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Nimustine (ACNU) is a chloroethylating agent which was the most
active chemotherapy agent used for patients with high-grade glio-
mas until the introduction of temozolomide, which became the
standard of care for patients with newly diagnosed glioblastomas
in Japan. Since temozolomide was established as the standard
first-line therapy for glioblastoma multiforme (GBM), ACNU has
been employed as a salvage chemotherapy agent for recurrent
GBM in combination with other drugs. The acting molecular
mechanism in ACNU has yet to be elucidated. ACNU is a cross-link-
ing agent which induces DNA double-strand breaks (DSBs). The
work described here was intended to clarify details in repair path-
ways which are active in the repair of DNA DSBs induced by ACNU.
DSBs are repaired through the homologous recombination (HR)
and non-homologous end-joining (NHEJ) pathways. Cultured
mouse embryonic fibroblasts were used which have deficiencies in
DNA DSB repair genes which are involved in HR repair (X-ray
repair cross-complementing group 2 [XRCC2] and radiation sensi-
tive mutant 54 [Rad54]), and in NHEJ repair (DNA ligase 1V [Lig4]).
Cellular sensitivity to ACNU treatment was evaluated with colony
forming assays. The most effective molecular target which corre-
lated with ACNU cell sensitivity was Lig4. In addition, it was found
that Lig4 small-interference RNA (siRNA) efficiently enhanced cell
lethality which was induced by ACNU in human glioblastoma A172
cells. These findings suggest that the down-regulation of Lig4
might provide a useful tool which can be used to increase cell sen-
sitivity in response to ACNU chemotherapy. (Cancer Sci 2010; 101:
1881-1885)

H igh-grade gliomas remain a therapeutic challenge. In the
past, nitrosourea drugs such as nimustine (ACNU) in
Japan and central Europe, or carmustine (BCNU) in the USA,
were the standard drugs used in addition to radiation. This has
changed since the introduction of temozolomide (TMZ) was
shown to provide benefits with lower levels of toxicity.!"” How-
ever, a recent meta- analy51s has suggested the possibility of a
significant survival gain for the use of ACNU for newly diag-
nosed high-grade gliomas.”” The therapeutic value weights of
previously used drugs when compared with TMZ and with each
other is still unknown. However, the widespread use of TMZ in
patients with newly diagnosed disease, primarily glioblastomas,
resulted in a reevaluation of nitrosoureas for tumor progression
or for tumor recurrences.

ACNU and BCNU are both chloroethylating agents. Follow-
ing cellular exposure to a chloroethylatmg agent, a chloroethyl
group is transferred to the O° -position on guanine (G) residues
m DNA, and this O° -chloroethylG is repaired by the activity of
0°-methylG-DNA  methyltransferase (MGMT).”” Elevated
levels of MGMT have been blamed for much of the observed
resistance to chloroethylatl ng agents,” but it has also been
suggested that repair of O’-chloroethylG by MGMT is not
the sole mechanism responsible for resistance to chloroethy-
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lating agents.” Kaina er al.” reported that about 5% of all
solid tumors assayed in their laboratory completely lacked
MGMT. Among gliomas the frequency of tumors lacking
MGMT is 17-30%.""® Therefore, if only MGMT is targeted,
improvements in drug efficacy are likely to be limited. A new
target which can improve chemotherapy results obtained with
chloroethylating agents is now being sought.

DNA double-strand breaks (DSBs) are generated in wild-type
cells and in other cell culture systems in response to treatments
with chloroethylating agents )"Since DSBs are likely to be the
final event leading to cell death, it would thus be expected that
cells which are defective in DSB repair should be more sensitive
to chloroethylating agents. DSBs are repaired through the
homologous recomblnatlon (HR) and non-homologous end-join-
ing (NHEJ) pathways."'”’ In human cells, the proteins involved
in HR include members of the MRN complex (consisting of
meiotic recombination 11 [MREI11]/radiation sensitive mutant
50 [Rad50]/Nijmegen breakage syndrome 1 [NBSI]), Rad51,
the Rad51 paralogs (Rad51B, Rad51C, Rad51D, X-ray repair
Cross- complementmg group 2 [XRCC2], and XRCC3), Rad54,
and Rad54B."? Proteins involved in the NHEJ pathway include
Ku70/80, DNA-dependent protein kinase catalytic subumt
(DNA-PKcs), DNA ligase IV (Ligd), XRCC4, and Artemis. o

The work described here was designed to lead to a better
understanding of the details involved in DSB repair pathways
which respond to ACNU sensitivity. The activity of specific
components of HR repair (XRCC2 and Rad54) and NHEJ repair
(Lig4) leading to the repair of ACNU-induced DNA damage
were assessed using clonogenic survival assays. A panel of p53
tumor suppressor gene knockout mouse embryonic fibroblast
cell lines (MEFs) was used which contained cells which were
defective in specific components in these repair pathways
(XRCC2, Rad54, and Lig4).

To examine if the resulting observations were applicable to
glioma cells, targeted repair pathways were down-regulated
using small-interference RNA (siRNA), and the sensitivity of
human glioblastoma A172 cells to ACNU was measured in the
presence of siRNAs. In order to determine if DSBs were formed
in response to ACNU, the expression of YH2AX was monitored
at different times following treatment with ACNU in cells
deficient in specific repair pathway components, and in the
corresponding parental cells. Hopefully, an understanding of
the DNA repair mechanisms which have been identified as
contributing to ACNU resistance in this study will lead to the
development of new tools or methods which can be utilized to
improve drug efficacy.
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Materials and Methods

Cell lines. The cell lines used in these studies were the MEF
cell lines XRCC2—/-p53—/— (XRCC2—-/=); XRCC2+/+p53—/—
(XRCC2+/+); Rad54—/—Lig4+/+p53—/— (Rad54—/-);
Rad54+/+Lig4—/-p53—/— (Lig4—/-); Rad54—/-Ligd4—/-
p53—/— (Rad54—/-Lig4—/-); and Rad54+/+Lig4+/+p53—/—
(Rad54+/+Lig4+/+). Human glioblastoma A172 cells were
purchased from the American Type Culture Collection of Cell
Cultures (Manassas, VA, USA). Cells were cultured in DMEM-
10 (Dulbecco’s modified Eagle’s medium containing 10% [v/V]
fetal bovine serum, 20 mM 2-[4-(2-hydroxyethyl)-1-piperazinyl]
ethanesulfonic acid, 50 units/mL penicillin, 50 pg/mL strepto-
mycin, and 50 pg/mL kanamycin). Cells were cultured at 37°C
in a conventional humidified CO, incubator.

Drugs and drug treatments. ACNU (Sigma-Aldrich, St. Louis,
MO, USA) was dissolved at a stock concentration of 10 mM in
sterile H,O. ACNU stock solutions were stored at —20°C until
used. Cisplatin (provided by Nihonkayaku, Tokyo, Japan) was
dissolved at a stock concentration of 100 mM in dimethylsulfox-
ide. Cisplatin stock solutions were stored at —80°C until used. For
experimental procedures, cells were grown in medium containing
ACNU or cisplatin at various concentrations for 3 h, and then
rinsed twice with phosphate-buffered saline.

Colony forming assays. Cell survival was measured usin% a
standard clonogenic survival assay as previously described."

Flow cytometry. To determine whether DSBs were formed in
response to ACNU exposures, and how many DSBs were
formed, the overall levels of phosphorylated H2AX (YH2AX)
were measured with flow cytometry as previously described.'"

siRNA transfection. siRNA for human XRCC2 (product name:
si GENOME SMART pool M-004361-01-0005) was purchased
from Thermo Fisher Scientific (Waltham, MA, USA). siRNA
(50 nM) for human Lig4, XRCC2, or for non-specific negative
controls was transfected into human glioblastoma A172 cells as
previously described.'? The cells were then trypsinized for col-
ony forming assays and proteins were extracted for western blot
analysis.

Western blot analysis. Total cellular protein amounts were
quantified with a Bio-Rad protein assay kit (Bio-Rad Labs,
Richmond, CA, USA). Aliquots of proteins (20 pg) were sub-
jected to western blot analyses. After electrophoresis on 10%
polyacrylamide gels containing 0.1% SDS, the proteins were
transferred electrophoretically onto Poly Screen PVDF mem-
branes (Dupont/Biotechnology Systems, NEN Research Prod-
ucts, Boston, MA, USA). The membranes were then incubated
with mouse monoclonal anti-Lig4 antibody (M02; Abnova, Tai-
pei, Taiwan), mouse monoclonal anti-XRCC2 antibody (2H4;
Novus Biologicals, Littleton, CO, USA), and goat polyclonal
anti-actin antibody (I-19; Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Horseradish peroxidase-conjugated anti-mouse
IgG antibody (Zymed Laboratories, San Francisco, CA, USA)
was used for Ligd and XRCC2. Horseradish peroxidase-conju-
gated anti-goat IgG antibody (Zymed Laboratories) was used for
actin. For visualization of the bands, the ECL Plus Western
Blotting Detection System (GE Healthcare UK, Buckingham-
shire, England) was used according to the manufacturer’s proto-
col. The amounts of the proteins in the samples were quantified
by scanning profiles using the Scion imaging program (Scion,
Frederick, MD, USA).

Statistical analysis. Statistical analysis was performed using
the Student’s 7-test.

Results

Repair genes responding to ACNU-induced DNA damage. In
this study, in order to understand the relative contributions of
the HR and NHEJ repair pathways for ACNU-induced DNA
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Fig. 1. Sensitivity to nimustine (ACNU) or cisplatin. (a—c) ACNU, (d)
cisplatin. (@) O, XRCC2+/+ cells; ®, XRCC2-/- cells. (b,d) O,

Rad54+/+Lig4+/+ cells; A, Rad54—/— cells; M, Rad54—/—-Lig4—/— cells;
®, Ligd-/— cells. (c) Relative D3, value (% compared to proficient
cells). Each point represents the mean of three independent
experiments; bars indicate the SD. Lig4, DNA ligase IV; Rad54,
radiation sensitive mutant 54; XRCC2, X-ray repair cross-
complementing group 2.

damage, cellular responses to ACNU were examined using clo-
nogenic survival assays after a 3 h exposure to ACNU. In these
studies, XRCC2 defective cells (Fig. la), and Rad54 and/or
Lig4 defective cells were used (Fig. 1b). The sensitivity of each
cell line was assessed from its D3, value, i.e. from the ACNU
dose which reduced cell survival to 30% (Table 1). Each D3,
value was calculated from the cell survival data shown in
Figure 1(a,b). All repair defective cells were more sensitive to
ACNU than the corresponding proficient cells (Fig. 1a,b). Also,
Rad54—/—-Lig4—/— cells were more sensitive to ACNU than
were Rad54—/— cells or Lig4—/— cells (Fig. 1b).

In order to accurately compare ACNU sensitivities in the
repair defective cell lines, the relative D3, values were normal-
ized using the D3, value of the corresponding proficient cell
lines. The relative D3, values listed sequentially in the order in
which they increase (reflecting decreasing sensitivities to
ACNU) are: Rad54—/-Lig4—/— cells < Lig4—/— cells <
Rad54—/— cells < XRCC2—/— cells (Fig. 1c). These differences
were statistically significant except for the difference between
Lig4—/— cells and Rad54—/— cells. However in cell lines which
were defective in a single repair gene, the relative D3y value of
the Lig4 defective cells was the smallest after treatment with
ACNU reflecting their high sensitivity to ACNU. When

Table 1. Sensitivity of each cell line to ACNU assessed by D3, value
D3p (LM)

Genes Proficient cells Deficient cells

XRCC2 57.7 34.5

Rad54 83 37

Lig4 32.6

Rad54 & Lig4 21.6

Each D3 value (i.e. the dose that reduces cell survival to 30%) was
calculated from results of the cell survival data shown in Figure 1(a,b).
ACNU, nimustine; Lig4, DNA ligase IV; Rad54, radiation sensitive
mutant 54; XRCC2, X-ray repair cross-complementing group 2.
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Lig4—/— cells were treated with cisplatin which is as effective a
cross-linking agent as ACNU, similar hypersensitivities were
observed in these cells (Fig. 1d).

Lig4 activity in the repair of ACNU-induced DSBs. To deter-
mine whether DSBs are formed in response to exposures to
ACNU, and how many DSBs are formed, overall levels of
YH2AX were measured with flow cytometry YH2AX is formed
in response to the presence of DSBs"'” in Lig4—/— cells and in
the corresponding proficient cells, and the level of YH2AX is
different at different times following treatment with ACNU. In
proficient cells, YH2AX levels did not vary much from their ini-
tial levels at 12 and 24 h after ACNU treatment. However, in
Lig4—/— cells, YH2AX levels increased more than 4-fold at
12 h and 6-fold at 24 h after ACNU treatment when compared
to their initial levels. At 12 and 24 h after treatment with
ACNU, there were significant differences in YH2AX levels
between the proficient and deficient Lig4 cell lines (Fig. 2).

Effect of silenced Lig4 activity on A172 glioblastoma cell
sensitivity to ACNU. A172 cells were transfected with Lig4 or
XRCC2 siRNA for 48 h, and the expression of these proteins
was observed using western blots (Fig. 3a). The level of Lig4
proteins decreased to 68% as compared with negative control.
The level of XRCC2 proteins decreased to 62% as compared
with negative control. Lig4 siRNA leads to a slightly lower
expression (95%) of the XRCC2 protein when compared with
the negative control. X-ray repair cross-complementing group 2
(XRCC2) siRNA leads to a slightly decreased expression (95%)
of the Lig4 protein when compared with the negative control.

After an ACNU treatment at each concentration, Lig4 or
XRCC?2 silencing caused a remarkable reduction in colony for-
mation ability in each case when compared to the negative con-
trol cells transfected with siRNA (Fig. 3b). However, in
comparing Lig4 siRNA with XRCC2 siRNA, the Lig4 siRNA
resulted in a significantly more effective sensitization towards
ACNU than did XRCC2 siRNA (Fig. 3b).

Discussion

The data in this paper provide the first evidence that both HR
and NHEJ play a critical role in the repair of ACNU-mediated
DNA damage, and observations of the relative D3, values sup-
port this idea. The parental cells from which the Rad54—/— and
Lig4—/— cells had the same genetic background as the defective
cells, but the relative D3, values of the Rad54—/— cells and the
Lig4—/— cells were 44.6% and 39.5% of the parental cells,

respectively  (Fig. Ic). In addition, the sensitivity of
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Fig. 2. Phosphorylation of H2AX after nimustine (ACNU) treatment

with 60 uM ACNU in proficient cells (open columns) or in Lig4-/—
cells (closed columns). Columns show the mean of three independent
experiments; bars indicate the SD. An asterisk (*) indicates that the
difference is statistically significant (P < 0.05).
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Fig. 3. siRNA silencing of DNA ligase IV (Lig4) or X-ray repair cross-
complementing group 2 (XRCC2) in glioblastoma A172 cells. (a)
Expression analysis of Ligd and XRCC2 in cells transfected with each
type of siRNA using western blots. Actin was used as a loading
control, and the relative ratios of protein were normalized using actin
levels. (b) Effect of siRNA silencing of Lig4 or XRCC2 on sensitivity to
ACNU. O, negative control siRNA; A, XRCC2 siRNA; @, Lig4 siRNA.
Each point represents the mean of three independent experiments;
bars indicate the SD.

Rad54—/-Lig4—/— cells to ACNU was higher than that of cells
defective in either gene alone, which indicates that the HR and
NHEJ double knockout cells displayed an additive effect from
these two knockouts (Fig. 1b,c). These results clearly show the
importance of both HR and NHEJ in the repair of ACNU-
induced DNA damage. Results for XRCC2 (Fig. la) are in
agreement with previous studies which revealed that XRCC2
knockout MEFs showed a hypersensitivity to other DNA inter-
strand cross-linkin, g (ICL) agents such as fotemustine, cisplatin,
and mitomycin C.""» Although it was reported that DT40 cells
appear to possess a significantly higher HR repair efficiency
than any mammallan cell line, and that NHEJ plays only a minor
role in ICL repair,‘ ) the data here support the idea that not only
HR, but also NHEJ both play a major role in protecting cells
against ACNU-induced DNA lesions. It is assumed that DSBs
induced not only by ACNU, but also by cisplatin, are repaired
by Lig4 (Fig. 1d). DNA-DNA crosslinks might result in the pro-
duction of DSBs during the replication process, and these DSBs
could be repaired by Lig4.

DSB repair pathways for ACNU-induced DNA damage are
summarlzed in Figure 4. Following cellular exposures to
ACNU, 0°G is chloroethylated and transformed into O°-chloro-
ethylG. If this O°-chloroethylG is not repaired by MGMT, this
adduct is unstable, and undergoes an mtramolecular rearrange-
ment leading to an intermediary N’-O%-ethanoG. The N’-0°
-ethanoG adduct may react with cytosine in the complementary
strand to yield a highly toxic DNA-DNA cross-link
between position 1 in the guanine and posmon 3 in the cytosine
(1-(3- cytosmyl) 2- (1 -guanosinyl)- -ethane)."> The mechanism
involved in the repair of this type of DNA ICL seems to involve
a combination of Fanconi anemla (FA) proteins and nucleotide
excision repair (NER) factors.'® Tt has been suggested that
different FA proteins are involved in positive and negative
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Fig. 4. DNA double-strand breaks repair pathways for

regulation which determines which repair pathway is activated
(HR or NHEJ)."” However, the details of this repair pathway
remain to be elucidated. The XRCC2 protein plays a role in HR
via its interaction with Rad51.""® Therefore, it may be argued
that XRCC2 must be required for the Rad51 mediated strand
invasion step to occur during HR. Without strand invasion of
the homologous DNA, tolerance of the replication blocking
lesion cannot occur. The Rad54 protein interacts with Rad51
directly during the HR process after the induction of DNA dam-
age in mammalian cells."” In the NHEJ pathway, after DSB
formation, the Ku70/80 heterodimer binds to the damaged DNA
ends. This facilitates the recruitment of the DNA-PKcs to the
DSB. The sequential binding of these proteins activates the
phosphorylation function of the DNA-PKcs which then phos-
phorylates itself, the Ku heterodimer, and other proteins
involved in cell cycle regulation.(zo) It has been suggested that
Ku70/80 might also function as an alignment factor which binds
DSB ends, and can thus provide ready access for, and greatly
stimulate the functioning of, the Ligd—XRCC4 complex. This
can increase the efficiency and accuracy of NHEJ.?" The Ligd—
XRCC4 complex then rejoins the juxtaposed DNA ends. In con-
clusion, both HR and NHEJ play an important role in the repair
of ACNU-mediated DNA damage. However, among the single
repair gene defective cells, the D3, value of the Lig4—/—cells
was the smallest, so it appears that Lig4 activity could provide a
new molecular target for ACNU chemotherapy.

The data presented here suggests that Lig4 can generate cellu-
lar resistance to ACNU exposure by repairing lesions which
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