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Cells with mutated autophosphorylation sites in the ABCDE cluster of DNA-dependent protein 
kinase catalytic subunit (DNA-PKcs) are defective in the repair of ionising radiation-induced 
DSB, but show in an in vitro test the same DNA-PK activity as the cells possessing wild type 
enzyme. Nevertheless, the mutated DNA-PK is able to undergo ATP-dependent autophosphor-
ylation and inactivation. This characteristics correspond well with the phenotypic features of the 
L5178Y-S (LY-S) cell line that is defective in DSB repair, shows a pronounced G1 phase radiosen-
sitivity, but in which the level of DNA-PK activity present in total cell extracts is similar to that 
of its radioresistant counterpart L5178Y-R (LY-R) cell line. The purpose of this work was to ex-
amine the possible alterations in the sequence encoding the cluster of autophosphorylation sites 
in the DNA-dependent protein kinase in LY-S cells. Despite the presence of phenotypic features 
indicating the possibility of such alterations, no differences were found between the sequences 
coding for the autophosphorylation sites in L5178Y-R and L5178Y-S cells. In conclusion, the re-
pair defect in LY-S cells is not related to the structure of the DNA-PK autophosphorylation sites 

(ABCDE casette).
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Abreviations: C1D, DNA binding protein C1D; DIR1, FK506 binding protein like, FKBPL; DNA-PKcs, DNA-dependent 
protein kinase catalytic subunit (EC 2.7.1.37); DSB, double strand break; EGFR, epidermal growth factor receptor; KUBs, 
Ku70-binding proteins; LY, L5178Y; NHEJ, nonhomologous end-joining; Sir, silent information regulator; Xrcc4, X-ray re-
pair complementing defective repair in Chinese hamster cells 4.

The ionising radiation-hypersensitive L5178Y-
S (LY-S) cell line was isolated from the parental 
L5178Y line (later called LY-R) and characterised by 
Alexander and Mikulski (1961). The 40-year studies 
on these cells have recently been reviewed (Szumiel, 
2005a; 2005b). Although it is clear that the reason for 
the radiation sensitivity of LY-S cells is an impaired 
DNA DSB repair (Evans et al., 1987; Wlodek & Hit-
telman, 1987; 1988b), the molecular defect remains 
unknown.

Two phenotypic features are characteristic 
for cells with defective NHEJ: a slowed down DSB 
repair and a pronounced G1 phase radiosensitivity. 
LY-S cells show both features. Impaired DSB repair 
was shown, among others, by neutral elution and 
premature chromosome condensation (Wlodek & 
Hittelman, 1988b). Also, post-irradiation DNA repair 
in these cells is refractory to the DNA-PK specific 
inhibitor OK-1035, in contrast with that in the DSB 

repair-competent LY-R cells (Kruszewski et al., 1998). 
Nevertheless, in spite of the functional impairment 
in LY-S cells, the same level of DNA-PK activity 
is present in total cell extracts of both LY cell lines 
(Wojewodzka et al., 2004). This result indicates that 
the NHEJ defect in LY-S cells is not due to DNA-PK 
mutation that would affect its activity in vitro, as is 
the case in other radiation sensitive mammalian cell 
mutants. On the other hand, the cell-age dependence 
of survival (determination in subpopulations sepa-
rated by elutriation (Wlodek & Hittelman, 1988a) in-
dicates a very marked radiosensitivity of G1 phase 
cells, typical for cells with NHEJ defect (Rothkamm 
et al., 2003).

Recent studies by Block et al. (2004) have indi-
cated that cells expressing DNA-PKcs with mutated 
autophosphorylation sites in the so-called ABCDE 
cluster of serine and threonine residues in the cen-
tral part of the molecule are defective in the repair 
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of ionising radiation-induced DSB. Purified mutated 
DNA-PK proteins, however, showed in an in vitro 
test the same protein kinase activity as the wild type 
enzyme and were able to undergo ATP-dependent 
autophosphorylation and inactivation. Thus, the 
properties of mutants corresponded with those of 
LY-S cells. 

It seemed plausible that such an autophos-
phorylation defect, which does not affect the kinase 
activity but is a cause of failure in DNA end-joining, 
is the cause of impaired NHEJ in LY-S cells. There-
fore, we examined the Prkdc gene fragment encod-
ing the cluster of autophosphorylation sites (ABCDE 
casette) in search for possible mutations that would 
affect autophosphorylation of DNA-PK in L5178Y-S 
(LY-S) cells. LY-R cells served as reference. No dif-
ferences were found between the autophosphoryla-
tion sites in LY-R and LY-S cells, indicating that the 
defect in NHEJ in the latter cells is not related to the 
structure of the ABCDE casette.

MATERIALS AND METhoDS

Cell cultures. Murine leukemic lymphoblast 
LY-R and LY-S were maintained in suspension cul-
tures in RPMI 1640 medium (Sigma) supplemented 
with 8% heat-inactivated bovine serum and antibiot-
ics (Szumiel, 1979).

RNA extraction, reverse transcription-
polymerase chain reaction (RT-PCR) and sequenc-
ing. Total RNA was extracted using RNeasy Protect 
Mini Kit (Qiagen) according to the manufacturer’s 
protocol. Two primers were designed. Primer 7627F 
with the sequence TCCCCCAAGATAGAAGTC-
CAC and primer 7977R — GATCCGCCAGTAGGT-
CAATG. First strand cDNA was synthesized from 
total RNA using Thermoscript RT-PCR System (In-
vitrogen) and primer 7977R at 50°C for 1 h. Target 
sequence was amplified using primers 7627F and 
7977R by Platinum Taq DNA Polymerase (Invitro-
gen). The PCR protocol consisted of 3 min of de-
naturation at 94°C, followed by five initial cycles 
comprising 30 s at 94°C, 2 min at 54.4°C and 45 s 
at 72°C, then by 30 cycles comprising 30 s at 94°C, 
30 s at 54.4°C and 45 s at 72°C. The final extension 
step was performed for 7 min at 72°C. Amplifica-
tion reactions were carried out in a PTC-200 DNA 
Engine Peltier Thermal Cycler (MJ Research). PCR 
products were sized by agarose electrophoresis and 
gel purifed using QIAquick Gel Extraction Kit (Qia-
gen). PCR products were sequenced using primers 
described above, BigDye v1.1 Terminator Cycle Se-
quencing Kit (Applied Biosystems) and ABI PRISM 
377 DNA sequenator (Applied Biosystems).

Sequence analysis. LY-R and LY-S sequenc-
es were aligned and analysed using Bioedit 7.0.4.1 

program (Hall, 1999) together with murine DNA-
PK nucleotide sequences obtained from GenBank 
(accession numbers: D87521, AB007544, AB011543, 
AB030754).

RESuLTS AND DISCuSSIoN

In mammalian cells the DNA-PK dependent 
NHEJ is an important DSB repair system. Neverthe-
less, its basic level of activity very often does not cor-
relate with radiosensitivity, as observed in screening 
experiments carried out in various types of cancer 
cells (Allalunis-Turner et al., 1995) in contrast with 
a very good correlation between radiosensitivity and 
residual DSB level. This result can be taken as an in-
dication that (apart from obvious dysfunctions due 
to mutations) NHEJ activity (essential for repair in 
G0 and G1 phase cells) is subject to control at vari-
ous levels and its efficiency may depend on various 
controlling mechanisms. To list only a few – stimula-
tion of transcription of genes coding for the compo-
nents of the system, proper timing of translocation 
to the nucleus, post-translational modifications, with 
phosphorylation being the most prominent and best 
known, binding of specific proteins (Artemis, KUBs, 
C1D). A single mechanism or several combined may 
modulate the efficiency of NHEJ and thus modify 
the cellular response to DNA damage inflicted by 
ionising radiation or chemicals. 

In this work, we examined the DNA-PKcs 
(PRKDC) gene fragment encoding the cluster of au-
tophosphorylation sites (ABCDE casette) in search 
for possible mutations that would affect the activity 
of DNA-PK in L5178Y cells. In spite of phenotypic 
features suggesting the presence of such mutations, 
no differences were found in the sizes of RT-PCR 

Figure 1. RT-PCR products of DNA-PKcs fragment (nt 
7648–7976) containing ABCDE autophosphorylation clu-
ster of LY-S and LY-R cells.
Lane 1, Gene Ruller® 100 bp DNA ladder (Fermentas); 
lane 2, LY-R cells; lane 3, LY-S cells.
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products from the two types of cells (Fig. 1). This, 
however, does not exclude a point mutation that 
might cause a loss of autophosphorylation sites, 
thus we sequenced the region of interest. Again, no 
differences were found in the sequences of the RT-
PCR products obtained from LY-R and LY-S cells 
(Fig. 2).

Although an alteration in the autophoshor-
ylation of the ABCDE casette would clearly explain 
the difference in radiosensitivity of LY-S and LY-R 
cells, its lack leaves open other possible reasons for 
the NHEJ impairment in LY-S cells. It is known that 
components of DNA-PK are localised in the cyto-
plasm and may fail to translocate to the nucleus; an 
example of such a cause of radiation sensitivity has 
been described for cells of Long-Evans Cinnamon 
rats (Okui et al., 2002); a similar effect can be ob-
tained by treatment of X-irradiated cells with 0.5 M 
NaCl (Endoh et al., 2001) or by blocking the EGFR 
with an antibody specific for the extracellular part of 
the EGFR molecule (Huang et al., 1999; Dittmann et 
al., 2005). This may point to the importance of the 
nuclear-cytoplasmic traffic in the development of the 
effective response to irradiation.

Another possibility is that DNA-PK activity in 
situ is repressed by an unknown factor. An exam-
ple of such factor is the protein encoded by a novel 
stress gene, DIR1, with some similarities to immu-
nophilins (Robson et al., 1999; 2000). So far, only its 
influence on single-strand break rejoining was stat-
ed (Robson et al., 2000). If this were the case, LY-S 
cells would lack the mechanism that — upon irra-
diation — causes dissociation of the inhibitory mol-
ecule, thus freeing the enzyme’s catalytic subunit 
and enabling it to form the active complex with the 
Ku heterodimer. The possibility that other compo-
nents of NHEJ are defective in LY-S cells has partly 
been eliminated by complementation studies carried 
out in Japan (Sato et al., 1995). These authors have 
shown that the defect is not in Xrcc4 or ligase IV. 
Other components of NHEJ that could be defective 
in LY-S cells, such as the neuroblast differentiation 
associated protein, Ahnak (also known as desmoy-
okin (Stiff et al., 2004), Artemis or Sir proteins are 
less probable, since the phenotypic features of such 
deficiencies are different from those seen in LY-S 
cells (see recent reviews in Lees-Miller & Meek, 2003; 
Pfeiffer et al., 2004; Kruszewski & Szumiel, 2005).

Figure 2. Nucleotide (A) and predicted amino-acid (B) sequences of DNA-PKcs region containing ABCDE autopho-
sphorylation cluster of LY-S and LY-R cells compared with sequence of murine DNA-PKcs ABCDE autophosphoryla-
tion cluster (GenBank accesion No. D87521).
Exon 58 of DNA-PKcs is highlighted by black background, the five phosphorylation sites present in murine ABCDE 
cluster are shown in gray. Nucleotide sequences of DNA-PKcs region containing ABCDE autophosphorylation cluster of 
LY-S and LY-R cells were deposited in the GenBank under the accession Nos DQ235257 and DQ235258, respectively.
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It should be added that many types of can-
cer cells have been screened for DNA-PK activity in 
an attempt to find a correlation with their radiation 
sensitivity (e.g., Allalunis-Turner et al., 1995). No 
such correlation was found; possibly this was due 
to the fact that whole-cell extracts were used for in 
vitro DNA-PK activity tests. As discussed above, the 
nucleo-cytoplasmic translocations of the components 
of the repair systems may be an important factor in 
the cellular response to DNA damage. They may be 
a suitable target for radiosensitivity modifications 
less toxic for the organism: it would be sufficient to 
inhibit or delay such translocations for a relatively 
short time: 0.5 M NaCl treatment exerts its sensitis-
ing effect within 20 min (Endoh et al., 2001). So, un-
veiling the secret of the DSB repair defect in LY-S 
cells may prove of more general interest, rather than 
being of value only for hunters of murine DNA re-
pair deficiencies.
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