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Inducing cancer cell death by targeting transcription factors
Ryungsa Kima,b, Kazuaki Tanabea, Manabu Emia, Yoko Uchidaa, Hideki Inouea

and Tetsuya Togea

We review the biological significance of transcription

factors such as p53, Myc, E2F family and AP-1 (Jun/Fos) in

anticancer drug-induced apoptosis. It is likely that the

functional role of these transcription factors is complex in

response to DNA damage depending on cancer cell type.

Regulation of apoptosis following DNA damage is

mediated by cell cycle arrest for DNA repair and subse-

quent signal transduction pathways leading to apoptosis,

which is associated with mitochondrial dysfunction. Acti-

vation of transcription factors following anticancer drugs is

located upstream of signal transduction pathways, thereby

the downstream pathway is promoted, which is connected

to activation or suppression of apoptosis-related proteins.

Switching on apoptotic signals by anticancer drugs is

amplified in mitochondria by releasing cytochrome c from

the ion channel to activate the caspase cascade, which is

regulated by Bcl-2 families in the central gate for drug-

induced apoptosis. Activation of transcription factors

targeting downstream genes, some of which are apopto-

sis-related genes, can play a critical role in promoting

apoptosis following treatment with anticancer drugs. The

strategy of identification of downstream target proteins or

transcription factors involved in apoptosis will be neces-

sary for the development of an effective transcription

factor-targeted chemotherapy for cancer. Anti-Cancer

Drugs 14:3–11 �c 2003 Lippincott Williams & Wilkins.
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Introduction
Apoptosis plays a pivotal role in the homeostasis of human

cell proliferation [1]. Dysregulation of cell proliferation

due to genetic alteration of oncogenes and tumor

suppressor genes is involved in carcinogenesis and an

increase in the metastatic potential of cancer cells [2–4].

Despite abnormal proliferation of cancer cells caused by

an imbalance between cell division and apoptosis,

extracellular apoptotic stimuli such as anticancer drugs,

heat shock and radiation can still induce apoptosis in

cancer cells. In the general apoptotic pathway, various

signals activate caspase cascades that lead to apoptosis,

which is marked by DNA fragmentation due to activation

of caspase-activated DNase, chromatin condensation by

acinus and degradation of target proteins [5,6]. Thus,

apoptotic cell death is an important factor in the

therapeutic efficacies of drugs used to treat human

cancers [7–9].

Current anticancer drugs induce apoptosis via several

different molecular mechanisms. Apoptotic pathways

induced by anticancer drugs are either death receptor

dependent or -independent. The activities of both types

are mediated by release from mitochondria of cytochrome

c, which activates caspase cascades [10]. The death

receptor-dependent pathways include the Fas ligand

(FasL)–Fas system and TNF-related apoptosis inducible

ligand (TRAIL)–death receptor (DR) 5, both of which

are mediated by truncated Bid (tBid) through recruit-

ment and activation of caspase-8 via an adaptor protein,

Fas-associated death domain protein (FADD). In con-

trast, the receptor-independent pathways involve trans-

location of Bax and Bak from the cytoplasm to the

mitochondria to form heterodimers and homodimers with

each other or with tBid, and then to interact with a

voltage-dependent anion channel or cause depolarization

at a mitochondrial pore [11]. In both cases, cytochrome c
is released, and it oligomerizes with procaspase-9 and

Apaf-1 in the presence of dATP to activate caspase-9,

resulting in the activation of caspase-3, which then leads

to apoptosis [12]. Apoptosis is inhibited by anti-apoptosis

proteins such as Bcl-2 and Bcl-XL, which possess the ion

channel activity required to block the release of

cytochrome c [13]. In fact, anticancer drug-induced

release of cytochrome c can be inhibited by transfection

of cells with the bcl-2 gene, resulting in attenuation of

apoptosis [14–16]. Death receptor-dependent pathways

induced by Fas and DR5 through tBid can be inhibited by

transfection of cells with the bcl-2 gene because tBid is

activated by caspase-8 to release cytochrome c in the

mitochondria. Thus, the interaction between pro- and

anti-apoptosis proteins regulates release of cytochrome c
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from the mitochondria, thereby activating caspase cas-

cades.

Although the molecular mechanisms underlying drug-

induced apoptosis are known, the roles of transcription

factors such as p53 and c-jun, which are active upstream in

apoptotic pathways, remain unclear. The p53 tumor

suppressor gene regulates the G0/G1 phase of the cell

cycle during cell recovery or death after DNA damage

[17]. Several target genes of p53 that regulate apoptosis

have been identified; however, downstream genes in-

cluding p21Waf1, Fas, growth arrest and DNA damage

inducible gene (GADD) 45, Bax and Bcl-2 are also

activated through a p53-independent pathway [18–22].

Therefore, mutation of p53 is not necessarily correlated

with resistance to apoptosis in cancer cells.

In the case of the c-jun gene, transcription factor AP-1,

which is composed of Jun and Fos family proteins, plays

biological roles in cell proliferation, differentiation and

apoptosis [23,24]. It appears that the roles of transcrip-

tion factors in apoptosis may differ depending on cell

type and stimulus. Here, we review current knowledge

regarding the roles of transcription factors in anticancer

drug-induced apoptosis and discuss future directions in

the study of apoptosis.

Transcription factors in apoptosis
Although more than 100 transcription factors have

been identified, the biological roles of these factors are

not fully understood. In general, it is difficult to clarify

the biological roles of specific transcription factors

due to difficulties in identifying target genes. In

addition, several target genes can be cross-linked with

each other in a single signal transduction pathway.

Because in the DNA and influence, transcription

factors bind to regulatory regions in gene expression,

they may affect particular signal transduction

pathways. Although transcription factors play critical

roles in signal transduction, the biological consequences

of transcription factor binding may differ between

target genes. Therefore, experimental findings will

hopefully clarify the complex signal transduction path-

ways that regulate cell proliferation, differentiation and

apoptosis. In the case of apoptosis, evaluating the

biological role of transcription factors is even more

difficult because activation of transcription occurs up-

stream of the apoptotic pathways. In fact, several

transcription factors activate or down-regulate expression

of the target genes in response to DNA damage and the

target gene plays important roles in the signal transduc-

tion pathways associated with the cell death or survival

decision (Fig. 1).
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Model of transcription factor involvement signal transduction pathways in cell death or survival decisions following DNA damage in a cancer cell.
Several transcription factors activate or down-regulate expression of the target genes in response to DNA damage and these target genes play
important roles in the signal transduction pathways associated with the cell death or survival decision.

4 Anti-Cancer Drugs 2003, Vol 14 No 1

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



p53 gene

The p53 gene is a tumor suppressor gene that is required

for anticancer drug-induced apoptosis. In contrast to

glucocorticoids, anticancer drugs such as etoposide (VP-

16) cannot induce apoptosis in tumors transplanted into

p53 knockout mice [25]. The p53 gene also regulates the

G0/G1 and G2/M phases of the cell cycle following

exposure of cells to DNA-damaging agents [26,27].

Because DNA damage can prevent initiation and

progression of the cell cycle at multiple points, check-

point delays may allow time for DNA repair, thereby

preventing replication or segregation of a damaged

genome. p53 triggers the G1 checkpoint arrest through

transcriptional activation of the cyclin-dependent kinase

inhibitor p21Waf1 [28]. p53-induced proteins that con-

tribute to maintenance of G2 cell cycle arrest include

GADD45, p21Waf1 and 14-3-3s [21,29,30]. In cancer cells

carrying the wild-type p53 (wp53) gene, G0/G1 or G2/M

arrest may occur after treatment with DNA-damaging

agents so that the cell can repair DNA damage or commit

to apoptosis. Cancer cells with a mutant p53 (mp53) gene

lose this arrest and the cell cycle cannot be stopped after

DNA damage, resulting in resistance to apoptosis.

Therefore, it is conceivable that cancer cells with wp53

are more susceptible to apoptosis following DNA damage

due to anticancer drugs.

p53 is also important in regulating cell proliferation.

Germline mutation of p53 causes Li–Fraumeni syndrome;

patients with this syndrome are predisposed to develop-

ing various malignancies [31]. Possible target genes of

p53 include cell cycle-regulated genes, such as p21Waf1

and GADD45, and apoptosis-related genes, such as Bax,

Bcl-2 and Fas [18–22]. Activation of p53 induces

expression of the pro-apoptosis gene, Bax, and inhibits

expression of the anti-apoptosis gene, Bcl-2, resulting in

apoptosis [19]. Although wp53 is more effective than

mutant p53 at activating downstream target genes

involved in anticancer drug-induced apoptosis, expression

of p21Waf1 and Bax can be induced by mp53 through a

p53-independent pathway [32], indicating that there are

both p53-dependent and -independent signal transduc-

tion pathways leading to apoptosis [33]. Findings suggest

that mutation of p53 does not necessarily yield resistance

to apoptosis induced by anticancer drugs. Rather, the

transcriptional activation of target genes by mp53 might

be more important for apoptosis. In this regard, a previous

study showed that in human lymphoblastic leukemia

CEM cells levels of the p53 protein, which contained

mutations in amino acids 175 and 248, increased after

treatment with teniposide (VM-26), a topoisomerase

(Topo) II inhibitor. In the drug-resistant cells, the level of

mutant p53 protein did not increase following treatment

[34]. Levels of mp53 in drug-sensitive cells increased in

association with activation of downstream target genes of

p21Waf1 and GADD45 following treatment with VM-26

and radiation. Although the mutant of p53 cannot bind to

the p53 consensus sequence (unpublished findings),

findings suggest that mp53 may play a functional role in

activating the signal transduction pathways involved in

anticancer drug-induced apoptosis.

Wild-type p53 is more sensitive than mutated forms to

anticancer drugs with DNA-damaging agents and anti-

metabolites such as anthracyclines, cisplatin, 5-fluoro-

uracil (5-FU), alkylating agents and gemcitabine [35,36],

whereas the mutated forms of p53 does not contribute to

a decrease in sensitivity to taxanes and camptothecin

[37]. Findings suggest that sensitivity to DNA-damaging

agents and antimetabolites is associated with a p53-

dependent pathway, whereas sensitivity to taxanes is

determined by a p53-independent pathway. Thus, the

most advantageous chemotherapy and the resulting

clinical response may be predicted by p53 status.

Other important p53 target genes that confer drug

resistance are multidrug-resistance gene MDR1 and

multidrug resistance-related protein gene MRP. The

proteins are involved in a drug-efflux pump, tumor

progression and metastatic potential. The MRP1 promo-

ter is suppressed by wp53, and is activated by mp53 and

in cancer cells [38,39]. Similarly, transcriptional activation

of the MDR1 gene is mediated by mp53 [40–42]. In

contrast, wp53 suppresses transcriptional activation of

MDR1 and MRP1 [38,42,43]. These findings support the

notion that the p53 gene plays a crucial role in conferring

susceptibility to apoptosis. Nevertheless, the therapeutic

effects brought about by introducing the p53 gene into

cancer cells via an adenovirus vector have not been

sufficient to decrease tumor volume, indicating that p53

alone cannot trigger apoptosis [8].

Myc

Myc is a basic helix-loop-helix leucine zipper (bHLHZip)

protein that plays central roles in regulating cell

proliferation, differentiation and apoptosis [44]. Myc

must heterodimerize with Max to have biological activity

and for the function of the Myc/Max/Mad Mnt network

[45]. Selective dimerization permits switching on and off

of functional activity. Myc does not form homodimers;

instead, it forms heterodimers with Max, Mad and Mid.

Max forms homodimers. Myc/Max dimers activate gene

transcription, whereas Mad/Max and Mnt/Max complexes

are Myc/Max antagonists that act as repressors [46].

There are three forms of MycFc-Myc, N-Myc and L-

MycFwhich are related nuclear oncoproteins that bind

similar DNA sites and cooperate with activated ras
oncogenes to transform cells. All three oncoproteins

accelerate apoptosis of cancer cells after interleukin (IL)-

3 withdrawal, yet overexpression c-myc sensitizes cancer

cells to cytotoxic cells, whereas overexpression of N-myc
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and L-myc yields drug-resistance [47]. Overexpression of

c-myc also increases cisplatin-induced apoptosis, whereas

down-regulation of c-myc increases cisplatin resistance in

colon cancer cell lines [48]. The apoptosis induced by

anticancer drug and IL-3 withdrawal with c-myc over-

expression is ameliorated by Bcl-2 and Bcl-XL [49]. In

neuroblastoma cells, cytotoxic drugs efficiently induce

cell death in cancer cells overexpressing N-myc, despite

neither conditional expression of N-myc alone nor a low

level of drug-triggered apoptosis [50]. N-myc influences

drug-induced apoptosis through up-regulation of CD95

and CD95 ligand. Although overexpression of c-myc is

associated with poor prognosis and drug resistance in

some human cancers, introduction of the c-myc gene

increases sensitivity of cisplatin-resistant cells to

tumor necrosis factor (TNF) and cisplatin [51,52],

whereas the down-regulation of c-Myc decreases

sensitivity to cisplatin of colon cancer [52], small

cell lung cancer [53] and melanoma cells [54]. Further,

expression of c-myc by HepG2 human hepatoma

cells increases following treatment with a camptothecin

derivative, 10-hytdroxycamptothecin [5]. In contrast,

treatment of human erythroleukemia K562 cells with

Topo II inhibitors, including amsacrine and doxorubicin,

decreases c-myc mRNA levels following treatment

associated with drug-induced growth inhibition [56].

These findings suggest that overexpression of c-myc per se
does not necessarily enhance apoptosis and it appears

that other downstream factors in apoptotic signal

transduction pathways might be more important for

modulating these pathways.

E2F family

The E2F gene family is a family of transcription

factors that regulate S phase entry and cause apoptosis

of some cell types when overexpressed. E2F activity

is modulated by formation of a complex with the

retinoblastoma protein (pRb), and related proteins

p107 and p130 [57,58]. E2F-1, -2 and -3 localize in the

nucleus, and preferentially bind pRb, whereas E2F-4

and -5 have no nuclear localization signal, and bind

p107/p130 [59]. E2F-6 suppresses the transcriptional

activity of other E2F proteins. DP-1 and -2 form

heterodimers with each of the E2F proteins. Like E2F-

1 and DP-1, E2F-4 induces growth arrest and caspase-

dependent apoptosis in Chinese hamster cell lines,

although the mechanism differs from that of E2F-1 and

DP-1 [59]. IL-3 deprivation of 32D.3 myeloid cells

overexpressing E2F induces apoptosis and when E2F

activity is augmented by co-expression of DP-1, the

effects of survival factors are abrogated [60]. E2F-1

sensitized cells to apoptosis, induced by treatment with

the Topo I inhibitor camptothecin and the Topo II

inhibitor VP-16 [61,62]. Co-expression of Bcl-2 and E2F-1

in myeloid cells protects them from VP-16-induced

apoptosis.

When overexpressed, E2F-1 and p53 cause apoptosis

independently in some types of human cancer cells.

Adenovirus-mediated transfer of E2F-1 can induce

apoptosis in several types of cancer cells and over-

expression of E2F-1 has been shown to induce apoptosis.

Human esophageal cancer cells overexpressing E2F-1

show marked growth inhibition due to apoptosis,

associated with a decrease in levels of anti-apoptosis

proteins including Bcl-2, Mcl-1 and Bcl-XL [63,64].

Adenovirus-mediated transfer of the E2F-1 gene induces

apoptosis of human gastric cancer cells, due to activation

of caspase-3 and PARP cleavage [65]. Similarly, marked

overexpression of E2F-1 induces apoptosis of human

melanoma cells, and involves a decrease in levels of anti-

apoptosis proteins including Mcl-1 and Bcl-XL [66]. E2F-

1 protein levels increase following treatment with DNA-

damaging agents such as adriamycin and VP-16, and

induction of E2F-1 in the tumor cells correlates with their

sensitivity of the cells to the drugs [67]. Further, cells

from E2F-1 knockout mice are more resistant to DNA

damage, in comparison to cells from normal mice [68],

and overexpression of wild-type E2F-1 protein enhances

cytotoxicity following treatment of lung, colon and

bladder cancer cells with DNA-damaging agents, result-

ing in enhanced apoptosis. Combined treatment with

Topo II inhibitors, such as adriamycin and VP-16 and

E2F-1 adenovirus therapy enhances apoptosis of human

osteosarcoma cells more than treatment with anticancer

drug alone does [69]. Moreover, human osteosarcoma

cells expressing E2F-1 under the control of a tetracycline-

responsive promoter are hypersensitive to the Topo I

inhibitor camptothecin as well as to VP-16. Overexpres-

sion of E2F-1 enhances sensitivity to Topo I and II

inhibitors by activating Topo II a gene promoter, and by

an increase in Topo I levels and activity [62]. Findings

suggest that overexpression of E2F-1 is sufficient to

increase sensitivity to anticancer drugs targeting Topo I

and II. Treatment with UCN-01 decreases expression of

E2F-1, which is reversed by ubiquitin-dependent

proteasome inhibitors and E2F-1 lacking the C-terminal

region [70].

E2F proteins are thought to promote entry into the S-

phase, whereas p53 can arrest cells in the G1 phase and

thereby prevent entry into the S phase. Therefore, these

proteins appear to have opposite functions with respect

to cell growth. Transcriptional activation of p53 is

inhibited by E2F-4 and -5, but not by E2F-1, -2 and -3,

indicating differential regulation of p53 by two subclasses

of E2F transcription factors [71]. Sequential transfer of

the p53 and E2F-1 genes efficiently induces apoptosis,

and E2F overexpression activates expression of p14

(ARF), which inhibits MDM2–mediated p53 degradation

to stabilize p53 levels in human esophageal cancer cells.

Such findings suggest that ectopic overexpression of

E2F-1 may stabilize endogenous levels of p53 through an
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E2F-1/ARF/MDM2/p53 pathway [72]. Thus, members of

the E2F family of transcription factors play an important

role in regulating the cell cycle and apoptosis.

AP-1 (Jun/Fos)

AP-1 is composed of a mixture of homo- and heterodimers

of Jun and Fos proteins. Jun and Fos family members vary

significantly in their relative abundance and in their

interactions with other proteins. c-Jun has been impli-

cated in the regulation of many important biological

processes, including cell cycle progression, transforma-

tion, differentiation and apoptosis [9,20,73]. Activation of

c-Jun is mediated by c-Jun N-terminal kinase (JNK),

which regulates its activity through phosphorylation of

Ser63 and Ser73 [74]. Several anticancer drugs induce

transcription of the c-jun and c-fos genes, which is

associated with an increase in AP-1 binding activity

[75–77]. The AP-1-mediated signaling pathway for

apoptosis is involved in the activation of JNK, mitogen-

activated protein kinase [78], extracellular signal-regu-

lated kinase [79] and p38, which regulates transcription

factors. Ceramide is an important lipid mediator in the

signal transduction pathway activated by AP-1/JNK in

TNF-induced AP-1 activation. Treatment with ceramide

activates NF-kB-dependent reporter gene expression in a

time-dependent manner in Jurkat T cells but not JcaM1

cells [80]. Activation of AP-1 is necessary for ceramide-

induced apoptosis in human leukemia HL-60 cells and

inhibition of c-jun expression by antisense oligonucleo-

tides blocks ceramide-induced apoptosis [81].

Vinblastine and other microtubule inhibitors (except

paclitaxel) activate AP-1 in human KB-3 carcinoma cells

[82]. Vinblastine has a selective effect on AP-1 proteins:

it increases levels of c-Jun, Jun B, Jun D and Fra-1, but

not c-Fos, Fos B and Fra-2. Although increased AP-1

binding activity is mediated by Jun D/Fra-2 heterodimers

in untreated cells, in treated cells AP-1 binding activity

involves c-Jun/Fra-1 heterodimers [83]. Findings suggest

that increased AP-1 binding activity through c-Jun/Fra-1

heterodimers plays a role in transactivating target genes

in association with apoptosis. Such findings are in

agreement with those of our previous study showing that

VM-26-induced AP-1 binding activity is mediated by c-

Jun/Fra-1 heterodimers in human CEM drug-sensitive

cells and that decreased AP-1 binding activity in drug-

resistant cells may be explained by attenuation of the

signal transduction pathways that transactivate target

genes leading to apoptosis [84]. It was recently reported

that Smad proteins and AP-1 complex are involved in

transforming growth factor (TGF)-b1 signaling for

apoptosis, which is mediated by activation of the Jun

D/Fos B85. Fos B enhances Smad3- and Smad4-depen-

dent transcription, and a dominant-negative form of Fos B

inhibits TGF-b1-dependent apoptosis. Thus, AP-1 activ-

ity in a specific cell depends on the relative amounts of

specific Jun/Fos proteins as well as other interacting

proteins. The diversity of AP-1 components has compli-

cated our understanding of AP-1 function and has

resulted in a paucity of information about the precise

roles of individual AP-1 members in distinct cellular

processes (Fig. 2).

A recent report regarding putative target genes of AP-1

showed vinblastine down-regulates p53 and p21WAF1,

whereas it up-regulates TNF and Bak, indicating that

vinblastine-inducible AP-1 promotes apoptotic cell death

after mitotic arrest [82]. Expression of GADD153, which

is also a putative target gene of AP-1, is induced by

oxidative stress and anticancer drugs [86–89]. An increase

in expression of GADD153 in human leukemia cells

occurs following treatment with VP-16 in a dose- and

time-dependent manner associated with apoptotic cell

death [90]. Further, introduction of the GADD153 gene

into human MKN45 gastric cancer cells increases

sensitivity to VP-16, cisplatin, 5-FU and docetaxel,

indicating that increased AP-1 binding activity and

GADD153 expression promote apoptosis induced by

anticancer drugs [91]. Other putative targets genes of

AP-1 include vascular endothelial growth factor, FasL and

cyclooxygenase-2, all of which are involved in tumor

proliferation and apoptosis. The Fas–FasL pathway in

apoptosis can be induced by AP-1 activation of the FasL

promoter [92]. The AP-1–NK signaling pathway leading

to apoptosis can be blocked by NF-kB, Bcl-2 and Bcl-XL,

indicating that apoptosis is regulated through interactions

of these proteins [93,94].

Fig. 2
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transduction pathway promoting apoptosis triggered by anticancer
drugs.
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There have been several controversial reports concerning

the involvement of increased AP-1 binding activity in

signal transduction pathways leading to apoptosis. Initial

reports indicate that several anticancer drugs induce

transcription of c-jun and c-fos mRNAs in association with

apoptosis, suggesting that transactivation of c-Jun/c-Fos is

involved in signal transduction pathways in cell death

[75–77]. The increase in levels of Jun and Fos family

members following treatment with anticancer drugs is

connected to increased AP-1 binding activity associated

with apoptosis. Moreover, attenuation of AP-1 binding

activity is observed in drug-resistant cells [84]. However,

a different report suggested that induction of c-jun was

not involved directly in drug-induced apoptosis in human

leukemia cells [95]. The authors reported that stauro-

sporine reduces c-jun expression and induces apoptosis in

response to ara-C; that human leukemia cells transfected

with bcl-2 are resistant to apoptosis and treatment of such

cells with ara-C and mitoxantrone induces c-jun expres-

sion; and that paclitaxel-induced apoptosis is not

associated with increased c-jun expression. However, such

findings do not necessarily negate the direct involvement

of AP-1 in drug-induced apoptosis. Although it appears

that increased c-jun expression is not a universal

phenomenon leading to apoptosis, certain extracellular

stimuli or certain conditions may increase AP-1 binding

activity leading to transactivation of target genes and

apoptosis.

During the past several years, the molecular mechanisms

by which anticancer drugs induce apoptosis have been

clarified with respect to the role of mitochondrial

dysfunction. The central gate of signal transduction

pathways in apoptosis is release of cytochrome c from

the mitochondria, which is mediated by a voltage-

dependent anion channel in the inner mitochondrial

membrane or by mitochondrial permeability transition.

Release of cytochrome c is stimulated by pro-apoptosis

proteins, such Bax and Bak homodimers and hetero-

dimers, and by the interaction of Bid with Bax and

Bak, which is classified under the rubric of the death

receptor-dependent and -independent pathways induced

by anticancer drugs. Mitochondrial release of cytochrome

c induced by these pro-apoptosis proteins is inhibited

by anti-apoptosis proteins such as Bcl-2 and Bcl-XL.

The released cytochrome c oligomerizes with procaspase-

9 and Apaf-1 in the presence of ATP, and then activates

effector caspase-3 and -7, leading to apoptosis. Involve-

ment of AP-1 in apoptosis has been reported at several

points along the signal transduction pathways; the

involvement of AP-1 is connected to activation of pro-

apoptosis proteins and inhibition of anti-apoptosis

proteins. The inhibition of AP-1 signaling by dominant-

negative mutant c-Jun (TAM 67), which lacks the

N-terminal transactivation domain, decreases drug

sensitivity and radiation sensitivity associated with

apoptosis [82].

Expression of dominant-negative c-Jun in melanoma cells

increases Fas expression and increases sensitivity to FasL-

induced apoptosis [96]. One study found that the

transfection of glioblastoma cells with a non-phosphor-

ylating dominant-negative c-Jun inhibited activation of

AP-1, increasing the cytotoxicity of DNA-damaging

agents. These findings suggest that activation of c-Jun

protects tumor cells from apoptosis due to DNA damage

[74]. Depending on the target gene, induction of c-Jun/

AP-1 may play various functional roles in regulating

anticancer drug-induced apoptosis. Alternatively, the

transactivation network in regulating apoptosis induced

by anticancer drugs may be influenced by cell type and

stimulus.

Future directions for transcription factor-
targeted chemotherapies
Transcription factors are activated by a variety of stimuli

and in different cancer cells in association with apoptosis;

the functional roles of transcription factors in apoptosis

are not universal. It appears that apoptotic stimuli,

including anticancer drugs, TNF and Fas, activated signal

transduction pathways via specific transcription factors

that are cell and stimulus type dependent. In cancer cells

susceptible to apoptosis, the signaling process causes

release of cytochrome c from mitochondria, which then

activates a caspase cascade. Therefore, release of

cytochrome c acts as the central gate for drug-induced

apoptosis. It would be of interest to clarify how

transcription factors interact with apoptosis-related pro-

teins to regulate apoptosis. In fact, it has been reported

that several transcription factors are associated with

apoptotic cell death and that expression of dominant-

negative forms inhibits cell death. However, the precise

mechanisms regulating apoptosis-related genes are not

fully understood. Furthermore, it has proven difficult to

understand the complex regulation of transcription factor

networks in cell proliferation, differentiation and apop-

tosis in cancer cells. Once apoptotic signals are activated

in cancerous cells in response to anticancer drugs, the

signal transduction network for cytochrome c release can

be induced, leading to apoptosis. Activation of transcrip-

tion factors targeting downstream genes, some of which

are apoptosis-related genes, can play a critical role in

promoting apoptosis following treatment with anticancer

drugs.

Many anticancer drugs have been shown to target

transcription factors that influence cell death or survival.

To develop specific chemotherapies, it will be necessary

to identify which transcription factors promote apoptosis.

Although transcriptional activation is an upstream event

in the signal transduction pathways leading to apoptosis,

the Bcl-2 family genes are important targets for regulating

anticancer drug-induced apoptosis. For example, STI-571

is a tyrosine kinase inhibitor of Bcr/Abl and is a
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transcription factor that promotes progression of leuke-

mia. This compound has high hematological and cytoge-

netic response rates in patients with chronic myelogenous

leukemia and in those experiencing blast crises [97]. The

therapeutic efficacy of STI-571 is due to inhibition of the

ATP binding site in the kinase domain of Bcr/Abl.

Treatment of leukemia cells with STI-571 suppresses

expression of Bcl-X [98], through interactions with pro-

apoptosis proteins, resulting in apoptosis. Findings

indicate that although STI-571 targets the ATP binding

site of Bcr/Abl, the critical downstream target for

promoting apoptosis was also identified. Therefore, It is

likely that identification of downstream target proteins or

transcription factors involved in apoptosis will be

necessary for development of an effective transcription

factor-targeted chemotherapy for cancer.

During the past decade, many of the molecular mechan-

isms by which anticancer drugs induce cell death have

been clarified; therefore, several molecular targets

involved specifically in apoptosis have been the focus of

research related to enhancing chemotherapeutic effects

in patients with cancer. Transcriptional activation by

various factors is necessary to induce apoptosis; however,

activated transcription factors are located upstream of

signal transduction pathways. The downstream target

genes regulated by transcription factors in apoptotic

pathways will be an important focus of future research in

the area of anticancer drug-induced cell death. It is now

clear that transcriptional activation is too complex to be

explained by one universal theory. It will be important to

understand the roles of these transcription factors for the

identification of target genes involved in apoptosis of

cancer cells. Thus, the current strategy of targeting

apoptosis-related transcription factors may eventually

clarify how transcriptional activation or suppression is

connected to activation of apoptosis-related proteins in

the signal transduction pathways leading to apoptosis.

cDNA microarray analyses may provide information

regarding signal transduction networks in individual

cancer patients.

References
1 Thompson CB. Apoptosis in the pathogenesis and treatment of disease.

Science 1995; 267:1456–1462.
2 Holmegren L, O’Reilly MS, Folkman J. Dormancy of micrometastasis:

balanced proliferation and apoptosis in the presence of angiogenesis
suppression. Nat Med 1995; 1:149–153.

3 McConkey DJ, Greene G, Pettaway CA. Apoptosis resistance increases
with metastatic potential in cells of the human LNCaP prostate carcinoma
line. Cancer Res 1996; 56:5594–5599.

4 Balint E, Vousden KH. Activation and activities of the p53 tumor suppressor
protein. Br J Cancer 2001; 85:1813–1823.

5 Lechardeur D, Drzymala L, Sharma M, et al. Determinants of the nuclear
localization of the heterodimeric DNA fragmentation factor (ICAD/CAD).
J Cell Biol 2000; 150:321–334.

6 Sakahira H, Takemura Y, Nagata S. Enzymatic active site of caspase-
activated DNase (CAD) and its inhibition by inhibitor of CAD. Arch Biochem
Biophys 2001; 388:91–99.

7 Wu GS, EI-Deiry WS. Apoptotic death of tumor cells correlates with
chemosensitivity. Clin Cancer Res 1996; 2:623–633.

8 Ferreira CG, Tolis C, Giaccone G. p53 and chemosensitivity. Ann Oncol
1999; 10:1011–1021.

9 Debatin KM. Activation of apoptosis pathways by anticancer treatment.
Toxicol Lett 2000; 112/113:41–48.

10 Gupta S. Molecular steps of death receptor and mitochondrial pathways of
apoptosis. Life Sci 2001; 69:2957–2964.

11 Green DR, Reed JC. Mitochondria and apoptosis. Science 1998;
281:1309–1312.

12 Gross A, McDonnell JM, Korsmeyer SJ. BCL-2 family members and the
mitochondria in apoptosis. Genes Dev 1999; 13:1899–1911.

13 Korsmeyer SJ, Wei MC, Saito M, Weiler S, Oh KJ, Schlesinger PH. Pro-
apoptotic cascade activates BID, which oligomerizes BAK or BAX into
pores that result in the release of cytochrome c. Cell Death Different 2000;
7:1166–1173.

14 Miyashita T, Reed JC. bcl-2 gene transfer increases relative resistance of
S49.1 and WEHI7.2 lymphoid cells to cell death and DNA fragmentation
induced by glucocorticoids and multiple chemotherapeutic drugs. Cancer
Res 1992; 52:5407–5411.

15 Dole M, Nunez G, Merchant AK, et al. Bcl-2 inhibits chemotherapy-induced
apoptosis in neuroblastoma. Cancer Res 1994; 54:3253–3259.

16 Weller M, Malipiero U, Aguzzi A, Reed JC, Fontana A. Protooncogene bcl-2
gene transfer abrogates Fas/APO-1 antibody-mediated apoptosis of human
malignant glioma cells and confers resistance to chemotherapeutic drugs
and therapeutic irradiation. J Clin Invest 1995; 95:2633–2643.

17 Harris CC. Structure and function of the p53 tumor suppressor gene: clues
for rational cancer therapeutic strategies. J Natl Cancer Inst 1996;
88:1442–1455.

18 El-Deiry WS, Tokino T, Velculescu VE, et al. WAF 1, a potential mediator of
p53 tumor suppression. Cell 1993; 75:817–825.

19 Miyashita T, Reed JC. Tumor suppressor p53 is a direct transcriptional
activator of human bax gene. Cell 1995; 80:293–299.

20 Owen-Schaub LB, Zhang W, Cusack JC, et al. Wild-type human p53 and a
temperature sensitive mutant induce Fas/APO-1 expression. Mol Cell Biol
1995; 15:3032–3040.

21 Wang XW, Zhan Q, Coursen JD, et al. GADD45 induction of a G2/M cell
cycle checkpoint. Proc Natl Acad Sci USA 1999; 96:3706–3711.

22 Takimoto R, EI-Deiry WS. Wild-type p53 transactivates the KILLER/DR5
gene through an intronic sequence-specific DNA-binding site. Oncogene
2000; 19:1735–1743.

23 Mechta F, Lallemand D, Pfarr CM, Yaniv M. Transformation by ras modifies
AP1 composition and activity. Oncogene 1997; 14:837–847.

24 Leppa S, Eriksson M, Saffrich R, Ansorge W, Bohmann D. Complex
functions of AP-1 transcription factors in differentiation and survival of PC12
cells. Mol Cell Biol 2001; 21:4369–4378.

25 Lowe SW, Ruley HE, Jacks T, Housman DE. p53-dependent apoptosis
modulates the cytotoxicity of anticancer agents. Cell 1993; 74:957–967.

26 Agarwal ML, Agarwal A, Taylor WR, Stark GR. p53 controls both the G2/M
and the G1 cell cycle checkpoints and mediates reversible growth arrest in
human fibroblasts. Proc Natl Acad Sci USA 1995; 92:8493–8497.

27 Bates S, Ryan KM, Phillips AC, Vousden KH. Cell cycle arrest and DNA
endoreduplication following p21Waf1/Cip1 expression. Oncogene 1998;
17:1691–1703.

28 Kaufmann WK, Paules RS. DNA damage and cell cycle checkpoints.
FASEB J 1996; 10:238–247.

29 Hermeking H, Lengauer C, Polyak K, et al. 14-3-3 sigma is a p53-regulated
inhibitor of G2/M progression. Mol Cell 1997; 1:3–11.

30 Bunz F, Dutriaux A, Lengauer C, et al. Requirement for p53 and p21 so
sustain G2 arrest after DNA damage. Science 1998; 282:1497–1501.

31 Strasser A, Huang DC, Vaux DL. The role of the bcl-2/ced-9 gene family in
cancer and general implications of defects in cell death control for
tumourigenesis and resistance to chemotherapy. Biochem Biophys Acta
1997; 1333:F151–F178.

32 Macleod KF, Sherry N, Hannon G, et al. p53-dependent and independent
expression of p21 during cell growth, differentiation, and DNA damage.
Genes Dev 1995; 9:935–944.

33 Caelles CA, Helmberg A, Karin M. p53-dependent apoptosis in the
absence of transcriptional activation of p53-target genes. Nature 1994;
370:220–223.

34 Morgan SE, Kim R, Wang PC, et al. Differences in mutant p53 protein
stability and functional activity in teniposide-sensitive and -resistant human
leukemic CEM cells. Oncogene 2000; 19:5010–5019.

35 Weinstein JN, Myers TG, O’Connor PM, et al. An information-intensive
approach to the molecular pharmacology of cancer. Science 1997;
275:343–349.

36 O’Connor PM, Jackman J, Bae I, et al. Characterization of the p53 tumor
suppressor pathway in cell lines of the National Cancer Institute anticancer

Transcription factors in apoptosis Kim et al. 9

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



drug screen and correlation with the growth-inhibitory potency of 123
anticancer drugs. Cancer Res 1997; 57:4285–4300.

37 Vasey PA, Jones NA, Jenkins S, Dive C, Brown R. Cisplatin, camptothecin
and taxol sensitivities of cells with p53-associated multidrug resistance. Mol
Pharmacol 1996; 50:1536–1540.

38 Wang Q, Beck WT. Transcriptional suppression of multidrug resistance-
associated protein (MRP) gene expression by wild-type p53. Cancer Res
1998; 58:5762–5769.

39 Sullivan GF, Yang JM, Vassil A, Yang J, Bash-Babula J, Hait WN. Regulation
of expression of the multidrug resistance protein MRP1 by p53 in human
prostate cancer cells. J Clin Invest 2000; 105:1261–1267.

40 Strauss BE, Shivakumar C, Deb SP, Deb S, Haas M. The MDR1
downstream promoter contains sequence-specific binding sites for wild-
type p53. Biochem Biophys Res Commun 1995; 217:825–831.

41 Thottassery JV, Zambetti GP, Arimori K, Schuetz EG, Schuetz JD. p53-
dependent regulation of MDR1 gene expression causes selective resistance
to chemotherapeutic agents. Proc Natl Acad Sci USA 1997; 94:11037–
11042.

42 Bahr O, Wick W, Weller M. Modulation of MDR/MRP by wild-type and
mutant p53. J Clin Invest 2001; 107:643–645.

43 Sampath J, Sun D, Kidd VJ, et al. Mutant p53 cooperates with EST and
selectively up-regulates human MDR 1 not MRP 1. J Biol Chem 2001;
276:39359–39367.

44 Dang CV. c-Myc target genes involved in cell growth, apoptosis, and
metabolism. Mol Cell Biol 1999; 19:1–11.

45 Cerni C, Skrzypek B, Popov N, et al. Repression of in vivo growth of
Myc/Ras transformed tumor cells by Mad 1. Oncogene 2002; 21:
447–459.

46 Soucek L, Helmer-Citterich M, Sacco A, Jucker R, Cesareni G, Nasi S.
Design and properties of a Myc derivative that efficiently homodimerizes.
Oncogene 1998; 17:2463–2472.

47 Nesbit CE, Grove LE, Yin X, Prochownik EV. Differential apoptotic behaviors
of c-myc, N-myc, and L-myc oncoproteins. Cell Growth Different 1998;
9:731–741.

48 Funato T, Kozawa K, Kaku M, Sasaki T. Modification of the sensitivity to
cisplatin with c-myc overexpression or down-regulation in colon cancer
cells. Anti-Cancer Drugs 2001; 12:829–834.

49 Nesbit CE, Fan S, Zhang H, Prochownik EV. Distinct apoptotic responses
imparted by c-myc and max. Blood 1998; 92:1003–1010.

50 Fulda S, Lutz W, Schwab M, Debatin KM. Myc N sensitizes neuroblastoma
cells for drug-induced apoptosis. Oncogene 1999; 18:1479–1486.

51 Klefstrom J, Vastrik I, Saksela E, Valle J, Eilers M, Alitalo K. c-Myc induces
cellular susceptibility to the cytotoxic action of TNF-alpha. EMBO J 1994;
13:5442–5450.

52 Funato T, Kozawa K, Kaku M, Sasaki T. Modification of the sensitivity to
cisplatin with c-myc over-expression or down-regulation in colon cancer
cells. Anti-Cancer Drugs 2001; 12:829–834.

53 Van Waardenburg RC, Meijer C, Burger H, et al. Effect of an inducible anti-
sense c-myc gene transfer in a drug-resistant human small-cell-lung-
carcinoma cell line. Int J Cancer 1997; 73:544–550.

54 Leonetti C, Biroccio A, Candiloro A, et al. Increase of cisplatin sensitivity
by c-myc antisense oligodeoxynucleotides in a human metastatic
melanoma inherently resistant to cisplatin. Clin Cancer Res 1999; 5:
2588–2895.

55 Zhang XW, Xu B. Differential regulation of p53, c-Myc, Bcl-2 Bax and AFP
protein expression, and caspase activity during 10-hydroxycamptothecin-
induced apoptosis in HepG2 cells. Anti-Cancer Drugs 2000; 11:747–756.

56 Clary A, Larrue A, Pourquier P, Robert J. Transcriptional down-regulation of
c-myc expression in an erythroleukemic cell line, K562, and its doxorubicin-
resistant variant by two topoisomerase II inhibitors, doxorubicin and
amsacrine. Anti-Cancer Drugs 1998; 9:245–254.

57 Hiebert SW, Packham G, Strom DK, et al. E2F-1: DP-1 induces p53 and
overrides survival factors to trigger apoptosis. Mol Cell Biol 1995;
15:6864–6874.

58 O’Connor RJ, Schaley JE, Feeney G, Hearing P. The p107 tumor suppressor
induces stable E2F DNA binding to repress target promoters. Oncogene
2001; 20:1882–1891.

59 Chang YC, Nakajima H, Illenye S, et al. Caspase-dependent apoptosis by
ectopic expression of E2F-4. Oncogene 2000; 19:4713–4720.

60 Eischen CM, Packham G, Nip J, et al. Bcl-2 is an apoptotic target
suppressed by both c-Myc and E2F-1. Oncogene 2001; 20:6983–6993.

61 Nip J, Strom DK, Fee BE, Zambetti G, Cleaveland JL, Hiebert SW. E2F-1
cooperates with topoisomerase II inhibition and DNA damage to
selectively augment p53-independent apoptosis. Mol Cell Biol 1997;
17:1049–1056.

62 Hofland K, Petersen BO, Falck J, Helin K, Jensen PB, Sehested M.
Differential cytotoxic pathways of topoisomerase I and II anticancer agents
after overexpression of the E2F-1/DP-1 transcription factor complex. Clin
Cancer Res 2000; 6:1488–1497.

63 Yang HL, Dong YB, Elliott MJ, Liu TJ, McMasters KM. Caspase activation
and changes in Bcl-2 family member protein expression associated with
E2F-1-mediated apoptosis in human esophageal cancer cells. Clin Cancer
Res 2000; 6:1579–1589.

64 Itoshima T, Fujiwara T, Waku T, et al. Induction of apoptosis in human
esophageal cancer cells by sequential transfer of the wild-type p53 and
E2F-1 genes: involvement of p53 accumulation via ARF-mediated MDM2
down-regulation. Clin Cancer Res 2000; 6:2851–2859.

65 Atienza Jr C, Elliott MJ, Dong YB, et al. Adenovirus-mediated E2F-1 gene
transfer induces an apoptotic response in human gastric carcinoma cells
that is enhanced by cyclin dependent kinase inhibitors. Int J Mol Med 2000;
6:55–63.

66 Dong YB, Yang HL, Elliott MJ, et al. Adenovirus-mediated E2F-1 gene
transfer efficiently induces apoptosis in melanoma cells. Cancer 1999;
86:2021–2033.

67 Meng RD, Phillips P, EI-Deiry WS. p53-independent increase in E2F-1
expression enhances the cytotoxic effects of etoposide and of adriamycin.
Int J Oncol 1999; 14:5–14.

68 Field SJ, Tsai FY, Kuo F, et al. E2F-1 functions in mice to promote apoptosis
and suppress proliferation. Cell 1996; 85:549–561.

69 Yang HL, Dong YB, Elliott MJ, Wong SL, McMasters KM. Additive effect of
adenovirus-mediated E2F-1 gene transfer and topoisomerase II inhibitors on
apoptosis in human osterosarcoma cells. Cancer Gene Ther 2001;
8:241–251.

70 Hsueh CT, Wu YC, Schwartz GK. UCN-01 suppresses E2F-1 mediated by
ubiquitin-proteasome-dependent degradation. Clin Caner Res 2001;
7:669–674.

71 Vaishnav YN, Pant V. Differential regulation of E2F transcription factors by
p53 tumor suppressor protein. DNA Cell Biol 1999; 18:911–922.

72 Elliott MJ, Dong YB, Yang H, McMasters KM. E2F-1 up-regulates c-Myc and
p14 (ARF) and induces apoptosis in colon cancer cells. Clin Cancer Res
2001; 7:3590–3597.

73 Shaulian E, Karin M. AP-1 in cell proliferation and survival. Oncogene 2001;
20:2390–2400.

74 Potapova O, Basu S, Mercola D, Holbrook NJ. Protective role of c-jun in the
cellular response to DNA damage. J Biol Chem 2001; 276:28546–28553.

75 Ritke MK, Rusnak JM, Lazo JS, et al. Differential induction of etoposide-
mediated apoptosis in human leukemia HL-60 and K562 cells. Mol
Pharmacol 1994; 46:605–611.

76 Testolin L, Carson C, Wang Y, Walker PR, Armato U, Sikorska M. Jun and
JNK kinase are activated in thymocyte in response to VM-26 and radiation
but not glucocorticoids. Exp Cell Res 1997; 230:220–232.

77 Galan A, Garcia-Bermejo L, Vilaboa NE, de Blas E, Aller P. Uncoupling
of apoptosis and Jun/AP-1 activity in human promonocytic cells treated
with DNA-damaging and stress-inducing agents. Eur J Cell Biol 2000;
79:1–9.

78 Stadheim TA, Kucera GL. c-Jun N-terminal kinase/stress-activated protein
kinase (JNK/SAPK) is required for mitoxantrone- and anisomycin-induced
apoptosis in HL-60 cells. Leuk Res 2002; 26:55–65.

79 Engedal N, Korkmaz CG, Saatcioglu F. c-Jun N-terminal kinase is required
for phorbol ester-and thapsigargin-induced apoptosis in the androgen
responsive prostate cancer cell line LNCaP. Oncogene 2002; 21:
1017–1027.

80 Manna SK, Sah NK, Aggarwal BB. Protein tyrosine kinase p56lck is required
for ceramide-induced but not tumor necrosis factor-induced activation of
NF-kappa B, AP-1, JNK, and apoptosis. J Biol Chem 2000; 275:
13297–13306.

81 Kondo T, Matsuda T, Kitano T, et al. Role of c-jun expression increased by
heart shock- and ceramide-activated caspase-3 in HL-60 cells apoptosis.
Possible involvement of ceramide in heart shock-induced apoptosis. J Biol
Chem 2000; 275:7668–7676.

82 Fan M, Goodwin ME, Birrer MJ, Chambers TC. The c-Jun NH2-terminal
protein kinase/AP-1 pathway is required for efficient apoptosis induced by
vinblastine. Cancer Res 2001; 61:4450–4458.

83 Berry A, Goodwin M, Moran CL, Chambers TC. AP-1 activation and altered
AP-1 composition in association with increased phosphorylation and
expression of specific Jun and Fos family proteins induced by vinblastine in
KB-3 cells. Biochem Pharmacol 2001; 62:581–591.

84 Kim R, Beck WT. Differences between drug-sensitive and -resistant human
leukemic CEM cells in c-jun expression, AP-1 DNA-binding activity, and
formation of Jun/Fos family dimers, and their association with

10 Anti-Cancer Drugs 2003, Vol 14 No 1

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



internucleosomal DNA ladders after treatment with VM-26. Cancer Res
1994; 54:4958–4966.

85 Yamamura Y, Hua X, Bergelson S, Lodish HF. Critical role of Smads and AP-
1 complex in transforming growth factor-beta-dependent apoptosis. J Biol
Chem 2000; 275:36295–36302.

86 Tang JR, Nakamura M, Okura T, et al. Mechanism of oxidative stress-induced
GADD153 gene expression in vascular smooth muscle cells. Biochem
Biophys Res Commun 2002; 290:1255–1259.

87 Luethy JD, Holbrook NJ. Activation of the gadd153 promoter by genotoxic
agents: a rapid and specific response to DNA damage. Cancer Res 1992;
52:5–10.

88 Gately DP, Sharma A, Christen RD, Howell SB. Cisplatin and taxol activates
different signal pathways regulating cellular injury-induced expression of
GADD153. Br J Cancer 1996; 73:18–23.

89 Delmastro DA, Li J, Vaisman A, Solle M, Chaney SG. DNA damage
inducible-gene expression following platinum treatment in human ovarian
carcinoma cell lines. Cancer Chemother Pharmacol 1997; 39:245–253.

90 Eymin B, Dubrez L, Allouche M, Solary E. Increased gadd153 messenger
RNA level is associated with apoptosis in human leukemic cells treated with
etoposide. Cancer Res 1997; 57:686–695.

91 Kim R, Ohi Y, Inoue H, Aogi K, Toge T. Introduction of gadd153 gene into
gastric cancer cells can modulate sensitivity to anticancer agents in
association with apoptosis. Anticancer Res 1999; 19:1779–1784.

92 Eichhorst ST, Muller M, Li-Weber M, Schulze-Bergkamen H, Angel P,
Krammer PH. A novel AP-1 element in the CD95 ligand promoter is required
for induction of apoptosis in hepatocellular carcinoma cells upon treatment
with anticancer drugs. Mol Cell Biol 2000; 20:7826–7837.

93 Tang G, Minemoto Y, Dibling B, et al. Inhibition of JNK activation through NF-
kappaB target genes. Nature 2001; 414:313–317.

94 Sevilla L, Zaldumbide A, Pognonec P, Boulukos KE. Transcriptional
regulation of the bcl-x gene encoding the anti-apoptotic Bcl-XL protein by
Est, Rel/NF kappaB. STAT and AP 1 transcription factor families. Histol
Histopathol 2001; 16:595–601.

95 Bullock G, Ray S, Reed J, et al. Evidence against a direct role for the
induction of c-jun expression in the mediation of drug-induced apoptosis in
human acute leukemia cells. Clin Cancer Res 1995; 1:559–564.

96 Ivanov VH, Bhoumik A, Krasilnikov M, et al. Cooperation between STAT3 and
c-jun suppresses Fas transcription. Mol Cell 2001; 7:517–528.

97 Kantarjian H, Sawyers C, Hochhaus A, et al. The International STI571 CML
Study Group: hematologic and cytogenetic responses to imatinib mesylate
in chronic myelogenous leukemia. N Engl J Med 2002; 346:645–652.

98 Oetzel C, Jonuleit T, Gotz A, et al. The tyrosine kinase inhibitor CGP 57148
(STI 571) induces apoptosis in BCR–ABL-positive cells by down-regulating
BCL-X. Clin Cancer Res 2000; 6:1958–1968.

Transcription factors in apoptosis Kim et al. 11

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.


