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Abstract. The discovery of oncogenes (c-onc’s) and tu-
mor suppressors (TS’s) has led to the concept that cancer 
arises from defects in each of these classes of genes or 
their products. More recently, it has been appreciated that 
c-onc and TS proteins often affect one another’s functions. 
Within this context, I review the two classical TS’s, p53 
and the retinoblastoma protein, and the consequences of 
their inactivation. The various forms of genomic instabili-
ty (GI) that underly the high mutation rates of transformed 
cells are then discussed. Particular emphasis is placed 
upon the concept that GI is not only an integral part of the 
transformed state but is a prerequisite. Increased oxidative 
DNA damage, and/or an inabiliy to repair it, can lead to 

GI. The review then discusses recent observations show-
ing that loss of the TS protein peroxiredoxin 1 (prdx1) and 
increased expression of the c-onc protein c-Myc, each 
leads to increased oxidative DNA damage. The critical na-
ture of the c-onc-TS interaction is underscored by that oc-
curring between prdx1 and c-Myc, with the former protein 
regulating the production of DNA-damaging reactive oxy-
gen species by the latter. The intimate association between 
these proteins and others serves as a paradigm for the ex-
quisite balancing act that c-onc’s and TS’s must maintain 
in order to properly control normal DNA replication and 
cellular proliferation while simultaneously minimizing the 
acquisition of potentially neoplastic mutations.
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Introduction

The modern era of molecular oncology arguably began 
with the seminal work of Stehelin, Varmus, Bishop 
and Vogt [1] who demonstrated that the transforming 
oncogenes (v-onc genes) of replication-defective avian 
retroviruses were derived from highly conserved cellular 
sequences, now commonly referred to as c-onc genes. 
These initial observations were subsequently generalized 
to the transforming retroviruses of many other species 
and their distinct v-onc sequences [2.] Later work by 
Hayward et al. [3] demonstrated that even replication-
competent retroviruses, totally devoid of v-onc sequenc-
es, induced lymphoid malignancies by recurrently inte-
grating near and de-regulating previously recognized or 

novel c-onc genes. These observations unifi ed the seem-
ingly disparate mechanisms of retroviral transformation 
and provided the framework within which to explore the 
causes of non-retroviral-associated human cancers. The 
eventual outcome was the realization that many of the 
c-onc genes previously identifi ed in the retroviral context 
were also involved in the etiologies of these non-viral as-
sociated cancers. It was shown, for example, that DNAs 
from certain sporadic human cancers harbored point mu-
tations in the same K-RAS or H-RAS genes fi rst described 
in retroviruses [4]. Subsequent work showed that not 
only the same genes but, indeed, the same point muta-
tions were associated with chemical carcinogen-induced 
murine mammary tumors [5]. Certain sporadic human 
malignancies, such as Burkitt’s lymphoma and chronic 
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myelogenous leukemia, were also shown to be invariably 
associated with the deregulated expression of c-onc genes 
previously identifi ed in retroviruses, namely C-MYC and 
C-ABL, respectively. However, the mechanisms leading 
to their activation differed in that they involved distinct 
chromosomal translocations. Amplifi cation provided 
a third mechanism by which c-onc genes could be de-
regulated. For example amplifi cation of N-MYC was 
demonstrated in approximately 25% of pediatric neu-
roblastomas, with its level of expression being positively 
correlated with advanced-stage disease and inversely cor-
related with survival [6]. Finally, the majority of colon 
cancers were shown to express abnormally high levels 
of c-Myc as a consequence of mutations in certain mem-
bers of the Wnt-APC-b-catenin-Tcf-4 pathway, which 
controls C-MYC gene transcription [6]. Thus, within the 
short span of only about 20 years, a wide assortment of 
experimental and naturally occurring malignancies were 
shown to bear common molecular signatures.
Growth regulation, however, is much too fundamental 
and complex a process to be subject only to the positive 
control of c-onc genes. Indeed the existence of negative 
growth controls (anti-oncogenes or tumor suppressors 
[TS’s]) had been postulated well before the characteri-
zation of the fi rst v-onc or c-onc genes. Evidence sup-
porting the existence of TS’s was at fi rst indirect in that 
it demonstrated the transformed phenotype to be often 
recessive and suppressible by fusion with a normal cell 
[7]. This fi t well with the pioneering work of Knudson 
[8], who attempted to explain the causes of sporadic and 
familial forms of retinoblastoma (Rb) based on a single, 
unifying etiology. He postulated that, in the sporadic 
form of Rb, loss or inactivation of both alleles of a reces-
sive suppressor gene were necessary for the initiation of 
tumorigenesis. Hence the rarity of the disease, its unifo-
cal nature and its relatively late age of onset. In contrast, 
familial Rb would result from the germ-line inheritance 
of an already inactived allele. Only a single additional 
mutation involving the remaining normal allele would 
thus be necessary for the disease to develop. Such tumors 
would arise with high penetrance, would often be multi-
focal and would occur early. This two-hit model was 
also potentially applicable to other constitutional cancer 
syndromes such as familial breast cancer, hereditary 
nonpolyposis colo-rectal cancer (HNPCC) and Li-Frau-
meni syndrome. Implicit in this model was the belief that 
inactivation of distinct TS’s might underly these various 
cancers. An even more radical notion was that TS’s might 
play a role in the sporadic cancers that constitute the vast 
majority of human malignancies. 
The 3 decades that have elapsed since the seeds of the 
TS hypothesis were sown have witnessed an explosion of 
research in this area and affi rmation of these ideas. Direct 
evidence for TS’s was fi rst provided with the molecular 
cloning of complementary DNAs for p53 and Rb [9, 10]. 

Ironically, p53 was initially believed to be a c-onc gene 
by virtue of its ability to cooperate with mutant ras genes 
in transforming primary rodent fi broblasts [10, 11]. It 
was eventually appreciated, however, that the cDNA har-
bored a point mutation, and subsequent studies showed 
unequivocally that the wild-type version of the molecule 
did in fact function as a TS (reviewed in [12]). Following 
these landmark discoveries, a large number of additional 
TS’s, now rivaling in number the known c-onc genes, 
have been described. 
The realization that two quite distinct classes of genes 
were involved in tumorigenesis raised a number of fun-
damental questions. Did all tumors demonstrate both 
c-onc activation and TS inactivation? If so how many 
such genes were involved? What functions were con-
trolled by each class of proteins? Did they interact with 
or otherwise communicate with one another, and if so, 
how, and to what end? Why were these genes recurrently 
altered in some tumor types but not in others? Lastly, by 
what mechanisms did such alterations occur? Although 
answers to these questions remain incomplete, many of 
the gaps have now been fi lled.
Both the c-onc and TS fi elds are large, dynamic and 
constantly evolving. As such, it is virtually impossible 
to provide a comprehensive survey of either area in 
a limited space. Rather, in this review, I concentrate 
on examining several representative examples of how 
these two fi elds are becoming increasingly convergent. 
Whereas in the not too distant past c-onc’s and TS’s were 
thought of as controlling parallel pathways toward tumor 
development, we now understand that their relationships 
are often much more intimate and that they often serve to 
regulate one another’s functions via their direct interac-
tion. c-onc and TS proteins must now be viewed as part 
of a complex molecular circuitry which ensures the in-
tegrity of critical cellular functions that often go awry in 
cancer. This review therefore focuses on examples where 
these interactions are now well established, or are less 
clear but nonetheless intriguing. I begin with a discus-
sion of two TS proteins, which not only have signifi cant 
historical importance but illustrate the relationships with 
c-onc proteins referred to above.

p53 and Rb 

Many excellent recent reviews have comprehensively 
discussed the history and current understanding of the 
p53 and Rb TS proteins [13–17]. I therefore provide here 
only the briefest of summaries to familiarize the reader 
with their basic molecular biology and to illustrate how 
these two important TS’s cross-talk with one another and 
with other TS and c-onc genes and proteins.
Rb, the fi rst TS gene to be cloned [9], is actualy a mem-
ber of a family that contains two relatives, p107 and 
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p130, whose functions overlap those of Rb but which 
are rarely mutated in human tumors. In Go and early 
G1 phase cells, Rb typically exists in a hypophosphor-
ylated form in association with one of fi ve of the seven 
known members of the E2F transcription factor family 
[16] (fi g. 1). These in turn are associated with one of 
two related partner proteins, DP1 and DP2. These com-
plexes regulate a large number of genes involved in cell 
cycle progression, DNA replication, differentiation and 
apoptosis [18, 19]. However, in its hypophosphorylated 
form, Rb suppresses the transcriptional activity of E2Fs. 
This occurs via several mechanisms, including the direct 
inhibition of the E2F transcriptional regulatory domains, 
the blocking of pre-initiation complex formation, the 

modifi cation of chromatin structure via the recruitment 
of histone-modifying enzymes such as deacetylases and 
methyltransferases, and the alteration of E2F member 
half-lives [16, 20]. Not all E2Fs are equivalent, however; 
for example, E2Fs 1–3 have transcriptional activator 
activity, while E2Fs 4–6 are repressive. The affi nities of 
E2Fs for Rb, p107 and p130 also vary. However, these 
distinctions are not absolute, and in many cases are 
based on inferences derived from overexpression studies. 
Nonethless, they suggest the tremendous potential of the 
Rb and E2F families for providing context-specifi c and 
multi-level control of cell cycle progression.
Early mitogenic signaling is accompanied by the induc-
tion of G1 and S-phase cyclins and their association with 
and activation of cyclin-dependent kinases (CDKs) [21]. 
Specifi cally, cyclin D1,2-CDK4/CDK6 and cyclin E-
CDK2 inactivate Rb by direct phosphorylation, leading 
to its release from E2F-DP dimers. Their transcriptional 
regulatory activity now restored, E2Fs act upon the genes 
leading to cell cycle progression. The role of Rb in the 
global control of E2F activities, together with the impor-
tance of many E2F target genes in subsequent cell cycle 
events, may explain why Rb inactivation is much more 
frequently associated with naturally occurring tumors 
than is the activation of any single E2F member. 
While mutational inactivation of Rb is common in hu-
man tumors, indirect ways to bypass this important TS 
also exist. These include overexpression of either of the 
cyclins-mentioned above, particularly cyclin D1 [22], the 
amplifi cation of CDKs such as CDK4 [23] and inactiva-
tion of the cyclin-dependent kinase inhibitor (CDKI) p16, 
whose primary targets are cyclin D/CDK4,6 complexes 
[24]. Interestingly, although E2F1 itself is oncogenic in 
vitro [25], it has not been shown to be overexpressed in 
human cancers. This may be because one of the protein’s 
direct targets is p14ARF, the human ortholog of p19ARF, 
which promotes a prompt and robust apoptosis [26]. 
p53, perhaps the most frequently mutated gene in human 
cancer, is a transcription factor dubbed the guardian of 
the genome by virtue of its ability to sense and respond 
to genotoxic and oncogenic insults and, ultimately, to 
prevent the perpetuation of damaged DNA [27]. The 
induction of p53 by these signals results in cell cycle 
arrest in both G1 and, to a lesser extent, in S and G2/M. 
Depending upon the degree of DNA damage, cells may 
either initiate its repair or undergo apoptosis. How this 
choice is made is still incompletely understoood, but is 
at least in part governed by the level to which p53 and its 
downstream target genes are induced, by specifi c post-
translational modifi cations of p53 that occur in response 
to DNA damage and by cellular context [28]. 
Realization that p53 and Rb functions are inextricably in-
tertwined derives from several lines of evidence. Among 
the fi rst was the observation that the INK4a locus, which 
encodes the p16 CDKI, also encodes a second protein, 

Figure 1. The Rb and p53 pathways: a paradigm for communica-
tion among c-onc and TS proteins. Mitogenic or oncogenic signals 
activate cyclin-dependent kinases such as cyclin D and cyclin E as 
well as the INK4a locus, which encodes p16 and p19ARF. The fi nal 
balance between these is probably determined by a combination of 
factors, including the nature of the stimulus and its relative strength. 
Cyclin activation leads to Rb phosphorylation (dark circles), result-
ing in the reversal of the transcriptional repression it normally exerts 
on E2F family members. These in turn regulate the large number of 
E2F-responsive genes that permit S-phase progression. The activ-
ity of cyclin D/CDK4,6 is inhibited by the p16 CDKI. Cells can 
progress to a transformed state as a result of cyclin D or cyclin E 
overexpression or loss/mutation of p16 or Rb. Oncogenic signals in-
directly upregulate p53 via the induction of a second INK4a-encoded 
protein, p19ARF. This inhibits the E3-ubiquitin ligase Mdm2, which 
in turns inhibits p53. DNA damage also upregulates p53, largely via 
p19ARF-independent pathways. p53 in turn regulates a large number 
of genes whose products then collectively promote cell cycle arrest 
in G1 or G2/M, or apoptosis. Note that the activity of p53 is also 
regulated by a positive feedback loop involving the induction of 
Mdm2. In certain cancers, this pathway can be inactivated as a result 
of loss/mutation of p53, overexpression of Mdm2, or loss of p19ARF. 
Note that in addition to communicating via INK4a-encoded proteins, 
the Rb and p53 pathways also communicate via p21CIP1/WAF1, a direct 
positive target of p53, which is one of the mediators of p53-induced 
apoptosis. However, it also suppresses the transcriptional regulatory 
potential of E2F members and inhibits cyclin E/CDK2 activity. Pro-
teins with proven or putative tumor suppressor function are denoted 
by outlined lettering, whereas those which function as oncoproteins 
are depicted in gray. Other p53 target genes that promote apoptosis 
include PUMA, NOXA and PIG3.



Cell. Mol. Life Sci.  Vol. 62, 2005 Review Article 2441

p19ARF (or the human ortholog p14ARF). The latter arises 
via the translation of an alternate reading frame of INK4a 
that substantially overlaps with that of p16 [29]. How-
ever, unlike p16, which regulates Rb activity by inhibit-
ing cyclin D/CDK4,6 complexes, p19ARF regulates p53 
by inhibiting Mdm2 (or the human ortholog Hdm2), a 
RING-fi nger E3 ubiquitin ligase, which targets p53 for 
proteolysis (fi g. 1).
Additional evidence linking the p53 and Rb pathways 
has come from studies on p21CIP1/WAF1 , whose gene was 
the fi rst identifi ed p53 target [30]. As a consequence of 
its interaction with proliferating cell nuclear antigen 
(PCNA), p21WAF1/CIP1 inhibits DNA replication and cell 
cycle progression. This function is thus in accord with 
the known cell cycle effects of p53. However, it was sub-
sequently shown that p21WAF1/CIP1 also acts as a CDKI and 
specifi cally targets cyclinE/CDK2 complexes [31]. This 
activity results in the accumulation of hyposphorylated 
Rb and in a further block to cell cycle progression that 
likely cooperates with the p16-mediated block of cyclin 
D/CDK4,6 [32]. Finally, to ensure that the block to cell 
cycle progression is complete, p21CIP1/WAF also interacts 
with and directly inhibits transcriptional regulation by 
E2F proteins [32]. 
In a manner that evokes the loss of Rb control resulting 
from cyclin D1 overexpression or p16 loss, some tumors 
inactivate p53 indirectly rather than through direct mu-
tation. One such example is seen in soft tissue sarcomas, 
which often expresss high levels of Mdm2, thus effec-
tively ablating the p53 response [23]. Similarly, in some 
experimental tumors, loss of 19ARF is oncogenic at least 
in part because it leads to an inability to quench Mdm2 
[12, 33]. Although inactivation of p14ARF in human tu-
mors has been reported infrequently, recent evidence 
indicates that the c-onc protein Pokemon, which is 
frequently overexpressed in human tumors, specifi cally 
interacts with and downregulates the p14ARF promoter 
[34].
Both cyclin D and cyclin E can be classifi ed as c-onc 
genes by virtue of their ability to promote transformation 
in vitro and by the fact that they are often overexpressed 
and/or otherwise deregulated in naturally occurring can-
cers [35, 36]. However, a rather novel way of utilizing 
one of these to sabotage both the Rb and p53 pathways 
in some cases of breast cancer has recently come to 
light. Wingate et al. [37] have described novel forms 
of cyclin E, which have been proteolytically clipped of 
their N-terminal 40–45 amino acids. As a result of this 
truncation, cyclinE-CDK2 complexes are highly resist-
ant to inhibition by p21 as well as by p27KIP1 , an alternate 
cyclin E-CDK2 CDKI. In fact, the affi nity of this latter 
CDKI for the truncated cyclin E is actually higher than 
for the full-length molecule. This suggests that p27KIP1 
sequestration may contribute independently to the activa-
tion of cyclin E.

The above-described multi-faceted control of the cell 
cycle by Rb and p53 underscores the fi ne tuning and co-
ordination of the complex machinery that is mandatory 
for the orderly and error-free initiation and progres-
sion of DNA replication and mitosis. Yet despite the 
specifi city and redundancy with which these networks 
operate, and despite the presumed fail-safe mechanisms 
embedded within them, there remain chinks in this 
molecular armor that cancer cells have exploited. As 
illustrated above, the study of cancer-associated muta-
tions has provided insights into the most critical nodal 
points in these pathways. They have also enhanced our 
appreciation of the relationships these pathways share 
with some of the c-onc proteins that are deregulated in 
cancer cells. 

So many mutations, so little time 

One of the central tenets of molecular oncology is that 
most tumors arise as a consequence of their 
having sustained multiple genetic mutations. Some of 
the fi rst experimental evidence in support of this concept 
came from the work of Weinberg and his colleagues who 
fi rst demonstrated that in vitro transformation of primary 
rodent fi broblasts required the cooperation of at least two 
oncogenes (for example c-Myc and ras) [11]. In vivo con-
fi rmation of these fi ndings was soon provided by Leder’s 
group, which showed that female transgenic mice, with 
mammary gland-directed expression of c-Myc or v-Ha-
ras, developed monoclonal tumors only after long latency 
periods, whereas interbreeding of the two transgenic 
strains resulted in the accelerated appearance of multiple 
tumors [38, 39]. It is important to appreciate that, even in 
the latter case, only rare mammary cells actually became 
transformed and that the latency period, while shortened, 
still remained. Both studies suggested that additional, 
stochastically acquired events were necessary to generate 
a tumor, even when two c-onc genes were co-expressed.
 A second line of evidence to support the multi-hit hy-
pothesis of cancer derived from the molecular evaluation 
of human colo-rectal carcinoma surgical specimens. 
Pioneered primarily by Vogelstein and Kinzler and their 
colleagues [40], these studies have provided evidence 
that as many as seven distinct and sequential mutations, 
accumulating over a span of years to decades, are neces-
sary for the development of a malignant tumor whereas 
fewer are necessary for the development of precursor 
polyps [41]. 
The above conclusions are consistent with more recent 
studies that have attempted to defi ne the minimal number 
of genetic elements necessary to transform primary 
human cells in vitro. For reasons that remain unclear, 
human cells are considerably more resistant to in vitro 
transformation than rodent cells and may require as many 
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as four to six individual events. These include the over-
expression of oncogenes such as ras, the inactivation of 
tumor suppressors such as Rb and p53, an immortalizing 
signal such as the activation of telomerase and other as 
yet poorly defi ned events [42]. 
Taken at face value, all of the above studies are in di-
rect confl ict with a large body of work showing that the 
mutation rate of normal human cells is much too low to 
account for the accumulation of this number of genetic 
alterations over a single individual’s lifetime. Thus, it 
has been proposed that one of the earliest events in the 
generation of a transformed cell is an enhanced genomic 
plasticity or instability that greatly accelerates the mu-
tation rate [43]. Many rare familial cancer syndromes, 
such as Fanconi’s anemia, Bloom’s syndrome, ataxia-te-
langiectasia and Nijmegen breakage syndrome have now 
been shown to be associated with high mutation rates and 
defects in specifi c DNA repair pathways, thus providing 
strong evidence for the central role of genomic instabiity 
in some cancers [12, 44].
The so-called mutator hypothesis, which explains how 
cells develop a hypermutable genome, and thus a pre-
disposition to transformation, was originally applied to 
genes whose products control the fi delity of DNA rep-
lication, such as polymerases [43]. More recently, the 
concept has expanded to embrace genes whose products 
regulate levels of intracellular mutagens and recognize 
and repair DNA and chromosomal damage [45]. Cells 
with a mutator phenotype need not be initially trans-
formed. Nor, theoretically, is transformation even an 
inevitable consequence of the phenotype. Rather, the 
mutator phenotype provides for a rate of mutational 
acquisition that vastly increases the probability that the 
correct number and mix of mutated c-onc’s and TS’s, 
necessary for transformation, will accumulate within 
the host’s lifetime. The mutator hypothesis also explains 
many additional aspects of tumor cell behavior such as 
the ability to adapt to the hostile hypoxic and acidotic 
tumor micro-environment, the ability to develop re-
sistance to chemotherapeutic drugs, and the ability to 
invade and metastasize. Finally, the mutator hypothesis 
implies that, at the cellular level, tumors are molecularly 
heterogeneous, with new mutations arising constantly, 
randomly and independently of those accumulating in 
neighboring tumor cells. The vast majority of such mu-
tations would be of no consequence or even detrimental. 
Those mutations which did confer a survival or prolif-
erative advantage might eventually come to constitute 
a majority of the tumor cell population, but only under 
the proper selective circumstances. For example, cells 
with enhanced ability to catabolize or expel cytotoxic 
drugs or to survive a hypoxic environment would only 
be selected for if chemotherapy were administered or 
if the tumor began to outgrow its blood supply. What is 
now appreciated is that genes that control genomic sta-

bility are in fact TS’s, but of a type that is distinct from 
classical TS’s such as Rb and p53. The latter have been 
termed gatekeepers to denote their function in limiting 
DNA replication or mitosis until genomic damage can 
be repaired. In contrast, the former genes have been 
dubbed caretakers by virtue of their function to maintain 
genomic integrity [46].
In the following sections, I discuss several forms of ge-
nomic instability, some of which have only just recently 
been appreciated. In keeping with the overall theme of 
this review, emphasis is placed upon how c-onc and TS 
proteins communicate with one another and contribute to 
these properties. 

Forms of genomic instability

As mentioned previously, the mutator hypothesis was 
developed as a way around the fact that, when combined 
with its intrinsic proofreading activity, the heritable mu-
tation rate of DNA polymerase-d, the major eukaryotic 
DNA polymerase, is extraordinarily low (on the order of 
10–9–10–10 per generation) [43, 45]. Although transgenic 
mice expressing a proofreading-defective mutant of the 
enzyme develop lymphomas and epithelial cancers [47], 
human DNA polymerase-d mutations have not been de-
scribed. Thus, other mechanisms must account for the 
high mutation rates seen in cancer.
In fact, two general types of genomic instability do 
occur commonly in human cancers, particularly those 
of epithelial origin. The fi rst, termed microsatellite in-
stability (MIN), involves defects in the repair of short 
mismatches resulting from slippage of DNA polymerase 
as it negotiates segments of short repeats, termed mic-
rosatellites. These generally occur as single nucleotide 
repeats (…AAAAAA…) or as di-tri nucleotide repeats 
(…ATATATAT… or …ATGATGATG…) (fi g. 2). The 
second type of instability, chromosomal instability 
(CIN), occurs at the whole chromosome level and results 
from failure of the mitotic spindle checkpoint apparatus 
to ensure that the proper alignment of chromosomes has 
occurrred prior to telophase. CIN may also result from 
the presence of supernumerary centrosomes [48]. The 
consequences of CIN are chromosomal mis-segregation 
with resultant daughter cell aneuploidy and allelic imbal-
ance. Interestingly in the case of colon cancers, MIN, 
which occurs with a frequency of about 15%, rarely co-
exist with CIN, which occurs in about 85% of cases. This 
suggests either that these two forms of genomic instabil-
ity are mutually incompatible or that each on its own is 
suffi cient for the requisite genomic instability leading to 
cancer. Although translocations, segmental duplications 
and deletions, and gene amplifi cation can also be consid-
ered a form of CIN, the mechanisms giving rise to these 
are distinct.
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lesions is striking and consistent with its playing an early 
and important role in actual cancer pathogenesis.
The DNA mismatch repair machinery involved in MIN 
consists of three proteins of the mutS family (MSH2, 
MSH3 and MSH6) and four proteins of the mutL family 
(MLH1, MLH3, PMS1 and PMS2) (fi g. 2). MutS mem-
bers are involved in nucleotide mis-match recognition, 
whereas MutL proteins are involved in its repair. Single 
nucleotide mis-matches are recognized by complexes of 
MSH2 and MSH6 which then recruit the repair enzymes 
MLH1 and PMS1. Di- and tri-nucleotide nucleotide 
mis-matches are recognized by a complex of MSH2 and 
MSH3, which then recruits the same repair enzymes. 
HNPCC, which accounts for about 2% of all colo-rectal 
cancers, is associated with a high frequency of mutations 
in either MSH2 (approx. 35%) or MLH1 (approx. 60%), 
each of which participates in both types of repair [52]. 
Individuals with such germ-line mutations have an ap-
proximately 80% lifetime risk of developing colo-rectal 
cancer as well as a higher than average incidence of 

An early start on the road to MIN

In humans, several independent lines of evidence suggest 
that MIN arises in pre-neoplastic tissues under certain 
circumstances. Brentnall et al. [49] examined cells ob-
tained by endoscopy from the pancreatic juice of a small 
number of patients with pancreatitis and no evidence of 
pancreatic cancer. MIN was detected at two or more loci 
in 100% of these individuals, suggesting that it may be 
the response to a chronically stressed intracellular envi-
ronment. Similarly, MIN was detected in the infl amed 
mucosa of 50% of patients with ulcerative colits (UC), 
which is associated with a high lifetime risk of colon can-
cer [50]. The incidence was nearly identical in dysplatic 
versus non-dysplastic tissues. In esophageal dysplasia, a 
precursor lesion to esophageal squamous cell carcinoma, 
MIN was detected in 22% of individuals with low-grade 
dysplasia, 33% of those with high-grade dysplasia and 
59% of those with frank carcinoma [51]. The frequency 
with which MIN is detected in these early pre-neoplastic 

Figure 2. DNA mismatch and base excision repair systems. (A) DNA mismatch repair. Misincorporation of DNA bases due either to errors 
in DNA polmerase or to DNA slippage in microsatellite sequences are generally 1 or >1 nt in length. In either case Msh2 (turquoise) sur-
veys and marks these mismatched regions (red). It then dimerizes with Msh6 (orange) if the mismatch involves a single base, or with Msh3 
(magenta) if the mismatch is >1 nt. Mlh1-Pms1 heterodimers are then recruited to catalyze the excision process. (B) Base excision repair. 
Damage of single damaged DNA bases is recognized by AAG (3-methyladenine DNA glycosylase), which excises the base in a single step 
while preserving the sugar-phosphate backbone. Ape1 (apurinic/apyrimidinic endonuclease) then creates a 5’ single-stranded nick, thus 
allowing DNA pol b to add a new, undamaged base and to remove the baseless sugar via its lyase activity. The 5’ nick is then repaired by 
DNA ligase III.
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endometrial, gastric and ovarian cancers. 10–15% of 
non-familial, sporadic colo-rectal cancers show loss of 
expression of these genes, although this usually results 
from epigenetic promoter hypermethylation [52]. 
As noted above, the vast majority of the random muta-
tions resulting from MIN should not confer any growth 
advantage and indeed may even be deleterious. Tumors 
which do arise should thus be expected to originate from 
a subset of damaged cells with mutations in critical genes 
that regulate key tumor phenotypes. Therefore, one pre-
diction of the mutator hypothesis is that, compared with 
their non-cancerous precursors, MIN tumors will more 
frequently contain mutations that activate c-onc genes 
or inactivate TS’s. In fact, several of the latter have now 
been described, including those which inactivate the 
transforming-growth factor  (TGF-b) receptor, the insu-
lin-like growth factor II (IGF-II) receptor, BAX, and the 
MSH3 and MSH6 genes themselves [52].
Identifying the genes responsible for generating MIN in 
human cancers has facilitated the development of in vivo 
models to investigate their causal role directly. Biallelic 
knockouts of MSH2 or MLH1 in mice do in fact lead to 
MIN and are associated with an increased incidence of 
thymic lymphomas and intestinal tumors, respectively 
[53–55]. MSH2 –/– cells are also more sensitive to the 
mutagenic effects of methylating agents, most likely due 
to a defect in p53-dependent apoptosis [55]. Thus, at least 
in this experimental context, both MSH2 and MLH1 can 
be considered as true TS’s since they meet one of the 
central requirements for such genes; namely, they protect 
against the de novo development of tumors in vivo.
MIN in chronic infl ammatory diseases may evolve along 
somewhat different pathways involving the base excision 
repair (BER) system, which recognizes and replaces 
DNA bases that have been damaged by oxidation or 
alkylation. Hofseth et al. [56] showed that abnormally 
high levels of the enzymes AAG (3-methyladenine DNA 
glycosylase) and APE1 (apurinic/apyrimidinic endonu-
clease) could be detected in the infl ammed mucosa of 
UC colonic epithelium. AAG normally removes single 
damaged DNA bases such as N6-etheneoadenine and 
hypoxanthine without cleaving the sugar-phosphate 
backbone of the DNA strand. APE1 then creates a single-
stranded nick immediately 5’ to the site of the excised 
base. Following this, DNA polymerase-b catalyzes the 
replacement of the damaged base and also removes the 
baseless sugar that remains from the previous action of 
AAG. DNA ligase III then repairs the nick. Although the 
entire process is MutS/MutL-independent, misincorpora-
tion in microsatellite sequences can lead to MIN. While 
it is unclear how this occurs, it has been suggested that 
higher levels of these enzymes may lead to relative im-
balances, thus disrupting the normal effi ciency of BER 
[56]. These fi ndings make some sense given that BER is 
involved in reversing the DNA base damage that arises 

from high levels of reactive oxygene species (ROS), 
which invariably accompany infl ammatory states. They 
imply that MIN, arising in the earliest, pre-cancerous 
UC lesions, may have a different origin than the MIN 
of cancers originating from non-infl ammed colonic mu-
cosa. They also raise several intriguing points. First, they 
demonstrate how a TS could, when overexpressed, actu-
ally become a c-onc protein. Second, they show that TS 
dysfunction need not always involve its loss, mutation or 
inactivation. Finally, they suggest that variation of TS or 
c-onc protein levels, due for example to genetic polymor-
phisms, might underly individual, racial or ethnic varia-
tions in cancer incidence.

CIN

CIN occurs in the majority of human cancers, and in 
certain types, such as colon cancer, high-grade aneu-
ploidy is especially common. In yeast, over 100 genes 
have been identifi ed whose deregulation results in CIN 
[57]. Many of these have mammalian orthologs and 15% 
act dominantly, suggesting that they are potential c-onc 
genes. Others, as discussed below, are previously identi-
fi ed TS genes.
The obvious consequence of CIN is allelic imbalance 
(AI), in which the inheritance of an extra chromosome by 
one daughter cell is accompanied by chromosomal loss 
in its sister cell. The case depicted in fi gure 3 illustrates 
how this single step can give rise to daughter cells with 
unique molecular signatures, and distinct subsequent 
evolutionary pathways. For example, daughter cell A 
has received three copies each of a c-onc and TS gene. 
It would therefore be highly unlikely to evolve further by 
inactivating all three copies of the latter gene. However, 
it may already possess a growth advantage by virtue of an 
increased dosage of the c-onc gene. In contrast, daughter 
cell B is much more likely to evolve by losing or inacti-
vating its sole remaining copy of the TS gene. However, 
it may be at a growth disadvantage by virtue of a reduced 
expression of the c-onc gene. Assuming the survival of 
both daughter cells, such different baseline states could 
dictate which events occur next and, ultimately, how the 
two tumor cell populations that subsequently evolve are 
hard-wired. Some of these events might involve common 
genes of high importance such as p53, whereas others 
might be favored as a result of the different starting mo-
lecular environments of the cells. Ultimately, the progeny 
of each daughter might possess quite different properties, 
athough all would be transformed. The degree to which 
each contributes to the fi nal tumor mass would be based 
upon their relative rates of proliferation and upon their 
intrinsic abilities to survive and/or adapt to subsequent 
environmental challenges. This type of mechanism could 
explain why seemingly identical tumors from different 
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individuals possess different biological properties, why 
a single tumor can show histologic variability, and why 
seemingly identical tumors and even individual cells 
from the same tumor can possess different molecular 
signatures. 

The road to CIN: an equally early start?

How early does CIN arise, what are the mechanisms 
generating it, and what is the evidence that it is caus-
ally related to cancer? In answer to the fi rst question, it 
appears that, at least in some cases, CIN, like MIN, can 
arise extremely early. In one study from the Vogelstein 
laboratory [58], the authors examined 32 small (1–3 mm) 
colonic adenomas. AI at the adenomatous polyposis coli 
(APC) locus on chromosome 5q was detected in 55% 
of tumors. At four other loci tested, the incidence of AI 
ranged from 10 to 28%. At least one locus other than 5q 
showed AI in 67% of tumors. Similarly, in a study of uter-
ine cervical dysplasia, Luft et al. [59] demonstrated LOH 
at multiple chromosomal loci in 50% of high-grade dys-

plasias. All affected cases were also positive for human 
papilloma virus, suggesting a possible role for this agent 
in the initiation of CIN. Perhaps the well-known inactiva-
tion of p53, mediated by the virally encoded E6 protein, 
creates a permissive environment for CIN by preventing 
apoptosis of chromosomally imbalanced cells. This com-
bination could prove particularly deleterious as it would 
involve defects in both the gatekeeper and caretaker 
functions referred to earlier in this review. Finally, Rubin 
et al. [60] demonstrated the presence of aneuploidy in 
a signifi cant fraction of mucosal biopsies obtained from 
individuals with UC and correlated this with the eventual 
development of dysplasia or frank carcinoma. Although 
the studies to date remain few and the total cases studied 
small, they nonetheless emphasize that, like MIN, CIN 
may occur exceedingly early in tumor cell evolution. 
Clearly, it will be important not only to corroborate these 
fi ndings but to establish their generality. 
Although the molecular defects leading to CIN are still 
emerging, it is now generally appreciated that numeri-
cal or structural chromosomal defects arise from failure 
of the mitotic spindle checkpoint (MSC). This surveil-
lance mechanism oversees the proper alignment of 
chromosomes on the mitotic plate and their attachment 
to the centromere via microtubles. Its ultimate purpose 
is to ensure the proper and orderly partitioning of the full 
chromosomal complement to each daughter cell at the 
completion of mitosis. Any chromosomal misalignment 
or asymmetry during this critical process triggers an 
assortment of molecular alarms designed to freeze mi-
tosis until any lag or malpositioning has been corrected. 
Failure to do so results in apoptosis, which is largely, 
although not exclusively, p53-dependent. 
Much of the work on CIN has focused on the proteins that 
bind to the centromere and form what has been termed 
the kinetochore. One of the major kinetochore compo-
nents is the anaphase-promoting complex/cyclosome 
(APC/C), which should not be confused with the adeno-
matous polyposis coli (APC) protein discussed earlier. 
APC/C is composed of over a dozen subunits, including 
a novel ubiquitin ligase and a co-activator, cdc20 [61]. 
In metaphase cells whose sister chromatids are properly 
aligned and attached to the mitotic spindle, the major role 
of APC/C is to initiate a cascade of events culminating in 
the orderly and equal partitioning of the duplicated chro-
mosomes to each daughter cell. APC/C also binds to the 
kinetochores of misaligned or improperly attached chro-
mosomes with much different consequences [61–63]. In 
this case, the complex acts as a recipient of signals from 
the MSC, which conveys the message that mitosis must 
halt and not resume until proper chromatid positioning 
and attachment to the mitotic spindle has been completed 
[63]. Under these conditions, APC/C initiates the signal 
for this stop program, the components of which have 
been characterized over the past several years. As a result 

Figure 3. Theoretical tumor genotypes and phenotypes arising as 
a result of CIN. A normal cell, which has just acquired a mutation 
leading to CIN, is shown at the left of the diagram. Maternal and 
paternal copies of a single chromosome are shown. Each contains 
a hypothetical c-onc gene (c-onc: checkered box) and tumor sup-
pressor gene (TS: stippled box). As a result of CIN, duplicated chro-
mosomes are distributed unequally between daughter cells. In order 
for daughter cell A to evolve into a malignant clone, it would need 
to lose or inactivate one copy of the TS and to amplify or otherwise 
upregulate its c-onc gene. In contrast, in order for daughter cell B to 
evolve into a malignant clone, it might not need to further amplify 
c-onc-A gene but would need to sustain three independent inacti-
vating events of TS, which is highly unlikely. A much more likely 
scenario for cell B is to inactivate both alleles of another TS located 
on a different chromosome. Thus, the subsequent events needed to 
become a fully malignant clone would be different and may occur at 
different rates in the two cell types. Depending upon the similarities 
of the ultimate genotypes, the actual tumor cells might differ in ap-
pearance, behavior or gene expression profi les. 
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of this work, new roles for previously known TS’s have 
been appreciated and potentially novel TS’s have been 
identifi ed (fi g. 4).
One role for the MSC is to monitor the composition and 
integrity of kinetochores and the degree to which tension 
is exerted on sister chromatids by mitotic spindle micro-
tubules. Imperfections in any of these or other defects in 
spindle dynamics result in activation of the checkpoint, 
the immediate result of which is the phosphorylation-de-
pendent activation of several protein kinases, including 
Bub1, BubR1, Bub3, Mad1 and Mad2 [64–66]. These 
are then recruited to the unattached kinetochore where 
they form a complex with, phosphorylate and inactivate 
cdc20, although not necessarily with identical kinetics 
or stoichiometries. In the absence of the co-activator 
function of cdc20, the ubiquitin ligase activity of APC/C 
is greatly suppressed. This leads to the stabilization of 
securin, an inhibitor of the caspase-like separin protease 
(separase), whose major target is cohesin, a multi-compo-
nent chromatid glue that blocks anaphase [67]. In yeast, 
and possibly in mammalian cells as well, degradation of 
cohesin at the metaphase-anaphase boundary is further 
enhanced by its phosphorylation by polo kinase, which 
also resides within the kinetochore [68, 69]. 
 Perhaps not surprisingly, defects in certain of the above 
proteins can lead to CIN, both in experimental animal 
models and in naturally occurring human cancers. For 

example, haploinsuffi ciency of either BubR1 or Mad2 
in mice leads to CIN and a tumor-prone phenotype [70, 
71], and a small number of human colo-rectal cancers 
harbor heterozygous mutations in the BUB1 gene [72]. 
The mutant proteins behave dominantly, as they promote 
CIN when introduced into diploid cells with wild-type 
BUB1 alleles. In other human cancers with CIN, reduced 
expression of MAD2 has been described and is due to 
promoter hypermethylation [73]. Human cells with an 
engineered knockout of securin developed CIN due to an 
inability to properly segregate sister chromatids. These 
cells also show defects in separase activation [67]. In-
terestingly, overexpression of securin, which is seen in 
some human tumors, is also transforming in vitro [74]. 
These studies imply that, at least for some components 
of the mitotic machinery, the distinction between c-onc 
and TS proteins is not always a sharp one, even for the 
same protein.
One of the strongest pieces of evidence for a causative 
role for MSC dysfunction in cancer has come from the 
study of individuals with mosaic variegated aneuploidy, 
a rare constitutional condition characterized by micro-
cephaly, growth retardation, a predisposition to a variety 
of human cancers and, at the cellular level, mosaicism 
for chromomal gains and losses. In fi ve such families, 
biallelic germ-line mutations in BubR1 have been identi-
fi ed [75].

Figure 4. The mitotic spin-
dle checkpoint. The cartoon 
depicts a pair of metaphase 
chromosomes attached by the 
microtubule network (thin 
solid lines) to one of a pair of 
centrosomes. As depicted at the 
top of the fi gure, misaligned or 
unattached sister chromatids 
activate the spindle checkpoint, 
resulting in the phosphoryla-
tion-dependent activation (dark 
circles) of various members of 
the Bub and Mad family of ki-
nases. These are then recruited 
to the kinetochore where, 
through a series of additional 
phosphorylation reactions, they 
inhibit cdc20, a co-activator 
of the kinetochore-associated 
anaphase promoting complex/
cyclosome (APC/C) and its 
associated ubiquitin-ligase 
activity. Failure to ubiquitinate 
securin blocks separase and its 
proteolytic degradation of co-
hesin (dashed line), a molecu-
lar glue that prevents chromatid separation and anaphase progression. Polo kinases (PLKs) associated with the kinetochore independently 
phosphorylate cohesin, making it more sensitive to separase and providing a means by which its rate of degradation can be controlled. Proper 
positioning of chromatids along the spindle and the exertion of appropriate tension along microtubule network inactivates the checkpoint, 
thus ultimately allowing for anaphase to proceed. Congenital or acquired mutations in members of the Bub and Mad family result in a CIN 
phenotype and predisposition to cancer development, presumably due to the unequal partitioning of sister chromatids to daughter cells. 
Proteins associated with the centrosome include the tumor suppressors p53, Brca1, Brca2 and APC. Loss of any of the fi rst three has been 
associated with centrosome amplifi cation and aneuploidy.
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The APC gene is mutated in the germ-line of individu-
als with familial adenomatous polyposis and Gardner’s 
syndrome as well as in a substantial fraction of sporadic 
colo-rectal cancers with CIN [40, 76]. Classically, APC 
has been viewed as a key regulatory component of 
the Wnt1-b-catenin-Tcf4 pathway, which controls the 
transcription of numerous genes involved in cell cycle 
progression, most notably c-Myc. APC or b-catenin mu-
tations can thus contribute to the pathogenesis of colo-
rectal cancers via the upregulation of these target genes 
[77]. c-Myc deregulation, particularly when combined 
with p53 inactivation, can lead to tetraploidy, aneuploidy, 
and various other structural and numerical chromosomal 
abnormalities [78, 79]. 
 Recently, however, two alternate ways by which APC 
mutations might promote CIN have been described. The 
fi rst involves the fi nding that APC is also a component 
of the centrosome, which serves as a microtubule organ-
izing center during mitosis (fi g. 4). Here, APC associates 
with Bub1 and BubR1 and is probably an in vivo sub-
strate of at least the former; it also interacts with another 
centrosome component, EB1, that is closely associated 
with microtubules [80–82]. 
Like chromosomes, the centrosome is normally repli-
cated once per cell division. These daughter centrosomes 
then migrate to opposite sides of the cell where they 
form the spindle poles typically seen during cytokine-
sis. However, centrosome amplifi cation and abnormally 
sized centrosomes have been described in many types 
of human cancers, particularly those with p53 mutations 
[83]. Supernumerary centrosomes, in association with 
abnormal chromosome segregation, are also observed in 
cells with APC mutations [80,81]. APC appears neces-
sary to stabilize the insertion of microtubules into the 
kinetochore. Mutant APC proteins promote abnormal 
chromosomal segregation, probably as a consequence of 
unstable microtubule-kinetochore connections [80].
APC is illustrative of the dual role that certain TS’s may 
play as both caretakers and gatekeepers. On the one hand, 
APC may suppress CIN via its role in centrosome and/or 
microtubule function, thus fulfi lling its caretaker func-
tion. On the other hand, the ability to regulate cell cycle 
progression-related genes such as c-Myc and cyclin D1 
also places APC squarely within the gatekeeper camp. 
Perhaps it is this dual functionality that underlies APC’s 
frequent inactivation in colo-rectal tumors.
Because p53 loss creates a cellular environment that is 
more forgiving of DNA or chromosomal damage, it is 
not surprising that p53 defects and CIN often go hand in 
hand. However, a more direct role for p53 in centrosome 
maintenance and CIN may also exist. Fukasawa et al. 
[84] have shown that cells from various organs of p53–/
– mice often bear multiple centrosomes and show abnor-
mal chromosome segregation. The mechanisms by which 
p53 controls centrosome duplication involves p21WAF1/CIP1 

[85]. p53 localizes to the centrosome of several estab-
lished and primary cell lines, although its function at this 
location is unclear [86]. Consistent with this fi nding is the 
fact that short-term exposure of p53–/– cells to sublethal 
doses of cytotoxic drugs results in CIN [87]. Ironically, 
this might represent a means by which the pharmacologic 
agents long used in cancer therapy might actually accel-
erate tumor evolution. The high degree of aneuploidy 
and centrosome amplifi cation that commonly accompa-
nies type 16 papillomavirus infection is also due, at least 
in part, to the inactivation of p53 [88]. Interestingly, the 
virally encoded E6 and E7 proteins also de-regulate Polo 
kinase, which, as discussed above, might potentially con-
tribute to CIN via an independent mechanism involving 
cohesin destabilization (fi g. 4). Taken together, these and 
previous studies suggest that, with regard to CIN, p53 
affects multiple pathways controlling the cell cycle, ap-
optosis and centrosome function.
Some of the Brca1 familial breast cancer susceptibility 
protein localizes to the centrosome, along microtubules 
during chromatid segregation, and at the sites of micro-
tubule insertion on chromatids [89]. These fi ndings sug-
gest an intimate role for Brca1 is controlling centrosome 
duplication and/or chromosome segregation and are 
consistent with the fi nding that Brca1-defi cient tumors 
and primary cells often display centrosome amplifi cation 
and CIN [90]. However, this remains guilt by associa-
tion only, as it is not yet clear what Brca1’s function is 
at these sites. 
Human T lymphotropic virus type I (HTLV-I) is the 
causative agent of adult T cell leukemia and lymphoma. 
HTLV-I-associated malignancies display a considerable 
degree of aneuploidy and other complex chromosomal 
aberrancies, both of which are unusual for lymphoid neo-
plasms. Unlike the malignancies induced by other repli-
cation-competent retroviruses, which are associated with 
their recurrent insertion near specifi c c-onc genes, those 
caused by HTLV-I are poorly understood at the molecular 
level. However, the viral protein Tax appears to play an 
important role in this process and thus appears to be a 
novel c-onc gene [91, 92]. Among its other activities, Tax 
directly interacts with cdc20 and promotes the premature 
activation of the APC/C complex [93]. This is associated 
with the early polyubiquitination and degradation of se-
curin and other mitotic regulators such as cyclins A and 
B1, both of which are components of the APC/C complex 
[92]. Tax-expressing T cells demonstrate delayed pas-
sage through S/G2/M and eventually become aneuploid 
and bi- or multi-nucleated.
The participation of the APC/C component cyclin B1 
in numerical CIN was originally suggested by work 
demonstrating that c-Myc overexpression promotes 
aneuploidy in cells treated with mitotic spindle poisons, 
or spontaneously, and in the absence of such poisons, 
if p53 is concurrently inactivated. Analysis of various 
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cell cycle proteins demonstrated that cyclin B1 was 
overexpressed and its cdc2-associated kinase activity 
signifi cantly elevated. The cyclin B1 promoter was sub-
sequently shown to be a direct transcriptional target for 
c-Myc and a direct negative target for p53 [94]. It was 
subsequently established that cyclin B1 overexpression 
alone is suffi cient for the induction of aneuploidy so 
long as cells are prevented from undergoing p53-de-
pendent arrest or apoptosis, either by overexpressing 
dominant-negative forms of p53 or inactivating it 
with papilloma virus E6 protein [94]. These fi ndings 
are consistent with observations that many aneuploid 
tumors overexpress cyclin B1 [95] and with more re-
cent fi ndings that overexpression of human cyclin B1 
in yeast disrupts the MSC, promotes unscheduled DNA 
replication and ultimately leads to CIN [96]. However, 
the precise mechanism by which this occurs remains to 
be determined. 

Which type of genomic instability?

What determines whether a tumor will display MIN or 
CIN, and how, if at all, do these two forms of genomic 
instability differentially contribute to tumor behavior 
or clinical outcome? It is known that HNPCC and spo-
radic colon cancers with MIN tend to arise on the right 
side and are generally associated with a more favorable 
prognosis than those with CIN, which tend to be left-
sided [97–100]. One interpretation of these data is that 
the epithelia on the two sides of the colon are exposed 
to different environmental carcinogens, thus leading to 
distinct forms of genomic instability. Another, non-mu-
tually exclusive possibility is that the mucosa from the 
two sides are somehow differentially prone to mutation 
of genes controlling MIN and CIN. Support for this latter 
interpretation has been provided by microarray analysis 
of MIN and CIN tumor cell lines, which has shown that 
they differentially express over 70 genes [101]. Whether 
these represent actual cell type differences or simply re-
sponses and/or adaptations to MIN or CIN remains to be 
determined. 

Genomic instability and oxidative DNA damage

As discussed previously (fi g. 2), BER provides the pri-
mary means of correcting damaged DNA bases, most of 
which are generated by ROS. Recent evidence supports 
the view that a mutator phenotype arises if cells are un-
able to dispose properly of these highly mutagenic spe-
cies. In such cases, BER and/or other repair pathways 
that commonly respond to oxidative DNA damage may 
simply be overwhelmed. Because of the now appreciated 
association between chronic infl ammation, ROS and pre-

neoplastic genomic instability, it is tempting to speculate 
that ROS might be a trigger for MIN and CIN. 
 ROS are produced constantly by normal metabolic proc-
esses, acute and chronic infl ammation, and exposure 
to exogenous toxins and radiation [102]. ROS include 
hydrogen peroxide (H2O2), superoxide (O2–), and 
hydroxyl (.OH) radicals. These short-lived but highly 
reactive agents can mediate the oxidation of proteins, 
lipids and DNA, particularly in association with certain 
metal ions such as Fe++ [102]. The consequences of DNA 
damage include the chemical modifi cation of bases with 
resultant mispairing [103].
Because of the potentially deleterious consequences 
of maintaining an oxidative environment, a number of 
defenses have evolved to inactive ROS. These include 
superoxide dismutase, which converts superoxide to 
H2O2; catalase and glutatione peroxidase, which convert 
H2O2 to water; and peroxiredoxins, which utilize thiore-
doxin as an electron donor and also scavenge peroxide 
[102]. Non-enzymatic ROS scavengers include ascorbate 
(vitamin C), tocopherols (vitamin E and its derivatives), 
glutathione, selenium and carotenoids. The number and 
functional redundancy of these molecules underscores 
the importance of ROS inactivation and the need to regu-
late tightly the cellular re-dox state [102, 104].
To investigate the relationship between ROS scavengers 
and cancer, several groups have developed knockout 
mouse strains for various anti-oxidant proteins. Hender-
son et al. [105] have shown that defi ciency of the π-class 
glutathione-S-transferase (GST) increased the suscepti-
bility of mice to skin tumorigenesis in response to the 
polycyclic aromatic hydrocarbon 7,12-dimethylbenzan-
thacene and the tumor promoter phorbol ester 12-O-tetra-
decanoylphorbol-13-acetate. Using a somewhat different 
approach that targeted the Nrf2 transcription factor, which 
is necessary for the induction of genes containing anti-
oxidant response elements, Ramos-Gomez et al. [106] 
achieved a 50–80% knockdown of GSTs and NAD(P)H-:
quinone oxidoreductase. These mice were more suscep-
tible to the development of gastric neoplasms following 
treatment with benzo[a]pyrene. However, given the wide 
spectrum of the anti-oxidant enzyme knockdown, and 
their continued partial expression, it was not possible to 
determine which, if any, single one was responsible for 
the enhanced cancer susceptibility.
The above knockout models suggested that ROS scav-
engers can serve as tumor suppressors, albeit under 
quite restricted and highly contrived circumstances. 
More recently, however, the knockout of peroxiredoxin 
I (Prdx1) (formerly known as proliferation-associated 
gene or pag) has supported the idea that ROS may be 
involved in spontaneously arising cancers. prdx1–/– an-
imals are indeed tumor prone [107], and their tissues 
contain elevated levels of 8-oxo-deoxyguanosine (8-
oxo-dG) and several other damaged DNA bases such as 
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8-hydroxy-2’-deoxyadenosine, (5’R)-cyclo-2’-deoxya-
denosine and (5’S)-cyclo-2’-deoxyadenosine [108]. 
The absolute and relative levels of these, however, are 
highly tissue-specifi c and do not appear to correlate in 
any simple manner with the cancers that develop [108]. 
An unexpected fi nding was that, with the exception of 
erythrocytes, the tissues of prdx1–/– animals do not 
actually contain elevated levels of ROS. Rather, the 
increased DNA damage appears to result from a re-dis-
tribution of cellular ROS such that a much higher frac-
tion localizes to nuclei [108]. Although these studies 
indicate that Prdx1 is a tumor suppressor, it remains to 
be seen whether it, and for that matter any of the other 
ROS scavengers discussed above, are inactivated in hu-
man cancers. Reports of both over- and underexpression 
of Prdx1 in human tumors have appeared [109, 110], 
and the PRDX1 gene, located on chromosome 1p34, is 
a candidate TS in meningioma [111]. However, to date 
there have been no reports of mutational or functional 
analyses in any of these tumors 
Although ongoing ROS-mediated DNA damage on its 
own might be suffi cient to lead to the eventual develop-
ment of cancer, the role of Prdx1 may be more complex 
and sinister. Prdx1 associates with at least two c-onc pro-
teins, namely, c-abl and c-Myc [112, 113]. In the former 
case, Prdx1 interacts with the SH3 domain of c-abl and 
negatively regulates the protein’s tyrosine kinase activity 
[112]. In MEFs, c-abl also negatively regulates the prdx1 
gene, which contains an oxidative response element in 
its promoter [114]. In the second case, Prdx1 interacts 
with the MBII domain of c-Myc, which is necessary for 
transformation and for the regulation of some c-Myc tar-
get genes [113, 115]. Prdx1 overexpression markedly re-
duces in vitro clonogenicity and in vivo tumorigenicity of 
c-Myc-transformed fi broblasts and alters the expression 
of some, but not all, c-Myc target genes [108]. prdx1–/– 
MEFs are also susceptible to transformation by a ras on-
cogene alone, unlike wild-type rodent fi broblasts, which 
require the combination of c-Myc and ras [11, 108]. This 
suggests that the loss of Prdx1’s interaction with MBII 
leads to c-Myc’s transcriptional activation. Interestingly, 
de-regulation of c-Myc has been shown to generate ROS, 
to promote DNA damage at the chromosomal level and 
to interfere with double-stranded DNA break repair [79, 
116]. Perhaps the interaction with Prdx1 is a means by 
which ROS can be locally controlled during c-Myc-
regulated transcription, when a more open DNA con-
formation increases its susceptibility to oxidative attack. 
Taken together, these fi ndings suggest that, in addition 
to scavenging ROS, Prdx1 may regulate the activities of 
two important components of intracellular signaling and 
oxidative stress response (e. g. c-abl and c-Myc). 
One of the most abundant, stable and mutagenic products 
of oxidative DNA damage is 8-oxo-deoxyguanosine (8-
oxo-dG). Its incorporation into DNA can lead either to 

correct base pairing with deoxycytosine or to incorrect 
pairing with deoxyadenine leading to G:C→T:A trans-
versions following replication [44, 103]. Three separate 
enzymatic pathways exist to prevent or correct such 
mistakes. The fi rst, MTH, removes the damaged base 
from the intracellular nucleotide pool before it can be 
incorporated into DNA. The second, 8-oxo-dG glycos-
yase (OGG) utilizes BER to repair 8-oxo-dG:dC pairs. 
The third, MYH, which is also a glycosylase, replaces the 
incorrect dA opposite 8-oxo-dG:dA with deoxycytidine 
[56]. Recently, Al-Tassan et al. [117] have described a 
defect in BER in a single familial colo-rectal cancer co-
hort without inherited APC mutations but with a variety 
of somatically acquired tumor mutations involving G:
C→T:A transversions. These individuals were found to 
be compound heterozygotes for missense mutations in 
MYH, both of which greatly reduced the adenine glyco-
sylase activity of the enzyme. That MYH also interacts 
physically with the MSH2 and MSH6 subunits of the 
MMR machinery (fi g. 2A) further suggests that the BER 
and MMR systems are intertwined [118]. These fi ndings 
provide reason to suspect that defects in ROS generation 
and scavenging, and the subsequent repair of the muta-
genic lesions they engender, may underly certain natu-
rally occurring human malignancies, particularly those 
that do not display evidence of MIN or CIN. 

c-Myc: another paradigm for c-onc and 
TS cross-talk

The previous discussion has provided a number of 
examples of close physical and functional c-onc-TS re-
lationships. In retrospect, such links seem obvious and 
sensible. The potentially high cost of ceding control over 
functions as basic as proliferation, survival and genomic 
integrity would seem to demand that c-onc and TS pro-
teins communicate with one another in order to ensure 
the monitoring and integrity of these processes. 
I have already touched upon the relationship between c-
Myc and certain TS proteins such as Prdx1. In fact, the 
centrality of c-Myc in controlling a signifi cant fraction 
of the cell’s transcriptional repertoire [119, 120] would 
seem to make it a logical point for TS’s to intercede. c-
Myc is already widely implicated in the causation of a 
variety of human tumors, generally as a result of gene 
amplifi cation or chromosomal translocation [6], and 
its requirement for normal cell survival and ontogeny 
beyond the early embryonic stage is well known [121]. 
Recent work has begun to reveal exciting hints as to how 
c-Myc may cross-talk with other TS pathways.
c-Myc and its cousins, N-Myc and L-Myc, are basic-he-
lix-loop-helix-leucine zipper (bHLH-ZIP) transcription 
factors. In addition to the ca. 80–90 amino acid bHLH-
ZIP dimerization domain, localized at their extreme 
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C-termini, all contain a ca. 150-amino acid N-terminal 
segment, termed the transcriptional regulatory domain 
(TRD), which is required for both transcriptional acti-
vation and repression. MBII, referred to in a previous 
section of this review, resides within the TRD between 
amino acids ca. 130–150. Another highly conserved re-
gion of the TRD, MBI is located between amino acids 
ca. 42–66 [122].
All of c-Myc’s biological properties, including trans-
formation, are dependent upon its interaction with its 
obligate bHLH-ZIP heterodimerization partner Max 
[123, 124]. Structural studies have determined that the 
c-Myc-Max quasi-symmetric heterodimer forms via 
head-to-head interactions involving multiple hydropho-
bic and polar contacts involving the H1 and H2 regions 
of the HLH domain and the entire ZIP domain [125]. 
Interaction of the basic domain with its cognate DNA 
recognition element (the E-box: CAC/TGTG) occurs 
via insertion into the major groove, with each monomer 
interacting with half of the element [125]. In addition, 
the DNA bound c-Myc-Max dimer can form a bivalent 
head-to-tail heterotetramer, resulting in the formation 
of an anti-parallel four-helix bundle. This may allow for 
the approximation of otherwise linearly distant E-boxes 
and the construction of a DNA-c-Myc-Max scaffold that 

serves as a nucleation site for various transcriptional co-
activators and repressors.
Transcriptional activation by DNA-bound c-Myc-Max 
heterodimers involves the recruitment of a number of 
proteins by the c-Myc TRD. Central to this process is the 
interaction of MBII with the extremely large (434 kDa) 
ATM/PI3 kinase-related protein TRRAP [126] (fi g. 5). 
The importance of TRRAP for transformation is empha-
sized by the fi nding that blocking it with anti-sense RNA 
severely impairs c-Myc’s transforming ability , although 
not its ability to accelerate apoptosis or to restore the 
growth defect of c-Myc-defi cient fi broblasts (126, 127). 
Preventing the interaction between TRRAP and MBII 
also impairs the transcriptional activation of some, but 
not all, c-Myc target genes [128].
A number of additional proteins are recruited to the c-
Myc-Max-TRRAP complex, presumably through their 
direct interaction with the latter protein. Among these are 
Tip48 and Tip49, both of which possess helicase and AT-
Pase activities and are part of the TIP60 complex [129, 
130]. Several histone acetylases, among them hGCN5, 
H3 acetylase and H4 acetylase are also recruited by the 
c-Myc-TRRAP complex [131, 132]. Although the pre-
cise relationships among these proteins remains to be 
fully elucidated, it is currently believed that the complex 

Figure 5. The interaction be-
tween c-Myc and other c-onc 
and TS proteins. The fi gure 
shows a schematic diagram 
of the c-Myc protein in as-
sociation with its obligate 
heterodimeric partner, Max, 
via their HLH-ZIP dimeriza-
tion domains. The C-termini 
of both proteins are at the the 
bottom of the fi gure. c-Myc 
is 439 amino acids in length 
and Max, which exists in two 
forms as a result of alternate 
splicing [123], is either 151 
or 160 amino acids in length. 
The Myc Box I (MBI) and Myc 
Box II (MBII) domains of c-
Myc, which are located within 
the transcriptional regulatory 
domain (TRD), and which are 
each about 20–25 amino acids 
in length, are depicted as black 
boxes near the protein’s N-ter-
minus. Several proteins have 
been identifi ed which bind to 
MBII exclusively (e. g. Prdx1), 
or to MBII and other regions of the TRD (e. g. Bin1, TRRAP). Although all of these proteins are depicted as binding to MBII, it is unknown 
how each infl uences the binding of, or is dependent upon, the others. Furthermore, although depicted here as interacting with MBII, p19ARF’s 
actual binding site in the TRD remains to be established. The largest MBII binding protein, TRRAP, serves as a nucleation center for a large 
number of proteins, which coordinately regulate chromatin remodeling, DNA unwinding, protein acetylation and transcriptional regulation. 
Although many of these proteins co-immunoprecipitate with TRRAP or c-Myc, it is not clear in all instances whether their associations 
with these proteins are direct (as depicted in the diagram for some) or indirect via interactions with other proteins. Putative or established 
TSs are depicted in red. 
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is involved in gene activation through a process involv-
ing chromatin acetylation and DNA unwinding, which 
presumably culminates in the enhanced access of other 
non-c-Myc-associated transcriptional activators and co-
activators [133]. Recently, the c-Myc protein itself was 
shown to be a direct acetylation substrate for the Tip60 
complex and hGCN5 [134]. This post-translational mod-
ifi cation greatly stabilizes the protein and thus serves in 
a positive feedback capacity to ensure the persistence of 
gene activation. Together, enhanced chromatin relaxa-
tion and increased c-Myc longevity might be expected 
to augment gene expression more robustly than either 
one alone.
INI1/hSNF5 is a TS that is commonly mutated in atypical 
teratoid and rhabdoid tumors of the central nervous sys-
tem and kidney and in some meningiomas [135–137]. The 
protein is believed to be involved in chromatin remodeling 
through an as yet incompletely understood ATP-depend-
ent mechanism [138]. INI1/hSNF5 is a component of the 
SWI/SNF2-like ATPase chromatin remodeling complex 
whose human orthologs are BRG1 and BRM [139]. Us-
ing a yeast two-hybrid-based screen, Cheng et al. [140] 
identifi ed c-Myc as an INI1/hSNF5-interacting protein. 
Interestingly, unlike the other proteins described above, 
INI1/hSNF5 appears to associate with c-Myc via the lat-
ter protein’s bHLH-ZIP domain. Whether it also interacts 
with any of the other above-described TRD-interacting 
proteins has not been determined. The TS nature of INI1 
has been confi rmed using a murine conditional knockout 
model in which such animals are highly susceptible to the 
development of T cell lymphomas and, less commonly, 
malignant rhabdoid tumors [141].
The SWI/SNF2 complex, which contains at least seven 
subunits, appears to play a central role in the coordination 
between the functions of c-Myc and various TS’s. The 
BRG1 component associates with hypophosphorylated 
Rb via a binding domain that is shared with viral on-
coproteins [142]. In this capacity, it may cooperate with 
Rb to provide additional transcriptional repression of Rb 
target genes. BRG1 is mutated in some tumor cell lines 
[140], although it has not been determined whether these 
show defi ciencies in Rb function as well. SWI/SNF2 also 
associates with the FANCA gene product [143], mutation 
of which underlies the most common cause of Fanconi’s 
anemia, a hereditary disorder characterized by bone mar-
row failure, hypersensitivity to radiation and DNA cross-
linking agents, and high cancer susceptibility. This sug-
gests a link between BRG1, DNA damage and its repair, 
cell cycle arrest, and cancer. A wider implication of these 
fi ndings, which remains to be tested, is that associations 
exist between c-Myc and other FANC members, includ-
ing Brca2, recently identifi ed as the FANCD1 protein 
[144, 145]. Evidence that the FANC complex may play 
an additional role in the repair of oxidative DNA dam-
age [146] suggests the possibility that, like Prdx1, FANC 

proteins might be intimately involved in modulating c-
onc proteins such as c-Myc, which generate ROS as a 
consequence of their deregulation [116]. 
p19ARF was recently demonstrated to associate with the 
c-Myc TRD [147]. Under conditions of p19ARF excess, 
c-Myc relocalizes from its normal nuclear location into 
the nucleolus where p19ARF typically resides. Conversely, 
when c-Myc is in excess, p19ARF relocates to the nucleus. 
The association interferes with c-Myc’s ability to tran-
scriptionally activate its target genes. Although some of 
the effects on gene expression might be attributable to 
the above-described redistribution of c-Myc, chromatin 
immunoprecipitation studies have indicated that at least 
some c-Myc-p19ARF remains bound to its target genes. 
This suggests that gene silencing by p19ARF may be a 
direct consequence of its association with the TRD and 
its resultant dampening of the transcriptional activation 
function of this domain. These effects are selective, how-
ever, as p19ARF does not affect c-Myc’s ability to down-
regulate certain target genes. Indeed, the association 
appears to enhance c-Myc-mediated apoptosis. These 
results may help to explain why p19ARF loss commonly 
accompanies experimental lymphomas induced by trans-
genice Eµ-c-Myc overexpression [148] and why Bmi-1, 
which transcriptionally downregulates the p19ARF pro-
moter, also cooperates with c-Myc in lymphomagenesis 
[149]. The co-dominant behavior of c-Myc and p19ARF is 
reminiscent of that previously described for c-Myc, Max 
and other Myc family members, and highlights the dy-
namic nature of the various c-onc-TS protein interactions 
that appear necessary to meet various cellular demands 
[150, 151].
The p19ARF-c-Myc interaction complements the p19ARF--| 
Mdm2--| p53 pathway, in which here, too, a known c-onc 
protein, Mdm2, physically associates with both upstream 
and downstream TS’s. Whereas the p19ARF-c-Myc as-
sociation affects proliferation but not apoptosis [147], 
activation of the p19--|Mdm2--|p53 pathway ensures a 
potent pro-apoptotic response to c-Myc deregulation 
[152]. Perhaps these interactions are necessary to allow 
c-Myc to tread the fi ne line between normal levels of ex-
pression leading to cell cycle progression and the higher 
levels which lead to transformation or apoptosis. 
Bin1 is an amphiphysin-related TS that binds to both 
MBI and MBII of c-Myc [153]. Several Bin1 isoforms 
exist due to alternate splicing [154], with the major one 
being able to suppress c-Myc-mediated transcriptional 
activation [155]. Interestingly, the c-Myc binding domain 
of Bin1 is dispensible for its antagonistic action against 
some c-Myc target genes, suggesting that it may oper-
ate via two different mechanisms. Bin1 overexpression 
blocks proliferation, promotes cell cycle arrest, inhibits 
clonogenic growth and tumorigenicity, and induces ap-
optosis via as yet incompletely understood pathways that 
neither require caspases nor are blocked by Bcl-2 over-
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expression [154–156]. These effects seem quite specifi c 
for c-Myc-transformed cells as Bin1 overexpression has 
little effect on normal cells or those transformed by SV40 
large T antigen [155, 157, 158]. This suggests the intrigu-
ing possibility that Bin1 can somehow distinguish nor-
mal from inappropriate levels of c-Myc. Greatly reduced 
or absent Bin1 expression occurs in a variety of primary 
tumors, including breast and prostate cancer and neurob-
lastoma [157-159]. In most cases, however, these tumors 
do not overexpress c-Myc. Why Bin1 should function as 
a TS in these cells when it exerts no effect on transformed 
cells in the absence of c-Myc deregulation remains a puz-
zle. Unfortunately, it has so far not been possible to deter-
mine whether Bin 1 functions as a true TS in vivo given 
that homozygous knockout mice die perinatally as a re-
sult of cardiomyopathy [160]. Better evidence for a role 
of Bin1 in cancer causation will likely come from studies 
using tissue-specifi c conditional knockouts and/or by ex-
amining additional human tumor material for Bin1 muta-
tions that affect its ability to interact with c-Myc. 
A number of c-Myc target gene products govern cell 
growth and metabolism [161]. In fact, this might be a 
general feature of c-onc protein deregulation. Consistent 
with these fi ndings is the observation that c-Myc can con-
trol transcription by RNA polymerase III (Pol III), which 
is essential for the transcription of many short, essential 
RNA molecules such as 5S RNA, tRNAs and U6 RNAs 
[162, 163]. Elevated levels of these occur in many tumor 
cells, including those induced by oncogenic DNA and 
RNA viruses and chemical carcinogens. Gomez-Roman 
et al. [162] have found that c-Myc binds to TFIIIB, a core 
component of the PolII machinery, and that in doing so 
it enhances the rate of Pol III transcription. This associa-
tion appears to involve the TRD of c-Myc, as a c-Myc 
deletion lacking the fi rst 100 amino acids failed to bind 
to TFIIIB or to promote Pol III transcription. That c-Myc 
binds to the promoters of these RNA genes indirectly, 
via its association with TFIIIB, is consistent with the fact 
that these promoters do not contain consensus E-boxes.
Opposing c-Myc’s positive effect on Pol III transcription 
are p53 and Rb, both of which also interact with TFIIIB 
[163]. It is not clear whether these regulatory events oc-
cur strictly via the common association of these proteins 
with TFIIIB or whether direct c-Myc-p53 and/or c-Myc-
Rb interactions occur as well. If the latter case were true, 
it would be consistent with earlier reports demonstrating 
associations between c-Myc and Rb and c-Myc and the 
Rb-related protein p107 [164, 165].
c-Myc is also under negative regulatory control by a 
family comprising of several Max-interacting bHLH-ZIP 
proteins [124, 166]. The four most highly related mem-
bers of the group, Mad1, Mxi1, Mad3 and Mad4, were 
the fi rst Max interactors other than the Myc family to be 
identifi ed. Subsequently, several other, more distantly 
related members of this family, Mlx, Mnt/Rox and Mga, 

have been described [124, 166]. In this review, I refer to 
these collectively as the Mad family.
Mad proteins can be viewed as potential TS’s as they 
antagonize c-Myc function at several levels. First, they 
directly compete for Max, which is essential for all c-
Myc functions. Second, Max-Mad heterodimers directly 
compete with c-Myc-Max heterodimers for E-box oc-
cupancy, although the sites to which the complexes bind 
are not absolutely identical. Finally, just as c-Myc-Max 
heterodimers recruit TRRAP and its associated proteins 
to promote chromatin acetylation and gene activation, 
Max-Mad dimers recruit histone de-acetylases, via their 
association with mSin3A and actively suppress transcrip-
tion [124, 166]. 
The immediate implication of the above-described path-
way is that transformation due to c-Myc overexpression 
results in an imbalance amongst these various proteins 
so as to favor c-Myc-Max heterodimers. Conversely, the 
inactivation of Mad members could also shift this balance 
without requiring any actual increase in c-Myc levels. To 
date, there have been some suggestions that select mem-
bers of the Mad family might function as tumor suppres-
sors, although much of the evidence has been controver-
sial or contradictory, particularly in the case of humans.
Mouse knockout strains for Mad1, Mxi1, Mad 3 and Mnt 
have been created by several groups [167-170]. Certain 
primary cells from mad1–/– and mad3–/– animals do 
in fact possess properties that might be attributable to 
functional c-Myc deregulation. These include a reduced 
ability to withdraw from the cell cycle in the former 
case and an increased sensitivity to radiation-induced 
apoptosis in the latter [167,168]. However, the animals 
themselves appear normal and are not particularly tumor 
prone. mxi1–/– animals, on the other hand, show splenic 
white pulp expansion, extramedullary hematopoiesis and 
prostatic dysplasia, and their splenocytes are hyperprolif-
erative in response to in vitro stimulation with anti-CD3 
and anti-CD28 antibodies [169]. Primary mxi1–/– MEFs 
also have a proliferative advantage in vitro and are more 
susceptible to transformation by ras. Although mxi1–/
– animals spontaneously develop lymphomas at a low 
incidence and after a long latency period, they are much 
more susceptible to the development of skin tumors and 
lymphomas following exposure to 9,10-dimethyl-1,2-
benzanthracene and to the development of lymphomas 
and fi brosarcomas when cross-bred into the tumor-sus-
ceptible Ink4a–/– background. 
More recently, the mammary gland-specifi c conditional 
knockout of Mnt has been shown to lead to the devel-
opment of breast adenocarcinomas [171]. Like mxi1–/
– MEFs, mnt–/– MEFs are also more transformable by 
ras, and show increased rates of proliferation and apop-
tosis [172].
The above mouse model studies indicate that loss of cer-
tain Mad family members can lead to enhanced cellular 
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proliferation, increased sensitivity to apoptotic stimuli 
and in vitro transformation, presumably as a consequence 
of c-Myc’s functional upregulation. Less commonly, this 
is accompanied by increased tumor susceptibility in 
vivo. This apparently incomplete deregulation of c-Myc 
may be in part attributable to Mad family redundancy as 
well as to the fact that absolute c-Myc levels tend not to 
change. In addition, the endogenous c-myc gene remains 
subject to normal transcriptional control processes. In 
a case such as that of the mxi1 knockout, tumorigenic 
conversion may require a more accepting background in 
which the Rb and p53 pathways are also compromised as 
a result of ink4a inactivation.
Evidence for a role of Mad proteins in human cancers has 
been somewhat more controversial. A select subgroup of 
human prostate cancers with deletions of 10q24-q25 
(the region to which the MXI1 gene localizes) have been 
shown to contain mutations in the non-deleted MXI1 al-
lele in a small fraction of their tumor cells [173]. The sub-
sequent failure of these fi ndings to be confi rmed by other 
groups may have been due to the fact that polymerase 
chain reaction (PCR) products were sequenced directly, 
such that mutations present in a minority of the amplifi ed 
molecules would not have been detected. It was subse-
quently demonstrated that over half of prostate cancers 
with cytogenetically normal chromosome 10’s nonethe-
less possessed submicroscopic single allele deletions of 
MXI1 as determined by fl uorescence in situ hybridization 
(FISH) [174]. As before, several such tumors harbored 
mutations in the non-deleted MXI1 allele in a minority 
of tumor cells. Although these fi ndings establish the high 
frequency with which loss of heterozygosity (LOH) at 
the MXI1 locus occurs, the fate of the retained allele, and 
the consequences of its mutation, remains unclear. 
More recently, 10q24-q25 deletions involving the MXI1 
locus have been reported in > 50% of malignant melano-
mas [175]. One outstanding question, not addressed in 
any of the studies on either prostate cancer or melanoma, 
is whether the non-deleted MXI1 alleles are expressed. 
Lack of expression, due either to genetic mutation in 
non-coding regions of the gene or to epigenetic events, 
would be strong evidence in favor of a bona fi de role for 
MXI1 as a TS. Simple haploinsuffi ciency might be more 
diffi cult to implicate as a pathogenic lesion [176].
Taken together, the above studies provide some evidence 
that select Mad family members may be involved in 
certain types of experimental and naturally occurring 
tumors. At the very least, the evidence suggests that si-
lencing of these negative regulators results in a partial 
activation of c-Myc such that some of its overexpres-
sion phenotypes emerge (e. g. enhanced proliferation; 
increased apoptosisis; and, less commmonly, transforma-
tion). Perhaps the failure to demonstrate more prominent 
roles for Mad members as tumor suppressors lies with 
their high degree of functional redundancy and the fact 

that overlapping expression patterns are the norm in 
many tissues [167].
In summary, as a ubiquitously expressed general tran-
scription factor, c-Myc and Mad family members coor-
dinate the regulation of a large assortment of target genes 
involved in the control of proliferation, growth, cell cycle 
progression, metabolism and apoptosis. In retrospect, it 
is not surprising that c-Myc and Mad proteins engage 
other factors, which, by virtue of their ability to modify 
chromatin, serve as transcriptional co-activators and co-
repressors, respectively. That these responses are prop-
erly coordinated and integrated with the least amount 
of permanent damage is ensured by a second group of 
c-Myc-interacting proteins which are either bona fi de 
tumor suppressors, candidate tumor suppressors or fac-
tors that interact with tumor suppressors. Although some 
of these proteins appear to serve in the same capacity as 
those of the fi rst group (e. g. in chromatin remodeling 
and transcriptional control), they also serve distinct roles. 
Some appear to restrain c-Myc by limiting its transcrip-
tional activity. Others ensure that ROS, generated as a 
result of unregulated c-Myc expression, are inactivated 
via appropriate channels. In cases where ROS generation 
does produce mutations, these are met with restrictions to 
cell cycle progression, the recognition of DNA damage 
and its repair, and, in cases where damage has progressed 
too far, with cellular demise. 

The c-onc-TS balancing act 

A recently described experiment of nature further sup-
ports the notion that a tumor-free state requires a fi ne 
balance between c-onc and TS proteins. Bond et al. [177] 
have described a common, single-nucleotide polymor-
phism, termed SNP309, in the fi rst intron promoter of the 
MDM2 gene. 50% of normal individuals are homozygous 
for a T residue at this position, 10% are homozygous 
for a G residue and the remainder are heterozygotes. 
SNP309 occurs within a closely spaced cluster of four 
Sp1 binding sites. In electrophoretic mobility shift as-
says, oligonucleotides containing the G variant bind 
recombinant Sp1 two-to-fourfold more avidly than those 
bearing the T variant. G-variant promoters are also more 
active in reporter assays, and cells of G/G genotype show, 
on average, higher levels of endogenous Mdm2 protein 
and lower levels of p53. G/G individuals who develop 
sporadic soft tissue sarcomas, or G/G Li-Fraumeni indi-
viduals with any type of malignancy, tended to develop 
their tumors at a signifi cantly earlier age and, in the case 
of the latter group, more commonly developed multiple 
tumors. The simplest explanation for these fi ndings is 
that higher levels of Mdm2 are more effi cient at promot-
ing the degradation of p53. In effect, G/G individuals 
would be Li-Fraumeni-like by virtue of this blunted 
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p53 response. This model makes several exciting and 
readily testable predictions. One is that, because many 
anti-cancer agents work through the p53 pathway, G/G 
individuals will tend to respond less well to chemothera-
py. Another prediction is that MDM2 gene amplifi cation, 
which occurs commonly in sporadic soft tissue sarcomas 
[23], might occur more frequently in T/T individuals who 
will have relatively higher p53 levels and thus a greater 
need to suppress its actions during the course of tumor 
development. A third prediction is that relapse might be 
more frequent in GG individuals and less commonly as-
sociated with mutations in p53 coding regions.
Neuroblastoma is associated with N-MYC amplifi cation 
in approximately 25% of cases [6]. Given that both c-Myc 
and N-Myc overexpression tends to promote apoptosis 
[178], the paucity of p53 mutations in these tumors has 
been somewhat puzzling [179]. At least a partial answer 
to this riddle may have been provided with the recent 
fi nding that MDM2 is a positive transcriptional target for 
N-Myc [180], and probably for c-Myc as well [119]. It 
will be of interest to examine the MDM2 genotypes of 
patients with both N-MYC amplifi ed and unamplifi ed tu-
mors for SNP309 differences. Perhaps the T/T genotype 
is more frequent among individuals with N-MYC-ampli-
fi ed neuroblastoma, where the relative paucity of Mdm2 
protein might benefi t from the transcriptional boost pro-
vided by the high levels of N-Myc protein.
 The Myc-p19ARF-p53 axis serves to underscore once 
again the intimacy that exists among c-onc and TS pro-
teins. The preceding discussion has provided evidence 
that p53 levels will be dictated by a variety of factors 
such as the levels of Myc proteins and the intrinsic sensi-
tivity of the MDM2 promoter. 

Conclusions

The past 3 decades have witnessed a tremendous increase 
in our knowledge of both oncoproteins and tumor sup-
pressors. A PubMed search performed at the completion 
of this review (March 2005) revealed over 13,000 refer-
ences to Rb, nearly 33,000 references to p53 and nearly 
15,000 references to Myc. The list goes on and on, with 
many of the other c-onc and TS proteins discussed here 
lagging behind in terms of number of references for no 
other reason than that their discovery and/or the recogni-
tion of their function in cancer is more recent. Several 
generalizations have emerged from these investigations. 
One is that cancer arises through a multi-step process in-
volving the activation of c-onc genes and the inactivation 
of TS genes. A second is that the abnormal properties of 
cancer cells are a corruption of control, signaling and 
surveillance pathways that normally keep tight rein over 
such basic cellular functions as the cell cycle, apoptosis, 
and the recognition and repair of DNA and chromosomal 

damage. Third, the cancer cell is now known to be highly 
prone to developing new mutations at an excessively high 
rate. This allows for its rapid adaptation to a variety of 
challenging circumstances, whether they be the require-
ment for oxygen and nutrients, or the need to escape the 
toxic effects of chemotherapeutic agents. Finally, the 
relationship between c-onc and TS genes and proteins 
is one of complex cross-talk that, under normal circum-
stances, allows the cell to maintain rheostat-like positive 
and negative control over these important functions. 
Future endeavors will undoubtedly reveal many more 
surprising relationships among these different classes of 
genes and proteins that are likely to underscore further 
the functional consequences of their interactions. Despite 
many unanswered questions, our current knowledge is 
suffi ciently well-developed so as to begin to provide new 
and novel ways to consider how these pathways can be 
manipulated to provide improved diagnostic and prog-
nostic tools as well as new therapies with the high speci-
fi ties and low toxicities that have heretofore eluded us. 
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