous cell could be functionally equivalent to a
TRF1- or TRF2-overexpressing cell. This hypothesis, while
attractive, would not explain the increase in the frequency or
length of the G-strand overhangs (Fig. 3 and Table 1). Thus,
we favor a model in which Ku acts as a physical barrier to
nucleases, probably by binding to the double-stranded-to-sin-
gle-stranded transition—a structure to which Ku is known to
tightly bind (75)—present at the telomeric end. The absence of
Ku at this transition could generally reduce protection of the
telomere from nucleases and could also account for the in-
crease in the frequency or length of the G-strand overhangs
(Fig. 3) by allowing preferential resection of the C-rich strand
(42). Restoration of the G-strand overhang to the wild-type
length upon reintroduction of a Ku86 cDNA (Table 1) strongly
supports this hypothesis. In Ku86-null yeast strains, the elon-
gation of the G-strand overhang can be upwards of an order of
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magnitude greater (6, 33, 72). In Ku86-heterozygous HCT116
cells, the effect we observed, 1.5- to 3-fold, was much smaller.
While this difference may be simply due to the comparison
between null and heterozygous cell lines, respectively, it is also
possible that human cells possess alternative or additional end
protection activities.

Complementation experiments suggest the existence of dif-
ferent mechanisms of Ku86-dependent telomere maintenance.
Reintroduction of a Ku86 cDNA into Ku86-heterozygous cells
resulted in significant, albeit partial, complementation of the
overall telomere length (Fig. 2B). If Ku86 only functioned in
end protection as postulated above, there was no a priori
reason to expect that the telomeres should be re-extended at
all by reintroduction of Ku86. The fact that the telomeres did
elongate suggests that Ku86 may also participate in telomere
elongation. One possibility is that Ku86 is required for telo-
merase activity and that the short-telomere phenotype is an
indirect effect of reduced telomerase activity. This is consistent
with a report that Ku physically interacts with telomerase and
that telomerase activity is slightly reduced in Ku86-heterozy-
gous cells (16). A second possibility is that Ku86 is required for
hTR biogenesis. Biochemical and genetic data demonstrate
that—in yeast—Ku86 can bind to the RNA component of
telomerase (6, 62, 72). If human Ku86 possesses a similar hTR
binding activity, it is likely that telomere length maintenance
would be aberrantly effected in Ku86-heterozygous cell lines. A
third possibility is that Ku86 may be required for recruiting
telomerase to the telomere. In its role as a DNA DSB repair
protein, Ku normally binds to a broken double-stranded end
and recruits DNA-PK_ (50). At a telomere, Ku may perform
an analogous role by recruiting telomerase. Whichever, if any,
of these three hypotheses is correct, it is clear that Ku86 is not
essential for these functions since only partial complementa-
tion of the short-telomere phenotype was observed upon res-
toration of Ku86 expression (Fig. 2B). Last, it should be em-
phasized that in human cells, Ku86 is often associated with the
DNA-PK complex. Thus, the short-telomere phenotype could
also be due to the reduced DNA-PK activity in these cells (48).
A model consistent with all of our results is that the Ku het-
erodimer alone normally provides end-blocking activity but
that Ku86, as part of the DNA-PK complex, may also be
required for telomere elongation. Many aspects of this model
can ultimately be addressed by the construction of condition-
ally null Ku86 and DNA-PK_, cell lines in isogenic back-
grounds.

Ku86 protects cells from genomic instability. The telomeres
observed in a Ku86-heterozygous cell, while shortened, appear
relatively stable, as some of these cell lines have been grown in
continuous culture for more than a year. One possibility is that
the residual levels of Ku are sufficient to keep the telomeres in
this short-but-stable configuration. This would be consistent
with the observations that further reductions in Ku86 levels by
gene targeting (48) or RNA interference (data not shown; I.
Jaco, P. Munoz, and M. A. Blasco, personal communication)
result in cell death. Alternatively, although Ku may be impor-
tant for proper telomere length maintenance, a Ku-indepen-
dent mechanism may exist to protect or maintain short
telomeres as a last defense against genomic instability. Pre-
sumably, when this final barrier, perhaps mediated through
TREF2 (45), is overcome, the cells begin a GCR process that is
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either lethal or oncogenic or leads to senescence. This model is
consistent with observations in the mouse that suggest that it is
not the average telomere length that regulates genomic stabil-
ity but the frequency of chromosomes containing very short or
no telomeres (27, 37). Similarly, while our TRF analysis (Fig.
1) showed that the average telomere length of all chromo-
somes in a Ku86-heterozygous cell is reduced, the FISH ex-
periments (Fig. 4) demonstrated that only 1.4% of the chro-
mosomes contained no detectable telomere sequences (Table
2). Indeed, this value may actually be an overestimation of the
number of chromosomes lacking telomeres since some chro-
mosomes with very short, albeit functional, telomeres may
have escaped detection. If 1.4 out of 100 chromosomes were
completely lacking telomeres and each telomereless chromo-
some led to a detectable GCR, then maximally one out of
every two cells would be expected to contain a GCR. By FISH
(Fig. 4 and Table 2) and SKY (Fig. 5 and Table 3) analyses, we
observed that 26 and 25%, respectively, of the human Ku86™/~
cells had a GCR, which is in fairly good agreement with the
expected frequency. Consistent with this model is the observa-
tion that the p53-null Ku86*/* cell line had, on average,
slightly shorter telomeres than the parental control cell line
(Fig. 1). However, by FISH analysis, we did not observe any
telomere loss (data not shown) and this cell line is not prone to
GCRs (data not shown; 14). In summary, Ku86 levels appear
to critically regulate telomere shortening, which, in turn, is a
key step in the production of the nonfunctional telomeric ends
that generate GCRs and cellular catastrophe.

Where are all of the human Ku mutants? In the preceding
decade, mutations of many DNA repair genes have been
linked to human pathologies including, predominately, cancer
predisposition (38). This is not the case for Ku and DNA-PK.
To our knowledge, not a single case study of a Ku- or DNA-
PK_-null or heterozygote patient has ever been reported. The
demonstration that the functional inactivation of both alleles
of Ku86 in a somatic cell line is lethal provides a partial ex-
planation for this discrepancy (48). If Ku86 is essential in
somatic cells, it is likely that human Ku86-null individuals are
inviable. Our current demonstration that Ku86-heterozygous
cells have profound telomere defects and genomic instability
suggests that even haploinsufficiency of Ku86 in humans may
be lethal. Alternatively, while the genomic instability of the
heterozygous cell lines is significant, their radiosensitivity is
rather slight (48). Thus, the target group of radiosensitive,
immunodeficient patients among whom Ku and DNA-PK mu-
tant individuals have been sought (see, e.g., reference 22) may,
in retrospect, not be the group in which they are most likely to
be found. Our data suggest that if Ku and DNA-PK_ patients
do exist, (i) they will only be heterozygous or contain hypo-
morphic alleles, (ii) their chromosomes will have shortened
telomeres, and (iii) they will likely present with some clinical
feature of genomic instability in a haploinsufficient state. DKC
(dyskeratosis congenita) is a rare inherited disorder that en-
compasses all three of these phenotypes. In particular, while
DKC patients usually die an early death from bone marrow
failure, they are also afflicted with an increased risk of cancer
(reviewed in reference 55). The disease is defined by multiple
complementation groups, and two of the relevant genes have
been cloned and identified. One is the RNA component of
telomerase, hTR (80), while the other is in dsykerin (58).
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Dyskerin is a nucleolar protein that binds to snoRNAs (small
nucleolar RNAs) and appears to be critical for proper forma-
tion of the telomerase ribonuclear protein particle. DKC pa-
tients with mutations in either hTR or dsykerin have lower
levels of hTR, produce lower levels of telomerase activity, and
have shortened telomeres (55). Intriguingly, some of the DKC-
hTR patients are heterozygotes and transmit the disease in
what appears to be an autosomal dominant fashion that is due
to haploinsufficiency (80). Last, in yeast, Ku86 has been shown
to bind to the telomeric RNA (6, 62, 72). Together, these
observations suggest that patients with Ku or DNA-PK muta-
tions may present with the clinical features that are encom-
passed by DKC. Future research should clarify this issue.
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