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Ku80 facilitates chromatin binding
of the telomere binding protein, TRF2
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The Ku70/80 heterodimer is central to non-homologous end joining repair of DNA double-strand breaks and the Ku80
gene appears to be essential for human but not rodent cell survival. The Ku70/80 heterodimer is located at telomeres but
its precise function in telomere maintenance is not known. In order to examine the role of Ku80 beyond DNA repair in
more detail, we have taken a knockdown approach using a human fibroblast strain. Following targeted Ku80 knockdown,
telomere defects are observed and the steady state levels of the TRF2 protein are reduced. Inhibitor studies indicate that
this loss of TRF2 is mediated by the proteasome and degradation of TRF2 following Ku depletion appears to involve a
decrease in chromatin binding of TRF2, suggesting that the Ku heterodimer enhances TRF2 chromatin association and
that non-chromatin bound TRF2 is targeted to the proteasome.

Introduction

The Ku 70/80 heterodimer, which is comprised of the Ku70 and
80 subunits, contributes to genomic stability by binding to DNA
ends that result from double stranded DNA breaks regardless of
structure.” It is believed that this binding represents a key, initi-
ating step in the non-homologous end joining (NHE]) pathway
for DNA repair. In addition, the binding of the Ku heterodi-
mer to a DNA double-strand break serves to both recruit DNA-
dependent protein kinase catalytic subunit and activate its kinase
activity, initiating DNA damage responses and cell cycle arrest.>*

In addition to its role in DNA repair, multiple lines of evi-
dence indicate that the Ku heterodimer functions at the telomere.
The Ku heterodimer binds to linear telomeric repeat DNA with
similar affinity as to unique sequences.” Ku has been localized
to telomeres'® and interacts with telomere repeat-binding factors
1 and 2 (TRF1 and TRF2).? In yeast, mutants in either Ku
subunit show a loss of telomere length and telomere silencing,
as well as deregulation of the telomere single-strand overhang.'?
Other factors, including the Werner syndrome helicase, have
been shown to function in regulation of the telomeric overhang.'
Collectively, the yeast data suggests that the Ku heterodimer
plays multiple roles at the telomere, regulating access of telom-
erase, establishing positional effects in subtelomeric regions and
establishing peripheral localization of telomeres in the nucleus.”

Evidence from a variety of targeting studies using differing
approaches suggests that the function of Ku in telomere mainte-
nance differs in mammalian species. In mice, disruption of the
Ku80 gene leads to growth retardation, immunodeficiency and
premature aging,'®"” in addition to chromosome abnormalities
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and telomere dysfunction with telomere elongation.'®” In mouse

19,20

cells, Ku depletion leads to telomere elongation,'”?* and Ku seems

to mediate the fusion of critically short telomeres, since depletion

of Ku prevents fusion in response to uncapping,'*

but the gene
is not essential for growth and survival. In contrast, Ku80 seems
to be an essential gene in human cells.?* Despite its central role
in NHE], reducing the levels of Ku80 in human tumor cell lines
leads to telomere shortening, telomere fusion and apoptosis as
the primary phenotype, %

may be less sensitive to Ku depletion.? It has been reported that

although certain immortal cell lines

telomere dysfunction in immortal human cells resulting from
complete Ku depletion is accompanied by telomere uncapping
and the appearance of telomeric circles.?” These results suggest
that the role of Ku in normal telomere maintenance may be one
aspect of the critical function that makes Ku essential for the sur-
vival of human somatic cells. One important aspect of the cells
examined to date in the study of the specific role that Ku plays at
the telomere is that these cells have some dysfunction in their cell
cycle checkpoint control due to their tumor origin and immor-
tal status in culture. The study of Ku function at the telomere
in a “normal” human somatic cell may give additional insight
into the specific function of the Ku heterodimer in telomere
maintenance.

In order to better understand the functional roles of Ku
beyond NHE], we have examined the consequences of target-
ing Ku80 in non-immortal human cells. We find that Ku tar-
geting, in the absence of overt DNA damage, leads to telomere
dysfunction involving a loss of TRF2. This TRF2 loss appears to
involve a release of the protein from chromatin, suggesting a link
between Ku levels and TREF2 stability on telomeres.
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Figure 1. Knockdown of Ku proteins in WI38 human fibroblast cells
leads to growth arrest. WI38 fibroblast cells were infected with a shRNA
vector directed against the Ku80 protein. 24 hours following infection,
cultures were placed into puromycin-containing selection medium for
72 hours. (A) Total protein was collected and a representative western
blot for Ku80 and Ku70 is shown. Tubulin levels are shown as a loading
control. Similar reductions in Ku levels were obtained over multiple
trials. (B) WI38 cells were seeded and counted at Days 1,2,3and 6 on a
Guava EasyCyte Mini flow cytometer to determine growth kinetics com-
pared to non-infected cells. Each cell type and timepoint was measured
in triplicate and standard deviation was measured and is shown.

Table 1. Cell cycle distribution of WI38 fibroblasts following Ku80
depletion

24 hours after infection Control Ku-depleted
G, 61.1% 61.4%
S 15.1% 5.7%
G,/M 23.8% 32.9%

48 hours after infection Control Ku-depleted
G, 64.5% 58.6%
S 13.7% 8.5%
G,/M 21.8% 32.9%

WI38 cells were infected with Ku80 shRNA for 24 hours then collected
for cell cycle analysis either another 24 or 48 hours after infection was
complete. Cells were stained with the Guava Cell Cycle reagent and
analyzed on the Guava EasyCyte Mini flow cytometer for DNA content.
The data are presented as the percentage of cells within either G,, S,

or G,/M phases of the cell cycle, with cell debris or apoptotic cells not
included.
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Results

In order to examine the consequences of reducing Ku levels in
normal human fibroblasts, an shRNA vector targeting the Ku
sequence was tested for its effectiveness in reducing the levels of
the Ku80 protein. This targeting vector proved to be effective
and, using a lentiviral delivery system that delivers the construct
to greater than 90% of the cell population, we were able to achieve
a very robust knockdown of Ku80 in WI38 human fibroblasts
by 3—4 days (Fig. 1A). Densitometric analysis indicates that the
relative reduction in Ku80 levels varied between 40—-60% in
multiple experiments. Concomitant with the reduction in Ku80,
we observed a reduction in Ku70 compared to control cells (Fig.
1A). A similar loss of Ku70 has been reported in mice following
disruption of the Ku80 gene.'* We examined growth of Ku80-
depleted cells over six days and find that the Ku-depleted cells
display a significant growth arrest compared with both control
fibroblasts and fibroblasts infected with a scrambled shRNA
construct (Fig. 1B). Cell cycle distribution of Ku80-depleted
WI38 fibroblasts was analyzed and this analysis indicated that
cells accumulated in the G,/M phase of the cell cycle compared
with control fibroblasts (Table 1) while the percentage of cells
in S phase is reduced following Ku80 depletion, consistent with
the dramatic reduction in growth rate that we observed (Table 1
and Fig. 1B).

An examination of the cell population following DAPI stain-
ing revealed a large number of cells with double nuclei and
incomplete karyokinesis following Ku80 depletion (Fig. 2A).
Because telomere fusion events can lead to non-disjunction and
Ku is known to play a role in telomere maintenance, we exam-
ined metaphase spreads of Ku80-depleted cells for evidence
of telomere dysfunction using a fluorescence-labeled telomere
probe. Several types of telomere aberrations were observed in
the Ku80-depleted cells. We observed apparent sister chroma-
tid fusion events, ring chromosomes and extra telomere signals,
presumably resulting from fusion-breakage events (Fig. 2B
and C). These abnormalities were present to a much lesser extent
in control chromosomes. Because it has been reported thata 50%
reduction in Ku levels leads to a decrease in telomere length in
immortalized cell lines, we examined the mean telomere length
in Ku depleted cells.”> We find that telomere length is not affected
by Ku depletion in WI38 normal human fibroblasts (Fig. 2D).

Based on the presence of aberrant telomeres in the meta-
phase spreads of Ku80-depleted cells and the known interac-
tion between Ku70 and TRF2, an important telomere-binding
protein that binds directly to telomere repeats,'? we postulated
that Ku may function to regulate the association of proteins with
the telomere. In order to gain some insight into the relationship
between Ku and telomere-associated proteins, we measured the
levels of a subset of known telomere-interacting proteins in cell
extracts following Ku80 depletion. Surprisingly, Ku80 depletion
leads to a reduction in the level of TRF2 (Fig. 3). However this
does not represent a global loss of telomere-binding proteins. In
fact, Ku80-depleted cells display an increase in the level of TRF1
compared with control cells (Fig. 3), while POT1 does not seem
to vary significantly (data not shown).
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Figure 2. Loss of Ku80 in human fibroblasts leads to nondisjunction and telomere abnormalities. (A) Nuclear morphology of control and Ku80-de-
pleted WI38 cells. WI38 fibroblasts were infected with Ku80 shRNA or a scrambled control shRNA for 24 hours and selected in puromycin for 72 hours.
Seven days after the treatment with shRNA, cells were stained with DAPI. Images were captured at 20X magnification (first 3 parts) or 40X magnifica-
tion (last part). Non-infected WI38 fibroblasts were included as an additional control. (B and C) Representative chromosomes from telomere FISH
analysis of metaphase spreads from control (B) and Ku80-depleted (C) cultures seven days after infection. Images were captured at 100X magnification
and enlarged for clarity. Control indicates non-transfected WI38 cells. The percentage of cells containing telomere abnormalities for each treatment

is as follows: non-treated controls, 17% (n = 35); scrambled controls, 10% (n = 30); Ku80-depleted, 62.5% (n = 24). Fisher’s exact test was performed to
determine significance and the differences between Ku80-depleted and both scrambled and untreated controls were significant (p = 0.004 and

p = 0.015, respectively). (D) Total genomic DNA from control (1) and Ku80-depleted (2) fibroblasts was subjected to telomere restriction fragment (TRF)
analysis seven days after infection as described in Materials and Methods. Representative Southern blot is shown. Molecular weight standards are

Because TRF2 has been shown to exist in chromatin-bound
form,” one possible explanation for the increased degradation
of TRF2 following Ku80 knockdown is increased release from
chromatin. In order to test this possibility, we performed chro-
matin extraction of proteins at increasing salt concentrations.
TREF2 showed greater solubility in Ku80-depleted WI138 cells
than in scrambled shRNA-treated counterparts at all salt con-
centrations tested for both Ku80 shRNA constructs (Fig. 4A
and B). Because there was variability in the relative degree of
TREF2 extraction, quantitation was performed on the relative dif-
ference in soluble TRF2 between scrambled and Ku80-depleted
extracts over multiple salt concentrations. This analysis indicated
a significant difference in soluble TRF2 levels (Fig. 4C). We
did not see any difference in chromatin-bound TRF1 between
Ku-depleted cells and control cells. These data suggest that deple-
tion of Ku80 from W38 fibroblasts contributes to the release of
TREF2 from chromatin. To confirm our results suggesting that
Ku80 reduction leads to an increase in non-chromatin-bound
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TRF2, we performed chromatin immunoprecipitation (ChIP)
analysis. Ku80-depleted WI38 fibroblasts were subjected to
ChIP analysis using antibodies targeting TRF1 and TRE2.
Consistent with our results suggesting a reduction in chromatin-
bound TREF2 following Ku depletion, we found that TRF2 in
Ku80-depleted cells pulled down less telomeric DNA than TRF2
in control cells (Fig. 5). Also consistent with our previous results,
telomere-bound TRF1 was slightly increased in Ku80-depleted
fibroblasts compared with controls (Fig. 5). These data support
the interpretation that Ku80 reduction in W1I38 fibroblasts leads
to a loss of chromatin-bound TRF2 and the ChIP analysis con-
firmed that the loss of TRF2 from chromatin at least partly rep-
resents a loss of telomere-bound TRF2.

Given the striking reduction in TRF2 levels in Ku80-depleted
cells, we sought to further understand the mechanisms involved
in TRF2 regulation. We postulated that interaction with the
chromatin may serve to stabilize the TRF2 protein and prevent
the targeting of TRF2 to the proteasome. In order to test this
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Figure 3. TRF1 and TRF2 levels are altered in Ku depleted cells. WI38
fibroblasts were infected for 24 hours with Ku80 shRNA or a scrambled
shRNA construct and selected in puromycin for 72 hours. Non-infected
WI38 fibroblasts were included as an additional control. Total protein
extracts were then collected, and representative western blots are
shown. Protein extracts were examined for TRF2 and TRF1. Results from
three independent experiments indicate a 42% decrease in TRF2 and a
1.2-fold increase in TRF1 following Ku80 depletion. Ku80 and Ku70 lev-
els are shown to confirm the knockdown, and actin levels are included
as a loading control.

possibility, Ku-depleted and control cultures were exposed to
a proteasome inhibitor and TRF2 levels were examined. The
addition of the proteasome inhibitor MG115 either during the
first 24 hours or second 24 hours following Ku80 knockdown
(0—24 hours or 24-48 hours) prevented the reduction in TRF2
in the Ku80-depleted cells (Fig. 6A). This result suggests that
TREF2 is targeted to the proteasome following Ku80 knockdown.
Interestingly, Ku70 and Ku80 levels under these same treatment
conditions do not increase, suggesting that the majority of Ku is
not targeted to the proteasome (Fig. 6B). Interestingly, higher
molecular weight forms of Ku80 were visible in the MGI115-
treated extract, consistent with recent reports that Ku may be
ubiquitin-conjugated to facilitate release of the heterodimer dur-
ing DNA repair.” Proteasome targeting is accomplished through
ubiquitin conjugation and thus ubiquitin-modified TRF2 inter-
mediates should be present in cells following Ku80 depletion. In
order to visualize potential ubiquitin-conjugated forms of TRF2
we performed immunoprecipitation of the TRF2 protein and
probed for higher molecular weight forms of TRF2 that inter-
acted with ubiquitin. Ku-depleted WI38 cells contained more
TREF2-ubiquitin than control cultures and these complexes were
further increased in the presence of MG115 (Fig. 6C) suggesting
that these ubiquitin-conjugated forms of TRF2 are cleared by the
proteasome.

Discussion
The role of the Ku heterodimer in telomere maintenance in
human cells has been somewhat unclear. The response to het-

erozygous gene deletions in the Ku80 or Ku70 genes differed in
a study comparing human adenocarcinoma and pre-B leukemia
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cells.?® The adenocarcinoma cells showed a significant growth
defect while the pre-B cell lines were minimally affected in
terms of growth. Targeting of Ku80 through small interfering
RNAs resulted in loss of viability and apoptosis in HeLa cells,
but despite the difference in growth rates and viability, in all
cases a telomere defect was observed. The differences in growth
responses and in specifics of the telomere defects in these various
tumor cell lines could well be due to the specific genetic altera-
tions acquired during the immortalization process that each of
these lines has undergone. Accordingly, an examination of the
potential role of the Ku heterodimer at the telomere in a cell
that has not undergone the immortalization process should give
additional insight because the cells will not continue to cycle but
should arrest at the first defect.

As expected, targeting of the Ku80 mRNA in WI38 fibro-
blasts leads to a significant growth inhibition and the appearance
of senescent cells in the population as measured by both mor-
phology and an increase in senescence-associated beta-galacto-
sidase activity (Fig. S1). These results are in agreement with the
report that reduced Ku80 enhances senescence induced by high
salt.’’ Concomitant with growth arrest, we have observed telo-
mere abnormalities and a reduction in steady state levels of the
telomere-binding protein TRF2. Additionally, the data suggest
that TRF2 is bound less tightly to the chromatin in cells with
reduced levels of the Ku heterodimer and that a greater fraction
of the TRF2 present in the cell is ubiquitin-conjugated and tar-
geted to the proteasome.

This interpretation is consistent with recent reports that the
majority of TRF2 in the cell is bound to chromatin® and that
TREF2 can be degraded by the proteasome.*? Experimental evi-
dence suggests that Ku70 and TRF2 interact directly,"? suggest-
ing the possibility that binding of TRF2 to the Ku heterodimer
prevents degradation. Such a relationship would be analogous to
that which exists between Ku70 and Bax.** Ku70 sequesters Bax
in the cytoplasm but also prevents ubiquitin conjugation through
deubiquitination activity intrinsic to Ku70.** It is possible that
the Ku heterodimer serves a similar function in the nucleus to
prevent targeting of TRF2 to the proteasome. A similar rela-
tionship has been identified in mouse cells between Gen5 and
TRF1,® whereby TRF1 is degraded via the proteasome in the
absence of Genb. It is likely that the interaction of TRF proteins
with the telomere is regulated during the cell cycle to allow DNA
replication and end processing to proceed, and the differential
effects of interference with accessory proteins such as Ku reveals
a specific cell cycle-related function at the telomere. For example,
it has been suggested that TRF2 acts to inhibit a DNA damage
response at the telomere, potentially through the regulation of
Chk2,%% as well as stabilizing the Holliday junction structure that
is required for T-loop formation during S phase.?’ It is also pos-
sible that the Ku heterodimer facilitates loading of TRF2 onto
telomeric sequences since such a relationship has been described
in §. cerevisiae between Ku and Cdcl3p.¥

Interestingly, in the human W138 fibroblast cells used in this
study, TRF1 levels increase following Ku80 depletion, which
suggests either a reciprocal regulation of the telomere repeat fac-
tors or that removal of TRF2 from the telomere region allows
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Figure 4. Chromatin-bound TRF2 decreases following Ku80 depletion in WI38 fibroblasts. (A) WI38 cells were infected with Ku80 (shKu40) or scram-
bled (scr) shRNA constructs, and chromatin extraction of proteins was performed using increasing concentrations of KCl. TRF2, TRF1 and Ku80 levels
are shown for both supernatant (whole cell soluble) and pellet (chromatin-bound) fractions. (B) Chromatin extraction results for a second Ku80 shRNA
construct (shKu39) are shown. Tubulin and H2A are shown as loading controls for the supernatant and pellet, respectively. Representative western
blots are presented. (C) Densitometric analysis of soluble TRF2 in Ku80-depleted extracts compared with scrambled controls. Student’s t-test was
performed to determine significance, and the difference between Ku80-depleted and scrambled controls was significant (p = 0.03).

greater access of TRF1. This increased access may serve to stabi-
lize the protein, since the interaction between TRF1 and Ku has
been found to be important for Ku localization to the telomere."!

Given the effect of the proteasome inhibitor in our system,
it appears that TRF2 can be targeted to the proteasome under
some conditions. This type of regulation is consistent with the
recent report that TRF2 appears to be degraded by the protea-
some following treatment of tumor cells with a compound that
stabilizes G-quadruplex structures.’ This observation would be
consistent with the multiple roles of TRF2 as a protein hub for
recruitment of proteins to DNA damage sites or telomeres, since
unbound TRF2 may be detrimental to cellular function poten-
tially contributing to tumor formation.?® It is interesting to note
that ubiquitin conjugation of Ku80 has been described in the
release of the Ku heterodimer from double-stranded DNA dur-
ing the repair process.” In this case the ubiquitination of Ku80
seems to result from its association with the DNA repair complex.
Consistent with this report we observe higher molecular weight
forms of Ku80 following treatment of human fibroblasts with
a proteasome inhibitor. At the same time, the TRF2 levels are
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dramatically increased in the presence of the proteasome inhibi-
tor, suggesting that proteasome targeting represents a major route
of degradation for TRF2 in this setting. Interestingly, TRF1 has
been found to be regulated in a similar manner in that it is rap-
idly targeted to the proteasome following release from the telo-
mere.”” These results, together with our findings, suggest that the
telomere repeat binding factors are subject to rapid degradation
when not associated with telomeres.

The results of Ku depletion in the WI38 fibroblasts differs
somewhat from the results of allelic deletion of the Ku80 gene
in immortalized HCT116 cells.” Targeted deletion of both Ku
alleles induced telomere loss and cell death in the HCT116 cells
while the W138 fibroblast cells entered a stable senescent arrest.
The difference in the response of the two cell types may lie in
the fact that some residual Ku protein remains in the WI38
cells while the allelic deletion induces complete lack of Ku80.
Additional differences may lie in the fact that the cell cycle
checkpoint controls differ between the two cell types, one tumor-
derived and one a primary cell strain. Nonetheless, both cell
types display alterations in telomere biology and rapid cessation
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Figure 5. Telomeric association of TRF2 is decreased following Ku80 depletion.
Scrambled and Ku80-depleted WI38 fibroblasts (shKu-40) were produced as previ-
ously described, and telomere ChlIP analysis was performed as described in Materials
and Methods. Telomeric DNA bound by TRF1 and TRF2 is indicated, and rabbit IgG
isincluded as a negative control. In addition, 0.5 micrograms of human and mouse
genomic DNA was included as a positive control for the efficiency of the telomere

followed by a 72 hour selection with 2 ug/mL puro-
mycin (Mediatech), unless otherwise noted.
SDS-PAGE and western blotting. For SDS-
PAGE, 40 micrograms of cell extracts in RIPA
buffer (50 mM Tris, 150 mM NaCl, 1% NP-40,
0.1% SDS, 0.5% sodium deoxycholate, PMSF, leu-
peptin, pepstatin) were loaded onto 8% polyacryl-
amide gels. Gels were transferred to nitrocellulose
membranes and blocked for 1 hour in 5% milk
in Tris-buffered saline containing 0.1% Tween-
20 (TBST). Membranes were incubated with pri-
mary antibodies in 5% milk TBST overnight with
shaking. Antibodies used were: anti-Ku80, anti-
Ku70 and anti-TRF1 (Abcam Inc.,, Cambridge
MA); and-TRF2 (Novus Biologicals, Littleton
CO); anti-H2A and anti-tubulin (Cell Signaling
Technologies, Danvers MA); anti-ubiquitin (Santa
Cruz Biotechnologies, Santa Cruz CA); and anti-
actin (Sigma Aldrich). Membranes were incu-

detection system.

bated for 1 hour with either goat anti-mouse-HRP

of growth supporting the concept that Ku80 is an essential gene
in human cells.

Materials and Methods

Cell culture. WI38 human fetal lung fibroblasts were obtained
from Vincent ]. Cristofalo. Cells were maintained in Minimum
Essential Medium 1X with Earle’s salts and L-glutamine
(Mediatech, Manassas VA) containing 10% fetal bovine serum,
IX MEM vitamins, 1X MEM amino acids and penicillin-strep-
tomycin (Mediatech). Fibroblasts were passaged approximately
once a week and population doubling level was determined as
previously described.®

Chemicals. All chemicals used were obtained from Sigma
Aldrich (St. Louis, MO) unless otherwise noted.

Lentiviral production and infection. To produce the Ku80
knockdown W138 cells, we used a pLKO.1 lentiviral vector con-
taining either a Ku80 short hairpin RNA, an empty pLKO.1
vector or a scrambled shRNA sequence. Two Ku80 shRNA con-
structs were obtained from Sigma Aldrich (MISSION® TRC
shRNA TRCN0000039839 and TRCN0000039840) and tar-
geted the 5' coding region of the human Ku80 messenger RNA.
Both constructs provided efficient knockdown of Ku80, however
the 39840 construct was slightly more robust and was used for the
majority of experiments. Empty pLKO.1 vector was also obtained
from Sigma. Scrambled shRNA (Addgene plasmid 1864) had the
following hairpin sequence: CCT AAG GTT AAG TCG CCC
TCG CTC TAG CGA GGG CGA CTT AAC CTT AGG.M
Ten micrograms of plasmid DNA was transfected into 293T len-
tiviral packaging cells using LT1 transfection reagent (Mirus Bio
LLC, Madison W1I) and viral supernatants were collected. WI138
human fibroblasts were infected with Ku80 shRNA, empty vec-
tor or scrambled shRNA viral supernatant along with 10 ug/mL
polybrene (American Bioanalytical, Natick MA) for 24 hours,

www.landesbioscience.com
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or goat anti-rabbi-HRP (Millipore) in 5% milk
TBST. Blots were washed in TBST and incubated
with West Pico enhanced chemiluminescent substrate (Pierce/
Thermo Scientific, Rockford IL) for 1 minute before developing.

Cell cycle analysis. For cell cycle analysis, cells were harvested
in trypsin, washed once in 1X PBS and fixed overnight in 70%
ethanol at 4°C. Following fixation, cells were spun at 450x g for
5 minutes to remove ethanol, washed once with 1X PBS and
resuspended in Guava Cell Cycle Reagent (Guava Technologies).
Cells were incubated in reagent for 30 minutes at room tempera-
ture and analyzed for DNA content on a Guava EasyCyte Mini
flow cytometer.

Senescence-associated b-galactosidase staining. Cells were
washed twice with 1X PBS, fixed for 5 minutes in 3% formal-
dehyde and washed again twice in 1X PBS. Cells were stained
for 24 hours in X-gal staining solution [5 M NaCl, 1 M MgCl,
100 mM potassium ferricyanide, 100 mM potassium ferrocya-
nide, 0.2 M citric acid/sodium phosphate buffer pH 6.0 and
50 mg/mL X-gal (Promega, Madison WI)] in a 37°C incubator.
Cells were visualized for blue staining and results are expressed
as the percentage of senescent (blue) cells compared to total cell
number.

Telomere fluorescence in situ hybridization (FISH). Cultures
were incubated in 10 ug/ml colcimide (Invitrogen, Carlsbad CA)
for 4 hours and placed into hypotonic medium (75 mM KCl, 5
mM MgCl) prior to fixation. Metaphase spreads were prepared
and hybridized to a telomere specific PNA probe (CCC TAA),
(DAKO Inc., Carpinteria CA) according to manufacturer’s
instructions. Control and Ku80-depleted metaphase spreads
were analyzed for telomere abnormalities and spreads containing
at least one abnormality were scored as positive.

Immunofluorescence. Cells were seeded onto 8-well cham-
ber slides (Thermo Scientific) or glass coverslips and fixed
with 4% paraformaldehyde in PBS. Cells were then per-
meabilized in 0.2% Triton X-100. Cells were dehydrated in
100% ethanol and mounted using Vectashield containing
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Figure 6. Proteasome inhibition prevents loss of TRF2 following Ku80 depletion. WI38 cells were infected with either a control shRNA or a shRNA
vector against Ku80 for 24 hours, after which they were treated with the proteasome inhibitor MG115 right away for 24 hours (0-24 hours) or after an
additional 24 hours for 24 hours (24-48 hours). Protein extracts were then collected and analyzed for TRF2 (A) as well as Ku70 and Ku80 (B). Asterisks
(*) indicate higher molecular weight forms of Ku80. (B) Represents extracts from the 24-48 hour time point. (C) MG115 treatment was performed as for
A and B, and extracts were immunoprecipitated with anti-TRF2. TRF2-containing complexes were subjected to SDS-PAGE and western blotting using
anti-ubiquitin or anti-TRF2 (24-48 hour time point). Actin levels are included as Input. **Heavy and light chains of antibody. EV, empty vector; scr,

4',6-diamidino-2-phenylindole (DAPI) (Vector Laboratories,
Burlingame CA). Nuclei were visualized using an Olympus
BX61 microscope and Hamamatsu ORCA-ER camera. Images
were analyzed using Slidebook software equipped with deconvo-
lution capabilities.

MG115 treatment. Fibroblasts were infected with Ku80 or
control vector for 24 hours and treated with 10 uM of the protea-
some inhibitor MG115 (Biomol, Plymouth Meeting, PA) either
right away or after an additional 24 hours following the siRNA
treatment. MG115 was prepared in growth medium and added
directly to the cells at the appropriate time. Cells were treated
with MG115 for 24 hours and total cell extracts were analyzed
for Ku and TREF2 levels.

Telomere length assay. For telomere restriction frag-
ment length (TRF) assays, genomic DNA was digested to
completion using Hind III and EcoRI (Promega). Digested
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DNA was separated by agarose gel electrophoresis and the dried
gel was exposed to alkali to denature DNA then hybridized using
a P end labeled telomere probe (CCC TAA),.

Immunoprecipitation. Five hundred micrograms of total cell
lysate was pre-cleared with Protein A/G Sepharose Beads (Santa
Cruz Biotechnologies) for 20 minutes at 4°C and spun for 5 min-
utes at 14,000x g. Supernatants were incubated in anti-TRF2
overnight on a shaker at 4°C and complexes were then pulled
down with Protein A/G beads for one hour. Complexes were
washed three times in ice-cold PBS, resuspended in SDS loading
buffer, boiled, loaded onto SDS-polyacrylamide gels as indicated
above and blots were probed with anti-ubiquitin.

Chromatin extraction. Extraction of chromatin-bound pro-
teins was performed using a previously published protocol.*?
Cells were lysed in buffer containing 20 mM HEPES pH 7.9,
25% glycerol, 0.1 mM EDTA, 5 mM MgCl,, 0.25% NP-40,
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1 mM dithiothreitol, 1 mM sodium orthovanadate, 10 mM
sodium fluoride, protease inhibitors, and KCI (either 50, 150
or 300 mM). Briefly, cells were lysed on ice then centrifuged at
14,000x g for 20 minutes at 4°C. Supernatants were removed and
used as whole-cell extracts. The remaining pellets were suspended
in SDS loading buffer, sonicated using 10 2-second bursts and
centrifuged at 14,000x g for 20 minutes at 4°C. The remaining
supernatants constituted the chromatin fraction.

Telomere chromatin immunoprecipitation. For telomere
ChIP, the EZ-ChIP (Millipore) and Telo-TAGGG (Roche
Applied Science, Indianapolis IN) kits were used with minor
modifications, which are described below. All reagents, unless
otherwise noted, were provided with the kits. WI38 cells were
crosslinked with 3.7% formaldehyde for ten minutes, quenched
with glycine, scraped into PBS and pelleted. Chromatin was
sheared using a Misonix 3000 microtip at 50% power, with
one second on and two seconds off, for a total of 15 seconds
of shearing and five total cycles (Qsonica, Newtown CT).
Two micrograms of anti-TRF1 (Abcam) or anti-TRF2 (Novus
Biologicals) was used for immunoprecipitation of protein/
DNA complexes. Rabbit IgG was used as a negatve control
for immunoprecipitation. Subsequent washing, elution, cross-
link reversal and DNA purification were performed following
manufacturer’s instructions for the EZ-ChIP kit. DNA was

boiled for five minutes and dot-blotted onto Hybond positively-
charged nylon membrane. Following the de Lange laboratory
protocol, the membrane was denatured in 1.5 M NaCl/0.5 N
NaOH for ten minutes and neutralized in 1 M NaCl/0.5 M
Tris-HCI pH 7.0 for ten minutes. DNA was crosslinked to the
membrane immediately by UV crosslinking, then rinsed in 2X
SSC. Telomeric DNA was detected following the manufacturer’s
instructions included with the Telo-TAG GG telomere length
detection kit.
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