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Fig. (2). Formation of intracellular cisplatin.

The equilibrium of cisplatin is aftected by physiological conditions of intracellular pH and chloride concentration. The charged species under
low CI” and/or acidic conditions (the Ha0-Cl, H,0-0H and H,O-H,O species) are the most active forms,

been linked to the MAPK signaling cascade [22]. Another
kinase, the c-Abl tyrosine kinase, is also activated by
cisplatin. This kinase phosphorylates p73 and induces
apoptosis [23]. The c-Abl pathway is also associated with the
JNK signaling pathway, which is a member of the MAPK
family [24]. The evidence therefore suggests that DNA
damage signals might undergo crosstalk with each other.

Protein phosphatase is also involved in the cisplatin-
induced signaling pathway through regulating the cellular
phosphorylation state. Nuclear Src homology 2 domain-
containing tyrosine phosphatase (SHP-2) was constitutively
associated with c-abl and its phosphatase activity was
significantly enhanced in response to DNA damage. [t was
reported that cells lacking SHP-2 showed markedly
decreased apoptosis in response to DNA-damaging agents,
such as cisplatin and y-irradiation [25]. Furthermore,
cisplatin has been shown to interact with the tumor-
suppressor phosphatase and tensin homolog (PTEN), which
plays an important role in cell growth and apoptosis [26].
The enzymatic activity of protein tyrosine phosphatases
(PTPs) containing PTEN is often regulated by a redox
system, including thioredoxin-1 [27, 28]. Apoptosis signal-
regulating kinase 1 (ASK1) is a MAPK kinase kinase that
activates p38 and JNK cascades, and is activated in response
to oxidative stress [29]. Protein phosphatase 3 interacts with
ASK1 and inhibits its activity [30]. These results provide

evidence that protein phosphatase is an important modulator
of apoptosis through cisplatin-induced DNA damage and
oxidative stress, and that it contributes to drug sensitivity.

Reactive oxygen species (ROS) are produced upon
various stress stimulations—including ultraviolet {UV)
irradiation and cytotoxic agents such as cisplatin—and are
closely involved in stress-induced apoptosis. ROS
production can enhance sensitivity to cisplatin through
activation of the JNK or p38 pathways [31], or through Fas
aggregation [32]. Furthermore, it has been recently reported
that cisplatin could induce apoptosis in the absence of DNA
damage, through ER stress [4]. Cisplatin induced the
activation of the calcium-dependent protease calpain, which
activated caspase-3 and ER-specific caspase-12 in cytoplasts
[4]. These data suggest that the ER might be the non-nuclear
target of cisplatin.

Cisplatin-induced apoptotic pathways are complicated, as
cisplatin might cause different stresses, such as DNA
damaging, oxidative and ER stresses. Various cisplatin-
induced stress signals can activate each pathway through
specific transcription factors that act as the ultimate drug
targets, Cell death or survival in response to cisplatin might
be dependent on the relative intensity of, and the crosstalk
between, these signal pathways. Fig. (3) shows a schematic
summary of cisplatin-induced cellular signaling involved in
cell death and survival. Further studies will lead to a better
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Cisplatin-induced apoptosis
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Fig. (3). Schematic summary of cisplatin-induced damaging signals.
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Cisplatin induces different damaging signals, such as DNA damaging, oxidative and ER damaging stresses. These stresses can activate each
pathway through specific phosphorylation cascades, which include transcription factors as the ultimate targets. The fate of cancer cells in
cisplatin trealmert is determined by the relative intensity of, and the crossialk between, these signaling pathways.

understanding of the mechanisms involved in cisplatin-
induced apoptosis.

MECHANISMS OF CISPLATIN RESISTANCE

The development of cisplatin resistance by tumor cells is
a major clinical limitation in cancer chemotherapy. This
resistance might arise due to changes in the biochemical
pharmacology of cisplatin. Cisplatin resistance is induced
through various mechanisms, including the reduction of
cisplatin accumulation inside cancer cells [5]. One of the
several possible efflux pumps for cisplatin is the multidrug
resistance-associated protein 2 (MRP2; also designated
cMOAT). MRP2 is a member of the MRP gene family and
these ABC membrane proteins have been connected with the
efflux of various drugs {33]. A recent study has shown that
expression of MRP2 coincides with resistance to cisplatin
[34] and Koike et al. have demonstrated that cisplatin
sensitivity is increased by antisense MRP2 constructs [35].
These data give an insight into the relationship between
MRP2 expression and drug resistance. Moreover, the copper

transporters ATP7A and ATP7B have been shown to be
involved in cisplatin efflux [36], and have potential as
clinical markers in ovarian cancer specimens [37, 38].
However, the P-glycoprotein, which is a membrane channel
encoded by the multidrug resistance 1 (MDR/} gene, has
been reported not to participate in cisplatin resistance [39].

In ancther mechanism of resistance, increased activity of
intracetlular pathways of thiol production—including
glutathione (GSH), metallothionein and thioredoxin—can
contribute to the detoxification of cisplatin [5]. A small
fraction of the intracellular cisplatin can bind to genomic
DNA. However, a major fraction, about 60% of the
intracellular cisplatin, is conjugated with GSH [40]. GSH is
one of the most abundant SH-containing molecules, which
can interact with cisplatin through the catalytic action of
glutathione S-transferase n (GSTn). GS-platinum complexes,
which show inactivated cytotoxicity, are discharged from
cancer cells via the glutathione conjugate export pump (GS-
X purep) [1, 2). GSTx and y-glutamylcysteine synthetase (y-
GCS8), which is the enzyme involved in GSH biosynthesis,
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were also shown to be associated with cisplatin resistance
[41, 42]. Metallothionein is rich in thiol-containing cysteine
and is presumed to function in the detoxification of heavy
metals such as cadmium. Overexpression of metallothionein
has been observed in cisplatin-resistant cell lines [43].
Thioredoxin, which is another intracellular thiol, is a redox-
active protein induced by various stresses and secreted from
cells. Cellular levels of thioredoxin, thioredoxin reductase
and glutaredoxin are associated with cisplatin resistance, as
are GSH and metallothionein {5, 44]. The glutathione
adducts, which are GS-platinum complexes, inhibit the
thioredoxin and glutaredoxin systems; thus, these results are
consistent with the correlation between increased thioredoxin
and cisplatin resistance [45]. Moreover, it has been recently
reported that thioredoxin, acting as a downstream effector of
Smad7; inhibitor of transforming growth factor (TGF)-Bl
signaling, could suppress cisplatin-induced apoptosis in
pancreatic cancer [46]. Reduced thioredoxin is also an
inhibitor of ASK1 [29], and peroxiredoxin that is dependent
upon thioredoxin activity might protect cancer cells from
apoptosis caused by cisplatin-induced oxidative stress [47].

The cytotoxicity of cisplatin is ascribed to the formation
of cisplatin-DNA adducts, and to the induction of DNA
damage signals and apoptosis. The following damage-
recognition proteins have been identified: HMG domain
proteins (high-mobility group | and 2 (HMG1/2), mtTFA
and hUBF); transcription factors lacking an HMG domain
(TATA-binding protein (TBP), YB-1 and ZNFI143),
nucleotide excision repair (NER) proteins (XPE, XPA); and
mismatch repair (MMR) proteins (hMutSct and hMSHZ)
(Table (1) [48-57]). These proteins can recruit repair
complexes to damaged regions or shield them by inhibiting
DNA damage signals.

The NER system is a vital pathway in the removal of
cisplatin-DNA adducts and in the repair of DNA damage.
First, damage-recognition proteins, such as XPA, detect
cisplatin-DNA adducts. Then, XPG and ERCCI/XPF
complexes make 3" and 5° incisions, respectively. Cisplatin-
induced DNA damage regions are excised and these gaps are
repaired in a proliferating cell nuclear antigen’ (PCNA)-
dependent manner [2]. Cellular defects in the NER system
have resulted in hypersensitivity to cisplatin (1, 2, 5] and
NER related proteins, such as ERCC! and XPA, have been
overexpressed in cisplatin-resistant ovarian cancers [58, 59).
Recently, it has been shown that transcription-coupled NER
is more closely related to cisplatin resistance than global
genomic NER [60]). ERCC1 was shown to physically interact
with a MMR protein, MSH2; these proteins might act

Table 1.
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cooperatively in cisplatin resistance [61]. The MMR system
consists of various proteins, including MSH2, MSH3, MSH6
and MLH!. A defective MMR pathway in cisplatin
resistance is associated with microsatellite instability [62]
and these repair proteins were also demonstrated to
contribute to drug resistance [63]. These data represent NER
and MMR pathways as critical mechanisms in cisplatin
resistance. The Fanconi anemia-BRCA1 pathway also
regulates cisplatin sensitivity [64, 65]. BRCAI colocalizes at
DNA damage lesions and interacts with various DNA repair
proteins residing within a large DNA repair protein complex
known as the BRCAl-associated genome-surveillance
complex; this indicates that BRCAL is a critical component
of multiple repair pathways [66]. However, there is no
evidence that BRCAL1 directly binds to cisplatin-modified
DNA. A recent report from Wang and Lippard has
demonstrated that cisplatin treatment could induce the
phosphorylation of histone H3 at serine 10, mediated by the
p38 signaling pathway and acetylation of histone H4 [67].
These chromatin modifications are thought to be involved in
drug resistance, because they increase the accessibility of
DNA for transcription factors and DNA repair proteins.

In general, tumor cells upregulate glycolysis and can
grow in a severe microenvironment with hypoxia and/or
acidosis; therefore, pH regulators are upregulated in highly
proliferative cancer cells to avoid intracellular acidification
[68, 69]. We have previously shown that subunit genes of
one of the pH regulators, vacuolar H*-ATPase (V-ATPase),
are induced by cisplatin treatment and are overexpressed in
cisplatin-resistant cell lines {70]. Intracellular pH was
markedly higher in cisplatin-resistant cell lines than in
sensitive parental cell lines. Furthermore, DNA-binding
activity of cisplatin was markedly increased in acidic
conditions [13, 70]. The DNA topoisomerase [l inhibitor
TAS-103, which can induce intracellular acidosis [71), also
enhanced expression of the V-ATPase subunit genes [72]. In
addition, we found that combining the V-ATPase inhibitor
bafilomycin Al with cisplatin or TAS-103 could enhance
drug-induced apoptosis in cancer cells [70, 72]. Thus,
elevated expression of pH regulators, such as V-ATPase
subunit genes, contributes to the avoidance of apoptosis
induced by intracellular acidosis and/or the drug cytotoxicity
of cisplatin and TAS-103.

TRANSCRIPTION FACTORS
CISPLATIN RESISTANCE

Resistance to cisplatin is orchestrated via several
mechanisms (as described above). These might be regulated

INVOLVED [N

Cisplatin-Induced Damage-Recognition Proteins
Protein References
Transcription factors possessing an HMG domain mtTFA*, UBF 49, 50
Transcription factors lacking an HMG domain TBP, YB-1* ZNF143* 51-53
HMG domain proteins HMGL/2, SRY, SSRPI 48, 142, 143
Repair proteins XPE, XPA, MutSo, MSH2 54-37
Chromatin protein Histone H1 144

* indicates transcription factors focused on in this article,
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by various transcription factors, which are often activated in
response to cisplatin treatment. We now realize that
molecular mechanisms of DNA damage signaling and
cisplatin resistance are much more complex than was
previously predicted. Transcription factors participate not
only in gene expression, but also in DNA repair and
apoptosis at the end of all signal transduction and stress-
induced pathways. Various classifted molecules mutually
interact and function in nuclei; these interaction profiles
might be altered by DNA damage, indicating that analysis of
protein-interaction profiles is critical for future post-genomic
research in cancer treatment. Fig. (d4) illustrates DNA
damage signaling and the ways in which this pathway might
be associated with drug resistance, DNA repair and
apoptosis. Cisplatin-induced transcription factors are closely
involved in cisplatin resistance, and investigation of their
mechanisms of action might allow us to overcome drug
resistance. Furthermore, these transcription factors might be
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promising potential targets for clinical cancer treatment,
Table (2) shows a summary of transcription factors and
interacting molecules involved in cisplatin resistance.

p53/p73

The p53 tumor-suppressor gene family proteins p33 and
p73 are central to the cellular response to DNA damage.
These proteins accumulate in nuclei after DNA damage and
control cell proliferation [73, 74]. Cisplatin treatment can
stabilize p53 through ATR- and MAPK-induced phosphory-
lation of p53 at serine 15; this treatment also induces p33
downstream genes [21, 75]. Several genes transcriptionally
controlled by pS3 have been identified, including the CDK
inhibitor p2 [/Wafl/Cipl gene, the growth arrest and DNA
damage-inducible GADD45 gene and the pro-apoptotic bax
gene [73]. Another significant role of p53 is its possible
involvement in DNA repair. p53 preferentially associates
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Fig. (4). Flow diagram illustrating the cellular effects of cisplatin,

Cisplatin treatment can activate various classified molecules, including DNA damage-recognition factors, DNA repair factors and
transcription factors involved in cisplatin resistance via cisplatin-induced signal transductions. These factors mutually interact and function in
nucle, and interaction profiles might be altered by DNA damage. Thus, these melecular interactions are closely involved in genome stability,
DNA damage tolerance and damage-induced apoptosis. The analysis of protcin-interaction profiles is critical for tuture post-genomic

research in cancer chemotherapy.
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Interacting protein invelved in drug resistance

Table 2. Transcription Factors Involved in Cisplatin Sensitivity
Transcription factor Target gene
p33ip13 p21, GADDA3, Bax
Myc/Max MuvesMax, YB-1
YB-1* MDRI1, cyclin A/BI. Topolle,
Fas, PTPIB, GPXI
CTF2 HMG!
ATF4 ZNFi43, CHGP
ZNF143* atTFA, MRP 511
mtTFA*
Octl ATPGL (V-ATPase ¢ subunit), TrxR
Spl ATPGL (¥-ATPase ¢ subunif),
DNA-PKcs, VEGF, TrxR

¢-Mye [83], YB-1 [85], CTF2 [104]), TBP [73],
mtTFA [127], HIMG1 [105], XPB [76]. XPD [76}
p53/p73 {83]
p33 [83], PCNA [52], MSH2 [92], Ku30 [92],
DNA polymerase 8 [92], WRN protein [92]
p53/p73 [104]

Nefl1/2 (110, 1H1]
unknown
p33 [127)

Spl [t45), HMG2 [136]
£33 (137, Octl {1457, c-fun [137], NF-kB [146],
TBP [146], p38 [147], BRCAT [137]

* indicates specific recopnition of cisplatin-modificd DNA
Bracketed numbers indicare references.

with damaged DNA and interacts with DNA repair proteins,
such as XPB and XPD [76]. Additionally, wild-type p53, but
not mutant p53, has been demonstrated to exert intrinsic
3= 5 exonuclease activity [77]. Cancer cells carrying loss-
of-function mutants of p53 are also less sensitive to anti-
cancer agents [12].

p73 possesses structural and functional similarities to
p53, and is able to activate p53-responsive genes and induce
apoptosis. p73 was initially cloned from neuroblastoma cell
lines and is involved in the development of the central
nervous system [74]. The c-Abl tyrosine kinase can activate
p73 by phosphorylating the p73 protein and induce apoptosis
in response to DNA damage [23). However, it has recently
been reported that p73ct overexpression is associated with
resistance to DNA damaging agents [10]. These findings
indicate that the major roles of p73 remain unclear and might
be different from those of p53 in tumor cells. Further
investigation is necessary to understand the functional
differences between p53 and p73 in drug resistance.

c-Myc

The oncoprotein ¢-Myc is a transcription factor that binds
to E-box and transactivates various genes. ¢-Myc has been
shown to function in many cellular processes, including cell
proliferation, differentiation and transformation [78].
However, c-Myc is also able to induce apoptosis under
certain conditions, such as deprivation of survival factors or
treatment with anti-cancer agents [79, 80]. The mechanisms
of ¢c-Myc-induced cell growth and apoptosis remain unclear.

A recent report has shown that c-Myc downregulation is
involved in cisplatin sensitivity in human melanoma cells
[81]. Low expression of c-Myc or ¢-Myc downregulation by
antisense oligonucleotides resulted in increased susceptibility
to cisplatin, via glutathione depletion [82]). We have
previously demonstrated that p73 interacts with c-Myc to
regulate gene expression via E-box binding [83]. Further-
more, p73 stimulated the interaction of Max; the
dimerization partner of the Myc oncoprotein with ¢-Myc and
promoted binding of the c-Mye/Max complex to its target

DNA. Our findings might help explain the complicated
functions of c-Myc in drug resistance of cancer cells.

Y-Box Binding Protein-1 (YB-1)

YB-1 is the most highly evolutionarily conserved
nucleic-acid-binding protein and is a member of the cold-
shock domain (CSD) protein superfamily. It functions in
various biological processes, including transcriptional
regulation, transtational regulation, DNA repair, drug
resistance and ceil proliferation (84, 85]. YB-1 is a
transcription factor, which was first identified by its ability to
bind to the inverted CCAAT box (Y-box) of the MHC class
I1 promoter. YB-1 has also been shown to regulate the
expression of various genes through a Y-box in promoter
regions, including MDR/, cyclin A/B1, DNA topoisomerase
Jlq, Fas and Protein tyrosine phosphatases | B (PTPIB) [85-
87].

YB-! comprises three domains: a variable N-terminal
domain; a highly conserved nucleic-acid-binding domain
(the CSD); and a C-terminal basic and acidic amino-acid
cluster domain (cafled a B/A repeat) [84, 85]. The N-
terminal domain is thought to be a trans-activation domain
and the CSD has an affinity for double-stranded DNA in
vitre. The C-terminal region functions as either a nucleic
acid-binding domain or a protein-protein interaction domain;
the C-terminal domain also has a strong affinity for single-
stranded DNA/RNA in vitro and is involved in dimerization
{88). YB-1 has pleiotropic functions, which are conferred
through molecular interactions with a diverse range of
proteins. It regulates human gene expression via interactions
with transcription factors, including p53, p65, AP2, CTCF
and Smad3 {85, 89]. YB-1 also interacts with the RNA-
binding proteins IRP2 and hnRNPK to regulate mRNA
translation and splicing, respectively {90, 91]. An
examination of its physical partners might help to elucidate
the integrated functions of YB-1.

YB-1 might be one of the components necessary for
DNA repair. We previously reported that YB-1 preferentially
binds to cisplatin-modified DNA, similarly to HMG domain
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proteins {52). This is the first evidence that a sequence-
specific transcription factor can recognize cisplatin-modified
DNA. YB-! interacts with PCNA, which is necessary for
nucleotide-excision repairs [52], in addition to DNA repair
proteins such as MSH2, DNA polymerase 8, Ku80 and WRN
protein [92]. YB-1 also possesses 3'=>5" exonuclease and
endonucleolytic activities {88, 92), and is thus thought to be
involved in base-excision repair. Furthermore, YB-1
preferentially binds to RNA containing 8-oxoguanine, which
suggests that it might be able to detect damaged RNA
molecules [$3].

YB-1 is mainly localized in the cytoplasm. When cells
are challenged with anti-cancer agents, hyperthermia or UV
irradiation, YB-l is immediately translocated from the
cytoplasm to the nucleus [85, 94]. We have demonstrated
that promoter activity of the MDR/ gene increases in
response to various environmental stresses in a Y-box-
dependent manner [95]). We have also shown that YB-1 is
overexpressed in human cancer cell lines, which are resistant
to cisplatin, and that cisplatin sensitivity is increased by
antisense YB-1 constructs [96]. Moreover, the disruption of
one allele of the YB-/ gene increased sensitivity to cisplatin
and mitomycin C in mouse embryonic stem cells [97].
Additionally, increased YB-1 expression in clinical
specimens has been reported to be significantly correlated
with tumor progression and poor prognosis in lung cancer,
ovarian cancer, prostate cancer and synovial sarcoma [85,
98, 99]. Interestingly, it has been shown that YB-1 can
recognize the selenocysteine insertion-sequence element in
glutathione peroxidase (GPX/) gene transcripts, suggesting
that increased YB-[ might enable the effective translation of
selenoproteins under cisplatin-induced oxidative stress [100].
These data indicate that YB-1 might have the capacity to
protect the genome from DNA damaging agents in cancer
cells, might play an important role in drug resistance and,
thus, might be a new molecular target in cancer treatment.

CCAAT-Binding Transcription Factor 2 (CTF2)

The CCAAT-binding transcription factor/nuclear factor I
(CTFMEF-1) family of ubiquitous transcription factors was
initially discovered as part of an adenovirus-DNA replication
complex. CTF/NF-I group proteins recognize the sequence
TTGGC(NsYGCCAA and are involved in the transcriptional
regulation of various genes [101, 102]. CTF2 is one of four
different splice variants of the CTF/NF-1 protein. We have
previously determined that CTF2 is overexpressed in
cisplatin-resistant cells, and that overexpression of this
transcription factor might be responsible for the trans-
activation of the HMG/ gene [103]. p53 and p73 physically
interact with CTF2 and reciprocally regulate HMG/ gene
expression; p73a upregulates the activity of the HMG/ gene
promoter and enhances the DNA binding activity of CTF2,
although p53 does not [104].

HMG! (also designated HMGB1) and HMG2—the
nonhistone chromosoemal proteins—are ubiquitously
expressed in higher eukaryotes, function as class [I trans-
cription factors and preferentially bind to cisplatin-modified
DNA [48]. Furthermore, physical interaction of HMGI with
p33 enhances binding of cisplatin-modified DNA [105].
HMG! and HMG2 have been implicated in cisplatin
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resistance {106, 107]. CTF2 might thus be a potential target
in overcoming cisplatin resistance, because it could regulate
HMG ! gene expression in cancer cells. However, Wei ef af.
demonstrated recently that #MGJ knockout of mouse
embryonic fibroblasts has no effect on cisplatin sensitivity
[108]. Further studies are needed to establish the mechan-
isms involving CTF2 and HMGI/2 in cisplatin resistance.

Activating Transcription Factor 4 (ATF4)

ATF4 is a member of the ATF/cyclic AMP-responsive
element-binding (CREB) family of transcription factors, and
is widely expressed in a variety of tissues and tumor cell
lines. It has been reported previously that ATF4 forms a
homodimer in vitre and binds to the consensus ATF/CRE
site TGACGTCA [109]). Various stress-inducible genes,
including DNA repair genes, contain an ATF/CRE site in
their promoter regions. ATF4 interacts with nuclear-factor
erythroid { (Nrfl)- and Nrf2-related factors, which are
recruited to the antioxidant-response element and regulate
the expression of genes encoding enzymes with antioxidant
or detoxification functions {110, 111]. Moreover, ATF4-null
cells show impaired expression of genes involved in
glutathione biosynthesis and resistance to oxidative stress
[112]. Additionally, ATF4 participates in ER stress-induced
gene expression and transactivates ER stress response-related
protein; CHOP (a CCAAT/enhancer-binding protein
(C/EBP) family protein) in response to amino-acid starvation
[113]. Thus, these data might provide insights into the
relation between ATF4 expression and cisplatin resistance.
Transcription profiling by cDNA arrays that are inducible by
genctic-suppressor elements has demonstrated that ATF4 is
upregulated in drug-resistant cells [114]. ATF2, which is
another member of the ATF/cAMP-responsive element
binding family, is phosphorylated via JNK activation
following cisplatin treatment. Phosphorylated ATF2 plays a
critical role in drug resistance by promoting p53-independent
DNA repair [115].

We have previously shown that ATF4 is a cisplatin-
induced gene and is overexpressed in cisplatin-resistant cell
lines [116]. ATF4 expression in human lung cancer cell lines
correlated significantly with cisplatin sensitivity, and two
stable transfectant ATF4-overexpressing derivatives of
human lung cancer A549 cells were less sensitive to cisplatin
than the parental cells. This is the first demonstration that
ATF4 closely correlates with resistance to cisplatin. Cellular
levels of ATF4 expression might aid the prediction of
cisplatin efficacy; however, further study of the expression
of ATF4 target genes is necessary to clarify the relationship
between ATF4 expression and cisplatin resistance.

Zinc-Finger Factor 143 (ZNF143)

ZNF143 is a zinc-finger transcription factor and is the
human hemologue of selenocysteine tRNA gene-trans-
cription activating factor (Staf), which was identified
originally in the frog. Staf is involved in transcriptional
regulation of snRNA type and mRNA promoters transcribed
either by RNA polymerase I1 or IIT [117]. Two human Staf
homologues, ZNF143 and ZNF76, were recently isolated;
these are 84 and 64% identical to Xenopus Staf, respectively
[118]). ZNF143 is required for transcripticnal activation of
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selenocysteine transfer RNA, which mediates the incor-
poration of selenocysteine into selencproteins, such as
glutathione peroxidase and thioredoxin reductase [119].

We recently characterized one cisplatin-inducible gene,
the mitochondrial ribosomal protein S11 (MRP §/17) gene
[53], which is a component of the ribosomal small subunit
and binds to 12S rRNA [120]. Although there is no evidence
that MRP S11 is directly related to DNA damage signals, it
has been shown that the apoptosis-related protein DAP3 is a
component of the small subunit of the mitochondrial
ribosome (mitoribosome) [121]. This suggests that the
mitoribosome, with MRP S11 as one of the constituents,
might be involved in the apoptotic pathway. The Staf binding
site is located in the promoter region of the MRP S/ gene.
Functional analysis of the MRP S11 promoter showed that
ZNF143 regulates both basal and cisplatin-inducible
promoter activities. Expression of the ZNFI43 gene was
upregulated, while ZNF76, which is another human
homologue of Staf, was downregulated by cisplatin treatment
in cancer cells. We also found that y-irradiation and anti-
cancer agents, such as etoposide and adriamycin, induced the
expression of ZNF/43. Furthermore, ZNF143 preferentially
recognizes cisplatin-modified DNA, as is YB-1 [53]. [t is
important to investigate whether elevated expression of
ZNF143 induces cisplatin resistance and to identify the
molecules interacting with ZNF143,

Mitochondrial Transcription Factor A (mtTFA)

Mitochondria are the major site of ROS production in
eukaryotic cells. The accumulation of ROS, which causes
oxidative damage to the mitochondrial DNA (mtDNA), has
been implicated in aging, cancer and various degenerative
diseases [122]. mtDNA is more susceptible to oxidative
damage than genomic DNA because of its lack of
nucleosome structures, and mainly contains an oxidized form
of the guanine base 8-oxo-7, 8-dihydroguanine (8-oxo0-dG)
[123]. Moreover, mtDNA might easily form cisplatin-
adducts similar to 8-ox0-dG induced oxidative stress.

mtTFA is a member of the HMG-box protein family
[124] that stimulates the transcription of mitochondrial genes
by binding to the mitochondrial D-loop region. Nuclear
HMG-box proteins, including HMG1/HMG2, are ubiquitous
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in higher eukaryotic cells and bind preferentially to cisplatin-
damaged DNA [48, 49]. mtTFA is essential not only for
mitochondrial gene expression but also for mtDNA
maintenance and repair [125]. Additionally, increased
apoptosis has been observed in miTFA-knockout animals,
suggesting that mtTFA plays an important role in apoptosis
[125). We have previously demonstrated that mtTFA binds
preferentially to oxidatively damaged DNA containing 8-
oxoguanine in addition to cisplatin modified DNA [126],
whereas HMGI/HMG?2 does not bind. Furthermore, the
binding affinity of mtTFA for oxidized DNA is higher than
that of mtMYH, which has DNA glycosylase activity and
protects mtDNA from the mutagenic effects of oxidized
DNA.

We examined the number of cisplatin-targeted sequences
in mtDNA from databases (NCBI; National Center for
Biotechnology Information, and UCSC Gencme Browser)
and found that cisplatin-targeted sequences, such as G-
stretch sequences, are more numerous in humans and gorillas
than in rodents, frogs and flies. Interestingly, G-stretch
sequences appear much more frequently in mtDNA than in
nuclear DNA in humans (Table (3)). These observations
suggest that mitochondria might be the main targets of
cisplatin in human cancer cells. We previously showed that
p53 physically interacts with mtTFA in mitochondria [127].
Binding of mtTFA to cisplatin-modified DNA was
significantly enhanced by p53, similar to HMGI, whereas
binding to oxidized DNA was inhibited. Thus, the interaction
of p53 with mtTFA might contribute to cisplatin-induced
apoptosis. The amount of mtTFA protein was alse increased
after cisplatin treatment [127]. Moreover, there is a Staf-
binding site in the promoter region of the mtTFA gene,
indicating that mtTFA is upregulated by the transcription
factor ZNF143 during cisplatin treatment (data not shown).
These findings suggest that mtTFA might act as a pivotal
decision center in mechanisms of protection from cisplatin-
induced apoptosis, and could beceme a potential target for
cancer chemotherapy.

Other Transcription Factors

Activator protein-1 (AP-1) is a transcription factor that
induces various genes involved in cell proliferation,

Table 3. Number of Cisplatin-Targeted DNA Sequences in Mitochendrial DNA

Total number Accession
GGGGG
GG AG GGG GGGG ¢ of mtDINA number
[tuman 2202 2,233 703 250 85
{(Expectation) 2,071 2,071 318 129 32 16,565 AY255136
(Nuclear DNA) 1,219£319 2,292x101 501277 118223 35214
Gorilla 2,137 2,185 667 232 T 16,364 NC_001645
Rat [,696 2,041 440 13 36 16,300 NC_001665
Mouse 1,501 2,015 36 8 22 16,300 Al512208
Xenopus 1,536 2,174 n 72 9 17,553 MI10217
Drosophila 1] 1,332 98 26 9 16,019 NC_001322

Expectation indicates the probable number of cach DNA sequence in human mitochondrial DNA.

Nuclear DNA indicates the average of numbers of cisplatin-targeted DNA sequence in human nuclear DNA, which encodes cach gene such as Spi (NM_I38473), )./

(NM_004559), ZNIT1 43 (NM_003442) and collfagen fype-l o2 (NM_000089) by way of example.
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differentiation, tumor invasion and apoptosis [128]. A recent
study has shown that an adenovirus expressing a dominant-
negative form of AP-1, lacking DNA binding capabiiity, is
able to selectively inhibit cisplatin resistance [129]. Further-
more, downregulation of c¢-Jun and c¢-fos, which are
components of the AP-1 transcription complex, by antisense
oligonucleotides increases cisplatin sensitivity [130, 131]. ¢-
Jun expression is also closely linked with cellular GSH
content [130].

Nuclear factor-kB (NF-kB) is a transcription factor
involved in the inflammatory and immune responses, which
also functions as an anti-apoptotic molecule in TNF- and
cancer therapy-induced apoptosis [132]. Moreover, it has
been reported recently that NF-xB activation via inhibition
of the ERK signaling pathway increases resistance to
cisplatin in human cervical carcinoma cells [133].

Octl, which is a member of the POU (Pit-Oct-Ung)
homeodomain family, is ubiquitously expressed and plays a
role in activating the transcription of various genes [134].
Recently, Oct]l was shown to be induced after cells are
treated with UV irradiation and anti-cancer agents, including
cisplatin, etoposide, camptothecine and TAS-103 [135, 72).
The V-ATPase ¢ subunit gene, pH regulator, is overex-
pressed in cisplatin-resistant cell lines [70] and is induced by
treatment with anti-cancer agents in an QOctl-dependent
manner [72]. We previously showed that intracellular pH is
significantly higher in cisplatin-resistant cell lines than in
sensitive parental cell lines, and that in vitro cisplatin-DNA
cross-link formation is markedly enhanced in low pH
conditions [70]. Therefore, intracellular pH is involved in
drug sensitivity and Octl might play a critical role in
intracellular pH regulation. Furthermore, HMG2, which
recognizes cisplatin-modified DNA, functionally interacts
with the octamer transcription factors Octl, Oct2 and Oct6 to
enhance transcriptional activity [136). Although there is no
direct evidence to implicate Octl expression with resistance
to cisplatin, these data indicate that Octl is potentially
involved in drug resistance.

Spl is 2 member of the C2-H2 zinc-finger family and
was one of the first transcription factors to be identified in
mammalian cells. Spi binds to GC boxes within promoter
regions and regulates various genes, including housekeeping
genes and genes involved in cell growth [137]. It has been
previously shown that Spl regulates niiric oxide {(NO)-
induced expression of the DNA-dependent protein-kinase
catalytic subunit {(DNA-PKcs), which is one of the key
enzymes involved in the repair of double-stranded DNA
breaks, to protect cells from DNA damaging agents such as
X-ray radiation, adriamycin, bleomycin and cisplatin [138].
Interestingly, Spl and Octl also bind to the promoter of the
human thioredoxin reductase | gene, which has antioxidant
and redox regulatory functions that are involved in resistance
to cisplatin [139].

Hypoxia, acidosis and a transient decrease in intracellular
pH are common characteristics of solid tumors [68]. Tumor
cells can survive under severely energy-deficient and acidic
conditions, having developed several mechanisms to escape
from cellular acidosis such as pH regulators [68]. One of the
cellular pH regulators is the proton pump V-ATPase, its
expression is thought to be regulated by Spl in addition to
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Octl [69, 72]. We have also shown that the DNA binding
activity of Spl and its interaction with TBP are increased in
low pH conditions [140¢]). Therefore, it is favorable for Sp! to
function well at low pH, enabling the cell to grow rapidly. A
recent report from Wang ef af. has shown that strong Spl
expression is detectable in human gastric cancers and might
be a significant predictor of survival [141]. Spl might thus
be involved in cisplatin resistance and be a potentially
promising molecular target for cancer chemotherapy.

SUMMARY

This review has focused on the transcription factors
involved in the sensitivity of solid tumors to cisplatin.
Transcription factors are DNA binding proteins, so it is
possible that they are able to recognize DNA damage and
participate in DNA repair action. Several transcription
factors are activated by cisplatin treatment. We have
previously reported various transcription factors-—including
YB-1, CTF2, ATF4, ZNF143 and mtTFA—that act as
inducing genes involved in drug resistance and DNA repair,
YB-1 and ZNF143 might directly participate in DNA repair
reactions, because both transcription factors can preferen-
tially recognize DNA damage. Furthermore, transcription
factors with upregulated expression in cisplatin-resistant
cells, such as YB-1, ATF4, ZNF143, Octl and Spl, might
also control the expression of the proteins that are involved
in redox processes induced by cisplatin. We believe that
transcription factors might represent a potential target for
cancer chemotherapy. However, only nuclear hormone
receptors are widely recognized as good targets for
chemotherapy against hormone-dependent tumors. Mole-
cular interactions with transcription factors induced by DNA
damage are thought to be important for either survival or
apoptosis, suggesting that these interactions might be also
promising targets for cancer chemotherapy. Further studies
to identify DNA damage-induced transcription factors and
characterize functions of these factors might allow us to
understand cispiatin sensitivity and to develop novel
molecular-targeted drugs in future.
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ABBREVIATIONS
ASKI1

Apoptosis signal-regulating kinase 1

ATF4 = Activating transcription factor 4

ATR = Ataxia telangiectasia mutated and Rad3-
related protein

CTF/NF-1 = CTF/muclear factor 1

CTF2 = CCAAT-binding transcription factor 2

ER = Endoplasmic reticulum

ERK = Extracellular signal-regulated kinase

GPX = Glutathione peroxidase

GSH = Glutathione

GST = Glutathione S-transferase
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HMG = High-mobility group

INK = c¢-Jun N-terminal kinase

MAPK = Mitogen-activated protein kinase

MDRI1 = Multidrug resistance 1

MMR = Mismatch repair

MRP2 = Multidrug resistance-associated protein 2

mtDNA = Mitochondrial DNA

mtTFA = Mitochondrial transeription factor A

NER = Nucleoctide-excision repair

NF-kB = Nuclear factor-kB

Nrfl = Nuclear-factor erythroid |

ROS = Reactive oxygen species

Staf = Selenocysteine tRNA gene-transcription

activating factor

TBP = TATA-binding protein

TrxR = Thioredoxin reductase

uv = Ultraviolet

V-ATPase = Vacuolar H*-ATPase

YB-1 = Y-box binding protein-1

ZNF143 = Zinc-finger factor 143
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Abstract

The effects of activating endogenous protein kinase'C (PKC) on cell proliferation and the cell cycle were investigated by treating
the breast cancer cell line SKBR-3 with phorbol 12-myristate 13 acetate (PMA). This inhibited cell growth in a concentration-de-
pendent manner, causing a marked arrest of cells in G,. Pre-treatment with GF109203X completely blocked the antiproliferative
effect of PMA, and pre-treatment with the PKCS3 inhibitor rottlerin partially blocked it, Infecting SKBR-3 cells with an adenovirus
vector containing wild-type PKC3, WTPKC3AdV, had similar effects on PMA. Infecting the cells with a dominant-negative
PKCSAdY construct blocked the growth inhibition induced by PMA. Downstream of PK.C, PMA treatment inhibited extracellular
signal-regulated kinase mitogen-activated protein kinase phosphorylation, up-regulated ¢-jun NHa-terminal kinase phosphoryla-
tion, and inhibited retinoblastoma (Rb) phosphorylation. These results strongly implicated PKC (mainly PK.C8) in the G, arrest

induced by PMA and suggested PKC as a target for breast cancer treatment.

© 2004 Elsevier Inc. All rights reserved.

Keywords: SKBR-3 breast cancer cells; G, arrest; Phorbol ester; PKC; MAPK

Phorbol esters, such as phorbol 12-myristate 13 ace-
tate (PMA), cause proliferation, differentiation, malig-
nant transformation, and death in many cells [1-3].
These effects are exerted through receptors, which in-
clude several protein kinase C (PKC) isozymes and
novel non-kinase receptors (a- and p-chimaerins, and
Ras-GRP). PKCs are phospholipid-dependent serine/
threcnine kinases [4] that are invelved in regulating ba-
sic cell functions, such as proliferation and differentia-
tion. To date, at least 11 isozymes of PKXC have been
identified [2,5-7) and have been divided into three sub-
groups. PCKa, -Bl, -BIl, and -y are considered to be

* Correspending author. Fax: +81 942 34 0709,
E-mail address: (fujii@med. kurume-v.ac.jp (T. Fujii}.

0006-291X/$ - sce front matter © 2004 Elsevier Inc. All rights reserved.
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classical PKC (¢PKC) isozymes, which are activated
by calcium, diacylglycerol (DAG), and PMA. PKCS,
-¢, -1, and -0 are classified as novel PKC (nPKC)
isozymes, which are also activated by DAG and PMA
but are not calcium dependent. PKCY{ and -M are
atypical PKC (aPKC) isozymes, which are neither
calcium dependent nor activated by DAG or PMA.
Some stimuli that activate cPK.Cs and nPK Cs function
by activating a G protein that then activates phospholi-
pase C to release DAG from phosphatidylinositol-4,
5-bisphosphate (PIP,), which is a trace component of
the cell membrane; DAG then activates PKCs [7-9).
By contrast, phorbol esters are promoters of carcinogen-
esis that pass through the cell membrane and activate
almost all PKC isozymes by directly binding them.
As DAG is metabolized rapidly, it activates PKC
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transiently. By contrast, phorbol esters have long half-
lives, and so cause prolonged PKC activation. Several
reports have described the biological effects of phorbol
esters on cancer cells [10-15]. In the breast cancer cell
line, MDA-MB-231, PMA induced the translocation of
PKCu from the cytoplasm to the cell membrane, where
it inhibited cell spreading and motility by negatively reg-
ulating the signaling pathway downstream of EGFR
[16]. PMA has been reported to inhibit the growth of
MCEF7 cells by up-regulating PKCS and p21 [17). An-
other phorbol ester, 12-O-tetradecanoyl-phorbol-13-ace-
tate (TPA), not only acts as a tumor promoter, but also
induces apoptosis in breast cancer cell lines by a mecha-
nism that is thought to involve the up-regulation of p2l
and Bax, but to be independent of p53 [18].

The distinct functions of different PK.C isozymes are
gradually being clarified [19-25] For example, in
MCF7 breast cancer cells, PKCn inhibited TNF-a-in-
duced cell death by blocking caspase activation [8],
and tamoxifen induced PKCe translocation to the cell
membrane and inhibited growth [26]. The atypical
PKCl blocked the phosphorylation of Akt in breast
cancer cells [27], while the over-expression of PKCux
inhibited the estrogen receptor (ER) [28]. In breast can-
cer patients, changes in the expression and localization
of PKCn [29] and down-regulation of PKCe« [30] have
been reported. Therefore, the effects of different PKC
isozymes on the proliferation, differentiation, and death
of cancer cells might also depend on the type of cell. By
clarifying the role of PKKCs in breast cancer ¢cells, we ex-
pected these experiments to contribute to the treatment
of breast cancer patients.

Members of the mitogen-activated protein kinase
{MAPK) family, including extracellular signal-regulated
kinase MAPK (ERK MAPK), c-jun NH,-terminal ki-
nase (JNK), and p38, are crucial regulators of the pro-
tein kinase cascades that transfer extracellular signals
to the nucleus. ERK MAPK is activated by many
growth factors, and this involvement in cell proliferation
and differentiation has made it a focus for carcinogene-
sis research [31,32). JNK and p38 are thought to play a
role in stress responses, inflammatory reactions, and
apoptosis [33,34].

Many reports suggest that PKC plays a role in
MAPK. activation. In PMA-treated lung cancer cells,
two PKC isozymes, PKCa and PKCg, were shown to
be involved in the activation of JNK [35]. In breast can-
cer cells, HER2 and PKC3 were shown to be involved in
the activation of ERK MAPK by estrogen [36], and
PKCux, -B, and -8 translocation preceded the accelera-
tion of ERK. MAPK phosphorylation and cell prolifer-
ation, induced by angiotensin II [37]. Thus, there
appears to be a close relationship between PKC and
MAPXK: if this could be clarified in breast cancer cells,
PKC could be established as a new target [or breast can-
cer therapy.

This study aimed to investigate the effects of activat-
ing endogenous PKC with PMA on cell proliferation
and the cell cycle in SKBR-3 breast cancer cells. We
aimed to identify the PKC isozymes involved in cell
proliferation using PKC inhibitors and recombinant
adenovirus vectors expressing wild-type and dominant-
negative PKCu and -5 genes. The signaling pathways
downstream of PKC were investigated by looking at
changes in ERK MAPK and JNK phospherylaticn.

Materials and methods

Materials. PMA. GF109203X (bisindolylmaleimide [}, G86976,
and rottlerin were purchased from Alexis (San Diego, CA).

Cell eniture. The SKBR-3 human breast cancer cell line was pur-
chased from the American Type Culture Collection (Manassas, VA)
and cultured in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with [0% fetal bovine serum (FBS), penicillin (100 U/mby,
and streptomycin (100 pg/ml) at 37 °C in 5% CO,.

Treatment with phorbol esters. SKBR-3 cells were treated with 1, 3
or 19 nM PMA in DMEM with 10% FBS for 1 h and then the medium
was changed. This short treatment with low PMA concentrations
would not down-regulate PXC. Cells were counted at 24, 48, 72, and
96 h after 0.05% trypsin treatment with a hemocytometer and cell-
proliferation curves were prepared.

Flow cytometry, Cells were fixed with 70% ethanol, stained with
1 mg/ml propidium iodide, and the cell-cycle distribution was analyzed
by flow cytometry (FACScan; Becton-Dickinson, CA).

Western blot analysis. SKBR-3 cells in sample buffer (50 mM
Tris-HCI, pH 6.8, 10% glycerol, 2% SDS, 0.000125% bromophenol
blue, and 5% B-mercaptoethanol) (10 ng protein) were separated by
sodium dodecyl sulfate—polyacrylamide gel (SDS-PAGE} and
transferred to nitrocellulose membranes. Membranes were blocked
for 24 h with phosphate-buflered saline (PBS) containing 5% milk
and 0.1% Tween 20, and then incubated for 24 h with one of the
following primary antibodies: anti-PKCa and anti-PKC3 (1:1,000;
Transduction Laboratories, Lexington, KY); anti-phosphe ERK
MAPK, and anti-phospho JNK (1:1,000; Cell Signaling Technology,
Beverly, MA); anti-p2] (1:1000; Santa Cruz Biotechnology. Sunta
Cruz, CA}); anti-<cyclin A (1:1000; Upstate Biotechnology, Lake
Placid, NY): anti-cyclin D1 and anti-cyelin E {1:1000; PharMingen,
San Diego, CA): anti-B-actin (1:1000, Sigma, Saint Louis, MQ); or
anti-Rb and anti-phospho Rb (Ser807/811, Ser780, and Ser795)
(1:1000; Cell Signaling Technology, Beverly, MA). Afier washing
three times with PBS containing 0.1% Tween 20, the membrane was
incubated for 60 min with a horseradish peroxidase-conjugated anti-
moeuse or anti-rabbit secondary antibody {1:3000; Bio-Rad, CA) and
bands were detected by enhanced chemiluminescence (ECL; Western
blotting detection system; Amersham Biosciences, Buckinghamshire,
UK).

Wild-type PKC and dominant-negative PKC adenovivus. Wild-type
PK.Cx adenovirus {(WTPK CaAdV), dominant-negative PKCa adeno-
virus (DNPKCaAdV), wild-typc PKCS adenovirus (WTPKC3AdV),
and dominant-negative PKCS adenovirus {DNPKCSAdAV) were ob-
tained from Dr. M. Oba (Showa University, Tokyo) and Dr. T.
Kuroki (Gifu University, Gifu), and have been described elsewhere
(38,391 AdVs were amplified in HEK 293 cells using standard tech-
niques (40]. A LacZ-expressing adenovirus (LacZAdY) was used a5 a
control [10.41]. For infection experiments, SKBR-3 cells were seeded
into six-well plates, grown to a density of 60-70%, and infected for
14 h at multiplicities of infection (MOI) from | to [00 plaque-forming
units/eell (pfufeell). The medium was then changed and the cells were
cultured for a further 24 h,
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Statistical analpsis, Statistical analysis was performed using Stu-
dent’s ¢ test, with p values <0.05 considered to be statistically
significant.

Results
Effect of PMA on SKBR-3 cell growth and cell cycle

When the PKC activator, PMA, was added to
SKBR-3 cell cultures at 1, 3, and 10 nuM for I h, it inhib-
ited cell growth in a concentration-dependent manner
(Fig. 1A). After 96 h, cell numbers were reduced to
42% at 3nM PMA and 60% at [0nM PMA of the
control.

The effect of PMA on the cell cycle was analyzed by
flow cytometry. While 56% of the cells in the control
group were in the Go/G, phase, 75% of the cells treated
with 3 oM PMA, and 78% of those treated with 10 nM
PMA, were in Go/G after 72 h (Fig. 1B). This marked
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Fig. 1. Effect of PMA on SKBR-3 cell growth and cell cycle. {A)
Different concentrations of PVA (1-10 nM} were added to SKBR-3
cells for 1 b in six-well plates, then washed with PBS and cultured with
10% FBS-DMEM. Cell number was counted after 24, 48,72, and 96 h.
Data are expressed as means % standard ervor (SE) of three indepen-
dent experiments. (B) PMA (3 or [0 nM) was added to cell cultures for
| h. then washed with PBS and cultured with [0% FBS-DMEM. After
72 h the cells were harvested, fixed, stained with propidium iodide, and
analyzed by flow cytometry. The results of a representalive experiment
are shown. Similar results were obtained in two additional
experiments.

increase in the number of cells in Gy/G, suggested that
the role of PKC in growth arrest should be investigated
further.

Effect of PMA on cell-cycle regulators

We focused our studies on the cell-cycle regulators
that are essential for Go/G; progression, looking at
changes in the phosphorylation of Rb protein, and in
the expression of p21 and cyclin proteins. SKBR-3 cells
were treated with 3 nM PMA for | h to activate endog-
enous PKC and subjected to Western blotting after 0,
24, and 48 h. After 24 h, phosphorylation of Rb protein
at Ser 807/811 and Ser 795 was inhibited, but there was
no change in the phosphorylation at Ser 780 (Fig. 2).
This provided clear evidence that phosphorylation of
Rb protein, which has an important role in Go/G, pro-
gression, was inhibited by PMA. By contrast, no p2l
protein expression was detected, and no changes were
seen in the expression of cyclins A, D1, and E (data
not shown).

Effect of PKC inhibitors

We next used a PKC inhibitor (GF109203X), a spe-
cific PKC3 inhibitor {rottlerin), and a specific classical
PK.C inhibitor (G66976) to confirm that PKC medi-
ated the effect of PMA on SKBR-3 cells. As SKBR-3
cells do not express PKCB or PKCy [42], G66976 acted
as a specific PKCa inhibitor in these cells. Cells were
pre-treated with the PKC inhibitors, 1 h before the
addition of PMA (3 nM for 1 h), and the effects on cell
proliferation were assessed after 24 h. GF109203X
(5 tM) almost completely blocked the inhibition of
proliferation induced by PMA alone, with a final cell
count similar to that of the control without PMA.
Rottlerin (0.5 uM) partially blocked the effect of
PMA, with a significant difference (p <0.05) between

PMA (3nM) 0 24 48 (h)

o-Rb ser807/811 I WG Dot b
10 067 0098

pRoser7a0 [ s s cmtpon J
10 112 113

p-Rb ser795 | Pt sk I
10 008 0.15

total-Rb SRR iRy WS

Fig. 2. PMA-induced changes in phosphorylation of Rb prolein,
Three nanomolar PMA was added to SKBR-3 cells for | h and Rb
phosphorylation was assessed by Western blot analysis. Values
indicate density of the band.
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the cell numbers after PMA treatment alene, and after
treatment with the PKC3-specific inhibitor plus PMA.
However, G66976 (0.2pM) had no effect on the
PMA-induced inhibition of proliferation, with no sig-
nificant difference observed from the PMA treatment
alone, demonstrating that PKCe did not have a role
in regulating SKBR-3 cell proliferation. By contrast,
the effects of the other PKC inhibitors showed that
the inhibition of SKBR-3 cell proliferation by PMA
did involve PKC activation, with PKCS implicated as
the isozyme involved (Fig. 3).
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Fig. 3. Effects of PKC inhibitors. SKBR-3 ¢elis were incubated with
5 uM GF109203X, 0.5 pM rottlerin or 0.2 pM G&6976 | h before the
addition of PMA {3 nM for 1 h). Cell numbers were determined after
24 h. Data are expressed as means+ SE of three independent
experiments (N3, not significant}.

Effects of over-expressing wild-type PKCo and PKC§ in
SKBR-3 cells using adenovirus vectors

To confirm that PKCS, and not PKCa, has a role in
the inhibition of SKBR-3 cell proliferation, we looked at
the effects of over-expressing these proteins using aden-
oviral vectors. When SKBR-3 cells were infected with
either WTPKCaAdV or WTPKCBAAV at MOIs be-
tween | and 100 pfu/cell, dose-dependent increases in
the levels of PKCo and PKC8 were observed at 24 h
after infection (data not shown). SKBR-3 cells were in-
fected with 3 pfu/cell WTPKCuAdV, WTPKC3AdYV or
LacZAdV and the cells were counted after 24, 48, and
72 h. No differences were seen between the control and
LacZAdV groups. By contrast, in the WTPK.CSAdV-in-
fected group, cell proliferation was strongly inhibited
{Fig. 4B), but no inhibition was observed in the
WTPKCaAdV-infected group (Fig. 4A).

The cell-cycle distribution of SKBR-3 cells infected
with 3 pfufcell WTPKCaAdY or WTPKC3AAY was
analyzed by flow cytometry. After infection with
WTPKCBAdYV, the percentage of cells in Go/G,; in-
creased to 84%, compared to 66% in the control cells,
and 74% in the PMA-treated cells. By contrast, the per-
centage of cells in Gp/G, after infection with
WTPKCaAdV was as low as 56%, which was lower than
that in the control group (Fig. 4C). This increase in the
percentage of SIKBR-3 cells in the Go/G, phase when
PKC& was over-expressed strongly supported the
involvement of PKCS5 in the induction of G, arrest by
PMA. The results of over-expressing PKCaAdV ex-
cluded the involvement of PKCa.

Effects of dominant-negative PKC adenoviral vectors in
SKBR-3 cells '

SKBR-3 cells were infected with 3 pfufeell of
DNPKCoAdV, DNPKC3AdV or LacZAdV, and then
treated with 3 nM PMA, to look at the effect of blocking
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120 r 1 ——conkol 0r [e—cona o | b R —
- —4—PKCoc 3401 —B-PKCH aMO! 7. - , .
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§ —i—LacZ 3M0I g —i— LacZ 3MOI gom b 1 : 7 s
= ¥ 2wp ' ea |74 B4 7| leswst
8w 3 0% F L . . 56
2} . . :
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) ) 9 ) : — 1 WTPKCSAdV(3MDl) - - * -
th 24h 1 ™ gh 24h 48h 72h WT PKCou AdV (3MO1)) - - - +

Fig. 4. The cflects of WTPKCaAdV and WTPKCSAAY on cell numbers and cell-cycle distribution. (A) Cells were infected with WTPKCaAdY or
LacZAdV. or (B) WTPKCSAdY or LacZAdY, at 3 pfufeell for 14 h. Cell numbers were determined 24, 48, and 72 v later. Data are expressed as
means £ SE of thres independent experiments. (C) Cells were infected with PKCxAdV or PKC3AY (MOl =3 pfufcell for 14 h), or treated with
2 nM PMA, harvested 72 h later, fixed, stained with propidium iodide, and analyzed by flow cytometry. The results of a representative experiment are

shown. Similar results were obtained in two additional experiments.
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PKC expression on the inhibition of proliferation by
PMA. Cells infected with the control LacZAdV vector
showed no difference from PMA-treated uninfected
SKBR-3 cells. The proliferation of DNPKCSAdV-in-
fected cells was significantly different (p <0.05) from
the cells infected with LacZAdV after PMA treatment,
showing that the inhibition of cell proliferation by
PMA was blocked by DNPKCS. However, there was
no significant difference in the proliferation of cells in-
fected with DNPKCoAdV or LacZAdV after PMA
treatment (Fig, 5). These results provided further evi-
dence that PKCS, rather than PKCa was involved in
the PMA-induced G, arrest of SKBR-3 cells.
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Fig. 5. The eflects of DNPKCaAdV and DNPKCSAdV on cell
numbers. Cells were infected with DNPKCaAdV, DNPKCSAAY or
LacZAdV at 3 plufcell for 14 h, and then 3 M PMA was added to cell
cultures for |h. Cell numbers were determined 24 h later. Data are
expressed as means = SE of three independent experiments (NS, not
significant).
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Fig. 6. The effect of PMA on ERK MAPK and JNK phosphorylation.
SKBR-3 cells were treated with 3 nM PMA for | h and then used in
Western blot analysis for phospho-ERK MAPK, phospho-JNK, and
B-actin. Similar results were obtained in two additional experiments.
Values indicate density ol the band.

Effect of PMA on MAPK activation

In the next series of experiments, we used Western
blot analysis to investigate the downstream signaling
from PKC, looking at changes in the phosphorylation
of ERK MAPK and INK after PMA treatment. Phos-
phorylation of ERK MAPK was inhibited 6h after
exposure to PMA and remained low for at least 24 h.
By contrast, JNK phosphorylation was increased by
12 h after PMA treatment (Fig. 6).

Discussion

The results presented here have clarified the role of
PKC in the inhibition of SKBR-3 cell proliferation by
PMA. The effects of PKC inhibitors demonstrated that
the activation of PKC by PMA was essential to the
induction of G, arrest, and that the PKC isozyme in-
volved was PKC8 and not PKCe. Experiments that in-
fected SKBR-3 cells with recombinant adenovirus
vectors containing wild-type and dominant-negative
PKCa and PKCS supported these conclusions. The
over-expression of PKC3 using WTPKCSAAV inhibited
cell preliferation and induced Gy arrest in a similar way
to PMA treatment,” whereas infection with
WTPKCaAdV had no effect. Similarly, when SKBR-3
cells were infected with dominant-negative adenoviral
vectors, the blockade of the PMA-induced inhibition
of cell proliferation was significant with DNPKCSAdV
but not with DNPKCaAdV. Although these results
clearly demonstrated the involvement of PKCS§, the
PKCd-specific inhibitor, rottlerin, only partially inhib-
ited the PMA-induced effects, suggesting that other iso-
zymes could also be involved. We have recently shown
that over-expression of other novel PKCs, PKCr, and
PKCs, inhibited proliferation, although more weakly
than PKC3 (unpublished data), suggesting that the ef-
fects of PMA were mediated by the activation of several
nPKC isozymes.

There have been other reports that PKC regulated
the cell cycle. Fima et al. [43] reported that PKCn pro-
moted the proliferation of MCFT7 cells, and that expres-
sion of PKCn up-regulated the G,-associated cyclins D
and E. Inhibition of PKC« and PKC8 has also been
shown to arrest cells in Gy, and to be accompanied by
the induction of p21 expression and the inhibition of
Rb phosphorylation [44]. These reports, along with
our data, suggest that PKC might be an important
cell-cycle regulator. However, in this study, PMA did
not induce changes in cyclin expression, suggesting that
G arrest in these cells might be caused by the reduction
of cyclin dependent kinase (cdk} activity or some other
unidentified factor.

Other studies with SKBR-3 cells have shown that
10 nM TPA treatment for 48-72 h induced apoptosis by



G, Yokovana et al. | Biochemical and Biophysical Research Connnmticetions 327 (2005 ) 720-726 725

a mechanism involving the up-regulation of p21 and Bax
(18], and that TPA-induced growth arrest, increased the
expression of p2!, and decreased the expression of c-
Myc [45]. Both reports identified the importance of
changes in p2[ expression, but neither mentioned the role
of PKC. We found that PMA induced G, arrest when
used at a low concentration (3 nM) for a short period
(1 h), but we saw no evidence of apoptosis (data not
shown). We suggest that when cells are exposed to phor-
bol esters for long periods, activated PKC is gradually
metabolized and disappears, and its activation is down-
regulated. Therefore, it appears that phorbol esters have
different biological effects under different experimental
conditions, even when the same cell line is used, and that
p2l isnotinvolved in the inhibition of proliferation under
our experimental conditions.

We also looked at the signaling pathways down-
stream of PKC after PMA treatment, and found that
ERK MAPK phosphorylation was inhibited and JNK
phosphorylation was increased. We therefore propose
that the inhibition of SKBR-3 cell proliferation induced
by PMA involves a pathway initiated by the activation
of PKC, followed by the inhibition of ERK MAPK
phosphorylation for 6h and the promotion of JNK
phosphorylation for 12 h, which then inhibits the phos-
phorylation of Rb proteins and causes G, arrest. Others
have reported similar signaling relationships between
PKC and JNK {46], and in MCF7 cells that were in-
duced to secrete MMP9 by TPA, which promoted the
activation of Ras, the phosphorylation of c-Raf,
MEK1/2, and ERKI1/2, and also involved the PKC3
Ras/ERK signaling pathway [47].

In conclusion, PKC (mainly PKC8) causes G, arvest
in the SKBR-3 breast cancer cell line by a mechanism
involving a PKC-ERK MAPK-INK-Rb protein signal-
ing pathway, suggesting that PXC could be a target for
breast cancer treatment,
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ABSTRACT

Breast cancer resistance protein (BCRP), also called ABCG2, confers
resistance to snticancer agents such as 7-ethyl-10-hydroxycamptothecin
(SN-38), mitoxantrone, and topotecan. We found previously that sulfated
estrogens are physiologic substrates of BCRP. Flavonoids with weak
estrogenic activities are called phytoestrogens. In this study, we show that
phytoestrogens/flavonoids, such as genistein, naringenin, acacetin, and
kaempferol, potentiated the cytotoxicity of SN-38 and mitoxantrone in
BCRP-transduced K562 (KS62/BCRP) cells. Some glycosylated fla-
vonoids, such as naringenin-7-glucoside, also effectively inhibited BCRP.
These Aavonoids showed marginal effect on the drug sensitivity of K562
cells, Genistein and naringenin reversed neither P-glycoprotein-mediated
vincristine resistance nor multidrug resistance-related protein 1-mediated
VP-16 resistance. Genistein and naringenin increased cellular accumula-
tion of topotecan in K562/BCRP cells. K362/BCRP cells also accumulated
less [*H]genistein than K562 cells. [*Hlgenistein transport in the basal-to-
apical direction was greater in BCRP-transduced LLC-PK1 (LLC/BCRP)
cells, which express exogenous BCRP in the apical membrane, than in
parental cells. Fumitremorgin C abolished the increased transport of
[*Hlgenistein in LLC/BCRP cells compared with parental cells. TLC
analysis revealed that genistein was transported in its native form but not
in its metabolized form. These results suggest that genistein is among the
natural substrates of BCRP and competitively inhibits BCRP-mediated
drug efflux. The results have two important clinical implications: (a)
flavonoids and glycosylated flavonoids may be wvseful in overcoming
BCRP-mediated drug resistance in tumor cells; and (b) coadministration
of flavoneids with BCRP-substrate antitumor agents may alter the phar-
macokinetics and consequently increase the toxicity of specific antitumor
agents in cancer patients.

INTRODUCTION

Multidrug-resistance (MDR; Ref. 1) is a phenomenon in which
cancer cells display cross-resistance to structurally unrelated drugs
(2). During chemotherapy, cancer cells displaying an MDR phenotype
gradually appear in the course of repeated chemotherapeutic drug
regimens, and patients displaying MDR phenotype eventually become
nonresponsive to these treatments. Breast cancer resistance protein
(BCRP), also called ABCG?, is a half-transporter with a molecular
weight of M, 70,000 and is a member of the ATP-binding cassette
transporters (I, 3, 4). BCRP mediates concurreni resistance to che-
motherapeutic agents, such as SN-38 (an active metabolite of CPT-
11), mitoxantrone, and topotecan, presumably by pumping these com-
pounds out of the cell and thus decreasing their cytotoxic effects (1,
3-6). We reported previously that estrone and |7 8-estradiol circum-
vented BCRP-mediated drug resistance (7), and we have demon-
strated recently that BCRP transports sulfated estrogens as physio-
logic substrates (8). In light of the findings that BCRP interacts with
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estrogens and sulfated estrogens, we then screened synthesized estro-
gen agonists and antagonists for BCRP inhibitors and found that
tamoxifen derivatives effectively circumvented BCRP-mediated drug
resistance (9). These tamoxifen derivatives showed weaker affinity for
estrogen receptors than 17@3-estradiol, which might serve for devel-
opment of BCRP inhibitors with fewer clinical side effects.

In the present study, we examined the possible effects of phyto-
estrogens and other flavonoids in BCRP-mediated MDR. The chem-
ical structures of isoflavones resemble those of estrogens, and their
weak estrogenic activities have been reported previously (10). Isofla-
vones constitute a group of flavonoids that are particularly abundant
in soybean, and genistein, a member of the isoflavones, revealed
stronger BCRP-inhibitory effects than estrone. Naringenin, a member
of the flavancones that is contained in grapefruit juice, also showed
BCRP-inhibitory effects. In addition, many other flavonoids, espe-
cially flavones, were found to strongly reverse BCRP-mediated drug
resistance with few growth-inhibitory effects on cells. The BCRP-
inhibitory effect of flavonoids might be explained, in part, by com-
petitive inhibition of the BCRP-mediated efflux of anticancer agents
because genistein was found to be a natural substrate that is trans-
ported by BCRP. The mechanisms by which isoflavones and other
flavonoids inhibit drug export by BCRP curtently are under investi-
gation.

MATERIALS AND METHODS

Reagents. Flavonoids used in these experiments were purchased from
Funakoshi (Tokyo. Japan). Anti-P-glycoprotein monoclonal antibody C219
was purchased from Centocor (Malvern, PA), and anti-MRP1 menoclonal
antibody MRPm6 was obtained from Nichirei (Tokyo, Japan). [JH]gcnislcin 6]
Ci/mmol) was obtained from American Radiolabeled Chemicals (St. Louis,
MO).

Establishment of K562/BCRP, LLC/BCRP, K562/MDR, and KB/MRP
Cell Lines. K562 human leukemic cells were grown in RPMI 1640 medium
supplemented with 10% fetal bovine serum at 37°C in 5% CO,. X562/BCRP
cells were established by transduction of K562 cells with HaBCRP retrovirus,
bearing human BCRP ¢cDNA, and subsequent selection with 20 ng/m] SN-38
for 5 days. LLC-PK| cells, epithelial cells of the porcine kidney, were cultured
in M99 medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum. LLC/BCRP cells were established by the transduction of LLC-
PKI cells with HaBCRP retrovirus and subsequent sclection with increasing
doses of mitoxantrone (2, 4, and 8 nm) for 17 days. The resulling mixed
population of drug-resistant cells was used in this study as described previ-
ously (8, |1). K562/MDR cells were established by transduction of K562 celis
with HiIMDR retrovirus containing human MDRI ¢cDNA, and this was fol-
lowed by selection using 4 ng/ml vincsistine for 7 days {12). KB-3-1 human
epidermoid carcinoma cells were cultured in DMEM supplemented with 10%
fetal bovine serum at 37°C in 5% CO,. KB/MRP cells were established by
intreduction of the pJ3U-MRPI construct bearing human MRPI cDNA into
KB-3-1 cells., followed by selection with increasing concentrations of doxo-
rubicin (13). Expression of BCRP in K562/BCRP and LLC/BCRP cells,
expression of P-glydoprotein in K562/MDR, and expression of MRPI in
KB/MRP celis were confirmed by Western blot analysis with the anti-BCRP
polyclonal antibody 3488, anti-P-glycoprotein monoclonal antibody C219, and
anti-MRP| menoclonal antibody MRPmG, respectively. The Western blot
analysis procedure is described elsewhere (11}

Cell Growth Inhibition Assay. The effects of specific compounds on the
sensitivity of cells to SN-38 and mitoxantrone were evaluated by measuring
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cell growth inhibition after incubation at 37°C for 5 days in the absence or
presence of various concenirations of anticancer drugs in combination with the
specific chemicals being examined. Cell numbers were determined using a cell
counter {Sysmex, Kobe, Japan). ICy, values {drug dosages that cause 50%
inhibition of cell growth) were determined from growth inhibition curves.

Intracellular Topotecan Uptake. The effects of specific compounds on
the cellular accumutation of topotecan were determined by flow cytometry.
Cells (5 X 10%) were incubated with 20 M topotecan for 30 min at 37°C in
the absence or presence of modifying agents, washed in ice-cold PBS, and
subjected to fluorescence analysis using FACSCalibur (Becton-Dickinson, San
Jose, CA).

Cellular [*H]Genistein Accumulation in KS62/BCRP Cells, Either K562
or K562/BCRP cells (2 X 10%) were incubated with 30 nm [*H]genistein for 0,
1, 2, or 4 h at 37°C. The cells then were washed with ice-cold PBS, dissolved
in 100 u! PBS plus 400 pl Soluene-350 (Packard, Downer’s Grove, IL), and
mixed with 5 ml ACS II scintillation mixture (Amersham, Piscataway, NI).
Radioactivity levels were measured using a scintillation counter {Beckman,
Fullerton, CA}).

Transcellular Transport Assay of [*H]Genistein and Silica Gel TLC of
Transported Compounds. Details of the experimental procedure are de-
seribed previously (8). Briefly, exponentially growing LLC-PK1 andfor LLC/
BCRP cells were plated on 3-pm pore Transwel! 3414 filters (Corning Costar,
Cambridge, MA) at a density of 2.4 X 106 cells/well and culwured for 3 days.
Culture medium in the upper and lower wells was replaced with 2 ml of
serum-free M199 medium 1.5 h before beginning the experiments. When
needed, fumitremorgin C was added to the apical and basal side medium at this
time (14). The medium in either the upper or lower well then was replaced with
2 ml of medium containing **C-labeled inulin and/or *H-labeled genistein. The
cells were incubated at 37°C in 5% CO., and 50 ul of the medium from the
opposite side were sampled at 1, 2, and 4 h following the addition of
radiolabeled compounds. The radioactivity of each sample was measured by
liquid scintillation counting and expressed as a percentage fraction of the total
radiocactivity before incubation. All of the data were presented as mean values
with SD of triplicate determinations from three different cultures.

For silica gel TLC, 50 pl of medium in the opposite side of the chamber
following incubation were mixed with {00 w! of methanol, spotted, and run on
silica gel 60 Fay, plates {Merck, Darmstadt, Germany) in chloroform/metha-
nol/acetic acid (8:3:1). Separated zones were excised, and their radioactivities
were measured using a liquid scintillation counter. The radioactivities were
expressed as a percentage fraction of the iotal radioactivity before incubation.
Each point represents a mean value with SD of triplicate determinations.

Statistical Analysis. The two-sided unpaired Student’s ¢ test was used to
evaluate the statistical significance of the differences between the two sets of
data. The differences were considered significant when P < 0.05.

RESULTS

Characteristics of K562/BCRP, LLC/BCRP, K562/MDR, and
KB/MRP Cells. Among the four drug-resistant cell lines used in this
study, K562/BCRP cells expressed BCRP but not P-glycoprotein or
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Fig. . Analysis of expression kewvels of breast cancer resistance protein (BCRP),
P-glycoprotein, and MRPI in ransfected cells by Western blot analysis. Cell Tysates {20
ugflane) were resolved by SDS-PAGE and blotted onto nitrocellulose membranes. A,
BCRP expression. Blots were trealed with anti-BCRP pelyclonal antibody 3488. B,
P-glycoprolein expression, Blots were treated with anti-P-glycoprotein antibody C219. C,
MRP1 expression. Blols were Ireated with anti-MRP1 monoclenal amibedy MRPm6. /,
K562 cells, 2, KSG2IBCRP cells. 3, KSO2MDR cells. 4, KB-3-1 eells. 5, KB/MRP cells,
6. LLC-PKI cells. 7, LLC/BCRP cells.

Table | Drug resistences of KS62/BCRP, K562/MDR, and KB/MRF ceils

Cells were cullured for 5 days with increasing concentralions of anticancer diugs. Cell
numbers were measured with a Coulter counter and [Cs,, values were then determined.
The degree of drug resistance is calculated as the 1C, ratio of resistant cells divided by
that of the parental cells. The data are represented as mean values * SD from triplicate
determinations.

Parental eell Resistaat cell Drug Degree of resistance
K562 K562/BCRP SN-38 24.8 = 0.63
K562 K562/BCRP Mitoxantrone 101 £027
K562 K562/MDR Vincristine 173 £ 18.7
KB-3-1 KB/MRP VP16 10.3 + 0.60
HO. HO oH
HO-
OH O
o o 0
Estrone Genlstein Naringenin

] H H
Hi KO Glucose-
CH H H

Acacetin Kaempferol Naringenin-7-glucoside

Fig. 2. Chemical structures of estrone and the indicated phytoestrogens/flavonoids.

MRP1. LLC/BCRP cells expressed BCRP. K562/MDR cells ex-
pressed P-glycoprotein but not BCRP or MRPI, and KB/MRP cells
expressed MRP1 but not BCRP or P-glycoprotein (Fig. 1). Expression
of BCRP, P-glycoprotein, or MRP1 was not detected in parental K562
and KB-3-1 cells.

K562/BCRP cells showed significantly higher resistance to SN-38
and mitoxantrone than K562 cells (Table 1). LLC/BCRP cells were
five to six times more resistant to SN-38 and mitoxantrone than
parental LLC-PK1 cells as described previously (8). K562/MDR cells
showed significantly higher resistance to vincristine than K562 cells,
and KB/MRP cells were significantly more resistant to VP-16 than
KB-3-1 cells {Table 1). Protein expression and drug-resistance levels
in each resistant cell line were stable for at least 2 months.

Reversal of BCRP-Mediated Drug Resistance by Flavonoids.
Estrone, 17(3-estradiol, estrogen agonists, and estrogen antagonists
reverse BCRP-mediated drug resistance. In the present study, we
examined the potential reversal effects of phytoestrogens/flavonoids
because they have been shown to have weak estrogenic activities (10).
Structures of representative flavonoids are shown in Fig. 2. We first
examnined the effects of representative phytoestrogens, genistein and
naringenin, on drug resistance in K562/BCRP cells (Fig. 3, A-C).
Reversal indexes (ratios of IC;, measurements in the absence of
reversing agents divided by levels in the presence of reversing agents)
of 3 uM (10 um) genistein for SN-38 and mitoxantrone were
7.23 £ 0.35 (16.4 £ 0.56) and 6.28 *= 0.51 (11.7 £ 0.40), respec-
tively. In addition, reversal indexes of 3 uM (10 M) naringenin for
SN-38 and mitoxantrone were 594 * 0.26 (152 * 0.92) and
3.42 = 0.27 (10.6 = 0.30), respectively. The reversing effects of
genistein and naringenin proved to be greater than estrone. Analysis
then was extended to other Ravonoids, many of which reversed
BCRP-mediated SN-38 resistance at a fixed concentration of 3 um
(Fig. 4). The flavones acacetin, apigenin, chrysin, diosmetin, and
luteolin and the flavonols kaempferide and kaempferol displayed
strong reversal effects (Fig. 3, D and E, and Fig. 4). Reversal indexes
of I pm (3 wa) acacetin for SN-38 and mitoxantrone were
152 = 110 (214 = 0.34) and 9.89 = 0.27 (9.71 % 0.81), respec-
tively. Reversal indexes of 1 um (3 um) kaempferol for SN-38 and
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