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Abstract

The proto-oncogene Myc family is one of the most comprehensively
studied group of genes in the contemporary area of genomic research. Myc
interacts with other small proteins such as Max, Mad/Mnt, Mizl etc. and
modulates the dynamics of global gene expression. In the recent decade, high
throughput screening based on microarray gene profiling, Serial Analysis of
Gene Expression (SAGE), Chromatin Immunoprecipitation (ChIP) followed by
genomic array analysis have generated a great deal of information regarding
genomic binding loci of Myc and its putative target genes. Intriguingly, several
thousands of genomic targets have been identified and estimated that Myc
regulates approximately 10-15% of the global transcriptome. In view of above,
Myc has been proposed to function as a master regulator of global genome
expression and in this capacity Myc regulates major cellular functions such
as cell proliferation, cell adhesion, metabolism, protein biosynthesis, etc.
In consequent to its broad spectrum of target genes, dysregulation of Myc
expression has been implicated with development of several fatal diseases
including cancer. Therefore, extensive understanding of the genomic targets
of Myc is essential to delineate the enigma of the complex biological functions
of this exceptionally important gene family and to develop novel therapeutic
strategies.
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advantages and cellular transformation [8,9]. Moreover, signifying
its key role in normal development, targeted homozygous deletion
of c-Myc resulted in embryonic lethality in mouse [10]. In addition,
inactivation of Myc resulted in elongation of cell cycle, tumour
regression and cellular re-differentiation in Myc induced tumour
cells; which further supports a significant role of this protein in cell
proliferation [11-13]. Therefore, in view of a fundamental role of Myc
in normal cellular functioning and tumorigenesis; understanding the
molecular functions of Myc have emerged as an area of global interest
with the hope of developing novel therapeutic approaches against
several diseases.

Introduction

In the area of contemporary genomic research, the proto-
oncogene Myc family has emerged as a most exhaustively studied
group of genes. Decades ago, myc oncogene was discovered as a
homolog of v-myc oncogene from an avian retrovirus [1,2]. It was
found that translocation of myc loci from 8q24 chromosomal
position to one of the immunoglobin loci is responsible for Burkitt’s
lymphoma [3,4]. This was the first report which suggested a potential
involvement of myc loci in tumorigenesis. Subsequently, several
studies have reported frequent overexpression of Myc in most of
the types of human cancers including lung, ovarian, breast and
prostate cancer which contribute about 70% of the all types of human
tumours [5]. It was proposed that abnormal amplification due to

The paradox of Myc as potent transcription factor and its ability
to influence expression of hundreds of the target genes has occupied

chromosome translocation is not the only cause of Myc mediated
tumour transformation, rather modulation in the expression level
of Myc accounts for abnormal cellular homeostasis and tumour
transformation of normal cells [6]. Therefore, anticipating the
potential involvement of Myc in major cellular functions and human
diseases; comprehensive analyses were performed to characterize the
molecular role of Myc in normal development.

The Myc family includes three important oncogenes - c-Myc,
L-Myc and N-Myec. In response to the diverse signals, Myc binds with
Max protein and functions as transcription factor. Subsequently,
Myc-Max complex binds to the specific DNA sequences to modulate
the expression of downstream target genes [7]. Therefore, in view
of a notable impact of Myc on global gene regulation; deregulation
of Myc has a massive negative effect on cellular system. Supporting
the role of Myc in tumorigenesis, enhanced expression of Myc has
been demonstrated both in-vivo and in-vitro to provide proliferative

the central position in the growing areas of Myc research. It was
estimated by both genomic and functional approaches that Myc
alone could regulate the expression of ~15% of the genome from
Drosophila to human [14,15]. Myc regulates transactivation of several
key genes those are involved in cellular proliferation and growth,
ribosome biogenesis, protein synthesis, metabolism, mitochondrial
biogenesis and cell reprogramming, through direct or indirect
mechanisms [16-18]. In addition to the above noted functions, active
involvement of Myc in trans-repression of genes those are involved in
cell growth arrest, cell adhesion and cell-cell communication has also
been found to be essential for maintenance of cellular homeostasis
[16,19,20]. In view of several reports, it appear that expression level
of Myc is a key deciding factor for cells to undergoes cell division
or differentiate into various cell lineages during development and
subsequently, it is not surprising that cellular amplification of Myc
provides some proliferative advantage to the dividing cells during
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tumour transformation. Therefore, oncogenic properties of Myc
are the consequent result of its capability to influence the status of
global transcriptome. However, in spite of a great deal of available
information, a unified view on the Myc functions is still elusive
due to poorly defined sets of target genes. Further analyses with
comprehensive efforts would be required to dissect out the complex
Myc networks with the hope to develop better understanding of
these genes in normal development and disease pathogenesis. A brief
overview of some of the major signalling network modulated by Myc
and the subsequent consequences has been discussed below.

Myc, Max, Mad/Mnt network in regulation of the functional
dynamics of Myc

Myc, Max, Mad/Mnt network includes a group of transcription
factors and distinct interactions of these factors regulate cellular
functions such as cell proliferation and differentiation. This network
includes members of the small basic Helix-loop-Helix Leucine
Zipper (bHLH-LZ) proteins such as Myc and Mad family, Max and
the Mad-related protein Mnt. Myc harbours a bHLH-LZ domain at
its C-terminal and a potential transactivation domain at N-terminal
[21]. In this context it is interesting to note that when Myc was
demonstrated to be a nuclear protein decades ago, a probable role
of this protein in transcription was postulated [22,23]. Subsequent
discovery of its obligatory interacting partner, Max (a bHLH-LZ
protein) has further established Myc as a transcription factor [24].
With the help of its bHLH-LZ domain, Max heterodimerises with
Myc to form sequence specific DNA binding complex. Studies in
yeast to mammalian system using synthetic reporter genes have
demonstrated that Myc-Max heterodimer complex binds to the
canonical binding sites E-box sequence (5-CACGTG-3’) as well as
related non-canonical sites and accomplish transcriptional activities
[25,26]. Although, Max itself has the ability to form homodimer
with its own partners, however, it lacks the proficiency to initiate
transcriptional activity. Moreover, recent evidences suggest that the
transcriptional activities of Myc-Max heterodimers are the result
of their ability to recruit several chromatin-modifying complexes
such as TBP, TRRAP coactivator, histone acetyl transferases and
GCNS5, to the E-box sites, which facilitates histone acetylation [27-
29]. In support to the general role of Myc-Max protein complex in
transactivation, it has been demonstrated that mutation in the bHLH-
LZ domain of Myc which requires for interaction with Max and
DNA, or mutation in the transactivation domain, makes a negative
impact on Myc mediated cellular proliferation [30]. In addition, high
throughput chemical screening has demonstrated that some small
molecules which antagonize the dimerization process of Myc-Max
complex inhibit Myc-induced transformation in chicken fibroblast
cells [31]. Taken together, above observations clearly suggest a tight
relationship between interaction dynamic of Myc-Max complex and
biological activities of Myc.

Identification of Max interacting partner, Mad/Mnt protein
family further helped in understanding the networks which regulate
the dynamics of Myc functions [32,33]. In addition to Myc, Max
also interacts with a small bBHLH-LZ protein Mad/Mnt and binds to
the E-box consensus sequences which are identical to the Myc-Max
binding regions. Max-Mad complex competes with the Myc-Max
complex to bind the identical genomic sites and consequently, inhibits
transactivation mediated by Myc-Max heterodimer. Binding of the

Max-Mad protein complex at the genomic sites leads to recruitment
of chromatin remodelling complexes such as Sin3, N-CoR and several
histone deacetylases; which results in close chromatin conformation
and inhibition of E-box mediated transcriptional activation [34,35].
Counteracting the Myc-Max mediated cell proliferation during
terminal cell differentiation, switching of Myc-Max binding to Max-
Mad binding has been demonstrated in terminally differentiated
mammalian cell models [36]. Similarly, induction of Mad and Mnt
proteins expression in terminally differentiated cells also signifies
the importance of Max-Mad mediated repression of gene expression
during cellular differentiation [37]. Thus, unlike ubiquitous
expression of Max, it is well evident that tight regulation of Myc and
Mad/Mnt expression is essential for a cell to take critical decision
during normal development. A brief overview of Myc/Max network
and its implications on gene expression have been provided in figure
1. Nevertheless, despite much of these impressive advances, major
challenges remain in understanding the complex Myc networks and
their potential association with disease pathogenesis.

Genomic binding sites of Myc

Since the period when Myc was established as transcription
factors, identification and quantification of the Myc targets have
been one of the key objectives. After several decades of studies, efforts
from various groups have resulted in identification of hundreds of
candidates which are directly regulated by Myc. Initially, target
gene screenings were based on empirical methods such as candidate
based approaches, functional screening and Serial Analysis of
Gene Expression (SAGE) [16]. These approaches had resulted in
identification of several downstream targets of Myc [16]. Subsequently,
analyses based on some contemporary techniques such as genome
wide microarray had resulted in exponential increase in the list of
Myc target genes, and therefore, aggravated the complexity of Myc
biology. However, despite all these efforts, it is difficult to establish
precise numbers of target genes which are being regulated by Myc.
Moreover several efforts were remain unsuccessful in differentiating
those of the direct target genes of Myc from the indirect ones [38-40].

Initialgenomicbindingstudiesbychromatinimmunoprecipitation
(CHIP) in different human cancer cell lines expressing high level
of Myc have found that Myc binds with 44-55% of 723 individual
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Figure 1. An overview of the Myc/Max/Mad network and its impact on global
gene expression (please refer the main text for details). [TBP- TATA binding
protein; HATs- Histone acetyltransferases; CRC- Chromatin remodelling
complex; HDACs- Histone deacetylases; TRRAP- Transformation/
transcription domain associated protein subunit].
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genes which were known to comprise E-box sites [41]. Interestingly,
depending upon the cellular level of Myc; these E-box sites show
distinct binding patterns. This indicates discrete responsive pattern
of different genomic sites to varying level of Myc and also provides
a physiological significance of the high level of Myc in disease
conditions. Similarly, an accompanying study has identified Myc/
Max/Mnt binding loci in Drosophila genome [14]. In this study, DNA
sequences encoding for Myc/Max/Mnt were fused to a gene encoding
DNA methylase and based on the genomic methylation pattern, the
genomic loci being regulated by Myc response were identified [14].
Out of the total 6255 genes screened, about 15% of the Drosophila
genes were found to be influenced by the complexes of Myc/Max/
Mnt network. Performing unbiased genome wide location analyses
in cancer cells, another group has further attempted to determine
the Myc associated molecular targets and also examined the
genomic binding sites [15]. Experiments based on customised DNA
microarray containing randomly selected annotated promoters of
4,839 human genes and subsequent ChIP analysis have demonstrated
that 721 of the 4,839 gene promoters were occupied by Myc-Max
protein complex [15]. Confirming the earlier observation [14], it was
estimated that about 15% of the total human genes were bound by
Myc in Burkitt’s lymphoma cells [15].

High throughput sequencing of ChIP DNA (ChIP-Seq) has
emerged as a remarkable approach to identify the Myc binding
genomic loci. It was estimated that Myc occupies 4,296 genomic loci
and majority of these sites are near proximal promoter regions which
could be frequently associated with CpG islands [42]. Utilizing ChIP-
Seq strategy, 668 genes were identified as direct target of Myc, among
which 48 genes were found to encode for various transcription
factors [42]. Interestingly, Myc was also suggested to be involved
in mitochondrial metabolism as 107 of Myc target genes encode for
proteins involved in mitochondrial biogenesis (including POLG,
POLG2, and NRF1) [43]. In some of the recent studies, more than
7,000 genomic loci have been identified by high throughput ChIP-
Seq [44-46]. Identification of novel Myc targets not only enriches our
knowledge about the enormous complexity of the Myc regulatory
network but also helps in designing novel experimental strategies for
subsequent analysis.

Interestingly, CpG islands were found to be major determinant of
Myc binding to promoter regions of the target genes. CpG islands are
stretches of cytosine-guanine (CpG) dinucleotide and in mammalian
genome these regions could be generally associated with actively
transcribing genes and DNA methylation [47]. Interestingly, high
affinity E-box sites were found to be frequently associated with the
CpG islands which enhance the transcriptional efficiency of the
associated promoters [41,42]. Supporting the preferential binding
of Myc within CpG islands, in-vitro analysis has demonstrated that
methylation of the central CpG in CACGTC element prevents Myc-
Max complex formation [48]. In view of above, Myc bound loci were
also investigated based on the CpG islands in human acute myeloid
leukaemia cells. This resulted in identification of 177 loci, out of
which 107 loci overlap with previously identified genes [49].

As discussed earlier, genomic binding analyses suggest that about
10-15% of the genomic loci interact with Myc, however, this binding
is always not dependent to the availability of E-box sites in promoters.
Therefore, it appears that in addition to the E-boxes and CpG islands,

there might be other determinants as well [41]. It has been proposed
that status of chromatin structure and availability of additional DNA
binding proteins could facilitate Myc binding to the genomic loci and
assist in regulating the downstream target genes [41]. In this context
it is interesting to note that in contrary to the known function of
Myc in recruiting histone acetyltransferases; chromatin around Myc
bound loci are highly pre-acetylated even before binding of Myc
[41]. Subsequent analyses have revealed that stretches of chromatin
bearing highly acetylated and methylated (especially H3-K4/K79)
histones exhibit increased affinity to Myc [50]. Therefore, probability
of preferential Myc binding is more toward the chromatin regions
which is already poised for transcription. Significant overlap between
genomic binding site of Myc and TFIID (basal transcription complex)
further strengthen the above hypothesis [15].

Impact of Myc on global gene expression

Besides the fact that Myc could regulate about 10-15% of all the
genesfromfliestohuman, itsoperatingmechanismisdebatable. Several
mechanisms including recruitment of histone acetyltransferases,
chromatin modulating proteins, DNA methyltransferases and other
transcription factors were suggested to explain the Myc mediated
modulation in genomic expression. A number of studies have
demonstrated that Myc interacts with Max and binds to the E-box
consensus sequences which result in recruitment of multiple co-
activator complexes such as TBP, TRRAP and histone acetylases
[27-29]. Histone acetylases open up the compact chromatin structure
and make the DNA easily approachable to basal transcriptional
machinery in order to initiate transactivation network [51]. It has
been found that Myc-Max heterodimer influences transactivation
of several genes involved in cellular growth, proliferation, protein
biosynthesis and metabolism [18]. Moreover, those of the identified
Myc targets such as Cyclins and Cyclin Dependent Kinases (CDKs)
are already known to be involved in regulation and progression of cell
cycle [14,18]. It was suggested that Myc influence cell growth possibly
through transactivating the genes encode for ribosomal RNAs and
ribosome biogenesis proteins. Interestingly, in order to compensate
the increased demand of protein synthesis due to Myc mediated
induced cell proliferation; protein synthesis machinery is constantly
regulated at multiple levels. Identification of sub-groups of Myc
target genes which encodes for tRNA and rRNA further supports the
role of Myc in regulation of protein biosynthesis [52]. In addition,
Myc was found to regulates several genes involved in mitochondrial
functioning along with the genes encoding key enzymes to facilitate
glucose metabolism such as glucose transporter, hexokinase II, lactate
dehydrogenase A, enolase A etc. [53,54]. Moreover, role of Myc in
DNA metabolism is well evident as it activates the genes encoding
for enzymes such as ornithine decarboxylase (ODC), carbamoyl
phosphate synthase, aspartate transcarbamylase etc. [55].

Intriguingly, in addition to the transactivation, role of Myc in
transcriptional repression is equally critical for cellular functioning.
It has been found that Myc represses multiple classes of genes which
encode negative regulators of cell proliferation (c/EBPa, ¢/EBPJ),
growth arrest (Gadd45, Gadd153 etc), cell cycle inhibitors (p15INK4B,
p181INKA4C, p21 and p27 etc.), cell adhesion (integrin 1) etc. [20].
Myc binds to core promoter of the genes to repress them directly;
however, unlike the Myc mediated transactivation, it does not require
the canonical binding sites. Distinct promoter sequences like initiator
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elements (INR) were found to be a major deciding factor [56]. One
of the proposed mechanisms postulates that Myc-Max complex
directly interacts with transcription factors such as Mizl, NF-Y etc.
to inhibit the expression of the target genes (Figure 1) [20,57]. For
instance, interaction of Myc to Miz-1 represses expression of the
CDK inhibitors p15INK4B and p21, which are transactivated by Miz-
1 [58,59]. Moreover, interaction of Myc with NF-Y (a CAAT box
binding protein) affects the expression of PDGFR-{ and some of the
collagen genes [57]. All these observations suggest that in order to
promote cell proliferation, Myc inhibits expression of the genes which
are otherwise involved in negative regulation of cell proliferation.
Moreover, equilibrium between Myc mediated transactivation
and repression function as a critical and decisive factor to mediate
normal development. However, unlike transcriptional activation, the
molecular mechanism(s) operating Myc mediated gene repression is
still enigmatic.

Conclusion

As discussed earlier, Myc oncogene has emerged as central
regulator for several distinct cellular programmes and influences a
broad spectrum of target genes. Over the last several years, intense
interests from various research groups have resulted in generation
of vast amount of information to decipher biological functions and
genomic targets of Myc. Despite of all these extensive analyses, it
is difficult to establish a linear correlation between Myc bound loci
and expression of target genes. It appears that in spite of harbouring
Myc responsive element, only a fraction of such genes are actually
responsive to Myc binding [14,15,41,60]. Therefore, Myc binding to a
given loci may not be always correlated well with the transcriptional
status of the target gene. Depending on certain cellular environment
and developmental period, Myc bound loci may function
differentially, and therefore, subsets of genes regulated by Myc might
have tissue specific responses. It also appears that Myc binding in
the genome could be non-tissue specific, whereas the genes which
are actually regulated by Myc binding are tissue specific. Moreover,
varying dosage of Myc may act differentially in various cell types
and disease conditions, and therefore, could be utilized as a potential
target to develop novel therapeutic strategies [61]. Taken together,
further extensive analyses on Myc bound loci and its expression data
would be worth in defining Myc targets and delineating the complex
network of Myc biology.
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