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Abstract
Background: Repair of DNA double strand breaks by non-homologous end joining (NHEJ) requires several proteins 
including Ku, DNA-PKcs, Artemis, XRCC4, Ligase IV and XLF. Two of these proteins, namely Ku and DNA-PKcs, are also 
involved in maintenance of telomeres, chromosome end-structures. In contrast, cells defective in Ligase IV and XRCC4 
do not show changes in telomere length or function suggesting that these proteins are not involved in telomere 
maintenance. Since a mouse study indicated that defective Artemis may cause telomere dysfunction we investigated 
the effects of defective Artemis on telomere maintenance in human cells.

Results: We observed significantly elevated frequencies of telomeric fusions in two primary fibroblast cell lines 
established from Artemis defective patients relative to the control cell line. The frequencies of telomeric fusions 
increased after exposure of Artemis defective cells to ionizing radiation. Furthermore, we observed increased incidence 
of DNA damage at telomeres in Artemis defective cells that underwent more than 32 population doublings using the 
TIF (Telomere dysfunction Induced Foci) assay. We have also inhibited the expression levels of DNA-PKcs in Artemis 
defective cell lines by either using synthetic inhibitor (IC86621) or RNAi and observed their greater sensitivity to 
telomere dysfunction relative to control cells.

Conclusion: These results suggest that defective Artemis causes a mild telomere dysfunction phenotype in human 
cell lines.

Background
There is increasing evidence that the maintenance of
telomeres, physical ends of chromosomes, and DNA
damage response mechanisms are interlinked. The first
observation of a telomere dysfunction phenotype in a
DNA damage response defective environment was
reported in the case of Ataxia telangiectasia (AT) cells.
The telomere dysfunction phenotype in cells from AT
patients or ATM (AT mutated) defective mice ranges
from accelerated telomere shortening to end-to-end
chromosome fusions and extra-chromosomal telomeric
fragments [1,2]. Following the observation of telomere
dysfunction associated with the ATM defect, a number of
DNA damage response factors have been shown to affect
telomere maintenance. Most notably, proteins involved in
the repair of DNA double strand breaks (DSBs) either by

Non-Homologous End Joining (NHEJ) or homologous
recombination (HR) including Ku, DNA-PKcs, RAD54,
RAD51D and BRCA1 if dysfunctional, will cause a severe
telomere dysfunction phenotype [3-6]. So far, at least 17
DNA damage response proteins have been shown to
affect telomere maintenance [7]. It is not yet clear as to
why the interplay between telomere maintenance and
DNA damage response is required. However, it is certain
that both pathways are essential for chromosome integ-
rity maintenance and perhaps their interaction is impor-
tant for the stable chromosome segregation.

One of the key pathways required for the stable segre-
gation of chromosomes is NHEJ. The key players in this
pathway are Ku 70/86 and DNA-PKcs, both shown to be
involved in telomere maintenance [3]. Other proteins
involved in NHEJ include: Artemis, Ligase IV, XRCC4
and XLF [8]. Previous studies have shown that Ligase IV
and XRCC4 do not have effect on telomere length or
function [9]. However, it is not clear yet whether the
remaining two NHEJ proteins, namely Artemis and XLF,
affect telomere maintenance.
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Artemis has exonuclease and endonuclease activities in
the presence of DNA-PKcs and ATP [10]. It is required
for V(D)J recombination and people with mutations in
the gene coding for Artemis show immunodeficiency and
radiosensitivity [11]. Thus, the human disease due to
defective Artemis is named RS-SCID (radio-sensitive
severe combined immunodeficiency disease).

A study of cells from Artemis defective mice [12]
revealed slightly elevated frequencies of end-to-end chro-
mosome fusions, a cytological sign of telomere dysfunc-
tion. Furthermore, analysis of a primary fibroblast cell
line from an RS-SCID patient showed accelerated short-
ening of telomeres relative to the normal control cell line
[13]. These studies point to the possibility that Artemis,
similarly to the other two NHEJ proteins, Ku and DNA-
PKcs, may have a role in telomere maintenance. This pos-
sibility is further supported by observations that a close
homologue of Artemis, a protein named Apollo, is
directly involved in telomere maintenance, most likely
true interactions with the telomeric protein TRF2 [14,15].

In this study we analyzed spontaneous and radiation
induced chromosomal abnormalities and monitored
repair kinetics of ionizing radiation (IR) induced DSBs
occurring within telomeric sequences in Artemis defec-
tive human cells. Furthermore, we either inhibited or
knocked-down DNA-PKcs and monitored the effect of
this procedure on telomeres. Our results suggest that
defective Artemis causes a mild telomere dysfunction
phenotype.

Results
Spontaneous telomeric fusions in Artemis defective cells
We started by analyzing spontaneous chromosome
abnormalities in two Artemis defective cell lines and a
control cell line using FISH with the telomeric PNA (pep-
tide nucleic acid) probe. The total number of end-to-end
chromosome fusions (telomeric fusions) and chromo-
some breaks were recorded. No significant differences
between frequencies of spontaneous chromosome breaks
were observed between Artemis defective and control
cells (Fig. 1A). However, we observed low but signifi-
cantly higher frequencies of telomeric fusions in the two
Artemis defective cell lines compared to the normal con-
trol cell line (p < 0.001) (Fig. 1B). The majority of these
fusions were sister chromatid unions (~62%) (Fig. 1C).
Given the significantly elevated level of telomeric fusions
in Artemis defective cells relative to control cells, our
results indicate that the Artemis defect may cause a mild
telomere dysfunction phenotype in human cells.

Radiation induced telomere dysfunction in Artemis 
defective cells
We next examined whether telomere dysfunction is ele-
vated following exposure of Artemis defective cells to

ionizing radiation (IR). Interestingly, frequencies of telo-
meric fusions were significantly higher in Artemis defec-
tive cell lines than in the control cell line (p < 0.001) after
irradiating cells with 1.0 Gy of gamma rays (Fig. 2A). The
majority of telomeric fusions were of chromatid type
(56%) but we also observed some chromosome type telo-
meric fusions i.e. dicentric chromosomes (30%). Only the
CJ179 cell line showed statistically significant difference
in telomeric fusions relative to the control line at both
doses used (0.5 and 1.0 Gy) (Fig. 2A). Relative insensitiv-
ity of the F01-240 cell line to the formation of telomeric
fusions at the dose of 0.5 Gy can be attributed to a type of
mutation present in this cell line that may lead to quanti-
tatively different effects at different doses. Therefore, our
results suggest that Artemis defective cell lines show
slightly but significantly elevated IR induced telomeric
fusions in comparison to the control cell line. This further
indicates the presence of a mild telomere dysfunction
phenotype as a result of Artemis deficiency in human
cells.

Our results have also confirmed that the two Artemis
defective cell lines exhibit significantly higher frequencies
of IR induced chromosome breaks compared to the nor-
mal control cell line (p < 0.001) (Fig. 2B). This is similar to
published result [16].

Analysis of Artemis defective human cell lines using 
immuno FISH
To confirm the presence of a mild telomere dysfunction
phenotype in Artemis defective cell lines we used the
modified version of the TIF (Telomere dysfunction
Induced Foci) assay. This assay usually relies on simulta-
neous detection of telomeres (antibodies against TRF1 or
TRF2) and DNA damage (antibody against a DNA dam-
age marker) [17]. However, instead of antibodies against
telomeric proteins we used telomeric PNA in combina-
tion with an antibody against a DNA damage marker, γ-
H2AX (immuno-FISH). Given that telomeres shorten in
proliferating primary human fibroblasts [18] and that this
shortening can affect telomere function [19] we decided
to analyze cells in relatively early passages ("younger"
cells) as well as cells in late passages ("older" cells). Cells
with PD (population doubling) value below 16 repre-
sented "younger" cells and cells with PD value of 32-33
represented "older" cells.

Artemis defective and normal "younger" cells had simi-
lar frequencies of spontaneous γ-H2AX positive foci (Fig.
3A) and this is in line with published results [20]. How-
ever, γ-H2AX positive spontaneous foci increased in
Artemis defective and normal "older" cells relative to
"younger" cells (Fig. 3B). Interestingly, the difference in
spontaneous frequencies of γ-H2AX positive foci
between Artemis defective and normal "older" cells was
statistically significant (p < 0.001). This could mean that
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"older" Artemis defective cells are less efficient in repair-
ing endogenous DNA DSBs than the normal control cells
of the same age.

The immuno-FISH analysis showed no difference in
spontaneous TIF frequencies between Artemis defective
and normal "younger" cells (Fig. 3C and 3E). Therefore,
the observed mild spontaneous telomere dysfunction in
Artemis defective cells, which manifests as elevated level
of telomeric fusions (Fig. 1B) cannot be linked to the
results of immuno-FISH analysis. However, it is impor-
tant to note that the average PD of cells used in experi-
ments described in Fig. 1 was PD 24 (ranging from 19 to
32). Therefore, it is possible that the observed mild spon-

taneous telomere dysfunction occurs only in "older" cells.
In line with this possibility "older" Artemis defective cells
had a significantly higher frequency of spontaneous TIFs
than normal "older" cells (Fig. 3D and 3F). Representative
examples of TIFs are shown in Fig 4. Based on these
results it seems reasonable to argue that telomere dys-
function in Artemis defective cells increases with PD
number. When Artemis defective cells are relatively
"young" (low PDs) they show functional telomeres. How-
ever, when Artemis defective cells become "older" (PD
32+) but not senescent yet, they show a small but signifi-
cant increase in spontaneous TIF frequency relative to
normal cells of similar age (Fig. 3D and 3F).

Figure 1 Spontaneous chromosome abnormalities in Artemis defective cells. A. Chromosome breaks. B. Telomeric fusions. C. Example of a telo-
meric fusion in a CJ179 cell: sister chromatid union. Error bars represent standard deviation (SD). Frequencies of abnormalities per cell were calculated 
from three separate experiments. The total number of metaphase cells analysed were: GM08399 - 111, CJ179 - 193 and F01-240 - 174.
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Repair kinetics of IR induced DNA damage at telomeres
We next wanted to establish whether Artemis defective
cells show changes in repair kinetics of DNA damage at
telomeres relative to normal cells using the TIF assay. The
TIF assay allows identification of all γ-H2AX positive foci
in the nucleus, as well as γ-H2AX foci with overlap with
telomeric DNA. Previous studies established that
Artemis defective cells have impaired repair kinetics of
DSBs relative to control cells when analyzed using γ-
H2AX as a marker of DSBs [20-22]. Frequencies of γ-
H2AX foci and TIFs after 1.0 Gy of gamma rays at differ-
ent times after exposure are shown in Fig. 5. Artemis
defective and normal "younger" cells showed expected
kinetics of DSB repair. For example, "younger" Artemis
defective cells had a higher proportion of unrepaired
DSBs 24 h after IR relative to normal "younger" cells (Fig.
5A) in line with published studies [20-22]. Interestingly,
frequencies of IR induced TIFs were similar in Artemis
defective and normal "younger" cells 24 h after IR (Fig.
5C) suggesting that DNA damage at telomeres is repaired
normally in Artemis defective "younger" cells.

However, "older" Artemis defective cells behaved differ-
ently as shown in Fig. 5B and 5D. Most importantly, nor-
mal and Artemis defective "older" cells showed higher
proportion of unrepaired TIFs 24 h after IR relative to
"younger" cells suggesting the reduced capacity to repair
damage at telomeric DNA in these cells (Fig. 5D). It is
important to note the differences in frequencies of γ-
H2AX foci at the first point after IR between "older" and
"younger" cells (Fig. 5). We processed "younger" cells for
immuno-cytochemical analysis 0.5 h after IR, whereas
"older" cells were processed immediately after IR. It is
known that the frequencies of γ-H2AX foci peak approxi-

mately 30 min after IR [20]. This explains the lower fre-
quencies of γ-H2AX foci immediately after IR in "older"
cells relative to frequencies of γ-H2AX foci observed in
"younger" cells 0.5 h after IR. Consequently the frequen-
cies of TIFs are lower in "older" cells than in "younger"
cells at the first point of measurement after IR. It is rea-
sonable to assume that the level of TIFs in "older" cells
should be at least the same as in "younger" cells if older
cells are processed for analysis 0.5 h after IR. Therefore,
the impression that no repair of DNA damage at telom-
eres takes place in older cells, judging by the same levels
of TIFs at the first point of measurement after IR and 24 h
after IR is wrong (Fig. 5D). It is likely that some repair
within telomeric sequences in older cells takes place but
it is less effective than in "younger" cells judging by the
level of unrepaired TIFs 24 h after IR (Fig. 5C and 5D). It
is clear that Artemis defective older cells are less able to
repair TIFs than their normal counterparts. For example,
normal "older" cells had approximately 0.6 TIFs/cell 24 h
after IR, whereas the two Artemis defective cell lines had
1.4 and 1.5 TIFs/cell respectively 24 h after IR (Fig. 4A).
When the level of spontaneous TIFs (0.3 in normal and
0.5 in Artemis defective "older" cells) is deducted from
the above values the difference in the frequency of IR
induced TIFs is approximately 3-4 times higher in
Artemis defective "older" cells than in their normal coun-
terparts 24 h after IR. It is interesting that Artemis defec-
tive cells have shown a dip in TIF frequencies 5 h after IR.

These results argue that (i) "older" cells cannot repair
DNA damage at telomeres as efficiently as "younger" cells
and (ii) the effect of inefficient repair of DNA damage at
telomeres in older cells is stronger in Artemis defective
cells than in their normal counterparts.

Figure 2 IR induced telomeric fusions in Artemis defective cells. A. Telomeric fusions. B. Chromosome breaks. Two doses of IR were used: 0.5 Gy 
and 1.0 Gy in three independent experiments. Over 100 metaphase cells were analysed per dose. The error bars represent SD.
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Figure 3 Frequencies of spontaneous γ-H2AX positive foci and TIFs in "younger" and "older" cells. A and B. Average γ-H2AX positive foci in 
each cell line. C and D. Average TIFs per in each cell line. E and F. Mean frequencies of TIFs from two Artemis defective cell lines pooled together. All 
results are based on four independent experiments with an average of 200 cell nuclei scored per experiments per cell line.
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DSB repair kinetics after DNA-PKcs inhibition
We next analysed DSB repair kinetics by the TIF assay in
Artemis defective "younger" cells subjected to DNA-PKcs
inhibition (DNA-PKcsi). DNA-PKcs is one of the proteins
present at telomeres and its loss causes telomere dysfunc-
tion [23]. Furthermore, DNA-PKcs phosphorylates
Artemis during the process of NHEJ [24]. To inhibit
DNA-PKcs we used a synthetic DNA-PKcs inhibitor,
IC86621. Previous studies have shown that IC86621 gen-
erates telomeric fusions in human and mouse cells via
inhibiting DNA-PKcs [25,26]. Artemis defective and con-
trol cell lines were subjected to DNA-PKcsi (20 μM/μl of
IC86621) for the period of 24 h and levels of DNA-PKcs
were quantified by western blot (Fig. 6A). This treatment
resulted in 45% reduction in DNA-PKcs levels in all three
cell lines (Fig. 6A). We have also shown that DNA-PKcsi
by 20 μM/μl of IC86621 for 24 h causes telomeric fusions
in mouse cell lines (Yasaei and Slijepcevic, manuscript in
preparation). After 24 h treatment with IC86621 we
exposed cells to 1.0 Gy of gamma rays and monitored
DSB repair kinetics. All cell lines used for this experiment
were, on average, at PD 16 (range 11-17) (younger cells) at
the time of irradiation. As expected DNA-PKcsi resulted
in increased frequencies of γ-H2AX positive foci 24 h
after IR in all cell lines (Fig. 6B). Analysis of TIFs showed
that Artemis defective cells repair DSBs at telomeres in a
slower fashion than control cells (Fig. 6C). The two
Artemis defective cell lines subjected to DNA-PKcsi
repaired only 1 - 6% of DSBs within telomeres compared
to 41% repaired DSBs within telomeres in the normal cell
line 5 h post IR (Fig. 6C). Twenty four h post IR the two
Artemis cell lines had on average ~50% of unrepaired
TIFs, whereas normal cells showed 38% of unrepaired

TIFs (Fig. 6C). The difference in TIFs frequencies 24
hours post IR was statistically significant (i) between the
two Artemis defective DNA-PKcsi treated and untreated
cell lines and (ii) control treated and untreated cells (P <
0.001).

These results demonstrate two points. First, DNA-
PKcsi caused elevated frequencies of unrepaired TIFs 24
hours post IR in both normal and Artemis defective cell
lines relative to control cells which is in line with expecta-
tions from published studies. Second, DNA-PKcsi treated
Artemis defective cell lines showed slower repair kinetics
than normal cells, suggesting a greater sensitivity of
Artemis defective cells to induced telomere dysfunction.

Knock-down of DNA-PKcs expression by RNAi
To confirm the greater sensitivity of Artemis defective
cells to telomere dysfunction via reduction in DNA-PKcs
expression levels we subjected an Artemis defective cell
line, CJ179, and the control cell line to transfection with
short interfering (si) RNA oligonuclotides specific for the
gene encoding DNA-PKcs and monitored the level of
DNA-PKcs expression by real time PCR for 9 days after
transfection. The reduction in DNA-PKcs expression of
approximately 70% - 80% was observed 3 days post-trans-
fection (Fig. 7A). The reduction remained strong 5 and 7
days post-transfection followed by the recovery in DNA-
PKcs expression 9 days post-transfection (Fig. 7A). The
frequency of γ-H2AX foci increased in normal cells only
3 days after transfection whereas their level was normal 5
and 7 days after transfection (Fig. 7B). Interestingly, the
effect was stronger in Artemis defective cells leading to
significantly higher frequencies of γ-H2AX positive foci
up to 7 days post-transfection. Similarly, frequencies of

Figure 4 Representative examples of cell nuclei with or without TIFs. Upper panel: a cell nucleus showing a TIF. Lower panel: a cell nucleus with 
separate γ-H2AX and telomere signals (no TIF).
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TIFs were higher in Artemis defective cells 3 and 5 days
after transfection than in control cells (Fig. 7C). However,
TIF frequencies returned to normal levels 7 days post-
transfection. Therefore, these results confirm a greater
sensitivity of Artemis defective cells to induced telomere
dysfunction via DNA-PKcs knock-down relative to con-
trol cells.

Discussion
The first evidence of chromosomal abnormalities in
Artemis defective cells that result from telomere dysfunc-
tion was presented previously in mice [12]. The analysis
of mouse ES cells that lack functional Artemis revealed
higher frequencies of telomeric fusions in comparison to
control cells. In contrast, two published studies that used
Artemis defective human cell lines [16,27] reported no
spontaneous or IR induced chromosomal abnormalities
resulting from telomere dysfunction. However, these
studies relied on the classical cytological analysis and
were not designed to specifically probe for telomere dys-
function. The aim of our study was to employ telomere

specific FISH with the purpose of identifying subtle chro-
mosome abnormalities resulting from telomere dysfunc-
tion in Artemis defective human cell lines that cannot be
detected by classical cytological methods. In line with
previously published data [12] our results revealed a
slight but significant increase in both spontaneous and IR
induced telomeric fusions in Artemis defective cell lines
relative to the control cell line (Figs 1B and 2A).

Mouse cells defective in two NHEJ proteins, namely Ku
and DNA-PKcs, show high frequencies of telomeric
fusions [3]. In many instances multiple telomeric fusions
were present in individual Ku or DNA-PKcs defective
cells [3,23]. In contrast, frequencies of telomeric fusions
in Artemis defective mouse cells were much lower than in
Ku or DNA-PKcs defective cells. For example, Rooney et
al. (2003) found 8 spontaneous telomeric fusions in 130
analyzed mouse ES cells (0.06/cell). This is remarkably
similar to our results. We found, on average, 0.07 sponta-
neous telomeric fusions/cell in two Artemis defective
human cell lines (Fig 1B). The levels of spontaneous
telomere fusions in Ku or DNA-PKcs defective cells were

Figure 5 Repair kinetics of IR induced DNA damage. A and B. γ-H2AX foci per cell. C and D. TIFs per cell. Results are based on four independent 
experiments with on average 200 cell nuclei analysed per experiment per point. Error bars represent SEM. The dose of IR used was 1.0 Gy.
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Figure 6 Kinetics of DNA damage repair after DNA-PKcs inhibition. A. Results of Western blotting analysis. A reduction of 45% in DNA-PKcs pro-
tein level was observed 24 hrs after treatment of cells with 20 μM/μl of IC86621 based on densitometry analysis (software used: ImageQuant V5.1). B-
D. Frequencies of γ-H2AX positive foci per cell after 1.0 Gy of gamma rays before and after DNA-PKcsi treatment. E-H. Frequencies of TIF per cell after 
1.0 Gy of gamma rays before and after DNA-PKcsi treatment. The results are based on three independent experiments with at least 100 cell nuclei 
analysed per experiment per point. Error bars represent SEM in B-D and SD in E-H. CJ179 and F01-240 are Artemis defective cell lines whereas GM08399 
is a wild type cell line.
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Figure 7 PRKDC knock-down by RNAi. A. Analysis of DNA-PKcs expression by real time PCR after transfection with siRNA oligonucleotides specific 
for PRKDC. The results were normalized against endogenous GAPDH mRNA expression and are based on two independent experiments. Non-target-
ing (scrambled) siRNA sequence was used as negative control. Error bars indicate SD. B. Frequenceis of γ-H2AX foci before and after transfection. The 
data are based on two independent experiments with an average of 100 nuclei scored per point. The error bars represent SEM. C. Frequencies of TIFs 
before and after transfection. The data are based on two independent experiments. Error bars represent SEM. The difference in TIF between the two 
lines is significant at 5 days post transfection (p < 0.012).
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> 10 times higher [3]. This suggests that the effect of dys-
functional Artemis on telomeres in mammalian cells is
much milder in comparison with Ku or DNA-PKcs
defects Furthermore, we have demonstrated that (i) DNA
damage occurring within the telomeric DNA is repaired
less efficiently in "older" cells (PD 32+) irrespective
whether they are Artemis defective or normal and (ii)
Artemis defective "older" cells show higher proportion of
DNA damage at telomeres than their normal counter-
parts (Fig. 5D). This means that the presence of a DSB
within telomeric sequences (TIFs) causes a problem for
repair mechanisms in "older" cells leading to differences
in TIF frequencies 24 h after IR between "older" and
"younger" cells. It has recently been shown that telomeric
sequences pose a significant challenge to DNA replica-
tion machinery causing replication-dependent abnormal-
ities very similar to aphidicolin-induced fragile sites [28].
The notion that telomeric sequences may behave as frag-
ile sites originated from observations that interstitial telo-
meric sequences in Chinese hamster cells are prone to IR
induced chromosome breakage [29]. Interestingly, Kruk
et al. [30] found that UV induced damage at telomeres
was repaired less efficiently than in transcribing DNA
sequences but more efficiently that in other non-coding
DNA sequences. More importantly Kruk et al. [30] found
that DNA repair efficiency in cells from older donors was
lower than in cells from younger donors. This is similar to
our observation that TIFs persist at telomeres in "older"
cells whereas "younger" cells repair IR induced damage at
telomeres efficiently.

Finally, we have shown that DNA-PKcsi causes the
greater effect on telomeres in Artemis defective cells than
in control cells after approximately 45% reduction in
DNA-PKcs expression (Fig 6). The greater effect of
reduced DNA-PKcs expression on Artemis defective cells
relative to control cells was confirmed by RNAi resulting
in elevated frequencies of TIFs in Artemis defective cells
5 days after transfection. However, mechanisms behind
the greater sensitivity of Artemis defective cells to telom-
ere dysfunction relative to control cells remain unclear. It
is worth pointing out that Artemis is involved in the
repair of only a proportion of DSBs. For example, ~90% of
IR induced DSBs are repaired relatively quickly and
require Ku, DNA-PKcs and LIG-4/XRCC4 [20]. The
remaining fraction of 10% DSBs are repaired by the com-
bined action of ATM and Artemis [20] and they occur
within heterochromatic regions of the genome [31].
Telomeres are typical heterochromatic parts of the
genome [32,33]. It is therefore possible that Artemis and
ATM are required specifically to repair of DSBs occurring
within telomeric sequences. If this is true than we can
argue that when Artemis is defective, as in the case of two
cell lines used in this study, DSBs at telomeres cannot be

repaired efficiently leading to cytological manifestation of
telomere dysfunction (Fig. 1 and 2).

Conclusion
We have shown that Artemis defect in human cell lines
causes a mild telomere dysfunction phenotype detectable
at the cytological level. However, mechanisms by which
dysfunctional Artemis affects telomere maintenance
remain unclear.

Methods
Cell culture and irradiation
The human primary fibroblast cell lines defective in
Artemis, CJ179 and F01-240 were kindly provided by
Prof. P.A. Jeggo, University of Sussex, Brighton UK.
Details of mutations in each cell line have been described
previously [20]. The normal human primary fibroblast,
GM08399 was purchased from the Coriell Institute for
Medical Research. All cell lines were cultured in D-MEM
medium (Gibco/Invitrogen) supplemented with 10% fetal
calf serum (Gibco/Invitrogen). The cultures were incu-
bated at 37°C in the atmosphere of 10% CO2. Cells were
irradiated, using a Cobalt60 source (dose rate), at 80-90%
confluency either in tissue culture flasks for chromosome
analysis or on polyprep slides (Sigma) for TIF assay.

Telo-FISH and Cytogenetic Analysis
Metaphase preparation was performed as described pre-
viously [34]. Briefly, cells were subjected to irradiation
with gamma rays and incubated for 24 hours. The last 7 h
of incubation 10 μl/ml of colcemid (10 μg/ml) (Sigma)
was added to cell cultures followed by trypsinization,
treatment with the hypotonic solution (5.6 g/l of KCl),
fixation with methanol/acetic acid and slide preparation.
Telo-FISH was performed as described previously [34].
Briefly, after appropriate washing slides were hybridized
with the Cy-3 labelled telomeric PNA probe (CCCTAA)3
and left in a dark humidified chamber for 2 hours. After
this slides were washed in 70% formamide and stained
with the DAPI mounting medium (Vector Laboratories).
Chromosomal analysis was performed using a Ziess-
Axioplan2 microscope equipped with a CCD camera and
MetaSystem image acquisition software (Imaging Associ-
ate).

Telomere dysfunction induced foci (TIF) assay
The TIF assay described here is based on the detection of
(i) DNA damage by an antibody against DNA damage
marker γ-H2AX and (ii) telomeres by the synthetic PNA
probe. Briefly, cells were incubated in tissue culture flask
two days prior to experiment and after reaching a 80-90%
confluency they were trypsinized and 1.0 ml of cell sus-
pension (containing roughly 50,000 cells) was placed onto
polyprep slides (Sigma) which were tranferred into petri
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dishes and left to grow for 24 h. Slides were then rinsed in
PBS and fixed in 4% formaldehyde in PBS for 15 minutes.
Cells were permeabilized in 0.2% (v/v) of Triton-X in dis-
tilled water at 4.0°C for 10 minutes and blocked with 0.5%
(w/v) Bovine Serum Albumin (BSA) in PBS for 30 min-
utes. Anti-phospho-Histone H2A.X (Ser139) (Upstate)
was diluted 1:500 with 0.5% BSA and 100 μl of resulting
solution was added onto each slide and left to incubate
for 1 hour in a damp container. After three washes in
sterile tris-buffered saline tween-20 (TBS-T, pH7.4; 0.15
M NaCl, 0.268 mM KCl, 0.025 M tris-base, 500 μl/1l
tween-20) for 3 minutes slides were incubated with 100 μl
of secondary anti-goat antibody conjugated with Fluores-
cein isothiocyanate (FITC) and washed as above. After
this slides were placed in 4% formaldehyde for 20 minutes
for cross-fixing to preserve antibodies. The next step
involved hybridization with telomeric PNA and this was
performed as described above with the exception that
TBS-T was used far washing instead of PBS.

Western blotting
Western blotting has been carried out as described previ-
ously [35]. Briefly, cells grown in P100 petri dish were
lyzed with 900 μl of lysis buffer (5× sample buffer; 10% (v/
v) sodium dodecyl sulphate, 250 mM tris pH 8.0, 50% (v/
v) glycerol, 0.01% (w/v) bromophenol blue). In addition,
50 μl of protease inhibitor (Roche) plus 50 μl of beta-mer-
captoethanol was added and left for at least one minute.
Cells were scraped off and collected in an eppendorf tube.
Cells were then mechanically sheared ten times using a 1
ml syringe and a 23 g needle. Samples were spun at
13,000 RPM for 5 minutes at 4°C. Proteins were quanti-
fied using RC-DC protein assay (Bio-rad). Equal concen-
trations of 50 μg/50 μl were loaded onto a 4% precast gel
(Bio-rad) until the high molecular weight protein marker
(Invitrogen) was well separated. Following a wet blotting
transfer to a polyvinylidine fluoride (PVDF) membrane
and blocking with 5% (w/v) semi-skimmed milk (Marvel),
the membrane was incubated with the mouse monoclo-
nal primary antibody (DNA-PKcs, AB-4, Neomarker,
Thermo Fisher Scientific) and β-acting (Abcam, Cam-
bridge, UK) in a 1:500 and 1:1000 dilution respectively at
4°C overnight. This was followed by a secondary incuba-
tion period of 45 minutes with an HRP conjugated anti-
mouse monoclonal rabbit antibody (Abcam, Cambridge,
UK) diluted of 1:5000. The antibody detection was
achived using chemiluminescence technique (ECL plus,
GE healthcare) and protein levels were quantified using
ImageQuant V5.1 (Molecular Dynamics, Piscataway, NJ).

siRNA transfection
The two primary fibroblast cell lines (GM08399 and
CJ179) were plated at a seeding density of 0.045 × 106

cells/1/2 ml roughly equating to 40% confluency in a 24-

well plate. All siRNA transfections were done in duplicate
using Dharmacon Accell SMARTpool siRNA reagent
(Thermo Fisher Scientific, Lafayette. CO) targeting
PRKDC gene (NM_006904) and a non-targeting (scram-
bled) siRNA as a negative control at a final concentration
of 1 μM/μl and followed Dharmacon recommended pro-
tocol. Transfection was performed in a passive manner
using a serum-free Accell transfection medium (Dharma-
con). Cells were plated 24 h prior to transfection and
incubated at 37°C in the incubator with the CO2 concen-
tration adjusted to 10%. Total RNA were extracted at var-
ious time points as shown in Fig 6. The sequences of the
human PRKDC gene siRNA were: UCUUGU-
GUUUAUUGGAUC, GGAAGAAGCUCAUUUGAUU,
CGAUCAACACGGAAUUAUU and CUUUUAC
AUAGCAUGGUUA as recommended by Dharmacon
(Thermo Fisher Scientific, Lafayette. CO).

Real-time quantitative PCR
A two step reverse-transcription PCR was performed
using SYBR green 1 dye (Applied Biosystems) and expres-
sion of mRNA quantified in real-time with an ABI prism
7900HT sequence detection system (Applied Biosys-
tems). The relative gene expression of DNA-PKcs were
measured against the endogenous GAPDH gene and cal-
culated using ΔCt. The sequence of DNA-PKcs and
GAPDH primer were: forward 5'-CCGGACGGAC-
CTACTACGACT-3' and reverse 5'-AGAACGACCTG-
GGCA TCCT-3', forward 5'-GAAGGTGAAGGTC
GGAGT-3' and reverse 5'-GAAGATGG TGATGG-
GATTTC-3' respectively.
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