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ABSTRACT
As transcription factors, Myc-family proteins function upstream of signaling pathways
and regulate cell proliferation, differentiation, angiogenesis, apoptosis and
transformation. Precisely regulated Myc expression is critical for cellular physiology,
while perturbations of Myc expression have detrimental consequences to the organism.
First identified as the cellular homologue of a transforming gene of an avian retrovirus
in 1979, deregulation of Myc was found to be closely related to many types of human
cancers. Several studies using different animal models showed that activation of myc
can induce tumor formation in various tissues. Interestingly, brief inactivation of myc
results in tumor regression by inducing apoptosis, differentiation and/or dormancy of
established tumors. These findings highlight the Myc pathway as an attractive target for
tailored therapy for malignant tumors. For this purpose, we have established a cellular
screening assay to identify small molecules that enhance cell death in Mycoverexpressing cells such as tumor cells, while having less effect on normal cells with
lower Myc levels. Two identified small compounds, Myc pathway response agents-A
(MYRA-A) and MYRA-B, induced apoptosis in a Myc-dependent manner and
inhibited transformation driven by Myc. Our data showed that, although both
compounds induce cell death in a similar manner, they act by different mechanisms.
MYRA-A was found to work through interference with the DNA-binding of Myc
family proteins and Myc-mediated transactivation, while the mechanisms of MYRA-B
need to be elucidated. We have also characterized a third small molecule which showed
prominent cellular toxicity to Myc-overexpressing cells and inhibited the DNA-binding
of Myc proteins. In contrast to MYRAs, this compound (NSC408848) induced paninhibition of transactivation by several transcription factors. In parallel, we analyzed the
relationship between Myc status and the effects of the anti-cancer drugs, camptothecin
(CPT) and paclitaxel (PTX). We found that overexpression of Myc enhanced apoptosis
induced by both drugs albeit through distinct mechanisms. Our data showed that CPT
worked through inhibition of several transcription factors while the mechanisms for
Myc-enhanced apoptosis by PTX needs is still unclear. Neither of the drugs affected the
DNA-binding ability of Myc proteins. Moreover, we also found that PKCdelta was
involved in CPT-induced apoptosis in the presence of Myc, while it seemed
dispensable for the effect of PTX, regardless of Myc status. Our studies indicate that
there are different possibilities to interfere with the Myc pathway in order to induce
apoptosis specifically in cancer cells. Our work also suggests that cellular screening
assays are powerful in identifying compounds that may be used as leads to develop
novel cancer therapies.
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INTRODUCTION
Cancer is the outcome of a series of genetic alterations that usually occur over many
decades, during which the genomes of incipient cancer cells acquire mutant alleles of
proto-oncogenes and tumor-suppressor genes that control cell proliferation.1
Synergistic effects of mutations in oncogenes and tumor suppressor genes promote
the characteristics of cancer cells as reviewed by Hanahan and Weinberg.2 They
proposed six phenotypic changes at the cellular level as the essential hallmarks of
cancer. Based on the current knowledge that a series of genetic and cellular principles
may govern tumorigenesis, it is expected that the complex phenotypes of cancer cells
will ultimately be explained by discovering associated changes in the genomes of
these cells. Identification of the changes in genetics and signaling pathways in cancer
cells may provide diagnostic and prognostic markers as well as molecular targets for
individualized strategy of cancer treatment.
1

ONCOGENES AND TUMOR SUPPRESSOR GENES

The normal restraints to cell proliferation are usually disrupted in cancer cells by
alterations either in the pathways that control cell cycle checkpoints or in the ones that
regulate cellular differentiation and/or cell death. All of the genes that are responsible
for tumorigenesis can be roughly classified into two categories, oncogenes and tumor
suppressor genes. The genes that promote uncontrolled cellular proliferation were
called oncogenes before their origin from normal genes was understood; their normal
alleles are therefore referred to as proto-oncogenes. Oncogenes are regarded as
dominant and gain-of-function mutations of the corresponding proto-oncogenes. Tumor
suppressor genes operate to constrain or suppress cell proliferation, and they are usually
mutated as a loss-of-function and recessive manner in tumorigenesis. Both oncogenes
and tumor suppressor genes are coordinated to promote carcinogenesis.2
1.1

Oncogenes activation and their functions

In normal cells, proto-oncogenes are tightly controlled, and deregulation of protooncogenes can activate oncogenic activity. There are several mechanisms that activate
proto-oncogenes into oncogenes, and these mechanisms are not mutually exclusive for
a given type of cancers:
Gene amplification: a process that increases the number of copies of protooncogenes and therefore contributes to the formation of cancer. For example,
MYCN amplification in high stage of neuroblastoma,3 and HER2/neu amplification
in human breast cancer.4
Chromosome translocation: a nearby strong enhancer causes a normal protein to
be overproduced, or fusion to an actively transcribed gene greatly results in
overproduction a fusion protein, and/or a fusion protein is overactive. For example,
translocation of c-myc in Burkitts lynphom (BL),5 and translocation of the
Philadelphia chromosome in chronic myelogenous leukemia (CML).6
Deletion or point mutation in the coding sequence: hyperactive proteins made in
normal amount. For example, RAS oncogene mutations in childhood acute
lymphoblastic leukemia.7
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Factors affecting protein stability and expression: For example, SCF (beta-TrCP1)
increases Smad4 protein stability in pancreatic cancer cells.8
It is of importance to keep in mind that epigenetic gene regulation collaborates with the
above mentioned genetic alterations in cancer development. Epigenetic mechanisms act
to change the accessibility of chromatin to transcriptional regulation locally and
globally via modifications of the DNA and nucleosomes, such as DNA methylation or
covalent modification of the N-terminal tails of the histones. Understanding of
epigenetic mechanisms is of therapeutic value, in that, reversal of epigenetic silencing
will reinstate cellular cancer defense mechanisms, for example, inhibitors of DNA
methylation 5-aza-CdR could induce gene expression and differentiation in cultured
cells,9 moreover, 5-aza-CdR and phenyl butyrate (an histone deacetylase inhibitor)
worked synergistically in the prevention of murine lung cancer.10
1.2

Oncogene families

1.2.1

Growth factors

Transforming Growth Factor-β (TGF-β): In mammals TGF-β exists in 3 isoforms,
TGF-β1, -β2, and -β3. TGF-β1 is the most abundant and well-studied isoform.11
Secreted as a latent protein complex, the TGF-β ligands need to be activated and bound
to ubiquitously expressed cell-surface receptors, the type 1 receptor (TGFBR1) and type
2 receptor (TGFBR2). After binding to TGF-β, TGFBR2 transphosphorylates and
activate TGFBR1.12 The activated TGFBR1 then recruits and phosphorylates
transcription factors, Smad2/3/4, which then translocate into the nucleus and interact
with transcription factors such as E2F, as well as co-activators (e.g., CBP, p300) and
co-repressors (e.g., c-Ski, SnoN, TGIF) to regulate the transcription of TGF-βresponsive genes.13 In premalignant cells and cells in early stages of carcinogenesis
TGF-β inhibits cell proliferation, induces apoptosis, causes replicative senescence, and
maintains genomic stability.14 Its tumor suppressor functions have been confirmed in
transgenic mice in which hemizygous or homozygous TGFB1 deletions were
associated with an increased incidence of chemically or spontaneously induced
tumors.15 In the process of carcinogenesis, cancer cells lose the capacity to respond to
the inhibitory effects of TGF-β,16 probably through mutations in members of the TGFβ signaling pathway which often occur in solid tumors,17 or the decreased expression
of TGF-β receptors on the cell surface or repression of TGF-β signaling by
oncoproteins in hematological cancers.18, 19 At advanced stages, TGF-β promote tumor
progression and metastasis,20 which is supported by the findings that TGF-β has
enhanced expression in lymph node metastases of breast cancer patients16 and TGFBR2
expression correlates with reduced survival in estrogen-negative carcinomas.21 In
agreement with this, in vitro exposure of breast cancer cell lines to TGF-β gives rise to
enhanced metastasis in vivo, while suppression of TGF-β receptor function reduces the
metastatic capacity.22
Vascular endothelial growth factor (VEGF): VEGF influences angiogenesis, cell
survival, vascular permeability, cell migration, and differentiation.23 In addition, it
attracts monocytes cells into sites of inflammation and tumours.24 The VEGF gene
family consists of VEGF-A to -E and placental growth factor (PLGF). VEGF-A is
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mainly involved in angiogenesis while VEGF-C and VEGF-D are involved in
lymphangiogenesis. VEGF mediates its signals via high affinity receptor tyrosine
kinases: VEGFR-1 (FLT1), VEGFR-2 (KDR/murine FLK1), and VEGFR-3 (FLT4).
VEGFR-1 binds VEGF-A, PLGF and VEGF-B.25 The affinity of VEGFR-1 for
VEGF is ten-fold higher than VEGFR-2 but its tyrosine kinase activity is ten-fold
weaker than that of VEGFR-2, therefore acting as a decoy receptor against VEGFR2.25 As the primary mediator of VEGF signaling, VEGFR-2 binds VEGF-A, VEGF-C
and VEGF-D.26 VEGFR-3 binds the full length and mature forms of VEGF-C.27
VEGF is regulated by numerous pathways and conditions, such as hypoxia, certain
growth factors, cytokines as well as oncogenes. Tumor suppressor genes also regulate
VEGF expression. Changes in the expression of or mutations in TP53, PTEN, and von
Hippel Lindau (VHL) can induce hypoxia-inducible factor-1 (HIF1), leading to
increases in VEGF transcription.28 Elevated VEGF expression is related to the growth
rate and vascularity of tumors and to tumor metastasis, chemoresistance and worse
prognosis.29, 30 Secreted by the tumor cells in an autocrine manner,31, 32 VEGF not
only stimulates vascular sprouting which ultimately forms new blood vessels within
the tumor, but also plays a role in vasculogenesis.33 Under stressed conditions such as
serum starvation, hypoxia, radiation and chemotherapy, tumor cells secrete elevated
levels of VEGF,34 which might be a reason of tumor resistance to conventional
treatment. VEGF receptors are expressed in a variety of tumor types, and may be
responsible for tumor autocrine signaling loops.28
Epidermal Growth Factor (EGF): EGF is the ligand of EGFR, which is the prototype
receptor tyrosine kinase, and belongs to a family of receptors that encompasses three
additional proteins, ErbB-2, ErbB-3 and ErbB-4.35-37 The EGF-EGFR family forms an
integrated system in which a signal is often transmitted to each other of the same
family, leading to amplification and diversification of the initial signal. Following
receptor homo- or heterodimerization induced by ligand binding, the receptor tyrosine
kinase is activated and then autophosphorylates its tyrosine residues.38 These
phosphorylated residues serve as docking sites for proteins containing Src homology 2
(SH2) and phosphotyrosine binding (PTB) domains, which further activate downstream
signaling pathways, including MAPK1 (mitogen-activated protein kinase-1) and
phosphatidylinositol-3 kinase (PI3K)/protein kinase B (PKB), promoting cells to
proliferate or to survive.38 EGF-EGFR signaling is normally involved in cell
proliferation and intracellular signaling pathways resulting in tissue growth.39
Dysregulation of this signaling pathway can support unlimited proliferation and
survival of cancer cells. Abnormalities of the EGFR gene, including amplification,
mutations, and overexpression, have been identified in human malignancies.40
Furthermore, overexpression of EGFR is associated with poorer prognosis and
resistance to radiation and chemotherapy.41
1.2.2

Tyrosine Kinases

HER2 (human epidermal growth factor receptor-2)/neu: This receptor tyrosine kinase
family controls normal cell growth, differentiation, motility and adhesion in several
cell lineages through a network of signaling pathways.42 With deregulation of this
network, HER2 enhances and prolongs downstream signaling pathways including the
MAP kinase, PI3K/AKT, JNK and PLCγ pathways, which ultimately provide survival
3

advantage.37 Transgenic mice models have shown the oncogenic properties of rat
HER2/neu.43 The oncogenicity of human homolog ERBB2 was established in
experiments showing that ectopically expressed ERBB2/HER2 transformed normal
fibroblasts and induced cancers when it was directed to mouse mammary tissues.44 As
opposed to experimental tumors in HER2/neu transgenic mice, gene amplification is
the key event for HER2 overexpression in human breast carcinomas tumors with no
mutation or genetic recombination has been observed. HER2 overexpression has
been found in various human cancers with the highest frequency of in inflammatory
breast cancers.45 In addition, the presence of activated HER2 correlates with resistance
to chemotherapeutic agents and tumor metastasis.46, 47
MET: The hepatocyte growth factor receptor MET is expressed primarily in cells of
epithelial or endothelial origin.48 MET is the high-affinity receptor for hepatocyte
growth factor (HGF)/scatter factor (SF), and the signal transmitted through MET from
HGF/SF is essential for the development of embryonic tissues.48 Upon HGF/SF
binding, c-Met autophosphorylation occurs on two tyrosine residues (Y1234 and
Y1235) within the activation loop of the TK domain, which regulate kinase activity.
Phosphorylation on two tyrosine residues near the COOH terminus (Y1349 and
Y1356) forms a multifunctional docking site that recruits intracellular adapters via
Src homology-2 domains and other recognition motifs, leading to the activation of
downstream signaling such as growth factor receptor-bound protein 2 (Grb2), Gab1,
and PI3K, thereby regulating cellular activities including motility, proliferation,
survival, morphogenesis, regeneration, angiogenesis and cell cycle progression.49, 50
Overexpression of the ligand and/or receptor can enhance tumor cell proliferation,
tumor angiogenesis survival, motility, and invasion, which are coupled with increased
protease production resembling tumor metastasis in vivo.51 Consistently, ectopic
expression of mutated MET increases the tumorigenicity and metastatic potential of
NIH 3T3 cells and induces metastatic mammary cancers in transgenic mice.52 MET is
overexpressed in all types of human solid tumors, and overexpression/hyperactivity
correlates with invasion, metastasis and poor prognosis.53
KIT: KIT is a receptor tyrosine kinase (RTK). The ligand for KIT is called stem cell
factor (SCF).54 Stimulation of KIT with SCF results in dimerization and activation of
its intrinsic tyrosine kinase activity,55 which in turn activates PI3K by associating the
SH2 domain of the regulatory subunit of PI3K with KIT.56 Downstream targets for 3'phospholipids generated by PI3K include the serine/threonine kinases AKT and protein
kinase C (PKC). Moreover, SCF activates other signal pathways such as JAK-STAT and
Ras-Erk through multiple signaling components, which provide cell survival and
proliferation advantage.57, 58 Gain-of-function mutations in KIT associated with human
disease occur most frequently in the juxta-membrane domain (JMD) or in the kinase
domain. Transgenic mice with mutations of KIT or SCF have defects in melanogenesis,
gametogenesis and hematopoiesis, indicating the pleiotropic functions of the KIT
pathway.59 KIT is essential for the development and function of gastrointestinal stromal
tumor (GIST) cells; moreover, GIST patients have a high rate of mutations in KIT.
Furthermore, STAT3 was constitutively activated in GIST cells with mutations in exon
11 of the JMD.60 Factor-dependent hematopoietic cell lines expressing KIT with
mutations in the JMD or the kinase domain become factor independent and tumorigenic
in mice.61, 62 KIT signaling pathways have been implicated in the carcinogenesis of
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mast cell tumors, acute and chronic myelocytic leukemia (AML/CML), germ cell
tumors and GIST.63 Additionally, KIT is overexpressed in 63% of AML patients, and
correlates with low survival rates and resistance to chemotherapy in patients with
small-cell lung cancer (SCLC) or ovarian carcinoma. 64-66 Finally, KIT expression is an
indicator for poor prognosis in a variety of human malignancies.67
BCR/ABL: The BCR/ABL oncogene, generated by the Philadelphia (Ph) chromosome
translocation, t(9;22)(q34;q11), results in a constitutively active tyrosine kinase that
enhances proliferation and viability of myeloid lineage cells.6 As a non-receptor
tyrosine kinase, activation of the ABL protein through phosphorylation is tightly
regulated by motifs on its N-terminus.68 Loss of this domain, occurring in the
BCR/ABL fusion protein, results in its constitutive activation.69 The ABL tyrosine
kinase activates several signal transduction pathways such as RAS, PI3K and
JAK/STAT that lead to enhanced proliferation, improved viability, and altered cellular
migration and homing of immature myeloid cells.70 The constitutive activation of the
tyrosine kinase activity of ABL is the initial and most critical signaling event associated
with the BCR/ABL oncogene, and is crucial for all aspects of transformation.70 Similar
to ABL, the N-terminus of the BCR protein, included in all known BCR/ABL proteins,
has serine/threonine kinase activity and is essential for its tumorigenicity.71 In many
model systems, BCR/ABL completely abrogates growth factor dependence, and has
been associated with reduced requirement for growth factors in primary hematopoietic
cells.72 Consistently, the BCR/ABL fusion gene confers proliferation advantages and
allows the clone to displace cells involved in normal hematopoiesis.73 At the cellular
level, BCR/ABL confers growth factor independence and resistance to apoptosis.68
Furthermore, BCR/ABL disturbs the cytoskeleton structure resulting in perturbation of
inside-to-outside adhesion molecules, leading to the premature release of progenitor
cells from bone marrow, which is one of the characteristics of CML.74 Overexpression
of BCR/ABL is likely to be sufficient by itself to cause chronic myelogenous leukemia
(CML), but acute leukemia will develop when other genetic events induced.75
1.2.3

RAS Pathway

The RAS family consists of four proteins (H-RAS, N-RAS, K-RAS4A, and K-RAS4B)
encoded by three proto-oncogenes: the H-, K- and N-RAS genes. The RAS proteins
differ at the carboxyl terminus, a region involved in membrane localization, and H-,
K-, and N-Ras interact with different microdomains of the plasma membrane and in
different endomembrane compartments,76 which may result in recruitment of their
different cofactors. It has been reported that K-RAS is involved in the activation of
RAF/MAP2K/ERK, while H-RAS is associated with the activation of
phosphatidylinositol-3 kinase (PI3K)/AKT.77 Different Ras proteins play different
fundamental roles as it is demonstrated that mice with knockout of N-Ras are
viable,78 whereas mice lacking K-Ras are not.79 In its GTP-binding state, RAS
activates downstream pathways to regulate cell proliferation, cell survival, and
differentiation.80 One downstream target of RAS, the serine/threonine kinase RAF,
phosphorylates MAPK kinase (MAP2K)-1 and MAP2K-2.81 Activated MAP2Ks then
phosphorylate extracellular-signal regulated kinases (ERK)-1 and -2, which either
phosphorylate cytoplasmic substrates or enter the nucleus to phosphorylate and activate
various transcription factors.82, 83 Certain mutations of the RAS protein stabilize its
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GTP-binding state and make it resistant to GTP hydrolysis. In this state, RAS is
constitutively active and confers a proliferative advantage to cells.84 Although
mutations in all RAS genes occur in varying frequencies in different tumor types, KRAS is the form that is causally involved in the major cancers that afflict humans
most frequently. Mutant RAS proteins result in the deregulation of the RAS-RAFMAP2K-ERK pathway and plays a direct causal role in tumorigenesis85, 86 The
involvement of RAS mutations in primary human tumors and cancer-derived cell
lines has been reported in the website of Sanger Center COSMIC database
(www.sanger.ac.uk/genetics/CGP/cosmic). In addition to mutations, overexpression
and amplification of growth factors signaling through RAS, inactivation of GTPase
activating protein and upregulation of GRB2 adaptor proteins also lead to hyperactive
RAS.7
Phosphatidylinositol-3 kinases (PI3Ks): PI3K is a key component in insulin and
growth factor pathways that regulate metabolism and cell growth. PI3Ks are grouped
into three classes (I-III) according to their substrate preference and sequence
homology, among which the class I is well-studied.87 Growth factor receptors such as
the IGF1 receptor, the platelet-derived growth factor (PDGF), The MET protooncogene (Met) and the epidermal growth factor (EGF) receptors activate class IA
PI3Ks, indicating the plethora functions of this pathway.87 Activated PI3K and its
downstream signals AKT-PKB are involved in stimulating cell proliferation,
facilitating cell migration, sustaining anchorage-independent cell viability, and
protecting cells from apoptosis. AKT-PKB is also involved in cell invasion and
angiogenesis.88 PI3K signaling pathway is also one of the most highly mutated
systems in many types of human cancers as documented in a wide spectrum of human
cancers, including breast, lung, ovarian, and pancreatic carcinomas, as well as
melanomas, leukemia, and non-Hodgkin lymphoma.89 The gene PIK3C, encoding the
p110 subunit of PI3K, is amplified in several human cancers.90 Moreover, AKT/PKB
correlates with metastasis, advanced stages, chemoresistance and radio-resistance of
human cancers, and cancer patients with AKT/PKB activation show a poor
prognosis.91-95
1.2.4

Transcriptional factors

Myc family proteins: These will be discussed in more detail in section 5.
E2F family: There are seven members (E2F1-E2F7).96 E2F1-3 are transcription
activators, while E2F4-5 are transcriptional repressors. E2F6 functions as a dominant
negative regulator of the activities of the other E2F family members.97 E2F7 delays cell
cycle progression by binding to DNA independently of a DP partner and modulates the
transcription properties of other E2F proteins.98 In the presence of growth factors, E2F1
is dissociated from phosphorylated Rb and activates transcription of target genes,
including those involved in DNA synthesis and cell cycle control, committing cells in
the late G1 phase to initiate cell cycle progression.97 The spectrum of E2F1 target genes
involved not only in the regulation of cell cycle but also in mitosis, chromosome
segregation,
mitotic
spindle
checkpoints,
DNA
repair,
chromatin
assembly/condensation, differentiation, development and apoptosis.99 E2F can induce
apoptosis in a p53-dependent as well as a p53-independent manner.97 E2F can affect
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p53 stability through the regulation of its target genes such as the p14(p19)/ARF tumor
suppressor.100 However, E2F can induce p53-dependent apoptosis in the absence of
Arf,101 suggesting the existence of alternate mechanisms for p53 induction. p73 and/or
the inhibition of TNF receptor antiapoptotic signaling have been shown to be involved
in the p53-independent cell death.102, 103 For cells in culture, E2F1 causes quiescent
cells to enter S phase,97 promotes proliferation of breast cancer and hepatocellular
carcinoma cells and confers estrogen resistance to breast cancer cells.104, 105 High levels
of the E2F1 protein correlate with tumorigenesis and shorter survival times.106 In mice,
overexpression leads to induction of skin tumors.107 E2F1 is essential for inhibiting
terminal differentiation in squamous cell carcinomas.108 Additionally, E2F1 is essential
for in vitro transformation and in vivo carcinogenesis induced by c-Myc.109 Targeted
deregulation of E2F1 expression in the testicles of mice results in the formation of
premalignant lesions.110 Consistently, the amplification and overexpression of E2f3 was
found in human bladder cancer, suggesting that deregulated E2F activity can have a
causative role in human tumors.111 E2Fs can act as both oncogenes and tumor
suppressors, which was demonstrated that mutation of E2f3 suppressed pituitary tumor
formation, while increasing the metastasis of thyroid carcinomas in Rb+/- animals.112
Numerous groups have found deregulated E2F activity in different human cancers,
often correlating with poor prognosis.113, 114
The JUN oncogene: c-JUN is essential in development, as the inactivation of c-JUN
caused embryonic lethality due to defects in various organ development.115, 116 The AP1
heterodimer formed by FOS and JUN is a transcription factor that recognizes and binds
to the 12-O-tetradecanoylphorbol-13-acetate (TPA) response element (TRE) DNA
recognition motifs. JUN promotes cell cycle transition, cell proliferation and inhibits
apoptosis.117 In addition to its physiological functions, JUN also contributes to
chemically or oncogne-induced tumors.118, 119 The tumorigenicity of JUN is primarily
based on its capacity to transform cells and its inhibition of cell differentiation.120 The
oncogenic activity of JUN is believed to involve antagonism of p53 functions.121 In
addition, isolated JUN-deleted keratinocytes demonstrated reduced proliferation,
increased levels of differentiation markers and higher rates of apoptosis compared with
control cells. These findings confirm clinical data where JUN has been found
upregulated in human cancers.122, 123
1.2.5

Anti-apoptotic proteins:

MDM2: MDM2 is weakly expressed in normal cells but elevated expression of MDM2
has been identified in cancers.124 Increased expression of MDM2 involves one of three
mechanisms: gene amplification, increased transcription, or enhanced translation.125, 126
MDM2 overexpression is associated with invasive tumors, high grade/late stage
tumors, tumor recurrence and metastasis.127 MDM2 overexpression confers
tumorigenicity in vitro and in vivo.128 The major functions of the MDM2 oncoprotein
were believed to be associated with its interaction with p53 within a feedback
autoregulatory loop. p53 increases the expression of the MDM2 gene via its P2
promoter, and MDM2 in turn negatively regulates p53 by masking its activation site
and by promoting its degradation via the proteasome.129, 130 Some mutants of p53 (gene
TP53) stabilize and increase the expression of MDM2 while escaping degradation.131
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While p53 mutations are common in these tumor tissues, they appear to be mutually
exclusive from MDM2 amplification. However, aggressive tumors with bad prognosis
display both p53 mutations and MDM2 amplification, suggesting the contribution of a
p53-independent oncogenic role of MDM2.132 Importantly, additional functions of
MDM2 that are independent of p53 have been identified in cell cycle control,
differentiation, cell fate determination, DNA repair, basal transcription and other
biological processes that may contribute to its oncogenic potential.133 For example,
MDM2 modulates the differentiation of normal muscle cells through interaction with
the SP1 transcription factor and RB1.134 MDM2 also confers a growth advantage to
cells lacking p53 and RB1, and overcomes the G1-cell cycle arrest induced by p107.135
In a transgenic mouse model, overexpression of MDM2 predisposes mice to
spontaneous tumor formation both in the presence and absence of functional p53.136 In
addition, MDM2 downregulates p21WAF1 at both the transcriptional and posttranslational levels, and facilitates its degradation, independently of p53.137
B-cell Lymphoma-2 (BCL2): The members of the B-cell CLL/lymphoma 2 (BCL2)
family are classified into two groups. Antiapoptotic members that share high
structural and functional homology with BCL2, and antiapoptotic members that share
less homology to BCL2.138 The antiapoptotic gene products are initially integral
membrane proteins, localizing mainly in the mitochondrial outer membrane, the
membranes of the endoplasmic reticulum (ER) and nucleus.139 Their main role is to
stabilize the mitochondrial membrane, preventing cytochrome c release and its
subsequent binding to apoptosis activating factor-1 (Apaf-1).140 BCL2 knockout mice
are smaller in size than wt mice but still viable, although viability drops to 50% by 6
weeks after birth.141 BCL2 promotes tumorigenesis and protects cells from a variety of
cytotoxic insults by preventing cell death rather than by increasing the rate of cell
division138, 142 This immortalization effect on cells apparently comes from inhibition of
apoptosis in cells destined for death.143 Two mechanisms have been suggested for the
functions of BCL2. One is that BCL2, possibly with other family members such as
BCL-XL, sequesters BH3-only molecules such as BAD, BIM, and NOXA in stable
mitochondrial complexes, preventing the activation of the pro-apoptotic proteins BAX
and BAK.144 The other proposed mechanism is that BCL2 promotes caspase activation
independent of the cytochrome c/APAF1/caspase-9 'apoptosome'.145 BCL2 may also
play a role in the inactivation of initiator caspases, such as caspase-2 that act upstream
or independently of cytochrome c release and mitochondrial involvement.146 In vitro
data demonstrate that high levels of the BCL2 protein allow interleukin-3-dependent
lymphoid and myeloid cell lines to survive in the absence of cytokines.147 BCL2 is
mutated in many types of human cancers, for example, in 60-85% of follicular B-cell
lymphomas,148 and BCL2 transgenic mice have been reported to be prone to develop
neoplasms.149 In addition, BCL2 cooperates with Myc to promote tumor formation
originating from early B-cell precursor, mature B- and T-cells.149, 150 Further, BCL2 is
essential for the maintenance of leukemia in transgenic mice since the elimination of
BCL2 resulted in the loss of leukemia cells and in prolonged survival.149. In addition,
BCL2 overexpression is associated with poor prognosis,151 angiogenesis, metastasis,
and resistance to chemotherapy and radiation.152 Therefore, the presence of BCL2 is
regarded as a limiting factor against the success of strategies targeting either survival
signaling or the activation of a tumor suppressor.
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Inhibitor-of-apoptosis family of proteins (IAP): The activities of caspases are negatively
regulated by the. IAPs inhibit the initiation of caspase activation by the mitochondrial
pathway or the death receptor pathway. IAPs also influence a third minor pathway in
which granzyme B directly activates caspase 3.153 Among IAP family the most potent
one is X-chromosome-linked IAP (XIAP).154 It binds and inhibits caspases 3, 7, and 9
with nanomolar affinity, but it does not bind or inhibit caspase 8.155 In vitro
overexpression of XIAP in 293T cells prevents BAX- and FAS-induced cleavage of
procaspase-3,156 and promotes caspase-3 degradation through the proteasome by
facilitating its ubiquitination via the ubiquitin E3 ligase activity in its RING finger
domain near the C-terminus.157 XIAP also interferes with the BAX/cytochrome c celldeath pathway.158 Although XIAP is present at basal levels in normal adult tissues, it is
upregulated in many types of human tumors.159 Overexpression of XIAP inhibits
cellular apoptosis induced by a variety of stimuli,160 Consistently, its overexpression
correlates with the resistance of cancer cells to chemotherapy and irradiation.159
Furthermore, cancer cells with deleted XIAP show remarkable sensitivity to TNFrelated apoptosis-inducing ligand (TRAIL), suggesting that XIAP is a non-redundant
modulator of TRAIL-induced apoptosis.161
1.2.6

MicroRNA

Although most miRNA genes display reduced expression in cancer, there are notable
exceptions. The best-characterized example is the mir-17-92 cluster. The causal role
of these miRNAs in cancer is shown in a Eμ-Myc mouse model for lymphoma.162 In
this model, co-expression of miR-17-19b, a truncated portion of miR-17-92, strongly
accelerated lymphomagenesis, indicating that mir-17-92 functions as an oncogene.
The possible reason is that miR-17-92 abrogates Myc-induced apoptosis in this
lymphoma model. miR-19 has been demonstrated to downregulate the tumor
suppressor PTEN (phosphatase and tensin homolog deleted on chromosome ten),163
which would increase flux through the PI3K-Akt pathway and enhance survivalpromoting signal. Given that several hundred target mRNAs are predicted for each
miRNA, there are likely to be many uncharacterized targets of the mir-17-92 cluster.
It is probable that suppression of many target mRNAs combines to promote cell
survival. Notably, c-Myc directly transactivates the mir-17-92 host gene.164 An
unrelated miRNA gene, mir-155, might also function as an oncogene in lymphoma.
High expression of mir-155 and its host gene, BIC, has been reported in several types
of B-cell lymphoma.165 Interestingly, this miRNA promotes cell proliferation and
cooperates with c-Myc in an avian lymphoma model system.166
1.3

Tumor suppressor gene inactivation and their functions

Tumor suppressor genes (TSGs) can be divided into two groups: “gatekeepers” and
“caretakers”.167 Gatekeepers regulate the growth of tumors by inhibiting their
proliferation or promoting their apoptosis. Caretakers control cellular processes that
repair genetic alterations and maintain genomic integrity. Mutations of caretakers can
result in an increase in the overall mutation rate in a given cell which is required for
tumorigenesis. Familial cancers often result from the initial germline mutation of one
allele of a TSG followed later by loss of heterozygosity (LOH). TSGs can also be
9

deregulated through transcriptional silence by hypermethylation of its CpG regions,
or functional loss then leads to tumorigenesis.
Retinoblastoma gene: Mutations in the Rb pathway are believed to occur in nearly all
human cancers.168 Rb mutations can predispose individuals to osteosarcomas and
prostate and breast cancers. The hypophosphorylated, active form of Rb is present in
G0/G1 phase of cell cycle, inhibiting E2F from transactivating its downstream genes.
Cyclin/CDK (cyclin dependent kinase) complexes phosphorylate and inactivate the
Rb protein in late G1, releasing E2F and thereby promoting cell cycle transition. Rb
is often inactivated by germline mutation of one allele and LOH of the second allele
in Rb-associated cancers. However, functional inactivation of the Rb protein in the
absence of an Rb mutation can be achieved by an amplification of the 11q13 region
resulting in cyclin D1 overexpression, or by a lack of p16INK4a function, leading to
activation of cyclinD-CDK4/6 activity and hyperphosphorylation and inactivation of
Rb. Rb protein can also be activated by the binding with viral oncoproteins such as
adenovirus E1A and SV40 large tumor antigen. The function of Rb is to repress the
transcription of genes required for DNA replication and cell division. In addition to
the above mentioned, Rb also plays a role in apoptosis. Increased apoptosis is
observed in gene-targeted Rb-deficient embryos, and murine embryonic fibroblasts
(MEFs) from Rb-/- mice show activation of E2F-responsive genes and apoptosis.169
E2F-1 might be an important link between the loss of Rb function and the activation
of apoptosis, since overproduction of E2F-1 leads to p53-dependent apoptosis.170
p53: TP53 is the most commonly mutated TSG in human cancers.171 Base
substitution is the primary genetic alteration leading to inactivation of p53 in human
tumors. P53 can also be inactivated by the interaction with viral proteins such as
human papillomavirus (HPV) E6. The E3 ligase MDM2 binds to P53 leading to its
degradation, a process that can be inhibited by ARF. p53 activity is also regulated by
posttranslational modifications such as phosphorylation, acetylation, sumolation, and
glycosylation. p53 can be activated by oncogenes such as Myc and Ras, or by DNA
damage which is mediated by ATM/ATR/DNA-PK. As a transcription factor, p53
regulates multiple important cellular pathways by controlling the transcription of its
myriad target genes such as p21, bax, PIG8, MDM2, GADD45, PIDD, Noxa, p53R2,
DR5, and CD95. Conversely, p53 activation can repress the expression of Bcl-2 and
PCNA. p53 controls the G1 checkpoint of the cell cycle by inducing transcription of
the cyclin/CDK inhibitor p21, and controls the G2 checkpoint by regulating
expression of p21 and the protein 14-3-3-σ.172 Arrest of the cell cycle at these
checkpoints allows the repair of the damaged DNA. Should repair be impossible, p53
induces the apoptosis of the cell by the transactivation of pro-apoptotic genes
including bax, Noxa, and CD95. Mice bearing a human p53 gene with an Arg193Pro
or Ala135Val substitution exhibited a high incidence of lung, bone, and lymphoid
tumors.173 p53-deficient mice are also extremely susceptible to tumorigenesis induced
by ionizing radiation (IR) or carcinogens.174 A p53-/- background dramatically
increases tumor frequency and reduces latency in c-Myc transgenic mice.175 A
cooperative effect on transformation between p53 and Rb mutations has also been
reported.176 A subset of p53-deficient embryos dies in utero with exencephaly marked
by defects in neural tube closure and overgrowth of neural tissue in the midbrain
region,177 indicating that p53 is also involved in development.
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von Hippel-Lindau (VHL): VHL disease is caused by germline mutation of the VHL
tumor suppressor gene. VHL inactivation as a result of mutation or hypermethylation
are dominant in inherited cancer syndrome associated with the formation of
hypervascularized neoplasms of the kidney, retina, pancreas, adrenal gland, and
CNS,178, it is also common in sporadic hemangioblastomas and clear-cell carcinomas.
As a component of an ubiquitin ligase complex (or E3) that polyubiquitinates HIF
alpha subunits, VHL also negatively regulates hypoxia response genes such as VEGF
through ubiquitination of the α-subunit of the heterodimeric transcription factor HIF
(hypoxia-inducible factor). The mechanism of action of VHL remains poorly
understood.179 Theoretically, activation of HIF target genes might promote cell survival
in the context of acute or chronic hypoxia, but there is no evidence that HIF is sufficient
to induce tumorigenesis.180 VHL is essential in development since Vhl-/- mouse
embryos die between E10.5–E12.5 with a lack of placental vasculogenesis.181
MicroRNAs: Examination of the expression levels of 217 miRNA genes across 334
primary tumors resulted in the finding that the absolute expression level of many
miRNAs was significantly reduced in tumors.182 These molecules play a role in
determination and/or maintenance of lineage during development, for example, miR-1
promotes differentiation into the muscle lineage, and miR-181 directs B-cell
differentiation.183 The widespread reduction in miRNA levels might reduce
differentiation, one of properties of cancer cells. Indeed, histology demonstrated that
tumors displaying the poorest degree of differentiation had the lowest levels of miRNA
expression. It was found that many microRNAs were located near genomic
breakpoints.184 For example, the miRNA cluster mir-15a-16, containing mir-15a and
mir-16-1, localize at chromosome 13q14 which has a high frequency of deletion in
chronic lymphocytic lymphoma and several solid tumors.185 It was suggested that both
miR-15a and miR-16 potentiate the normal apoptotic response by targeting the antiapoptotic gene BCL-2.186 Re-expression of miR-15a-16 in lymphoma cells that harbor
the 13q14 deletion was shown to promote apoptosis. Recent studies indicate that the
RAS oncogene is a direct target of miRNA let-7; it negatively regulates RAS
expression by pairing at the 3′ UTR of RAS mRNA for translational repression.187
Because miRNAs function as oncogenes or tumor suppressors, they have also
significant potential roles as therapeutic targets as reported on conditional animal
model, in which a short hairpin RNA Trp53 can be tightly regulated using tetracyclinebased systems in a conditional animal model and that cultured mouse fibroblasts could
be switched between proliferative and senescent states and that tumors regressed upon
re-expression of Trp53.188
Because of space limitation, other tumor suppressors such as ATM, PTEN, BRCA1/2,
and INK4a/ARF and others will not be discussed. To date around 1% of human
cancers are associated with hereditary syndromes, which is closely related to the
recessive loss-of-function mutation occurring in tumor suppressor genes. Inactivation
of suppressor genes is a prerequisite for tumorigenesis, in that it attenuates the
incurred apoptosis by the activation of oncogenes, thereby switching the balance
towards unrestricted cell proliferation and tumorigenesis.
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Figure 1. Cross-talk between the extrinsic pathway and the intrinsic pathway of apoptotic signaling. (Reprinted from
Advances in Cancer Research, 2005, 94:143-196 with permission from the publisher)

2

CELL DEATH

Apoptosis is a distinct type of programmed cell death that proceeds along an
evolutionarily conserved programme. It exhibits characteristic morphological features
and biological alterations such as nuclear condensation and fragmentation, membrane
blebbing and non-inflammatory phagocytosis of the cell fragments.189, 190 However,
apoptosis represents only one particular mode of cell death since mammalian cells
can die through biochemically and morphologically distinct pathways, collectively
called non-apoptotic cell death.191 A better understanding of the mechanisms behind
various forms of cell death as well as their molecular interactions would help in
designing novel therapeutic strategies and improve the efficiency of cancer treatment.
2.1

Apoptosis and its pathways

There are two major pathways of apoptosis, the extrinsic and intrinsic pathways, and
there is evidence for extensive cross-talk between the two (see figure 1).
The extrinsic pathway: Plasma membrane receptors triggering external apoptosis
signaling belong to the tumor necrosis factor (TNF)-receptor superfamily.192, 193
Members of the TNF receptor family share similar, cysteine-rich extracellular domains.
A cytoplasmic domain of about 80 amino acids is called the “death domain”, which
plays a crucial role in transmitting the death signal from the cell surface to intracellular
signaling pathways. In addition to death receptors, decoy receptors (DcR1, DcR2,
DcR3, osteoprotegerin) have been identified. These receptors compete with the death
receptors for ligand binding, but they do not transduce apoptotic signals.194 The
corresponding ligands of the TNF superfamily comprise death receptor ligands such as
CD95 ligand (CD95L), TNFα, and TRAIL.192
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Ligation of death receptors such as CD95 or the agonistic TRAIL receptors TRAIL-R1
and TRAIL-R2 by their cognate ligands or agonistic antibodies results in receptor death
trimerization of the death domains (DD) in their cytoplasmic regions, which in turn
interacts with the adaptor proteins such as Fas-associated death domain protein
(FADD) and then recruits pro-caspase-8 to the activated CD95 receptor to form the
CD95 death-inducing signaling complex (DISC).195, 196 Oligomerization of caspase-8
upon DISC formation drives its activation through self-cleavage. Active caspase-8 in
turn activates downstream effector caspases such as pro-caspase-3.197 For the CD95
signaling pathway, two distinct prototypic cell types have been identified.198 In type I
cells, caspase-8 is activated upon death receptor ligation at the DISC and then directly
activates downstream effecter caspases such as caspases-3, -6, and -7. In type II cells,
the apoptotic effect of active caspase-8 is amplified by a mitochondria, in that caspase8 cleaves the BCL2 homologue Bid to release an active truncated Bid (tBid) fragment.
tBid then complexes with and inhibits BCL2 in the outer mitochondrial membrane,
inducing cell death through a mitochondrial pathway.199
However, TNF-α binding to TNF-R alone rarely induces apoptosis; the binding of the
adaptor molecule TNF receptor-associated factor-2 (TRAF2) to TNF-R-associated
death domain protein (TRADD) recruits cellular inhibitor of apoptosis (c-IAP)-1 and cIAP-2. The binding of another receptor interaction protein (RIP) to TRADD leads to
activation of the transcription factor NF-κB, resulting in transcription of anti-apoptotic
genes and promoting cell survival.196, 200 On the other hand, the RIP-TRADD
interaction can also initiate apoptosis by recruiting caspase-2 through the adaptor
molecule RIP-associated ICH-1/CED3 homologous protein with DD (RAIDD).201, 202
The intrinsic pathway: Mitochondria are involved in many processes essential for cell
survival such as energy production, redox control, calcium homeostasis, and certain
metabolic and biosynthetic pathways. Importantly, mitochondria play an essential role
in physiological cell death mechanisms.203 Stimuli of various cytotoxic and
proapoptotic signals converge on mitochondria to induce outer mitochondrial
membrane permeabilization, which is under the regulation of proteins including the
BCL2 family, mitochondrial lipids and proteins that regulate bioenergetic metabolite
flux and components of the permeability transition pore.204 Upon disruption of the outer
mitochondrial membrane, proteins in the intermembrane space including cytochrome c,
Smac/DIABLO, Omi/HtrA2, Apoptosis-inducing factor (AIF) and endonuclease G are
released into cytosol and initiate the execution of cell death by promoting caspase
activation or by acting as caspase-independent death effectors.205-207
The release of cytochrome c from the mitochondria results in the activation of the
apoptotic protease activating factor-1 (Apaf-1). In the presence of cytochrome c and
ATP, the CARD domain of Apaf-1 binds with the CARD domain of procaspase-9, and
forms the mitochondrial DISC, also designated the apoptosome.208 Following
activation, the apoptosome-associated caspase-9 will in turn activate downstream
caspases like caspase-3, caspase-6 and caspase-7.209
Other proteins released from mitochondria including Smac/DIABLO and Omi/HtrA2
facilitate caspase activation through neutralizing endogenous inhibitors of caspases, the
inhibitor of apoptosis proteins (IAPs). Smac/Diablo can interact and prevent the activity
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of inhibitors of apoptosis (IAPs) like X-linked inhibitor of apoptosis (XIAP), cIAP1,
cIAP2, survivin and Apollon,210, 211 and release caspase-9 from XIAP.212 Omi/HtrA2 is
a serine protease that contributes to caspase-dependent and caspase-independent cell
death and that interacts with IAPs.210 Omi/HtrA2 plays an essential role in regulating
mitochondrial homeostasis.207 Once released from mitochondria into the cytosol,
Omi/HtrA2 promotes cell death in a caspase-dependent manner by antagonizing IAPs,
and in a caspase-independent way as a protease.207, 210 Similar to Smac/DIABLO,
Omi/HtrA2 blocks IAPs through its N-terminal IAP-binding motif.213
AIF and endonuclease G (Endo G) are released from mitochondria during apoptosis
and translocate into the nucleus to induces caspase-independent DNA fragmentation.214
The release of Endo G and AIF from the mitochondria may require further caspaseindependent events subsequent to MOMP,215, 216 such as cleavage of AIF by calpain.217
Whether these two proteins are released before, together or after cytochrome c and how
they conduct DNA fragmentation is controversial and under discussion.218
2.2

Non-apoptotic cell death

Non-apoptotic cell death is another physiological process which is caspaseindependent.219 The different types of non-apoptotic death characterized so far include
necrosis, senescence, autophagy and mitotic catastrophe.191
Necrosis: Necrosis can be defined morphologically by electron-lucent cytoplasm,
swelling of cellular organelles, and loss of plasma membrane integrity. Until recently
necrosis was regarded as an uncontrolled or default form of cell death resulting from
irreversible external damages. However, recent evidence suggests that a cell can initiate
programmed necrosis, which can be reproduced experimentally by impairing cellular
ability to produce ATP or rapid loss of plasma membrane integrity.220 It was recently
demonstrated there is often a continuum of apoptosis and necrosis in cellular response
to a given death stimulus such as calcium and reactive oxygen species.189 Considering
that programmed cell necrosis plays a role in a number of disease processes including
vascular-occlusive disease, neurodegenerative diseases, infection, inflammatory
diseases, and cancer,189, 221, 222 several studies were carried out to find approaches to
initiate necrosis in cancer cells. Photodynamic treatment (PDT)223 and alkylating DNAdamaging agents are two examples of necrosis-inducer.224 Several other chemicals or
agents such as β-lapachone, apoptolidin, and honokil also appear to induce cancer cell
death through necrosis225-228. The redundancy of apoptosis and necrosis may help to
eliminated damaged or unwanted cells to maintain tissue and organismal integrity.
Senescence: Cellular senescence, a permanent cell cycle arrest, is considered a
safeguard mechanism that may prevent aged or abnormal cells from further expansion.
Primary cells in culture initially undergo a period of rapid proliferation, followed by
decelerated cell growth and a form of permanent cell-cycle arrest as a consequence of
shortened telomeres of their chromosomes.229 DNA damage and oncogene activation
can induce a cellular senescence without shortened telomeres.230 Senescent cells not
only display characteristic morphologic changes, such as a flattened and vacuole-rich
cytoplasmic shape and increased granularity, but differ in their gene expression pattern
compared with reversibly arrested, quiescent cells.231-233 Various cell-cycle inhibitors
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such as WAF1 (also known as p21) and INK4A (also known as p16)234, 235 as well as
p53 and the retinoblastoma protein (RB) are involved in this process,236, 237 implying
that senescence is a tumor-suppressing process which has been confirmed in animal
models.238, 239
Autophagy: Under the situation of nutrient deprivation, cells exit the cell cycle, shrink,
autodigest long-lived proteins and damaged organelles, and recycle fatty acids and
amino acids for synthesis of macromolecules or oxidation in mitochondria to maintain
cellular ATP, therefore resulting in cellular destruction and/or cellular "hibernation".240,
241
Cells that undergo excessive autophagy are induced to die in a manner that is
distinct from those that undergo either necrosis or apoptosis.242 Activities of
phosphatidylinositol-3 kinase (PI3K) and the kinase target of rapamycin (TOR) are
involved in autophagical signaling from studies of yeast.243, 244 However, the function
of cellular autophagy in mammals is not yet fully understood.245 There is evidence that
lysosomal degradation of organelles is required for cellular remodeling due to
differentiation, stress or damage following exposure to cytotoxins. However, recent
studies showed that autophagy was relevant to development and survival. Knockout
Mice appeared normal at birth but died within 24 hours of delivery due to energy
depletion and cardiac damage.246 It was also indicated that dysregulation of autophagy
can result in pathological states including cancer.247
Mitotic catastrophe (MC): MC is a highly conserved stress-response mechanism with a
broader definition used to explain the type of mammalian cell death that is caused by
aberrant mitosis. MC is associated with the formation of multinucleate, giant cells that
contain uncondensed chromosomes, and is morphologically distinct from apoptosis,
necrosis and autophagy.248 The G2 checkpoint of the cell cycle is responsible for
blocking mitosis when a cell has sustained an insult to its DNA. The activated p53
induces G2 arrest by inactivation of CDC25 through its target molecule 14-3-3σ.249
Moreover, p53 sustains G2 arrest through another downstream target molecule,
WAF1.250 Disruption of the G2 checkpoint results in the death of cells that have
sustained DNA damage by mitotic catastrophe.251, 252
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Figure 2. The cell cycle of four phases (G1, S, G2, and M) is shown with CDK/cyclin complexes positioned at the
points where they are known to act. Progression of cell cycle is mediated by cyclin-dependent kinases (CDKs), which
are regulated positively by Cyclins and negatively by CDK inhibitors (CDKIs).

3

OVERVIEW OF THE MAMMALIAN CELL CYCLE

The cell cycle is a tightly controlled molecular event in mammalian cells, consisting of
five phases: G0 during which cells are maintained in a quiescent state; G1 and G2
during which protein and RNA synthesis occur; S phase, during which DNA is
replicated. All above four phases are called interphase because they are between M
phase, during which the mitosis and cytokinesis occur. The doubling times for
mammalian cells differ according to cell types, but the time from S phase to M phase is
quite constant among cells: approximately 6 hours for S phase, 4 hours for G2 and 1-2
hours for M phase. The time in G1 phase can be quite different between cells. 253 In
order to pass the checkpoints between the phases, cells require the activation of cyclindependent kinases (CDKs), which is achieved by binding to specific partner cyclins. 254,
255
The levels of cyclins vary dramatically through the cell cycle depending on the
transcription and ubiquitin-mediated degradation.256 Cdk/Cyclin complexes regulate
their specific substrates by phosphorylation or dephosphorylation at a given time of the
cell cycle 257 258. For example, expression of Cyclin D rises in G0/G1 and complexes
with Cdk4, 5 or 6. The complex then phosphorylates pocket proteins such as Rb and
indirectly activates E2F transcription factor to induce genes required for DNA
synthesis. Cyclin A and B accumulate in M and G2 phase and form complexes with
CDC2 (Cdk1) to promote cell cycle; CyclinA/Cdk2 is important in S phase.
CyclinE/Cdk2 is crucial in passing the restriction (R) point for G1/S transition.
Although most CDK/Cyclin complexes are involved in cell cycle regulation, there are
some exceptions that involved in transcription and differentiation but not cell cycle
regulation259-261.
Cells are kept in G1 phase by low supply of Cyclin E and therefore inactive Cdk2. In
response to mitogenic stimuli, the mitogen-activated protein kinase (MAPK) cascade is
activated by the Ras pathway.262 This will in turn activate Cyclin D/Cdk4 and Cyclin
D/Cdk6 which are essential for G1 progression.263 Cyclin D/Cdk4/6 phosphorylates
pocket proteins especially Rb, which then dissociates from and activates E2F factor,
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inducing transcription of genes such as cyclin E and cyclin A which are essential for
DNA synthesis and for the entry into S phase as well as for DNA replication.264, 265
Consistently, inhibition of Cyclin E/Cdk2 blocks S phase entry and DNA
replication.266-270
The main checkpoint usually regarded as restriction (R) point locates in the late G1
phase, and is under the control of Cyclin E/Cdk2. Before passing R point, cells ensure
that mRNA and protein synthesis are ready for progression. Normally if cells pass this
point, they are committed to a full cell division. Another mechanism to prevent
premature entry into S phase relies on CDK inhibitors (CDKI) that latch onto the
Cyclin/CDKs and disrupt their catalytic functions.271 CDKIs consists of two distinct
families: INK4 (inhibitor of Cdk4) and CIP (Cdk-interacting protein)/KIP (kinase
inhibitory protein). 271 The INK4 family (p14, p15, p16, p18 and p19) specifically
inhibits Cyclin/CDK activity in G1 through inhibiting cyclin binding by altering Cdk
conformation;271 CIP/KIP family (p21, p27 and p57) has a broad inhibitory effect
throughout the cell cycle, binding directly to Cyclin/CDK complexes. 168, 272
The significant roles of cell cycle regulators can be reflected from the fact that most
human tumors harbor one or more mutations in either Cyclins or CDKs, most of which
are involved in controlling G1/S progression. 273, 274 G1 is the period in which many
signals intervene to dictate cell division and cell’s fate. Many oncogenes and
suppressor genes are related to abberant G1 control, for example, Myc promotes the
cell cycle by inhibition of p21 or p27 and by induction of cyclin D and Cdk4/6.275-277
The checkpoints in G1 and G2 can detect DNA damages or replication errors. The cell
cycle will be stalled at G1 or G2 until the damaged DNA is repaired. In response to
DNA damage, phosphatidylinostiol (PI)-3-like proteins such as ATM/ATR-CHK2 and
CHK1 pathways are activated and phosphorylate and down-regulate CDC25A
phosphatase, which in turn leads to the inhibition of cyclin E(A)/CDK2.278-280 Although
this inhibition is immediate, it lasts only a few hours.
Besides the R point, the checkpoint in S phase ensures that any DNA damage is
repaired before progression to M phase. Cyclin A might be a rate-limiting factor for
progression of S phase and DNA synthesis, since overexpression or inhibition of cyclin
A could accelerate or block the DNA synthesis.281 During S phase there are many
proteins involved in ensuring that cells can not enter mitosis until their DNA is intact
and completely replicated. The ATM/ATR pathway is also involved as a checkpoint in
this process;278, 279 Another protection mechanism in S phase is to maintain the integrity
of a stalled replication fork in order to prevent the conversion of primary lesions into to
DNA breaks and facilitates the subsequent recovery of DNA replication.279
Mitosis is the phase where cells spend shortest time during cell cycle, usually 1-2 h. In
normal somatic cells, the M phase of the cell cycle encompasses two processes:
mitosis, in which sister chromatids are aligned and then segregated into two daughter
cells; and cytokinesis, in which the cytoplasm and its contents are partitioned into those
cells. Mitosis is further subdivided into prophase, prometaphase, metaphase, anaphase
and telophase. Several factors play important roles in this phase. By a positive
feedback, a phosphatase CDC25C dephosphorylates and activates the CyclinB/CDK1
complex, which participates in centrosome separation, fragmentation of the Golgi
17

network, breakdown of nuclear lamina and cell rounding. 282-284 There is also a
checkpoint in the G2/M transition that is responsible for blocking mitosis when a cell
contains sustained damaged DNA. The G2/M checkpoint may sense DNA damage by
the sensory molecules ataxia teleangiectasia mutated (ATM) and ATM- and Rad3related (ATR). Activation of ATM and ATR activates checkpoint kinase 2 (CHK2) and
checkpoint kinase 1 (CHK1), respectively. These kinases in turn phosphorylate
CDC25C. Phosphorylated CDC25C associates with the p53 target molecule 14-3-3
and is exported from the nucleus, resulting in CDK1 inactivation and the establishment
of G2 arrest.249 p53 sustains G2 arrest through another downstream target molecule,
WAF1250, by blocking CDK1/Cyclin complexes and by inhibiting proliferating-cell
nuclear antigen (PCNA) activity.285 Moreover, p53 are involved in G2 checkpoint by
inducing cell cycle inhibitors such as p21, GADD45 and BRCA1.286, 287 Unlike in the
G1 checkpoint, p53 is dispensable in the G2 checkpoint since cells with mutant p53 can
be accumulated in the G2 by DNA damage, indicating that p53-independent
mechanisms are sufficient for G2 arrest.
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4
4.1

OVERVIEW OF CANCER THERAPY
Conventional cancer therapy

At present, the main approaches used in clinical cancer treatment are surgery,
radiotherapy and chemotherapy. Biological therapy including immuno- and hormone
therapy is also actively used in the clinic.288-290 The surgical skills and relevant
facilities have been improved greatly in recent decades, unfortunately the survival of
cancer patients has not benefited much from this progression. Surgery often causes
unrecoverable damage to patients, which is bad for quality of life. Moreover, surgery
is a palliative treatment to recurrent or metastatic diseases. Because of the poor
response to the current drug treatment, surgery is still the first choice for the majority
of solid tumors. Radiotherapy is another important way of treating cancers by
radiation. The X-ray of high LET (linear energy transfer) causes serious damage of
proliferating cells such as cancers and induces cell cycle arrest and/or cell death.
Although the damage on surrounding normal cells can be more or less recovered, the
sequels such as mucositis, suppression of bone marrow and dermatitis are very
serious in some cases. Chemotherapy gives a systematic treatment by using cytotoxic
drugs in whole body. Although it is often used as an adjuvant approach to surgery or
radiotherapy, the indispensable roles of chemotherapy has been established with the
emerging of new drugs and receipts.291, 292 During the recent ten years, options and
understanding of how to use cytotoxic chemotherapy in both advanced and early
stage breast cancer have resulted in substantial progress and survival benefits have
been clearly identified from chemotherapy treatment.293 Drugs that currently are used
consist of DNA-damage agents, antimetabolites, topoisomerase inhibitors and
nucleotide analogues.294 In order to compare the effects between clinically relevant
drugs and the status of Myc, we chose camptothecin and paclitaxel in this study on
the basis of the previous work of our laboratory as well as those of others.295, 296
Camptothecin (CPT) is a topo-isomerase (topo)-I inhibitor with a wide spectrum of
anti-tumor activity. It elicit significant antitumor activity by inducing irreversible
DNA damage by stabilizing the topoisomerase-DNA complex.297, 298 In order to
analyze the relationship between CPT-mediated DNA damage and cell death,
microarray analysis was used to identify response genes.299 Most of the regulated
genes were functionally related to multiple cell proliferation or apoptosis pathways
including the ATM and ATR checkpoint pathways, the JNK pathway and the PI3KAkt-dependent pathway, in which mitochondria, endoplasmic reticulum and the
ubiquitin/proteasome system are also involved. The data suggested a linkage between
topoisomerase-mediated DNA damage and intracellular signaling. Two analogues,
topotecan and irinotecan, have been developed and are successfully used in clinical
cancer treatment.298 CPT-induced apoptosis was enhanced upon c-Myc
overexpression in colon carcinoma cells, thus identifying c-Myc as a potential marker
for predicting the response of colorectal tumor cells to this drug.300
Paclitaxel (PTX), as a second alkaloid, is a polymerizing anti-microtubule agent that
induces apoptosis by preventing dissociation of tubulin moieties during cell
division.301 Paclitaxel has activity against a broad band of tumors, such as breast
cancer, ovarian cancer, head and neck cancer and lung cancer. Paclitaxel is also being
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applied to refractory diseases, and has effect on AIDS-associated Kaposi’s
sarcoma.302 In spite of its frequent use, the pathways through which PTX induces
apoptosis remain to be established.303
The disadvantages that almost all chemotherapeutic agents possess are the poor
specificity, low antitumor effect, serious side effects and easy acquirement of
resistance. Nevertheless, the emergence of new drugs and concepts will broaden the
perspectives of cancer treatment by chemotherapy.
4.2

Novel targeted therapy

Cancer research has identified many potential targets that can be selectively used for
cancer therapy. It is expected that targeted cancer therapy might overcome the major
drawbacks of conventional cytotoxic cancer chemotherapy, which usually is unspecific and has serious side effects. The first challenge is to identify therapeutic targets
and find the possible approaches to exploit these for the development of selective
therapies. According to their biological functions, these targets can be classified as
oncogenes/oncoproteins and tumor suppressor genes/proteins, which could be involved
in cancer cell proliferation, differentiation, malignant transformation, survival,
replicative longevity, angiogenesis, and metastasis.304 I will make an overview of
targeted therapy by giving some examples in each category.
Targeting oncogenes offers several advantages as summarized.305 Inhibition of an
oncogene should provide a high specificity and efficiency against tumor cells but with a
decreased risk of therapy-resistance. Moreover, it provides a basis for rational design of
combination therapy with multiple agents with different mechanisms. Finally,
oncogene-targeting therapy may provide novel biomarkers for diagnosis and prognosis.
The increasing knowledge about oncogenes and the protein levels of individual genes
within cancer cells, as well as the different expression between tumors versus normal
tissues will facilitate the identification of therapeutic targets. One of well-known
example of targeting of an oncogene in cancer treatment was based on the
understanding of a reciprocal translocation (Philadelphia chromosome), which
produced a fusion protein known as BCR-ABL associated with chronic myeloid
leukemia (CML).6 Specific targeting of the aberrant kinase activity of BCR-ABL led to
the development of imatinib mesylate (STI571 or Gleevec). This inhibitor of the novel
cancer related kinase has been highly successful in the treatment of CML, resulting in
up to 80% response rates in newly treated patients.306, 307 Gleevec inhibits the c-KIT
tyrosine kinase and PDGFR kinase.308 Resistance to the treatment has been shown in
leukemia cells which may no longer rely on the activated BCR/ABL to drive growth, or
because of enhanced activity of the multidrug resistance protein 1.309
Angiogenesis is a fundamental developmental and adult physiological process,
requiring the coordinated action of a variety of growth factors and cell-adhesion
molecules in endothelial and mural cells.310 Another important factor in angiogenesis is
angiogenin, a non-mitogenic polypeptide that can both induce or suppress
angiogenesis.311 It has been shown that the peptidyl agents angiostatin and endostatin
antagonize the angiogenic effects of angiogenin, and are highly effective in eliminating
tumors in mice, which has led to human clinical trials of the agents.312 VEGF-A and its
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receptors are the best-characterized signaling pathway in developmental angiogenesis
as we mentioned in the section 1.2.1. Tumor-growth inhibition has been demonstrated
using anti-VEGF approaches including those that inhibit VEGFR-2 or small molecule
inhibitors of kinase activity of VEGF.313, 314 Inactivation the VEGF-A gene also
suppresses angiogenesis in a transgenic model of multi-stage tumorigenesis.315 In 2004,
two anti-VEGF-A agents were approved by the US Food and Drug Administration
(FDA) for clinical treatment of human patients. One of the drugs, Bevacizumab, a
humanized anti-VEGF (vascular endothelial growth factor)-A monoclonal antibody,
was approved for the treatment of metastatic colorectal cancer in combination with 5fluorouracil (FU)-based chemotherapy regimens. This strategy showed a survival
benefit from a phase III study.316 The other one, pegaptinib, an aptamer that blocks the
165 amino-acid isoform of VEGF-A, for the treatment of the wet (neovascular) form of
age-related macular degeneration (AMD).317 Although a major progress has been made
in targeting angiogenesis for human therapy, it is still open to the questions about
optimal combination of different agents, and how to deal with possible resistance.318
The deregulation of certain proteins in the BCL2 family has been implicated in many
pathological conditions. As mentioned in section 1.2.5. Bcl-2 and BCL-XL not only
contribute to tumor progression, but also confer tumor resistance to apoptosis induced
by conventional anticancer treatments. Knockdown of BCL2 by small interfering RNA
(siRNA) results in p53-dependent apoptosis under normal growth conditions in cancer
cells, implying that targeting BCL2 might be of therapeutic significance.319 An
antisense oligo, oblimersen (Genasense®), is the first oligonucleotide that showed
antitumor activity in vitro and in vivo through the downregulation of BCL2
expression.320 In addition, it has no effects on viability of normal fibroblasts or
lymphoblastoid cells. A identified small molecule tetrocarcin A enhances the apoptotic
effects of tumor necrosis factor (TNF)-α and FAS in BCL2-overexpressing cells.321
Due to its crucial tumor suppressor activity, TP53 is an appealing target for cancer
treatment. There are strategies that aim to induce apoptosis through activating p53 as
well as to inactivating p53. On the other hand, in certain cell types, activation of p53 by
therapeutic agents may induce cell cycle arrest (and DNA repair) rather than apoptosis,
thus resulting in a protection of cancer cells against the effects of therapy. Thus,
activation of p53 may be seen either as a chemosensitizer or as a chemoprotective
mechanism, depending on the cellular context. It seems reasonable to try to restore p53
function by replacing the mutant gene with a functional wild-type copy. Retrovirusmediated gene transfer of the wild-type TP53 gene into both human lung tumor cell
lines and xenograft models could lead to the inhibition of tumor cell growth.322 The
toxicity of retrovirus-mediated delivery of wild-type TP53a was undertaken in phase I
clinical trial, in which significant vector-related toxic side effects were reported.323 A
second strategy to TP53 gene replacement therapy is the use of adenovirus as vectors.
Ad5CMV-p53 is a recombinant E1-deleted serotype 5 adenoviral vector encoding
TP53. Ad5CMV-p53 has demonstrated its efficiency for the expression of a functional
wild-type p53 protein and the inhibition of cell-growth as well as a synergistic
enhancement of the cytotoxicity of anti-cancer drugs in different cellular models.324
Experiments in animal models confirmed the therapeutic effect of Ad5CMV-p53 in
vivo. Clinical studies demonstrated that Ad5CMV-p53 was safe and well tolerated with
minimal adverse reactions. The most direct mechanism for inducing an accumulation of
21

wild-type p53 is to disrupt its negative regulation by MDM-2. A recently identified
family of synthetic compounds, the nutlins, can potently displace p53 from the p53binding pocket on MDM-2 and trigger activation, cell-cycle arrest and apoptosis in
tumor cells.325 In animal xenograft models, nutlins controlled the growth of tumors
without apparent toxicity to the normal tissue. A small molecule, PRIMA-1, is able to
restore the DNA-binding property of a wide range of mutant p53 proteins in vitro.
Treatment with PRIMA-1 results in the activation of several p53-target genes,
induction of apoptosis in cells expressing mutant p53, as well as tumor growth
inhibition in SCID mice.326 The tumor-suppressor function of wild-type p53 in tumors
is impaired by the deregulation of HDM-2. Another small molecule, RITA, was
identified by cellular screening. RITA prevented p53-HDM-2 interaction in vitro and in
vivo and affected p53 interaction with several negative regulators, therefore RITA
induces the accumulation of p53 in tumor cells. RITA not only induced massive
apoptosis in various tumor cells lines expressing wild-type p53, but also suppressed the
growth of human fibroblasts and lymphoblasts only upon oncogene expression. Finally
RITA showed substantial p53-dependent antitumor effect in vivo.
Caspases play key roles in cell apoptotic death. Caspase-3 is the key executioner
caspase since it is the convergence of the extrinsic and the intrinsic apoptosis pathway.
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One hallmark of cancer is its resistance to natural apoptotic signals.2 The defects in
the apoptosis machinery prevent proapoptotic signals from being transmitted to
executioner caspases, thereby conferring resistance to cell death and abnormal
proliferation. By high-throughput screening several compounds have been identified by
their ability to activate caspase-3 by different mechanisms. For example, PETCM
accelerates apoptosome formation;327 carbamate and indolone classes of compounds
promote Apaf-1 oligomerization.328 Some of these identified compounds are in
preclinical and phase I studies. Specially designed antibodies have been used to induce
apoptosis, for instance, a chimeric protein, immunocasp-3, was shown to selectively
bind to erbB2/HER2–overexpressing cancer cells, followed by its internalization and
lysosomal cleavage. As a result a COOH-terminal caspase-3-containing fragment is
released, which translocates to the cytosol and induces apoptosis.329 Very recently a
small molecule named PAC-1was identified in a screening of approximately 20,500
structurally diverse small molecules.330 PAC-1 could directly activates procaspase-3 to
caspase-3 in vitro and induce apoptosis in primary colon tumor cells. In addition, PAC1 retarded the growth of tumors in three different mouse models of cancer. PAC-1 is
the first small molecule known to directly activate procaspase-3 to caspase-3, which
makes it possible to induce apoptosis even in cells that have defective apoptotic
machinery. The direct activation of executioner caspases is an anticancer strategy that
may prove beneficial in treating the many cancers in which procaspase-3
concentrations are elevated.
Different cancers harbor different molecular targets and therefore therapies should be
individualized according to distinct target profiles. With more and more molecular
targets being identified and validated, several potential therapeutic molecules have
been developed against these targets, most of which can not be covered in this thesis.
The challenges we are facing are: how can therapeutic targets be verified, what are
the optimal tools to explore these targets, and how should we judge the therapeutic
effects of novel substances?
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Figure 3. Biological functions of the Myc protein. Myc carries out diverse cellular functions under physiological
conditions (left); deregulated Myc can promote tumorigenesis by different ways (right). (Reprinted with
permission from Seminars in Cancer Biology, 2006 16:318-330) (Reprinted from Seminars in Cancer Biology,
2006 16:318-330 with permission from the publisher.

5
5.1

MYC FAMILY PROTEINS
Introduction of Myc/Max/Mad network

The DNA sequence of myc was identified in the late 1970s from the genome of a chick
retrovirus known as MC29.331, 332 The homologous cellular sequence which was
frequently activated by proviral insertion in chicken and mouse lymphomas and
translocation in Burkitt’s lymphoma was identified as c-myc.333 Later two related myc
genes, N-myc and L-myc, were found as amplified genes in neuroblastomas and lung
carcinomas, respectively.334 The fourth member s-myc was isolated from a rat genomic
library.335 The entire nucleotide sequence of the cloned DNA showed that the s-myc
gene contains an open reading frame consisting of 1287 base pairs without introns. The
predicted amino acid sequence of the s-Myc protein is closely related to the murine NMyc protein but lacks an acidic amino acid-rich sequence commonly present in the
Myc-family proteins. Its high-level expression suppresses the tumorigenicity and
apoptosis335, 336 A fifth member B-Myc was identified in mouse and rat and is poorly
characterized. In a normal physiological state, the protein products of all three genes are
expressed during fetal development, whereas only c-Myc protein is expressed in adult
tissues.337
The Myc protein is divided into an N-terminal domain (NTD) defined as amino acids
1-262, and a C-terminal domain (CTD) defined as residues 263-439. The N-terminus is
a major regulatory region responsible for assembly of the transcriptional machinery.338
Within the protein four highly conserved sequences termed Myc boxes has been
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identified. Myc box I (MBI) is required for gene activation but partially involved in the
transforming ability of Myc.339 Myc box II (MBII) is essential for the ability of Myc to
transform, drive cell proliferation, inhibit differentiation, repress gene transcription, and
activate certain target genes.338 Myc Box III (MBIII) plays a role in transformation,
lymphomagenesis and apoptosis.340 Interestingly, disruption of MBIII decreases the
transformation activity by increasing the ability of Myc to induce apoptosis, suggesting

Figure 4. Structure of the c-Myc protein. NTD, N-terminal domain; CTD, C-terminal domain; MB, Myc box; NLS,
nuclear localization signal; BHLHLZ, basic helix-loop-helix leucine zipper domain.

that MBIII is a negative regulator of programmed cell death, and might play a pivotal
role in linking the oncogenic capacity of Myc to its ability to temper the apoptotic
response.340 Very recently a domain conserved in c-, N-, and L-Myc from fish to
humans, N-Myc317-337, was designated Myc box IV (MBIV), which is required in
Myc-induced apoptosis and cellular transformation but not in cell proliferation.341 NMyc lacking MBIV was shown to be hyperactive for G2 arrest in primary cells and had
a weakened function in transactivation and repression, but to a lesser extent as that of
N-MycΔMBII. Surprisingly, MBIV might have a role in the DNA-binding ability of
Myc, which correlates with the defect in N-MycΔMBIV.341 Myc is a transcription
factor of the basic helix-loop-helix leucine zipper (b-HLH-LZ) superfamily.342 The Cterminus harbors both the primary nuclear localization signal (NLS) and the b-HLH-LZ
motif required for binding to the CACGTG E-box DNA recognition sequence.343 The
HLH-LZ domain is the heterodimerization domain that is required for Myc to bind to
its primary partner protein Max, which is essential for all known Myc activities.
By screening a human cDNA library with a radiolabeled fusion protein containing the
Myc CTD, Max was identified. It is as an obligate partner for Myc for its DNA binding
to the E-box sequence (CANNTG, N stands for any nucleotide) in target promoters.344
The later screening for Max-interacting proteins led to the identification of other
partner bHLHzip proteins, such as Mad (or Mxd) family proteins, Mnt and Mga.345-347
In contrast to Myc proteins whose half life is around 20-30 minutes, Max is quite stable
with a half life more than 24 hours.348 While Myc/Max complexes usually mediate
transactivation, proliferation and transformation, the heterodimerization between Mad
or Mnt with Max often antagonize Myc/Max effects by repressing cell proliferation and
inhibiting cellular transformation.
As an intracellular sentinel of the extracellular milieu, the expression of the myc protooncogene is normally tightly controlled by external signals such as growth factors,
mitogens and β-catenin.337 In quiescent cells Myc level is extremely low, while in
proliferating cells it increases but remains low. Supraphysiological expression level of
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Myc is not tolerable to nontransformed cells and induces cell death. Regulation of Myc
can be disrupted by different mechanisms such as gene amplification, chromosomal
translocation, point mutation, increased mRNA and protein stability, enhanced
translation or activated upstream signaling cascades.349 Expression levels of
deregulated Myc range from moderate to extreme, nonresponsive to external signals
and can not be properly turned down. Myc is a phosphoprotein with around 10 major
phosphorylation sites350, 351 and its degradation is conferred by the ubiquitin/proteasome
system.352, 353 Regulation of Myc activity can also be managed through posttranslational
modification.351 Mutation at or near Threonine 58 (T58) in Myc proteins abolishes
phosphorylation at this site and increases the stability of Myc as seen frequently in
Burkitt’s lymphomas. T58 mutations enhance cellular transformation,354, 355 which
might be a consequence of inefficient ubiquitination and increased stability of Myc.352,
356
The protein kinase glycogen synthase kinase-3 (GSK-3) is responsible for the
phosphorylation at T58, which requires prior phosphorylation of serine 62, to which
there is still no detailed information,350, 355, 357 but the Ras pathway is supposed to be
involved358, 359. Besides phosphorylation, T58 can also be modified by O-GlcNAc
glycosylation, preventing the degradation by proteasome and increasing transcriptional
activity.360-362 In addition, MB-I and MB-II contains signals, especially the lysine
residues in MB-II, for Myc degradation through the ubiquitin/proteasome pathway.356,
363
Myc can also be rapidly turned over via a non-ubiquitin/proteasome pathway by a
PEST sequence at amino acid 226-270 of Myc.356
5.2

Myc and cancers

In contrast to the tightly controlled expression of c-Myc and the absence of MYCN
and L-Myc in normal cells, cancer cells often harbour deregulated expression of any
of these three myc oncogenes.338 Deregulation of Myc expression has been found in a
variety of human cancers.349, 364 Myc can be activated in human cancers through
different mechanisms. Burkitt’s lymphoma (BL) is a childhood tumor which is
characterized by reciprocal translocation between the c-myc gene on chromosome 8
and one of the immunoglobulin loci on chromosome 2, 14 or 22.5 The typical
translocation of c-myc into the immunoglobulin heavy chain locus is observed in
about 80% of Burkitt's lymphomas. The variant translocations of c-myc into either the
κ or λ light chain locus each occur at a frequency of about 10%.365 The translocation
of myc is regarded as a hallmark in virtually all BL. The normal c-myc allele is
usually transcriptionally silent in Burkitt's lymphomas366, 367 and thus the only Myc
protein in most Burkitt's cells is derived from the translocated c-myc allele.
Translocations of c-myc into one of the immunoglobulin gene loci are also observed
in diffuse large cell lymphoma, acute lymphocytic leukaemia and multiple myeloma.
In small cell lung carcinoma (SCLC), amplification of the myc genes occurs at a
frequency of 20% c-myc, 10% N-myc and 13% L-myc364, 368, 369. N-myc amplification
was found in various tumors including retinoblastoma, medulloblastoma and
neuroblastoma.3, 370, 371 Neuroblastoma is a childhood malignancy of the peripheral
sympathetic nervous system where N-myc is amplified in around 40% of the patients,
and this group shows poor therapeutic response and prognosis.3 It was shown that a
large proportion of aggressive neuroblastoma carry a methylated and silenced
Caspase-8 gene,372 or a deletion of chromosome 1p36, including the Caspase-9 gene.
Inactivation of Caspase-9 enhances Myc induced transformation,373 indicating that a
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deficient apoptosis pathway is the underlying mechanism for MYCN-driven
tumorigenesis and, in particular, the resistantance to apoptosis. The major genetic
aberrations of myc gene and Myc protein were recently well summarized.349 The
fundamental questions such as the status of myc in human cancers and importance of
myc alterations in tumorigenesis will be further elucidated and updated with the
application of new diagnostic approaches. In some tumors, expression of a myc
family gene is increased as an effect of mutations in the signalling pathway that
control their expression. One example of this is the mutations in the adenomatous
polyposis coli (APC) pathway that affect c-Myc expression in colorectal
carcinomas.374, 375
5.3

Transcriptional activation by the Myc/Max complex

Disruption of Myc/Max heterodimerization abrogates its ability to activate transcription
and carry out its biological functions associated with apoptosis and cell
transformation.376-378 In addition, several co-factors have been found to interact and be
involved in modulating Myc functions. TRRAP binds to the N-terminal of Myc and
recruits the GCN5 histone acetyltransferase (HAT),379, 380 and therefore alters the
local chromatin conformation by histone acetylation379, 381, which in turn facilitates
activation of transcription382. TRRAP-mediated Myc activation appears to play a
central role for Myc function, as inhibition of TRRAP synthesis or function blocks
Myc-dependent transcriptional activation and Myc-mediated oncogenesis,383 In
addition, TRRAP-independent transcriptional activation by Myc family oncoproteins
have been described and might involve direct interactions between Myc and the Cdk9
component of the elongation factor p-TEFb. 384, 385 Other transcriptional co-activators
such as cAMP response element-binding protein (CBP) and the related p300 were
also found to bind to Myc CTD.386 Similar to TRAAP, CBP/p300 possess HAT
activity and may actually acetylate the c-Myc protein. Interestingly, co-expression of
the two proteins resulted in stabilization of Myc.386 c-Myc NTD can also interact with
an ATPase/helicase complex including Tip49, Tip48, and Tip60 proteins
independently of TRRAP binding,387, 388 which is required for the foci formation by
Myc and Ras in a primary co-transformation assay.388 Myc also interacts several key
players in the SWI/SNF complex such as Ini1389 and TEFb385, 390, strongly indicating
the critical roles that Myc plays in the regulation chromosomal conformation and of
transcription. F-box Skp2-mediated ubiquitylation of c-Myc was found to augment
transcriptional activation by Myc.391, 392 In addition to transactivation, repression of
transcription is the other side of Myc which is an equally important function of Myc.
5.4

Transcriptional repression by the Myc/Max complex

Although it is well known that Myc activates downstream genes, a collection of genes
have also been found to be repressed by Myc. The identity of the repressed genes
supports a long-standing suggestion that transcriptional repression by Myc
significantly contributes to the cellular phenotypes driven by deregulation of Myc.393,
394
Several mutant alleles of myc specifically affected the ability of Myc either to
activate or to repress genes, suggesting that these are mechanistically distinct
processes339, 395, 396. Repression by Myc might not involve the synthesis of mediating
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proteins397. Although Myc/Max was found to bind to the promoter of P27KIP1 398,
protein–protein interactions may play more important roles in indirectly recruiting
Myc to core promoters. Besides the reported candidate proteins such as TFII-I399,
YY-1400, Sp-1397, Smad-2 and -3401 and NF-Y proteins402, interactions of Myc with
Miz-1 were recently reported to repress three cell cycle inhibitors, p15Ink4b, p21Cip1
and the Myc-antagonist Mad4.375, 403, 404 Miz-1 binds to promoters and activates
expression of all three genes. Myc/Max competes with the co-activator p300 for
binding to Miz-1, therefore inhibiting transcription of Miz-1 target genes.277, 405
Instead of interacting with Miz-1, Myc also inhibits Miz-1 downstream genes through
the interaction with co-activators Smad-2 and -3, with which Miz-1 synergizes to
transactivate p15Ink4b 406. The bHLH region of c-Myc mediates interaction with Miz1,
but c-Myc/Miz1 and c-Myc/Max interactions are not mutually exclusive,403 and Max
may actually be required for Myc/Miz-1-dependent repression.276, 407 One aspect that
is worth mentioning is the dual function of Myc box II (MBII). Besides mediating
transactivation with above-mentioned co-activators, MBII has been demonstrated to
independently mediate repression via direct binding to initiator sequences.408 This
mechanism of repression appears completely independent of Miz1/Myc repression.
It is noteworthy that tumor suppressor protein ARF binds directly to both Myc MBII
and HLH-LZ domains of Myc and inhibits its transcriptional activity in a p53independent fashion. ARF blocks Myc ability to activate transcription and prevents
Myc-induced transformation but not affecting its ability to repress transcription and to
induce apoptosis in the absence of p53.409, 410 These findings highlight dual function of
MBII in the regulation of transcription. With different cofactor complexes binding to
Myc, it is very complicated to elucidate the relationship between the various
components and their impact on the biological functions of Myc. But it is obviously
plausible that all these functions should be carried out in concert to meet the pressure
from evolution and organism survival.
5.5

Myc family proteins, cell proliferation and cell growth

Myc protein is expressed in all proliferating cells and it is an early growth response
gene whose induction following exposure to mitogens, such as platelet-derived
growth factor (PDGF), is required for cells to traverse G1.411 It has been shown that
Myc expression, along with MEK/ERK activation, could effectively substitute for
PDGF in the early phase of G1 and render cells competent for further passage through
the later G1 progression phase412. In transgenic mice, homozygous deletion of myc
led to midgestation embryonic lethality at embryonic day 9.5 for c-myc and 11.5 for
N-myc. Both mutant embryos showed profound hypoplasia in diverse organs and
tissues.413, 414 Lack of L-Myc during embryogenesis did not demonstrate any abnormal
phenotype, which was supposed to due to the functional compensation from c- or NMyc proteins. MEF population doubling time increased with decreasing levels of cMyc expression and MEF cells from c-myc-/- mice showed rapid G0/G1 cell cycle
arrest and cessation of proliferation.415 In immortalized cell lines such as Ra-1A cells,
disruption of both alleles of c-myc led to a substantially reduced rate of
proliferation416 as a consequence of low percentage of cell cycle entry in a given cell
population417. Deficient proliferation can also be observed in B and T cells lacking c-
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myc.415, 418 These results support the notion that Myc expression is obligate to
stimulate cell cycle entry and to maintain cell proliferation.
Expression of Myc is rapidly upregulated in the response to various mitogens or
serum. Ectopic Myc expression triggers quiescent fibroblasts to enter the cell cycle
and prevent cell cycle arrest which is associated with cellular differentiation,419, 420
indicating that Myc itself can work as a mitogenic factor to push cell cycle entry.
Several components in the cell cycle machinery have been reported as direct or
indirect targets of Myc, in particular Myc upregulates cell cycle components to
increase the activity of Cyclin/CDK complexes involved in G1/S transition such as
Cyclin D2, Cyclin E, Cdc25A and Cdk4; activated G1 phase Cyclin/CDK complexes
subsequently inactivate the restriction point controlled by the product of the
retinoblastoma gene, pRB.421 The Myc involvement in restriction point control is
further supported by observations that Myc can stimulate the expression of the Id2
protein that inhibits pRB function.422 As key players in the G1/S transmition, E2F
proteins are directly upregulated by Myc. It was claimed that E2F-2 and E2F-3 were
directly upregulated by Myc and were required in Myc-driven cell cycle
promotion.423, 424 Increased activity of E2F induces its target genes such as cyclin E to
initiate the G1/S transition. The E2F family also regulates many target genes
including those required for replication and mitotic activities.264, 425, 426 On the other
hand, Myc downregulates genes that negatively regulate the cell cycle progression
such as p27Kip1, p15Ink4d and p21Cip1.398, 403, 405 Although Myc was found to regulate
p27Kip1 in different ways,398, 427-429 p27Kip1 might not be rate-limiting in Mycpromoted cell cycle because p27Kip1 deficient cells remained responsive to Myc
stimulation.429 In collaboration with other non-redundant pathways such as E2F and
Ras, Myc regulates cell cycle progression by promoting coordinate changes in
expression of a large number of genes (www.myccancer-gene.org). This would
explain why expression of a single gene cannot substitute for Myc in driving cell
proliferation.429, 430
Myc also participates in regulation of another checkpoint for cell cycle progression,
cell growth, which is defined as the accumulation of cell mass or cell size, and is a
prerequisite for cellular division. Expression of Drosophila dmyc levels affected cell
size, but the overall cell number and cell cycle time were not affected by altered Myc
levels, suggesting that Myc regulation of cell growth is distinct, yet intimately linked
to the ability of Myc to drive cell cycle progression.421 Similar findings have been
reported from mammalian cells. Murine B cells expressing the Eμ-myc transgene
enlarged in size throughout development and during all phases of the cell cycle431.
Similar findings have been observed in response to ectopic Myc expression in mouse
hepatocytes in vivo432. Different regulatory mechanisms including studies with
p27Kip1 nullizygous mouse embryo fibroblasts (MEFs) have also verified the
existence of an uncoupling regulation between proliferation and cell growth by
Myc421, 433.
The precise mechanisms employed by Myc to regulate cell growth are still largely
undefined. However, candidate target genes that regulate protein synthesis as well as
cell metabolism have been identified, such as eIF4E and eIF2α, as well as RNA
helicase MrDb, IRP-2, and H-ferritin.275, 434 Myc directly upregualte protein
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translation through its target genes such as TFIIIB and eIF4D435, 436; Myc target genes
which are involved in metabolism are listed in a review in437. More detailed studies
are required to specify these target genes in order to elucidate biological functions of
Myc.
5.6

Myc and cell death

Similar to other oncogene products, Myc sensitizes cells to apoptosis rather than only
promoting cell proliferation.377, 438 Several studies support the notion that ability of
Myc to drive apoptosis may be genetically distinct from its ability to drive
proliferation and transformation. However, different subregions of the Myc Nterminal domain (NTD) control distinct biological functions, including apoptosis439,
440
. It is worth mentioning that the MBII region of Myc, in which several of
phosphorylation sites within NTD are located, was regarded to be important
regulatory sites in modulating the apoptotic potential of Myc.439, 440 Intensive work
has been conducted to search target genes which are expected to play specific roles in
apoptosis downstream of Myc. Ornithine decarboxylase (ODC), one of the best
characterized targets of the Myc, induces apoptosis but less effectively than Myc
itself.441 Another Myc target gene, cdc25A, is necessary for c-Myc-induced apoptosis
since antisense cdc25A oligonucleotides block the serum deprivation-induced death
of c-Myc-overexpressing cells.442 For most potential target genes have been reported
to respond to Myc status,443, 444 there is no clear connection between target genes and
their roles in directly regulating the apoptotic machinery when Myc is deregulated. It
is assumed that Bax promotes apoptosis downstream of activated Myc because Myc
is unable to sensitize cells to undergo apoptosis in low-serum conditions in bax null
cells.445 However, bax mRNA and protein expression remain unchanged in the
presence or absence of Myc, but in the absence of Myc Bax is not activated and
cytochrome c is not released into the cytoplasm in Myc-independent apoptosis,
although Bax translocated to the mitochondria independently of Myc expression.296,
446
Reintroduction of Myc into the c-myc null cells restored Bax activation,
cytochrome c release, and inhibition by Bcl-2.296 The mechanism of Myc-mediated
Bax activation remains unclear. It is possible that Myc translocates to the
mitochondria in response to apoptotic stimulation by other transcriptional factors
such as TR3/Nur77 and directly activates Bax447. Alternatively, Myc may indirectly
control Bax activation and cytochrome c release by regulating upstream activators of
Bax such as Bid or caspase-8.372 Moreover, the levels of Myc expression may also
play a role in mediating apoptosis, as it has been shown that Myc expression
increases in response to some apoptotic stimuli.448, 449 Although it has been well
documented in most cells that Myc functions as a proapoptotic molecule and
sensitizes cells to various apoptotic stimuli,450 it was reported that the downregulation
or the absence of Myc is essential for apoptosis to ensue.451, 452
The ARF-MDM2-p53 pathway plays a critical role in Myc-mediated apoptosis.453
Overexpressed Myc induces the activity of ARF, which then binds and shuttles
MDM2 from the nucleus to the nucleolus454. By this way ARF prevents MDM2mediated p53 degradation and elevates p53 level when Myc is deregulated. It remains
unclear how Myc induces ARF. Both E2F1 and c-Myc can induce p53 in ARF null
cells, demonstrating that p53 accumulation caused by these proteins is not entirely
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ARF dependent.455 Increased p53 promotes cell apoptosis by inducing its downstream
targets such as proapoptotic proteins Bax, Noxa, PUMA.456 p53 also promotes
apoptosis by downregulating antiapoptotic regulators such as BCL2 or BCL-XL.457 In
addition to apoptosis, p53 induces cell cycle arrest by transactivating the CDKI
p21Cip1;453 However overexpressed Myc can inhibit p21Cip1 through the interaction
with Miz-1405, 458 as I mentioned in section 4.4. Importantly, under this situation p53
is also a weak transactivator of p21Cip1. Besides the downregulation of p21Cip1, Myc
also represses another cell cycle inhibitor, p15INK4b, by interacting with Miz-1
and/or interfering with p15 transactivation by SMAD.403, 406 Therefore, the
combination of deregulated Myc and p53 pushes cells toward the direction of
apoptosis more preferably than cell cycle arrest. However, glucose deprivation of cMyc-overexpressing cells induces extensive apoptosis in a p53-independent way and
may be linked to increased LDH-A expression.459 BCL2 is able to protect Myc
overexpressing cells from either serum or glucose deprivation induced apoptosis.460,
461
Therefore, it will be important to elucidate the precise pathway involving Myc in
regulating p53-dependent and -independent apoptosis in order to explore the Myc
pathway for tumor regression.
5.7

Myc, transformation and tumorigenesis

c-myc was identified as an oncogene, and its role in tumorigenesis in vivo was
established in transgenic mice model with Eµ-c-myc system, which mimic human
Burkitt’s lymphoma.462 Structure-function analysis has revealed the importance of an
intact MB-II region of Myc for cellular transformation, whereas deletion of MB-I has
less impact on the ability of Myc to transform cells in culture.339 Moreover, Myc
protein conformation or phosphorylation status might have effects on its ability to
promote cellular transformation. It has been shown that the point mutation T58A at
conserved Myc phosphorylation site had no significant effect on the transforming
potential of Myc, whereas T58I mutants were defective in Myc/Ras co-transformation
assays in rat embryo fibroblasts.463
It is worth mentioning that, being the most dysfunctional suppressor gene, p53 and its
pathway have been found to be closely related to Myc-driven tumorigenesis. In
cultured primary MEFs Myc overexpression selects for surviving immortalized cells
that have sustained either p53 or biallelic p19ARF deletion.454 Spontaneous
inactivation of the p19ARF-p53 pathway occurs frequently in tumors arising in Eμ-cmyc transgenic mice.464, 465 The supportive data can be obtained from BL where
mutations of p53 have been identified in 30–40% of biopsies and in a higher
proportion of cell lines.466, 467 Myc also potentiates transformation and tumorigenesis
in co-operation with upstream regulators of ARF-MDM2-p53 pathway. One of the
polycomb genes, Bmi1, is a negative upstream regulator of the p19ARF pathway and
can therefore cooperate with Myc to suppress p53-dependent apoptosis.468 A T-box
member TBX2 was reported to contribute to breast cancer development by interfering
with the induction of p19ARF by Myc.468 DAP kinase, a Ca2+/calmodulin-regulated
ser/thr kinase, has been implicated in the modulation of p19ARF downstream of Myc.
Deregulation of c-Myc or E2F-1 leads to an increase in DAP-kinase protein levels.
Activated DAP kinase upregulates p19ARF/p53, resulting in induction of p53responsive genes. Overexpression of this kinase has been shown to limit the
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transforming potential of Myc and Ras in vitro.469 Twist and a related factor Dermo1
were originally identified as suppressors of Myc-mediated apoptosis.470 It was found
that Twist reduced the expression of p19ARF and thus may mediate the ARFMDM2-p53 to suppress apoptosis.471 Moreover, Twist is known to inhibit myogenic
differentiation and is deregulated in 50% of rhabdomyosarcomas.470 These results
provide strong evidence that Twist might be oncogene which could induce
tumorigenesis at least in co-operation with Myc.
As a global inhibitor of apoptosis, Bcl-2 proteins potentially antagonize Mycmediated apoptosis in response to serum withdrawal.472 Introduction of antiapoptotic
proteins such as BCL2 or BCL-XL enhanced tumorigenesis driven by Myc and
meanwhile escaped apoptosis induced by non-physiological level of Myc.150, 473 For
instance, Myc activation initially promotes both proliferation and predominant
apoptosis in pancreatic beta-cells, giving rise to islet involution and diabetes. However,
co-expression of BCL-XL inhibits Myc-induced apoptosis and leads to significantly
enlarged islets, many becoming highly vascularized, hyperplastic and invasive.474
Because of an overlapping part of structure for transcription and transformation (MBII),
it is quite possible that some downstream genes participate in the transformation driven
by Myc. Some genes such as odc, HMG-I/Y, and the combination of LDH-A and rcl
which are able to transform Rat1a cells, have been reported to be involved in the ability
of Myc to transform cells in culture.475, 476
Another way that Myc enhances tumorigenesis is through the promotion of
vasculogenesis and angiogenesis. Angiogenesis is critical for tumors exceeding 1 to 2
mm in diameter.477 Several growth factors act as positive regulators of angiogenesis.
Among these are vascular endothelial growth factor (VEGF),478 basic fibroblast growth
factor (bFGF),479 and angiogenin.480, 481 Proteins such as thrombospondin (Tsp-1),482
angiostatin,483 and endostatin484 function as negative regulators of angiogenesis.
Vascular endothelial growth factor (VEGF) is an endothelial cell-specific mitogen and
one of the most potent mediators of angiogenesis. Besides hypoxia which is a major
physiologic stimulus for VEGF,485-487 it has been reported that tumor angiogenesis can
be stimulated through the induction of VEGF mRNA and protein by oncogenes such as
ras, v-src, c-jun, c-fos, and HPV-16488-493. Activation of c-Myc led to an admixture of
hyperplastic and dysplastic precancerous skin lesions (papillomatosis) in suprabasal
keratinocytes, which was accompanied by angiogenesis with the newly formed vessels
in close apposition to the overlying preneoplastic epidermis494-496. The role of c-Myc in
neo-vascularization of neoplasms involves upregulation of pro-angiogenic VEGF4-6. cMyc interacts with hypoxia to induce angiogenesis in vivo by a vascular endothelial
growth factor-dependent mechanism. Similar to other oncogenes, c-Myc is also capable
of down-regulating thrombospondin-1 (tsp-1) expression, which is a potent
angiogenesis inhibitor.497-499 Ras also modulates Myc activity to repress
thrombospondin-1 expression and increase tumor angiogenesis499.
In conclusion, Myc acts in concert with other oncogenes that suppress apoptosis,
thereby allowing Myc to drive cell proliferation in an predominant and unrestricted
manner500-502.
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5.8

Biological functions of other Max network proteins

As an obligate heterodimerization partner, Max is ubiquitously expressed, and its
expression levels are maintained at nearly constant levels during cell cycle.348 Max is
essential for DNA binding at E-box sites for proteins in Myc/Max/Mad family. In
contrast to other Myc family proteins, Max also forms homodimers that recognize the
same E-box sequences that with Myc/Max or other Max heterodimeric complexes.344,
348, 503, 504
Overexpression of Max was shown to interfere not only with Mycdependent transformation of cells in culture,505, 506 but also with Myc-dependent
lymphomagenesis in vivo.507 Consistent with its essential roles in biological functions
of Myc family proteins, targeted deletion of max in mice caused early postimplantation (E5.5) lethality.508
5.8.1

Mad/Max complex

The Mad (Mxd) family of proteins includes Mad1, Mxi1, Mad3, Mad4.509 Mad genes
are expressed in a sequential manner in embryos, in that, Mad3 is expressed in
proliferating cells prior to differentiation, Mxi1 and Mad4 transcripts are most
abundant in further differentiated cells, whereas Mad1 is primarily expressed late in
differentiation.509 Mad1 and Mxi1 were identified as two closely related bHLHZip
proteins.510, 511 Gene expression indicated that they were induced during
differentiation and therefore displayed an expression pattern opposite to that of Myc,
which expresses in proliferating and undifferentiated cells in culture.509-512 Mad3 is an
exception in Mad family in that it appears to be expressed primarily in cells in S
phase of the cell cycle.509, 513, 514 In contrast to Myc/Max, Mad/Max DNA binding Ebox sequences at the promoters of target genes represses transcription of downstream
genes.510, 512, 515 Repression by Mad proteins is mediated via the interaction with one
of the paired amphipathic domains of Sin3A and Sin3B co-repressor proteins,510, 512,
515
which in turn recruits a number of proteins including histone deacetylases
(HDACs).516, 517 By inducing histone deacetylation, Mad/Max antagonizes Myc/Max
by repressing transcription. This notion has been supported by a series of experiments
showing that overexpression of Mad family members can block Myc-dependent
proliferation, apoptosis, and transformation of cells in culture.518, 519
By using chimeric proteins in which the basic regions and/or bHLHZip regions of
Myc and Mad proteins have been swapped, several experiments has indicated both
common and distinct target genes among the target genes of Myc/Max and Mad/Max
complexes.520, 521 A swap that replaced the entire bHLHZip region of c-Myc with that
of Mad1 did not alter the transforming activity of c-Myc but did alter its ability to
induce apoptosis520, indicating that the HLHZip region probably influences DNAbinding characteristics of the basic region and has unique functions that contribute to
the biological activities of Myc.522 Consistently, several studies using chromatin
immunoprecipitation or methylation tagging experiments verified that Myc/Max and
Mad/Max bound to common and unique sets of target genes.381, 521
Gene knockouts for mad genes and ectopic Mad expression in transgenic mice
indicated that overexpression of Mad1 was effective in blocking cell proliferation in
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vivo,523, 524 consistent with its effect on cell proliferation in cultured cells. In cell
culture, loss of Mad1 interfered with cell cycle exit of granulocytes,525 and impaired
granulocyte differentiation in cooperation with loss of p27Kip1.526 In contrast to what
was expected, Mad1, Mxi1, or Mad3-knockout mice were born normally with a
normal life span and were not prone to spontaneous tumor formation.513, 525 Because
of lack of information about the outcome of crossing mad-/- mice with tumor-prone
mice such as p53 or Ink4a mutant mice, it can not be excluded that mutations in these
genes might lead to a subtle predisposition to tumor formation. The existence of
functional redundancy might be a reason for the absence of phenotype in transgenic
mice. Another bHLHZip protein, Mlx, heterodimerizes with Mad proteins and
facilitates DNA-binding to the E-box sequence.527 The relationship between
Myc/Max, Mad/Max and Mad/Mlx remains open. However, several inspections
revealed that loss of mxi1 led to widespread proliferation defects and spontaneous B
cell lymphomagenesis,528 and raised the risk for skin tumors caused by application of
carcinogen. mxi1-knockout mice exhibited prostate hyperplasia, although conflicting
results were obtained from human prostate tumors, therefore it remains unresolved
whether the mxi1 gene acts as a tumor suppressor for this common cancer.529
5.8.2

Mnt/Max complex

In contrast to Myc, which is upregulated during cell cycle entry but drops to low
levels during the proliferative cell cycle, and Mad with its expression restricted to
differentiated/growth-arrested cells, Mnt is expressed at a nearly constant level
through the whole cell cycle in differentiating, growth-arrested cells as well as in
proliferating cells during embryonic development and in adult tissues.346, 530, 531
Mnt/Max levels are proposed to be in excess of c-Myc/Max levels except upon the
mitogen stimulation of quiescent cells in G0 and in tumors where Myc levels are
expressed at abnormally high levels. Alike the Mad protein, Mnt contains a Sin3
interaction domain (SID) which is essential for transcriptional repression by Mnt and
for suppression of Myc-dependent cell transformation.346, 530, 532 Interestingly,
deletion of the SID converts Mnt into a weak Myc-like oncoprotein, capable of
cooperating with oncogenic Ras to transform primary rat embryo fibroblasts and
possibly regulating an overlapping set of target genes with Myc.346, 530 Together with
the similar expression pattern between Myc and Mnt, these findings imply that Mnt is
coexpressed with N-Myc and c-Myc in proliferating cells and might be a Myc
antagonist distinct from those of Mad family proteins. Mice lacking mnt usually die
within 24 hours of birth.533 Conditional mnt knockout mice developed mammary
adenocarcinomas,531 with tumor latency ranging from 6 to 20 months. Moreover, mnt
locates at 17p13.3, which is a hot spot for loss of heterozygosity in a wide variety of
tumor types. However, there is as yet no conclusion if Mnt works as tumor suppressor
in vivo, because there is no evidence for complete loss of Mnt in any cancers.534 Loss
of mnt was also regarded as not equivalent to deregulation of Myc in
tumorigenesis.535 In general, the phenotype of mnt-/- MEFs was remarkably similar to
that of MEFs that overexpress Myc, such as accelerated transition to S phase upon
mitogen addition, faster proliferation, higher sensitivity to apoptosis, escape from
senescence and being transformed by oncogenic ras alone. Moreover, siRNA
mediated knockdown of Mnt in c-Myc deficient Rat1A cells partially rescued their
slow growth phenotype but also sensitized these cells to apoptosis.536 siRNA33

mediated knockdown of Mnt in MEFs also resulted in dramatically elevated p19ARF
and p53 levels, but also to markedly lower levels of the antiapoptotic protein BCLXL.531, 536 Besides the disrupted p53 pathway,531 tumors formed in MMTVCre/MntCKO/CKO mice expressed elevated levels of the Myc target genes encoding
Cdk4 and cyclin E1,537 which are instrumental in c-Myc dependent cell cycle entry.
Mnt was also found to bind to the Myc target, odc. These results lead to a hypothesis
that Myc/Max must overcome preexisting Mnt/Max repression at shared target sites
in order to activate transcription.346, 530, 531
It is noteworthy that, similar to Mad/Max, Mnt/Max and Myc/Max may have
different DNA-binding specificity532 to an overlapping but also to an unique set of
target sites.538 Therefore, it is likely that Mnt has activities in the cell that are unique
to its role as a Myc antagonist.

Figure 5. The Myc pathway can be disrupted at different levels. 1, interaction between Max network
complexes; 2, DNA-binding ability of Myc family proteins; 3, Regulation of downstream mRNAs and
microRNAs; 4, activities of downstream proteins, which are closely related to certain biological
functions.

5.9

The Myc pathway as a target for cancer therapy

Several reasons have been mentioned for the possibility and suitability of targeting
Myc.539 Myc is ubiquitously expressed only in proliferating cells, therefore the toxicity
from anti-Myc therapy would be restricted to highly proliferative compartments such as
bone marrow and the gastrointestinal tract, which is expected to be similar to that of
traditional therapeutic agents. It has been suggested to be more effective to target Myc
instead of its target genes, because the functional redundancy will attenuate the
expected phenotype. Expression levels of Myc might have different effects on the
cellular response to anticancer agents, such that, downregulation of Myc expression
sensitizes various cancer cell lines to cisplatin treatment.540-543 In contrast, Myc
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overexpression sensitizes mouse and rat cells lines to doxorubicin, etoposide and
cisplatin.295 Using transgenic mice with conditional Myc expression system such as
Myc-ERTAM and tetracycline-inducible system, several studies demonstrated oncogenic
properties of overexpressed Myc in different types of tissues.494, 544-547 Inactivation of cMyc caused tumor regression by rapid proliferation arrest, apoptosis, and
differentiation in hematopoietic malignancies and osteosarcoma, but tumor dormancy
in liver malignancies. Reactivation of c-Myc resulted in enhanced apoptosis of
hematopoietic tumors and osteosarcoma but restoration of malignancy in the liver
cancer model and mammary adenocarcinomas.545, 548 Consistently, similar result was
obtained in a study using a tetracycline-responsive myc allele expressed in the
mammary epithelium of transgenic mice.549 In this case, ectopic expression of myc
gene induced the formation of invasive mammary adenocarcinomas, most of which
fully regressed upon myc deinduction. But in unregressed tumors the secondary
mutations such as ras mutation was detected, suggesting that once these tumors have
progressed beyond a certain point such as obtaining a second mutation, the transformed
malignant state might be difficult to revert. Taken together, these studies suggest that
targeting of the Myc pathway, even brief inactivation of Myc, could have significant
effects in some types of cancer.
As Myc is essential for tumor cells proliferation and survival, and as it has been shown
that even small decreases in Myc expression can affect cell transformation,550 one
logical treatment approach would be to inhibit Myc function or downregulate Myc
expression. A small molecule has been reported to interact with and stabilize Gquadruplex element into an inactive conformation, thereby inhibiting the transcription
of myc.551 Antisense oligo (ASO) molecules and phosphorodiamidate morpholino
oligomer (PMOs) have been reported to suppress cancer cell growth and sensitize cell
to treatment through the inhibition of Myc expression and functions,552-558 It was also
reported that c-Myc ASOs did not induce serious adverse effects even in highly
proliferative normal tissues.539 Peptide inhibitors directed to the Myc carboxyl end
significantly and persistently decreased Myc expression and suppressed cell growth.559,
560
It is worth mentioning that peptidic inhibitors of Myc, or other targeted oncoproteins,
can come from parts of the heterodimer itself, from parts of other HLH partners, from
fragments of structurally related proteins, or from parts of other still-unknown partners
within the enhanceosome complex. Based on these peptides, molecules of therapeutic
relevance could be designed.559
It is also reasonable to interfere with Myc function by preventing Myc/Max
heterodimerization. Cytokines such as GM-CSF and IL-6, in combination with the
phorbol ester 12-O-tetradecanoyl-phorbol acetate (TPA), restored differentiation and
cell cycle arrest, which was attributed to the interference with the interaction between
Myc and Max.561 Two groups have performed screening assays using libraries of lowmolecular-weight compounds in search for small compounds that interfered with
Myc/Max dimerization. Based on an in vitro FRET-assay, Berg et al. identified four
compounds, one of which inhibited transformation of chicken embryo fibroblasts driven
by Myc, another one blocked the transformation driven by either Jun or Myc
oncoproteins, whereas the remaining two had no effect in the focus formation assay.562
Considering the dramatic stabilization of Myc/Max heterodimerization in the present of
DNA,563 it is important for an inhibitor that maintain its inhibitory properties on
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Myc/Max dimerization in the presence of the DNA binding motif. Based on a
fluorescence polarization assay,564 Berg et al. recently made another screening, in
which two new small molecules were identified for their abilities to preferentially
inhibit the DNA binding of Myc/Max over those of Max/Max homodimers, CEBPα
and Jun.565 The inhibition of the DNA binding of Myc/Max and the related
transcription factors might result from specific interactions with the α-helical
dimerization motifs, because these compounds showed no effects on interaction
between two SH2 domains and their binding partners. Furthermore, these two
compounds inhibited c-Myc-dependent proliferation, gene transcription, and oncogenic
transformation. In another study, a yeast two-hybrid system was used to identify lowmolecular-weight compounds that blocked Myc/Max interaction. All of the identified
compounds prevented transactivation by c-Myc-Max heterodimers, inhibited cell
cycle progression, and prevented the in vitro growth of fibroblasts in a c-Mycdependent manner. Four of the compounds also inhibited tumor growth in vivo.566
Recently one of the identified compounds, 10058-F4, was further characterized on
leukemia cells by another group. Their data showed that 10058-F4 arrested AML cells
in the G0/G1 phase, downregulated c-Myc expression and upregulated CDK inhibitors
such as p21 and p27. In addition, it was shown that the mitochondrial pathway was
involved in 10058-F4-induced apoptosis since caspases were activated by the release of
cytochrome c. Furthermore, 10058-F4 also induced myeloid differentiation.567 In
addition to targeting the interaction between Myc and Max, it is also a possible choice
to specifically interfere with the interaction between Myc and its co-factors, since the
N-terminal domain of Myc shows little to no inherent secondary structure, suggesting
that protein-protein interactions are essential for proper folding and function of Myc.568
Ectopic increase of Mad proteins were also found to antagonize Myc functions569, 570.
Transferring the human mad gene (AdMAD) into human astrocytoma cells by
adenovirus vector system resulted in decreased growth potential of AdMAD-infected
cells. In addition these cells had a diminished malignant potential in that they lost the
ability to grow anchorage-independently in soft agar and were unable to induce
tumorigenesis in a xenograft animal model. These studies indicate the mad can used for
gene therapy of human tumours571.
It is well known that suppression of apoptosis is a prerequisite for oncogenesis by
deregulated oncogenes, which otherwise will induce cell death as a safeguard
mechanism against tumorigenesis. This is also applicable to Myc in that the
deregulation of Myc promotes cell proliferation in transformed cells but induces
apoptosis in untransformed cells. One of the approaches is to restore Myc-driven
apoptosis or to inhibit Myc-driven proliferation. For example, a large proportion of
aggressive neuroblastoma carry a methylated and silenced caspase-8 gene372, or the
deletion of chromosome 1p36, including the caspase-9 gene. Inactivation of caspase-9
enhances Myc-induced transformation.373 An exciting finding was recently reported
that an small molecule can activate procaspase-8 into caspase-8, induce apoptosis even
in cells with a defective apoptotic machinery, and retard the tumor growth in three
different mouse cancer models.330 This results confirm a long-standing assumption
that it is possible to restore the defect apoptosis machinery in tumor cells by for
instance small molecules. It will therefore be interesting to see if this compound can
synergize with deregulated Myc to suppress tumor growth in vivo.
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AIMS OF THE THESIS
The general aim of this study was to find new approaches to explore the Myc pathway
as a therapeutic target for cancer therapy.
Specifically we wanted to investigate the following aspects:
I. To develop a cellular screening assay for identification of small molecules that
induce apoptosis in a Myc-dependent manner and inhibit cellular transformation
driven by Myc.
II. To identify and characterize novel small molecules that interfered with the Myc
pathway at different levels.
III. To analyze the relationship between Myc status and the cytotoxic drugs
camptothecin and paclitaxel, and to further evaluate the effects of these drugs
on the Myc pathway.
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RESULTS AND DISCUSSION
Paper I: Identification of small molecules that induce apoptosis in a Myc-dependent
manner and inhibit Myc-driven transformation
Myc protein plays critical roles in many physiological functions such as cell cycle
progression, apoptosis and tumorigenesis. Deregulated Myc is oncogenic and has been
found in many human cancers.337 Several studies showed that inactivation of Myc
could result in tumor regression by apoptosis, differentiation or tumor dormancy.494, 547,
548, 572
Therefore the Myc pathway is an attractive target for novel cancer treatment. In
order to find small molecules that could interfere with Myc pathway, we first optimized
the conditions for Myc induction so that Myc levels maintained at high levels during 3
days after treatment with 2 µg/ml doxycycline. We then performed the screen by
treating Tet-Myc cells with each of the 1,990 compounds of the NCI diversity set
library (http://dtp.nci.nih.gov) after the induction of Myc and analyzed cell viability
after 48 h by both the WST-1 assay and crystal violet staining. Two compounds,
MYRA-A and MYRA-B (Myc pathway response agent), were selected for further
characterization because the relative viability of uninduced cells was >2-fold higher
than that of induced cells after treatment. Similar results were obtained with p493
human B cells in which Myc expression is regulatable,433 indicating that MYRA-A and
MYRA-B are more efficient in cells with high compared to those with low Myc levels.
In order to further define the relationship between the effects of the compounds and
Myc status, we tested these substances in three isogenetic Rat-1 cell lines among which
only Myc status is different.416, 573, 574 As expected, both MYRAs induced predominant
cell death in Myc-overexpressing cells (HOmyc3) compared with Myc wildtype cells
(TGR-1), while the myc-null HO15.19 cells showed no response to MYRA treatment,
indicating that MYRAs can induce apoptotic cell death in a Myc-dependent manner. In
addition, treatment with MYRAs inhibited colony formation of Myc-overexpressing
cells in soft agar, suggesting that MYRAs might inhibit Myc-driven cellular
transformation. MYRA-A showed the same efficiency on both tested cells.
Interestingly, MYRA-B showed equal effects on Rat-1a-myc cells as MYRA-A, but
has very low efficiency on MR (REFs transformed with Myc and Ras) cells, implying
that MYRA-B works in a different manner from MYRA-A.
We have also further explored the mechanism of action of MYRAs. Neither compound
showed any effect on the level of Myc expression, implying that MYRAs might not
interfere with transcription, translation or degradation of Myc. Myc carries out its
biological functions through its diverse sets of target genes. In order to do so, Myc
needs to heterodimerize with its essential partner protein Max and to bind to the special
promoter sequence of target genes to regulate their expression. Using Electrophoretic
Mobility Shift Assay (EMSA), we found that MYRA-A interfered with the DNAbinding ability of Myc/Max, Mnt/Max and Max/Max complexes in HL-60 cell extracts,
but had almost no effect on the DNA-binding of another transcription factor USF
(upstream stimulatory factor), which binds to the same DNA sequence as the Myc
proteins. Considering the different DNA binding properties between endogenously and
ectopically expressed Myc, we performed the EMSA with COS cell in which
constructs expressing myc or mnt had been cotransfected with max-plasmid and
obtained similar results. This finding suggests that, to some extent, the interference of
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MYRA-A is specific for Myc network proteins. Interestingly, MYRA-B showed no
effects on the DNA binding of these proteins that can be detected with EMSA. We then
studied the effects of MYRAs on transcription using the luciferase reporter system.
MYRA-A showed a significant and dose-dependent inhibition of luciferase activity
induced in Myc-transfected cells. Importantly, the effect of MYRA-A on the luciferase
activity induced by other transcriptional factors such as p53 and CMV were negligible,
suggesting a specific effect of MYRA-A towards the Myc pathway. MYRA-B showed
a distinct effect from MYRA-A having no effect on luciferase activities driven by Myc,
p53 or by the CMV promoter. In order to identify small compounds that can be used to
modify Myc functions, several other groups have made screenings for substances based
on their ability to disrupt Myc/Max heterodimerization, which is essential for Myc
functions. We therefore studied the effect of MYRAs on the interaction between Myc
and Max by protein immunoprecipitation in order to see if MYRAs shared the similar
mechanistic basis with other reported small compounds. However, neither MYRA-A
nor MYRA-B showed significant interference with Myc/Max dimerization.
In conclusion, our data demonstrate that MYRAs identified in our cellular screening
induced apoptotic cell death in a Myc-dependent manner in all tested cells and inhibited
cellular transformation driven by Myc. MYRAs act in a different manner from the
compounds previously reported by other groups, in that they have no effect on
heterodimerization of Myc/Max, which was used as the criteria for library screening in
other studies.562, 566 Although MYRA-A and MYRA-B showed similar apoptosisinducing properties, they function through distinct pathways, since MYRA-A interferes
with the DNA-binding of Myc proteins, specifically inhibits transactivation by Myc,
while the possible mechanism of MYRA-B remains to be elucidated. Our identified
small compounds can be used as tools for studying the Myc pathway, and might be of
therapeutic potential for future drug development.

Paper II: Myc overexpression enhances apoptosis induced by small molecules
In addition to MYRAs, we have characterized another small molecule, NSC308848,
which was identified during the initial cellular screening. The IC50 of this substance
was two-fold lower in Myc overexpressing Rat1 cells compared with that in parental
wt cells. NCS308848, together with MYRAs, was further evaluated in conditional
human neuroblastoma Tet21N cells, in which MYCN expression can be regulated by
doxycycline.575 Similar to MYRA-A and MYRA-B, treatment with NSC308848
caused MYCN overexpressing cells to detach from the culture dish, while the
majority of uninduced cells remained intact. Apoptosis specific ELISA showed that
all three compounds induced more than two-fold higher apoptosis in MYCN
overexpressing cells when compared with uninduced control cells. Importantly,
NSC308848 also inhibited cellular transformation driven by Myc in a similar manner
as MYRAs as assessed in soft agar assays. Similarly to MYRA-A, NSC308848
interfered with the DNA-binding activity of Myc/Max, Mnt/Max and Max/Max in a
dose-dependent fashion without significantly affecting the DNA-binding of another
E-box binding factor, USF. However, in contrast to MYRA-A, NSC308848 showed
inhibition on luciferase activity promoted by Myc, p53 and the CMV promoter,
implying that it may affect a broad range of transcription factors as a pan-inhibitor. In
39

contrast to MYRAs, treatment of NSC308848 decreased MYCN expression in
Tet21N cells as well as the levels of c-Myc in p493-B and HL-60 cells. Thus, these
results show that the mechanism of action of NSC308848 is different from those of
MYRA-A and MYRA-B.
Taken together, these data demonstrate that the Myc pathway can be targeted by
small molecules through different mechanisms. Considering the complexity and
elusive mechanisms of the Myc protein, we suggest that cellular screening assays
provide a promising strategy, allowing the identification of compounds generating a
desired biological outcome rather than targeting a specific site or function. Using this
approach we have identified three structurally different small molecules that target
the Myc pathway. One of the drawbacks of cellular screening is that the definitive
working points of small molecules are mostly elusive. Therefore it will be important
to characterize the pathways of these substances in more detail using systematic
technologies such as DNA microarray assays, which will be instrumental for the
identification of downstream players that may contribute to their biological effects. It
is also of interest to determine whether NSC308848 affects Myc protein levels by
interfering with transcription or by enhancing protein degradation through ubiqitinproteosome machinery.
Overall, NSC308848 showed another aspect of interfering with the Myc pathway by a
small molecule. With the increasing knowledge of Myc-mediated apoptosis and the
underlying mechanisms, NSC308848, as well as MYRAs, will be helpful in
designing novel anti-cancer drugs.

Paper III: Camptothecin-induced apoptosis is enhanced by Myc and involves
PKCdelta signaling
Considering the fact that Myc is deregulated in many human tumors and that
overexpression of Myc has been shown to either enhance resistance or increase
sensitivity to chemotherapy, it is of great importance to understand the interplay
between the currently used therapeutic agents and the Myc expression in tumors.295 We
therefore analyzed the relationship between Myc status and two clinically relevant
drugs, camptothecin (CPT) and paclitaxel (PTX),298, 303 and further characterized their
mechanisms of action. We first analyzed the role of Myc in apoptosis induction by
CPT and PTX in Rat-1 cells with different Myc status,416, 573, 574 and found that both
cytotoxic drugs induced higher apoptosis in Myc expressing cells compared to that in
myc null cells. Similar results were obtained with conditional human neuroblastoma
cells (Tet21N).575 In order to elucidate the mechanisms of action of CPT and PTX, we
measured the caspase activity in Rat-1 cells after treatment. Both CPT and PTX
resulted in very low caspase activities in myc-null cells (HO15.19) when compared
with myc wildtype TGR-1 cells. Interestingly, caspase-9 activity was lower in
response to PTX than to CPT treatment. Our additional data showed that higher
expression of BCL-XL and resistance to the cleavage of Bid might explain why
HO15.19 cells were poorly response to the treatment with CPT and PTX. Cleavage of
Bid occurred after CPT and at higher concentrations of PTX treatment, but not after
treatment with isotoxic dosage of PTX. Moreover, CPT not only induced the cleavage
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of Bax detected by Western blot but also increased Bax activity as assessed by
flowcytometry. Similar to our above reported small compound NSC308848, CPT
treatment also repressed the luciferase activities promoted by Myc, p53 and CMVpromoter, indicating that CPT has a general repressive effect on transcriptional
regulation. In contrast to MYRA-A and NSC308848, CPT has no effect on the DNAbinding of Myc network proteins. In order to exclude the possibility that DNA
damage caused by CPT is the reason of decreased luciferase activity, we analyzed
potential effects of the DNA-damaging agents etoposide, doxorubicin, and cisplatin
on transactivation and did not observe any inhibition with these drugs, implying that
CPT interferes with transactivation by obstructing the general transcription machinery
instead of interfering with the DNA binding of transcription factors. In contrast, PTX
showed no effect in these assays. We previously showed that PKCδ was involved in
the apoptosis induced by etoposide.295 In this study we found that ectopic transfection
with a dominant negative PKCδ construct reduced the apoptosis level induced by CPT
in TGR-1 cells but not HO15.19 cells. However, PKCδ showed effects neither on
apoptosis induced by PTX regardless of Myc status, nor on HO15.19 cells treated with
both drugs. Consistently, the active form of PKCδ could be detected in CPT-treated
TGR-1 cells, but not in HO15.19 cells or in PTX-treated cells. This finding suggests
that the presence of Myc is essential for the involvement of PKCδ in the apoptosis
induced by CPT, while it has little influence on the PTX effects. Using mouse embryo
fibroblasts (MEFs) that were either wild type (wt) or bak/bax double deficient
(bak/bax-/-),576 we further analyzed the relationship between mitochondria and PKCδ
in the induced apoptosis. We found the active form of PKCδ in wt MEFs after CPT but
not after PTX treatment, in spite of the fact that the cells died at comparable rates.
Interestingly, neither CPT nor PTX induced cleavage of PKCδ to its active form in
bak/bax-/- cells. Our data suggest that PKCδ cleavage in response to CPT treatment
requires the involvement of mitochondria.
In conclusion, our findings indicate that, although apoptosis induced by CPT and
PTX can be enhanced by the presence of Myc, these drugs act by diverse means with
regards to the regulation of transcription as well as the involvement of components in
the apoptosis pathway such as caspase activity and PKCδ. Further work is needed to
elucidate in more detail the mechanisms of these clinically relevant therapeutic agents,
which will be helpful in the development of individualized treatment schedules.
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FUTURE PROSPECTS
In this thesis I have identified two small compounds, MYRA-A and MYRA-B, which
induce apoptosis in a Myc dependent manner and inhibit cellular transformation driven
by Myc. Considering that MYRA-A interferes with the Myc pathway by inhibition of
Myc-driven transactivation and DNA-binding ability of Myc family proteins without
affecting Myc expression or Myc-Max heterodimerization, it would be important to
obtain more information about the genes that are affected by this compound. MYRA-A
is a good drug candidate in the view of drug development because, considering the
critical roles of Myc family in normal cells, it is not desirable to completely abolish
Myc functions by disrupting the interaction between Myc and Max. On the other hand,
MYRA-A is very hydrophobic, hence limiting its use in vivo. Cooperation with
chemists to increase solubility of MYRA-A in aqueous solution might help us to test it
in animal models. For MYRA-B, it would be interesting to find the reason why it
showes different inhibitory effects on transformation from Rat-1a cells and MR cells.
We also reported another small compound, NSC308848, which works in a similar
manner as MYRAs in that all identified compounds induces high apoptosis in Myc
overexpressing cells. In contrast to MYRA-A, NSC308848 inhibits transactivation of
several transcription factors. Surprisingly, treatment with NSC308848 decreases the
expression levels of c-Myc and MYCN. It is important to find out the possible reason:
whether NSC308848 inhibits Myc degradation through the ubiqintin/proteasome
pathway; or it decreases myc mRNA levels through the inhibition of myc transcription.
It would be also worth studying further the effects of MYRAs as well as NSC308848 in
neuroblastoma cells because they showed predominant cell killing effects of MYCN
overexpressing cells compared cells without MYCN expression.
Consistent with our previous report,295 our study on CPT and PTX verified that the
presence of Myc enhanced the cytotoxic effect of chemotherapeutic agents. More effort
should be devoted to solve the questions: how does CPT interfere with the
transcriptional machinery, and what is the relationship between Myc status, interference
with transcription and cell death?
Considering the frequent involvement of p53 in apoptosis induced by Myc,453 it would
be important to analyze the roles of p53 in the effects of MYRAs, NSC308848, CPT
and PTX. Related to this, more details in the apoptosis pathway should be elucidated,
for example, what are the effects of small compounds on death receptor and/or
mitochondria pathways? Could we get synergistic effects when using combinations of
the identified small molecules and clinically used drugs?
In conclusion, our work showed that the Myc pathway can be explored at different
levels to enhance cell death induced by small molecules and drugs. More systematic
approaches such as microarray and proteomics tools will result in a more clear
understanding of Myc-mediated apoptosis and the mechanisms behind our identified
substances. This knowledge would be helpful to find novel targets for cancer therapy.
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