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Cancer chemotherapy and radiotherapy kil cancer cells by inducing
DNA damage, unless the lesions are repaired by intrinsic repair
pathways. DNA double-strand breaks (DSB) are the most deleterious
type of damage caused by cancer therapy. Homologous recombination
(HR) is one of the major repair pathways for DSB and is thus a
potential target of cancer therapy. Cells with a defect in HR have
been shown to be sensitive to a variety of DNA-damaging agents,
particularly interstrand crosslink (ICL)-inducing agents such as
mitomycin C and cisplatin. These findings have recently been applied
to clinical studies of cancer therapy. ERCC1, a structure-specific
endonuclease involved in nucleotide excision repair (NER) and HR,
confers resistance to cisplatin. Patients with ERCC1-negative non-
small-cell lung cancer were shown to benefit from adjuvant
cisplatin-based chemotherapy. Imatinib, an inhibitor of the c-Abl
kinase, has been investigated as a sensitizer in DNA-damaging
therapy, because c-Abl activates Rad51, which plays a key role in HR.
Furthermore, proteins involved in HR have been shown to repair
DNA damage induced by a variety of other chemotherapeutic
agents, including camptothecin and gemcitabine. These findings
highlight the importance of HR machinery in cancer therapy. (Cancer
Sci 2008; 99: 187-194)

D NA-damaging chemotherapeutic drugs and ionizing
radiation induce a variety of DNA lesions in cancer cells
as well as in normal cells. Among these lesions, DNA double-
strand breaks (DSB) are the most serious, and they eventually
lead to cell death unless properly repaired. DSB are repaired by
non-homologous end-joining (NHEJ), homologous recombination
(HR); and single-strand  annealing (SSA)." NHEJ rejoins DSB
by directly ligating the broken' DNA ends, consequently
generating ‘small deletions or mutations. SSA rtepairs DSB
by annealing complementary: DNA on both sites. of the broken
DNA, resulting in the loss'of a repeat and the DNA sequence
between - the ‘repeats.: HR ' repairs” DSB by using “the sister
chromatid or homologous chromosome to ensure accurate repair
for the maintenance of genome stability,

Non-homologous end-joining is a main pathway in the repair
of DSB that are induced by ionizing radiation in mammals.
DNA-dependent protein kinase (DNA-PK), consisting of the
catalytic subunit DNA-PKcs ‘and the DNA" binding ‘complex
Ku70/80; plays a key role in NHEJ. The DNA ligase IV-XRCC4
complex re-ligates the broken' DNA: ends. ‘Artemis processes
complex DNA ends prior to repair. Cells deficient in the NHEJ
pathway show extreme sensitivity to ionizing radiation; suggesting
that specific inhibitors of NHEJ may be used as radio-sensitizers.

In contrast to NHEJ, the HR machinéry consists of complex
pathways.” The MRN complex (Mre11-Rad50-NBS1) recognizes
DSB and resects the 5’ ends at break sites, followed by an
ordered assembly with replication protein A (RPA), Rad52,
Rad51, and Rad54. Rad51, the central player at early stages of
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HR, forms a nucleoprotein filament on single-strand DNA and
catalyzes homologous DNA pairing and strand exchange. The
complexity of the HR machinery in higher eukaryotes stems
partly from the functional significance of Rad51 paralogs. Five
members (Rad51B, Rad51C, Rad51D, XRCC2, and XRCC3),
sharing 20-30% sequence identity with Rad51, form two
protein complexes, Rad51B-Rad51C-Rad51D-XRCC2 and
Rad51C-XRCC3. The proteins’ biochemical properties and
biological functions reveal that they are involved in HR by
assisting Rad51 function. In addition to its role in the early
stages of HR, Rad51C and/or its associated proteins were shown
to play a role at the late stages of HR by resolving Holliday
junctions, which are four-way branched intermediates critical
for crossover that are formed after strand exchange mediated by
the Rad51 assembly. Like Rad51 paralogs, Rad54 is a multi-
functional protein that is involved in several steps of HR by
assisting Rad51 function, promoting Holliday junction migration,
and remodeling chromatin. In addition to these critical proteins,
many accessory proteins are involved in HR. Thus, HR is a
complex process required for the repair of DSB after exposure
to DNA-damaging agents.

Nucleotide excision repair and homologous
recombination act together to repair interstrand
crosslinks

Interstrand crosslinking (ICL) agents such as mitomycin C and
cisplatin form DNA adducts, which are repaired by a combination
of nucleotide excision repair (NER) and HR.*’ Several NER
proteins were identified from patients with xeroderma pigmentosum
(XP), characterized by hypersensitivity to ultraviolet (UV)
light and a- high risk of skin cancer. Among these, XP
complementation group F (XPF) forms a heterodimer with
ERCCI; and the XPF/ERCC1 complex serves as a structure-
specific endonuclease to remove 3’ ends (Fig. 1). Cells with
ERCC1 ‘mutation show hypersensitivity to ICL agents.
Accordingly, high levels of ERCCT in cancers confer resistance
to platinum-based chemotherapy, whereas low levels of ERCC1
are well correlated with favorable responses of cancers to the
therapy.“-® These findings led to a clinical study that
investigated the ‘association between ERCC1 expression levels
in cancer tissues and the resporise to cisplatin-based adjuvant
chemotherapy in surgically treated non-small-cell lung cancer
(NSCLC) patients.”” Patients with ERCC1-negative tumors were
shown to benefit from cisplatin-based adjuvant’ chemotherapy,
whereas patients with ERCCl-positive tumors did not.
Furthermore, ERCC! polymorphisms, codon' 118C/T and
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Fig. 1. Proposed model of interstrand  crosslink "(ICL) repair in
mammaliancells. A replication fork, if-it encounters ICL, is stalled,
and a doublestrand break (DSB) is generated. by . Mus81-Eme1.6Y
Subsequenitly,  a-3" end: near the ICL is incised by XPF-ERCC1, resulting
in the release of the ICL from one of the strands. The DNA lesion may
be bypassed by translesional synthesis and is eventually repaired by
homologous recombination (HR) after the ICL is excised.®

C8092A, were shown to be associated with a response to platinum-
based chemotherapy.®®

The significance of low levels of ERCCI in sensitization to
ICL agents also contributes to the combination therapy of ICL
agents with drugs that reduce ERCC1 levels. Fludarabine, a
purinie nucleotide analog, is used for the treatment of chronic
Iymphocytic leukemia (CLL) and has been shown to reduce
ERCC1 levels.®? The reduction in ERCCI levels was well

188

correlated with the degree of synergy between fludarabine and
the DNA minor groove ICL agent SJG-136, indicating the
clinical use of the combination of these drugs in fludarabine-
resistant CLL.

Although the clinical evaluation of ERCCI as a biomarker of
platinum resistance has been successful so far, it is apparent that
platinum ‘sensitivity can not be satisfactorily predicted by
ERCC1 measurement alone. Potential candidate markers would
emerge once the role of ERCC1 in ICL repair is understood.
Targeted gene replacement was drastically impaired in ERCCl-null
mouse embryonic stem (ES) cells, defining a novel role for
ERCC1 in HR.“? The DNA adducts formed by ICL agents are
converted to DSB (Fig. 1), leading to a hypothesis that proteins
involved in HR may be predictable markers of platinum resistance.
Consistent with its role in the repair of ICL, Rad51 has been
shown to be a good marker of cisplatin resistance in NSCLC."®
This is supported by a function analysis showing that over-
expression of Rad51 is well correlated with DNA damage
resistance.'?

To identify a gene responsible for regulating chemotherapeutic
drug sensitivity, targeted disruption of genes of interest has
proven to be a powerful tool. The roles of the genes involved in
HR in the regulation of sensitivity to DNA-damaging agents
have been extensively examined in the chicken B cell line
DT40, which is highly proficient in gene targeting.!'*'® In
accord with previous studies in knockout mouse demonstrating
the early embryonic lethality of the Rad51 mutation, Rad51 is
essential for cell viability in DT40 cells."” Subsequently, DT40
cells deficient in Rad51B, Rad51C, Rad51D, XRCC2, or
XRCC3 were generated and exposed to several DNA-damaging
agents."” The most dramatic hypersensitivity was found in cells
treated with ICL agents, suggesting that Rad51 paralogs play a
critical role in ICL repair. These findings were also supported by
studies in Chinese hamster ovary (CHO) cells. defective in
XRCC2, XRCC3, or Rad51C.1"® Further evidence for the role of
Rad51 paralogs in ICL repair came from the identification of
XRCC3’s role in melphalan resistance.!'” This drug’s cytotoxic
effects are thought to be exerted by alkylation and ICL.

The p53 protein is. defective in DT40 and CHO cells, in
which the functions. of Rad51 paralogs were examined. In
order to understand the roles of RadS1 paralogs in human cancer
cells with intact p53, we have used the colon cancer cell line
HCT116, because. targeted recombination is more proficient in
this. cell line than in-other human cells.®®' A defect in mis-
match. repair (MMR): due to MLHI mutation in- HCT116
emphasizes the importance. of this cell line from the viewpoint
of clinical oncology, because MMR is often defective in human
colorectal cancers. In addition, because MMR status was shown
to affect sensitivity to- cisplatin, HCT116 provides an-optimal
tool for understanding the mechanisms underlying the drug
sensitivity without the effect of the MMR pathways.?® Consistent
with studies in other species; mutations in XRCC3 or Rad51B
caused hypersensitivity to-mitomycin C and cisplatin, indicating
that Rad51 paralogs play a critical role in ICL repair in human
cancers with defective. MMR even-in ‘the presence of: intact
p53‘(18‘19’)

Like changes in expression levels, genetic polymorphisms are
likely to affect sensitivity to ICL agents. XRCC2 R188H:was
shown to induce resistance to ICL agents in DT40 cells, suggesting
that individuals with. this: variation may tolerate cisplatin
treatment.?" Unlike XRCC2 R188H, XRCC3 M241T does not
affect sensitivity to DNA-damaging agents, although an association
between this variation and cancer risk has been proposed.
Instead, the XRCC3 variation seems to be associated with
aneuploidy."® Thus, each genetic variation in the ICL repair
genes is likely to have a distinct role.

In addition to proteins involved in the basal processes of
HR, accessory proteins also play critical roles in the regulation
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Fig. 2. Schematic representation of the protein structure of members
of the xeroderma pigmentosum group F (XPF) nuclease family in
mammals.®>3% {nteractions of the subunits are mediated by C-terminal
helix-hairpin-helix (HhH) domains. Both XPF and ERCC1 contain C-
terminal tandem HhH domains (HhH,). XPF contains an N-terminal
helicase-like domain, whereas Mus81 does an N-terminal HhH domain
instead. Both XPF and Mus81 contain the nuclease domains harboring
conserved metal-binding residues of a VERKxxxD motif. Remnants of
nuclease domains are present in the middle domain of ERCC1.

of sensitivity to ICL agents. The BLM protein, whose mutation
is Tesponsible for Bloom syndrome, is also involved in HR by
catalyzing branch migration of Holliday junctions. BLM
expression is upregulated in chronic myelogenous leukemia
(CML), in which BCR/ABL plays a causal role. The BCR/ABL
protein was shown to promote the interaction between BLM and
Rad51 to induce cisplatin resistance in CML.®

The physical interaction between BRCA2 and Rad51 sug-
gests that a defect in HR is involved in the genesis of hereditary
breast cancers.®® This was supported by the findings that
BRCAI and-BRCA?2 play roles in HR. BRCA1! expression is
upregulated in- cisplatin-resistant breast cancer cell lines,®¥
BRCAL  promotes ' cisplatin - resistance - in  association with
Rad51.% From a clinical point of view, BRCAl-negative ovarian
cancer patients who received cisplatin-based chemotherapy after
surgical resection have significantly longer median survival
times and disease-free intervals than do age- and treatment-
course-matched controls.®® Similarly, lung cancer patients with
low levels  of BRCAI benefit from cisplatin-based neoadjuvant
chemotherapy more- so than patients with high' levels of
BRCA1.%" These data clearly indicate that BRCA1 expression
can:be used- as'a predictor of cisplatin resistance.- Based on a
similar hypothesis; a clinical frial comparing the efficacy between
carboplatin and the microtubule poison docetaxel is underway
to assess the benefits of ICL agents in patients with metastatic
breast cancer harboring BRCA1 ot BRCA2 mitations,®

The: Fanconi' anemia-BRCA' (FA-BRCA) pathway is also
involved in cisplatin resistance. A protein complex consisting of
FANC proteins (A, B, C, E, F, G, L, M) monoubiquitinates
FANCD?2.%® Subsequently, FANCD?2  interacts with' FANCD1/
BRCAZ, which is required for HR. FANCI is also monioubiqui-
tinated and associates with FANCD2. FANCN/PALB? is a binding
partier of FANCD1/BRCA2 and stabilizes BRCA2. FANCJ/
BRIP1 associates with BRCAL. In addition to BRCAl and
BRCA2, BRIP1 and PALB2 have been shown to be hereditary
breast: cancer susceptibility proteins. Furthermore, the FANC/
BRCA pathway was shown to be defective in-cisplatin-sensitive
ovarian cancers.?” These findings led to the idea that inhibitors
of the FANC/BRCA pathway may sensitize cancer cells to cisplatin.
Based on this idea,; small-molecule inhibitors of the FANC/
BRCA pathway are under investigation,

Miyagawa

Recent evidence suggests that ICL is converted to DSB by the
Mus81-Emel complex (Fig. 1).°" Mus81 was identified as
a member of the XPF family of endonucleases, sharing an active
motif, VERKxxxD (Fig. 2).%" Like the XPF-ERCC! complex,
Mus81 forms a heterodimeric structure-specific endonuclease
by interacting with Emel.®Y Mus81-Emel resembles XPF-
ERCC1, because only one partner possesses endonuclease activity.
In yeast, mus8] and emel mutants demonstrate hypersensitivity
to UV radiation, methylmethane sulfonate, hydroxyurea, and
camptothecin, but not to ionizing radiation.®>* In contrast,
Mus81- or Emel-defective murine cells are hypersensitive to
mitomycin C and cisplatin, suggesting that Mus81-Eme1 plays
a role in ICL repair in mammals.®> We observed that the haplo-
insufficiency of either Mus81 or Eme! led to hypersensitivity to
mitomycin C and cisplatin but not to other DNA-damaging
agents in HCT116.%® Thus, like XPF-ERCCI1, Mus81-Emel
might be a potential target of cisplatin-based chemotherapy.

The expression levels of the proteins described here have
been extensively examined in primary cancer tissues (Table 1).
To promote individualized platinum-based chemotherapy, an
understanding of the biological basis of the response to ICL
agents, together with information on the expression patterns of
proteins associated with the HR machinery in cancer, will be
greatly helpful.

Tyrosine kinase inhibitors as sensitizers to chemotherapy
and radiotherapy

After ATM is activated in response to DNA damage induced by
ionizing radiation, Rad51 is phosphorylated by the c-Abl kinase.®”
A fusion tyrosine kinase BCR/ABL, arising from chromosomal
translocation in CML, has been shown to enhance the Rad51
level through STATS5-dependent transcriptional control,
although the precise molecular mechanism underlying this
enhancement remains to be demonstrated (Fig. 3).%% Similarly,
other fusion tyrosine kinases, such as TEL/ABL, TEL/JAK2,
TEL/PDGFPR, and NPM/ALK, enhance Rad51 levels in a
STATS5-dependent manner.®® Imatinib, an inhibitor of these
tyrosine kinases, is now used in the treatment of BCR/ABL-
positive leukemias and c-Kit-positive gastro-intestinal stromal
tumors. Since BCR/ABL enhances resistance to cisplatin and

\A\Hadlaﬂon

Fig. 3. Regulation of Rad51 by tyrosine kinases, When DNA is
damaged by ionizing radiation, ATM activates c-Abl; whereby Rad51
is. phosphorylated.®” -epidermal growth factor receptor (EGFR)
upregulates Rad51 in response to ionizing radiation by an unknown
mechanism.“$ BCR/ABL-related fusion tyrosine kinases (FTKs) arising
from chromosomal translocation in cancer and FLT3 ITD mutations
activate the transcriptional “activator STATS, which upregulates
Rad51.683%4344) BCR/ABL also phosphorylates Rad51.69
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Table 1. Altered expression levels of molecules involved in homologous recombination in primary sporadic cancer tissues

Gene/protein Increased expression Decreased expression References
Rad51 Pancreatic cancer Colorectal cancer 112,13,56,70-73)
Breast cancer Breast cancer
Non-small-cell lung cancer
Head and neck cancer
Soft tissue sarcoma
Rad51C Breast cancer o8
Rad52 Colorectal cancer a2
Brecat Lung cancer Breast cancer (2327.73)
Ovarian cancer
Lung cancer
Brca2 Ovarian cancer @375
Mrett Breast cancer (&6.67)
Colorectal cancer
Rad50 Breast cancer (€6)
NBS1 Head and neck cancer Breast cancer (66.67,76,77)
Melanoma Colorectal cancer
Melanoma
BLM Chronic myelogenous leukemia @278
Lymphoma
Breast cancer
Colon cancer
Lung cancer
Renal cell cancer
Seminoma
WRN Chronic myelogenous leukemia Gastric cancer @2,49)
Colorectal cancer
FANCF Ovarian cancer 7980
Cervical cancer
ERCC1 Non-small-cell lung cancer Non-small-cell lung cancer @-112)

Ovarian cancer
Colorectal cancer

Gastric cancer
Colorectal cancer

Expression has been confirmed at mRNA and/or protein levels. Studies using cultured cancer cells are excluded. Cancers in hereditary chromosome
instability syndromes and familial cancers are also excluded. Only molecules whose main functions are associated with homologous recombination

are listed.

mitomycin C by promoting the HR activity mediated by Rad51
and its associated proteins, inhibitors of c-Abl such as imatinib
are expected to sensitize cancer cells to DNA-damaging agents.
Consistent with this hypothesis, imatinib- treatment enhanced
sensitivity to cisplatin and mitomycin C in BCR/ABL-
expressing myeloid cells.®® From'a mechanistic point of view,
it is interesting to note that, in addition to- Rad51; c-Abl also
regulates Rad52 - activity.“? Thus, inhibitors: of c-Abl-can be
used as sensitizers to cisplatin-based chemotherapy.

TheHR: pathway ' also: regulates’ sensitivity to-radiotherapy.
When' glioma cells' were treated with imatinib, they- became
modestly ' sensitive: to ionizing radiation, whereas normal
fibroblasts. did not.“? The mechanism of this sensitization was
explainied by the finding’ that'Rad51 levels were- reduced’ by
imatinib ‘treatment. Similarly, imatinib treatment was shown to
sensitize primary CLL cells to chlorambucil by reducing damage-
induced Rad51 activation.“? These data suggest that c-Abl
inhibitors can sensitize tumor cells to DNA-damaging therapies
whose sensitivity is regulated by the HR pathway.

FLT3 (fms-like tyrosine kinase 3) is activated in about 30%
of acute myeloid: leukemia (AML) cases. Internal tandem
duplication (ITD) mutations in FLT3 are associated with the risk
of relapse in AML.“» Some patients with AML have dual muta-
tions of ITD-and the tyrosine kinase domain. The dual mutations
induce resistance to FLT3 inhibitors- and chemotherapeutic
agents. The mechanism underlying the resistance was shown to
be mediated by STATS5 activation, leading to upregulation of
Bcel-x(L) and Rad51. Another study has shown that the FLT3

180

inhibitor PKC412 and the silencing of FLT3 by RNA interference
repress Rad51 in cells with FLT3-ITD mutations but not in cells
with intact FLT3. These data suggest that Rad51-mediated HR
activity: contributes to resistance to therapy in' AML with FLT
ITD mutations.*?

Accumulating evidence suggests that concurrent radiotherapy
with ‘epidermal - growth factor receptor (EGFR)-inhibitors
provides- a survival benefit in a variety of cancers; such as those
of the lung, head, and 'neck. The EGFR inhibitor Erlotinib was
shown' to. inhibit- radiation-dependent activation- of Rad51,
indicating that repressed Rad51 contributes to the effect of the
concurrent therapy.“>

Thus, some tyrosine kinase inhibitors may not only inhibit
growth-promoting signals but also overcome resistance to
chemotherapy. and radiotherapy by downregulating the HR
pathways mediated by Rad51 and its associated proteins.

Werner protein regulates sensitivity to camptothecin

Topoisomerase T (Topl) is essential for unwinding supercoiled
DNA structures. for DNA metabolic functions, such as
transcription, replication; and repair.“®- Camptothecin, a Topl
inhibitor, is frequently used in cancer therapy. However,
symptoms caused by its toxicity, in particular- diarrhea, are
severe in some individuals, so a marker of sensitivity to the drug
is needed. Single-strand -breaks (SSB), which are normally
transient, are stabilized by the interaction of camptothecin with
Topl. These SSB- are converted to DSB during replication,
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triggering the HR repair pathway. Furthermore, a recent study
using single-molecule nanomanipulation revealed an unexpected
novel role of topotecan, an analog of camptothecin, in impeding
Topl-dependent uncoiling."” This finding suggests that
topotecan induces DNA damage by the accumulation of positive
supercoils during replication.

The Wemer protein (WRN) is a member of the RecQ helicase
superfamily with helicase and exonuclease activities. WRN
mutations are responsible for the premature aging Werner
syndrome, characterized by genome instability, atherosclerosis,
myocardial infarction, and cancer predisposition. Cells derived
from Werner syndrome patients and WRN-deficient murine cells
are hypersensitive to DNA-damaging agents, particularly
camptothecin.*® In some human cancer cells, WRN expression
is repressed by CpG island hypermethylation.”®” These cells are
more sensitive to camptothecin than hypomethylated cells are.
The introduction of the exogenous WRN gene in hypermethylated
cells abolished the hypersensitivity. These findings led to a
hypothesis that WRN may be a predictable marker of camptothecin-
based chemotherapy. Irinotecan (CPT-11), a camptothecin ana-
log, has been used in the treatment of colon cancers, in which
CpG island hypermethylation frequently silences WRN. In one
retrospective study assessing the survival of patients treated with
irinotecan, the median survival time of patients with WRN-
hypermethylated cancers was significantly longer than that of
patients with unmethylated cancers.“”: This suggests the
possibility that low levels of WRN in cancer cells may predict a
good response to irinotecan-based therapy.

Since Topl inhibition results in DSB, in addition to WRN,
proteins regulating the HR repair pathway are likely to play a
role in the regulation of sensitivity to camptothecin. This idea is
also supported by the finding that WRN physically associates
with Rad51, Rad54, and Rad54B.% However, the roles of these
proteins in the regulation of sensitivity to camptothecin are
complicated, unlike those to other DNA-damaging agents.
Impairment of BLM, another member of the RecQ helicase
superfamily, led to camptothecin resistance in mouse ES
cells.®Y In contrast, deletion of BRCA2, like that of Rad54,
led to hypersensitivity to camptothecin in the same mouse ES
cells, suggesting that the role of BLM is different from those of
BRCA2 and Rad54 in terms of sensitivity to camptothecin.
Furthermore, there appear to be functional differences among
Rad51 paralogs in the regulation of sensitivity to this drug. Each
mutation of XRCC2, XRCC3; or Rad51C led to hypersensitivity
to camptothecin in CHO cells. However, a mutation of XRCC3
exhibited the most drastic sensitivity.to camptothecin: without
rapid: induction of apoptosis, while a- mutation of. XRCC2 or
Rad51C showed milder sensitivity to the drug, with rapid induc-
tion of apoptosis.®2 This finding suggests that XRCC3 plays a
role in the induction of apoptosis in response to camiptothecin-
induced DNA damage: Thus, the mechanisms underlying serisi-
tivity to camptothecin are regulated by complex pathways
associated with the HR machinery.

Roles of homologous recombination in regulation of
sensitivity to topoisomerase Il inhibitors

Etoposide, an inhibitor of topoisomerase II (Top2), is a key drug
in the treatment of small-cell lung cancer (SCLC). However,
sensitivity to:- etoposide. is highly variable among SCLC. cell
lines: Because. CHO. mutant. cells exhibiting defective HR
were shown to be:hypersensitive to etoposide, Rad51 levels
were examined in SCLC cell lines.®® Rad51 levels were well
correlated with resistance to etoposide.®® The introduction of
the exogenous Rad5] gene. in etoposide-sensitive SCLC. cells
with a low level of RadS!1 conferred resistance to. etoposide.
Conversely, the introduction of the antiserise RadS5] gene in
etoposide-resistant SCLC cells with a high level of Rad5l1
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conferred sensitivity to the drug. Thus, Rad51 appears to be
involved in the regulation of sensitivity to etoposide in SCLC
cells.

The role of the HR repair pathway in the regulation of sensi-
tivity to etoposide was also revealed trom studies in CHO mutant
cells and DT40 cells. The genes that complement etoposide-
hypersensitive CHO mutants turned out to be XRCC2? and
XRCC3.%% Although other proteins involved in the HR machin-
ery. such as Rad54 and BLLM, do not appear to play a role in
the tegulation of etoposide sensitivity, Rad51 and its paralogs
may be potential targets of etoposide-based chemotherapy.”!*?
Unlike yeast Rad52, vertebrate Rad52 was assumed to exhibit
no distinct effects on sensitivity to DNA-damaging agents.
However, the loss of Rad52 in DT40 cells increased sensitivity
to etoposide, indicating a novel role for Rad52 in the repair of
etoposide-induced DNA damage.®®

Despite the successful development of new chemotherapeutic
agents, doxorubicin, a Top2 inhibitor, still plays a key role in the
treatment of cancers such as lymphoma, sarcoma and breast
cancer. The Rad51 level is increased in response to DNA damage
induced by doxorubicin in soft tissue sarcoma (STS) cells.©®
The silencing of RadS51 by RNA interference resulted in
increased sensitivity to doxorubicin in STS cells. Rad51 over-
expression has been found in a variety of cancers (Table 1).
Overexpressed Rad51 may be therefore a potential target of
doxorubicin-based chemotherapy. Because Rad51 expression
was shown to be negatively regulated by p53, p53 mutations
frequently found in cancers may induce resistance to doxorubicin
by Rad51 overexpression.®®

Although Rad51’s role in the regulation of sensitivity to
doxorubicin in STS cells was clearly demonstrated, that in breast
cancer cells appears to be rather complicated.®” Doxorubicin
induced Rad51 expression in one breast cancer cell line and in
normal breast cells, but reduced expression in another breast
cancer cell line. The expression of Top2, the target of doxorubicin,
was. incréased in all cell lines tested; suggesting that Rad51’s
role in the regulation of sensitivity to doxorubicin is dependent
on the genetic background of cells. It is therefore highly likely
that a complex pathway regulates sensitivity to the drug. Never-
theless, the HR repair pathway may be a potential target of
doxorubicin in some cancer cells.

Roles of homologous recombination in regulation of
sensitivity to replication inhibitors

Gemcitabine, 2’,2"-diflucrodeoxycytidine (dFdC), is a deoxycytidine
analog that has antitumor activity against a broad spectrum
of cancers by inhibiting DNA synthesis. Studies in cultured
cells and mice have demonstrated cytotoxic synergy between
gemcitabine: and cisplatin, supporting the clinical' use of the
combination of these drugs.®® Because ERCCI was shown to
be- involved in the regulation of sensitivity to cisplatin, the
possible: involvement of ERCCI1 in the synergy has. been
investigated. ERCC1 repression in MMR-deficient colon cancer
cells abrogated the synergy, suggesting that gemcitabine-mediated
inhibition of ERCCI1 activity plays a role in the drug’s synergy
with cisplatin.®® This finding supports the clinical evidence
that the combination of gemcitabine with cisplatin was effective
in some patients with ovarian cancers that had already been
refractory to cisplatin-based chemotherapy.®”

Genetic: polymorphisms in DNA ‘repair genes have been
proposed to affect the clinical outcome of gemcitabine-based
chemotherapy. The median survival time was significantly
longer for NSCLC patients treated with gemcitabine and cisplatin
harboring XRCC3 241MetMet than for patients with ThrMet or
ThrThr.®® Because this variation was shown to have no effect on
sensitivity to cisplatin in CHO and HCT116 cells, the biological
significance of XRCC3 T241M is likely to be associated with
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the outcome of gemcitabine-based therapy."® Another study
revealed that RecQ/ A159C, Rad54 C157T, XRCCI R194W,
and ATM T77C genotypes affected the overall survival of
patients with pancreatic cancer treated with neoadjuvant con-
current gemcitabine and radiotherapy.®" It should be noted that
Rad54 C157T is a silent polymorphism, suggesting that this
variation’s effect is associated with linkage disequilibrium with
other polymorphisms. The median survival time was significantly
longer for patients with none of the adverse genotypes than for
those with one or more at-risk alleles. Rad54 plays an essential
role in HR. ATM functions as a sensor of DNA damages to
promote DNA repair, cell-cycle regulation, and apoptosis.
RecQl, a member of the RecQ helicase superfamily, was shown
to interact with MMR factors that regulate HR. XRCC1 plays a
critical role in base excision repair. These findings strongly
suggest that variations in DNA repair activity, including HR,
affect the clinical outcome of patients treated with concurrent
gemcitabine and radiotherapy.

Despite the development of new drugs effective for leukemias,
hydroxyurea, which is an inhibitor of ribonucleotide reductase,
is still used for the treatment of myeloproliferative disorders.
Inhibition of this enzyme reduces a pool of deoxyribonucieotide
triphosphates, leading to replication block. Stalled replication
forks induced by hydroxyurea ultimately generate DSB, which
can be repaired by HR. CHO cells overexpressing Rad51 are
resistant to hydroxyurea, suggesting that Rad51-dependent HR
plays a role in the repair of replication block-induced DSB.®*
Similarly, XRCC2 is involved in the repair of hydroxyurea-
induced damages at stalled replication forks, suggesting that HR
repairs replication block-induced DSB.? However, unexpectedly,
BLM-deficient mouse ES cells retaining about 10% levels of
endogenous BLM protein exhibited resistance to hydroxyurea,
whereas sensitivity to hydroxyurea in human cells derived from
Bloom syndrome patients is not different from that in normal
cells."" Thus, the amount of BLM protein appears to play a critical
role in the regulation of sensitivity to hydroxyurea.

The MRN complex and radiotherapy

NBS1 is:mutated in Nijmegen breakage syndrome, which is
characterized by hypersensitivity to ionizing radiation, cancer
predisposition, microcephaly, and immunodeficiency.®® The
hypomorphic mutation of Mrell is responsible for ataxia-
telangiectasia (AT)-like disorder (ATLD)." Patients with AT or
ATLD are extremely sensitive to ionizing radiation: The murine
ES cells harboring Rad50- mutation exhibit hypersensitivity to
ionizing radiation.®® These findings lead to a hypothesis that the
MRN complex may be a potential target of radiotherapy. The
expression levels of the complex are reduced in a variety of
cancers. (Table 1).%65” However, the association between a
favorable outcome of radiotherapy and reduced levels of the
MRN complex in cancer remains to be demonstrated. There is
a paradoxical report showing that an’ intact level of the MRN
complex is a predictable marker of good response to adjuvant
radiotherapy in early breast cancer, inconsistent with the role of
the complex in' cultured cells.“® Further studies are therefore
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needed to determine the role of the MRN complex in
radiotherapy.

Upregulation of Rad51 may be associated with the risk of
therapy-related leukemia

Therapy-related acute myeloid leukemia (t-AML) is a devastating
complication of chemotherapy and/or radiotherapy for a primary
cancer. The risk of the development of t-AML was found to be
associated with the G-to-C polymorphism at —135 of the 5’
untranslated region (135G/C-5'UTR) of Rad5] and XRCC3
T241M.% The promoter activity of the RadS/ gene is enhanced
by the G-to-C substitution (135G/C-5'UTR), resulting in high
levels of Rad51 expression in individuals with the varation.
Rad51’s role in t-AML was also supported by an indirect finding
that Rad51 was upregulated in MMR-deficient murine ES cells.
This process can be recapitulated by treatment with alkylating
agents. MMR deficiency has been proposed to play an early role
in therapy-related carcinogenesis. These data indicate that high
levels of Rad51 not only confer resistance to DNA-damaging
agents but also contribute to the development of therapy-related
cancers. Unlike the Rad5] polymorphism, XRCC3 T241M is
unlikely to upregulate the protein level. Since we have shown
that this variation promotes the formation of tetraploidy, aneuploidy
may play a causal role in t-AML associated with XRCC3
T241M.U®

Conclusion

The HR machinery plays critical roles in the regulation of
sensitivity to the majority of chemotherapeutic drugs currently
used in cancer therapy. The multifunctional DNA repair protein
ERCC1 has provided a paradigm for the clinical application of
basic knowledge on the mechanisms of DNA repair. This
success can be followed by the application of other information
regarding the proteins discussed in this review as well as novel
proteins characterized in the future. Furthermore, in addition to
conventional therapeutics, a novel therapeutic strategy with the
targeted inhibition of particular DNA repair pathways represents
a new concept in cancer therapy. BRCA1 or BRCAZ2 dysfunction
was shown to sensitize cells to the inhibition of poly(ADP-ribose)
polymerase 1 (PARP1) activity.®® PARP1 is involved in base
excision repair, which plays a critical role in the repair of SSB.
The inhibition of PARP1 increases the number of SSB, leading
to DSB that can be repaired by HR mediated by BRCA1 and
BRCAZ2. Based on these findings, inhibitors of PARP1 are in the
early stages of clinical trials. Thus, knowledge gained from
the study of DNA repair has considerable potential to impact the
development of novel targeted cancer therapies.
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Mitogen-activated protein kinases (MAPKs) are acti-
vated through the kinase cascades of MAPK, MAPK
kinase (MAPKK) and MAPKK kinase (MAPKKK).
MAPKKKs phosphorylate and activate their downstream
MAPKKSs, which in turn phospherylate and activate their
downstream MAPKs. MAPKKK proteins relay upstream
signals throngh the MAPK cascades to induce cellular
responses. However, the molecular mechanisms by which
given MAPKKKS are regulated remain largely unknown.
Here, we found that serine-threonine protein kinase 38,
STK38, physically interacts with the MAPKKKs MEKK1
and MEKK2 (MEKK1/2). The carboxy terminus, includ-
ing the catalytic domain, but not the amino terminus of
MEKK1/2 was necessary for the interaction with STK38.
STK38 inhibited MEKK1/2 activation without preventing
MEKK1/2 binding to its substrate, SEK1. Importantly,
STK38 suppressed the autophosphorylation of MEKK2
without interfering with MEKK2 dimer formation, and
converted MEKK? from its phosphorylated to its nonpho-
sphorylated form. The negative regulation of MEKK1/2
was not due to its phosphorylation by STK38. On the
other hand, stk38 short hairpin RNA enhanced sorbitol-
induced activation of MEKK2 and phosphorylation of
the downstream MAPKKs, MKK3/6. Taken together, our
results indicate that STK38 negatively regulates the acti-
vation of MEKK1/2 by direct interaction with the cata-
lytic domain of MEKK1/2, suggesting a novel mechanism
of MEKK1/2 regulation.
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Introduction

The mitogen-activated protein kinase (MAPK) cascades,
in which the major components are MAPK, MAPK
kinase (MAPKK) and MAPKK kinase (MAPKKK),
are conserved in eukaryotic cells (Cano and Mahadevan,
1995; Herskowitz, 1995; Waskiewicz and Cooper, 1995;
Chang and Karin, 2001). In mammals, three major
groups of MAPKs have been characterized: the extra-
cellular signal-regulated protein kinases (Cobb and
Goldsmith, 1995; Marshall, 1995), the c-Jun NH,-termi-
nal kinases (JNK; Kyriakis ez al., 1994; Gupta et al.,
1996) and the p38 kinases (Han et al., 1994; Enslen et al.,
1998). The extracellular signal-regulated protein kinases
cascade is mostly activated by agonists of tyrosine
kinase-encoded receptors and G protein-coupled recep-
tors that induce mitogenesis or differentiation (Cobb and
Goldsmith, 1995; Marshall, 1995), whereas the INK and
p38 cascades are strongly activated by proinflammatory
cytokines or extracellular stresses (Davis, 2000; Kyriakis
and Avruch, 2001).

MAPKKKSs phosphorylate and activate MAPKKs,
which in turn phosphorylate MAPKs. There is increas-
ing evidence from biochemical and genetic analyses that
the MAPKXKKSs link a variety of extracellular stimuli to
cytoplasmic and nuclear effectors by activating down-
stream MAPK pathways. In addition, overexpression
of many MAPKKXs could also activate the IxB kinase
NF-kappaB pathway (Karin and Ben-Neriah, 2000;
Yang et al., 2001). MEKK1 is the first MAPKKXK to be
identified based on its homology with the Saccharomyces
cerevisinie MAPKKK STE11 (Lange-Carter et al., 1993).
MEKK!1 was initially discovered as an MAPKKXK for
the extracellular signal-regulated protein kinases pathway
(Lange-Carter er al., 1993). However, subsequent studies
indicated that it preferentially activates the JNK pathway
(Minden et al., 1994; Yan et al., 1994; Davis, 2000). The
amino-terminal regulatory domain of MEKK! has
been suggested to interact with other proteins, such
as 14-3-3 (Fanger et al., 1998). The carboxy-terminal
region of MEKK 1 contains a catalytic domain that binds
and phosphorylates SEK1 (Xia et al., 1998). MEKK]
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protects cells from apoptosis, and contributes to cell
migration (Minamino et al., 1999; Yujiri et al., 2000).
MEKK?2 belongs to the MEKK/STEll subfamily,
which are widely expressed and potent activators of
the NF-kB and MAPK pathways (Blank et al., 1996).
MEKK2 has a catalytic domain in its carboxyl-terminal
region (Blank et al., 1996), and is activated by forming
a dimer (Cheng et al, 2005a). MEKK2 has been
suggested to be involved in T-cell-receptor signaling
(Su et al., 2001; Guo et al., 2002) and was shown to
regulate cytokine gene expression (Chayama et al., 2001;
Kesavan et al., 2004). However, it is still largely unknown
how MEKKI1, MEKK2 and other MAPKKKs are
activated.

Serine-threonine protein kinase 38 (STK38)/NDRI
(GenBank accession number NP009202) is a serine/
threonine protein kinase belonging to a subclass of the
AGC family of protein kinases (Manning et al., 2002;
Tamaskovic et al., 2003; Hergovich et al., 2006), which
includes cyclic AMP-dependent kinase, protein kinase B
and protein kinase C. The NDR family is highly
conserved; it includes the mammalian STK38/NDRI
and STK38L/NDR2, Drosophila melanogaster TRC,
Schizosaccharomyces pombe Orb6 and Saccharomyces
cerevisise Cbkl and Dbf2 (Manning et al., 2002;
Tamaskovic et al., 2003). Of these, Cbk1 and Orbé are
involved in regulating cell morphology (Verde et al.,
1998; Bidlingmaier et al., 2001), and Dbf2 is a cell cycle-
regulated kinase, the activity of which is required for
progression through anaphase (Johnston et al., 1990).
Despite these intriguing observations, STK38/NDRI1
has no ‘known natural substrates and has not been
implicated in the MAPK signal transduction pathway.

Previously, we reported the isolation of a radio-
resistant mutant with low JNK activity from the human
T-cell leukemia “cell line- MOLT-4" (Enomoto et al.,
2000). We then compared the gene expression profile of
this mutant with that of the parental' MOLT-4 cells
using -a - DNA" microarray systemi “to elucidate the
mechanism underlying the modulation of stress signal-
ing: Our previous study demonstrated that X-irradiation
induced downregulation ‘of ¢-myc in ' MOLT-4 but did
not in the radio-resistant mutant cells: (Enomoto et al.,
2003). To further study, we constructed expression
vectors encoding - the - genes that were significantly
overexpressed  in' the radio-resistant cells, transfected
them “into 293T cells, ‘and analysed  their ability to
modulate JNK signaling and to bind components of the
INK cascade. Among these gene products, we identified
STK38 -as: an : inhibitor ' of  MEKK1 and- MEKK2
(MEKK1/2), which-are MAPKKKs that function' in
the MAPK cascades.

Here we show that STK38 physically-interacts with
MEKK1/2, and that overexpressioni of STK38 leads to
reduced MEKK 1/2 activity. In contrast, stk38-specific
short hairpin RNA (shRNA) enhanced sorbitol-induced
activation of MEKK?2 and subsequent phosphorylation
of the downstream MAPKKs, MKK3/6. Our findings
indicate that STK 38 functions as a negative regulator of
MEKK1/2 in vivo, and does so, at least for MEKK2, by
inhibiting its autophosphorylation.
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Results

Expression and localization of STK38

We generated a polyclonal antibody against a portion of
human STK38, and investigated STK38 expression in
various cell lines by western blotting. STK38 was
expressed in all the cell lines examined, including Hela,
293T, MCF-7 and MOLT-4 (Figure la). Previously, we
reported the isolation of a radio-resistant mutant cell
line with lower than normal JNK activity, Rh-la,
derived from MOLT-4 cells (Enomoto et al., 2000).
We then found that the expression level of stk38 mRNA
was upregulated in Rh-1a cells as compared with the
parental MOLT-4 cells by DNA microarray analysis
(data not shown); the STK38 protein was also upregu-
lated in the Rh-1a line (Figure la). Next, to determine
the subcellular localization of: STK38, we performed
subcellular fractionation of 293T cells and subjected
each fraction to western blotting with the anti-STK38
antibody. Figure 1b shows that STK38 localized to the
cytoplasm.

STK38 interacts with MAPKKK but with neither
MAPKK nor MAPK in the JNK cascade

‘We then examined the possible involvement of STK38 in
the JNK signaling pathway. First; the binding specificities

| Membrane/Organella

Nucleeus

Figure 1 Expression and subcellular localization of STK38. (a)
The expression of STK38 protein examined by the western blotting
of total proteins isolated from various cell lines probed with a
polyclonal antibody to STK38. The Rh-la cell line is a radio-
resistant mutant derived from MOLT-4 cells. (b) Localization of
STK38 in cells. Subcellular fractionation was performed using
293T cells, and each fraction was subjected to western blotting with
the indicated antibodies. MEK1, Bcl-2 and Sp-1 were positive
controls for cytosolic; mitochondrial and nuclear protein, respec-
tively, STK 38, serine-threonine kinase 38.
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Figure 2 STK38 interacts with MEKK! or MEKK2 but not
SEK1 or JNKI. (a, b) 293T cells were transfected with STK38-V35
alone or with Xpress-JNK 1 (a) or FLAG-SEK1 (b) and subjected
to immunoprecipitation (IP) using an anti-V5 antibody. The
immunoprecipitates and cell lysates were analysed by western
blotting (WB) with anti-Xpress, anti-FLAG or anti-V5 antibody,
as indicated.. (c~e). 293T cells were transfected with STK38-VS
alone or with FLAG-MEKK1 (e; d) or FLAG-MEKK?2 (e) for
immunoprecipitation using anti-V$5 (e, ¢) or anti-FLAG antibody
(d). The immunoprecipitates and cell lysates were analysed by
western blotting with anti-FLAG or anti-V5 antibody, as indicated.
(f) STK38 physically interacts with MEKK 1 and MEKK2. Cell
lysates from HeLa cells were subjected to immunoprecipitation
with rabbit pre-immune serum (Pre), anti-STK38 serum, anti-
rabbit immunoglobulin G or anti-MEKK2 antibody. The immuno-
precipitates were analysed by western blotting with anti-MEKX1
(top) or anti-STK 38 antibody (bottom). STK3R, serine-threonine
kinase 38.

of STK38 for various components of the JNK cascade
were examined in- co-transfection experiments. We tran-
siently expressed V5-tagged full-length STK 38 with Xpress
epitope-tagged JNK 1, FLAG-SEK 1, or FLAG-MEKK1
in 293T cells. The STK38-V5 proteins were recovered from
cell extracts by immunoprecipitation, and the precipitates
were examined for JNK cascade components by western
blotting. with anti-Xpress: or. anti-FLAG antibody.: The
results showed that STK38 interacted with MEKK 1, but
no-binding was detected with either JNK1 or SEKI
(Figures 2a—d). We further examined whether STK38
bound other MAPKKKs, and found that STK38 also
interacted. with MEKK?2 (Figure 2e).. Next, the physical
interaction between STK38 and MEKK 1/2 was evaluated.
Endogenous STK38 was immunoprecipitated from Hela

Inhibition of MEKK1/2 by STK38
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cells using anti-STK38 serum. The immunoprecipitates
were subjected to western blotting with anti-MEKK 1
antibody. The results showed that STK38 physically
interacted with MEKX 1 (Figure 2f, top). Western blotting
analysis of the MEKK?2 immunoprecipitates using anti-
STK38 antibody indicated that MEKK2 also physically
associated with STK38 (Figure 2f, bottom). Moreover, we
investigated the effects of extracellular stimuli on STK38
kinase activity and on the interaction between MEKK2
and STK38. Exposure of 293T cells to sorbitol or
anisomycin did not modulate the STK38 kinase activity
or the binding activity of MEKK?2 to STK38 (Supple-
mentary Figure 1 and data not shown).

STK38 inhibits the activities of MEKKI and MEKK?2
Expression of full-length MEKK! or MEKK2 by
transient transfection in cells leads to their auto-activa-
tion and the subsequent activation of the stress-activated
protein kinase cascades, also known as the INK and p38
cascades (Minden et al., 1994; Yan et al., 1994; Blank
et al., 1996; Cheng et al, 2000). To investigate the
possible effects of STK38 on the stress-activated protein
kinase signaling pathway, we first examined whether
MEKXK1-induced SEK 1 phosphorylation was influenced
by the co-transfection of STK38 in 293T cells. Over-
expression of full-length MEKK1 induced a marked
increase in endogenous SEK1 phosphorylation, and the
co-transfection of STK38 inhibited MEKK1-induced
SEK1 phosphorylation in "a dose-dependent manner
(Figure 3a). We next examined the effects of a kinase-
inactive mutant STK38 (K118A) on MEKXK1-induced
SEK1 phosphorylation; this construct, STK38 (K118A),
had a point mutation in the catalytic site at residue Lys-
118, and had no STK38 kinase activity (Figure 3b). The
expression of kinase-inactive. STK38 (K118A) did not
fully inhibit MEKXK 1-induced phosphorylation of endo-
genous SEK1. (Figure 3c¢). To confirm that STK38 is
a negative regulator of MEKK 1, we examined the ability
of MEKXK1 to phosphorylate glutathione S-transferase
(GST)-SEK1. (K129R) in the presence or. absence of
STK 38. Consistent with the results for endogenous SEK |
phosphorylation, wild-type STK38 inhibited the MEKK 1
activity but STK38 (K118A) did:not (Figure 3¢, bottom).
Moreover, we examined the role of STK38 in MEKK?2
signaling. Overexpression. of STK38. significantly. sup-
pressed MEKK2 activity and MEKK2-mediated phos-
phorylation. of endogenous SEK1 or MKK?7, another
downstream target of MEKK2. However, STK38 (K118A)
failed to suppress: MEKK?2 activation (Figure 3d).. We
further investigated ~whether STK38 is involved. in. the
p38 signaling pathway. Transfection of full-length MEKK 1
into 293T cells caused the phosphorylation of p38, and
this. phosphorylation was weakly inhibited by STK38
(Figure 3f).

STK38 interacts with the catalytic domain of MEKK]
and MEKK2, and inhibits AMEKKI-induced SEK]
phosphorylation

To define the region of MEKK]1 responsible for its
interaction with STK38, a series of FLAG-tagged or

(e8]
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Figure 3 STK238 inhibits the activation of MEKK1/2. (a, c-f)
293T cells were co-transfected with FLAG-MEKXK (a, ¢, e) or
FLAG-MEKX2 (d) alone or with STK38-VS5 or STK38 (K118A)-
V5. The cell Iysates were subjected to immunoprecipitation with
anti-FLAG antibody. or western blotting with the indicated
antibodies. The immunoprecipitates were analysed for MEKK1/2
activity by immune complex kinase assay (KA) with GST-SEK 1
(KR) as the substrate. FLAG-MEKK?2 showed two major bands:
the faster and slower migrating bands are indicated by arrows. (b)
STK 38 kinase assay. 293T cells were transfected with the mock
control, STK38-V5 or STK38 (K118A)-V5. The cell lysates were
subjected: to immunoprecipitation with anti-V5 antibody and the
resultant immunoprecipitates were. analysed. for. STK38 kinase
activity by immune complex kinase assay with a synthetic peptide
as- the. substrate. STK38 activity. was: measured with. a liquid
scintillation counter.. The data are representative of three indepen-
dent experiments. STK38, serine-threonine kinase 38.
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HA-tagged MEKKI deletion mutants were co-trans-
fected along with V3-tagged STK38 into 293T cells. A
co-immunoprecipitation study showed that STK38
interacted with the catalytic domain in the carboxy
terminus of MEKKI1, termed AMEKKI1, but not with
the amino-terminal region  (Figures 4a-and b). The
reciprocal experiment. confirmed- the interaction between
STK38 and the catalytic domain of MEKK 1 (Figure 4c).
STK3R also associated with the carboxy-terminal region of
MEKK?2, termed AMEKK2 (Figure 4d). On the other
hand, we investigated the binding region of STK38 invol-
ved in the interaction with-MEKK1. We¢ found that the
region encompassing amino acids 87465 of STK 38, which
encodes the catalytic' domain, was co-immunoprecipitated
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Figure 4 STK38 interacts with the carboxy-terminal region
containing the catalytic domain of MEKKI1/2. (a-d) 293T cells
were co-transfected with STK38-V5 and HA-AMEKK1 (1169
1488) (a, ¢), FLAG-MEKKIN (1 640) (b) or XpresssAMEKK?2
(342 619) (d), and subjected to immunoprecipitation (IP) using
anti-HA (a) or anti-V5 (b—d) antibody. The immunoprecipitates
and cell lysates were analysed by western blotting (WB) with the
indicated antibodies. (e} STK38 does not disrupt the interaction
between. the catalytic domain of MEKXI1 and SEK1. 293T cells
were. co-transfected with HA-AMEKK! (1169 1488, KM) and
FLAG-SEK! in the absence or presence of STK38-V5, followed by
immunoprecipitation with anti-HA antibody. The immunoprecipi-
tates were analysed by western blotting with anti-FLAG antibody.
(f) STK38 inhibits AMEKX 1-mediated phosphorylation of SEK1.
293T cells were co-transfected with HA-AMEKK! and STK38-V5
or STK (K118A)-VS5. The cell lysates were analysed by western
blotting with the indicated antibodies. STK38, serine-threonine
kinase 38.

with MEKK!1 (Supplementary Figure 2b). Thus, the
amino-terminal region. of STK38 is not required for the
interaction” with MEKK1.  The ‘carboxy  terminus of
MEKXK1 is necessary: for its interaction with SEK1 (Xia
et-al., 1998). Therefore, we examined whether STK38
interfered: with MEKK1-SEK complex formation. HA-
tagged AMEKK 1 (KM); a MEKK 1 mutant in which the
catalytic domain in the COOH terminus was inactive, was
introduced into 2937 cells along with FLAG-SEK1 with
or without STK38-V5. A co-immunoprecipitation® study
showed that AMEKK 1 (KM) interacted with SEK1 and
this interaction was not disrupted by STK38 (Figure 4e).

Transfection of cell lines with AMEKK 1, an active form
of MEKK, activated the INK pathway (Yan et al., 1994).



We then examined the effects of STK38 on AMEKK -
induced SEK1 phosphorylation. As shown in Figure 4f,
wild-type STK38 inhibited the phosphorylation of endo-
genous SEK1 by AMEKK . The kinase-inactive mutant
STK38 (K118A) partially suppressed AMEKKI-
induced SEK1 phosphoryldtion, however, the effect
was weak and was significantly different from that of
wild-type STK38.

STK38 converts MEKK?2 from its phosphorviated to its
nonphosphorylated form and inhibits MEKK2
autophosphorylation

When transiently expressed, full-length MEKK?2 dis-
played multiple protein bands on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(Figure 5a). Interestingly, co-transfection with STK38
significantly reduced the bands showing slower mobility
and increased the faster migrating bands of MEKK2.
Following treatment with a protein phosphatase or
transfection with a kinase-inactive MEKK?2 mutant such
as MEKK?2 (KM) alone or with STK 38, only the faster
migrating bands were observed. Therefore, the slower
migrating bands of MEKK?2 were phosphorylated species
andthe faster migrating bands were nonphosphorylated
or hypo-phosphorylated species, suggesting that STK38
converts MEKK2 from its phosphorylated to its nonpho-
sphorylated form. MEKK2 undergoes autophosphory-
lation, which is required for its activity (Cheng et al.,
2005a). Thus, we investigated the effect of STK38 on
the autophosphorylation of MEKK2. GST-tagged
MEKK?2 or the MEKK2 (KM) mutant was mixed with
an equivalent amount of immunopurified STK38 in the
presence of [y-**PJATP to quantify the kinase reaction.
As shown in Figure Sb, wild-type MEKK2 underwent
autophosphorylation, but MEKK?2 (KM) did not. The
3P incorporated by wild-type MEKK?2 was significantly
decreased to.50% of the control levels by co-expression of
wild-type. STK38, indicating that STK38 significantly
inhibited MEKK?2 autophosphorylation - activity. On
the other hand,” MEKK2 autophosphorylation was
only weakly suppressed by the kinase-inactive: mutant
STK38 (K118A).. These results. indicate that” STK38
inhibits MEKK2 activation by suppressing its autophos-
phorylation.

MEKK?2 can form dimers in the presence of STK38 but is
not a substrate for. STK38

MEKK?2 forms a dimer, leading to its activation through
transphosphorylation (Cheng et al.,, 2005a).- As. STK38
appeared to act as a negative regulator of MEKK2; one
possibility was that STK38 interacted with: the dimeriza-
tion. motif, preventing MEKK2 from forming a dimer,
and hence inhibiting its-activation. To assess this possi-
bility, we co-transfected cells expressing FLAG-MEKK?2
with- Xpress-MEKK?2 in the absence or presence of
STK38-V5; and the cell lysates were immunoprecipitated
with an anti-FLAG-antibody. As shown. in Figure 6a,
Xpress-MEKK?2 was co-precipitated by FLAG-MEKK2,
indicating that  MEKK2 formed dimers.. The dimer
formation of MEKK?2 was not inhibited by co-expression
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Figure 5 STK38 converts MEKK?2 from its phosphorylated to its
nonphosphorylated form and inhibits the autophosphorylation of
MEKK?2. (a) STK38 converts MEK K2 from its phosphorylated to
its. nonphosphorylated. form. 293T cells were transfected with
FLAG-wild-type MEKK?2 or FLAG-MEKXK2 (KM) alone, or with
STK38-V5. The cell lysates were subjected to western blotting
analysis: with anti-FLAG or anti-V5 antibody. For calf intestine
phosphatase (CIAP) treatment, the cell lysates were incubated with
or without CIAP at 30°C for-30min before western blotting
analysis. (b) STK 3R inhibits MEKK2 autophosphorylation. In vitro
kinase reaction was performed by incubating GST-MEKK?2 alone
or with'the immunopurified wild-type STK38-V5 or STK38
(K118A)-VS5 from the transfected 293T cells. The kinase reaction
products were subjected to autoradiography (upper). The autopho-
sphorylation activity of MEKK2 was measured using a phosphoi-
maging device and the results are shown as a bar graph. The data
are representative of three independent experiments. Expression of
GST-MEKK?2 or STK38-V5 was confirmed by western blotting
analysis using anti-GST or anti-V5 antibody, respectively. STK 38,
serine-threonine kinase 38; WB, western blotting; GST, glutathione
S-transferase.

of STK3R, indicating that the binding domain of
MEKK?2 for STK38 is different from the dimerization
motif. Indeed, a co-immunoprecipitation assay indicated
that MEKK?2 with deletion of the dimerization motif
(342-424) still interacted with STK38 (Supplementary
Figure 2a). To determine whether the inhibitory action of
STK38 on MEKK2 activity is mediated by STK38-
catalysed MEKK?2 phosphorylation, we immunopurified
STK38-VS5 from 293T cells and performed an in vitro
STK38 kinase assay using GST-MEKK2 (KM) as a

w
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Figure 6 MEKK?2 forms dimers in the presence of STK38 but is
not a substrate for STK38. (a) STK38 does not interfere with
MEKK?2 dimer formation. 293T cells were co-transfected with
FLAG-MEKK?2 and Xpress-MEKK2 in the absence or presence of
STK38-V5. The cell lysates were subjected to immunoprecipitation
using anti-FLAG antibody.- MEKK2 " dimer formation was
evaluated by detecting Xpress-MEKK2 in the FLAG-immunopre-
cipitates by western blotting.. (b). MEKX2 is not a substrate of
STK38. 293T cells were transfected with STK38-V5 or STK38
(K 118)-V5. The cell lysates were subjected to immunoprecipitation
with anti-V5 antibody. The immunoprecipitates were analysed for
STK 38 kinase activity by immune complex kinase assay (KA) with
GST-MEKK2 (KM) as the substrate. The kinase reaction products
were subjected to SDS PAGE and analysed by autoradiography.
STK 38, serine-threonine kinase 38.

substrate.  Autophosphorylation - of ~GST-wild-type
MEKK?2 was observed in the absence of STK38. How-
ever, direct phosphorylation of GST-MEKK?2 (KM) or
GST-AMEKK]1 (KM) by STK38 was not detected
(Figure 6b and data not shown). These results indicate
that MEKK 1 or MEKK2 is not a substrate for STK38.

Knockdown of STK38 enhances sorbitol-induced
endogenous MEKK2 activation

To confirm that STK38 acts as a' negative regulator of
MAPKKK, we constructed an stk38 shRNA expression
vector. As shown in Figure 7, transfection with the stk38
shRNA, but not the control expression vector, specifi-
cally knocked down expression of the endogenous STK 38
protein in HeLa cells (Figure 7, bottom). We next exami-
ned how STK38 knockdown affected the stress-induced
activation of MAPKKX. Treatment with sorbitol resul-
ted in the activation of various MAPKKKs, including
MEKK1/2 (Chen et al, 2002; Zhang et al., 2006). The
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Figure 7 Knockdown of STK38 enhances sorbitol-induced
MEKX?2 activation. HeLa cells were transfected with the negative
control (C) or stk38-specific ShRNA (8) expression vector. At 60h
after transfection, the cells were treated with 0.2 M sorbitol for 1h
or left untreated as controls and harvested. The cell lysates were
subjected to immunoprecipitation with anti-MEKK?2 antibody or
western blotting with the indicated antibodies. The immunopreci-
pitates were analysed for MEKK?2 activity by immune complex
kinase assay {KA) with GST-SEK 1 {KR) as the substrate. MEKK?2
activity was measured using a phosphoimaging device and the
results are shown as a bar:graph. The data are representative of
three independent experiments. STK 38, serine-threonine kinase 38;
shRNA; short hairpin RNA.

specific:stk38 shRNA enhanced sorbitol-induced activa-
tion of MEKK?2 (Figure 7, top), subsequent phosphory-
lation of the: downstream MAPKKs; MKK3/6, and of
their targets p38 MAPK; as compared with those of the
control: Exposure of HeLa cells to sorbitol or anisomycin
preferentially activated the MKK3/6-p38 pathway, and
sorbitol-induced- phosphorylation of SEK1 or MKK7
was observed. in neither control nor STK38 knockdown
cells (data not shown).

Discussion

MAPKKKSs respond to various upstream stimuli and
activate multiple MAPK signaling components. However,



it remains largely unclear how each MAPKKK is
activated and which molecules regulate each MAPKKK.
The overexpression of most MAPKKKs activates
MAPK signaling pathways in mammalian cells (Yan
et al., 1994; Blank er al., 1996). The results of these
transfection studies suggest that MAPKKKs may nor-
mally be negatively regulated by inhibitors or intra-
cellular compartmentalization.

The results of the present co-transfection studies
demonstrated that the STK38 interacts with MEKK1/2,
but not with either SEK! or JNKI1. We also showed
that STK38 physically interacts with MEKK1/2 in vivo.
The carboxy-terminal region, but not the amino-terminal
region, of MEKK 1-or- MEKK2 was required for binding
STK38. The carboxy terminus of MEKK is necessary for
its interaction with SEK1 (Xia et al., 1998). A recent study
demonstrated that GST MI-1 functions as a negative
regulator of MEKK by interfering with the binding of
MEKKI1 to SEK1 (Ryoo et al., 2004). However, STK38
did not interfere with the MEKK1/SEK] complex form-
ation, suggesting that STK38 inhibits MEKK! in a
manner distinct from that of GST MI1-1. The carboxy
terminus of MEKXZ2 is necessary for the dimer formation
(Cheng et al., 2005a). However, we showed that the
dimerization motif of MEKK?2 was not required for the
interaction with STK38.

Full-length MEKK1 or MEKK?2 was activated when
overexpressed in 293T cells. Co-expression of MEKK1/
2 with STK38 decreased the MEKK1/2 activity and
inhibited phosphorylation of the downstream SEK1
or MKK7. MEKK]1 also activates the MKK3/6-p38
signaling pathways (Lin er al, 1995). As expected,
overexpression of STK38, at least partially, inhibited
the MEKX I-induced phosphorylation of p38. Recent
studies have indicated that MEKK?2 can undergo auto-
phosphorylation and activation through dimer forma-
tion (Cheng et al., 2005a) and that Mipl, a MEKK2-
interacting protein, inhibits 'MEKK2' activation by
preventing its dimer. formation (Cheng et al., 2005b).
However, we- demonstrated that- STK38. inhibits the
autophosphorylation of MEKK?2 in vitro and suppresses
the activation of MEKK?2 without interfering with its
dimer formation in a transient transfection assay.
In addition, MEKK! activity is regulated by autophos-
phorylation (Deak and Templeton, 1997). Thus, STK38
may inhibit the activation: of MEKKI by interfering
with its autophosphorylation.

STK38 is a serine-threonine protein kinase that belongs
to'a subfamily of the AGC. family of kinases (Manning
et al., 2002). However, natural substrates for STK 38 have
not been reported. It is possible that the inhibitory action
of STK38 on MEKKZ2 activity. is: mediated: by STK38-
catalysed MEKK2 phosphorylation: However, our results
indicated that MEKK2 is not a: substrate for STK38
in vitro. These results suggest that MEKK1/2 activation is
not inhibited through direct phosphorylation by STK38.
On the other hand, the binding activity of STK38 (K118A)
to MEKK1/2 was similar to that of wild-type STK38 (data
not shown), suggesting that the kinase activity of STK38
may be necessary for inhibition of ‘the activation of
MEKKI1/2:  This raises the question of how STK38
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regulates the activity of MEKK1/2. The kinase activity
of STK38 may be necessary to recruit a negative regulator,
such as a protein phosphatase, to MEKK1/2 and activate
it, or STK38 may negatively regulate a putative activator
of MEKK1/2, such as an MAPKKK kinase. Alterna-
tively, it is possible that STK38 binds to the catalytic
domain of MEKK1/2, disrupting its proper conformation
for autophosphorylation.

Although the results of the present study established
that STK38 functions as a negative regulator of
MEKK]1/2 signaling, it is likely that STK38 is also a
critical regulator of MEKK?3 as the STK38-binding motif
in MEKK2 is conserved between MEKK2/3. Knock-
down of STK38 by transfection with an STK38-specific
shRNA expression vector enhanced sorbitol-induced
activation of MEKK?2 and subsequent phosphorylation
of the downstream MAPKKs, MKK3/6. Taken together,
our findings support the suggestion that STK38 is a
natural negative regulator of MAPKKK, including at
least MEKK1/2 and perhaps also MEKK3.

Materials and methods

Cell culture, transfection, and subcellular fractionation
HEK293T, HeLa, MCF-7; and COS-7 cells were cultured in
Dulbecco’s modified Eagle’s medium (Sigma, St Louis, MO,
USA) supplemented with 10% fetal bovine serum (Hyclone,
South Logan, UT, USA) and 1% penicillin/streptomycin
(Sigma). MOLT-4 cells and: the derivatives. were grown in
RPMI 1640 medinm (GIBCO, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin. For DNA- transfection, the cells were plated,
grown - for 24h, and transfected for 24-48h with the
appropriate expression vectors ‘using FuGENE 6 (Roche,
Mannheim, Germany). Empty pcD 3.1 vector was used to
keep the total amount of DNA equivalent for each transfec-
tion. Subcellular fractionation was performed using a Pro-
teoExtract Subcellular Proteome Extraction Kit {Calbiochem,
Darmstadt, Germany).

Antibodies

A polyclonal antibody against human STK38 was generated by
injecting rabbits with a synthetic peptide (CEGLKDEEKRLRR-
SA) corresponding to amino-acid residues 55-68 of . human
STK38 and was purified by peptide affinity chromatography.
Anti-SEK1/MKK4, anti-phospho SEK1/MKK4 (Thr261), anti-
stress-activated protein kinase/TNK, anti-phospho stress-activated
protein kinase/JNK (Thr183/Tyr185), anti-p38, anti-phospho p38
(Thr180/Tyr182), anti-MEK 1, anti-MKX?7, anti-phospho MKK7
(Ser271/Thr275) and anti-MKXK3 antibodies were purchased from
Cell Signaling Technology (Beverly, MA, USA). Anti-V5, anti-
HA and anti-S antibodies were from MBL (Nagoya, Japan).
Anti-Xpress and anti-Bcl-2 antibodies “were from- Invitrogen
(Carlsbad, CA, USA) and BD Bioscience' Pharmingen (San
Diego, CA, USA), respectively. Anti-FLAG (M2), anti-phospho-
MKXK3/6: (Ser189/207) and antiB-actin. antibodies were from
Sigma. Anti-MEKK]1, anti-MEKK2 and. anti-Spl antibodies
were from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Anti-MEKK?2  antibody was from Epitomics (Burlingame,
CA, USA).

Western blotting analysis
The cells were washed twice with ice-cold phosphate-buffered
saline, and the cell pellets were lysed with standard SDS-PAGE
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sample buffer (62.5mM Tris-HCl, pH 6.8, 2% sodium
laurylsulfate, 10% glycerol, 2.5% B-mercaptoethanol, 0.01%
bromophenol blue, 0.005% crystal violet). Western blotting
analyses were performed as described previously (Enomoto
et al., 2003).

DInmunoprecipitation and immune complex kinase assays

Celis were washed in ice-cold phosphate-buffered saline, and
then lysed in lysis buffer containing 10 mM Tris=HCl (pH 7.7),
150mM NaCl, 1% Nonidet P-40, ImM EDTA and protease
inhibitor mixture (Roche). After centrifugation, the super-
natants were incubated with a specific antibody and then
mixed with protein A/G agarose. For binding assays, immune
complexes were washed three times with lysis buffer, and
subjected to western blotting analysis. For immune complex
kinase assays, the immunoprecipitates were rinsed three times
with lysis buffer and then twice with kinase buffer (12.5mM
Tris—HCl, pH 7.5, 0.025mM EGTA, 0.025% B-mercaptoetha-
nol, 0.05mM sodium orthovanadate, 125uM ATP, 18.75mM
magnesium chloride). For MEKK1/2 kinase assay, the
immunoprecipitates were incubated with GST-tagged SEK1
(K129R) in kinase buffer containing 10 p Ciml~* [y-?P]ATP at
30°C for 15min. For the analysis of MEKK2 autopho-
sphorylation assay, GST-MEKK?2 was incubated with im-
munopurified STK38 or STK38 (K118A) in kinase buffer
containing 10uCiml! [y-*?PJATP at 30°C for 15min. The
kinase reaction products were subjected to SDS-PAGE and
analysed with a phosphoimaging device (BAS-2000; Fuji). For
STK38 kinase assay, synthetic peptides (KKRNRRLSVA)
were incubated with immunopurified wild-type STK38 or
STK38 (K118A) in kinase buffer containing 10pCiml?
[y-**PJATP at 30°C for 1h. The kinase reaction products were
spotted onto P81 paper disks (Whatman). The disks were
washed three times in 1% phosphoric acid before being
counted in a liquid scintillation counter.

Plasmid constructions

The open reading frames of mouse STK38, INK1, SEK1 and
MEKK?2 were amplified by PCR with reverse transcription
using mouse brain total RNA (BD Bioscierce) and subcloned
into pcDNA3.1-VS, pcDNA4.0-Xpress (Invitrogen), pFLAG-
CMV2 (Kodak, Rochester, NY, USA) or pcDNA3-FLAG
mammalian expression vectors, respectively. The expression
vector for FLAG-tagged MEKK]1 was constructed as de-
scribed (Ito er al., 1999). The amino-terminal region (residues
1-640). of MEKK1 was amplified. by PCR and. snbcloned
into pcDNA3-FLAG to generate pcDNA3-FLAG MEKKIN.
The region . encoding residues 1169-1488 of MEKK1 was
amplified by PCR and subcloned into the pEF-HA to generate
pEF-HA-AMEKK1. The carboxy-terminal regions (residues
342-619 and 425-619) of MEKK?2 were amplified by PCR and
subcloned into the pcDNA4/His Max expression . vector,
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respectively. The region encoding residues §7-465 of STK38
was amplified by PCR and subcloned into pcDNA3.1-VS to
generate pcDNA3.1AN STK38-V5. To generate expression
vectors for STK38 (K118A), MEKK?2 (K385M) or SEK1
(K129R), site-directed mutagenesis was performed using
overlapping PCR methods. The sequences of the open reading
frames in the constructed plasmids were confirmed by DNA
sequencing.

STK38 small interfering RNA

The pcPURUG6Bicassette mammalian expression vector (iGene
Therapeutics, Tsukuba, Japan) was used for expression of
STK38 small interfering RNA. We purchased synthetic
oligonucleotides targeting human STK38 (Takara Bio, Ohtsu,
Japan), in which sense and antisense nucleotides were connected
by an 1l-base hairpin loop and formed a single chain. After
annealing, the DNA fragments were ligated into the BspMI sites
of the pcPURUG6Bicassette vector. The target sequence was as
follows (only the antisense sequence is shown): 5-AACAAG
ACTTGGATTGGAA-3. Hela cells were transfected with
the control or stk38-specific ShRNA expression vector using
FuGENE HD (Roche). At 24h after transfection, the medium
was replaced with fresh medium containing 0.2 pgmli™? puro-
myein (InvivoGen, San Diego, CA, USA) for selection of the
transformants. Following an additional incubation for 48 h, the
cells were treated with varions agents, such as 0.2M sorbitol,
and harvested immediately for western blotting analysis.

DNA microarray

Total RNA was prepared from cells using the Ultraspec RNA
Isolation System (Biotecx Lab, Houston, TX, USA). Double-
stranded ¢cDNA was synthesized from total RNA with a
SuperScript Double-Stranded ¢cDNA Synthesis kit (Invitro-
gen). Biotinylated cRNA was prepared by in vitro transcription
using a BioArray High Yield RNA Transcript Labeling kit
(Enzo, Farmingdale, NY, USA) and then fragmented. For
hybridization, the fragmented cRNA was added to a
CodeLink Uniset Human 20K 1 Bioarray (GE Healthcare,
Farmingdale, NY, USA) for 18 h at 37 °C, The bioarrays were
stained with CyS5-streptavadin (GE Healthcare, Farmingdale,
NY, USA) and scanned using a Gene Pix 4000B scanner
(Axon Instruments, Foster City, CA, USA). The spot signals
were quantified with ImaGene 5.5 software (BioDiscovery, San
Diego, CA, USA).
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Free Radical Scavenger Edaravone Suppresses X-ray-induced
Apoptosis through p53 Inhibition in MOLT-4 Cells

Nakashi SASANO"?, Atsushi ENOMOTO?, Yoshio HOSOI®, Yosuke KATSUMURA?,
Yoshihisa MATSUMOTO?, Kenshiro SHIRAISHI', Kiyoshi MIYAGAWA?,
Hiroshi IGAKI ' and Keiichi NAKAGAWA'*

X-ray-induced apoptosis/Edaravone/MOLT-4 cells/Radioprotective effect/Free radical scavenger.

Edaravone, a clinical drug used widely for the treatment of acute cerebral infarction, is reported to
scavenge free radicals. In the present study, we investigated the radioprotective effect of edaravone on X-
ray-induced apoptosis in MOLT-4 celis. Apoptosis was determined by the dye exclusion test, Annexin V
binding assay, cleavage of caspase, and DNA fragmentation. We found that edaravone significantly sup-
pressed the X-ray-induced apoptosis. The amount of intracellular ROS production was determined by the
chloromethyl-2",7’-dichlorodihydro-fluorescein diacetate system. We found that the intracellular ROS pro-
duction by X-irradiation was completely suppressed by the addition of edaravone. The accumulation and
phosphorylation of p53 and the expression of p21 ™A™ a target protein of p53, which were induced by X-
irradiation, were also suppressed by adding edaravone. We conclude that the free radical scavenger edar-
avone suppresses X-ray-induced apoptosis in MOLT-4 cells by inhibiting p53.

INTRODUCTION

X-ray-induced cell death results from two types of
actions, direct and indirect.” In the first, the X-rays directly
ionize or excite macromolecules in the cells, leading to cell
damage. In the second, the X-rays excite water molecules in
the cells and produce reactive oxygen species (ROS), which
damage the cells. Approximately 70% of the biological dam-
age caused by X-rays results from this indirect action.” Cells
that are critically damaged by X-rays will die either by inter-
phase cell death or reproductive cell death.” Most of the X-
ray-induced cell deaths observed in thymocytes are of the
interphase type, known as apoptosis.*® ROS are postulated
to play a central role in X-ray-induced apoptosis,® with the
hydroxy! radical being the most important. Thus, agents that
could suppress ROS would be expected to protect cells from
X-ray-induced apoptosis and improve cell survival.

Edaravone (MCI-186; 3-methyl-1-phenyl-2-pyrazolin-5-
one; Radicut) is a clinical drug that is used widely for the
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grative Medicine, Faculty of Medicine, The University of Tokyo; *Nuclear
Engineering Research Laboratory, Graduate School of Engineering, The
University of Tokyo.
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treatment of acute cerebral infarction. Its effectiveness as a
treatment for this condition has been reported in many
studies, including in vivo,™® in vitro,’* and clinical set-
tings.?*29 Edaravone scavenges free radicals as an electron
donor’™*®; therefore, it seemed likely to be useful for radio-
protection.

Indeed, in a previous study, Anzai and colleagues reported
that the intraperitoneal administration of edaravone to mice
increased the lethal dose of radiation for the animals,*” indi-
cating that the drug has a radioprotective effect. In that
report, edaravone’s radioprotective effect was probably due
mainly to the suppression of bone-marrow “syndrome,
because the X-ray dose used in the experiment was under 10
Gy However, edaravone’s radioprotective mechanism is
not fully understood at the molecular level.

Bone-marrow syndrome occurs mainly as a result of the
apoptosis of stem cells.’? In the present study, we investi-
gated the effect of edaravone on the apoptosis of MOLT-4
cells after X~irradiation. The human T-cell leukemia cell line
MOLT-4 is highly sensitive to X-rays; after X-irradiation it
undergoes an apoptotic cell death that is characterized by
nuclear condensation and DNA fragmentation and is medi-
ated by activated caspases.”> > Recent studies have demon-
strated that the p53 and JNK pathways are involved in the
radiation-induced ~ apoptosis of MOLT-4 cells.***" The
results presented here suggest that edaravone suppresses the
X-ray-induced apoptosis in MOLT-4 cells by inhibiting p53
and caspase.
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MATERIALS AND METHODS

Cell culture

Human T-cell leukemia MOLT-4 cells were cultured in
suspension with RPMI-1640 medium (Sigma) containing
5% fetal bovine serum (Hyclone) and antibiotics (100 units/
ml of penicillin/streptomycin), and incubated at 37°C in a
humidified atmosphere of 5% CO; and 95% air.

Chemicals

Edaravone was kindly provided by the Mitsubishi Pharma
Corporation (Tokyo, Japan). We dissolved 52.5 mg edara-
vone in 192.5 ul of 2 M NaOH and 1.05 ml of DDW, and
then adjusted the pH to 8.8 with 2 M HCL. Finally, physio-
logical saline was added to adjust the final concentration of
edaravone to 30 mg/ml.

X-irradiation

X-irradiation was performed with an X-ray generator
(Pantak HF 350, Shimadzu) at 200 kVp and 20 mA, with a
filter of 0.5 mm Cu and 1 mm Al, and at a dose rate of 1.35-
1.40 Gy/min.

Dye exclusion test

One hundred microliters of cell suspension (approxi-
mately 5 x 10° cells/ml) was mixed with 25 ul of 1% eryth-
rosin B in phosphate-buffered saline (PBS). The numbers of
stained (dead) cells and unstained (live) cells were counted
and the viability (%) was calculated as follows:

Viability (%) = (number of unstained cells/ total cell num-
ber) x 100

Annexin V Binding Assay

The extent of apoptosis was determined by Annexin V-
FITC and propidium iodine (PI) staining, using the MEB-
CYTO Apoptosis Kit (MBL). Flow cytometric analysis was
carried out with an EPICS flow cytometer (XL System II,
Beckman Coulter), using a single laser emitting excitation
light at 488 nm. In the FITC/PI diparametric plot, quadrants
1 (lower FITC/ upper PI), 2 (upper FITC/ upper PI), 3 (lower
FITC/ lower PI), and 4 (upper FITC/ lower PI) represent the
fractions. of secondary-necrotic, primary-nécrotic, viable,
and apoptotic cells, respectively. More than 5,000 cells were
subjected to the analysis.

Quantification of intracellular ROS

The amount of intracellular ROS production was measured
by chloromethyl-2’, 7’-dichlorodihydro-fluorescein diacetate
(CM-H,-DCFDA, Molecular Probes). MOLT-4 cells were
incubated in the dark with approximately 5 pg/ml of probe
CM-H,-DCFDA for an hour, and the fluorescence intensity
was analyzed by an EPICS flow cytometer (XL System II,

Beckman Coulter) using a laser excitation and emission
wavelength of 492-495 nm and 517527 nm, respectively.

Western blot analysis

Cells were lysed in a sodium dodecy! sulfate (SDS) sam-
ple buffer (1% SDS, 3% B-mercaptoethanol, 5% glycerol,
62.5 mM, Tris-HCI, pH 6.8). Proteins were separated by
10% or 15% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and were transferred onto polyvinylidene difluoride
membranes (Immobilon, Millipore). After blocking for 30
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Fig. 1. Cell viabilities were determined by dye exclusion test
using erythrosin B. (A) The toxicity of edaravone was examined at
various concentrations. Cell viability was determined 20 hours
after edaravone administration. (B) Time course of cell viability
after X-irradiation. MOLT-4 cells were untreated or treated with 3
mg/ml edaravone, then subjected to 5 Gy X-irradiation 5 minutes
later. (C) Effects of radiation dose on cell viability. MOLT-4 cells
were irradiated at 2 or 5 Gy with or without edaravone pretreatment
as in B, and the cell viability was determined 20 hours later. Data
shown are means *+ SD from at least three independent experi-
ments. *p < 0.05.

* *

Viability (%)

J. Radiat. Res., Vol. 48, No. 6 (2007); http://jrr.jstage.jst.go.jp

—878—



