
Abstract. Cells of higher eukaryotes process double strand
breaks (DSBs) in their genome using a non-homologous
end joining apparatus that utilizes DNA-PK and other well
characterized factors (D-NHEJ). Cells with defects in D-NHEJ,
repair the majority of DSBs using a slow-repair pathway which
is independent of genes of the RAD52 epistasis group and
functions as a backup (B-NHEJ). Recent studies implicate
DNA ligase III, PARP-1 and histone H1 in this pathway of
NHEJ. The present study investigates the operation of B-NHEJ
in the repair of interphase chromosome breaks visualized in
irradiated G0 human lymphocytes by premature chromosome
condensation (PCC). Chromosome breaks are effectively
repaired in human lymphocytes, but repair is significantly
compromised after treatment with wortmannin, a DNA-PK
inhibitor. Despite slower kinetics, cells exposed to wortmannin
rejoin the majority of IR induced chromosome breaks
suggesting that B-NHEJ is also functional at the chromosome
level. Complementation of D-NHEJ defect in wortmannin-
treated lymphocytes by newly made DNA-PK is only possible
under conditions of nuclear envelope break down and
premature chromosome condensation, suggesting that in
interphase cells the shunting of chromosome breaks from D-
NHEJ to B-NHEJ is irreversible. The understanding of
chromosomal aberration formation allows mechanistic
explanations for the carcinogenic potential of D-NHEJ
defects.

Introduction

Endogenous cellular processes and exogenous factors such as
ionizing radiation (IR) can generate double strand breaks
(DSB) in the DNA that undermine genomic integrity. Three
fundamentally distinct processes, homologous recombination
repair (HRR), single strand annealing (SSA), and non-
homologous end joining (NHEJ) can, in principle, repair
DNA DSBs (1-5). In cells of higher eukaryotes, repair of
ionizing radiation (IR) induced DSBs is dominated by a fast
component operating with half times of a few minutes. This
repair component is severely compromised by defects in any
of the constituents of DNA-PK (6-8), as well as by defects in
DNA ligase IV (9). We proposed the term D-NHEJ, for this
DSB repair pathway to signify its dependence on DNA-PK
and to discriminate it from other repair pathways (7,9,10)
(see below). 

Despite the prevalence of D-NHEJ, reports by us and others
indicate that cells with defects in any of its components are
rejoining the majority of IR-induced DNA DSBs utilizing an
alternative pathway operating with much slower kinetics
(6,8-10). Because HRR operates in yeast with much slower
kinetics than D-NHEJ in higher eukaryotes, it was in principle
possible that the slow component observed after inhibition
of D-NHEJ reflects this process. We tested this hypothesis
using the hyper-recombinogenic DT40 chicken cell line and
a set of mutants defective in homologous recombination (HR)
(11,12). DT40 cells rejoin IR-induced DSBs with kinetics
similar to those of other vertebrate cells displaying 1000-fold
lower levels of HR (7). In addition, knockouts of RAD51B,
RAD52 and RAD54 rejoin DSB with kinetics similar to the
wild-type, as does also a conditional knock out mutant of
RAD51 (7). While a significant reduction in the fast component
of rejoining is observed in Ku70-/- DT40 cells, a double mutant
Ku70-/-/RAD54-/- shows half times similar to Ku70-/- cells (7). 

Thus, increases by several orders of magnitude in the
capacity of DT40 cells for HRR, or defects in the proteins
involved, fail to alter their repair kinetics in a way compatible
with a substantial involvement of HRR in the slow component
of DNA DSBs rejoining, even when D-NHEJ is severely
compromised (7). Furthermore, rejoining of DNA DSBs
with slow kinetics is associated with the joining of incorrect
ends (13), as well as with the extensive development of
chromosome aberrations in the form of chromosome exchanges
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(14-16). These results are not compatible with a contribution
from HRR, which is known to operate in a largely error-free
manner. To accommodate these observations, we proposed that
the slow component of DSB rejoining reflects an alternative
pathway of NHEJ, which we termed backup, B-NHEJ - to
differentiate from D-NHEJ and to indicate its backup role.
According to this model, at least two distinct NHEJ pathways
cooperate to remove IR-induced DNA DSBs from the genome
of higher eukaryotes (6,7,9,10,17,18). Recent work suggests
that the PARP-1/DNA ligase III/XRCC1 module is involved
in B-NHEJ (19-22), possibly supported by histone H1 (23).
Furthermore, B-NHEJ is suppressed by D-NHEJ (24), shows
cell cycle dependence with a more pronounced function
during the G2 phase (25), and may be compromised in non-
cycling cells (26). A separate line of investigation provides
solid genetic evidence for the involvement of backup end
joining pathways in Ig class switch (27,28) and V(D)J
recombination (29). 

The characterization of backup pathways of NHEJ has
important implications for our understanding of the cellular
responses to DNA damage and their importance in genomic
stability (10,30). It allows mechanistic explanations for the
carcinogenic potential of D-NHEJ defects, and the development
of models for chromosome aberration formation in irradiated
cells (31). Although B-NHEJ is well documented at the DNA
level, its contribution to the repair of interphase chromosome
breaks is less well documented with only one early report
showing defects in the repair of chromosome breaks in
DNA-PKcs deficient cells (32). On the other hand, the
extensive formation of exchange type aberrations, which
of course requires end joining activities in cells defective in
D-NHEJ (14-16), not only suggests the operation of such
pathways at the chromosome level but it also demonstrates
their error prone nature. 

To directly address the operation of B-NHEJ at the chromo-
some level, we employed premature chromosome condensation
(PCC) (33-36). In PCC, fusion of the interphase cell under
examination (mainly cells in G1 or G2 phase of the cell cycle)
with a non-irradiated metaphase cell causes the pre-mature
condensation of the interphase chromosomes and allows
direct examination of their integrity. In this way, and
unlike analysis at metaphase, which only reports the final
misrepair outcome, information on the actual repair
kinetics of chromosome breaks can be obtained. In addition,
experiments can be designed to examine the contribution
of specific pathways to chromosome repair. This approach
extends and complements global DSB repair studies by
restricting the analysis to the DSB subset causing chromosome
breaks. It is likely that this subset of DSBs is responsible for
some of the most severe effects of radiation including the
formation of lethal chromosome aberrations, or of cancer
promoting genome rearrangements (31). 

The experiments focus on effects measured in peripheral
blood lymphocytes (PBL). PBLs are an ideal model for such
studies due to their uniform accumulation in G0 phase, which
facilitates cytogenetic analysis by PCC (35). The results
obtained demonstrate the operation of backup pathways in
the repair of chromosome breaks and point to interesting
connections between mitotic events and complementation of
DNA-PK defects.

Materials and methods

Cell culture and irradiation conditions. Experiments were
carried out using peripheral blood lymphocytes (PBL) of
normal volunteer donors. The lymphocytes were isolated
from freshly drawn blood using Ficoll-Paque sedimentation
and suspended in McCoy's 5A growth medium supplemented
with 10% fetal bovine serum. Isolated lymphocytes were
irradiated with a dose of 6 Gy at room temperature and at a
dose rate of 1 Gy/min, using a GammaCell 220 irradiator
(Atomic Energy of Canada Ltd., Ottawa, Canada). 

Chinese hamster ovary (CHO) cells were grown in
McCoy's 5A culture medium supplemented with 10% fetal
calf serum and antibiotics. Mitotic CHO cells were obtained
from exponentially growing cells after a 4-h treatment with
0.2 μg/ml colcemid and harvested by selective detachment. 

Cell fusion and premature chromosome condensation. The
chromosomal damage under the various experimental con-
ditions was measured in interphase lymphocytes using poly-
ethylene glycol (PEG) mediated cell fusion and premature
chromosome condensation (PCC) induction (34,37). Briefly,
G0 lymphocytes isolated from peripheral blood were fused
to mitotic PCC-inducer CHO cells either immediately after
irradiation or after incubation for repair for different times, in
the presence or absence of wortmannin. For this purpose,
mitotic cells and lymphocytes were washed separately with
serum-free McCoy's 5A medium and mixed in a ratio of
~1:5 in a 14-ml round-bottom culture tube. After centri-
fugation at 200 g for 5 min, the supernatant was discarded
and 0.15 ml of 50% (w/v) PEG (PEG 1500, Roche), prepared
in phosphate buffered saline (PBS), was quickly added and
held for ~1 min. Subsequently, 1.5 ml PBS was slowly
added, the tube was gently shaken and the cell suspension
centrifuged. The supernatant was discarded and the pellet
resuspended in 0.7 ml of McCoy's 5A growth medium
supplemented with colcemid (0.05 ml from a 10-5 M stock
solution). After 75 min at 37˚C, cell fusion and PCC
induction was completed and chromosome spreads were
prepared by standard cytogenetic procedures. Routinely,
30-50 lymphocytes in G0 phase were scored for excess, >46,
chromosome fragments for each experimental point. Mean
values and standard deviations were obtained from three
independent experiments.

Whole cell extract (WCE) preparation and DNA-PK assay.
Lymphocytes were cultured for three days as described
above. Cells were collected by centrifugation and washed in
ice-cold PBS and subsequently washed with five packed cell
volumes of cold hypotonic buffer (10 mM HEPES, 5 mM
KCl, 1.5 mM MgCl2, 0.2 mM Phenylmethylsulphonyl
fluoride and 0.5 mM DTT). The pellet was resuspended in
two volumes of hypotonic buffer and cells were disrupted
by three cycles of freezing and thawing in liquid nitrogen
and a 37˚C water bath, respectively. Subsequently, 3 M KCl
was slowly added to the homogenate to a final concentration
of 0.5 M KCl and kept in ice for 30 min, while frequently
agitating. Subsequently, samples were centrifuged for 40 min
at 14,000 rpm at 4˚C and the supernatant was aliquoted,
snap-frozen and stored at -80˚C.
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DNA-PK activity was measured as previously described
(38). The peptide EPPLSQEAFADLWKK, corresponding
to 11-24 amino acids of human p53 with threonine 18 and
serine 20 changed to alanine was used as substrate. Five μg
of WCE was mixed with 200 μM of peptide, with or without
10 μg/ml sonicated calf thymus DNA in a volume of 18 μl
buffer containing 50 mM HEPES (pH 7.5), 10 mM MgCl2,
50 mM KCl and 0.2 mM EGTA. A radioactively labeled
ATP solution was made by mixing 1 μl of γ-[32P]-ATP
(3,000 Ci/mmol, 10 μC/μl) in 49 μl unlabeled 5 mM ATP.
The reaction was started by adding 2 μl of radioactively
labeled ATP solution and was incubated at 30˚C for 15 min.
The reaction was stopped by adding 20 μl stop solution (30%
acetic acid, 1 mM ATP). Subsequently, 20 μl of the reaction
mixture was spotted on Whatman p81 phosphocellulose
paper and washed four times in 10% acetic acid for 15 min.
32P incorporation was measured by Kodak phosphoscreen,
scanned with ‘Typhoon’ (GE Healthcare) and signal was
analyzed by ImageQuant 5.2 Software (GE Healthcare).

Pulsed-field gel electrophoresis. Repair of DNA DSBs was
evaluated by asymmetric field inversion gel electrophoresis
(AFIGE), a pulsed-field gel electrophoresis method, according
to previously published protocols (6). Cells were irradiated
with a Pantak X-ray machine operated at 320 kV, 10 mA
with a 1.65 mm Al filter (effective photon energy, 90 kV), at a
dose rate of 2.7 Gy/min, at 50-cm distance. To inhibit DNA-
PK activity, cells were incubated with 20 μM Wortmannin
(Sigma) 15-30 min prior to irradiation. Cells were cooled
to 4˚C prior to irradiation and were irradiated on ice. After
irradiation, the medium was replaced with fresh growth
medium preheated to 42˚C (to rapidly restore 37˚C) and
cells were returned to the incubator at 37˚C to allow for
repair. When appropriate, wortmannin at 20 μM was also
present in these media and was added to the cultures according
to the indicated protocol. Cells were harvested at various
times thereafter and embedded in agarose blocks containing
~1x105 cells/block. AFIGE was carried out in 0.5% molecular
biology grade agarose (Bio-Rad). The gels were prepared
with 0.5 μg/ml ethidium bromide, and were run in 0.5X TBE
at 10˚C for 40 h. During this time, cycles of 1.25 V/cm for
900 sec in the direction of DNA migration alternated with
cycles of 5.0 V/cm for 75 sec in the reverse direction. Signal
was detected using the ‘Typhoon’ (GE Healthcare) and the
fraction of DNA released (FDR) out of the well into the
lane was quantified with the ImageQuant 5.2 Software (GE
Healthcare). Repair kinetics was commonly plotted as FDR
versus time. However, because the dependence of FDR on
dose was not purely linear in the range of doses examined,
a quantitative analysis of the repair kinetics could not be
carried out with accuracy from such plots. To circumvent this
problem, repair kinetics are shown here as plots of equivalent
dose (Deq), measured in Gy, versus time (19). For this purpose,
we calculated for FDR values obtained at each repair time-point
a corresponding dose (Deq) from a dose response curve (FDR
versus dose) generated in the same experiment with cells
processed for electrophoresis immediately after irradiation.
This way of plotting provides more accurate repair kinetic
results and minimizes possible variations between experiments
(7). 

Results

To investigate the putative function of B-NHEJ in the repair of
IR-induced chromosome breaks, we adopted peripheral blood
lymphocytes (PBLs) as a model system. PBLs from healthy
individuals have a normal chromosome complement and are
devoid of cytogenetic and genetic alterations encountered
in tumor cells, which may modify radiation response. In
addition, unstimulated PBLs are uniformly and stably arrested
in the G0 phase of the cell cycle, which is very helpful for
experiments analyzing interphase chromosome damage by
means of PCC (34).

To analyze repair of IR induced interphase chromosome
breaks, we incubated at 37˚C for different times PBLs exposed
to 6 Gy X-rays. Subsequently, we fused PBLs with mitotic
CHO cells to induce premature condensation in the lymphocyte
chromosomes and processed the samples for scoring. Fig. 1A
shows representative spreads of human prematurely condensed
chromosomes from cultures exposed to 0 or 6 Gy and analyzed
immediately, 1 or 6 h later. IR-induced chromosome breakage
is evident as an increase, >46, in the number of chromosome
entities, which we refer here as excess chromosome frag-
ments (ECFs). The number of ECFs is maximal in cells
analyzed immediately after IR (20 in Fig. 1A) and drops
progressively as cells are allowed to repair at 37˚C. Fig. 1B
summarizes the repair kinetics as ECFs versus repair time.
Under the experimental conditions employed, 18 ECFs are
scored per cell immediately after IR, reflecting an initial
yield of 3 chromosome breaks per cell per Gy. PBLs effectively
repair chromosome breaks and the number of ECFs drops
within 6 h to ~5 per cell. 

It is widely accepted that interphase chromosome breaks
result from unrepaired DNA DSBs. In higher eukaryotes,
IR-induced DSBs are mainly repaired by D-NHEJ (see
Introduction), and it is reasonable to hypothesize that the
same pathway contributes to the repair of chromosome
breaks as well. IR induces 20-40 DSBs per Gy but, as shown
here, only 2-4 interphase chromosome breaks, suggesting
that only a subset of DSBs leads to chromosome breaks. The
subset of DSBs leading to chromosome breaks is unlikely to
be selected randomly from the entire pool of induced DSBs,
as chromosome breaks are typically repaired with half times
of about 1-2 h (Fig. 1B), whereas the majority of DSBs is
repaired with half times of 5-20 min. Thus, only subsets of
DSBs characterized by slow repair kinetics are likely to cause
the chromosome breaks uncovered by PCC. These subsets of
DSBs may be repaired by D-NHEJ, but it is equally possible
that other pathways are involved in their repair as well.
Indeed, as outlined in the Introduction, it is well documented
that cells with defects in components of D-NHEJ remove the
majority of DSBs with slow kinetics using B-NHEJ. 

To evaluate the contribution of D-NHEJ to the repair of
interphase chromosome breaks in PBLs and to examine
whether B-NHEJ is capable of processing DSBs leading to
chromosome breaks, we studied the effect of wortmannin on
the repair of interphase chromosome breaks. Wortmannin is a
non-competitive, irreversible inhibitor of PI 3-kinase that
inhibits at higher concentrations other members of this kinase
family including DNA-PKcs (39,40). This causes a pronounced
inhibition in the repair of IR induced DSBs by D-NHEJ (9). 
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We reasoned that inhibition by wortmannin of DNA-PK
in PBLs would allow, on the one hand, the evaluation of the
contribution of D-NHEJ to the repair of chromosome breaks
and, on the other hand, the detection of alternative repair-
pathways that gain impact when D-NHEJ is compromised
(see Introduction). For these experiments, PBLs are incubated
with 20 μM wortmannin for 30 min, exposed to IR and

returned to 37˚C for the indicated times. Fig. 1B shows the
chromosome repair kinetics measured under these conditions.
Wortmannin markedly slows down repair, demonstrating
thus a contribution of D-NHEJ to the repair chromosome
breaks in irradiated but untreated cells. However, despite
marked inhibition, chromosome breaks are repaired to a
significant extent presumably by alternative repair pathways.
These results are qualitatively similar to those reported
earlier using the DNA-PKcs deficient mouse scid cells (32). 

Of note in the above experiment is the modest increase
in the initial yield of IR-induced chromosome breaks in
wortmannin-treated PBLs. Since there is no incubation for
repair in this sample, the observed increase suggests inhibition
by wortmannin of chromosome break repair occurring during
the period of premature condensation of PBL chromosomes.
Although of small magnitude in this type of experiments, the
effect points to undetected activity of chromosome break
repair [see also (41-43)] and raises questions regarding the
validity of the interpretation given above. 

To determine the contribution of D-NHEJ to chromosome
repair during incubation for chromosome condensation,
PBLs were treated with wortmannin and analyzed in PCC
assays also carried out in the presence of wortmannin (20 μM).
Fig. 2A shows typical examples of chromosome spreads
obtained under these conditions. Wortmannin has no detectable
clastogenic effect on unirradiated cells, and both irradiated and
non-irradiated PBLs show after treatment with wortmannin
levels of chromatin condensation similar to those of untreated
cells. Fig. 2B summarizes chromosome break repair kinetics
in wortmannin-treated PBLs and analyzed in PCC reactions
containing wortmannin as well. A significant increase in the
initial yield of chromosome breaks is observed substantiating
D-NHEJ activity during chromosome conden-sation. At the
same time, marked repair is still evident, further implicating
B-NHEJ in the rejoining of chromosome breaks when DNA-
PK activity is compromised. 

The sensitivity to wortmannin of the initial yield of chromo-
some breaks suggests wortmannin-sensitive repair during
PCC and therefore residual DNA-PK activity. It seemed
unlikely that the source of this DNA-PK activity is the PBL,
as treatment with 20 μM wortmannin should largely inactivate
the existing DNA-PK pool (see below). On the other hand,
DNA-PK is present in the mitotic CHO cell and may comple-
ment wortmannin treated-PBLs during incubation for pre-
mature chromosome condensation. Indeed, this cell fusion
approach has been previously used to establish complemen-
tation groups among D-NHEJ mutants (44). To examine this
possibility, mitotic cells were collected from CHO cultures
that were pre-treated for 1 h with 20 μM wortmannin and
fused with PBLs to induce PCC in reactions also carried out
in the presence of wortmannin. The results obtained are
summarized in Fig. 2B. A marked increase, over that of
reactions assembled with wortmannin, is observed in the
number of excess chromosome fragments, demonstrating that
mitotic DNA-PK activity is a key mediator of D-NHEJ-
dependent chromosome repair during PCC. This observation
makes also evident that simple administration of wortmannin
during PCC reaction-assembly is not inhibiting in a timely
fashion the function of mitotic DNA-PK. Notably, even
under conditions of such wide inhibition of DNA-PK activity,
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Figure 1. Wortmannin inhibits repair of chromosome breaks in PBLs. A.
Micrographs of PBLs fused by means of PEG with CHO mitotics and
incubated at 37˚C for 1 h to allow for PCC. Mitosis promoting factor (MPF)
from the mitotic cell causes the premature condensation of the G0 PBL
chromosomes into distinct units amenable to integrity analysis. The PBL in
the upper left micrograph is unirradiated and shows 46 chromosomes as
expected. Following exposure to 6 Gy and immediate analysis, 66 chromo-
some entities are scored corresponding to an excess chromosome fragment
(ECF) number of 20 (upper right). After a 1-h postirradiation incubation
time for repair, 14 ECF are scored in a PBL exposed to 6 Gy (lower left).
This number is further reduced after 6 h of repair (lower right). B, Kinetics
of repair of interphase chromosome breaks in PBLs that were either
irradiated and incubated for repair at 37˚C for the indicated times (filled
circles), or irradiated and incubated for repair in the presence of 20 μM
wortmannin (open circles). Plotted is the number of ECF as a function of the
repair time. The mean and standard error from three experiments are shown.
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chromosome break repair activity is amply documented,
further underlining the putative function of B-NHEJ. 

To better evaluate the contribution of B-NHEJ to chromo-
some repair when D-NHEJ is compromised, we followed
repair of interphase chromosome breaks for up to 48 h in
untreated PBLs, as well as in PBLs treated with wortmannin
using different protocols. Fig. 3A summarizes the results
obtained. As expected, effective repair is observed in untreated
PBLs. On the other hand, the initial yield of chromosome

breaks is markedly increased and their repair compromised
after a single treatment with wortmannin when PCC is
carried out in the presence of wortmannin using wortmannin-
treated mitotic cells (filled triangles). Despite this increase in
yield and decrease in rate, a large proportion of chromosome
breaks is repaired within 48 h, in line with the operation of
B-NHEJ. 

In the above experiment, which lasted a total of 48 h, PBLs
were treated with wortmannin only once before irradiation. It
is therefore conceivable that the results obtained, particularly
after long repair times, include D-NHEJ supported by residual
DNA-PK activity, as well as by newly synthesized DNA-PK.
To examine this possibility, we carried out experiments in
which wortmannin was repeatedly added (every 3-5 h) to
PBLs and repair of chromosome breaks was followed.
Repeated drug addition ensures that residual DNA-PK
activity will be further inhibited and that newly made
activity will be compromised. Repair of chromosome breaks
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Figure 2. DNA-PKcs from CHO mitotics contributes to chromosome repair
in wortmannin treated PBLs. A, Micrographs of PBLs fused to CHO mitotics
after different treatments. The upper left micrograph shows a syssitium
between an unirradiated PBL and a CHO mitotic, whereas the upper right
micrograph a syssitium between an unirradiated, wortmannin-treated PBL
and a CHO mitotic. The lower left micrograph shows a syssitium with a
PBL treated with wortmannin and exposed to 6 Gy, whereas the lower right
panel a syssitium with a PBL irradiated and treated with wortmannin for 6 h.
Note the increase in ECF as compared to a similarly treated PBL in Fig. 1.
B, Kinetics of chromosome repair in untreated PBLs (filled circles), in PBLs
treated with wortmannin before IR and during incubation for PCC (open
circles), as well as with PBLs treated with wortmannin before irradiation
and then fused for PCC in the presence of wortmannin with mitotic cells
obtained from CHO cultures that were also treated with wortmannin (filled
triangles). Plotted is the number of ECF as a function of the repair time. The
mean and standard error from three experiments are shown.

Figure 3. Efficient repair of chromosome breaks under conditions inhibiting
DNA-PK. A, Kinetics of chromosome repair as measured by PCC in
irradiated PBLs. Filled circles show the results obtained with PBLs incubated
for repair at 37˚C in the absence of any treatment. Open circles show results
obtained with PBLs that were treated once with wortmannin before IR.
Filled triangles show results obtained with PBLs treated with wortmannin
before IR as well as at 4-h intervals thereafter. B, DNA-PK activity measured
as described  in Materials and methods in PBLs at various times after
treatment with 20 μM wortmannin. Included in the figure are also results of
PBLs treated with wortmannin repeatedly at 4-h intervals. 
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measured under these conditions is included in Fig. 3. It is
evident that repair kinetics similar to those obtained after a
single drug addition are observed suggesting that inhibition
of residual, or newly made DNA-PK has no detectable effect
on the kinetics of chromosome repair, even after long
incubation times. The lower initial and subsequent yield of
chromosome breaks in this experiment, as compared to that
shown by the filled triangles, is due to the fact that
wortmannin was not applied to the mitotics or during fusion.
This is intriguing because it suggests that DNA-PK activity
provided during PCC can assist chromosome repair, whereas
DNA-PK activity generated in the interphase cell lacks this
potential. 

To validate the rationale of the above experiment, we
measured DNA-PK activity in similarly treated PBLs and
the results obtained are summarized in Fig. 3B. After a
single treatment with wortmannin DNA-PK activity drops
precipitously but the measurements indicate some residual
activity. This residual activity, and possibly also the activity
of newly made DNA-PK, are compromised by repeated
addition of wortmannin as expected. The lack of contribution
to chromosome repair of residual and newly synthesized
DNA-PK suggests that chromosome breaks are irrevocably
shunted to alternative pathways of repair when D-NHEJ is

compromised by the first application of wortmannin. On the
other hand, the observation that DNA-PK of mitotic cells
contributes equally to chromosome repair at all time-points
examined (compare open circles and filled triangle) suggests
that mitotic events, such as those induced during PCC (nuclear
membrane break down and chromatin condensation), generate
opportunities for DNA-PK function in a subset of chromo-
some breaks. 

While the results presented in Fig. 3 suggest that residual
or even newly synthesized DNA-PK is unable to contribute
to chromosome repair once breaks are shunted in alternative
repair pathways, it is unclear whether this holds for all DSBs
or just for the subset underlying chromosome breaks. To
address this question, we carried out experiments in which
M059K cells, a human tumor cell line, were treated with
wortmannin either once before irradiation, or repeatedly
(every 4 h), and DSB repair was measured by PFGE. Fig. 4
summarizes the results obtained. While a single treatment
with wortmannin markedly inhibits DSB rejoining, repeated
addition of the inhibitor does not produce any additional
effect. This result suggests that not only DSBs underlying
chromosome breaks, but also the bulk of DSBs are shunted
irrevocably to alternative repair pathways leaving newly
synthesized DNA-PK unable to regain control. 

Discussion

D-NHEJ is a major contributor of chromosome repair. The
results presented above demonstrate extensive contribution
of D-NHEJ to the repair of interphase chromosome in PBLs.
Because PBLs are directly derived from healthy individuals,
the results attest to the function of this pathway in chromo-
some break repair in a model system maintaining genomic
stability. Although this observation should be regarded as
largely expected on the basis of the extensive contribution of
D-NHEJ to DSB repair, it is important to emphasize that
interphase chromosome breaks reflect only a small (~10%)
subset of DNA DSBs and may therefore arise as a result of
the specific properties of this DSB subset - biochemical nature
or localization in chromatin. These properties might indeed
cause a shunting of these DSBs to other repair pathways such
as HRR. Other reports point also to the induction by IR of a
subset (~15%) of DSBs displaying ATM/Artemis requirement
for their repair, presumably due to their complexity (45).
Therefore, the observation that repair of IR-induced chromo-
some breaks extensively utilizes DNA-PK, points to a level
of utilization of D-NHEJ for this subset of DSBs that is
roughly similar to the level of utilization of D-NHEJ for the
bulk of DSBs. A significant contribution of D-NHEJ to
chromosome repair has also been reported in studies evaluating
interphase chromosome repair in DNA-PK deficient mouse
scid cells (32). 

While the nature and the properties of DSBs giving rise
to chromosome breaks in the premature chromosome
condensation assay remain uncharacterized biochemically,
the kinetics of chromosome break repair suggests that
chromosome breaks derive from slowly repairing DSBs.
Because slow rejoining kinetics is also a characteristic of
B-NHEJ (see Introduction), it was theoretically possible
that repair of interphase chromosome breaks predominantly
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Figure 4. Repair of DNA DSBs in M059K cells exposed to wortmannin
under different conditions. Exponentially growing M059K cells were exposed
to 20 Gy and repair of DSBs measured using pulsed-field gel electrophoresis,
as outlined in Materials and methods. A, Typical gels of control and
wortmannin-treated cells. An asterisk indicates samples repeatedly treated
with wortmannin. B, Quantitative analysis of PFGE results. For repair cells
were either left untreated (filled circles), or were treated with 20 μM
wortmannin once before irradiation (open circles). Included are also results
obtained with cells treated with wortmannin every 4 h (filled triangles).
Plotted is Deq, a parameter describing residual load of DSBs, as a function
of time. The results shown represent the mean and standard error from three
determinations. 
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reflects the function of B-NHEJ even in repair proficient
cells in the absence of D-NHEJ inhibiting manipulations.
This hypothesis can now be refuted by the sensitivity to
wortmannin of chromosome break repair, which directly
points to the involvement of DNA-PK. 

The observations at the chromosome level reported here,
combined with results of bulk DSB repair allow the conclusion
that DNA-PK contributes to the repair of an entire spectrum
of DSBs differing from each other in several important
aspects that determine their kinetics of repair. It is important
to characterize these subsets of DSBs and to determine the
characteristic properties that define the cellular responses
elicited by them. Experiments such as those described here
utilizing the method of premature chromosome condensation
may allow valuable contributions along these lines. For
example, it will be particularly valuable to re-examine the
contribution of ATM to the repair of interphase chromosome
breaks (33,36) in light of the recently proposed roles of ATM
in the repair of subsets of complex DSBs (45).

B-NHEJ contributes to chromosome break repair when D-
NHEJ is compromised. The use of wortmannin to compromise
D-NHEJ clearly demonstrates that PBLs recruit alternative
pathways to repair chromosome breaks when the main
DNA-PK dependent repair pathway is compromised. Indeed,
even after inhibition of DNA-PK activity not only in the
interphase PBLs but also in the mitotic CHO cells, substantial
rejoining activity is detected able to remove from the genome
the majority of IR-induced interphase chromosome breaks.
Because the contribution of this repair activity is only evident
after compromising D-NHEJ, it appears to serve a backup
function (B-NHEJ) rather than the function of an equivalent,
alternative repair pathway (6,7,9,10,17,18). It is notable
that repair of chromosome breaks by B-NHEJ proceeds
significantly slower than by D-NHEJ and remains incomplete
even after 24 h of postirradiation incubation. Assuming that
the first determinant of repair kinetics is the characteristics of
the DSB (chemical nature or location in chromatin - see
above) the second determinant will be the repair pathway
employed, with B-NHEJ operating slower than D-NHEJ on
all subsets of DSBs induced. 

Biochemical and genetic evidence implicate DNA ligase
III and PARP-1 in the repair of DSBs by B-NHEJ (19-22).
Since experiments demonstrating the contribution of these
proteins are not part of this study, their potential involvement
in chromosome repair should be regarded as tentative. In
particular, we cannot formally exclude the operation in
chromosome repair of other pathways such as HRR or single
strand annealing, although the operation of the former in G0

cells is considered unlikely. 

D-NHEJ and B-NHEJ during PCC. When wortmannin is
applied to mitotic cells, as well as during fusion for PCC,
an increase in the initial yield of chromosome breaks is
observed. This indicates that the presence of the inhibitor
helps uncover chromosome breaks that would have been
otherwise repaired during the incubation period for PCC.
While the sensitivity to wortmannin of these chromosome
breaks suggests the primary function of D-NHEJ in their
repair, the extensive and nearly complete, albeit slow, chromo-

some break repair measured when wortmannin is present
in all components of the PCC reaction indicates that the
same subset of chromosome breaks can also be processed by
B-NHEJ. 

The increase in the initial yield of chromosome breaks
reported here in PCC reactions assembled with wortmannin
is reminiscent of earlier results generated applying ß-araA and
hypertonic salt solution during PCC (41-43). These treatments,
when applied during PCC, allow the characterization of two
distinct subsets of interphase chromosome breaks. While
ß-araA-sensitive breaks are repaired with kinetics similar to
those measured for the bulk of interphase chromosome
breaks, hypertonic-treatment-sensitive DSBs are repaired
with much faster kinetics, similar to those measured for the
bulk of DSBs (41-43). Notably, mutants deficient in D-NHEJ
such as xrs-5, show resistance to hypertonic treatment
suggesting that Ku deficiency specifically compromises
repair of this subset of chromosome breaks. Furthermore,
since ß-araA is a DNA synthesis inhibitor, the results suggest
that a subset of DSBs requiring DNA synthesis for repair
underlies the ß-araA sensitive subset of DSBs. Further
experiments are required to reconcile these early observations
with the results reported here with wortmannin and to generate
a more complete model on the interplay of different pathways
for the repair of DSBs and chromosome breaks. 

Is the shunting of DSBs and chromosome breaks from D-
NHEJ to B-NHEJ irreversible? The rapid inactivation by
hydrolysis of wortmannin in aqueous solutions enables the
generation of new pools of DNA-PK by de novo protein
synthesis. This new pool of DNA-PK, together with any
residual DNA-PK activity, can in principle initiate DSB repair
and thus also chromosome repair by D-NHEJ, particularly
after long incubation times. Therefore, our observation that
such pools of DNA-PK do not contribute to DSB or chromo-
some repair was unexpected and suggests the irreversible
shunting of interphase chromosome breaks and even of the
bulk of IR induced DSBs to B-NHEJ. This lack of contribution
by fresh DNA-PK cannot be regarded as a consequence of a
‘freezing’ of the inhibited DNA-PK complex at the DNA
ends, as observed in vitro (46), because DNA ends become
available to the repair factors of B-NHEJ. 

Thus, neither residual DNA-PK activity nor newly synthe-
sized DNA-PK can have a detectable contribution to the
repair of DSBs, once these lesions have been diverted to
B-NHEJ. This shows, to our knowledge for the first time,
that pathway selection is a one-way process with an irreversible
character, once a decision is made. The biochemical processes
underlying this aspect of repair pathway organization and
mutual coordination remain to be established. However, it is
likely that such aspects of repair pathway interaction will be
important for the overall coordination of DSB repair and for
the interactions between DNA repair and DNA damage check-
points.

A notable exception to the irreversible shunting of
DSBs to B-NHEJ after treatment with wortmannin seems
to be generated during PCC. During this time period and
independently of the elapsed postirradiation time interval,
DNA-PK regains access to some unrepaired DSBs and
removes them by D-NHEJ. Repair activity measured in this
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way is likely to take place during the initial stages of PCC,
when the nuclear membrane of the interphase cell breaks
down and chromosome condensation starts. It is tempting to
speculate that under these conditions, changes in nuclear
organization facilitate chromatin reprogramming that allow
access of DNA-PK to DSBs. Drawing parallels with DNA
replication (47), it may be argued that in this way chromatin
gets licensed for D-NHEJ. 

Exchange aberrations in DNA-PK deficient cells are
compatible with B-NHEJ defect. Classical cytogenetic
studies corroborate our conclusions of backup pathways of
chromosome repair and provide direct evidence for their
error-prone nature. Thus, DNA-PK deficient human tumor
cells show a strong increase in exchange-type aberrations
indicative of a DNA-PK-independent rejoining pathway,
which by operating in an error-prone manner frequently lead
to the formation of exchange-type aberrations (16). Similar
observations have also been made in DNA-PK deficient MEFs
(14). Also treatment with wortmannin of wild-type cells
causes effects similar to those observed in DNA-PK mutants
(15), suggesting that the inhibitor accurately recapitulates, in
wild-type cells, the equivalent mutant phenotype. 

The error-prone nature of backup pathways of NHEJ
raises questions regarding its actual utility and biological
significance. The expected increase in the frequency of
exchange-type aberrations is likely associated with the
generation of lethal events that will eliminate the affected
cell even at relatively low damage loads. When non-lethal
chromosome aberrations are generated, they are likely to
cause chromosomal instability and cancer (see Introduction).
A repair pathway whose function is associated with such
negative effects is likely to be a liability for the cell and the
organism and may offer a target for measures countering the
development of cancer.
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