
 

 
Department of Microbiology, Tumor and Cell Biology 

(MTC) 
Karolinska Institutet 

 
 
 
 
 

Roles of Myc and Mad in cell 
cycle and apoptosis 

 
 

av 
 

Ami Albihn 
 
 
 
 
 

 
 
 
 
 

Stockholm 2006 



 

Cover images: Examples of successfully balanced regulation of cell proliferation and apoptosis during embryogenic 
development. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The previously published papers were reproduced with permission from the copyright holders. 
 
Published and printed by 

Gävlegatan 12B 
100 31 Stockholm 

© Ami Albihn, 2006 
ISBN: 91-7140-766-9 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

To My Family 
 
 
 

 



ABSTRACT   
 

 

The Myc network proteins are key mediators in regulation of cell growth, differentiation and apoptosis. They are 
basic region helix-loop-helix/leucine zipper (bHLH/Zip) transcription factors that require hetero-dimerization with 
Max for specific DNA binding. Mad family members are expressed primarily in differentiated tissues where they 
recruit histone deacetylase complexes via the mSin3 interaction domain (SID) to repress transcription of target genes 
and prevent cell growth. In contrast, members of the Myc family activate target gene transcription by recruitment of 
histone acetyltransferases to their transcriptional activation domain (TAD), inducing proliferation and S phase entry. 
Myc activation also sensitizes cells to apoptosis in response to stress such as serum deprivation or exposure to 
cytotoxic drugs. However, mutations acquired during cancer therapy often block Myc-driven apoptosis, explaining 
the presence of activated myc in many human tumors. 

We have characterized the effects of Mad1 and Myc in cell growth control and in apoptosis induced by low 
serum, by anticancer drugs, or by differentiating agents. Using tet-mad1 inducible cells, we emphasized the important 
role for Mad1 in inhibition of cell proliferation in low serum, and showed a correlation with a reduced CDK2 
activity. In addition, Mad1 induction blocked cell cycle re-entry and resulted in reduced apoptosis in response to 
serum starvation and to the cytotoxic drug cisplatin. We demonstrated that these effects required transcriptional 
repression and suggest that Mad1 ensures cell survival and specialization by stabilizing quiescence and protecting 
against apoptosis during differentiation. 

To explore the effect of Myc on the cellular response to conventional chemotherapy, routinely used to 
complement surgery and radiation therapy when treating cancer patients, we used tet-myc inducible cells, together 
with Rat1 fibroblasts with different Myc status. In these model systems, we demonstrated that c-Myc enhanced the 
apoptosis induced by etoposide, doxorubicin, and cisplatin. Furthermore, we found that etoposide and doxorubicin 
signaling involved activation of pro-apoptotic Bax and of caspase 3 and 9. In addition, etoposide required pro-
apoptotic PKCδ for efficient apoptosis induction. We observed a similar Myc-dependence for efficient apoptosis 
induction by the chemotherapeutic agents camptothecin and paclitaxel. Apoptosis was enhanced both by c-Myc in 
Rat1 cells and by MYCN in neuroblastoma cells with conditional MYCN expression. While camptothecin signaling 
involved activation of Bax and caspases together with PKCδ, our data suggest that paclitaxel induces apoptosis 
through a pathway distinct from mitochondria and PKCδ signaling. Neither of the drugs affected Myc/Max DNA-
binding, but camptothecin treatment reduced transactivation by several transcription factors, suggesting this as a 
mechanism for its effects. Taken together, our data establish the involvement of Bax, caspases, and PKCδ signaling 
in Myc-dependent apoptosis induced by etoposide and camptothecin, but not by cisplatin and paclitaxel. 

We also analyzed cellular differentiation and apoptosis in response to treatment with all-trans retinoic acid 
(ATRA) and arsenic trioxide (As2O3), used in treatment of acute myelocytic leukemia. Although the fusion protein 
PML-RARα is a well established target for these drugs, additional mechanisms for their induction of differentiation 
and/or apoptosis are poorly characterized. For this purpose, we used the PML-RARα-negative promyelocytic 
leukemia cell line HL60, and confirmed the connection between Myc expression and cellular differentiation status. 
We found that ATRA-induced terminal differentiation and apoptosis coincided with down-regulation of Myc, while 
the partially differentiated As2O3 treated cells had a repressed, but not abolished, Myc expression. Myc was also 
present at the promoters of its target genes human telomerase reverse transcriptase (hTERT) and 
carbamoyltransferase-dihydroorotase (CAD) after exposure to As2O3 but not ATRA, suggesting Myc as an 
important mediator in preventing terminal differentiation after As2O3 treatment, possibly through activation of 
hTERT and CAD. 

In conclusion, characterization of the pathways for Myc-mediated apoptosis is essential in the venture to enable 
their re-activation in tumors overexpressing Myc and thus overcoming acquired drug-resistance. Therefore, Myc 
levels in human tumors should be considered for tailored treatment using anticancer drugs. 

 
Keywords: Myc, Mad, cell cycle, apoptosis, differentiation, tumorigenesis, chemotherapy 
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c-ABL = Abelson 
AIF = Apoptosis-Inducing Factor 
ANT = Adenine Nucleotide Translocator 
APAF-1 = Apoptotic Protease Activating Factor 1 
APL = Acute Promyelocytic Leukemia 
As2O3 = Arsenic Trioxide 
ATRA = All-trans Retinoic Acid 
BAX = Bcl-2 Associated protein X  
BAK = Bcl-2 homologous Antagonist Killer 
BCL-2 = B-Cell Lymphoma 2 
bHLH/Zip = basic region Helix-Loop-Helix/ 

Leucine Zipper 
BID = BH3-Interacting domain Death-agonist 
BIK = Bcl-2-Interacting Killer 
BH = Bcl-2 Homology domain 
BL = Burkitt’s Lymphoma 
CAD = carbamoylphosphate dihydroorotase 
CASPASE = Cysteinyl Aspartate Proteinase 
CDK = Cyclin Dependent Kinase 
CIS = Cisplatin 
CKI = CDK Inhibitor 
CPT = Camptothecin 
DD = Death Domain 
DED = Death Effector Domain 
DISC = Death-Inducing Signaling Complex 
DNA = Deoxyribonucleic Acid 
DNA-PK = DNA-dependent Protein Kinase 
DXR = Doxorubicin 
E-box = Enhancer box 
ER = Endoplasmic Reticulum 
ERK = Extracellular signal-Regulated Kinase 
ETO = Etoposide 
FADD = Fas-Associated Death Domain 
HAT = Histone Acetyl-Transferase 
HDAC = Histone Deacetylase 
HR = Homology Region 
hTERT = human Telomerase Reverse 

Transcriptase 

IAP = Inhibitor of Apoptosis 
JNK/SAPK = c-Jun NH2-terminal protein 

Kinase/ Stress-Activated Protein Kinase 
MAPK = Mitogen-Activated Protein Kinase 
MAD = Max Dimerizer (recently renamed to Mxd 

for Max Dimerization Portein) 
MAX = Myc-Associated protein X 
MB = Myc Box 
MEF = Mouse Embryo Fibroblast 
MEK = MAPK/ERK Kinase 
MGA = Max Gene Associated 
MIZ-1 = Myc-Interacting Zinc finger protein-1 
MLX = Max-Like protein X 
MNT = Max Binding Protein 
MXI = Max-Interactor 1 
MYC = Myelocytomatosis 
NB = Neuroblastoma 
NLS = Nuclear Localization Signal 
ODC = Ornithine Decarboxylase 
PARP = Poly (ADP-Ribose) Polymerase 
PI3K = Phosphatidylinositol 3-Kinase 
PKCδ = Protein Kinase C delta 
PML-RARα = Promyelocytic Leukemia – Retinoic 

Acid Receptor alpha 
PTP = Permeability Transition Pore 
PTX = Paclitaxel/Taxol 
pRb = Retinoblastoma 
REF = Rat Embryo Fibroblast 
RNA = Ribonucleic Acid 
SID = Sin3 Interaction Domain 
STS = Staurosporine 
TAD = Transcriptional Activation Domain 
TNF = Tumor Necrosis Factor 
TRRAP = Transformation/Transcription domain-

Associated Protein 
VDAC = Voltage-Dependent Anion Channel 
WT = Wild Type
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AIMS OF THIS THESIS 
 
The general aim of this thesis was to increase the knowledge of effects of Mad1 and c-Myc in cell 
growth control and in apoptosis when induced by low serum or by treatment with cytotoxic or 
differentiating agents. For this purpose, I intended to investigate the impact on key mediators of 
apoptosis and on cell cycle regulation in the presence or absence of Mad1 or Myc. The study was 
divided into three major parts: 
 

Paper I 

In this study we aimed to monitor the cellular response to Mad1 overexpression, analyzing 
effects on cell growth, cell cycle distribution, and apoptosis; and how Mad1 affected the cellular 
outcome when exposed to different stress inducers. 
 

Papers II and III 

The ambition in paper II was to explore the apoptosis-inducing function of c-Myc, and the 
interplay between c-Myc and the chemotherapeutic drugs etoposide, doxorubicin, and cisplatin in 
affecting the expression and/or activation of important apoptosis mediators. These drugs were 
chosen because they are commonly used in anticancer therapy and since they have different 
intracellular targets. 

To extend the previous study, the objective in paper III was to analyze whether Myc 
potentiated apoptosis in cells treated with the cytotoxic drugs camptothecin and paclitaxel. In 
addition to studying drugs with different mechanisms of action compared to the previously used 
substances, we also wanted to evaluate the possible drug-mediated effects on transcriptional 
activation and of Myc/Max DNA-binding. Another purpose was to assess whether this effect was 
restricted to c-Myc or if other Myc family members, such as MYCN, could induce a similar 
response. 
 

Paper IV 

Our aim in this paper was to characterize the relation between differentiation induced by all-
trans retinoic acid (ATRA) and arsenic trioxide (As2O3), and Myc signaling. Since a high Myc level 
would prevent induction of differentiation, and because As2O3 in low doses induced only partial 
differentiation in the PML-RARα-negative HL60 cells, we wanted to compare the status of Myc 
and its target genes upon treatment with ATRA to that after As2O3 administration. 
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Figure 1. Overview of the cell cycle 
and its regulators. R = restriction 
point. 

  

IInnttrroodduuccttiioonn  ttoo  ccaanncceerr  aanndd  tthhee  cceellll  
ccyyccllee  
  

he definition of cancer, according to Wikipedia, the Free Encyclopedia is: “a class of 
diseases or disorders characterized by uncontrolled division of cells and the ability of 
these cells to invade other tissues, either through invasion or by metastasis”. As such,

 tumorigenesis is a multistep process reflecting genetic modifications that drive transformation of 
normal cells into highly malignant forms. These changes can occur through lesions as subtle as 
point mutations, or as obvious as chromosomal translocations. Essential alterations in cell 
physiology that have been suggested for malignant growth include self-sufficiency in growth signals, 
insensitivity to growth-inhibitory signals, evasion of apoptosis, limitless replicative potential, 
sustained angiogenesis, and tissue invasion and metastasis (reviewed in (Hanahan and Weinberg, 
2000)). These cellular mechanisms are tightly controlled by proto-oncogenes and tumor suppressor 
genes and will be aberrantly regulated in response to oncogene activation or tumor suppressor 
inactivation. To date, approximately one hundred potential oncogenes and twenty tumor 
suppressor genes have been described (Kopnin, 2000). 
 

Oncogenes 

An oncogene is a modified gene that aggravates the malignancy of a tumor cell. In early stages 
of cancer development, oncogene activation increases the probability that a normal cell develops 
into a tumor cell (reviewed in (Kopnin, 2000)). Following the discovery of the first viral oncogene 
(v-src for viral rous sarcoma) in 1970 (Martin, 1970), cellular counterparts have been identified, 
usually coding for proteins in the regulation of cell growth and differentiation. These genes, called 
proto-oncogenes, are converted into oncogenes by mutations such as amplifications 
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or chromosomal translocations (Friedrich et al., 1976; Stehelin et al., 1976). These mutations are 
considered dominant, since alteration in one gene copy is sufficient for induction of the oncogenic 
phenotype. Functionally, oncogenes can be divided into five classes; transcription factors, growth 
factors, receptors, signal transducers, and regulators of cell death (Pelengaris and Khan, 2006). 

In addition to myc that will be described in more detail, other well characterized proto-
oncogenes are ras, bcl-2, cyclin D, E2F, mdm2, hTERT and PI3K. Among these genes, ras (rat 
sarcoma) encodes one of the first proteins identified with the ability to regulate cell proliferation 
and survival (reviewed in (Downward, 2003)). Ras proteins are small membrane-bound GTPases 
that, when mutated, lose their ability to process GTP and thus enable a constitutively active state. 
The anti-apoptotic Bcl-2 (B-cell lymphoma 2) protein resides in the membranes of mitochondria, 
endoplasmic reticulum, and the nucleus where it regulates their permeability (Cory and Adams, 
2002), and Cyclin D and E2F are central cell cycle regulators (Nahle et al., 2002). The E3 ubiquitin 
ligase MDM2 (mouse double minute 2) targets the p53 and pRb tumor suppressor proteins for 
degradation and thus, in its mutated form, MDM2 enables uncontrolled proliferation by preventing 
cell cycle arrest at the p53 and pRb controlled check points, as well as p53-mediated apoptosis 
(Sherr, 2004; Uchida et al., 2005). hTERT (human telomerase reverse transcriptase) encodes the 
catalytic subunit of telomerase (Poole et al., 2001), and PI3K (phosphatidylinositol 3-kinase) is a 
mediator in the phosphatidylinositol pathway responsible for activating the anti-apoptotic Akt 
kinase (Vivanco and Sawyers, 2002). One intriguing finding is that oncogenes such as c-Myc, E2F, 
and Ras, in addition to their ability to promote tumorigenesis, can also trigger apoptosis or cellular 
senescence (Kopnin, 2000; Oster et al., 2002). 

 

Tumor suppressor genes 

A tumor suppressor gene reduces the probability for a cell in a multicellular organism to enter 
a tumorigenic state. If such a gene is mutated or deleted, the risk for tumor formation increases. 
However, unlike oncogenes, tumor suppressor genes generally follow the “two-hit theory”, 
suggesting a requirement for alterations to occur in both alleles before an effect is manifested 
(Knudson, 1971). An exception to this hypothesis is observed in cases of haploinsufficiency 
where functional loss of only one allele is required to provide a selective advantage for tumor 
growth (Quon and Berns, 2001). Tumor suppressor proteins function by repressing cell cycle 
progression at the check points or, if that fails, inducing apoptosis. They promote their activities 
by mechanisms such as: repression of genes essential for driving the cell cycle, coupling the cell 
cycle to DNA damage, initiation of apoptosis to prevent irreparable damage, and prevention of 
anchorage-independent growth of tumor cells (reviewed in (Sherr, 2004)). 

The firstly discovered tumor suppressor gene was pRb in its mutated form, causing human 
retinoblastoma (Knudson, 1971), and later found altered in other malignancies (Weinberg, 1995). 
Among its many functions pRb is mainly recognized as an important cell cycle regulator 
controlling S phase entry in the G1/S transition (McLaughlin et al., 2003). Another important 
tumor suppressor, the p53 gene, was once dubbed “the guardian of the genome” (Lane, 1992) 
and is mutated or deleted in at least 50% of human cancers. In addition to inducing p21-mediated 
cell cycle arrest, p53 promotes apoptosis by transcriptionally activating pro-apoptotic proteins and 
repressing anti-apoptotic proteins (Sherr, 2004). The p19ARF (alternative reading frame, p14ARF 
in humans) tumor suppressor physically protects p53 from MDM2-mediated degradation by 
binding and sequestering MDM2 in the nucleolar compartment of the cell (Weber et al., 1999). 
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ARF is encoded by the same locus as the cell cycle inhibitor p16 and collectively, mutations of 
genes in the pRb or p53 pathways are observed in most, if not all, human cancers (Sherr, 2004). 
Other tumor suppressors include the cell cycle inhibitors p21 and p27 with important roles in 
check point regulation (Vermeulen et al., 2003), and the PTEN (phosphatase and tensin 
homologue) phosphatase that inhibits PI3K/Akt signalling (Vivanco and Sawyers, 2002) 

 

The cell cycle 

The cell cycle is divided into four different phases: a gap (G1), preceding the S phase where 
DNA is synthesized and replicated, another gap (G2), and mitosis (M) when cellular material is 
divided into two daughter cells. Resting cells exit the cell cycle in G1 and enter a quiescent G0 state, 
accounting for the majority of non-proliferating cells in the human body. The restriction point in 
G1 is the “point of no return” for entering the cell cycle such that cells beyond this point are 
unaffected by serum deprivation, while cells that have not yet reached this cell cycle stage regress 
into a quiescent state (G0). Two additional checkpoints are found before and after replication in the 
G1/S transition and in G2/M, respectively (Fig. 1). The key regulatory proteins of the cell cycle are 
cyclin-dependent kinases (CDKs), in their turn controlled by cyclins, CDK inhibitors (CKIs), and 
by phosphorylation. The best studied CDK substrate is probably the pRb tumor suppressor gene 
targeted by CDK4 and/or CDK6. When phosphorylated, pRb releases E2F transcription factors to 
activate genes such as cyclin A and cyclin E, essential for S phase entry. The cyclinE-CDK2 
complex maintains the pRb hyperphosphorylation and also phosphorylates its own inhibitor p27, 
targeting it for degradation at the G1/S transition (Fig. 1). In response to DNA damage, cells arrest 
at the G1/S and G2/M checkpoints. In the p53-dependent G1/S checkpoint, kinases are recruited 
to the damaged DNA and enable phosphorylation and stabilization of p53, thus inducing cell cycle 
arrest or apoptosis, depending on the severity of the damage. DNA damage-induced G2 arrest is 
mediated by ATM (ataxia telangiectasia mutated)-induced protein kinases, preventing initiation of 
mitosis by phosphorylation of CDK1 or by sequestering the CDK1-cyclin B activator Cdc25 
outside the nucleus. In addition to the p53-independent response in the G2/M checkpoint, a p53-
mediated activation of CDK1-cyclin B-inhibitory proteins has also been observed in regulation of 
this checkpoint (reviewed in (McLaughlin et al., 2003; Vermeulen et al., 2003)). 
 

Cell cycle regulators 

Of the eleven CDKs identified to date (Loyer et al., 2005), five are involved in cell cycle 
regulation. CDK4 and CDK6 are active during G1, CDK2 in the G1/S transition, and CDK1 is 
active in late G2 and during mitosis (Fig. 1). The fifth kinase, CDK7, acts as a CDK-activating 
kinase (CAK) when in complex with cyclin H. Active CDKs regulate their protein targets by 
phosphorylation. While CDK levels remain stable during the cell cycle, the cyclin protein levels 
reach their peak when they are required and then decrease in a “cycling” pattern. Five out of sixteen 
cyclins identified thus far are cell cycle-related. The three D-type cyclins (cyclin D1, D2, and D3) 
bind to CDK4 and CDK6, forming complexes essential for entry into G1. Cyclin D differs from 
the other cyclins in that it is synthesized as long as growth factor stimulation persists. Cyclin E 
associates with CDK2 during late G1 to regulate the S phase entry. Upon S phase entry, CDK2 
forms a complex with cyclin A, required throughout the S phase. In late G2, cyclin A instead binds 
CDK1 to promote mitosis where cyclin B takes over the CDK1-association (Fig. 1). The negative 
regulators, CKIs, are divided into the INK4 family and the Cip/Kip family. Members of the INK4 
family, such as p15 and p16, specifically inactivate CDK4 and CDK6 by preventing their 
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association with cyclin D. The Cip/Kip family includes p21 and p27, primarily acting on CDK-
cyclin complexes during G1. Other means of cell cycle regulation is promoted by the CDK-
inactivating kinases Wee1 and Myt1, and can also be mediated by sequestering cell cycle proteins 
into distinct cellular compartments until they are needed (reviewed in (Vermeulen et al., 2003)). 

Cancer-associated mutations have been observed in genes encoding most types of cell cycle 
regulators (reviewed in (Vermeulen et al., 2003)). While alterations in CDKs are mainly reported for 
CDK4 (Reifenberger et al., 1994), aberrant cyclin expression primarily involves translocations of 
the cyclin D1 gene resulting in its amplification (Shapiro, 2006). Overexpression of the c-Myc-
regulated CDK-activating enzyme, Cdc25, has also been associated with human malignancies. In 
addition, many CKIs with tumor suppressor function, such as p16 and p27, are found altered or 
lost in a high fraction of human tumors. Since p16 is functionally interconnected with pRb and 
CDK-cyclin D, alterations in one of these genes should have similar consequences. In effect, 
abnormalities in the p16 – pRb – CDK-cyclin D axis occur in the majority of human cancers (Liu 
et al., 2004; Sherr, 2004). 
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Figure 2. Apoptotic pathways. 
Important mediators in death 
receptor signaling and in the 
mitochondrial pathway are included. 

AAppooppttoossiiss  
  

poptosis or programmed cell death (PCD) is an important mechanism to balance cell 
proliferation and to remove unwanted cells during the development and homeostasis of 
multicellular organisms (Evan and Littlewood, 1998). The term apoptosis was coined

 by Currie and colleagues and was originally used to describe the morphological characteristics in 
cell death different from necrosis (Eguchi et al., 1997; Kerr et al., 1972). Apoptosis is characterized 
by shrinkage of the cell, membrane blebbing, chromatin condensation, frequently by DNA 
fragmentation and the appearance of apoptotic bodies which are then engulfed by the surrounding 
cells. Since the apoptotic bodies are rapidly phagocytosed, there is no inflammatory response as 
observed during necrosis. The inflammatory response during necrosis is due to plasma membrane 
rupture with subsequent leakage of cellular contents into the extracellular space. The level of 
intracellular ATP has been suggested to determine whether a cell will die by apoptosis or necrosis 
since the apoptotic process is energy dependent (Eguchi et al., 1997). In a conflict situation posed 
by inappropriate, constitutive growth signals from activated proto-oncoproteins, the affected cell 
would respond by activating an apoptotic program leading to its own elimination (Evan and 
Littlewood, 1998). 

The apoptotic process can be divided into three main phases: the initiation phase, the effector 
phase and the execution phase. During initiation, the cell receives signals to induce the apoptotic 
process. Such signals could be mediated by death receptors, DNA damage, oncogene activation, 
serum starvation, or other stimuli. The effector phase promotes the cellular decision to die by 
transducing and amplifying the death stimulatory signals. Apoptosis is then executed by the 
activated apoptotic machinery, through cleavage of specific cellular proteins and of DNA. 
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Apoptotic pathways 

The two major pathways for apoptosis-induction are death receptor-signaling and signaling 
through mitochondria (Fig. 2). Activation of either of these pathways eventually targets caspases, 
the main executioners of cell death. Thus, apoptosis-induction by various stimuli converges on the 
activation of caspases followed by prevention of DNA repair, DNA fragmentation, and disruption 
of the cellular structure. 

 

Death receptor-mediated apoptosis 

The death receptor Fas/CD95/APO-1 is a member of the tumor necrosis factor (TNF) 
receptor family, which also includes the TNF-receptor. Upon binding to the Fas Ligand, the 
receptor trimerizes and recruits the adaptor protein FADD (Fas-Associated Death Domain) 
through their respective death domains (DD). FADD, in turn recruits procaspase 8 (and/or 10) to 
its death effector domain (DED), thus forming the DISC (Death-Inducing Signaling Complex) that 
will cleave and activate procaspase 8 to elicit a cascade of events converging on caspase 3, 
responsible for execution of apoptosis (Ashkenazi and Dixit, 1998; Krammer, 2000). In type I cells, 
caspase 8 activates caspase 3 in a mitochondria-independent fashion, whereas in cells of type II, 
caspase 8 is unable to directly activate downstream caspases probably due to low caspase 8 levels in 
these cells. In this case, the apoptotic signal is amplified by the mitochondria through caspase 8-
mediated cleavage of the pro-apoptotic Bcl-2 member Bid. The truncated Bid (tBid) then 
translocates to the mitochondrial membrane and stimulates processes to enables cytochrome c 
release and subsequent events (Gross et al., 1999). 

 

Mitochondria-mediated apoptosis 

Various stress-inducing stimuli such as cytotoxic drugs, DNA-damaging agents, hypoxia, 
growth factor withdrawal, and death-receptor signaling converge on mitochondria. The 
mitochondrial events observed in response to cellular stress include membrane permeabilization 
followed by release of death-promoting proteins located in the intermembrane space. 

The mechanism by which the mitochondrial membrane is permeabilized is not completely 
understood but three favored models describe proposed events in opening of the permeability 
transition pore (PTP), monitoring of PTP-opening by members of the Bcl-2 family, and pore 
formation by oligomers of the pro-apoptotic Bcl-2 proteins. The major components of the PTP 
complex comprise the voltage-dependent anion channel (VDAC) in the outer membrane and 
adenine nucleotide translocator (ANT) in the inner membrane of the mitochondria. PTP opening 
induces events such as ATP depletion, loss of membrane potential (Δψm) and influx of cytosolic 
components, causing mitochondrial swelling and outer membrane rupture with subsequent release 
of intermembrane proteins. However, since mitochondrial rupture is mainly observed in necrosis, 
opening of the PTP may not be the main mechanism for mitochondrial permeabilization. In the 
second model, Bcl-2 proteins are proposed to regulate opening of the VDAC such that pro-
apoptotic members would increase its pore size to allow passage of cytochrome c and other 
intermembrane proteins, while anti-apoptotic members would close the channel to prevent 
cytochrome c release. The third model suggests that oligomerized pro-apoptotic Bcl-2 family 
members insert into the outer mitochondrial membrane to form channels large enough for protein 
passage. This theory is the most attractive and has been proven in synthetic bilayers. However, it 
has not yet been confirmed in vivo (Green and Reed, 1998). 
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Upon membrane permeabilization, released cytochrome c is incorporated into the apoptosome 
complex together with Apaf-1 (apoptotic protease activating factor 1), dATP, and procaspase 9, to 
mediate caspase 9-activation and downstream events. Other released pro-apoptotic factors are 
Smac/DIABLO and Omi/HtrA2, blocking activities of inhibitor of apoptosis proteins (IAPs), and 
endonuclease G and AIF (apoptosis inducing factor) induce caspase-independent DNA 
fragmentation (Green and Reed, 1998). 

 

The Bcl-2 family of proteins – the regulators 

The bcl-2 oncogene was isolated from the breakpoint of a t(14;18) chromosomal translocation 
creating the bcl-2-immunoglobulin (Ig) fusion gene (Cleary et al., 1986). To date, more than twenty 
Bcl-2 family members have been discovered. They share one to four Bcl-2 homology regions (BH) 
and, according to these, they can be subdivided into pro-apoptotic (BH1-3), anti-apoptotic (BH1-4) 
and BH3-only proteins. Although they are also found in the nuclear envelope and parts of the 
endoplasmic reticulum (ER), the outer mitochondrial membrane seems to be their primary site of 
action (Cory and Adams, 2002).  

 

Pro-apoptotic Bcl-2 proteins 

The pro-apoptotic members include Bax-like proteins and BH3-only proteins. The Bax-like 
proteins contain the BH1-3 domain but lack the BH4 domain, suggested to harbor the anti-
apoptotic activity. Bax and Bak are essential for apoptosis-induction as demonstrated in cells where 
both genes were homozygously deleted. These cells were virtually insensitive to apoptosis induced 
by such distinct mediators as staurosporine, UV, growth factor deprivation, etoposide and 
endoplasmic reticulum (ER) stress (Wei et al., 2001), thus suggesting that neither activation of 
BH3-only proteins, nor suppression of pro-survival Bcl-2 is sufficient to kill cells in the absence of 
both Bax and Bak. In addition, the importance of Bax in preventing tumorigenesis was 
demonstrated in bax null mice that exhibited an increased cancer progression as a result of 
decreased apoptosis (Yin et al., 1997). While Bak is an integral mitochondrial protein, cytosolic Bax 
is restrained from the mitochondrial membrane until the cell receives a death signal. Apoptotic 
stimuli then induce a conformational change in Bax and/or Bak to expose the N-terminal part of 
the protein(s). In the case of Bax, this exposure enables insertion into the mitochondrial membrane 
and oligomerization, possibly responsible for pore formation and cytochrome c release. Similarly 
for Bak, N-terminal exposure mediates formation of an activated Bak-oligomer with the ability to 
permeabilize the outer mitochondrial membrane and enable release of intermembrane proteins 
(Cory and Adams, 2002). 

BH3-only members include Bid, Bad, Noxa and Puma, responsible for transducing death 
signals from the cytosol to the mitochondria under certain stress conditions. For instance, Bid can 
be activated by caspase 8 as an amplifier in death receptor signaling; Noxa and Puma appear to be 
involved in DNA damage-induced cell death due to their p53-regulated expression; and Bad has 
been implicated in apoptosis induced by growth factor withdrawal. The truncated form of Bid 
(tBid) translocates to the mitochondria where it induces the activation and oligomerization of Bax 
and Bak. Bak and Bid are tightly interconnected, but in the case of Bax, activation can be induced 
by a Bid-independent mechanism. While Bid is activated by cleavage, its inactivation is promoted 
by phosphorylation. Bad-induced apoptosis requires the multidomain proteins Bax and/or Bak. 
According to the currently supported model, de-phosphorylated Bad is released from the scaffold 
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protein 14-3-3 and enables Bax- and Bak-induced apoptosis through binding and sequestering anti-
apoptotic Bcl-2 members (reviewed in (Cory and Adams, 2002; Reed, 1998)). 

 

Anti-apoptotic Bcl-2 proteins 

Bcl-2 and Bcl-xL are the major anti-apoptotic members. They are both membrane-associated 
through their C-terminal transmembrane domains and contain the anti-apoptotic BH4 domain. 
Bcl-2 appears to be essential and its most important function may be to maintain homeostasis in 
adult tissues. In addition, Bcl-2 is a powerful apoptosis inhibitor with the ability to abrogate both 
caspase-dependent and -independent cell death, proposedly by preventing mitochondrial 
membrane permeabilization, and thus promote cell survival (Cory and Adams, 2002; Reed, 1998). 
As such, it has been implicated in tumorigenesis, and consequently protects from c-Myc-induced 
apoptosis. However, Bcl-2 also plays a role in regulating calcium homeostasis, modulating 
antioxidant pathways, and promoting glutathione sequestration to the nucleus. In addition to 
heterodimerization with other members of the family, Bcl-2 can bind to non-homologous proteins 
such as Raf-1 and calcineurin, suggested to prevent activation of pro-apoptotic Bad. Raf-1 
phosphorylates Bad and calcineurin has been shown to inhibit its dephosphorylation. Negative 
regulation of Bcl-2 activity in turn, is conferred by pro-apoptotic members and by phosphorylation 
by for instance CDK1 and JNK. Bcl-xL is located in the outer mitochondrial membrane and has 
been ascribed a similar role as Bcl-2 in inhibiting mitochondrial membrane permeability through 
dimerization with Bax or Bak to prevent their oligomerization and/or insertion into the 
mitochondrial membrane. Another proposed model for Bcl-2/Bcl-xL-mediated inhibition of Bax 
and Bak activation describes sequestration of BH3-only proteins as the causal event. Furthermore, 
Bcl-xL has been observed to prevent caspase activation by sequestering Apaf-1 (Chao and 
Korsmeyer, 1998; Cory and Adams, 2002). 

Bcl-2 and Bcl-xL activities are regulated by post-translational modifications such as 
phosphorylation, de-amidation and cleavage. Chemotherapeutic agents that cause microtubule 
disruption have been reported to induce their phosphorylation and abrogate their anti-apoptotic 
function. Caspase-dependent cleavage of Bcl-2 and Bcl-xL may occur in response to Fas ligation, 
etoposide treatment, or growth factor withdrawal and result in exposure of the BH3 domains, 
converting these anti-apoptotic proteins into cell death-promoters (Deverman et al., 2002; Fadeel et 
al., 1999). Deamidation has been reorted as an important mechanism for inactivation of Bcl-xL 
(Deverman et al., 2002). 

 

Caspases – the executioners 

Caspases are a family of cystein proteinases that specifically cleave their substrates after an 
aspartic acid, initiating the four-residue sequence that determines substrate specificity. The inactive 
procaspases are activated by proteolytic cleavage at two sites, dividing them into the large and small 
subunit, and removing the N-terminal pro-domain, respectively. The length of the pro-domains 
was used for dividing caspases into initiators and effectors. 

Among the initiators, carrying long prodomains with motifs allowing interaction with adaptor 
proteins, caspases 2, 8, 9, and 10 are pro-apoptotic. Initiator caspases are activated by binding to 
adaptor proteins or by oligomerization-induced autoproteolysis. When activated, they process and 
activate one of the apoptosis-inducing effector caspases 3, 6, or 7. These pro-apoptotic caspases 
possess short pro-domains and are mainly activated by other caspases. However, cleavage by 
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proteinases and kinases such as calpain, granzyme B, and protein kinase C delta (PKCδ) has also 
been reported. The activated effector caspases then contribute to the morphological and functional 
changes associated with apoptosis by cleavage of substrates sch as the CAD (caspase-activated 
DNase) inhibitor ICAD to enable DNA fragmentation, or the DNA polymerase poly (ADP-
ribose) polymerase (PARP) (Herr and Debatin, 2001; Thornberry and Lazebnik, 1998). 

 

Stress-induced pro-apoptotic and pro-survival signaling 

Apart from activating the classical apoptosis-inducing death receptor- and mitochondrial 
pathways, cellular stress activates signaling cascades such as pro-apoptotic and pro-survival MAP 
kinases (JNK and ERK, respectively), activation and cleavage of the pro-apoptotic protein kinase c 
isoform, PKCδ, promoting apotosis in response to death receptor-signaling and DNA damage, and 
the anti-apoptotic PI3K pathway in which activation of Akt will favor survival (Fig. 3). 

 

PKCδ and apoptosis 

The protein kinase C (PKC) family of serine-threonine kinases is involved in cellular growth, 
differentiation and apoptosis. They are activated by diacylglycerols, calcium, and/or by cleavage, 
releasing the catalytic subunit from its regulatory domain. Of the pro-apoptotic isoforms, the 
ubiquitously expressed PKCδ is important in cell growth control and can be induced by apoptotic 
stimuli. Activation of PKCδ can also be conferred by c-Abl (Schuler and Green, 2001). As a part of 
the apoptotic response, caspase 3 has been implicated in PKCδ cleavage and activation and, in turn 
seems to be under the control of PKCδ. Cellular stress promotes PKCδ translocation to the 
nucleus, the mitochondria or the Golgi apparatus, proposedly eliciting location-specific responses. 
For instance, its nuclear translocation in response to the cytotoxic drug etoposide seems critical for 
apoptosis-induction. The pro-apoptotic effects of PKCδ can be blocked by caspase inhibitors, by 
the PKCδ-specific inhibitor rottlerin, or by dominant negative mutants. Donwstream effectors 
important in the apoptotic response by PKCδ include the p53 related transcription factor p73 and 
DNA-PK (reviewed in (Brodie and Blumberg, 2003)). 

 

PI3K signaling and MAP kinases 

The phosphatidylinositol 3-kinase (PI3K) pathway, controlled by the Ras oncogene, is 
deregulated in many cancers. The PI3K downstream target Akt (or protein kinase B) directly or 
indirectly interferes with many pro-apoptotic genes or proteins. When activated, the serine 
threonine kinase Akt phosphorylates and inactivates Bad, thus allowing Bcl-2 and Bcl-xL to bind 
and inhibit Bax and prevent it from translocating to the mitochondria (Scheid et al., 1999). It has 
also been reported to inactivate caspase 9 in vitro and stabilize the p53 ubiquitin ligase MDM2. 
Indirect Akt-mediated effects include inhibiting transcription of pro-apoptotic genes, such as the 
Fas ligand, and down-regulating CKI expression (p21 and p27). The PI3K pathway affects both cell 
survival and cell growth and, depending on the cellular context, its inhibition may either protect 
from or promote apoptosis (reviewed in (Vivanco and Sawyers, 2002)). For instance, the PI3K 
inhibitor LY294002 has been shown to potentiate doxorubicin-induced apoptosis in melanoma 
cells (Panaretakis et al., 2002). 

The mitogen-activated protein kinase (MAPK) family of serine-threonine kinases constitutes 
well characterized pathways in regulating cell survival and death. One of the three subfamilies, the 
Raf-MEK1 (MAPK/ERK kinase)-ERK module, is under the control of Ras. In response to 
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mitogens and growth factors, the Raf substrate MEK1 signals to extracellular signal-regulated 
kinase (ERK), promoting survival, proliferation, or differentiation. Among other activities, ERK 
mediates phosphorylation of the c-Jun and c-Fos components of the AP-1 transcription factor and 
induces cyclin D1. Inhibition of ERK activity correlates with activation of JNK and p38 signaling 
pathways as well as with induction of apoptosis. The balance between these pathways has been 
suggested to determine cell fate (for review, see (Chang et al., 2003)). 

 

 

 

 

 

Figure 3. Stress-signaling pathways. Simplified scheme in an effort to visualize cross-talk between the 
pro-apoptotic and pro-survival pathways. 



   
 
 

Image: Structures of Myc/Max (left and right) and Mad/Max (center) heterodimers bound to DNA. bHLH/Zip 
regions are outlined. Modified from: Nair and Burley, Cell (2003). 19
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ranscription factors play an essential role in regulating gene expression. The biological 
consequences of transcription factor binding depend on the targeted gene and are
subject to regulation by the cellular context. Co-factor complexes recruited by the 

transcription factors, as well as the state of the chromatin at and near the binding site, also play an 
important role in dictating the outcome of DNA binding. Therefore aberrant regulation of 
transcription factors is deleterious to cellular fate, causing too little or too much gene expression. In 
effect, many transcription factors have been identified as proto-oncoproteins or tumor suppressor 
proteins. 
 

The Myc network of transcription factors 

The transcription factors in the Myc network are basic region Helix-Loop-Helix/Leucine 
Zipper (bHLH/Zip) proteins important in processes such as proliferation, differentiation, cell cycle 
and apoptosis. The basic region (b) promotes sequence specific DNA binding and the HLH/Zip 
confers protein-protein interaction. The bHLH proteins recognize a common DNA sequence 
referred to as the E-box (CANNTG), thereby providing opportunities for regulation through 
competition for DNA binding. The theory is that the Zip domain functions in cooperation with the 
HLH to stabilize protein-protein interactions and to establish dimerization specificity. The Myc 
network includes proto-oncoproteins (c-Myc, MYCN, and L-Myc) as well as potential tumor 
suppressors (Mad1-4 and Mnt), Max, and Mga (Fig. 4). Max is the essential dimerization partner for 
Myc network proteins, enabling their DNA binding. Dowstream effects are partially mediated 
through modifications of the chromatin structure to control DNA accessibility (Oster et al., 2002; 
Ponzielli et al., 2005). Mouse models have revealed that Max as well as c-Myc and MYCN are 
essential for survival, thus placing the network in a central position in the regulation of cell growth 
and homeostasis (Henriksson and Luscher, 1996). 
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Importantly, due to recent changes in the nomenclature for Mad proteins, they should now be 
refered to according to their newly assigned abbreviation Mxd (Max dimerization protein). 
However, in this thesis I will refer to these proteins as Mad1-4 from this point onward. 
 

The Myc family 

The myc gene was originally identified in avian retroviruses as the oncogene responsible for 
inducing myelocytomatosis in birds (Sheiness and Bishop, 1979). The cellular homologue, c-myc, 
was found to be evolutionarily conserved. Later, MYCN and L-myc were found amplified in 
neuroblastoma and in small cell lung cancer, respectively (Henriksson and Luscher, 1996). Myc is a 
multifunctional protein with the ability to regulate activities as distinct as cell cycle, growth, 
differentiation, apoptosis, transformation, genomic instability and angiogenesis (Oster et al., 2002). 

 

The three myc genes share the same general topography with the main open reading frame 
retained within the second and third exons. The highly homologous regions in these exons, the so-
called myc boxes (MB), are evolutionarily conserved between different species (Ponzielli et al., 
2005). L-myc is more distantly related to the other two members although it shares organizational 
features and several myc boxes. The Myc protein contains two nuclear localization signals (NLS). 
The main NLS (NLS1) at amino acids 320-328 induces complete nuclear localization and the 
second NLS (NLS2), spanning residues 364-374 overlapping the basic DNA-binding region, 
confers only a partial nuclear targeting. c-Myc and MYCN contain both NLS domains while L-Myc 
harbors only NLS2 (Henriksson and Luscher, 1996). The myc genes encode short-lived nuclear 
phosphoproteins with a half-life of 20-30 min that are subsequently ubiquitinated for proteasomal 

Figure 4. Proteins in the Myc network. The main protein structures are indicated, as well as 
chromosomal localizations of the respective genes. Heterodimerization with Max occurs through 
the HLH/Zip regions as outlined. 
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degradation (Gregory and Hann, 2000). In addition to targeting Myc for degradation, the 
ubiquitination may in fact be required for its transcriptional activity (Kim et al., 2003b). Although 
Myc is predominantly nuclear, it has been detected in the cytoplasm, suggesting that Myc relocation 
occurs under certain circumstances (Oster et al., 2002). 

 

Expression patterns of the myc family genes 

During early embryogenesis, there seems to be some redundancy between c-Myc and MYCN 
according to the observations that c-myc -/- and MYCN -/- embryos survive until day 9-10, and 
day 11 respectively, before the deletion becomes lethal. Such compensatory mechanisms are 
proposed to be possible only until the myc expression becomes more tissue-restricted during 
organogenesis. c-myc expression is generally high early in embryonic development and may at this 
stage contribute to cell migration and/or invasiveness in addition to proliferation. In differentiated 
adult tissues, however, the expression is low or undetectable consistent with the virtual absence of 
cell proliferation. In contrast to the almost ubiquitous expression of c-myc, MYCN and L-myc 
expression levels are more restricted with respect to tissue and the stage of development. MYCN 
expression is very high early in embryogenesis in various tissues and declines dramatically during 
later development, generally coinciding with differentiation of these cells. The expression patterns 
of MYCN and L-myc are somewhat similar, but L-myc expression ceases after birth in many 
human tissues, except in the adult lung. Neither MYCN nor L-myc expression correlates well with 
proliferation, further supporting the notion that their expression is characterizing the 
undifferentiated state rather than promoting cell growth and division (reviewed in (Henriksson and 
Luscher, 1996; Oster et al., 2002; Ponzielli et al., 2005)). 

Myc is continuously expressed throughout the cell cycle but the expression level is rapidly 
affected by agents interfering with proliferation. In nonproliferating or growth-arrested cells myc 
mRNA and protein are virtually undetectable but the Myc levels increase rapidly after serum 
stimulation followed by a relatively slow decline initiated before the onset of S phase (Henriksson 
and Luscher, 1996). Bearing features of an “early response” gene, no protein synthesis is required 
for the rapid and transient myc induction during the G0/G1 transition. However, in contrast to 
many genes of this class, myc levels are maintained at a constant intermediate level in continuously 
proliferating cells. Hyperphosphorylation of c-Myc during mitosis, together with nuclear envelope 
breakdown, causes its redistribution into the cytoplasm. Upstream regulators of myc expression are 
not well characterized. In the proposed platelet-derived growth factor (PDGF) – src – myc cascade, 
the Src tyrosine kinase would in response to PDGF stimulation, mediate c-myc up-regulation via 
GTPase-signaling. Another proposed Myc regulator is the transcription factor Miz-1 (Oster et al., 
2002). 

 

c-Myc – a multifunctional protein 

c-myc is one of the most widely studied proto-oncogenes and it is localized at the chromosomal 
region that is translocated in Burkitt’s lymphoma cells (Dalla-Favera et al., 1982). As the best 
characterized myc gene, human c-myc encodes the two major isoforms p67 (Myc-1) and p64 (Myc-
2), with different expression patterns and biologically distinct functions (Hann et al., 1994). 
Transcription of Myc-1 is initiated at a cryptic start codon at the end of exon 1, whereas the more 
abundant Myc-2 protein is transcribed from an ATG start codon in exon 2, yielding a 439 residue 
protein (Fig. 4). Studies of the c-myc gene revealed that the bHLH/Zip region, as well as Max 
heterodimerization, and specific DNA binding to the E-box are critical for all known Myc 
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functions (Conzen et al., 2000; Luscher and Larsson, 1999). In addition to the C-terminal 
bHLH/Zip, the transcriptional activation domain (TAD) in its N-terminus is required for Myc 
function. Within the TAD, the two highly conserved Myc boxes (MB), span aa’s 47-62 (MB1) in 
the proline rich region and 128-143 (MB2) harboring a potential ubiquitination site, respectively 
(Conzen et al., 2000; Gregory and Hann, 2000). Myc box 2 seems to be essential for cell 
transformation (Conzen et al., 2000). Recently, a third conserved region (MB3) was described, 
spanning aa’s 188-199 within the central region, and also found to be important for cellular 
transformation (Herbst et al., 2005; Herbst et al., 2004). Several factors have been found to block 
Myc’s transactivation properties by interaction through the HLH/Zip, thus inhibiting Max 
dimerization (Oster et al., 2002). Phosphorylation has been implicated in regulation of Myc 
turnover as well as in Myc-mediated transformation. At least three sites (Thr-58, Ser-62, and Ser-71) 
in the Myc N-terminus are subject to in vitro phosphorylation by several kinases. Since, the Thr-58 
residue within MB1 is frequently mutated in Burkitt’s lymphoma, phosphorylation at this site may 
be important for Myc function (Gregory and Hann, 2000). Indeed, mutations of Thr-58 and Ser-62 
alter the transforming potential of Myc (Henriksson et al., 1993; Oster et al., 2002). 

 

Protein interaction and target genes 

Potential Myc-interacting proteins, include the pRb-like p107 protein, the co-activator 
transformation/transcription domain-associated protein (TRRAP), and the transcriptional 
repressors TFII-I, MM-1 and Miz-1 (for review see (Oster et al., 2002)). There seems to be a 
regulatory loop between Myc and p107 since the growth-inhibitory effects of p107 are counteracted 
by Myc while p107 significantly inhibits Myc-mediated transcriptional activation. However, p107 is 
unable to repress mutant c-Myc in Burkitt’s lymphoma (Gu et al., 1994), possibly due to N-terminal 
alterations, preventing CDK1-cyclin A-mediated c-Myc phosphorylation. Such c-Myc mutations 
may be one way for the protein to escape regulation and contribute to the oncogenesis in Burkitt’s 
lymphoma (Hoang et al., 1995). Myc also associates with histone acetyltransferases (HATs) to 
acetylate histones and enable a transcription-permissive state of the chromatin at its target (Fig. 5). 
The coactivator TRRAP is a component of the HAT complex and associates with Myc by binding 
to MB2 (Bouchard et al., 2001). Observed interactions with other HAT complexes and TRRAP-
independent molecules with chromatin remodeling capacity raise the possibility that Myc can also 
recruit other complexes for controlling target gene transcription (Oster et al., 2002). For instance, c-
Myc-mediated inhibition of transcription can be conferred through interaction with TFII-I in the 
transcription machinery, binding at initiator elements. Together with observations that Myc-
mediated repression by Miz-1 also started from the initiator element (Staller et al., 2001), it was 
originally believed that the initiator element was a prerequisite for Myc-mediated transcriptional 
repression. However, Myc was later found to repress genes, such as p21, without initiator elements, 
through interaction with the Sp1 transcription factor (Gartel et al., 2001). Another mechanism for 
Myc-mediated repression of target genes is recruitment of an an mSin3/HDAC-complex, when 
associated with MM-1 (Satou et al., 2001). 

Many Myc target genes have been proposed and most of them have been documented in the 
Myc Target Gene Database: http://www.myccancergene.org/site/mycTargetDB.asp. Some 
examples are ornithine decarboxylase (ODC), p53, carbamoylphosphate dihydroorotase (CAD), 
hTERT, and genes encoding cell cycle regulators (for reviews, see (Henriksson and Luscher, 1996; 
Oster et al., 2002; Ponzielli et al., 2005)). The ODC enzyme controls polyamine biosynthesis and is 
essential for progression into S phase. Myc-mediated ODC up-regulation may contribute to the 
oncogenic phenotype since ODC overexpression in mouse fibroblasts results in transformation 
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(Moshier et al., 1993). The tumor suppressor protein p53, as previously described, is important in 
the cellular response to DNA damage with the ability to induce cell cycle arrest or apoptosis (Sherr 
and Weber, 2000). Myc may activate p53 as a safeguard mechanism to prevent transformation by 
inducing apoptosis in Myc overexpressing cells (Hermeking and Eick, 1994). Transcriptional 
induction of the CAD enzyme, required for de novo pyrimidine-synthesis in the G1/S transition, 
may be partially conferred by Myc (Boyd and Farnham, 1997; Bush et al., 1998; Miltenberger et al., 
1995). The catalytic subunit of telomerase (hTERT) also harbors E-box-elements to which 
Myc/Max as well as Mad1/Max complexes have been shown to bind (Oh et al., 2000; Wang et al., 
1998a; Xu et al., 2001). In addition to targeting other proteins, the myc gene itself harbors Myc-
responsive elements and has been shown to regulate its own expression (Facchini et al., 1997). 
Taken together, these findings delineate a role for Myc both in activating and repressing target gene 
transcription. 

 

Myc in cell cycle control and growth 

c-Myc plays a critical role in normal cell cycle progression, especially during transition from G0 
to S phase but it is also suggested to play a role in G2 (Mateyak et al., 1997; Spencer and Groudine, 
1991). These effects can be mediated by c-Myc-induced transcription of genes such as cdc25A, 
E2F, cyclins D1, D2, E, and A, and CDKs 1, 2, and 4. Particularly, the Myc-mediated promotion of 
E2F release as a result of pRb phosphorylation is proposedly induced by transcriptional activation 
of cyclins A, E and D1 (Pelengaris et al., 2002). Another means of Myc-induced inactivation of pRb 
is proposedly promoted by stimulating expression of the pRb-inhibiting Id2 protein (Lasorella et 
al., 2000). In addition, c-Myc is suggested to indirectly modulate the rapid decrease in p27 levels by 
ubiquitination (for review, see (Oster et al., 2002; Pelengaris et al., 2002)). Other check point genes 
that are suppressed by c-Myc include: growth arrest and DNA-damage-inducible (gadd) 45, 
gadd153, and the CKI genes p15 and p21 (Pelengaris et al., 2002). In quiescent cells, c-Myc is 
sufficient to stimulate the DNA synthesis required for progression through G1 and for S phase 

Figure 5. Effects of Myc and Mad on gene transcription. Generally, Myc recruits a histone 
acetyltransferase complex to activate transcription and Mad represses transcription 
through histone deacetylation. They both heterodimerize with Max and bind DNA at E-box 
sequences (CACGTG). 
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entry, and also seems functionally important in the S and G2 phases (Jones and Kazlauskas, 2001; 
Mateyak et al., 1997). Cells with constitutively high Myc levels have reduced growth factor 
requirements, increased growth rate, spend less time in G1, and can in some cases circumvent 
growth arrest (Henriksson and Luscher, 1996; Pelengaris et al., 2002). The tight control of cell cycle 
regulators is important for Myc function, as c-myc +/- cells display a slower growth rate and 
delayed serum-induced S phase entry, most likely as a consequence of their reduced c-myc 
expression (Shichiri et al., 1993). Taken together, Myc coordinates the molecular events required for 
G1/S transition by regulating both D and E CDK-cyclin kinase complexes as well as the E2F 
transcription factors (Beier et al., 2000; Obaya et al., 1999). In addition to driving cell cycle 
progression, Myc can also regulate cell growth (increase in cellular mass). These two events have 
been shown to be uncoupled, by blocking cell cycle progression without affecting cell growth and 
vice versa (Beier et al., 2000; Iritani and Eisenman, 1999). 

 

Effects on differentiation and apoptosis 

When cells are induced to differentiate, myc expression is rapidly down-regulated (Larsson et 
al., 1994). In proliferating cells, myc down-regulation induces growth arrest and terminal 
differentiation. However, c-Myc-enabled proliferation can be uncoupled from its ability to block 
differentiation, which makes Myc an important mediator in the decision-making process between 
these two mutually exclusive events (Henriksson and Luscher, 1996; Pelengaris et al., 2002). 

Another important function of Myc is the potentiation of apoptosis in response to cellular 
stress (reviewed in (Nilsson and Cleveland, 2003)). Cyclin A and ODC are potential mediators of 
Myc-induced apoptosis since ODC-blockage inhibits apoptosis in Myc-overexpressing cells and 
forced expression of cyclin A is sufficient to induce apoptosis under low serum conditions (Hoang 
et al., 1994; Packham and Cleveland, 1994). Ectopic expression of Cyclin A could also restore 
apoptosis in c-myc null cells treated with etoposide (Adachi et al., 2001). Induction of apoptosis by 
c-Myc has also been correlated with regulation of the Fas receptor and its ligand as well as pro-
apoptotic Bax (Fulda et al., 1998; Mitchell et al., 2000; Soucie et al., 2001) (Paper II). Even though 
there are few reports describing changes in Bax levels in response to c-Myc overexpression, this 
molecule appears to be essential for signaling c-Myc-induced apoptosis (Mitchell et al., 2000) 
(Papers II and III). The effect on Bax may be indirect by regulating upstream molecules such as 
caspase 8, which is frequently inactivated in childhood neuroblastomas with amplified MYCN 
(Teitz et al., 2000). There is also the possibility of direct protein-protein interaction, since Myc 
under some circumstances can localize to the cytoplasm (Oster et al., 2002). The tumor suppressor 
protein p53 is important but not required for c-Myc-induced apoptosis although a number of 
tumor cell lines with deregulated c-myc carry p53 mutations or deletions (Gaidano et al., 1991; 
Wagner et al., 1994). In response to c-Myc activation and myc/ras-induced transformation, p53 is 
up-regulated and stabilized to induce cell cycle arrest or, if the cell cycle blockade is overcome by c-
Myc, apoptosis (Wagner et al., 1994). 

The many and diverse effects of c-Myc in promoting pathways as distinct as proliferation and 
apoptosis, has brought forth the proposal of a model where activated Myc promotes apoptosis as 
the the preferred physiological response. In case of excessive amouts of survival factors or 
mutations in the apoptotic pathway, the cellular Myc response would then instead be uncontrolled 
proliferation. This model has been coined “the dual signal model” (Harrington et al., 1994; Hueber 
and Evan, 1998), and is supported by the observation that different regions of the c-Myc N-
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terminal domain can control distinct biological functions, including apoptosis (Chang et al., 2000; 
Conzen et al., 2000). 

 

Oncogenic properties of Myc 

Genetic alterations at the c-myc locus are common in many tumors, proposedly derived from 
cells that were initially unable to down-regulate c-myc expression in response to differentiating 
agents (DePinho et al., 1991; Spencer and Groudine, 1991), thus enabling an induced capacity to 
cycle and making these cells perfect targets for mutations. A major fraction of all human cancers 
display deregulated Myc activity (Nilsson and Cleveland, 2003; Ponzielli et al., 2005). Alterations 
include chromosomal translocations exemplified by the c-myc-immunoglobulin (Ig) fusion gene in 
Burkitt’s lymphoma (Hecht and Aster, 2000), and increased c-myc expression due to gene 
amplification (Hogarty, 2003), or protein stabilization (Shindo et al., 1993). In mouse models with 
conditional Myc expression, ectopic activation of c-Myc in localized cellular compartments gave 
rise to tumors that regressed upon Myc deinduction (Felsher and Bishop, 1999a; Pelengaris et al., 
2002). Other oncogenic features of Myc are induction of genomic destabilization (Felsher and 
Bishop, 1999b; Mai et al., 1999), and of vascularization and angiogenesis in tumor development 
(Oster et al., 2002). 

Oncogenes found to frequently synergize with c-myc in transformation include bcl-2, ras, raf, 
and c-abl (reviewed in (Oster et al., 2002; Pelengaris et al., 2002)). c-Abl and Bcl-2 have been 
proposed to negatively regulate Myc-induced apoptosis. Consequently, a large proportion of 
tumors with deregulated c-Myc expression overexpress Bcl-2 (Cory and Adams, 2002). There are 
also reports on Myc regulation of cyclins D1 and D2, both of which seem essential for Myc-driven 
proliferation, the latter being a direct Myc target, activated in response to growth factor stimulation 
(Bouchard et al., 2001). The nuclear zinc-finger protein encoded by bmi-1 synergizes with c-Myc in 
lymphomagenesis, possibly by negative regulation of p19ARF in the ARF-p53-MDM2 pathway 
(Jacobs et al., 1999). Pro-survival molecules that protect cells from c-Myc-induced apoptosis, such 
as the insulin-like growth factors (IGFs) and platelet-derived growth factor (PDGF), may also 
facilitate transformation (Harrington et al., 1994). A recently indentified mediator of the IGF-1-
anti-apoptotic effect, the bHLH family member Twist, promotes oncogenesis by inhibiting the 
apoptotic function of p19ARF (Dupont et al., 2001). 

 

Max – the obligate heterodimerization partner 

Max was identified in 1991 and found to be an essential heterodimerization partner for all 
known c-Myc functions (Blackwood and Eisenman, 1991; Shen-Li et al., 2000). In addition, it has 
an impotant role in embryonic development as mice with homozygously deleted max die at day 5-6 
of gestation (Gilladoga et al., 1992; Shen-Li et al., 2000). Max is highly conserved in the evolution of 
vertebrates and, with a half-life longer than 14 hours, it is constitutively expressed in a number of 
different cell types. The two major splice variants of Max, p21 and p22, are both dimerization 
competent and, in contrast to Myc and Mad proteins, form homodimers as well as Myc/Max and 
Mad/Max heterodimers. However, the homodimers possess less affinity to DNA, seem less 
discriminating compared to Max heterodimer complexes and their DNA binding properties may be 
negatively affected by phosphorylation. In addition to the bHLH/Zip, Max contains an acidic 
region and a C-terminal NLS (Fig. 4) (reviewed in (Henriksson and Luscher, 1996)). During 
differentiation, max expression is subject to transcriptional regulation but the long half-life of the 
protein makes it difficult to see effects in short-term experiments (Larsson et al., 1994). 
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Overexpression of max reduces growth and delays differentiation. Some of these effects were 
counteracted by introducing a basic region mutant of Max (dMax), proposed to sequester Myc into 
DNA binding-incompetent Myc/dMax complexes (Billaud et al., 1993; Borre et al., 1996). To fully 
understand the different effects of Max on cell growth and differentiation, it should be 
remembered that Max overexpression not only influences Myc function but most likely also 
interferes with the effects of Mad family proteins (Henriksson and Luscher, 1996). 

 

The Mad family 

Mad1 and Mxi1 (Mad2) were found by protein-protein interaction screens, using the Max 
protein as bait. Subsequently, Mad3 and Mad4 were identified as Mad1- and Mxi1-related 
bHLH/Zip proteins highly homologous in the bHLH/Zip and two additional homology regions 
(HR1 and HR2). The Mad proteins, of around 30-35 kDa in size, have relatively short half-lives, 
readily heterodimerize with Max and bind to the same CACGTG E-box sequence as the Myc/Max 
complex. The two homology regions shared in addition to the centrally located bHLH/Zip, include 
28 aa’s at the N-terminus (HR1) and 69 residues C-terminal of the Zip domain (HR2) (Fig. 4). The 
N-terminal HR1 mediates interaction with mammalian Sin3A and B, homologues to the yeast 
transcriptional repressor Sin3. Since these proteins are DNA binding-incompetent, they are 
suggested to mediate Mad/Max-promoted recruitment of co-repressors and histone deacetylases 
(HDACs) (Laherty et al., 1997; Sommer et al., 1997). Coincidently, Mad proteins have been shown 
to efficiently repress CACGTG-mediated transcription through in vivo interaction with Sin3. The 
other homology region (HR2) in the C-terminus may also interact with an as yet unidentified co-
repressor. The four Mad proteins are highly homologous in sequence and there is also evidence for 
functional redundancy. Mnt and Mga are larger members of the Mad family (Fig. 4). Apart from the 
bHLH/Zip domains, the ability to heterodimerize with Max and bind to E-box sequences, these 
two proteins do not share a high homology with the other four Mad family members. The Mnt 
protein also harbors an N-terminal mSin3-interaction domain (SID), but since MntΔSID enables 
transformation, it is proposed that Mnt also possesses a Myc-TAD-like activity. Mga contains a T-
box domain which, together with its expression pattern suggests involvement in embryonic 
development. Transcriptional activation at the T-box binding sites seems to depend on Max 
presence at the bHLH/Zip domain. Some of the Mad proteins interact with the bHLH/Zip 
protein Mlx, suggested to be in the center of a network existing in parallel with the Myc network 
(for reviews, see (Baudino and Cleveland, 2001; Henriksson and Luscher, 1996; Zhou and Hurlin, 
2001)). 

 

Expression patterns of the mad family genes 

The expression pattern of separate mad family members is tissue specific and quite complex 
(Queva et al., 1998). Mad1 expression varies throughout development and is associated with 
differentiated cells. Up-regulation of mad1 follows down-regulation of myc genes such that mad1 
levels are very low or undetectable in proliferating cells, but are rapidly induced upon induction of 
differentiation (Larsson et al., 1994). Expression of mxi1 increases with progressive development 
and growth arrest in many organs of the mouse, with a preference for tissues in which the cells are 
terminally differentiated. In analogy with mad1, mxi1 expression is induced with differentiation in 
hematopoietic cells, but in contrast mxi1 is also expressed in proliferating cells (Larsson et al., 
1994). Mad3 is clearly distinct from other Mad family proteins in that its expression is S phase 
specific and virtually undetectable in most adult tissues. Despite this fact, overexpression of Mad3 
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still inhibits proliferation and transformation (Hurlin et al., 1995). Mnt is rather ubiquitously 
expressed (Hurlin et al., 1997). It is currently believed that c-Myc/Max complexes are replaced by 
Mad1/Max or Mxi1/Max complexes during the differentiation process and/or inhibition of cell 
growth. It has been indicated that Mad1 and probably also Mxi1 are potent inhibitors of cell growth 
which may be a prerequisite for differentiation (Cerni et al., 1995; Chen et al., 1995). 

Presently, there are no identified Mad regulators. However, there is an E2F binding site in the 
mad3 promoter, suggesting that E2Fs are responsible for the S phase specific expression mad3 
expression. In addition, the Miz-1/c-Myc complex has been demonstrated to associate with the 
mad4 promoter (Fox and Wright, 2003; Kime and Wright, 2003). Based on findings that Mad 
proteins bind E-box sequences in genes overlapping with the targets for c-Myc, it is also proposed 
that c-Myc has a part in regulating their expression (O'Connell et al., 2003). The mechanisms for 
induction of mad expression by differentiation-promoting substances such as tetradecanoylphorbol 
acetate (TPA), retinoic acid, and certain cytokines also remain to be elucidated (Larsson et al., 
1994). 

 

Transcriptional repression by Mad 

Mad1 and Mxi1 have been found to repress c-Myc/Ras-promoted transformation of primary 
rat embryo fibroblasts (REFs) (Baudino and Cleveland, 2001; Cerni et al., 2002), provided that their 
bHLH/Zip and interaction with Max remained intact. Studies of mouse Mxi1 isoforms revealed 
the importance of the N-terminal mSin3 interacting region for repression, thus suggesting that 
Mad-mediated regulation of Myc activity is an active process mediated by transcriptional repression, 
and not a passive effect by sequestering Max or occupying Myc target sequences (Fig. 5) (Schreiber-
Agus et al., 1995). Considering that Myc and Mad promote their transcriptional activities at least 
partially through activation of HATs or HDACs respectively, it is intriguing to note that aberrant 
acetylation is observed in many tumors (Marks et al., 2001). In addition to repressing Myc/Ras 
transformation, Mad can inhibit transformation of REFs when promoted by Ras in cooperation 
with other mediators such as E1A, and mutant p53. Since Mad-mediated inhibition of 
transformation was not abrogated by Bcl-2, it seemed that Mad would influence the growth rather 
than the viability of cells, as observed in human astrocytoma cells (Chen et al., 1995). Given these 
functions, it is tempting to consider Mad proteins as tumor suppressors, but despite their 
localization to regions frequently altered in human tumors, there is no conclusive evidence of 
tumor-specific changes in their expression (reviewed in (Baudino and Cleveland, 2001)). 

 

Mad targets, and involvement in cell cycle control 

Mad1 target genes include hTERT and cyclin D2, both originally identified as c-Myc targets 
(Bouchard et al., 2001; Wu et al., 1999). hTERT is found reactivated or amplified in most human 
cancers. Mad1 can counteract this activity by binding to the hTERT promoter and, probably in 
cooperation with other repressors, silence the hTERT gene through histone deacetylase (HDAC) 
activity (Lin and Elledge, 2003; Xu et al., 2001). Several studies have been undertaken to identify 
Mad target genes with varying results. In a microarray screen for Mad1 target genes, the positive 
hits mainly included genes involved in cell growth control. Many of these genes had previously 
been identified as Myc targets, indicating that Mad proteins also control general aspects of cell 
proliferation (reviewed in (Oster et al., 2002; Zhou and Hurlin, 2001)). It is suggested that Mad 
regulates a set of genes partially, but not entirely, overlapping with that of Myc family genes. Mxi1 
has been found to block serum-induced c-Myc expression in quiescent cells and was therefore 
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suggested to directly repress the c-myc gene. However, the mechanism for this repression needs to 
be further defined since it does not require the basic region or the SID of Mxi1 and is antagonized 
by Max (Lee and Ziff, 1999). Mga has been speculated to associate with E2F since it has been 
isolated in an E2F-containing complex (Ogawa et al., 2002). 

In controlling the cell cycle, it is hypothesized that Mad proteins have much the same target 
genes as Myc proteins and that there is a switch from Myc/Max to Mad/Max complexes when cells 
exit the cycling stage and start to differentiate (Ayer and Eisenman, 1993). In support of this, 
studies have shown that Mad1 can bind E-boxes of Myc responsive genes and repress their 
transcription (Bouchard et al., 2001; Xu et al., 2001). Specifically, Mad1 is a potent inhibitor of the 
G1/S-transition, imposed by histone deacetylase-mediated repression of cyclin D2 gene expression 
(Bouchard et al., 2001). 

 

Effects on proliferation, differentiation and apoptosis 

Observations that Mad protein expression was associated with differentiated cells led to the 
suggestion that they might regulate or even induce differentiation. In support of this, Mad1 and 
Mxi1 were demonstrated to interfere with proliferation, resulting in the accumulation of cells in the 
G0/G1 phase of the cell cycle (Chen et al., 1995). However, this was not a complete blockage, 
suggesting that additional signals were required to efficiently arrest cycling cells. In growth arrested 
cells on the other hand, Mad1 is sufficient to prevent reentry into the cell cycle (Sommer et al., 
1997). The importance of Mad in modulating proliferation and/or differentiation was further 
analyzed in transgenic mouse models with conditional mad1 expression, as well as in mad1, mxi1, 
and mad3 knock-out mice (reviewed in (Baudino and Cleveland, 2001; Foley and Eisenman, 1999)). 
Except for a reduced size of the mice and cell-type specific hyperplastic changes, no obvious 
correlation with altered cell proliferation was observed, suggesting that Mad proteins are not 
essential for this function. In contrast, p27/mad1 double knock-outs are partially embryonic lethal, 
have an impaired granulocyte differentiation and fail to down-regulate cyclin E/CDK2 (McArthur 
et al., 2002). Mice transgenic for mnt die at embryonic day 9-10, coinciding with the death of c-myc 
-/- mice and with a very similar phenotype, suggesting that mnt may play a role in controlling 
proliferation (Hurlin et al., 1997). Later, several lines of evidence have been gathered to support a 
role for Mnt as a Myc modulator, and a potential tumor suppressor (reviewed in (Hooker and 
Hurlin, 2006)). When interpreting these data, it is important to consider limitations in the 
experimental setup. In the transgenic mice, the Mad1 gene and protein expression does not 
coincide with that of endogenous Mad1 and homozygous deletions of only one Mad family gene at 
a time may allow other Mad proteins to compensate for this loss (Baudino and Cleveland, 2001). 

In line with the notion that Mad proteins oppose Myc functions, Mad was expected to 
antagonize the apoptosis-promoting capacity of Myc. From the studies of mad1 transgenic and 
knock-out mice, the effect on proliferation and apoptosis indeed suggested an apoptosis-inhibitory 
role for mad1 (Foley and Eisenman, 1999; Queva et al., 1999). This hypothesis is supported in in 
vitro studies where Mad1 was found to reduce apoptosis induced by serum starvation, oncoprotein 
expression, and by apoptosis-inducing stimuli such as the cytotoxic drug cisplatin and Fas receptor 
signaling (Gehring et al., 2000) (Paper I). The inhibition of Fas-induced apoptosis may, at least in 
part, be mediated by reducing caspase 8 activity (Gehring et al., 2000). A functional and regulatory 
interaction between the Myc network and caspase 8 is supported by data obtained from 
neuroblastoma cells where MYCN amplifications often coincided with deletion or silencing of the 
caspase 8 gene (Teitz et al., 2000). While Mad3 has been suggested to regulate apoptosis during S 
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phase (Queva et al., 2001), the involvement of the other Mad family proteins in apoptosis-control 
has not yet been studied. 
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Figure 6. Outline of cellular differentiation stages 
during hematopoiesis. Myc has been associated with 
malignancies in cells of lymphoid and myeloid origin. 

MMyycc--aassssoocciiaatteedd  ccaanncceerrss  
  

ancers associated with Myc are mostly developed as a consequence of a deregulated Myc 
expression, either through translocations as that seen in Burkitt’s lymphoma or through 
amplifications as observed in neuroblastoma. In leukemias, arising from hematopoietic 

cells unable to differentiate, the mechanism by which Myc is activated may differ from case to case. 
The highly malignant leukemia subtype acute promyelocytic leukemia readily responds to treatment 
with differentiating agents, thus providing a good model for studying pathways activated in cellular 
differentiation and/or apoptosis. 
 

Burkitt’s Lymphoma 

Burkitt’s lymphoma (BL) is a non-Hodgkin’s lymphoma originally detected as an endemic form 
as B-cells were latently infected by the Epstein-Barr virus (EBV). Later, sporadic forms were found, 
not associated with viral infection. The common trait for BL forms is the development of tumors 
in extranodal sites in adolescents or young adults. The disease is classified as a distinct category of 
peripheral B-cell lymphomas, and comprises a heterogenous group of highly aggressive B-cell 
malignancies (reviewed in (Hecht and Aster, 2000)). It is invariably associated with chromosomal 
translocations, preferentially the t(8:14)(q24:q32) translocation, bringing the c-myc proto-oncogene 
in proximity with the immunoglobulin heavy chain promoter (Dalla-Favera et al., 1982; Taub et al., 
1982). Even though the chromosomal breakpoints are widely dispersed along the genes, the end-
result is a fusion gene where c-Myc is constitutively active. Because of the c-Myc overexpression, 
BL cells have the highest cell division rate observed in any human tumor. This malignancy differs 
from other B-cell lymphomas in the specific response to chemotherapy. Although c-myc 
rearrangements are observed in the majority of BL cases, this is not a BL-specific phenomenon as 
they are also observed in other types of lymphoma (reviewed in (Hecht and Aster, 2000)). 
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Neuroblastoma 

As the most common solid childhood malignancy, neuroblastoma (NB) arises in the peripheral 
nervous system, usually before the age of five. Most cases are diagnosed during the first year of life 
at the peak of disease incidence (reviewed in (Hogarty, 2003)). The clinical outcome is 
heterogenous, ranging from spontaneously regressing tumors, to differentiating tumors or those 
that can be cured with chemotherapy, but also includes cases of aggressive metastatic tumors, often 
associated with a lethal outcome (Weinstein et al., 2003). For clinical purposes NB is classified into 
four different stages where stages I and II have a good prognosis while the outcome is more 
uncertain in stages III and IV. There is also the special case, stage IVs, which is a benign NB form 
(Brodeur et al., 1993). For prognostic purposes, clinical stage, together with histopathological 
assessment and age at diagnosis are the most informative parameters (Brodeur et al., 1997a). 
Chromosomal abnormalities frequently associated with NB are chromosomal deletions in 1p, 11q, 
and 14q, gain of genetic material at 17q, and MYCN amplification (Bown, 2001). Furthermore, 
ploidy is a strong prognostic marker, triploid tumors being associated with low stage disease in 
younger children with favorable outcome, whereas diploid and tetraploid tumors are associated 
with unfavorable prognostic markers such as MYCN amplification and 1p deletion (Look et al., 
1984). Evaluation of tyrosine kinase receptor gene (trk) expression is another means to predict the 
biology and clinical behavior of NBs (Brodeur et al., 1997b). High trk A expression indicates a 
favorable outcome in the absence of MYCN amplification, regardless of age or stage (Nakagawara 
et al., 1993). Similarly, trk C is expressed primarily in lower stage tumors with favorable outcome 
(Ryden et al., 1996). trk B on the other hand, is preferentially expressed in tumors with MYCN 
amplification (Nakagawara et al., 1994). Presently, MYCN amplification is the most important 
biological marker in clinical assessment of NB, as it is well known to correlate with advanced stage 
and poor outcome independently of clinical stage and age (Schmidt et al., 2000). However, the 
exact molecular mechanism by which MYCN amplification and other chromosomal alterations 
contribute to the aggressive behavior of NB remains unclear (reviewed in (Westermann and 
Schwab, 2002)). Neuroblastoma treatment is based on surgical resection that is, depending on the 
disease stage, complemented with chemotherapy and/or radiation. The use of camptothecin 
derivatives, together with differentiating agents such as retinoids, are promising new approaches in 
NB therapy (Weinstein et al., 2003) 

 

Acute promyelocytic leukemia 

Acute promyelocytic leukemia (APL) is a highly malignant form of acute myelocytic leukemia 
(AML), often associated with infection and hemorrhage. Characteristic traits include a 
predominance of abnormal promyelocytes with a hypergranular appearance residing in the bone 
marrow, and a predisposition for the t(15:17)(q22:q21) translocation giving rise to the 
promyelocytic leukemia-retinoic acid receptor alpha (PML-RARα) fusion protein (de The et al., 
1990; Kakizuka et al., 1991). Under normal conditions, RARα plays an important role in myeloid 
differentiation and maturation, maintaining a condensed chromatin conformation and preventing 
transcription in the absence of retinoic acid (RA). When the PML-RARα fusion protein replaces 
RARα, chromatin condensation can only be relieved in response to supraphysiological doses of 
RA, thus efficiently blocking differentiation. The PML protein is mainly localized to nuclear bodies, 
called PML oncogenic domains (POD), where it plays an important role in transcriptional 
regulation and has been found to suppress oncogenic transformation (for reviews, see (Melnick and 
Licht, 1999; Soignet and Maslak, 2004)).  Due to the high incidence of the PML-RARα protein in 
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APL (approximately 90%), its presence is used as a diagnostic marker and enables initiation of 
treatment at an early stage with a minimal leukemia burden. This distinguishes APL from other 
types of AML where diagnosis still relies on less precise techniques, such as morphological 
assessment. Untreated, APL is rapidly fatal, but given the appropriate therapy, it has the highest rate 
of curability among the subtypes of adult AML (Parmar and Tallman, 2003; Zhou et al., 2005a). It 
is worth mentioning however, that out of the other three RARα fusion partners associated with 
APL pathogenesis (promyelocytic leukemia zinc finger, PLZF; nucleophosmin, NPM; and nuclear 
matrix associated, NuMA), the PLZF-RARa fusion protein is associated with a bad prognosis as it 
does not respond to therapy (Melnick and Licht, 1999). Historically, treatment of APL had the 
apparent drawback that it induced coagulopathy, often causing death by cerebral hemorrhage, and 
generated a relatively low frequency of disease-free survival. Even so, the complete remission (CR) 
rate and long-term disease free survival was superior to that for AML as a whole, with the best 
results observed in response to treatment with anthracyclines (reviewed in (Soignet and Maslak, 
2004)). As the patient response to conventional chemotherapy was not satisfactory, other therapy 
approaches were sought for. In that search, efforts to induce differentiation of APL cells brought 
forth the introduction of all-trans retinoic acid (ATRA) in 1987 (Huang et al., 1987), and arsenic 
trioxide (As2O3) in the mid- to late 1990's (Shen et al., 1997; Soignet et al., 1998), revolutionizing 
APL therapy. These differentiating agents target different sites in the PML-RARα fusion protein, 
eventually inducing its degradation. As ATRA treatment does not completely eliminate the fusion 
protein, post-remission therapy is required to eliminate minimal residual disease, thus preventing its 
reappearance and favoring long-term survival (Lo Coco et al., 1999). For such consolidation 
therapy, anthracycline analogues belong to the most commonly used drugs. With present treatment 
strategies, high complete complete remission rates are achieved in newly diagnosed APL patients 
(more than 90%) (Fenaux et al., 2000), as well as in relapsed patients (85-90%) (Niu et al., 1999; 
Soignet et al., 1998). As a result, APL is now a curable disease for 70-80% of patients (Parmar and 
Tallman, 2003), showing that targeted therapy and induction of differentiation can be effective 
strategies also in the treatment of other subtypes of leukemias (Zhou et al., 2005a). 

 

Myeloid differentiation and markers 

In myelocyte development, morphological changes together with stage-specific alterations in 
the cell surface antigen profile and cell metabolism features reflect the cellular differentiation status, 
and can be used for analysis. The myeloid precursor cell originates from a pluripotent hematopoetic 
stem cell and gives rise to platelets, erythrocytes, monocytes, and granulocytes. Neutrophils 
comprise the largest pool of granulocytes in the human body (around 90%), while eosinophils and 
basophils are much less common. Neutrophil development progresses through myeloblasts into 
promyelocytes, and finally myelocytes before developing into a fully differentiated granulocyte (Fig. 
6). The developmental stages in monocyte differentiation are initiated by proliferating monoblasts, 
giving rise to promonocytes before entering the stage of mature circulating monocytes. When 
required, the monocyte can also develop into a macrophage for a better immune response (Roitt et 
al., 1996). 

One cell surface antigen that is present on all granulocytes is the complement receptor CR3 or 
CD11b, required for cellular chemotaxis. Since its expression is restricted to differentiated cells, the 
cellular differentiation status can be determined by monitoring CD11 surface expression, for 
instance by flow cytometry, using fluorescently labeled antibodies. 
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Another granulocyte-specific feature is their ability to generate superoxide when stimulated, as 
part of their phagocytizing process. Superoxide generation can be artificially induced by for instance 
TPA stimulation, and monitored in the nitroblue tetrazolium (NBT) reduction assay, where the 
tetrazolium dye is converted from soluble yellow to insoluble intracellular blue formazan. The 
abundance of intracellular precipitates thus indicates the cellular differentiation status (Baehner et 
al., 1976; Segal, 1974). 

 

Myc in APL 

Since down-regulation of Myc is required for cellular differentiation (Coppola and Cole, 1986; 
Nguyen et al., 1995), it is conceivable that the resistance to differentiating agents sometimes 
observed in APL cells, may be due to a deregulated Myc expression (Ponzielli et al., 2005). 
Publications on the relationship between Myc and differentiation in APL indicate complete down-
regulation of Myc in response to ATRA (Liu et al., 2000; Mitchell et al., 1992), but only partial 
down-regulation in As2O3 treated cells (Chen et al., 1996). Our observations (paper IV), together 
with results from previous studies (Chen et al., 1996; Dimberg et al., 2002; Liu et al., 2000), suggest 
that Myc blocks terminal differentiation in response to As2O3 treatment by activation of target 
genes important in cell cycle regulation and and cell turnover. This hypothesis, together with 
implications that Mad1 is involved in controlling differentiation (McArthur et al., 2002) (paper IV), 
provides a starting point for investigating more specific involvement of molecular mechanism 
coupling Myc to induction of differentiation (reviewed in (Fang et al., 2002)). 
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hemotherapy is usually not the first line of treatment in cancer therapy, but is rather used 
as a complement to surgical tumor resection and/or radiation therapy. Among the 
different types of anticancer drugs, the most commonly used compounds are 

conventional chemotherapeutics such as those targeting topoisomerases, DNA-damaging agents, 
mitotic inhibitors, antimetabolites, and nucleotide analogues (Herr and Debatin, 2001). However, 
despite the induction of complete remission often observed when used as an adjuvant treatment to 
kill undetectable residual cells, conventional chemotherapy suffers the disadvantages induced by 
adverse effects together with resistance development, particularly when treating metastatic disease 
(Luqmani, 2005). Side-effects associated with most conventional chemotherapy include 
myelotoxicity, nausea, vomiting, diarrhea, and fatigue (Nieboer et al., 2005).To circumvent this 
problem, the relatively novel use of differentiating agents has been introduced, predominantly for 
treatment of acute promyelocytic leukemia (Fang et al., 2002; Zhou et al., 2005b), but their 
applications are being expanded to treatment of other cancer forms (Okuno et al., 2004). As the 
search for improved anticancer agents is constantly ongoing, I have also included a section 
discussing some of the promising new derivatives obtained from drug screenings. 
 

Conventional chemotherapy 

Etoposide  

Etoposide (eto) was identified in 1967 as a derivative from the plant podophyllum, and 
possessing significant antitumor activity (Hande, 1998). As such, the eto podophyllotoxin was the 
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first anticancer drug demonstrated to inhibit topoisomerase-II. It does so by stabilizing the formed 
topoisomerase-II-DNA complexes, thus causing permanent double strand breaks. In addition, eto 
causes p53 phosphorylation, possibly mediated by the DNA damage sensor DNA-PK, with 
subsequent up-regulation of pro-apoptotic Bax and promotion of apoptosis through cytochrome c 
release (Karpinich et al., 2002). At lower etoposide concentrations however, caspase activity seems 
required for efficient apoptosis induction (Robertson et al., 2002). Activation of caspase 2 is of 
particular importance due to its early activation during apoptosis and its nuclear localization. 
Regarding the conflicting reports on the involvement of death receptor signaling (Friesen et al., 
1999; Robertson et al., 2002), our work supports the model where eto induces apoptosis 
independently of the Fas receptor (Paper II). Although poorly soluble in water and thus difficult to 
administer in effective doses, eto together with other topoisomerase-II-inhibiting agents are among 
the most effective chemotherapeutic drugs available for cancer therapy (Baldwin and Osheroff, 
2005). 

 

Doxorubicin  

Doxorubicin (dxr) is an anthracycline antibiotic, analogous to daunorobucin, with broad-
spectrum anti-tumor effects. The apoptosis promoting effects of dxr are diverse and include DNA 
damage and DNA damage-induced signaling, generation of reactive oxygen species, binding to 
cellular membranes, disruption of the mitochondrial membrane, generation of cellular 
diacylglycerol and Fas up-regulation (Friesen et al., 1999; Gewirtz, 1999). DNA damage is probably 
the most important mechanism for in vivo cytotoxicity of dxr treatment, mainly achieved by 
inhibition of topoisomerase-II, but also caused by intercalation and adduct formation. The cellular 
response to doxorubicin treatment is cell cycle arrest in the G1 and G2 phases, followed by 
apoptosis due to irreparable DNA lesions. Signaling from DNA damage-sensitive kinases indirectly 
activates p53 and c-Abl (Rich et al., 2000). Doxorubicin also activates pro-apoptotic PKCδ through 
diacylglycerol signaling. Support for Fas receptor and ligand involvement in dxr-induced apoptosis 
comes from studies in MYCN-inducible neuroblastoma cells where overexpressed MYCN was 
shown to enhance this event (Fulda et al., 1998). However, several lines of evidence including our 
findings (Paper II), imply that despite the up-regulation of Fas receptor expression in response to 
dxr, apoptosis-induction is not dependent on the Fas pathway. The most severe side-effect of dxr 
treatment is the risk of developing cardiomyopathy (Gewirtz, 1999). 

Cisplatin  

Cisplatin (cis) was the first platinum-derived anticancer drug introduced in the clinic and is still 
one of the most potent chemotherapeutic drugs in use (Eastman, 1991). Upon cellular uptake, 
alterations in the cis molecule generate a positively charged nucleophil, highly reactive with cellular 
proteins, membrane phospholipids, RNA and DNA. DNA-cis-interaction yields intra- and inter-
strand crosslinks and DNA-protein crosslinks (Eastman, 1991). Cisplatin confers inhibition of 
DNA replication, G1 and G2 cell cycle arrest, and apoptosis induction. However, the mechanism 
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by which cis induces apoptosis remains poorly defined. Although DNA is proposed to be the main 
target, observations that cis induces caspase activation in enucleated cells suggest additional 
activation of a DNA damage-independent pathway (Mandic et al., 2003; Mandic et al., 2002). From 
these studies, two distinct cis-promoted apoptosis pathways have emerged. The MAP kinase 
pathway where MEKK1 is proposed to promote the DNA-dependent signal by Bak activation, and 
induction of endoplasmic reticulum (ER)-stress where calpain-mediated Bid cleavage occurs 
independently of DNA damage (Mandic et al., 2003; Mandic et al., 2002). Cisplatin-induced DNA 
damage has been observed in the absence of an apoptotic morphology, suggesting necrosis as an 
alternative response to cis-treatment (reviewed in (Gonzalez et al., 2001)) (paper II). p53 and c-Abl 
are two of the additional mediators activated in cis-induced apoptosis. Overexpression of c-Myc 
has been shown to sensitize certain cells to cis, whereas c-Myc down-regulation increases cis-
resistance (Kim et al., 2003a). Side-effects of cis treatment include nephrotoxicity, neurotoxicity, 
ototoxicity (Nieboer et al., 2005; Schweitzer, 1993), the most severe one being ototoxicity since it 
can be irreversible and sometimes develops years after treatment (Knoll et al., 2006). 

Camptothecin  

The S phase-specific plant-derived alkaloid camptothecin (cpt) belongs to the first identified 
topoisomerase-I inhibitors (Hsiang and Liu, 1988). Camptothecin induces irreversible DNA 
damage by stabilizing the topoisomerase-I-DNA complex and preventing religation of single strand 
breaks. As cpt itself is poorly soluble and highly toxic, less toxic and more water soluble derivatives 
have been developed. As such, Topotecan and Irinotecan with extensive antitumor effects, have 
been approved for treatment of various human cancers (Lorence and Nessler, 2004). Apoptosis-
induction by cpt most likely involves the mitochondrial pathway and caspase activation, but if 
caspase activation is blocked, cells death is induced by necrosis (Sane and Bertrand, 1999). Tumor 
cells are often more susceptible to cpt-mediated cytotoxicity compared to normal cells due to 
dissociation-deficient topoisomerase-I-DNA-complexes, resulting in increased topoisomerase-I 
activity. In general, side-effects from using cpt-derivatives seem transient and non-cumulative, the 
most severe effect being diarrhea. However, their use may be counteracted by increased renal 
clearance (reviewed in (Pizzolato and Saltz, 2003)). 
 

Paclitaxel  

Another plant-derived alkaloid, paclitaxel (ptx), was discovered in 1967 when it was isolated 
from the bark of the tree taxus brevifolia (Wani et al., 1971). It binds to tubulin structures in the cell 
and prevents their dissociation. Paclitaxel, thus considered a polymerizing anti-microtubule agent, 
prevents cell division and arrests cells in the mitotic phase of the cell cycle, resulting in induction of 
cell death by apoptosis. One defined pro-apoptotic mechanism of ptx is the binding and inhibition 
of the anti-apoptotic Bcl-2 protein (Wang et al., 2000). As ptx targets dividing cells in general, it can 
be applied in the treatment of a wide range of cancer forms such as breast, lung, and ovarian 
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cancers. Neurotoxicity and cardiotoxicity are adverse effects of prolonged ptx treatment (Wang et 
al., 2000). 

 

Differentiating agents 

All-trans retinoic acid  

The differentiating agent all-trans retinoic acid (ATRA) is a vitamin A analogue that was 
introduced in the treatment of APL in 1987 (Huang et al., 1987) and found to successfully induce 
complete remission in a high proportion of patients (Fang et al., 2002; Fenaux et al., 2000). ATRA 
targets the RARα part of the PML-RARα fusion protein often present in APL cells, and initiates its 
degradation. While high doses of ATRA induce apoptosis, low doses (≤ 1 μM) induce terminal 
differentiation of myelocytic leukemia cells (Carpentier et al., 1998). In spite of the well 
characterized connection to and targeting of the PML-RARα protein, other mechanisms for 
ATRA-induced differentiation or apoptosis are less well understood. However, reports on the 
interaction with pro-apoptotic proteins such as caspases, mitochondria-associated proteins, and 
others are beginning to unveil other molecular targets and pathways involved in the response to 
ATRA treatment (Gianni et al., 2000; Liu et al., 2000). Lately, ATRA has been successfully used in 
the treatment of malignancies other than APL. In neuroblastoma treatment (Reynolds and Lemons, 
2001), ATRA was found to decrease MYCN mRNA expression and prevent cell proliferation 
(Reynolds et al., 1991), and has been proposed to be one of the most potent inducers of 
differentiation (Pahlman et al., 1984). An important note in the use of ATRA is that combination 
with chemotherapy is advisable to prevent adverse effects and reduce the frequency of relapse. The 
most serious side-effect of ATRA treatment is generation of the life-threatening retinoic acid 
syndrome (RAS), initiated by hyperleucocytosis (reviewed in (Fang et al., 2002; Soignet and Maslak, 
2004)). Other side-effects such as cheilosis, headache, joint-pain and liver-dysfunction are milder 
and tolerable. 

Arsenic trioxide  

Arsenic trioxide (As2O3) is another differentiating agent initially used in ancient Chinese 
medicine but, abandoned due to its toxicity, the drug was almost forgotten for decades (Hu et al., 
2005). However, in the mid-50’s, As2O3 was rediscovered as a highly potent treatment specimen in 
several cases of acute promyelocytic leukemia (APL), yielding an almost complete remission rate. 
Since the late 1990’s, As2O3 is the treatment of choice for relapsed APL patients with acquired 
resistance to all-trans retinoic acid (ATRA) (Shen et al., 1997; Soignet et al., 1998). In clinical trials, 
the possiblility of using As2O3 in combination with ATRA as a first line of treatment is being 
explored (Shen et al., 2004). Similarly to ATRA, As2O3 is known to target the PML-RARα fusion 
protein for degradation, but the downstream mechanisms are not very well defined (Cai et al., 2000; 
Liu et al., 2003). One interesting feature of As2O3 is that it induces only partial differentiation of 
myelocytic leukemia cells in low doses, ranging from 0.1 μM – 0.5 μM, while apoptosis is induced 
at higher doses (Chen et al., 1997). Side-effects are often moderate and tolerable in relapsed patients 
and include skin reaction, gastrointestinal disturbances, nausea and fatigue. More alarming are 
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observations of electrocardiographic changes with the rare but worrying outcome of sudden cardiac 
death (Unnikrishnan et al., 2001; Westervelt et al., 2001). In addition, more than 50% of patients 
have hyperleucocytosis and, when used as a fist line of treatment in newly diagnosed patients, there 
have been reports on development of severe and sometimes lethal hepatic lesions (reviewed in 
(Fang et al., 2002; Soignet and Maslak, 2004)). 

 

Novel therapies 

In the search for new cancer therapeutic drugs, a recently developed strategy is to enhance the 
anticancer activity of a target selected for its importance in promoting or preventing tumor 
progression. Some of the approaches to this task include screening of low molecular compound 
libraries in search for those eliciting target-specific anti-proliferative or pro-apoptotic effects. This 
widely used method was successfully applied in generating the compound PRIMA (p53-reactivation 
and induction of massive apoptosis), which is currently undergoing evaluation for entering clinical 
phase I trials (Bykov et al., 2002). Similarly, molecular screens for compounds interfering with 
MYCN transactivation or with Myc/Max heterodimerization have been successful, yielding 
candidates awaiting further investigation (Hueber and Evan, 1998; Lu et al., 2003). Recently, our lab 
employed a screening strategy in search for Myc-responsive agents (MYRAs) and identified two 
compounds, promising for future development into clinically useful substances (Mo and 
Henriksson, 2006). More specific screenings aimed to find molecules targeting the kinase domain of 
tumor-associated proteins. This approach yielded the Gleevec™ (STI-571/Imantinib mesylate) 
compound targeting the kinase domain of the fusion protein Bcr-Abl (Druker, 2002), and later 
found to target other kinases, such as the stem cell factor receptor c-kit (Nadal and Olavarria, 
2004). Gleevec is currently used in treatment of chronic myeloid leukemia (CML) (Nicolini et al., 
2006) and gastorointestinal stromal tumors (GIST) (von Mehren, 2006). In a more direct approach, 
the three-dimensional structure of crystallized protein(s) is used for modelling site-specific 
compounds by computer-based predictions. These compounds are then synthesized for analysis of 
their biological activity (Kontopidis et al., 2003; McClue et al., 2002). The highly specific CDK2-
cyclin E-targeting compound R-roscovitine (Seliciclib/CYC202), currently undergoing clinical trials 
(Raynaud et al., 2005; Shapiro, 2006), was identified using this approach (De Azevedo et al., 1997; 
Meijer et al., 1997) and has been found to significantly reduce tumor size in nude mice (McClue et 
al., 2002; McLaughlin et al., 2003). However, in spite of these exact measures to engineer the 
perfect anticancer drug, it remains difficult to find a compound for which the mechanisms of 
action can be exclusively specified. Another approach at the stage of clinical trials is the use of 
tumor-specific antibodies designed to be unharmful for normal cells. By conjugating these 
antibodies with isotopes or toxins, specific killing of tumor cells is enabled without inducing major 
side-effects. Examples of such antibodies are rituximab, targeting the B cell-specific antigen CD20, 
and trastuzumab (Herceptin) that targets Her-2, a receptor tyrosine kinase that is often 
overexpressed in breast cancer (Stern and Herrmann, 2005). 

Since many of these new strategies still require validation, the majority of cancer patients are 
still treated with conventional methods such as surgery and/or radiation complemented with 
chemotherapeutic drug treatment. Drug resistance, whether inherent or acquired, is most likely due 
to a deficient apoptotic program in tumor cells together with increased efflux and decreased influx 
of the drug, and increased DNA repair (Luqmani, 2005). In order to improve the therapeutic 
response to some of these drugs, it is necessary to elucidate the molecular mechanisms by which 
they induce cell death. 
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n this section I provide an overview of the separate studies compiled in this thesis and 
discuss potential applications for the obtained results. 
 

 

Paper I 

The focus in this first study was to explore the function of Mad1 in cell growth control by 
analysis of Mad1 effects on proliferation, cell cycle distribution, and apoptosis in NIH3T3 
fibroblasts with a tetracycline-inducible mad1 expression (tet-mad1). We conducted these studies to 
evaluate the proposed c-Myc-antagonizing role ascribed to Mad1, suggesting that it represses 
transcription and inhibits Myc-induced proliferation (Baudino and Cleveland, 2001; Cerni et al., 
2002). 

In logarithmically growing cells, we found that Mad1 overexpression resulted in a density-
dependent reduction in proliferation and growth as observed in a colony formation assay and by 
quantification of [3H]thymidine incorporation. The finding that mad1 could inhibit colony 
formation in cells seeded at low densities is in agreement with previous observations that Mad1 
inhibited proliferation of serum starved cells as they were stimulated to re-enter the cell cycle 
(Sommer et al., 1997). Although Mad1 did not entirely block cell growth in our system, its effect 
was potentiated by serum starvation paralleled by an increased accumulation of cells in the G1 and 
the G2/M phases of the cell cycle. These data, together with findings in other cell types (Cerni et 
al., 2002; Chin et al., 1995; Sommer et al., 1997), indicate that Mad1 inhibits proliferation under 
restrictive growth conditions, whereas it is less efficient in exponentially growing cells. 
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We observed that Mad1 expression reduced apoptosis when induced by serum-starvation, 
accompanied by an increase in G1 and G2/M populations. We also found a Mad1-mediated 
reduction of the apoptosis induced by the cytotoxic drug cisplatin. The apoptosis inhibitory effect 
of Mad1 is supported by findings that Mad1 blocked death receptor-induced as well as oncogene-
induced apoptosis in human tumor cells and mouse fibroblasts, respectively (Gehring et al., 2000). 

Enforced Mad1 expression reduced the CDK2 activity while we did not observe significant 
changes in the expression levels of cyclin D1, CDK2, or CDK4 upon Mad1 overexpression in the 
tet-mad1 cells. We did however, observe a slightly increased expression of the CKIs p21 and p27 in 
response to Mad1 overexpression. The p21 level was increased in the mad1 clone with the 
strongest effect on proliferation, suggesting a requirement for p21 to enable efficient reduction of 
proliferation. The observed increase in p27 may be due to direct or indirect inhibition of Myc-
mediated p27-ubiquitination (Oster et al., 2002). This is supported by findings that the slowly 
growing phenotype found in myc -/- cells correlated with increased p27 levels (Mateyak et al., 
1999). Since p27 is a potent CDK2-inhibitor, this may explain the observed reduction in CDK2 
activity upon mad1 overexpression. From our study and studies by others (Berns et al., 1997; 
Queva et al., 1999), it can be suggested that Mad1 elicits some of its effects through negative 
regulation of CDKs (Rottmann et al., 2005). 

In search for the mechanism by which Mad1 mediated the reduction in cell growth and 
apoptosis, we found that it was dependent on the N-terminal mSin3 interaction domain (SID), 
since a SID truncated Mad1 protein had no such effect. Considering that Mad1 recruits mSin3-
HDAC corepressor complexes via the SID, it is tempting to speculate that Mad1 represses a 
factor/factors important in promoting apoptosis and/or cell cycle progression (Laherty et al., 
1997). We propose that Mad1-mediated repression may be enabled by inhibition of Myc target 
genes, thus counteracting Myc function. 

The different expression patterns of Mad1 and Myc may explain why the effects of Mad1 
overexpression are low in proliferating cells and potentiated during starvation when Myc levels are 
low. Similarly, Mad1 is up-regulated during differentiation, while Myc is down-regulated. Taken 
together, these data suggest that Mad1 may have a critical role in stabilizing a quiescent state, and to 
ensure cell survival and specialization by protecting against apoptosis during differentiation. 

 

Paper II 

Here, we have explored the cellular response to c-Myc expression and/or cytotoxic drug 
treatment by analyzing cell death, expression and activation of Bcl-2 family members, caspase 
activation and involvement of the Fas receptor/ligand system. 

In mouse and rat fibroblasts with different c-Myc status we found that c-Myc potentiated 
apoptosis induced by the drugs etoposide (eto), doxorubicin (dxr), and cisplatin (cis). This effect 
was dose-dependent with the most obvious impact of Myc elicited at low drug concentrations. 
Apoptosis, as induced by all three drugs, was higher in c-Myc overexpressing cells compared to 
cells with wild type (wt) c-myc. Furthermore, the drug-induced apoptosis was significantly reduced 
in rat cells with a c-myc null phenotype (HO15.19). In eto and dxr treated samples, there was a 
good correlation between cell death and apoptosis. In cis treated cells however, cell death was high 
also in the c-myc null cells, emphasizing the importance of necrosis in the cellular response to cis 
treatment in the absence of c-Myc. These findings were corroborated by analyzing cisplatin-induced 
nuclear condensation after Hoechst staining. In contrast to our observations, Sedivy’s group 
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reported that c-myc null cells were virtually resistant to eto-induced apoptosis but readily died by 
apoptosis when treated with cis (Adachi et al., 2001). Possible reasons for these discrepancies may 
be the use of different techniques, drug concentrations, and timepoints for analysis. Our results are 
supported by observations that cis induces necrosis as well as apoptosis, in part depending on 
effects on the tumor suppressor p53 (Gonzalez et al., 2001; Pestell et al., 2000). It is not clear 
however, whether c-Myc can act as an important “switch” in discriminating between the distinct 
effects induced by cisplatin. A direct interaction with Myc in activating transcription is unlikely, 
judging from our results in luciferase-based reporter assays where no effects on c-Myc-mediated 
transactivation were observed in response to treatment with any of the drugs analyzed (not shown). 

The three anticancer drugs used in this study have all been reported to target mitochondria 
through activation of Bax or Bak, as a mechanism for caspase-mediated apoptosis-induction. We 
therefore analyzed the expression and activation of Bax in response to drug treatment. In the rat 
cells with wt c-myc (TGR-1), Bax was activated by eto- and dxr treatment but not by cis. In 
contrast, none of the drugs induced Bax activation in the c-myc null cells. All three drugs have 
previously been associated with Bax activation, but in the case of cis-induced Bax activation, it 
was observed in c-Myc overexpressing Rat1 cells (Desbiens et al., 2003; Karpinich et al., 2002; 
Rebbaa et al., 2001). Together with our observations that Bax was activated in response to all 
three drugs in c-Myc-overexpressing tet-myc cells, we suggest that c-Myc overexpression is 
required for cis-induced Bax activation. Our findings that Bax was not activated in c-myc null 
cells, in spite of similar protein levels as in cells with wt c-Myc, support the theory that c-Myc is 
important for activation but not transcription/degradation or translocation of Bax (Soucie et al., 
2001). One potential mediator of drug-induced Bax-activation is the pro-apoptotic BH3-only 
protein Bid (Hueber et al., 1997; Iaccarino et al., 2003). We observed down-regulation of Bid in 
response to drug treatment in c-Myc expressing but not in c-myc null cells. As we did not 
observe the truncated tBid form in response to any treatment, we considered the decrease in full-
length Bid as cleavage (Cartier et al., 2003). In contrast to suggestions that c-Myc-mediated 
cytochrome c release occurs by direct effects on the mitochondrial permeability and does not 
necessarily require Bcl-2 family members for apoptosis induction (Iaccarino et al., 2003), our data 
strongly indicate that activation of Bid and Bax is a major route through which these drugs 
activate the intrinsic pathway of apoptosis in the presence of Myc. 

We found that eto- and dxr-induced activation of the initiator caspases 8 and 9, and the 
effector, caspase 3 was higher in c-Myc expressing than in c-myc null cells. While activation of 
caspase 3 was higher in c-Myc expressing cells also in response to cis treatment, there were no 
obvious differences between c-Myc expressing cells and c-myc null cells when comparing cis-
induced caspase 8 and 9 activation. Importantly, the extent of caspase 3 activation was much higher 
than that of caspase 8 and 9 at all time points. The higher caspase activation seen in c-Myc 
expressing cells compared to c-myc null cells correlated well with our findings of a more 
pronounced apoptosis in these cells. Interestingly, even though the general caspase inhibitor 
zVAD-FMK efficiently inhibited eto-induced caspase activation in wt c-myc cells, it could only 
partially block apoptosis. 

In tet-myc cells, dxr and eto treatment increased Fas receptor expression, and antibody-
mediated stimulation of Fas enhanced drug-induced apoptosis. These effects were not enhanced 
by c-Myc overexpression, supporting theories of parallel pathways for Fas- and c-Myc-induced 
apoptosis (Evan and Littlewood, 1998; Juin et al., 1999). However, these theories have been 
challenged (Fulda et al., 1998) suggesting that the involvement of of Fas receptor/ligand signaling 
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in promoting the apoptotic response to chemotherapeutic drugs could differ depending on the 
cell type (Friesen et al., 1999; Teitz et al., 2000). We also evaluated the effect of stimulation with 
soluble Fas ligand and found that c-Myc expressing rat cells were sensitized to killing by the Fas 
ligand while c-myc null cells were resistant. This data, together with the observed caspase 8 
activation in wt c-myc cells and a previous report that c-Myc overexpression sensitizes Rat1 
fibroblasts to killing by soluble Fas Ligand (Hueber et al., 1997), suggests that the Fas pathway is 
important in drug-induced apoptosis in c-Myc expressing rat cells. 

To establish whether the apoptosis pathway was disrupted in the c-myc null cells, we analyzed 
the effect of the non-specific protein kinase-inhibitor staurosporine (sts), selected for its reported 
ability to induce apoptosis without the involvement of caspases (Belmokhtar et al., 2001). In effect, 
treatment with sts resulted in apoptosis in c-myc null cells, even though it was to a lower extent 
compared with c-Myc expressing cells. Since it was possible to trigger c-myc null cells to death by 
apoptosis, our results indicate that these cells have a functional, but probably not intact, apoptosis 
pathway. However, this hypothesis needs to be verified by further experiments. It is conceivable 
that cyclin A-expression/activity is affected by sts treatment, since it was demonstrated that eto-
induced apoptosis in c-myc null cells could be reconstituted by overexpressing cyclin A (Adachi et 
al., 2001). 

We next explored the impact of PKCδ signaling by specifically inhibiting PKCδ using 
rottlerin. We found that rottlerin pre-treatment reduced eto-induced apoptosis in c-Myc 
expressing cells, but had no effect in c-myc null cells. Furthermore, eto-induced apoptosis was 
reduced in cells expressing dominant negative PKCδ (PKCδ-DN), compared with vector 
transfected, or wt PKCδ expressing cells. As the pro-apoptotic function of PKCδ has been 
ascribed to the catalytic subunit (Brodie and Blumberg, 2003), we assessed its activation by 
monitoring eto-induced proteolytic processing. We observed PKCδ cleavage in c-Myc expressing 
but not c-myc null cells, suggesting that defects in PKCδ signaling may be partially responsible 
for the reduced apoptotic response to eto, and possibly dxr, treatment of c-myc null cells. We 
next investigated the connection between PKCδ and Bax, using mouse embryo fibroblasts 
(MEFs) with endogenous bax together with bax -/- MEFs. As we observed eto-induced PKCδ 
cleavage independently of bax-status, we concluded that it occurred upstream of Bax. This 
observation was verified by flow cytometry, showing reduced eto-induced Bax activation in cells 
that were pre-treated with rottlerin. 

To conclude, our observations strongly implicate Bax activation together with activations of 
caspases and PKCδ signaling in c-Myc-dependent eto-induced apoptosis. 

 

Paper III 

To further characterize the role of Myc in drug-induced apoptosis, we used the 
chemotherapeutic agents camptothecin (cpt) and paclitaxel (ptx) to induce apoptosis in the 
previously used Rat1 cells with different c-Myc status and in neuroblastoma cells with conditional 
MYCN expression (Tet21N). Camptothecin and ptx are both plant-derived alkaloids, but while cpt 
is a topoisomerase-I (topo-I) inhibitor mainly targeting cells in S phase, ptx is a polymerizing anti-
microtubule agent preventing dissociation of tubulin structures in the cell and thereby blocking cell 
division. Both drugs are used for treatment of tumors, but since their relation to Myc has been 
debated, we found it important to clarify this issue and possibly enable a broader spectrum for their 
clinical applications. In spite of the distinct mechanisms by which cpt and ptx elicit their 
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cytotoxicity, we found that c-Myc as well as MYCN enhanced the apoptosis induced by both drugs. 
Together with our previous data (paper II), this observation led to the suggestion that Myc is 
capable of enhancing apoptosis when induced by drugs with a wide range of cellular targets, and 
that this function may not be restricted to c-Myc. In support of our findings, MYCN was 
previously shown to trigger apoptosis in response to drug-treatment ((Fulda et al., 1999) and 
reviewed in (Hogarty, 2003)). 

In assessing the signaling pathways used in Myc-enhanced apoptosis by cpt and ptx, we found 
indications of mitochondrial involvement in c-Myc expressing cells when treated with cpt, but not 
in response to ptx treatment. Our initial data pointing in this direction were the much lower 
activation of caspase 9 elicited in response to ptx compared with that induced by cpt. Activation of 
caspases 3 and 8 were similar in response to both drugs. Observed differences in caspase 9 activities 
were followed up by analysis of events preceding mitochondrial activation. Here, we observed 
cleavage of pro-apoptotic Bid in response to treatment with cpt, but not ptx, thus prompting us to 
study whether cpt would induce activation of the mitochondria-associated Bax protein. As 
expected, Bax was activated in response to cpt treatment. In the case of ptx, we did not assess Bax 
activation, mainly because of the negative results obtained in analysis of events upstream and 
downstream of the mitochondria. However, as Bax activation has been observed in response to ptx 
treatment of cells overexpressing c-Myc (Soucie et al., 2001), it will be important to evaluate this 
further. One explanation for this discrepancy could be that the observations by Soucie et al. were 
made in HOmyc3 Rat1 cells that overexpress Myc and that cells were treated with a higher ptx dose 
than the one used in our study (0.5 μM compared with 0.1 μM). Our preliminary data, showing Bid 
cleavage in HOmyc3 cells when treated with 0.1 μM as well as 0.5 μM ptx, and in TGR-1 (wt Myc 
expressing) cells in response to 0.5 μM ptx confirm this hypothesis (H. Mo, data not shown). 

Since the pro-apoptotic effects of cpt and ptx were more pronounced in presence of the Myc 
transcription factor, we investigated whether these drugs would directly interfere with Myc-
mediated transcriptional activation or DNA-binding. In a luciferase reporter assay, we found that 
cpt, but not ptx, reduced Myc-mediated transactivation. This effect by cpt was not promoted 
through inhibition of DNA-binding by the Myc/Max complex, as visualized in electrophoretic 
mobility shift assays where neither of the drugs was effective, even at very high concentrations. 
These results suggested that cpt-mediated effects on transcription might not be restricted to Myc, 
even though cpt-induced apoptosis is enhanced in a Myc-dependent manner. Using other reporters, 
we confirmed that cpt represses transactivation both from p53 and from the CMV promoter. In 
contrast, ptx resulted in a small but reproducible increase in luciferase activity. In contrast to our 
analysis using reporter gene assays, previously conducted studies on effects on gene transcription 
were more indirect by analyzing drug-mediated up- or down-regulation of selected targets on the 
level of protein, mRNA, or gene expression (Jiang et al., 2000; Liu and Stein, 1997; Srivastava et al., 
1998; Stahl et al., 1997). While the genes analyzed in those studies were distinct from the ones we 
used, their results were either in contrast with (Jiang et al., 2000; Liu and Stein, 1997), or supportive 
of (Jiang et al., 2000; Srivastava et al., 1998) our findings. We exclude the possibility that the cpt-
mediated reduction in transactivation is inflicted through DNA-damage, since the DNA-damaging 
drugs eto, dxr, and cis do not affect Myc-mediated transactivation. Therefore we suggest that cpt 
interferes with transactivation by interacting with the general transcription machinery. 

To investigate whether cpt and ptx activated similar pathways as observed in response to eto-
treatment in the presence of Myc (paper II), we monitored PKCδ signaling. By doing so, we 
demonstrated that PKCδ signaling was important in Myc-enhanced apoptosis induced by cpt. 
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Camptothecin treatment induced proteolytic processing of PKCδ, and cpt-induced aoptosis was 
reduced when blocking PKCδ with the specific inhibitor rottlerin or by expression of dominant 
negative PKCδ (PKCδ-DN). Neither of these effects was observed in response to ptx treatment, 
using doses equitoxic to the employed cpt concentration, or even at a concentration eliciting 
extreme toxicity. Our finding that cpt treatment induced PKCδ cleavage also in bax -/- MEFs 
suggested that this event preceded Bax activation. Furthermore, the observed reduction in cpt-
mediated caspase activation when cells were pre-treated with rottlerin suggests that PKCδ is of 
significant importance for caspase activation. 

From our data we conclude that the two cytotoxic drugs analyzed in this study activate separate 
sets of apoptosis mediators, given that we did not observe involvement of the mitochondrial 
pathway or of signaling through PKCδ in ptx-induced apoptosis. However, as caspases 3 and 8 
were activated to a similar extent as in response to cpt, it is possible that ptx signaling is partially 
mediated by death receptors. It has been proposed that ptx acts independently of p53 (Debernardis 
et al., 1997; Vasey et al., 1996), but when it comes to the relation between ptx and Myc, further 
investigation is required. In evaluating cpt, we have here begun to discern a mechanism by which to 
enhance Myc-driven apoptosis in response to cpt treatment. We provide evidence that PKCδ 
signaling is important for these effects and suggest that potentiating this pathway might be the way 
to go in re-activating apoptosis in tumors with retained or activated Myc. 

 

Paper IV 

We next focused on the differentiating agents all-trans retinoic acid (ATRA) and arsenic 
trioxide (As2O3), and how Myc affected their impact on the promyelocytic leukemia cell line HL60. 
These agents are currently used in treatment of acute myelocytic leukemia with promising results 
((Huang et al., 1988; Niu et al., 1999) and reviewed in (Shen et al., 2004)). However, although it is 
well established which parts of the fusion protein PML-RARα are targeted by these drugs, the 
mechanisms for their induction of differentiation and/or apoptosis are poorly understood (Gianni 
et al., 2000; Mathews et al., 2001). As HL60 cells lack the PML-RARα fusion protein (Wang et al., 
1998b), these cells provide an optimal model system for studying such downstream effects. 

The drugs were titrated to obtain the optimal dose at which they affected cell proliferation 
without inducing excessive apoptosis. Evaluation of the titration readout prompted us to use 1.0 
μM ATRA and 0.5 μM As2O3 for additional experiments. These doses are well in the range of the 
plasma levels reached when treating APL patients (Zhou et al., 2005b). In differentiation assays, we 
verified previous observations that ATRA induces terminal differentiation (Breitman et al., 1980), 
while the response to As2O3 was not indicative of differentiation, judging from morphological 
observations, NBT reduction capacity, or CD11b expression. From these results together with the 
observed effects on cell cycle distribution, we deduce that As2O3 most likely induces partial 
differentiation, as previously suggested (Cai et al., 2000). 

Interestingly, ATRA induced strong activation of caspases already after two days of incubation, 
suggesting that apoptosis is initiated, even at this low concentration. It has been established that 
both ATRA and As2O3 induce apoptosis when administered at high concentrations (Carpentier et 
al., 1998; Chen et al., 1997), and activation of caspases is a step of the apoptosis-promoting process 
(Cai et al., 2000; Gianni et al., 2000; Liu et al., 2003). In view of this, it was intriguing to observe 
that the As2O3-induced caspase activation was always lower than that induced by ATRA, even in 
response to the high concentration 4.0 μM. In addition, we found that the activation of caspase 8, 
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reported to be induced in a death receptor-independent manner in response to As2O3 (Kitamura et 
al., 2000), was only moderately higher in response to 4.0 μM as compared to 0.5 μM As2O3. 

Because the HL60 cell line harbors amplified c-myc (Eckhardt et al., 1994), it is a useful tool for 
conducting studies of the role of Myc in controlling the outcome of treatment with ATRA and 
As2O3. Down-regulation of Myc is a prerequisite for cellular differentiation (Pelengaris et al., 2002), 
and we therefore analyzed how Myc expression varied over time when cells were incubated with 
drug. As expected from our observations in the differentiation assays, Myc was almost completely 
down-regulated in response to ATRA treatment, both on the mRNA level and the protein level, 
enabling differentiation (Larsson et al., 1994). Another requirement for cellular differentiation is up-
regulation of the Myc antagonist Mad (Larsson et al., 1994), which we also observed within two 
days of incubation with ATRA in our study. In contrast to the expression pattern in ATRA treated 
cells, Myc expression persisted after treatment with As2O3, and Mad1 mRNA remained at the level 
observed in control cells, concurrent with the inability of the cells to differentiate properly. 

Having established that ATRA and As2O3 differentially affected expression of Myc network 
proteins, we further charaterized their effects on Myc/Max DNA-binding to the promoters of the 
well characterized Myc target genes human telomerase reverse transcriptase (hTERT) (Oh et al., 
2000; Wang et al., 1998a; Xu et al., 2001) and carbamoyltransferase-dihydroorotase (CAD) (Boyd 
and Farnham, 1997; Miltenberger et al., 1995), important in controlling the cell turnover and 
maturation (Grayson et al., 1985; Poole et al., 2001; Wang et al., 1998a). In chromatin immuno-
precipitation assays, we observed Myc at these promoters after exposure to As2O3 but not after 
ATRA treatment. These observations were paralleled by a cell cycle modulator expression pattern 
indicative of differentiation in response to ATRA, such as down-regulation of CDK2 and CDK4, 
cyclin E and cyclin A, together with up-regulation of p21 and p27, while the effects were weaker or 
not at all observed in As2O3-treated cells. 

The results obtained in this study provide the basic structure in a model characterizing the 
pathways used for differentiation and apoptosis induced by ATRA and As2O3. Disregarding the 
fact that additional experiments could be performed for obtaining a more complete model, we 
suggest that Myc is important in preventing terminal differentiation after As2O3 treatment, in part 
through activation of hTERT and CAD. 
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FFUUTTUURREE  PPRROOSSPPEECCTTSS  
  

he results presented in this thesis provide new insights regarding the involvement of 
Myc and Mad in regulation of cell cycle and apoptosis, but in addition, they give rise to 
new questions. For instance, it would be important to assess how the cellular response 

to drugs would be affected by Mad1 overexpression. As we demonstrated in paper I, Mad1 
overexpression protects cells from apoptosis induced by serum starvation and cisplatin, but it is not 
known whether this is a general effect or if it only applies to a select set of insults. Using the drugs 
employed in papers II, III, and IV, we would also investigate the status of Mad in response to 
treatment. In case we observe a protection, several additional experiments are required to pinpoint 
the mechanism by which apoptosis is prevented. To begin with, we would analyze the mediators 
found to be involved in Myc-mediated apoptosis. 

One of many additional trails that could be followed for increasing the knowledge of 
effectors in Myc-enhanced apoptosis is evaluation of involvement of the Fas pathway. The 
importance of such a study is emphasized by implications that Fas signaling enhances apoptosis 
when induced by Myc (Fulda et al., 1999; Hueber et al., 1997), as well as by many of the drugs 
used in our investigations (Fulda and Debatin, 2004). We initiated this analysis in paper II and 
will continue to evaluate the role of Fas in response to the remaining drugs (papers III and IV). 
Such analysis could be conducted by introduction of dominant negative FADD, which would 
also provide insights into the unresolved question whether Fas is required for c-Myc-induced 
apoptosis or acts in a parallel pathway to potentiate the apoptotic response. 

In analyzing expression and activation of Bcl-2 family members, there was no suitable antibody 
for assessing activation of the pro-apoptotic Bak protein in rat cells. However, in view of reports 
on cis- as well as dxr-induced cytochrome c release through Bak activation (Mandic et al., 2001; 
Panaretakis et al., 2002), together with our data on cis-induced apoptosis in wt c-Myc cells, we 
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anticipate involvement of Bak in cases where we do not observe Bax activation and will pursue this 
analysis in Myc-inducible cells originating from human or mouse. 

Due to the involvement of PI3K signaling in promoting the anti-apoptotic effects of Bcl-2 and 
Bcl-xL (Zha et al., 1996) and because we observed that Bcl-xL was up-regulated in the c-Myc null 
cells (Adachi et al., 2001) (paper III), we investigated whether inhibition of the PI3K-Akt cascade 
would stimulate apoptosis. For this, we used the PI3K inhibitor LY294002, previously found to 
potentiate dxr-induced apoptosis (Panaretakis et al., 2002). However, this inhibitor did not 
potentiate eto-induced apoptosis in the c-myc null cells, nor did it prevent cis-induced cell death (A. 
Albihn, data not shown), suggesting additional alterations in the cell physiology of these cells, such 
that the indirect inhibition of Bcl-xL is not enough to alter their response to stress. Another 
approach to overcome the Bcl-xL mediated block of apoptosis in c-myc null cells would be to 
overexpress Bax and thus tilt the balance of pro-apoptotic versus anti-apoptotic effects. 

The analysis of drug-mediated effects on expression and/or activation of p53 was beyond the 
scope of this thesis. However, in view of the central role of p53 in apoptosis signaling (Sherr, 2004), 
and established interactions with Myc proteins (Hermeking and Eick, 1994; Nilsson and Cleveland, 
2003), these studies will provide an important continuation of our work. 

Another important intermediary is the cystein aspartate proteinase, caspase 2. Activation of 
caspase 2 has been reported to be directly associated with, and initiating the apoptosis process in 
response to, DNA damage (Robertson et al., 2002). In addition, a connection between caspase 2 
and PKCδ in activation of apoptosis has been established (Panaretakis et al., 2005), indicating 
caspase 2 as a possible upstream inducer of PKCδ signaling in response to eto and cpt treatment in 
our cells (papers II and III). This might also explain the absence of PKCδ involvement in response 
to ptx, which is not a DNA-damaging agent (paper III). Therefore, much information would be 
gained by analyzing caspase 2 activation in response to drug treatment. 

 

Last and maybe most importantly, the Myc-dependency in dictating drug impact on these 
effectors should also be analyzed in human cell lines with conditional Myc expression. A 
comparison of the apoptosis pathways induced by c-Myc and MYCN would be highly informative 
and could be performed in neuroblastoma cells with conditional MYCN expression together with 
the B-cell line p493-6 harboring an ER-fused c-Myc protein and a regulatable EBNA2 gene 
expression, thus possessing the ability to mimick either a lymphoblastiod cell line or a Burkitt’s 
lymphoma cell line (Schuhmacher et al., 1999). The targets identified to be consistently regulated in 
response to myc ovrexpression and drug treatment, expression/activation of these mediators would 
be evaluated in tumor samples to establish whether assays for their analysis could be developed for 
use in clinical assessment. Our hope is that such markers, together with Myc status, will be used for 
predicting the cellular response to certain treatment regimens and thus enable the design of specific 
and individualized therapy. 
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TO CONCLUDE 

With this thesis, I would like to emphasize the importance in characterization of the pathways 
activated by Myc in the interaction with cytotoxic drugs for induction of apoptosis. Because drug-
resistant tumors frequently harbor deregulated myc expression, expected to induce apoptosis, the 
most likely explanation for their resistance would be an acquired blockage in the apoptosis 
pathways activated by Myc. Since chemotherapeutic drugs are often necessary as a complement to 
radiation therapy and surgery to enable tumor eradication, a possibility to reactivate Myc-induced 
apoptosis in these tumors could enhance the drug efficacy and circumvent the resistance problem. 
The results gathered in the presented original works collectively provide a starting point in gaining 
insights required to formulate strategies for future clinical implications. 

 



  ACKNOWLEDGEMENTS 
 

 49

I would like to thank everyone who helped me, directly or indirectly, to accomplish this. 
 
First of all, very special thanks to my family: 
Micke I couldn’t have done this without you. The way you are always there for me when I need you, taking care of the 
children and the house so that I can focus on “working”. You are amazing and I love you more than ever!!! You are 
truly the modern version of a “knight in shining armor”! I only hope that I can do the same for you some day. Martina 
and Jennifer, you are my sunshine and my joy. You constantly remind me that there is a “real world” outside of the lab 
and that the world does not end because an experiment failed… I am so glad that I have the two of you, and you both 
have a big part in giving me the energy to aim higher and to keep on working harder. I know that you will both grow up 
to be amazing young women. Jag älskar er av hela mitt hjärta ♥. Mamma och pappa: Ni är mitt eviga stöd och mina 
största supportrar som ställer upp för mig i vått och torrt! Jag är så glad att jag har er och att ni inte verkar se några 
hinder när det kniper... Hur skulle jag klara mig utan er?! Det måste vara svårt att hitta mer engagerade föräldrar än ni. 
Dessutom har ni nu också fått två nya supportrar i Martina och Jennifer. Ni kan ta åt er en stor del av äran av att ha 
hjälpt oss att fostra dem till att bli förståndiga, nyfikna och godhjärtade tjejer ☺. TACK FÖR ATT NI FINNS!! Mora-
gänget: Det saknas bara ett ingifte för att vi ska vara en familj ”på riktigt”. Jag ser fram emot varje gång vi ska träffas, 
för det händer alltid så mycket roliga och intressanta (!) saker då vi umgås. Det känns som en mini-semester varje gång, 
och jag är hoppas att våra barn alltid ska ha lika stor glädje av varann och ta hand om varandra på samma sätt som de 
gör nu. Ni har fyllt en lucka i mitt liv och givit det ett mycket rikare innehåll genom att generöst dela både glädje, sorg 
och erfarenheter med ”stöckholmar’n”. I love you all!”. Speciellt tack till Anita som tog så väl emot mig den första 
gången jag följde med Micke hem till er. Du tar alltid så väl hand om oss, och om du bara visste vilken fantastisk son du 
har!! Bosse du finns alltid hos oss. Jag är stolt och glad över att ha fått känna dig och jag vet att du skulle ha glatt dig 
med mig för att jag äntligen slutfört mina studier. Det är en oerhörd sorg att Martina och Jennifer aldrig fick känna dig, 
men vi ska göra vårt bästa för att de ska få veta hur fantastisk deras farfar var. 
 
I would also like to thank: 
My supervisor Marie Henriksson for accepting me in your group. Thanks a million for helping me pull this through. I 
really appreciate your support and the way you have shown me what the world of science is really about. I admire your 
determination and effort in doing a thousand things at once, even if that sometimes meant not having you around all 
that much. It has been an interesting working environment, sometimes great, but we have also experienced occasional 
uncomfortable bumps along our journey. The end result has mostly been for the better, though, being another lesson to 
learn from and putting important things, such as life and science, into perspective. I especially want to thank you for 
always taking the time to critically evaluate my written material, usually for the better. The way you strive to keep the 
group organized and provide a nice working atmosphere should also me acknowledged. 
 
Georg Klein for being truly interested in the progress made by each individual in the group, and always booking those 
monthly meetings. 
 
Former and present group members and students: Hao, Jakob, Marina and Marianne. I had a really good time 
working in the lab with you guys. The discussions were always interesting and sometimes took surprisingly unexpected 
turns. It is relieving to sometimes talk about stuff completely unrelated to science. We should really go out for that beer 
some evening! Hao, I like you! Despite our sometimes unwarranted arguments, we usually manage to come out on the 
good side of it and we are after all aiming for the same thing. I really hope you get that Ph D soon! I will do what I can 
to help you. I would still like to advise you not to worry too much, though! Jakob, I wish you all the luck in your 
project. Luck is actually something that you might need, no matter how skilled you are in the lab. It’s been a pleasure 
getting to know you and I hope that we will keep up that friendship in some form. Don’t forget that there is life outside 
of the lab as well!! Marina, we’ve had fun together. Sometimes I think we would be better off separated though, since 
we talk way too much. You are my eternal “coffee-friend” and I know you are doing your best to help and to keep a 
good working environment for everyone. Marianne, I really hope you’ve enjoyed your stay here and that you haven’t 
been too “freaked out” by the crazy people in the Henriksson group ☺. It’s been fun having you with us! Maybe some 
day I will bring my family for a visit in Belgium… Nikita, finally I will join you as a Ph D! It took a while longer for me, 
even though we started out at the same time. I hope you are enjoying life as a post-doc and hopefully, we will see you 
soon here in Sweden! Johan, you moved on… I admire you for taking that decision and puling it off with such 
excellence. Let’s see if I can do something similar in the future. Let’s try to stay in touch (I know you are doing a good 
job from your side…). Kenth, it’s been a true pleasure! You are such a personality, and there are no words to describe 
you in a good way. I already miss all the little funny things you used to say, and I will truly miss you when I leave MTC. 
Therese, you are so brave in going away for so long, and then for coming back!! What keeps you going?! I wish you all 
the best as you will soon, together with Jakob, be the “motor” in the group. I am really looking forward to your coming 
back. Other students that I did not mention here also provided a good working atmosphere in the group. 



ACKNOWLEDGEMENTS   
 

The work in this thesis was conducted at MTC, and it was made possible by financial support from the Swedish 
Cancer Society, the King Gustaf V Jubilee Foundation, the Swedish Foundation for Strategic Research, the Cancer 
Research Institute/Concern Foundation for Cancer Research, and from Karolinska Institutet. 50 

Many thanks to Lyda Osorio. You have been like a mentor for me, helping me in so many ways. Thanks for 
introducing me to the FACS and for taking a major part in teaching me the art of writing a paper. 
 
All other co-authors on the publications and manuscripts included in this thesis. I am very grateful for getting the 
opportunity to work with all of you. You made this  work possible. 
 
Klas Wiman for allowing us to interact with your group at joint meetings and journal clubs when I first came to MTC. 
It was appreciated, and we truly missed you when you moved to CCK. Maggan, Cristina, Fredrik and Ruby; I really 
miss you guys, and I hope that maybe I will see you at my dissertation? 
 
Maria Masucci and the MGM group for being very nice and helpful “corridor neighbors”. 
 
The best lunch crew ever! F-house lunches are really superior to the ones we have in our part of MTC. Anna, 
Helena, Lisa, Lina, Keira, Jorrit, Ulla… I knew I shouldn’t have started to name you all! Who did I forget?! Anyway 
you are all included! 
  
Birgitta Wester for all the help in the FACS room and for nice chats. Laszlo for showing how to work the 
immunofluorescence microscope and Katja for helping with cytospins and stainings (and Kenth, of course). 
 
Anna Lögdberg for keeping track of my LADOK records and providing me with the necessary transcripts and Eva 
Pijnenburg for always making sure that everything is done according to the rules and that everyone is happy. 
 
Galina Selivanova for being such a nice person and for always being truly supportive and wishing me the best. 
 
The MTC soccer team. I had fun at those KI cup tournaments. Next time we’ll win the trophy back to MTC! 
 
All the present and former MTC people who have helped me and made my time here enjoyable by sharing lunches, 
coffee breaks or just taking the time to talk about everything and anything: you know who you are. 
 
“Fosko-gänget”. We have had some good times together! Especially Jenny, Flora, Jessica, Stefan, and Johan for 
keeping in touch during occasional lunches or other fun events (weddings, dissertation parties, birthdays and other nice 
things). I hope that you are enjoying USA, Jessica! 
 
Holger Luthman for allowing me to do my master thesis project in your group. Your support and enthusiasm in 
science convinced me to take that challenging plunge into the research world and initiate my PhD studies. Thanks for 
accepting to be my mentor. I truly regret that I didn’t take advantage of your experience in research and in other fields.  
 
…and my friends: 
Maria, you are the best! I am so glad that we manage to keep in touch despite the distance and the children that have 
sort of “come in the way”. Let’s try to keep this friendship forever and make sure that our children will know each 
other! 
 
Ida, my best “childhood friend”. I hope that we can pick up the good friendship that we once had. I miss you! 
 
Linda, Mari, Saeid, Micke, and Malin, my very good friends from Tensta gymnasium. We have so many good 
memories together and I’m glad that we manage to keep in touch, in spite of everything. 
 
The “old members” of my soccer team. I really needed this exercise, and meeting you to talk about other things and 
keeping me from totally burying myself in work. I miss you guys and hope that we will stay in touch. I really enjoyed 
playing with you guys! 
 
I would also like to thank all the teachers and acquaintances that inspired me during my education. 
 
I probably forgot a whole bunch of people that deserve to be mentioned, but I cannot think of 
your names now. All the people not mentioned who in some way added to getting me this 
far should take credit. THANKS A MILLION! 



  REFERENCES 
 

 51

Adachi, S., Obaya, A. J., Han, Z., Ramos-Desimone, N., Wyche, J. H., and Sedivy, J. M. (2001). c-Myc is necessary for 
DNA damage-induced apoptosis in the G(2) phase of the cell cycle. Mol Cell Biol 21, 4929-4937. 
Ashkenazi, A., and Dixit, V. M. (1998). Death receptors: signaling and modulation. Science 281, 1305-1308. 
Ayer, D. E., and Eisenman, R. N. (1993). A switch from Myc:Max to Mad:Max heterocomplexes accompanies 
monocyte/macrophage differentiation. Genes Dev 7, 2110-2119. 
Baehner, R. L., Boxer, L. A., and Davis, J. (1976). The biochemical basis of nitroblue tetrazolium reduction in normal 
human and chronic granulomatous disease polymorphonuclear leukocytes. Blood 48, 309-313. 
Baldwin, E. L., and Osheroff, N. (2005). Etoposide, topoisomerase II and cancer. Curr Med Chem Anticancer Agents 
5, 363-372. 
Baudino, T. A., and Cleveland, J. L. (2001). The Max network gone mad. Mol Cell Biol 21, 691-702. 
Beier, R., Burgin, A., Kiermaier, A., Fero, M., Karsunky, H., Saffrich, R., Moroy, T., Ansorge, W., Roberts, J., and Eilers, 
M. (2000). Induction of cyclin E-cdk2 kinase activity, E2F-dependent transcription and cell growth by Myc are 
genetically separable events. Embo J 19, 5813-5823. 
Belmokhtar, C. A., Hillion, J., and Segal-Bendirdjian, E. (2001). Staurosporine induces apoptosis through both caspase-
dependent and caspase-independent mechanisms. Oncogene 20, 3354-3362. 
Berns, K., Hijmans, E. M., and Bernards, R. (1997). Repression of c-Myc responsive genes in cycling cells causes G1 
arrest through reduction of cyclin E/CDK2 kinase activity. Oncogene 15, 1347-1356. 
Billaud, M., Isselbacher, K. J., and Bernards, R. (1993). A dominant-negative mutant of Max that inhibits sequence-
specific DNA binding by Myc proteins. Proc Natl Acad Sci U S A 90, 2739-2743. 
Blackwood, E. M., and Eisenman, R. N. (1991). Max: a helix-loop-helix zipper protein that forms a sequence-specific 
DNA-binding complex with Myc. Science 251, 1211-1217. 
Borre, A., Cultraro, C. M., and Segal, S. (1996). c-Myc inactivation by mutant Max alters growth and morphology of 
NCI-H-630 colon cancer cells. J Cell Physiol 169, 200-208. 
Bouchard, C., Dittrich, O., Kiermaier, A., Dohmann, K., Menkel, A., Eilers, M., and Luscher, B. (2001). Regulation of 
cyclin D2 gene expression by the Myc/Max/Mad network: Myc-dependent TRRAP recruitment and histone acetylation 
at the cyclin D2 promoter. Genes Dev 15, 2042-2047. 
Bown, N. (2001). Neuroblastoma tumour genetics: clinical and biological aspects. J Clin Pathol 54, 897-910. 
Boyd, K. E., and Farnham, P. J. (1997). Myc versus USF: discrimination at the cad gene is determined by core promoter 
elements. Mol Cell Biol 17, 2529-2537. 
Breitman, T. R., Selonick, S. E., and Collins, S. J. (1980). Induction of differentiation of the human promyelocytic 
leukemia cell line (HL-60) by retinoic acid. Proc Natl Acad Sci U S A 77, 2936-2940. 
Brodeur, G. M., Maris, J. M., Yamashiro, D. J., Hogarty, M. D., and White, P. S. (1997a). Biology and genetics of human 
neuroblastomas. J Pediatr Hematol Oncol 19, 93-101. 
Brodeur, G. M., Nakagawara, A., Yamashiro, D. J., Ikegaki, N., Liu, X. G., Azar, C. G., Lee, C. P., and Evans, A. E. 
(1997b). Expression of TrkA, TrkB and TrkC in human neuroblastomas. J Neurooncol 31, 49-55. 
Brodeur, G. M., Pritchard, J., Berthold, F., Carlsen, N. L., Castel, V., Castelberry, R. P., De Bernardi, B., Evans, A. E., 
Favrot, M., Hedborg, F., and et al. (1993). Revisions of the international criteria for neuroblastoma diagnosis, staging, 
and response to treatment. J Clin Oncol 11, 1466-1477. 
Brodie, C., and Blumberg, P. M. (2003). Regulation of cell apoptosis by protein kinase c delta. Apoptosis 8, 19-27. 
Bush, A., Mateyak, M., Dugan, K., Obaya, A., Adachi, S., Sedivy, J., and Cole, M. (1998). c-myc null cells misregulate 
cad and gadd45 but not other proposed c-Myc targets. Genes Dev 12, 3797-3802. 
Bykov, V. J., Issaeva, N., Shilov, A., Hultcrantz, M., Pugacheva, E., Chumakov, P., Bergman, J., Wiman, K. G., and 
Selivanova, G. (2002). Restoration of the tumor suppressor function to mutant p53 by a low-molecular-weight 
compound. Nat Med 8, 282-288. 
Cai, X., Shen, Y. L., Zhu, Q., Jia, P. M., Yu, Y., Zhou, L., Huang, Y., Zhang, J. W., Xiong, S. M., Chen, S. J., et al. (2000). 
Arsenic trioxide-induced apoptosis and differentiation are associated respectively with mitochondrial transmembrane 
potential collapse and retinoic acid signaling pathways in acute promyelocytic leukemia. Leukemia 14, 262-270. 
Carpentier, Y., Mayer, P., Bobichon, H., and Desoize, B. (1998). Cofactors in in vitro induction of apoptosis in HL60 
cells by all-trans retinoic acid (ATRA). Biochem Pharmacol 55, 177-184. 
Cartier, A., Broberg, E., Komai, T., Henriksson, M., and Masucci, M. G. (2003). The herpes simplex virus-1 Us3 protein 
kinase blocks CD8T cell lysis by preventing the cleavage of Bid by granzyme B. Cell Death Differ 10, 1320-1328. 
Cerni, C., Bousset, K., Seelos, C., Burkhardt, H., Henriksson, M., and Luscher, B. (1995). Differential effects by Mad 
and Max on transformation by cellular and viral oncoproteins. Oncogene 11, 587-596. 



REFERENCES   
 

 52 

Cerni, C., Skrzypek, B., Popov, N., Sasgary, S., Schmidt, G., Larsson, L. G., Luscher, B., and Henriksson, M. (2002). 
Repression of in vivo growth of Myc/Ras transformed tumor cells by Mad1. Oncogene 21, 447-459. 
Chang, D. W., Claassen, G. F., Hann, S. R., and Cole, M. D. (2000). The c-Myc transactivation domain is a direct 
modulator of apoptotic versus proliferative signals. Mol Cell Biol 20, 4309-4319. 
Chang, F., Steelman, L. S., Lee, J. T., Shelton, J. G., Navolanic, P. M., Blalock, W. L., Franklin, R. A., and McCubrey, J. 
A. (2003). Signal transduction mediated by the Ras/Raf/MEK/ERK pathway from cytokine receptors to transcription 
factors: potential targeting for therapeutic intervention. Leukemia 17, 1263-1293. 
Chao, D. T., and Korsmeyer, S. J. (1998). BCL-2 family: regulators of cell death. Annu Rev Immunol 16, 395-419. 
Chen, G. Q., Shi, X. G., Tang, W., Xiong, S. M., Zhu, J., Cai, X., Han, Z. G., Ni, J. H., Shi, G. Y., Jia, P. M., et al. (1997). 
Use of arsenic trioxide (As2O3) in the treatment of acute promyelocytic leukemia (APL): I. As2O3 exerts dose-
dependent dual effects on APL cells. Blood 89, 3345-3353. 
Chen, J., Willingham, T., Margraf, L. R., Schreiber-Agus, N., DePinho, R. A., and Nisen, P. D. (1995). Effects of the 
MYC oncogene antagonist, MAD, on proliferation, cell cycling and the malignant phenotype of human brain tumour 
cells. Nat Med 1, 638-643. 
Chen, Z., Tong, J. H., Dong, S., Zhu, J., Wang, Z. Y., and Chen, S. J. (1996). Retinoic acid regulatory pathways, 
chromosomal translocations, and acute promyelocytic leukemia. Genes Chromosomes Cancer 15, 147-156. 
Chin, L., Schreiber-Agus, N., Pellicer, I., Chen, K., Lee, H. W., Dudast, M., Cordon-Cardo, C., and DePinho, R. A. 
(1995). Contrasting roles for Myc and Mad proteins in cellular growth and differentiation. Proc Natl Acad Sci U S A 92, 
8488-8492. 
Cleary, M. L., Smith, S. D., and Sklar, J. (1986). Cloning and structural analysis of cDNAs for bcl-2 and a hybrid bcl-
2/immunoglobulin transcript resulting from the t(14;18) translocation. Cell 47, 19-28. 
Conzen, S. D., Gottlob, K., Kandel, E. S., Khanduri, P., Wagner, A. J., O'Leary, M., and Hay, N. (2000). Induction of 
cell cycle progression and acceleration of apoptosis are two separable functions of c-Myc: transrepression correlates 
with acceleration of apoptosis. Mol Cell Biol 20, 6008-6018. 
Coppola, J. A., and Cole, M. D. (1986). Constitutive c-myc oncogene expression blocks mouse erythroleukaemia cell 
differentiation but not commitment. Nature 320, 760-763. 
Cory, S., and Adams, J. M. (2002). The Bcl2 family: regulators of the cellular life-or-death switch. Nat Rev Cancer 2, 
647-656. 
Dalla-Favera, R., Bregni, M., Erikson, J., Patterson, D., Gallo, R. C., and Croce, C. M. (1982). Human c-myc onc gene is 
located on the region of chromosome 8 that is translocated in Burkitt lymphoma cells. Proc Natl Acad Sci U S A 79, 
7824-7827. 
De Azevedo, W. F., Leclerc, S., Meijer, L., Havlicek, L., Strnad, M., and Kim, S. H. (1997). Inhibition of cyclin-
dependent kinases by purine analogues: crystal structure of human cdk2 complexed with roscovitine. Eur J Biochem 
243, 518-526. 
de The, H., Chomienne, C., Lanotte, M., Degos, L., and Dejean, A. (1990). The t(15;17) translocation of acute 
promyelocytic leukaemia fuses the retinoic acid receptor alpha gene to a novel transcribed locus. Nature 347, 558-561. 
Debernardis, D., Sire, E. G., De Feudis, P., Vikhanskaya, F., Valenti, M., Russo, P., Parodi, S., D'Incalci, M., and 
Broggini, M. (1997). p53 status does not affect sensitivity of human ovarian cancer cell lines to paclitaxel. Cancer Res 57, 
870-874. 
DePinho, R. A., Schreiber-Agus, N., and Alt, F. W. (1991). myc family oncogenes in the development of normal and 
neoplastic cells. Adv Cancer Res 57, 1-46. 
Desbiens, K. M., Deschesnes, R. G., Labrie, M. M., Desfosses, Y., Lambert, H., Landry, J., and Bellmann, K. (2003). c-
Myc potentiates the mitochondrial pathway of apoptosis by acting upstream of apoptosis signal-regulating kinase 1 
(Ask1) in the p38 signalling cascade. Biochem J 372, 631-641. 
Deverman, B. E., Cook, B. L., Manson, S. R., Niederhoff, R. A., Langer, E. M., Rosova, I., Kulans, L. A., Fu, X., 
Weinberg, J. S., Heinecke, J. W., et al. (2002). Bcl-xL deamidation is a critical switch in the regulation of the response to 
DNA damage. Cell 111, 51-62. 
Dimberg, A., Bahram, F., Karlberg, I., Larsson, L. G., Nilsson, K., and Oberg, F. (2002). Retinoic acid-induced cell 
cycle arrest of human myeloid cell lines is associated with sequential down-regulation of c-Myc and cyclin E and 
posttranscriptional up-regulation of p27(Kip1). Blood 99, 2199-2206. 
Downward, J. (2003). Targeting RAS signalling pathways in cancer therapy. Nat Rev Cancer 3, 11-22. 
Druker, B. J. (2002). STI571 (Gleevec) as a paradigm for cancer therapy. Trends Mol Med 8, S14-18. 
Dupont, J., Fernandez, A. M., Glackin, C. A., Helman, L., and LeRoith, D. (2001). Insulin-like growth factor 1 (IGF-1)-
induced twist expression is involved in the anti-apoptotic effects of the IGF-1 receptor. J Biol Chem 276, 26699-26707. 
Eastman, A. (1991). Mechanisms of resistance to cisplatin. Cancer Treat Res 57, 233-249. 



  REFERENCES 
 

 53

Eckhardt, S. G., Dai, A., Davidson, K. K., Forseth, B. J., Wahl, G. M., and Von Hoff, D. D. (1994). Induction of 
differentiation in HL60 cells by the reduction of extrachromosomally amplified c-myc. Proc Natl Acad Sci U S A 91, 
6674-6678. 
Eguchi, Y., Shimizu, S., and Tsujimoto, Y. (1997). Intracellular ATP levels determine cell death fate by apoptosis or 
necrosis. Cancer Res 57, 1835-1840. 
Evan, G., and Littlewood, T. (1998). A matter of life and cell death. Science 281, 1317-1322. 
Facchini, L. M., Chen, S., Marhin, W. W., Lear, J. N., and Penn, L. Z. (1997). The Myc negative autoregulation 
mechanism requires Myc-Max association and involves the c-myc P2 minimal promoter. Mol Cell Biol 17, 100-114. 
Fadeel, B., Zhivotovsky, B., and Orrenius, S. (1999). All along the watchtower: on the regulation of apoptosis regulators. 
Faseb J 13, 1647-1657. 
Fang, J., Chen, S. J., Tong, J. H., Wang, Z. G., Chen, G. Q., and Chen, Z. (2002). Treatment of acute promyelocytic 
leukemia with ATRA and As2O3: a model of molecular target-based cancer therapy. Cancer Biol Ther 1, 614-620. 
Felsher, D. W., and Bishop, J. M. (1999a). Reversible tumorigenesis by MYC in hematopoietic lineages. Mol Cell 4, 199-
207. 
Felsher, D. W., and Bishop, J. M. (1999b). Transient excess of MYC activity can elicit genomic instability and 
tumorigenesis. Proc Natl Acad Sci U S A 96, 3940-3944. 
Fenaux, P., Chevret, S., Guerci, A., Fegueux, N., Dombret, H., Thomas, X., Sanz, M., Link, H., Maloisel, F., Gardin, C., 
et al. (2000). Long-term follow-up confirms the benefit of all-trans retinoic acid in acute promyelocytic leukemia. 
European APL group. Leukemia 14, 1371-1377. 
Foley, K. P., and Eisenman, R. N. (1999). Two MAD tails: what the recent knockouts of Mad1 and Mxi1 tell us about 
the MYC/MAX/MAD network. Biochim Biophys Acta 1423, M37-47. 
Fox, E. J., and Wright, S. C. (2003). The transcriptional repressor gene Mad3 is a novel target for regulation by E2F1. 
Biochem J 370, 307-313. 
Friedrich, R., Morris, V. L., Goodman, H. M., Bishop, J. M., and Varmus, H. E. (1976). Differences between genomes 
of two strains of mouse mammary tumor virus as shown by partial RNA sequence analysis. Virology 72, 330-340. 
Friesen, C., Fulda, S., and Debatin, K. M. (1999). Cytotoxic drugs and the CD95 pathway. Leukemia 13, 1854-1858. 
Fulda, S., and Debatin, K. M. (2004). Targeting apoptosis pathways in cancer therapy. Curr Cancer Drug Targets 4, 569-
576. 
Fulda, S., Los, M., Friesen, C., and Debatin, K. M. (1998). Chemosensitivity of solid tumor cells in vitro is related to 
activation of the CD95 system. Int J Cancer 76, 105-114. 
Fulda, S., Lutz, W., Schwab, M., and Debatin, K. M. (1999). MycN sensitizes neuroblastoma cells for drug-induced 
apoptosis. Oncogene 18, 1479-1486. 
Gaidano, G., Ballerini, P., Gong, J. Z., Inghirami, G., Neri, A., Newcomb, E. W., Magrath, I. T., Knowles, D. M., and 
Dalla-Favera, R. (1991). p53 mutations in human lymphoid malignancies: association with Burkitt lymphoma and 
chronic lymphocytic leukemia. Proc Natl Acad Sci U S A 88, 5413-5417. 
Gartel, A. L., Ye, X., Goufman, E., Shianov, P., Hay, N., Najmabadi, F., and Tyner, A. L. (2001). Myc represses the 
p21(WAF1/CIP1) promoter and interacts with Sp1/Sp3. Proc Natl Acad Sci U S A 98, 4510-4515. 
Gehring, S., Rottmann, S., Menkel, A. R., Mertsching, J., Krippner-Heidenreich, A., and Luscher, B. (2000). Inhibition 
of proliferation and apoptosis by the transcriptional repressor Mad1. Repression of Fas-induced caspase-8 activation. J 
Biol Chem 275, 10413-10420. 
Gewirtz, D. A. (1999). A critical evaluation of the mechanisms of action proposed for the antitumor effects of the 
anthracycline antibiotics adriamycin and daunorubicin. Biochem Pharmacol 57, 727-741. 
Gianni, M., Ponzanelli, I., Mologni, L., Reichert, U., Rambaldi, A., Terao, M., and Garattini, E. (2000). Retinoid-
dependent growth inhibition, differentiation and apoptosis in acute promyelocytic leukemia cells. Expression and 
activation of caspases. Cell Death Differ 7, 447-460. 
Gilladoga, A. D., Edelhoff, S., Blackwood, E. M., Eisenman, R. N., and Disteche, C. M. (1992). Mapping of MAX to 
human chromosome 14 and mouse chromosome 12 by in situ hybridization. Oncogene 7, 1249-1251. 
Gonzalez, V. M., Fuertes, M. A., Alonso, C., and Perez, J. M. (2001). Is cisplatin-induced cell death always produced by 
apoptosis? Mol Pharmacol 59, 657-663. 
Grayson, D. R., Lee, L., and Evans, D. R. (1985). Immunochemical analysis of the domain structure of CAD, the 
multifunctional protein that initiates pyrimidine biosynthesis in mammalian cells. J Biol Chem 260, 15840-15849. 
Green, D. R., and Reed, J. C. (1998). Mitochondria and apoptosis. Science 281, 1309-1312. 
Gregory, M. A., and Hann, S. R. (2000). c-Myc proteolysis by the ubiquitin-proteasome pathway: stabilization of c-Myc 
in Burkitt's lymphoma cells. Mol Cell Biol 20, 2423-2435. 



REFERENCES   
 

 54 

Gross, A., Yin, X. M., Wang, K., Wei, M. C., Jockel, J., Milliman, C., Erdjument-Bromage, H., Tempst, P., and 
Korsmeyer, S. J. (1999). Caspase cleaved BID targets mitochondria and is required for cytochrome c release, while 
BCL-XL prevents this release but not tumor necrosis factor-R1/Fas death. J Biol Chem 274, 1156-1163. 
Gu, W., Bhatia, K., Magrath, I. T., Dang, C. V., and Dalla-Favera, R. (1994). Binding and suppression of the Myc 
transcriptional activation domain by p107. Science 264, 251-254. 
Hanahan, D., and Weinberg, R. A. (2000). The hallmarks of cancer. Cell 100, 57-70. 
Hande, K. R. (1998). Clinical applications of anticancer drugs targeted to topoisomerase II. Biochim Biophys Acta 1400, 
173-184. 
Hann, S. R., Dixit, M., Sears, R. C., and Sealy, L. (1994). The alternatively initiated c-Myc proteins differentially regulate 
transcription through a noncanonical DNA-binding site. Genes Dev 8, 2441-2452. 
Harrington, E. A., Bennett, M. R., Fanidi, A., and Evan, G. I. (1994). c-Myc-induced apoptosis in fibroblasts is inhibited 
by specific cytokines. Embo J 13, 3286-3295. 
Hecht, J. L., and Aster, J. C. (2000). Molecular biology of Burkitt's lymphoma. J Clin Oncol 18, 3707-3721. 
Henriksson, M., Bakardjiev, A., Klein, G., and Luscher, B. (1993). Phosphorylation sites mapping in the N-terminal 
domain of c-myc modulate its transforming potential. Oncogene 8, 3199-3209. 
Henriksson, M., and Luscher, B. (1996). Proteins of the Myc network: essential regulators of cell growth and 
differentiation. Adv Cancer Res 68, 109-182. 
Herbst, A., Hemann, M. T., Tworkowski, K. A., Salghetti, S. E., Lowe, S. W., and Tansey, W. P. (2005). A conserved 
element in Myc that negatively regulates its proapoptotic activity. EMBO Rep 6, 177-183. 
Herbst, A., Salghetti, S. E., Kim, S. Y., and Tansey, W. P. (2004). Multiple cell-type-specific elements regulate Myc 
protein stability. Oncogene 23, 3863-3871. 
Hermeking, H., and Eick, D. (1994). Mediation of c-Myc-induced apoptosis by p53. Science 265, 2091-2093. 
Herr, I., and Debatin, K. M. (2001). Cellular stress response and apoptosis in cancer therapy. Blood 98, 2603-2614. 
Hoang, A. T., Cohen, K. J., Barrett, J. F., Bergstrom, D. A., and Dang, C. V. (1994). Participation of cyclin A in Myc-
induced apoptosis. Proc Natl Acad Sci U S A 91, 6875-6879. 
Hoang, A. T., Lutterbach, B., Lewis, B. C., Yano, T., Chou, T. Y., Barrett, J. F., Raffeld, M., Hann, S. R., and Dang, C. 
V. (1995). A link between increased transforming activity of lymphoma-derived MYC mutant alleles, their defective 
regulation by p107, and altered phosphorylation of the c-Myc transactivation domain. Mol Cell Biol 15, 4031-4042. 
Hogarty, M. D. (2003). The requirement for evasion of programmed cell death in neuroblastomas with MYCN 
amplification. Cancer Lett 197, 173-179. 
Hooker, C. W., and Hurlin, P. J. (2006). Of Myc and Mnt. J Cell Sci 119, 208-216. 
Hsiang, Y. H., and Liu, L. F. (1988). Identification of mammalian DNA topoisomerase I as an intracellular target of the 
anticancer drug camptothecin. Cancer Res 48, 1722-1726. 
Hu, J., Fang, J., Dong, Y., Chen, S. J., and Chen, Z. (2005). Arsenic in cancer therapy. Anticancer Drugs 16, 119-127. 
Huang, M. E., Ye, Y. C., Chen, S. R., Chai, J. R., Lu, J. X., Zhoa, L., Gu, L. J., and Wang, Z. Y. (1988). Use of all-trans 
retinoic acid in the treatment of acute promyelocytic leukemia. Blood 72, 567-572. 
Huang, M. E., Ye, Y. C., Chen, S. R., Zhao, J. C., Gu, L. J., Cai, J. R., Zhao, L., Xie, J. X., Shen, Z. X., and Wang, Z. Y. 
(1987). All-trans retinoic acid with or without low dose cytosine arabinoside in acute promyelocytic leukemia. Report of 
6 cases. Chin Med J (Engl) 100, 949-953. 
Hueber, A. O., and Evan, G. I. (1998). Traps to catch unwary oncogenes. Trends Genet 14, 364-367. 
Hueber, A. O., Zornig, M., Lyon, D., Suda, T., Nagata, S., and Evan, G. I. (1997). Requirement for the CD95 receptor-
ligand pathway in c-Myc-induced apoptosis. Science 278, 1305-1309. 
Hurlin, P. J., Queva, C., and Eisenman, R. N. (1997). Mnt, a novel Max-interacting protein is coexpressed with Myc in 
proliferating cells and mediates repression at Myc binding sites. Genes Dev 11, 44-58. 
Hurlin, P. J., Queva, C., Koskinen, P. J., Steingrimsson, E., Ayer, D. E., Copeland, N. G., Jenkins, N. A., and Eisenman, 
R. N. (1995). Mad3 and Mad4: novel Max-interacting transcriptional repressors that suppress c-myc dependent 
transformation and are expressed during neural and epidermal differentiation. Embo J 14, 5646-5659. 
Iaccarino, I., Hancock, D., Evan, G., and Downward, J. (2003). c-Myc induces cytochrome c release in Rat1 fibroblasts 
by increasing outer mitochondrial membrane permeability in a Bid-dependent manner. Cell Death Differ 10, 599-608. 
Iritani, B. M., and Eisenman, R. N. (1999). c-Myc enhances protein synthesis and cell size during B lymphocyte 
development. Proc Natl Acad Sci U S A 96, 13180-13185. 
Jacobs, J. J., Scheijen, B., Voncken, J. W., Kieboom, K., Berns, A., and van Lohuizen, M. (1999). Bmi-1 collaborates 
with c-Myc in tumorigenesis by inhibiting c-Myc-induced apoptosis via INK4a/ARF. Genes Dev 13, 2678-2690. 



  REFERENCES 
 

 55

Jiang, J. F., Liu, W. J., and Ding, J. (2000). Regulation of telomerase activity in camptothecin-induced apoptosis of 
human leukemia HL-60 cells. Acta Pharmacol Sin 21, 759-764. 
Jones, S. M., and Kazlauskas, A. (2001). Growth-factor-dependent mitogenesis requires two distinct phases of signalling. 
Nat Cell Biol 3, 165-172. 
Juin, P., Hueber, A. O., Littlewood, T., and Evan, G. (1999). c-Myc-induced sensitization to apoptosis is mediated 
through cytochrome c release. Genes Dev 13, 1367-1381. 
Kakizuka, A., Miller, W. H., Jr., Umesono, K., Warrell, R. P., Jr., Frankel, S. R., Murty, V. V., Dmitrovsky, E., and 
Evans, R. M. (1991). Chromosomal translocation t(15;17) in human acute promyelocytic leukemia fuses RAR alpha with 
a novel putative transcription factor, PML. Cell 66, 663-674. 
Karpinich, N. O., Tafani, M., Rothman, R. J., Russo, M. A., and Farber, J. L. (2002). The course of etoposide-induced 
apoptosis from damage to DNA and p53 activation to mitochondrial release of cytochrome c. J Biol Chem 277, 16547-
16552. 
Kerr, J. F., Wyllie, A. H., and Currie, A. R. (1972). Apoptosis: a basic biological phenomenon with wide-ranging 
implications in tissue kinetics. Br J Cancer 26, 239-257. 
Kim, R., Tanabe, K., Emi, M., Uchida, Y., Inoue, H., and Toge, T. (2003a). Inducing cancer cell death by targeting 
transcription factors. Anticancer Drugs 14, 3-11. 
Kim, S. Y., Herbst, A., Tworkowski, K. A., Salghetti, S. E., and Tansey, W. P. (2003b). Skp2 regulates Myc protein 
stability and activity. Mol Cell 11, 1177-1188. 
Kime, L., and Wright, S. C. (2003). Mad4 is regulated by a transcriptional repressor complex that contains Miz-1 and c-
Myc. Biochem J 370, 291-298. 
Kitamura, K., Minami, Y., Yamamoto, K., Akao, Y., Kiyoi, H., Saito, H., and Naoe, T. (2000). Involvement of CD95-
independent caspase 8 activation in arsenic trioxide-induced apoptosis. Leukemia 14, 1743-1750. 
Knoll, C., Smith, R. J., Shores, C., and Blatt, J. (2006). Hearing genes and cisplatin deafness: a pilot study. Laryngoscope 
116, 72-74. 
Knudson, A. G., Jr. (1971). Mutation and cancer: statistical study of retinoblastoma. Proc Natl Acad Sci U S A 68, 820-
823. 
Kontopidis, G., Andrews, M. J., McInnes, C., Cowan, A., Powers, H., Innes, L., Plater, A., Griffiths, G., Paterson, D., 
Zheleva, D. I., et al. (2003). Insights into cyclin groove recognition: complex crystal structures and inhibitor design 
through ligand exchange. Structure 11, 1537-1546. 
Kopnin, B. P. (2000). Targets of oncogenes and tumor suppressors: key for understanding basic mechanisms of 
carcinogenesis. Biochemistry (Mosc) 65, 2-27. 
Krammer, P. H. (2000). CD95's deadly mission in the immune system. Nature 407, 789-795. 
Laherty, C. D., Yang, W. M., Sun, J. M., Davie, J. R., Seto, E., and Eisenman, R. N. (1997). Histone deacetylases 
associated with the mSin3 corepressor mediate mad transcriptional repression. Cell 89, 349-356. 
Lane, D. P. (1992). Cancer. p53, guardian of the genome. Nature 358, 15-16. 
Larsson, L. G., Pettersson, M., Oberg, F., Nilsson, K., and Luscher, B. (1994). Expression of mad, mxi1, max and c-myc 
during induced differentiation of hematopoietic cells: opposite regulation of mad and c-myc. Oncogene 9, 1247-1252. 
Lasorella, A., Noseda, M., Beyna, M., Yokota, Y., and Iavarone, A. (2000). Id2 is a retinoblastoma protein target and 
mediates signalling by Myc oncoproteins. Nature 407, 592-598. 
Lee, T. C., and Ziff, E. B. (1999). Mxi1 is a repressor of the c-Myc promoter and reverses activation by USF. J Biol 
Chem 274, 595-606. 
Lin, S. Y., and Elledge, S. J. (2003). Multiple tumor suppressor pathways negatively regulate telomerase. Cell 113, 881-
889. 
Liu, H., Dibling, B., Spike, B., Dirlam, A., and Macleod, K. (2004). New roles for the RB tumor suppressor protein. 
Curr Opin Genet Dev 14, 55-64. 
Liu, Q., Hilsenbeck, S., and Gazitt, Y. (2003). Arsenic trioxide-induced apoptosis in myeloma cells: p53-dependent G1 
or G2/M cell cycle arrest, activation of caspase-8 or caspase-9, and synergy with APO2/TRAIL. Blood 101, 4078-4087. 
Liu, Q. Y., and Stein, C. A. (1997). Taxol and estramustine-induced modulation of human prostate cancer cell apoptosis 
via alteration in bcl-xL and bak expression. Clin Cancer Res 3, 2039-2046. 
Liu, T. X., Zhang, J. W., Tao, J., Zhang, R. B., Zhang, Q. H., Zhao, C. J., Tong, J. H., Lanotte, M., Waxman, S., Chen, S. 
J., et al. (2000). Gene expression networks underlying retinoic acid-induced differentiation of acute promyelocytic 
leukemia cells. Blood 96, 1496-1504. 
Lo Coco, F., Diverio, D., Falini, B., Biondi, A., Nervi, C., and Pelicci, P. G. (1999). Genetic diagnosis and molecular 
monitoring in the management of acute promyelocytic leukemia. Blood 94, 12-22. 



REFERENCES   
 

 56 

Look, A. T., Hayes, F. A., Nitschke, R., McWilliams, N. B., and Green, A. A. (1984). Cellular DNA content as a 
predictor of response to chemotherapy in infants with unresectable neuroblastoma. N Engl J Med 311, 231-235. 
Lorence, A., and Nessler, C. L. (2004). Camptothecin, over four decades of surprising findings. Phytochemistry 65, 
2735-2749. 
Loyer, P., Trembley, J. H., Katona, R., Kidd, V. J., and Lahti, J. M. (2005). Role of CDK/cyclin complexes in 
transcription and RNA splicing. Cell Signal 17, 1033-1051. 
Lu, X., Pearson, A., and Lunec, J. (2003). The MYCN oncoprotein as a drug development target. Cancer Lett 197, 125-
130. 
Luqmani, Y. A. (2005). Mechanisms of drug resistance in cancer chemotherapy. Med Princ Pract 14 Suppl 1, 35-48. 
Luscher, B., and Larsson, L. G. (1999). The basic region/helix-loop-helix/leucine zipper domain of Myc proto-
oncoproteins: function and regulation. Oncogene 18, 2955-2966. 
Mai, S., Hanley-Hyde, J., Rainey, G. J., Kuschak, T. I., Paul, J. T., Littlewood, T. D., Mischak, H., Stevens, L. M., 
Henderson, D. W., and Mushinski, J. F. (1999). Chromosomal and extrachromosomal instability of the cyclin D2 gene 
is induced by Myc overexpression. Neoplasia 1, 241-252. 
Mandic, A., Hansson, J., Linder, S., and Shoshan, M. C. (2003). Cisplatin induces endoplasmic reticulum stress and 
nucleus-independent apoptotic signaling. J Biol Chem 278, 9100-9106. 
Mandic, A., Viktorsson, K., Molin, M., Akusjarvi, G., Eguchi, H., Hayashi, S. I., Toi, M., Hansson, J., Linder, S., and 
Shoshan, M. C. (2001). Cisplatin induces the proapoptotic conformation of Bak in a deltaMEKK1-dependent manner. 
Mol Cell Biol 21, 3684-3691. 
Mandic, A., Viktorsson, K., Strandberg, L., Heiden, T., Hansson, J., Linder, S., and Shoshan, M. C. (2002). Calpain-
mediated Bid cleavage and calpain-independent Bak modulation: two separate pathways in cisplatin-induced apoptosis. 
Mol Cell Biol 22, 3003-3013. 
Marks, P., Rifkind, R. A., Richon, V. M., Breslow, R., Miller, T., and Kelly, W. K. (2001). Histone deacetylases and 
cancer: causes and therapies. Nat Rev Cancer 1, 194-202. 
Martin, G. S. (1970). Rous sarcoma virus: a function required for the maintenance of the transformed state. Nature 227, 
1021-1023. 
Mateyak, M. K., Obaya, A. J., Adachi, S., and Sedivy, J. M. (1997). Phenotypes of c-Myc-deficient rat fibroblasts isolated 
by targeted homologous recombination. Cell Growth Differ 8, 1039-1048. 
Mateyak, M. K., Obaya, A. J., and Sedivy, J. M. (1999). c-Myc regulates cyclin D-Cdk4 and -Cdk6 activity but affects cell 
cycle progression at multiple independent points. Mol Cell Biol 19, 4672-4683. 
Mathews, V., Chandy, M., and Srivastava, A. (2001). Arsenic trioxide in the management of acute promyelocytic 
leukaemia. Natl Med J India 14, 215-222. 
McArthur, G. A., Foley, K. P., Fero, M. L., Walkley, C. R., Deans, A. J., Roberts, J. M., and Eisenman, R. N. (2002). 
MAD1 and p27(KIP1) cooperate to promote terminal differentiation of granulocytes and to inhibit Myc expression and 
cyclin E-CDK2 activity. Mol Cell Biol 22, 3014-3023. 
McClue, S. J., Blake, D., Clarke, R., Cowan, A., Cummings, L., Fischer, P. M., MacKenzie, M., Melville, J., Stewart, K., 
Wang, S., et al. (2002). In vitro and in vivo antitumor properties of the cyclin dependent kinase inhibitor CYC202 (R-
roscovitine). Int J Cancer 102, 463-468. 
McLaughlin, F., Finn, P., and La Thangue, N. B. (2003). The cell cycle, chromatin and cancer: mechanism-based 
therapeutics come of age. Drug Discov Today 8, 793-802. 
Meijer, L., Borgne, A., Mulner, O., Chong, J. P., Blow, J. J., Inagaki, N., Inagaki, M., Delcros, J. G., and Moulinoux, J. P. 
(1997). Biochemical and cellular effects of roscovitine, a potent and selective inhibitor of the cyclin-dependent kinases 
cdc2, cdk2 and cdk5. Eur J Biochem 243, 527-536. 
Melnick, A., and Licht, J. D. (1999). Deconstructing a disease: RARalpha, its fusion partners, and their roles in the 
pathogenesis of acute promyelocytic leukemia. Blood 93, 3167-3215. 
Miltenberger, R. J., Sukow, K. A., and Farnham, P. J. (1995). An E-box-mediated increase in cad transcription at the 
G1/S-phase boundary is suppressed by inhibitory c-Myc mutants. Mol Cell Biol 15, 2527-2535. 
Mitchell, K. O., Ricci, M. S., Miyashita, T., Dicker, D. T., Jin, Z., Reed, J. C., and El-Deiry, W. S. (2000). Bax is a 
transcriptional target and mediator of c-myc-induced apoptosis. Cancer Res 60, 6318-6325. 
Mitchell, L. S., Neill, R. A., and Birnie, G. D. (1992). Temporal relationships between induced changes in c-myc mRNA 
abundance, proliferation, and differentiation in HL60 cells. Differentiation 49, 119-125. 
Mo, H., and Henriksson, M. (2006). Identification of small molecules that induce apoptosis in a Myc-dependent manner 
and inhibit Myc-driven transformation. Proc Natl Acad Sci U S A 103, 6344-6349. 
Moshier, J. A., Dosescu, J., Skunca, M., and Luk, G. D. (1993). Transformation of NIH/3T3 cells by ornithine 
decarboxylase overexpression. Cancer Res 53, 2618-2622. 



  REFERENCES 
 

 57

Nadal, E., and Olavarria, E. (2004). Imatinib mesylate (Gleevec/Glivec) a molecular-targeted therapy for chronic 
myeloid leukaemia and other malignancies. Int J Clin Pract 58, 511-516. 
Nahle, Z., Polakoff, J., Davuluri, R. V., McCurrach, M. E., Jacobson, M. D., Narita, M., Zhang, M. Q., Lazebnik, Y., 
Bar-Sagi, D., and Lowe, S. W. (2002). Direct coupling of the cell cycle and cell death machinery by E2F. Nat Cell Biol 4, 
859-864. 
Nakagawara, A., Arima-Nakagawara, M., Scavarda, N. J., Azar, C. G., Cantor, A. B., and Brodeur, G. M. (1993). 
Association between high levels of expression of the TRK gene and favorable outcome in human neuroblastoma. N 
Engl J Med 328, 847-854. 
Nakagawara, A., Azar, C. G., Scavarda, N. J., and Brodeur, G. M. (1994). Expression and function of TRK-B and 
BDNF in human neuroblastomas. Mol Cell Biol 14, 759-767. 
Nguyen, H. Q., Selvakumaran, M., Liebermann, D. A., and Hoffman, B. (1995). Blocking c-Myc and Max expression 
inhibits proliferation and induces differentiation of normal and leukemic myeloid cells. Oncogene 11, 2439-2444. 
Nicolini, F. E., Corm, S., Le, Q. H., Sorel, N., Hayette, S., Bories, D., Leguay, T., Roy, L., Giraudier, S., Tulliez, M., et al. 
(2006). Mutation status and clinical outcome of 89 imatinib mesylate-resistant chronic myelogenous leukemia patients: a 
retrospective analysis from the French intergroup of CML (Fi(varphi)-LMC GROUP). Leukemia. 
Nieboer, P., de Vries, E. G., Mulder, N. H., and van der Graaf, W. T. (2005). Relevance of high-dose chemotherapy in 
solid tumours. Cancer Treat Rev 31, 210-225. 
Nilsson, J. A., and Cleveland, J. L. (2003). Myc pathways provoking cell suicide and cancer. Oncogene 22, 9007-9021. 
Niu, C., Yan, H., Yu, T., Sun, H. P., Liu, J. X., Li, X. S., Wu, W., Zhang, F. Q., Chen, Y., Zhou, L., et al. (1999). Studies 
on treatment of acute promyelocytic leukemia with arsenic trioxide: remission induction, follow-up, and molecular 
monitoring in 11 newly diagnosed and 47 relapsed acute promyelocytic leukemia patients. Blood 94, 3315-3324. 
O'Connell, B. C., Cheung, A. F., Simkevich, C. P., Tam, W., Ren, X., Mateyak, M. K., and Sedivy, J. M. (2003). A large 
scale genetic analysis of c-Myc-regulated gene expression patterns. J Biol Chem 278, 12563-12573. 
Obaya, A. J., Mateyak, M. K., and Sedivy, J. M. (1999). Mysterious liaisons: the relationship between c-Myc and the cell 
cycle. Oncogene 18, 2934-2941. 
Ogawa, H., Ishiguro, K., Gaubatz, S., Livingston, D. M., and Nakatani, Y. (2002). A complex with chromatin modifiers 
that occupies E2F- and Myc-responsive genes in G0 cells. Science 296, 1132-1136. 
Oh, S., Song, Y. H., Yim, J., and Kim, T. K. (2000). Identification of Mad as a repressor of the human telomerase 
(hTERT) gene. Oncogene 19, 1485-1490. 
Okuno, M., Kojima, S., Matsushima-Nishiwaki, R., Tsurumi, H., Muto, Y., Friedman, S. L., and Moriwaki, H. (2004). 
Retinoids in cancer chemoprevention. Curr Cancer Drug Targets 4, 285-298. 
Oster, S. K., Ho, C. S., Soucie, E. L., and Penn, L. Z. (2002). The myc oncogene: MarvelouslY Complex. Adv Cancer 
Res 84, 81-154. 
Packham, G., and Cleveland, J. L. (1994). Ornithine decarboxylase is a mediator of c-Myc-induced apoptosis. Mol Cell 
Biol 14, 5741-5747. 
Pahlman, S., Ruusala, A. I., Abrahamsson, L., Mattsson, M. E., and Esscher, T. (1984). Retinoic acid-induced 
differentiation of cultured human neuroblastoma cells: a comparison with phorbolester-induced differentiation. Cell 
Differ 14, 135-144. 
Panaretakis, T., Laane, E., Pokrovskaja, K., Bjorklund, A. C., Moustakas, A., Zhivotovsky, B., Heyman, M., Shoshan, M. 
C., and Grander, D. (2005). Doxorubicin requires the sequential activation of caspase-2, protein kinase Cdelta, and c-
Jun NH2-terminal kinase to induce apoptosis. Mol Biol Cell 16, 3821-3831. 
Panaretakis, T., Pokrovskaja, K., Shoshan, M. C., and Grander, D. (2002). Activation of Bak, Bax, and BH3-only 
proteins in the apoptotic response to doxorubicin. J Biol Chem 277, 44317-44326. 
Parmar, S., and Tallman, M. S. (2003). Acute promyelocytic leukaemia:a review. Expert Opin Pharmacother 4, 1379-
1392. 
Pelengaris, S., and Khan, M. (2006). The Molecular Biology of Cancer, Vol 1, 1st edn (Coventry, UK: Backwell 
Publishing). 
Pelengaris, S., Khan, M., and Evan, G. (2002). c-MYC: more than just a matter of life and death. Nat Rev Cancer 2, 
764-776. 
Pestell, K. E., Hobbs, S. M., Titley, J. C., Kelland, L. R., and Walton, M. I. (2000). Effect of p53 status on sensitivity to 
platinum complexes in a human ovarian cancer cell line. Mol Pharmacol 57, 503-511. 
Pizzolato, J. F., and Saltz, L. B. (2003). The camptothecins. Lancet 361, 2235-2242. 
Ponzielli, R., Katz, S., Barsyte-Lovejoy, D., and Penn, L. Z. (2005). Cancer therapeutics: targeting the dark side of Myc. 
Eur J Cancer 41, 2485-2501. 



REFERENCES   
 

 58 

Poole, J. C., Andrews, L. G., and Tollefsbol, T. O. (2001). Activity, function, and gene regulation of the catalytic subunit 
of telomerase (hTERT). Gene 269, 1-12. 
Queva, C., Hurlin, P. J., Foley, K. P., and Eisenman, R. N. (1998). Sequential expression of the MAD family of 
transcriptional repressors during differentiation and development. Oncogene 16, 967-977. 
Queva, C., McArthur, G. A., Iritani, B. M., and Eisenman, R. N. (2001). Targeted deletion of the S-phase-specific Myc 
antagonist Mad3 sensitizes neuronal and lymphoid cells to radiation-induced apoptosis. Mol Cell Biol 21, 703-712. 
Queva, C., McArthur, G. A., Ramos, L. S., and Eisenman, R. N. (1999). Dwarfism and dysregulated proliferation in 
mice overexpressing the MYC antagonist MAD1. Cell Growth Differ 10, 785-796. 
Quon, K. C., and Berns, A. (2001). Haplo-insufficiency? Let me count the ways. Genes Dev 15, 2917-2921. 
Raynaud, F. I., Whittaker, S. R., Fischer, P. M., McClue, S., Walton, M. I., Barrie, S. E., Garrett, M. D., Rogers, P., 
Clarke, S. J., Kelland, L. R., et al. (2005). In vitro and in vivo pharmacokinetic-pharmacodynamic relationships for the 
trisubstituted aminopurine cyclin-dependent kinase inhibitors olomoucine, bohemine and CYC202. Clin Cancer Res 11, 
4875-4887. 
Rebbaa, A., Chou, P. M., Emran, M., and Mirkin, B. L. (2001). Doxorubicin-induced apoptosis in caspase-8-deficient 
neuroblastoma cells is mediated through direct action on mitochondria. Cancer Chemother Pharmacol 48, 423-428. 
Reed, J. C. (1998). Bcl-2 family proteins. Oncogene 17, 3225-3236. 
Reifenberger, G., Reifenberger, J., Ichimura, K., Meltzer, P. S., and Collins, V. P. (1994). Amplification of multiple genes 
from chromosomal region 12q13-14 in human malignant gliomas: preliminary mapping of the amplicons shows 
preferential involvement of CDK4, SAS, and MDM2. Cancer Res 54, 4299-4303. 
Reynolds, C. P., Kane, D. J., Einhorn, P. A., Matthay, K. K., Crouse, V. L., Wilbur, J. R., Shurin, S. B., and Seeger, R. C. 
(1991). Response of neuroblastoma to retinoic acid in vitro and in vivo. Prog Clin Biol Res 366, 203-211. 
Reynolds, C. P., and Lemons, R. S. (2001). Retinoid therapy of childhood cancer. Hematol Oncol Clin North Am 15, 
867-910. 
Rich, T., Allen, R. L., and Wyllie, A. H. (2000). Defying death after DNA damage. Nature 407, 777-783. 
Robertson, J. D., Enoksson, M., Suomela, M., Zhivotovsky, B., and Orrenius, S. (2002). Caspase-2 acts upstream of 
mitochondria to promote cytochrome c release during etoposide-induced apoptosis. J Biol Chem 277, 29803-29809. 
Roitt, I., Brostoff, J., and Male, D. (1996). Immunology, Vol 1, 4th edn (Barcelona, Spain: Mosby, Times Mirror 
International Publishers Ltd.). 
Rottmann, S., Menkel, A. R., Bouchard, C., Mertsching, J., Loidl, P., Kremmer, E., Eilers, M., Luscher-Firzlaff, J., 
Lilischkis, R., and Luscher, B. (2005). Mad1 function in cell proliferation and transcriptional repression is antagonized 
by cyclin E/CDK2. J Biol Chem 280, 15489-15492. 
Ryden, M., Sehgal, R., Dominici, C., Schilling, F. H., Ibanez, C. F., and Kogner, P. (1996). Expression of mRNA for the 
neurotrophin receptor trkC in neuroblastomas with favourable tumour stage and good prognosis. Br J Cancer 74, 773-
779. 
Sane, A. T., and Bertrand, R. (1999). Caspase inhibition in camptothecin-treated U-937 cells is coupled with a shift from 
apoptosis to transient G1 arrest followed by necrotic cell death. Cancer Res 59, 3565-3569. 
Satou, A., Taira, T., Iguchi-Ariga, S. M., and Ariga, H. (2001). A novel transrepression pathway of c-Myc. Recruitment 
of a transcriptional corepressor complex to c-Myc by MM-1, a c-Myc-binding protein. J Biol Chem 276, 46562-46567. 
Scheid, M. P., Schubert, K. M., and Duronio, V. (1999). Regulation of bad phosphorylation and association with Bcl-
x(L) by the MAPK/Erk kinase. J Biol Chem 274, 31108-31113. 
Schmidt, M. L., Lukens, J. N., Seeger, R. C., Brodeur, G. M., Shimada, H., Gerbing, R. B., Stram, D. O., Perez, C., 
Haase, G. M., and Matthay, K. K. (2000). Biologic factors determine prognosis in infants with stage IV neuroblastoma: 
A prospective Children's Cancer Group study. J Clin Oncol 18, 1260-1268. 
Schreiber-Agus, N., Chin, L., Chen, K., Torres, R., Rao, G., Guida, P., Skoultchi, A. I., and DePinho, R. A. (1995). An 
amino-terminal domain of Mxi1 mediates anti-Myc oncogenic activity and interacts with a homolog of the yeast 
transcriptional repressor SIN3. Cell 80, 777-786. 
Schuhmacher, M., Staege, M. S., Pajic, A., Polack, A., Weidle, U. H., Bornkamm, G. W., Eick, D., and Kohlhuber, F. 
(1999). Control of cell growth by c-Myc in the absence of cell division. Curr Biol 9, 1255-1258. 
Schuler, M., and Green, D. R. (2001). Mechanisms of p53-dependent apoptosis. Biochem Soc Trans 29, 684-688. 
Schweitzer, V. G. (1993). Cisplatin-induced ototoxicity: the effect of pigmentation and inhibitory agents. Laryngoscope 
103, 1-52. 
Segal, A. W. (1974). Nitroblue-tetrazolium tests. Lancet 2, 1248-1252. 
Shapiro, G. I. (2006). Cyclin-dependent kinase pathways as targets for cancer treatment. J Clin Oncol 24, 1770-1783. 



  REFERENCES 
 

 59

Sheiness, D., and Bishop, J. M. (1979). DNA and RNA from uninfected vertebrate cells contain nucleotide sequences 
related to the putative transforming gene of avian myelocytomatosis virus. J Virol 31, 514-521. 
Shen-Li, H., O'Hagan, R. C., Hou, H., Jr., Horner, J. W., 2nd, Lee, H. W., and DePinho, R. A. (2000). Essential role for 
Max in early embryonic growth and development. Genes Dev 14, 17-22. 
Shen, Z. X., Chen, G. Q., Ni, J. H., Li, X. S., Xiong, S. M., Qiu, Q. Y., Zhu, J., Tang, W., Sun, G. L., Yang, K. Q., et al. 
(1997). Use of arsenic trioxide (As2O3) in the treatment of acute promyelocytic leukemia (APL): II. Clinical efficacy and 
pharmacokinetics in relapsed patients. Blood 89, 3354-3360. 
Shen, Z. X., Shi, Z. Z., Fang, J., Gu, B. W., Li, J. M., Zhu, Y. M., Shi, J. Y., Zheng, P. Z., Yan, H., Liu, Y. F., et al. (2004). 
All-trans retinoic acid/As2O3 combination yields a high quality remission and survival in newly diagnosed acute 
promyelocytic leukemia. Proc Natl Acad Sci U S A 101, 5328-5335. 
Sherr, C. J. (2004). Principles of tumor suppression. Cell 116, 235-246. 
Sherr, C. J., and Weber, J. D. (2000). The ARF/p53 pathway. Curr Opin Genet Dev 10, 94-99. 
Shichiri, M., Hanson, K. D., and Sedivy, J. M. (1993). Effects of c-myc expression on proliferation, quiescence, and the 
G0 to G1 transition in nontransformed cells. Cell Growth Differ 4, 93-104. 
Shindo, H., Tani, E., Matsumuto, T., Hashimoto, T., and Furuyama, J. (1993). Stabilization of c-myc protein in human 
glioma cells. Acta Neuropathol (Berl) 86, 345-352. 
Soignet, S., and Maslak, P. (2004). Therapy of acute promyelocytic leukemia. Adv Pharmacol 51, 35-58. 
Soignet, S. L., Maslak, P., Wang, Z. G., Jhanwar, S., Calleja, E., Dardashti, L. J., Corso, D., DeBlasio, A., Gabrilove, J., 
Scheinberg, D. A., et al. (1998). Complete remission after treatment of acute promyelocytic leukemia with arsenic 
trioxide. N Engl J Med 339, 1341-1348. 
Sommer, A., Hilfenhaus, S., Menkel, A., Kremmer, E., Seiser, C., Loidl, P., and Luscher, B. (1997). Cell growth 
inhibition by the Mad/Max complex through recruitment of histone deacetylase activity. Curr Biol 7, 357-365. 
Soucie, E. L., Annis, M. G., Sedivy, J., Filmus, J., Leber, B., Andrews, D. W., and Penn, L. Z. (2001). Myc potentiates 
apoptosis by stimulating Bax activity at the mitochondria. Mol Cell Biol 21, 4725-4736. 
Spencer, C. A., and Groudine, M. (1991). Control of c-myc regulation in normal and neoplastic cells. Adv Cancer Res 
56, 1-48. 
Srivastava, R. K., Srivastava, A. R., Korsmeyer, S. J., Nesterova, M., Cho-Chung, Y. S., and Longo, D. L. (1998). 
Involvement of microtubules in the regulation of Bcl2 phosphorylation and apoptosis through cyclic AMP-dependent 
protein kinase. Mol Cell Biol 18, 3509-3517. 
Stahl, M., Kasimir-Bauer, S., and Harstrick, A. (1997). Down-regulation of topoisomerase II by camptothecin does not 
prevent additive activity of the topoisomerase II inhibitor etoposide in vitro. Anticancer Drugs 8, 671-676. 
Staller, P., Peukert, K., Kiermaier, A., Seoane, J., Lukas, J., Karsunky, H., Moroy, T., Bartek, J., Massague, J., Hanel, F., 
and Eilers, M. (2001). Repression of p15INK4b expression by Myc through association with Miz-1. Nat Cell Biol 3, 
392-399. 
Stehelin, D., Varmus, H. E., Bishop, J. M., and Vogt, P. K. (1976). DNA related to the transforming gene(s) of avian 
sarcoma viruses is present in normal avian DNA. Nature 260, 170-173. 
Stern, M., and Herrmann, R. (2005). Overview of monoclonal antibodies in cancer therapy: present and promise. Crit 
Rev Oncol Hematol 54, 11-29. 
Taub, R., Kirsch, I., Morton, C., Lenoir, G., Swan, D., Tronick, S., Aaronson, S., and Leder, P. (1982). Translocation of 
the c-myc gene into the immunoglobulin heavy chain locus in human Burkitt lymphoma and murine plasmacytoma 
cells. Proc Natl Acad Sci U S A 79, 7837-7841. 
Teitz, T., Wei, T., Valentine, M. B., Vanin, E. F., Grenet, J., Valentine, V. A., Behm, F. G., Look, A. T., Lahti, J. M., and 
Kidd, V. J. (2000). Caspase 8 is deleted or silenced preferentially in childhood neuroblastomas with amplification of 
MYCN. Nat Med 6, 529-535. 
Thornberry, N. A., and Lazebnik, Y. (1998). Caspases: enemies within. Science 281, 1312-1316. 
Uchida, C., Miwa, S., Kitagawa, K., Hattori, T., Isobe, T., Otani, S., Oda, T., Sugimura, H., Kamijo, T., Ookawa, K., et 
al. (2005). Enhanced Mdm2 activity inhibits pRB function via ubiquitin-dependent degradation. Embo J 24, 160-169. 
Unnikrishnan, D., Dutcher, J. P., Varshneya, N., Lucariello, R., Api, M., Garl, S., Wiernik, P. H., and Chiaramida, S. 
(2001). Torsades de pointes in 3 patients with leukemia treated with arsenic trioxide. Blood 97, 1514-1516. 
Wagner, A. J., Kokontis, J. M., and Hay, N. (1994). Myc-mediated apoptosis requires wild-type p53 in a manner 
independent of cell cycle arrest and the ability of p53 to induce p21waf1/cip1. Genes Dev 8, 2817-2830. 
Wang, J., Xie, L. Y., Allan, S., Beach, D., and Hannon, G. J. (1998a). Myc activates telomerase. Genes Dev 12, 1769-
1774. 
Wang, T. H., Wang, H. S., and Soong, Y. K. (2000). Paclitaxel-induced cell death: where the cell cycle and apoptosis 
come together. Cancer 88, 2619-2628. 



REFERENCES   
 

 60 

Wang, Z. G., Rivi, R., Delva, L., Konig, A., Scheinberg, D. A., Gambacorti-Passerini, C., Gabrilove, J. L., Warrell, R. P., 
Jr., and Pandolfi, P. P. (1998b). Arsenic trioxide and melarsoprol induce programmed cell death in myeloid leukemia cell 
lines and function in a PML and PML-RARalpha independent manner. Blood 92, 1497-1504. 
Wani, M. C., Taylor, H. L., Wall, M. E., Coggon, P., and McPhail, A. T. (1971). Plant antitumor agents. VI. The isolation 
and structure of taxol, a novel antileukemic and antitumor agent from Taxus brevifolia. J Am Chem Soc 93, 2325-2327. 
Vasey, P. A., Jones, N. A., Jenkins, S., Dive, C., and Brown, R. (1996). Cisplatin, camptothecin, and taxol sensitivities of 
cells with p53-associated multidrug resistance. Mol Pharmacol 50, 1536-1540. 
Weber, J. D., Taylor, L. J., Roussel, M. F., Sherr, C. J., and Bar-Sagi, D. (1999). Nucleolar Arf sequesters Mdm2 and 
activates p53. Nat Cell Biol 1, 20-26. 
Wei, M. C., Zong, W. X., Cheng, E. H., Lindsten, T., Panoutsakopoulou, V., Ross, A. J., Roth, K. A., MacGregor, G. R., 
Thompson, C. B., and Korsmeyer, S. J. (2001). Proapoptotic BAX and BAK: a requisite gateway to mitochondrial 
dysfunction and death. Science 292, 727-730. 
Weinberg, R. A. (1995). The retinoblastoma protein and cell cycle control. Cell 81, 323-330. 
Weinstein, J. L., Katzenstein, H. M., and Cohn, S. L. (2003). Advances in the diagnosis and treatment of neuroblastoma. 
Oncologist 8, 278-292. 
Vermeulen, K., Van Bockstaele, D. R., and Berneman, Z. N. (2003). The cell cycle: a review of regulation, deregulation 
and therapeutic targets in cancer. Cell Prolif 36, 131-149. 
Westermann, F., and Schwab, M. (2002). Genetic parameters of neuroblastomas. Cancer Lett 184, 127-147. 
Westervelt, P., Brown, R. A., Adkins, D. R., Khoury, H., Curtin, P., Hurd, D., Luger, S. M., Ma, M. K., Ley, T. J., and 
DiPersio, J. F. (2001). Sudden death among patients with acute promyelocytic leukemia treated with arsenic trioxide. 
Blood 98, 266-271. 
Vivanco, I., and Sawyers, C. L. (2002). The phosphatidylinositol 3-Kinase AKT pathway in human cancer. Nat Rev 
Cancer 2, 489-501. 
von Mehren, M. (2006). Imatinib-refractory Gastrointestinal Stromal Tumors: The Clinical Problem and Therapeutic 
Strategies. Curr Oncol Rep 8, 192-197. 
Wu, K. J., Grandori, C., Amacker, M., Simon-Vermot, N., Polack, A., Lingner, J., and Dalla-Favera, R. (1999). Direct 
activation of TERT transcription by c-MYC. Nat Genet 21, 220-224. 
Xu, D., Popov, N., Hou, M., Wang, Q., Bjorkholm, M., Gruber, A., Menkel, A. R., and Henriksson, M. (2001). Switch 
from Myc/Max to Mad1/Max binding and decrease in histone acetylation at the telomerase reverse transcriptase 
promoter during differentiation of HL60 cells. Proc Natl Acad Sci U S A 98, 3826-3831. 
Yin, C., Knudson, C. M., Korsmeyer, S. J., and Van Dyke, T. (1997). Bax suppresses tumorigenesis and stimulates 
apoptosis in vivo. Nature 385, 637-640. 
Zha, J., Harada, H., Yang, E., Jockel, J., and Korsmeyer, S. J. (1996). Serine phosphorylation of death agonist BAD in 
response to survival factor results in binding to 14-3-3 not BCL-X(L). Cell 87, 619-628. 
Zhou, G. B., Chen, S. J., and Chen, Z. (2005a). Acute promyelocytic leukemia: a model of molecular target based 
therapy. Hematology 10 Suppl 1, 270-280. 
Zhou, G. B., Zhao, W. L., Wang, Z. Y., Chen, S. J., and Chen, Z. (2005b). Retinoic acid and arsenic for treating acute 
promyelocytic leukemia. PLoS Med 2, e12. 
Zhou, Z. Q., and Hurlin, P. J. (2001). The interplay between Mad and Myc in proliferation and differentiation. Trends 
Cell Biol 11, S10-14. 
 

 


