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Abstract Apoptosis is an important phenomenon in
cytotoxicity induced by anticancer drugs. Here, we re-
view the current status of the molecular mechanisms of
anticancer drug-induced apoptosis in order to assess the
contribution of molecular-level analysis to cancer che-
motherapy. It is apparent that the molecular mecha-
nisms by which anticancer drugs induce apoptosis are
mediated by death receptor-dependent and -independent
pathways, which are related to the release of cytochrome
¢ through voltage-dependent anion channels in the mi-
tochondrial inner membrane. The release of cytochrome
¢ is the central gate in turning on/off apoptosis, and is
regulated by the interaction of proapoptotic proteins,
including Bid, Bax and Bak, and antiapoptotic proteins
including Bcl-2 and Bcl-X;, and a specific class of in-
hibitors of apoptosis proteins (IAPs) including Akt,
survivin, and heat-shock proteins. The caspase cascade
is activated by the release of cytochrome ¢, which is
initiated by the formation of apoptosomes consisting of
procaspase-9, Apaf-1 and cytochrome ¢ in the presence
of dATP, and results in the activation of caspase-9 and
caspase-3, thereby leading to apoptosis. Drug sensitivity
can be enhanced by the introduction of proapoptotic
genes and the inhibition of antiapoptotic proteins. The
latter process is mediated by antisense oligonucleotides
and is associated with apoptosis. The signal transduction
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pathways that are triggered by the central gate in
mitochondria play a critical role in anticancer drug-in-
duced apoptosis. The modulation of signal transduction
pathways targeting the proteins involved in these signal
transduction pathways using antisense IAPs, and growth
factor antibodies may be a good strategy for enhancing
therapeutic efficacy of anticancer drugs in cancer che-
motherapy.
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Introduction

The phenomenon of apoptosis, which is morphologi-
cally distinct from that of necrotic cell death, was first
described by Kerr et al. in 1972 [1]. In the cell under-
going apoptosis, extracellular stimuli induce nuclear
condensation and cellular shrinkage preserving the cell
membrane, whereas necrosis is characterized by de-
struction of the cell membrane via an increase in osmotic
pressure from outside the cell [1, 2, 3]. Apoptosis is
therefore known as programmed cell death and follows
the activation of signal transduction [4, 5]. In cancer
cells, the growth balance, which is determined as the
ratio between the rate of cell proliferation and incidence
of apoptosis, is uncontrolled, and the increase in
abnormal proliferation of cancer cells causes tumor



344

invasion and metastatic potential [6]. Cell proliferation
and apoptosis in tumor growth is regulated by several
oncogenes and tumor suppressor genes associated with
the cell cycle, as well as by apoptosis-related genes such
as those of the p53 and bcl-2 families [7, 8, 9].
Apoptosis is an important phenomenon in cancer
chemotherapy, because anticancer drugs exert their an-
titumor effect against cancer cells by inducing apoptosis.
The apoptotic body, which is characterized by nuclear
condensation and cell shrinkage is subsequently dealt
with by phagocytosis by tumor associated-macrophages.
Although the rate of apoptosis, which is assessed in
terms of the apoptotic index, is not necessarily high in
tumor tissues, the induction of apoptosis is correlated
with tumor response and clinical outcome in cancer
patients [10, 11, 12]. Resistance to apoptosis causes a
decrease in the sensitivity of cancer cells to drugs, re-
sulting in the failure of chemotherapy. Since the induc-
tion of apoptosis following chemotherapy is associated
with the activation of proapoptotic genes and the sup-
pression of antiapoptotic genes, attenuation of proa-
poptotic genes and increases in antiapoptotic genes
causes resistance to apoptosis. Thus, to increase the
therapeutic effect of cancer chemotherapy, the assess-
ment of molecular mechanisms and targeting apoptosis-
related genes may lead to new strategies for the
enhancement of the antitumor effect against target
organs. We review here recent advances in the elucida-
tion of the molecular mechanisms of apoptosis induced
by anticancer drugs, and discuss molecular targeting of
apoptosis-related genes for cancer chemotherapy.

General pathway of apoptosis

The general pathway of apoptosis is initiated by various
extracellular stimuli, such as DNA damage, heat shock,
Fas, and growth factor deprivation, and is known to be
an irreversible event. The process is activated by apop-
tosis genes and the caspase cascade (Fig. 1). The acti-
vation of caspase is mediated by two pathways
consisting of the initiator caspases, caspase-8 and -9, and
effector caspases, caspase-3 and -7 [5, 13]. DNA frag-
mentation is induced by the activation of endonuclease,
which in turn is activated by the cleavage of ICAD, re-
sulting in the activation of CAD [14, 15]. Another
pathway leading to apoptosis is the nuclear condensa-
tion pathway mediated by acinus [16].

Molecular mechanisms of apoptosis induced
by anticancer drugs

DR-independent pathway

The critical event in the initiation of apoptosis is mito-
chondrial dysfunction, which is regulated by bcl-2 family
proteins. Bcl-2 family proteins consist of only three
subfamilies, the proapoptotic and antiapoptotic pro-
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Fig. 1. Common pathways of apoptosis. Apoptosis is an irrevers-
ible event initiated by various extracellular stimuli, such as DNA
damage, heat shock, Fas, and growth factor deprivation, as well as
by activation of apoptosis genes and the caspase cascade. The
activation of the apoptotic signals can be blocked by Bcl-2 family
proteins. Apoptotic cell death can be subdivided into three types,
which are characterized by DNA fragmentation by CAD, cell death
without small DNA fragmentation, and chromatin condensation
by acinus

teins, including Bcl-2 and Bax, and the BH-3 subfamily
[17]. The antiapoptotic Bcl-2 subfamily includes Bel-X,
Bcl-w and Mcl-1, the proapoptotic Bax subfamily in-
cludes Bax, Bak and Bok proteins, and the BH-3 sub-
family includes Bik, Bim, Bad, and Bid proteins.
Sequencing alignment and mutagenesis studies have
identified up to four conserved domains in Bcl-2 family
proteins, which are termed BH-1, BH-2, BH-3 and BH-
4, and which have important functions. The BH-4 do-
main is found in only Bcl-2 protein and dimerizes with
proapoptotic proteins as part of the antiapoptotic
function, whereas the BH-3 domain is involved in the
proapoptotic function. The BH-1 and BH-2 domains
show ion channel activity for regulating the release of
cytochrome ¢ from mitochondria [18, 19]. The switching
on and off of apoptosis is determined by the ratio of
proapoptotic to antiapoptotic proteins [20, 21].

After induction of the apoptotic stimuli by anticancer
drugs, the proapoptotic proteins, including Bax, Bak
and Bad, are induced in accordance with their sensitivity
to the anticancer drugs. The activation of the bax gene
leads to an increase in the amount of protein, which
forms Bax homodimers that are translocated from the
cytoplasm to the mitochondria [22]. The homodimerized
Bax acts on VDAC, which is localized in the outer
membrane of mitochondria resulting in the release of
cytochrome ¢ which activates the caspase cascade. The
release of cytochrome c is also induced by heterodimers
with Bax and Bak in the same way [23]. Bak-deficient



leukemia cells are resistant to apoptosis induced by
etoposide and cisplatin, and the resistance to anticancer
drugs of Bak-deficient cells cannot be restored by re-
combinant Bax or truncated Bid [24]. Although Bax is
translocated from the cytosol to the mitochondrial
membrane following treatment with anticancer drugs,
Bax leaves the mitochondrial membrane, Bak colocalizes
in the Bax clusters to form Bax and Bak heterodimers
resulting in cell death progression [25].

With respect to the mechanism by which the Bax
homodimers release cytochrome ¢, three models have
been proposed: (1) cytochrome ¢ is released through a
VDAC in the mitochondrial outer membrane (VDAC-
Bax theory) [26], (2) Bax homodimers form another ion
channel in the mitochondria leading to the release of
cytochrome ¢ (Bax ion channel theory) [27], and
swollen mitochondria cause destruction of the outer
membrane, resulting in the release of cytochrome c¢
(destroyed outer membrane theory) [28]. Since it has
been shown that microinjection of a VDAC-neutraliz-
ing antibody inhibits apoptosis [29], it appears that the
release of cytochrome c¢ is mediated through the ion
channel. On the other hand, it has also been reported
that the release of cytochrome ¢ is inhibited by the
antiapoptotic proteins Bcl-2 and Bcl-X;, which, like
Bax, have ion channel activity [30, 31, 32]. Thus, it is
clear that regulation of apoptotic signals is mediated
through release of cytochrome ¢ in the mitochondrial
membrane following treatment with anticancer drugs,
and this process is regulated by the proapoptotic pro-
teins Bax and Bak, and the antiapoptotic proteins Bcl-2
and Bcl-Xy. The release of cytochrome ¢ from mito-
chondria has been shown to promote the oligomeriza-
tion of a cytochrome c¢/Apaf-1/procaspase-9 complex
(apoptosome) that activates caspase-9 resulting in the
cleavage of downstream effector caspase-3 and -7 in the
presence of dATP leading to apoptosis (Fig. 2) [17, 33,
34, 35].

Fig. 2. DR-dependent and -
independent pathways in anti-
cancer drug-induced apoptosis.
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DR-dependent pathway

Another pathway leading to apoptosis following treat-
ment with anticancer drugs is the DR-dependent path-
way mediated by Fas, DR4 and DRS5 in cancer cells [36,
37]. The DR pathway was initially identified by Fas/Fas
L and TRAIL/DR4 and DRS5 systems in immunological
response to cytotoxic T cell and TNF. Subsequent re-
ports have also indicated that an increase in the ex-
pression of Fas and DRS5 following treatment with
anticancer drugs is involved in the DR-independent
apoptotic pathway through activation of caspase-8 [38].
The mechanisms by which the stimulation of Fas in-
duces apoptosis are divided into two subpathways. First,
DISC (death-inducing signaling complex) formation,
which consists of Fas-associated DR domain, caspase-8
and Fas, resulting from stimulation of a large amount of
Fas leads to activation of caspase-8 followed by direct
cleavage of caspase-3 and leads in turn to apoptosis
(type I, mitochondria-independent pathway). Second,
stimulation of Fas activates caspase-8 to cleave Bid
protein, resulting in truncated Bid (tBid) and the release
of cytochrome ¢ from mitochondria, which is mediated
by dimerizing with Bak (type II, mitochondria-depen-
dent pathway) [39, 40]. A small amount of activated
caspase-8 is sufficient to activate caspase-3 through the
activated Bid protein for releasing cytochrome ¢ in mi-
tochondria. Only the type II pathway of apoptosis can
be blocked by overexpressed Bcl-2 of Bel-X; .

Cell survival factors (PI 3K/Akt pathway, Hsp,
survivin, and NF-xB)

Because Akt, a serine and threonine kinase, is known to
be an important survival factor in signal transduction
pathways involved in cell growth, this kinase is a
possible target for anticancer drug-induced apoptosis.

Cytoplasm

The central gate of cytochrome

| Receptor-dependent

eIl

¢ release in mitochondria is
regulated by a balancing of the
signals of proapoptotic proteins

Fas ]FasL %

“ | Bel-2/BelX, N

and IAPs. Drug sensitivity can FADD
be modulated by the activation TRAIL ]DRS DISC .+." Cytochrome c I_HspZ'J’
of proapoptotic proteins, in- N Procaspase-9
cluding Bax, Bak, and Bid, to ' ApafI |Ap0ptosome
release cytochrome ¢ leading to
apoptosis, and/or the blocking Type Caspase—9
of IAPs, including Bcl-2, Akt, / \
survivin, and Hsp27, in the DNA damage 7 ivi
regulation of premitochondrial (053) Caspase-3 Easpase- —— Survivin
and postmitochondrial actions Iil
Death substrate
|Receptor-independem pathway
| Apgptosis
| Akt ——
Membrane Nucleus



346

Overexpression of Akt has been reported to be involved
in drug resistance [41], and treatment with anticancer
drugs such as CPT-11 and growth factor deprivation
have been shown to suppress the activity of Akt leading
to loss of cell viability and apoptosis [42]. In this context,
it is worth noting that Bad, a BH-3 family protein, is
phosphorylated by Akt, which blocks dimerization with
Bcl-2 to promote cell survival [43, 44]. The activation of
Akt also directly inhibits caspase-9 in apoptosis [45]. Akt
activity is regulated by XIAP, and treatment with cis-
platin has been shown to decrease XIAP protein levels
and to induce Akt cleavage and apoptosis in drug-sen-
sitive ovarian cancer cells, but not in resistant cells [46].
The downregulation of Akt by anticancer drugs can
increase susceptibility to apoptosis in the signal trans-
duction pathways by targeting the ion channel and the
downstream region of caspase-9, thereby leading to
apoptosis.

The Hsps, including Hsp70 and Hsp27, are involved
in the inhibition of downstream apoptotic pathways [47,
48]. Hsp27 can block the formation of apoptosome
preventing procaspase-9 activation and therefore cas-
pase-9 activation[49], whereas Hsp70 can interact with
the antiapoptotic protein, Bcl-2, to inhibit the release of
cytochrome ¢ from mitochondria. Abrogation of Hsp70
expression by antisense Hsp70 has been shown to induce
apoptosis in oral squamous cell cancer cells, leading to a
decrease in Bcl-2 protein [50]. In contrast, although
treatment with the antisense Hsp70 induces apoptosis in
breast cancer cells, overexpression of Bel-2 and Bel-X
cannot protect against apoptosis in cancer cells [51]. It
remains to be determined whether Hsp70 and Bcl-2 in-
teract to contribute to the inhibition of apoptosis.

Survivin is a member of the apoptosis-inhibiting
family, along with Bcl-2 and Hsps, and is expressed in
different cancer tissues, including breast, lung, colon,
pancreas, stomach, and soft tissue sarcoma [52, 53, 54,
55, 56, 57]. Increased expression of survivin has been
correlated with a reduction in tumor cell apoptosis in
gastric and colorectal cancers, and is also associated
with shorter patient survival. Survivin can block
apoptosis induced by growth factor deprivation, anti-
Fas, and anticancer drugs [55, 58]. Interestingly, the
survivin gene is overexpressed in the G,/M phase of the
cell cycle, and downregulated following cell cycle ar-
rest, suggesting that it has an antiapoptotic function in
the G,/M cell cycle checkpoint for the progression of
transformed cells [58]. It has been hypothesized that
survivin blocks apoptosis by binding to and inhibiting
the activation of the effector caspases-3 and -7, but
not by inhibiting the initiator protease caspase-8
[55, 59]. A more recent report indicates that the loss of
phosphorylation on Thr34 results in dissociation of a
survivin-caspase-9 complex in mitosis, indicating that
phosphorylation of Thr34 by p34(cdc2)-cyclinBl may
be required to inhibit caspase-9 activation for cell
viability at cell division [60]. Treatment with cisplatin
has been shown to increase the expression levels of
mRNA and protein in gastric cancer cells, suggesting

that survivin expression may correlate with chemore-
sistance [61]. In contrast, treatment with antisense
survivin induces apoptosis, and sensitizes lung cancer
cells and HeLa cells to the chemotherapeutic agent
etoposide [62, 63]. Further, the transcriptional regula-
tion of survivin is mediated by wild-type p53, and its
overexpression markedly inhibits apoptosis induced by
DNA damage [64].

NF-xB is also known to be a member of the IAP
family which regulate immune and inflammatory re-
sponses as transcription factors [65]. NF-xB induces
cellular resistance to apoptosis by its transcriptional
activation of cellular IAP1 (cIAP1) and cIAP2, and
other specific antiapoptotic proteins including A20 and
Mn-SOD [66, 67]. It has been suggested that IAP in-
duced by NF-kB plays a more important role in cancer
progression than survivin. Transfection of the domi-
nant negative construct of I-kB (inhibitory factor of
NF-kB) has been shown to increase sensitivity to TNF,
doxorubicin, and paclitaxel in breast cancer cells [68].
NF-xB also contributes to resistance in CD95 and
TRAIL receptor-mediated apoptosis [69]. IAP inhibits
the functional activity of proapoptotic proteins, such as
Bax and Bak, as well as the activity of caspases by
binding to the proteins. NF-xB also induces transcrip-
tion of the bcl-2 gene, which has been identified as an
NF-«B site in the bcl-2 p2 promoter region in prostate
cancer cells [70]. Moreover, NF-xB can partially inhibit
the transactivation of the bax promoter by p53, which
has been identified as one of the three putative binding
sites for NF-xB in the human bax gene promoter [71].
In addition, phosphorylated Akt kinase is associated
with NF-xB expression in squamous cell carcinoma,
and this is mediated through activation of PI 3K-de-
pendent pathways [72]. NF-kB downregulates the JNK
cascades, suggesting a link between the NF-xB and the
JNK signaling cascades in promoting apoptosis [73,
74].

In contrast, it has been demonstrated that etoposide
and doxorubicin induce the NF-x-dependent activation
of both proapoptotic and a specific class of antiapop-
totic proteins including TRAIL and its DR, DRS, and
IAPs in human lung cancer cells [75]. Further, the in-
hibition of NF-xB activation by genotoxin induces a loss
of cell surface expression of TRAIL and DRS5, resulting
in chemoresistance of the tumors in vivo. In addition,
paclitaxel-induced inhibitor I-xB-alpha degradation and
NF-xB activation may contribute to the mediation of
paclitaxel-induced apoptosis in breast and ovarian can-
cer cells [76]. Further, activation of NF-kB is associated
with sensitivity to camptothecin in HeLa cells in accor-
dance with the low level of nonphosphorylated I-xB-
alpha [77]. These findings suggest that activation of
NF-xB in response to DNA damage is involved in both
positive and negative regulation of apoptosis, depending
on the target genes for transcriptional activation.
However, the detailed mechanism by which transcrip-
tional activation of NF-xB leads to apoptosis remains to
be elucidated.



Molecular targeting of apoptosis-related proteins
that enhance drug sensitivity

Enhancement of antitumor effect by introducing
apoptosis genes

Introduction of proapoptotic genes would be expected to
enhance drug sensitivity in association with apoptosis,
because the activation of proapoptotic genes is required
for the critical event of cytochrome ¢ release from mito-
chondria. The introduction of the bax gene into ovarian
cancer cells [78] and gastric cancer cells [79, 80]in vitro and
in vivo, and of bcl-Xs into breast cancer cells in vitro [81]
has been shown to enhance sensitivity to several drugs and
apoptosis. Further, the stable transfectant of the BAD
protein sensitizes human ovarian cancer cells to the cy-
totoxic effects of paclitaxel, vincristine, and to a lesser
extent etoposide [82]. It is conceivable that the enhance-
ment of apoptosis is also associated with induction of
cytochrome c release and caspase-3. It has also been re-
ported that introduction of the bax gene into gastric
cancer cells coactivates JINK1 and caspase-3, which are
more activated following treatment with docetaxel in the
bax-transfected cells [79]. Although the involvement of
JNKI1 in apoptosis has been demonstrated in a transfec-
tion experiment [83], the important role of JINK1 in signal
transduction pathways leading to apoptosis is the phos-
phorylation of Bcl-2 protein by treatment with microtu-
bule-damaging agents, which results in the inhibition of
the functional ability to dimerize with proapoptotic pro-
teins [84]. These findings indicate that modulation of the
signal transduction pathways of apoptosis in the up-
stream region of mitochondria effectively enhances the
sensitivity of cancer cells to drugs.

Another means of enhancing apoptosis is to enhance
sensitivity to drugs by introducing apoptosis genes into
the downstream region of mitochondria. The introduc-
tion of Apaf-1 enhances sensitivity to several drugs as-
sociated with apoptosis [85], and the introduction of
caspase-3 into MCF-7 breast cancer cells, which are
deficient in caspase-3, reconstitutes the caspase-3-de-
pendent pathway leading to apoptosis [86, 87, 88]. Al-
though apoptosis in MCF-7 breast cancer cells can be
induced by treatment with anticancer drugs, the apop-
totic pathway is mediated by a caspase-3-independent
pathway, which is characterized by activation of cas-
pase-7 and -6 leading to apoptosis [87, 88]. The in-
volvement of serine protease as well as cysteine protease
(caspases) in apoptosis has been reported, and treatment
with these inhibitors can partially block anticancer drug-
induced apoptosis [89].

Enhancement of antitumor effect by inhibiting
antiapoptotic genes

Another way to enhance apoptosis at the molecular
level is by targeting inhibition of antiapoptotic genes
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using antisense oligonucleotides of bcl-2 and bcl-X; .
Modulation of drug sensitivity by cotreatment with
antisense phosphorothioate oligonucleotides of bcl-2
has been reported in lymphoma and melanoma cells
in vitro and in vivo, and this treatment is currently
undergoing phase II and III study [90, 91]. Further,
the specific dual inhibition of bcl-2 and bcl-X; in
colon cancer cells markedly enhances apoptosis with-
out cotreatment with anticancer drugs [92]. These
findings indicate that antiapoptotic proteins such as
Bcl-2 and Bcl-Xy are good targets to modulate drug
sensitivity by affecting apoptotic pathways.

Overexpression of Bcl-2 is associated with a poor
response to chemotherapy and a poor prognosis in
various human cancers [8]. In the case of breast cancer
patients, however, a paradoxical role of Bcl-2 protein
has been observed [93], since the overexpression of Bcl-
2 protein has been correlated with estrogen receptor-
positive tumors, the prognosis of which is better than
that of estrogen receptor-negative tumors. The over-
expression of Bcl-2 protein in estrogen receptor-posi-
tive tumors is mediated by estrogen receptor response
elements in the promoter region of the bcl-2 gene [94].
Nevertheless, the above study also showed that over-
expression of Bcl-2 in breast cancer is correlated with
drug resistance, and that downregulation of Bcl-2 by
antisense oligonucleotides modulates drug sensitivity in
association with apoptosis. We have also observed that
the introduction of Bcl-2 antisense with lipofectamine
enhances the sensitivity of MDA-MB-231 breast cancer
cells to mitomycin C and paclitaxel (unpublished re-
sults). Although the difference between the role played
by Bcl-2 and that played by Bcl-Xy in the inhibition of
apoptosis remains uncertain, overexpression of Bcl-Xi
protein may play a more dominant role in drug resis-
tance in epithelial cancer cells than overexpression of
Bcl-2.

On the other hand, in breast cancer, the high ex-
pression of survivin is associated with a poorer prog-
nosis than low expression, indicating the existence of
drug resistance in the chemotherapy. Treatment with
antisense survivin and mutant survivin is also a good
strategy for enhancing drug sensitivity in the promo-
tion of apoptosis. Treatment with antisense survivin
has been shown to induce apoptosis, and to sensitize
lung cancer cells to the chemotherapeutic agent eto-
poside [62], and in HelLa and PtK1 cells transfection
with, or microinjection of, survivin antisense oligonu-
cleotides has been shown to induce apoptosis charac-
terized by micronucleated progeny [95]. Expression of
a phosphorylation-defective inhibitor survivin mutant
enhances apoptosis induced by cisplatin in human
melanoma cell lines [96]. Similarly, a survivin mutant
adenovirus induces spontaneous apoptosis in breast,
lung and colorectal cancer cells, and also enhances
sensitivity to chemotherapeutic drugs such as paclit-
axel and doxorubicin in breast cancer cells in vivo
[97], indicating the potential for a selective cancer gene
therapy.
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The role of modulation of apoptosis signals
in cellular drug resistance

Because anticancer drugs at low and high concentrations
cause apoptosis and necrosis, respectively, cancer can be
killed apoptotically by anticancer drugs, and this cell
death is dependent on activation of the internal constit-
uents to induce apoptosis. Alteration of the apoptotic
pathways is closely associated with drug resistance. As
described above, the apoptotic pathways of anticancer
drug-induced cell death involve mitochondria-dependent
activation through Bax and mitochondria-independent
activation through Fas activation. The mitochondria-in-
dependent pathway involving Fas crosstalks with the
mitochondria-dependent pathway, which is mediated by
the low-grade activation of tBid protein by cleavage by
caspase-8. The activation of tBid results in allosteric ac-
tivation of Bak through its oligomerization into pores
leading to the release of cytochrome ¢ [98]. It is important
to note that the proapoptotic protein, Bax, which is highly
homologous with Bak, can also enter mitochondria and
induce cytochrome ¢ efflux by posttranslational modula-
tion by caspase-8. The significance of apoptosis in re-
leasing cytochrome c in the signal transduction pathways
is indicated by the finding that activation of the multi-
domain of Bax or Bak in mitochondria is required as an
essential gateway in anticancer drug-induced apoptosis
[99]. Alternatively, in anticancer drug-induced apoptosis,
Bax insertion into mitochondria may be mediated by Bid-
dependent and Bid-independent pathways [100].

It is well known that there are several drug-resistance
factors, including drug transport, detoxification, and
apoptotic pathways, and these factors cooperate to
achieve multidrug resistance in cancer cells. It is not yet
clear which factor is the most clinically relevant, or how
these factors interact to confer drug resistance. The re-
lationship between the membrane drug efflux ABC
transporters, such as P-gp and MRP, and apoptosis-re-
lated proteins and their possible role in inducing drug
resistance has been reported in subgroups coexpressing
other resistant proteins [101, 102, 103]. With respect to
the modulation of drug sensitivity of multidrug-resistant
cells overexpressing P-gp, there are two possible ways to
overcome drug resistance. One is to increase the con-
centration of P-gp inhibitors in resistant cells. In a study
using multidrug-resistant MCF-7 breast cancer cells,
which are cross-resistant to doxorubicin and paclitaxel
due to the overexpression of P-gp, the P-gp inhibitor
valspodar has been shown to restore the accumulation
of paclitaxel, resulting in increased cytotoxicity and
apoptosis [104]. Another way to overcome multidrug
resistance is by modulating the signal transduction
pathways in apoptosis by targeting the central gate of
mitochondria to release cytochrome ¢. Combination
treatment with TRAIL sensitizes doxorubicin-resistant
melanoma cells to doxorubicin by inducing mitochon-
drial membrane depolarization for cytochrome ¢ release
and activation of caspase-9 and caspase-3, thereby
leading to apoptosis [105].

Regarding modulation of apoptosis signals, our pre-
vious study using MRP-overexpressing multidrug-resis-
tant KB cells, which are resistant to anthracyclines and
vinca alkaloids, has demonstrated that introduction of
bcl-Xs results in a more than 50% recovery of the sen-
sitivity to vinca alkaloids of vincristine- and vindesine-
resistant cells compared to parent cells [106]. In contrast
to the finding that modulation of the membrane trans-
porter of MRP by BSO causes a functional reduction to
less than 50% in sensitivity to vinca alkaloids, the dual
modulation by BSO in bcl-Xs-transfected cells leads to
complete recovery in sensitivity to vinca alkaloids (un-
published results). Further, introduction of the bcl-Xs
gene increases mRINA expression of bax, suggesting that
the modulation of apoptosis pathways is mediated
through the critical gateway of Bax in mitochondrial
action leading to apoptosis. Interaction and functional
cooperation between proapoptotic bax and bcl-Xs genes
has been reported [107]. Thus, signal transduction of
apoptosis pathways may be more dominantly involved
in multidrug resistance than the membrane transporter,
and the dual modulation of apoptotic signals and in-
tracellular drug concentration may overcome multidrug
resistance in cancer cells. From the above model, it ap-
pears that the signal transduction pathways involved in
the activation of proapoptotic genes play a crucial role
in overcoming cellular drug resistance in cancer cells,
although the drug efflux pump involved in control of
intracellular drug concentration still contributes in part
to drug sensitivity. Regarding the interaction among
drug-resistance factors, there have been no reports in-
dicating which is the predominant factor affecting drug
sensitivity in terms of promoting cell death.

Future perspectives

Combination therapy to modulate signal transduction
pathways of apoptosis

Over the past decade, the molecular mechanism(s) by
which anticancer drugs induce apoptosis have been
clarified with a focus on mitochondrial action. It has
been shown that this mechanism is characterized by the
release of cytochrome ¢ followed by activation of the
caspase cascade. It is clear that the release of cytochrome
¢ from mitochondria plays a central role in apoptosis
induced by anticancer drugs, and several proapoptotic
and antiapoptotic genes are involved in the regulation of
apoptotic signals in the upstream and downstream re-
gions of mitochondria. Since the modulation of signal
transduction pathways leading to apoptosis is critical for
modulation of drug sensitivity, the introduction of
proapoptotic genes and the inhibition of antiapoptotic
genes are effective in inducing apoptosis as described
above. Interestingly, recent reports indicate that treat-
ment with growth factor antibodies such as HER-2 and
EGFR increases the sensitivity of breast and colon
cancers to anthracyclines, taxanes and 5-FU [108, 109,



110]. Although the precise mechanisms by which the
combination therapy with anti-HER-2 and anti-EGFR
antibodies enhance drug sensitivity remains to be eluci-
dated, it appears that modulation of the signal trans-
duction pathways of apoptosis by these antibodies may
facilitate cell death. In addition, the mechanism of this
combination therapy might involve resensitization to the
anticancer drugs through modulation of the apoptotic
pathways. Regarding the modulation of apoptosis sig-
nals by anti-HER-2 antibody (Herceptin), it has been
reported that treatment with Herceptin downregulates
the expression of HER-2 protein thus enhancing apop-
tosis [111]. Treatment with antisense HER-2 also
downregulates the Bcl-2 protein in association with
apoptosis [112]. Furthermore, the tyrosine kinase in-
hibitors targeting the EGFR receptor and the VEGF
receptor effectively induce apoptosis in drug-resistant
tumors following treatment [113, 114, 115]. These find-
ings imply that modulation of the signal transduction
pathways of apoptosis by treatment with antibodies to
HER-2, EGFR, and VEGF proteins and the tyrosine
kinase inhibitors may provide new insights into the en-
hancement of drug sensitivity and overcoming drug re-
sistance in cancer chemotherapy. Further investigations
are needed to clarify the detailed molecular mechanisms
involved in enhancing drug sensitivity in combination
with molecular-targeting drugs.

Individualized chemotherapy using biomarkers
of apoptosis-related proteins

Our improved understanding of the antitumor effects of
anticancer drugs at the molecular level suggests the
possibility of individualizing chemotherapy to the indi-
vidual cancer patient. Assessment of the expression
levels of proapoptotic and antiapoptotic proteins might
be used to categorize patients as responders or nonre-
sponders prior to chemotherapy. However, while there
have been many retrospective analyses of the response to
chemotherapy and the tumor expression of apoptosis-
related proteins and other biomarkers, no definitive
biomarkers have been established for distinguishing
between responders and nonresponders prior to che-
motherapy. Possible reasons for the difficulty in pre-
dicting tumor response include: (1) the interactions and
predominant relationships between the many factors
affecting drug sensitivity have not been clarified; (2)
using DNA microarray analysis, candidate genes con-
trolling the response to drug treatment have been iden-
tified, but it has not yet been established how the
information can be used to identify responders; (3) in
considering individualized chemotherapy, it may be
more important to predict which patients will be inter-
mediate responders and which nonresponders or to
predict which patients will show poor survival and which
will be responders, because responders with good sur-
vival can be treated by standard chemotherapy. There-
fore, the top priorities in developing individualized
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chemotherapy should be to find a means of identifying
nonresponders, and then to establish an appropriate
chemotherapy targeting apoptosis-related proteins.

Development of new drugs and effective regimens
targeting apoptosis-related proteins and signal trans-
duction pathways is currently underway. Although the
targeting of apoptosis-related genes using adenovirus or
antisense strategies may be a useful method to enhance
drug sensitivity, gene therapy cannot move beyond lo-
calized therapy unless the adverse effects on normal cells
are overcome by producing greater tumor specificity.
Elucidation of the molecular mechanisms of anticancer
drug-induced cell death has provided several new strat-
egies to enhance drug sensitivity in human cancers, and
the complex regulation of apoptosis by the signal
transduction pathways is being revealed. Further in-
sights will be needed to fully utilize the apoptotic sig-
naling pathways to stem the uncontrollable proliferation
of cancer cells in patients with poor prognosis.
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