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Preface

Scientists often look askance at their colleagues whose research appears too
strongly focused on a single gene or gene product. We are supposed to be
interested in the “big picture” and excessive zeal in pursuit of a single pixel
might seem to border on an obsession that is likely to yield only details.
However as this volume of Current Topics in Microbiology and Immunology
demonstrates, this is certainly not the case for myc. Intense study of this enig-
matic proto-oncogene over the last twenty years has only broadened our view
of its functions and led to insights into mechanisms relating to transcriptional
regulation as well as to cell growth, proliferation, differentiation, apoptosis
and organismal development.

The myc gene originally came to light as a retroviral oncogene (v-myc)
associated with a wide range of acute neoplasms. It was later shown to be a
virally transduced cellular gene (c-myc) which is a member of family of onco-
genes (c-myc, N-myc, L-myc). These family members are themselves subject
to a bewildering assortment of genetic rearrangements associated with many
different types of tumors derived from many different types of cells. These
rearrangements (including chromosomal translocation, viral integration, and
gene amplification) act to uncouple expression of the myc family genes from
their normal physiological regulators. The chapter by LIU and LEVENS de-
scribes the key pathways leading to regulation of myc expression, showing
that such regulation occurs at several different levels and through multiple
mechanisms.

The early findings on myc regulation and its involvement in tumorigen-
esis suggested that myc plays a fundamental role in cell behavior and also
served to attract a great deal of interest in understanding myc’s biological and
molecular functions. One outcome of the strong research interest in myc was
the realization that its encoded protein (Myc) does not function alone, but
rather acts as part of a network, or module, of interacting proteins. Myc is a
member of the of basic-helix-loop-helix-zipper (bHLHZ) class of proteins and
forms a heterodimer with the bHLHZ protein Max. Myc-Max heterodimers
recognize the sequence CACGTG and, with lower affinity, other related E-box
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sequences. Binding of Myc-Max at E-boxes activates transcription from pro-
moters in the vicinity of the binding sites. Underlying this transcriptional
activity is the ability of Myc-Max to recruit several higher order chromatin
modifying complexes to its binding sites, the major topic of the chapter by
COLE and NIKIFOROV. Importantly Myc-Max have also been demonstrated
to repress transcription of a number of genes, many of which are involved
in cell cycle arrest and adhesion. The mechanism underlying Myc mediated
repression is in part related to Myc’s ability to interact with and inhibit the
activity of other transcription factors, such as the BTB-POZ domain protein
Miz-1. Repression by Myc and its biological consequences is described in the
chapter by KLEINE-KOHLBRECHER, ADHIKARY, and EILERS.

The discovery of Max as an obligate dimerization partner for Myc led to
the identification of other Max binding proteins. These include a novel group
of bHLHZ proteins known as Mad proteins (now renamed Mxd), the closely
related Mnt protein, and Mga. All these proteins have been associated with
transcriptional repression at E-box binding sites. Indeed, Mad/Mxd and Mnt
actas partial antagonists of Myc function. ROTTMANN and LUSCHER review
in detail the complex molecular and cellular biology of these proteins.

The Myc/Mad/Mad network then is defined by, and functions through, the
interactions between individual Myc and Mad family proteins with Max as well
as by interactions between Myc and Mad family proteins with higher order
co-repressor and co-activator complexes. The structural biology of a number
of these key interactions is reviewed in the chapter by NAIR and BURLEY who
also discuss the basis for the high degree of specificity in complex formation.
One concept that has emerged from these studies is the notion that a balance
between Myc and Mad proteins may act to control key cellular events. A critical
question that has haunted the Myc field for some time concerns the number
and nature of the genes regulated by the network. This is the subject of the
chapter by LEE and DANG who describe the approaches used the delineate
target genes for Myc and how the thinking about Myc target genes has evolved.

Another major area of research interest relates to the biological conse-
quences of both normal and abnormal Myc function. The chapter by WADE
and WAHL describe evidence for the relationship between deregulated Myc
protein expression and altered DNA repair and genomic instability. BLANCK,
PIRITY and SCHREIBER-AGUS review the role of Myc/Max/Mad in embry-
onic development based on studies carried out in mice bearing targeted
deletions of these genes. The chapter by GALLANT summarizes what re-
search in invertebrate orthologs has taught us about the evolution of the
Myc/Max/Mad network. Just as the Myc and Mad proteins do not function
alone, the Myc/Max/Mad network is also unlikely to function in isolation.
Mlx is a Max-like protein, which interacts with a subset of Max network
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family proteins as well as with several bHLHZ proteins. BILLIN and AYER
review the evidence for the Mlx network and describe its functions in energy
metabolism.

The chapters included in this volume illustrate the complexities of the
Myc/Max/Mad network and how its functions impinge on fundamental bio-
logical processes through regulation of transcription. I am grateful to all the
authors for their efforts in putting together comprehensive and provocative
chapters as well as for their patience during the long time it took for this
volume to come to fruition. I thank Peter Vogt for suggesting the volume on
the network and Ms. Anne Clauss for her help in assembling the volume. I
hope that the exciting research described here will stimulate others to explore
the functions of transcription factor networks.

Seattle, Washington, July 2005 Robert N. Eisenman
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Abstract Myc regulates to some degree every major process in the cell. Proliferation,
growth, differentiation, apoptosis, and metabolism are all under Myc control. In turn,
these processes feed back to adjust the level of c-myc expression. Although Myc is reg-
ulated at every level from RNA synthesis to protein degradation, c-myc transcription
is particularly responsive to multiple diverse physiological and pathological signals.
These signals are delivered to the c-myc promoter by a wide variety of transcrip-
tion factors and chromatin remodeling complexes. How these diverse and sometimes
disparate signals are processed to manage the output of the c-myc promoter involves
chromatin, recruitment of the transcription machinery, post-initiation transcriptional
regulation, and mechanisms to provide dynamic feedback. Understanding these mech-
anisms promises to add new dimensions to models of transcriptional control and to
reveal new strategies to manipulate Myc levels.
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1
¢-myc Regulation

1.1
The Problem

As discussed elsewhere in this volume, Myc-Max heterodimers operating
directly as a transcription factor recruit effector complexes to activate and
repress transcription. Alternatively, by binding with E-boxes, Myc-Max
competes with the other HLH-bZIP complexes to modify target gene action.
Counted among Myc targets are genes essential for proliferation, growth,
the cell cycle, apoptosis, metabolism, and both intra- and intercellular
signaling. Thus the c-Myc network ensnares prey from virtually every
important cellular activity (Grandori et al. 2000; Levens 2002, 2003). In
turn, it would seem that c-myc expression should be coupled with direct
or indirect feedback from many intra- and extracellular systems and
subsystems. These systems regulate Myc at every level—from transcription,
RNA processing, messenger (m)RNA half-life, and translation to protein
turnover (Cole and Mango 1990; Wisdom and Lee 1991; Laird-Offringa
1992; Lavenu et al. 1995; Yeilding and Lee 1997; Brewer 1999; Creancier
et al. 2001; Lemm and Ross 2002; Kim et al. 2003b). Although a number
of factors bind to ¢-myc mRNA to influence its turnover and translation,
it appears that most c-myc regulatory pathways are channeled through
transcriptional control (though not necessarily exclusively so). Indeed, as
will be discussed below, many important pathways reach the c-myc promoter
through a variety of canonical, non-canonical, and atypical cis-elements. The
central and elusive problem in c-myc regulation is discerning how multiple,
and often disparate, signals are integrated to determine the final level of
Myc.

1.2
Do Myc Levels Matter?

A number of observations indicate that cellular and organismal physiology
and pathology are sensitive to slight alterations of Myc levels. The body sizes
of mice bred to generate every diploid combination of normal, hypomor-
phic, and null c-myc alleles scaled with the amount of Myc; only the null-
homozygotes were inviable, succumbing during development as reported
(Davis et al. 1993; Trumpp et al. 2001). Somatic knockout of one or both
c-myc alleles showed that the cell cycle length varies inversely with the dose
of c-myc (Shichiri et al. 1993; Mateyak et al. 1997; Schorl and Sedivy 2003).
These same studies indicate that there is no upregulation of the normal c-myc
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allele to compensate for the impaired or absent expression of its partner;
there is no c-myc signal upregulating basal expression acting in trans. In
contrast to underexpression, it is likely that Myc overexpression depresses
expression from normal c-myc alleles (first appreciated by the silence of the
unrearranged allele in Burkitt lymphoma, this phenomenon is not universal
in all cases of the disease) (Siebenlist et al. 1984; Facchini et al. 1997). A variety
of studies indicate that Myc-targeted gene expression varies quantitatively, if
not qualitatively, as Myc levels are altered (Levens 2002, 2003). Chromosomal
translocations, rearrangements, and viral insertions that deregulate c-myc
expression without activating mutations within the Myc protein indicate that
failing to confine Myc levels within physiological bounds is an important step
in the carcinogenesis of many, if not most, tumors. Even in Burkitt lymphoma,
the malignancy most closely associated with abnormal c-myc expression, the
range of c-myc expression in some cases barely exceeds (1.47-fold) the lev-
els found in normal tissues (Saez et al. 2003). It seems that Myc levels do
matter.

The kinetic features of c-myc mRNA and protein indicate that the pro-
tein must be tightly regulated. Both the mRNA and the protein possess short
half-lives (20-30 min), but may be stabilized in some pathological or physi-
ological circumstances (Hann and Eisenman 1984; Dani et al. 1985; Rabbitts
et al. 1985; Sears et al. 1999). In normal resting cells, c-myc mRNA levels
are low: as low as one molecule per cell. It has been estimated that about
40% of the mRNAs in cells are single copy (Lockhart and Winzeler 2000).
If these are Poisson distributed, as expected, at any given moment every
cell has a unique expression profile. Rapidly dividing tissues support higher
levels of c-myc, but even in embryonic cells, 7yc RNA levels have been esti-
mated to be approximately five mRNAs per cell (Evingerhodges et al. 1988;
Warrington et al. 2000). During mitogenic stimulation of normal cells or in
tumors, c-myc transcripts may transiently rise to higher levels. During the
GO0-Gl1 transition, c-myc mRNA levels spike before dropping to steady-state
levels (Dean et al. 1986). Apparently less Myc is required to sustain than to
initiate proliferation; if so, fluctuating Myc expression might prove deleteri-
ous. However, because of rapid turnover and low abundance, it would seem
that cells lack a sufficient reservoir to buffer the stochastic noise expected
to buffet c-myc mRNA levels (Elowitz et al. 2002; Swain et al. 2002). Some-
how all of the signals converging on c-myc must be integrated in a manner
ensuring sufficient stability to prevent abnormal proliferation or apoptosis,
yet responsive enough to allow Myc to fulfill its role as an immediately-early
gene.
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1.3
Promoters

Under most circumstances, c-myc transcription is initiated at two promoters,
P1 and P2, with the latter supporting about 75% of c-myc transcripts (see
Fig. 1). Minor amounts of c-myc RNA initiate at PO and P3, and cryptic pro-
moters may become activated following chromosomal translocation, under
the influence of pathologically juxtaposed regulatory elements (Spencer and
Groudine 1991; Marcu et al. 1992). The discovery of antisense transcription
of the murine and human c-myc exon 1 presaged the more recent apprecia-
tion of opposite-strand transcription as a general phenomenon (Spencer and
Groudine 1991, Rinn 2003; Marcu et al. 1992). Usually, only P2-initiated—
and to a lesser extent Pl-initiated—transcripts contribute significantly to
the pool of c-myc mRNAs. Under some physiological circumstances (e.g.,
GO0-G1 transition in lymphocytes—Broome et al. 1987) or pathological con-
ditions (e.g., following translocations in Burkitt lymphoma), initiation at P1
nearly equals that at P2. If the minor promoter-initiated—or antisense—
transcripts are physiologically relevant, they will most likely serve regu-
latory roles, contributing to RNA processing or stability [through alterna-
tive secondary structures or formation of microRNA (miRNA)] or altering
transcription-driven chromatin remodeling and modification. PO-initiated
transcription complexes must traverse through cis-elements upstream of P1
and P2, and so may potentially contribute to the structural reorganization
and exchange of promoter-bound regulatory protein complexes. These pos-
sibilities remain largely unexplored. The P2 promoter itself is remarkably
resistant to inactivating mutations and deletions. Eliminating both the TATA
box and the transcription start-site preserves sufficient information for the
transcription machinery to still locate the promoter and initiate transcrip-
tion (Krumm et al. 1995). But at c-myc, most of the time, initiation is not the
problem.

Unless the c-myc gene has been irreversibly silenced, a transcriptionally
engaged RNA polymerase is paused in the promoter proximal region in most
cells (Marcu et al. 1992). The presence of this polymerase dictates that c-myc

>

Fig.1 Anatomy of c-myc promoter’s DNase I hypersensitive sites and putative trans-
factor binding sites: The DNA region from ~2.5 kb upstream of P2 to c-myc the second
exon is shown. Locations of binding sites for over 40 factors directly binding to DNA
are indicated relative to the human P2 promoter. Specific binding sites for each factor
are listed in Table 1. Conventional double-stranded DNA-binding proteins are listed
below the line and single-stranded nucleic DNA-binding proteins are listed above the
line. Exon III and downstream hypersensitive sites are not shown
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expression requires a cycle of promoter escape with the transition to elonga-
tion before reinitiation occurs. De novo activation from the silent state is not
the usual situation for c-myc transcription. Paused RNA polymerases, such
as first identified at the hsp70 promoter, customarily have been considered
poised for a rapid response (Rougvie and Lis 1988). Although pre-positioning
the RNA polymerase might accelerate Myc induction, recent analysis of tran-
scription factor and polymerase dynamics in vivo indicates that DNA-protein
interactions are rapid and not usually rate limiting (McNally et al. 2000). In
vitro, even in the absence of activators, neither preinitiation complex forma-
tion nor elongation is often the rate-limiting step in the transcription cycle.
On some promoters the transition from initiation to elongation—promoter
escape—is rate limiting (Kugel and Goodrich 1998). The pausing of RNA
polymerase at promoters has additional implications for gene expression.
Unless activated or removed, a paused polymerase trumps the action of all
factors operating to recruit the basal machinery. So factors acting to delay
promoter escape provide a check against spurious activation of a vacant pro-
moter.

The site(s) of polymerase pausing on the c-myc promoter has not been
rigorously defined and the nascent transcripts sprouting from the paused
polymerase have never been isolated. Nuclear run-on experiments employing
different combinations of nucleotide triphosphates to advance the polymerase
incrementally revealed variable pause sites ranging over approximately the
first 50 nucleotides (Wolf et al. 1995). Furthermore, the cis-elements im-
posing the pause have also not been rigorously identified. Whether local
promoter sequences define intrinsic pause sites (as occurs with RNA poly-
merase alone), or distant sequences recruit pause-controlling trans-factors,
is not known (Pal et al. 2001). The control of pausing may be linked with
conformational changes demanded by the transition form initiation to elon-
gation. The requirement for DNA melting at all promoters is self-evident.
How this melting occurs has not been fully revealed. The structures of all
RNA polymerase-template complexes that have been solved (whether phage,
bacterial, or polymerase II) reveal a sharp bend with the active site (Zhang
et al. 1999; Cramer et al. 2000; Gnatt et al. 2001; Tahirov et al. 2002; Yin and
Steitz 2002). Bent DNA melts more easily, and so this feature of transcription
complexes may help to open the duplex to permit pairing with the incoming
ribonucleotide triphosphates in preparation for phosphodiester bond forma-
tion (Kahn et al. 1994). Whether the melted region at the c-myc start site
is composed only of a transcription bubble sequestered entirely within the
active site of RNA polymerase II is not known. When the last general tran-
scription factor, TFIIH, joins the preinitiation complex it carries along the
XPB/p89/ERCC3 3'-5" and XPD/p80/ERCC2 5'-3 helicases; the former is essen-
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tial for initiation and promoter escape, whereas the latter, though inessential
for transcription, facilitates promoter escape (Zawel et al. 1995; Hoeijmakers
et al. 1996; Ohkuma 1997; Coin and Egly 1998; Frit et al. 1999; Tirode et al.
1999; Akoulitchev et al. 2000). The helicases of the TFIIH core function dur-
ing nucleotide excision repair to expose damaged bases for removal. TFIIH
has been proposed to act as a molecular wrench modifying DNA conforma-
tion at start sites from a downstream location, though alternative models for
TFIIH action at transcription start sites exist (Robert et al. 1998; Douziech et
al. 2000; Kim et al. 2000). The roles of the helicases in modifying promoter
structure have been relatively less studied than the role of the TFIIH CAK
(cyclin-activating kinase/cdk7) subcomplex. CDK7, the kinase within CAK,
plays a major role phosphorylating the hepta-residue repeat comprising the
carboxyl terminal domain (CTD) of the large subunit of RNA polymerase II.
Depending on the state of CTD phosphorylation, additional factors involved
in transcription and RNA processing (including capping) are recruited to
early transcription complexes. Several factors regulating c-myc transcription
[e.g., FUSE-binding protein (FBP), FBP-interacting repressor (FIR), estrogen
receptor E2] interact with TFIIH (Pearson and Greenblatt 1997; Chen et al.
2000; Liu et al. 2000, 2001; Keriel et al. 2002). Shortly after initiation, factors
such as DRB sensitivity-inducing factor (DSIF) and negative elongation factor
(NELF) are recruited and contribute to pausing, at least to some promoters
such as the Drosophila HSP70 promoter (Wu et al. 2003). It should be stressed
that the mechanistic role of TFIIH, DSIF, and NELF, as well as other factors
involved in promoter escape, have been explored only on a very small number
of promoters; whether the details of the disposition of these factors during
initiation and promoter escape can be generalized to all promoters from these
few cases is not known.

A role of the nascent c-myc RNA in regulating transcript growth, either
by directly manipulating the transcription apparatus or through the recruit-
ment of sequence or structure-specific RNA-binding proteins [as for human
immunodeficiency virus (HIV) via the TAR sequence in the nascent tran-
script, the TAT protein recruits PTEEF, cyclin T-CDK9, which phosphorylates
the CTD and stimulates elongation], has not been reported, but should be
considered (Garber et al. 1998; Zhou et al. 1998).

1.4
Chromatin Changes

c-myc was one of the first genes analyzed by indirect labeling for DNase I
hypersensitive sites (Siebenlist et al. 1984). Constitutive and regulated hyper-
sensitive sites upstream, downstream, and within the c-myc gene have been
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mapped (Fig. 1). Constitutive DNase hypersensitive site (HS) I is associated
with the binding of CCCTC-binding factor (CTCF). This remarkable multi-
zinc-finger protein associates with several regions of the c-myc gene, including
the promoter, under repressed conditions. Since CTCF has enhancer-blocking
activity, it is likely to play a role in eliminating or selectively gating the influ-
ence of more distant regulatory proteins on the c-myc promoter. In cases of
Burkitt lymphoma with far upstream translocations, the influence of the im-
munoglobulin enhancer must penetrate HS I by an unknown mechanism to
negate CTCF’s barrier function. CTCF also makes protein-protein interactions
with other ¢c-myc regulators, such as YB1 (Filippova et al. 1996; Chernukhin et
al. 2000; Ohlsson et al. 2001; Qi et al. 2003). Although HS II; and II, map to up-
stream regions binding various factors, the agents responsible for conferring
hypersensitivity have not been unambiguously assigned. In the case of site
I1,, cleavage occurs within the CT-element, an entangled mess of overlapping
and inter-nested binding sites for conventional and single-strand selective
factors; these sites and factors are not easily functionally or biochemically
deconvoluted. Sites III; and III, overlap the P1 and P2 promoters; again, the
agent of hypersensitivity has not been ascribed to any single protein or com-
plex, although the MElal site is implicated (Albert et al. 2001). Additional
HS sites map 3’ of c-myc (Mautner et al. 1995). Whereas some hypersensitive
sites are enhanced when c-myc is expressed, other sites, such as HS I, persist
even in cells with irreversibly silenced c-myc.

Actively transcribed c-myc genes carry 15 nucleosomes in a 3.6-kb array
stretching from upstream of the promoter into intron 1. When inactive, c-
myc genes harbor an additional four nucleosomes masking segments near
HS I, the CT-element, PO, and P1. The major P2 start-site is nucleosome-free
irrespective of gene activity (Michelotti et al. 1996b; Pullner et al. 1996; Albert
etal. 1997; Schuhmacher et al. 1999). The hypersensitive sites and nucleosome
arrangement of c-myc promoters embedded in episomal vectors recapitulate
those of endogenous c-myc genes (Michelotti et al. 1996b; Albert et al. 1997;
Madisen et al. 1998; Albert et al. 2001).

The role of chromatin-modifying and remodeling complexes in regulating
c-myc expression is complicated and confusing. Whereas histone deacetylase
(HDAC) inhibitors augment expression from transfected or transgenic c-myc
promoters consistent with the notion that increased acetylation supports in-
creased transcription, HDAC inhibition paradoxically depresses endogenous
c-myc in most situations (for example, see Van Lint et al. 1996; Chambers et
al. 2003; and many others). The dynamics of HAT, HDAC, and remodeling
complex recruitment and dismissal during c-myc gene induction and shut-off
are incompletely described and likely to prove complicated.
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1.5
Where Are c-myc Regulatory Elements?

A Hind III site at —2329 relative to P1 has often served as the operational
upstream boundary of the c-myc promoter; a Pvu II site at the end of exon 1
usually delimits the downstream segment, although sometimes the 5" por-
tion of intron 1 is also included. Most characterized cis-elements and can-
didate cis-elements have been mapped to this interval. Although convenient,
these arbitrary choices are poorly justified. c-myc promoter-driven reporter
genes—whether transiently or stably transfected, integrated, or episomal,
as well as transgenes passaged through the germline in mice—have failed
to recapitulate proper c-myc expression, although certain features of c-myc
transcription have been coarsely mimicked. Embedding c-myc reporters and
transgenes in 30 kb or even 50 kb of natural flanking sequence has proved
insufficient to confer physiological regulation (Lavenu et al. 1994; Mautner
et al. 1996). Why is proper c-myc regulation so difficult to achieve? Perhaps
important cis-elements reside at vast distances from the coding sequence,
or perhaps the c-myc promoter is particularly sensitive to perturbation of
its natural chromosomal context and so requires proper boundary elements
to define chromatin and topological domains. Supporting the argument that
context is key for c-myc governance is the extreme vulnerability of the locus
to chromosomal damage, even from vast distances. In the case of Burkitt
lymphoma, translocations hundreds of kilobases upstream, or downstream,
as well as within the gene, deregulate transcription. In these cases, the cyto-
genetically juxtaposed, but molecularly remote, immunoglobulin enhancer
overrides or usurps all of the locally acting elements with their associated fac-
tors to enforce c-myc expression. So either context is paramount or vital and
remote elements operate on the promoter from either side. Besides transloca-
tions, viral insertions, gene amplification, and mutations all deregulate c-myc
expression.

2
cis-Elements and Transacting-Factors Regulating c-myc Expression

2.1
cis-Elements

There is no evidence for a compact enhancer that confers or explains the phys-
iological patterns of c-myc expression. There is no evidence for the assembly
of a precisely arranged enhanceosome composed of multiple transcription
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factors and architectural DNA-binding proteins, as well as chromatin remod-
eling and modifying complexes (Thanos and Maniatis 1995). Virtually every
major signal transduction pathway impacts directly or indirectly the c-myc
promoter (Table 1). Some of the cis-elements receiving the signals have been
well characterized, whereas others have been revealed only in silico. The c-myc
promoter generallylacks canonical binding elements while relying on atypical
binding sites to recruit many of the c-myc regulatory proteins. Generally, non-
canonical sites are suboptimal for binding transcription factors. Most of the
activators and repressors that bind c-myc cis-elements recruit coactivators or
corepressors, at least in vitro, and in some cases, chromatin immunoprecip-
itation studies have demonstrated these effector complexes at c-myc in vivo.
Reliance upon non-canonical cis-elements to recruit these effectors has sev-
eral implications. First, the weak binding may contribute to the observation
that c-myclevels are adjusted several fold by many, perhaps even most, agents,
but very few single signals impel changes in Myc levels of sufficient degree to
constitute an on-off switch. Second, higher concentrations of each factor may
be required to achieve cis-element occupancy, and so a strong or sustained
stimulus might be required to activate expression. Third, the stabilization of
weak binding factors to their cis-elements through cooperatively interacting
partners in principle serves to cross-couple signals and promote synergy.
Fourth, fractional cis-element occupancy also confounds in vivo footprinting
and other protection studies that work best at saturation.

A number of cis-elements may be densely inter-nested with the pro-
moter. Sequences responsible for negative autoregulation (probably occurring
through both direct and indirect mechanisms), as well as sites for binding
CTCE, MBP-1 (a protein related to enolase) (Ray and Miller 1991; Subrama-
nian and Miller 2000; Lee et al. 2002), and other factors occur so close to start
sites that cohabitation is difficult to imagine; sequential or alternative action
at the promoter seems more likely.

2.2
Traditional trans-Acting Factors

The literature describing the pathways delivering signals to the c-myc pro-
moter via conventional transcription factors constitutes a veritable com-
pendium of gene regulatory phenomena. Although in any one setting or
cell line a particular pathway may dominate, in other situations the influ-
ence of that same pathway may be minimal or irrelevant. Signaling pathways
striking c-myc include: MAP kinase, JAK/STAT, Ras, IFN-y PI3-K, Fas, Wnt,
TGEF-B, interleukins, cytokines, lymphokines, steroid and peptide hormones,
pharmacologic agents, NF-kB-activating pathways, E2F-activating pathways,
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etc. Many of these signals branch and influence more than one trans-factor.
Each of the c-myc trans-factors merits a separate review; some of them are
listed in Table 1.

23
Funny DNA: The Role of Topology and Conformation

Work from multiple laboratories has contributed to the notion that nonstan-
dard transcription factors binding at atypical binding sites participate in the
transcriptional regulation of c-myc. Several regions of the c-myc gene are asso-
ciated with non-B-DNA conformation. To understand how these cis-elements
and their trans-factors operate it is important to consider what drives the
formation of non-B-DNA.

Conceptually, several processes may directly or indirectly drive confor-
mational changes occurring at c-myc cis-elements. First, unwinding torsional
stress (negative supercoiling) destabilizes duplex DNA, and certain regions
of DNA, especially segments with high A-T content, preferentially melt when
the unwinding torque is high enough. Within a topological domain, each
hotspot for melting competes with every other hotspot, so the response to
torque is inextricably coupled with the creation and destruction of topo-
logical boundaries (Benham 1992; Fye and Benham 1999). Protein-protein
interactions between DNA-bound factors or attachments to immobile struc-
tures restricting rotation of DNA along its helical axis impose topological
borders. Topological domains may be nested. Wrapping and fixation of DNA
around a nucleosome restrains approximately one supercoil, and unless the
grip of the nucleosome is breeched, this DNA constitutes a separate topo-
logical domain (Sinden 1994). As long as this DNA is firmly held, the entire
protein-DNA assembly may be rotated en bloc, transmitting stress to the un-
restrained linker regions. Loosening of histone tails secondary to chromatin
modifications such as acetylation would be predicted to expand the amount
of linker DNA available to accommodate torsion (Norton et al. 1990; Morales
and Richard-Foy 2000). Thus the particular chromatin arrangement within
DNA loops may help to focus torsional strain onto DNA segments predisposed
to melting or forming alternative structures such as Z-DNA (Rich and Zhang
2003). Second, helicases expend energy from ATP to open bound segments
of duplex. As noted previously, the helicase of TFIIH contributes to tran-
scription regulation; whether TFIIH might also contribute to DNA melting at
elements other than start sites (directly or as torque generator acting from the
promoter) has not been explored except during DNA repair. Several dozen
helicase-like open-reading frames reside in the human genome. While many
of these are generally presumed to be RNA, rather than DNA, helicases, it is
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premature to ascribe a molecule with certainty to one class or the other in
the absence of experimental information (Caruthers and McKay 2002). So the
possibility that helicases may be recruited to cis-elements to facilitate the tran-
sition to non-B-DNA remains plausible. Third, the machinery of transcription,
replication, recombination, and repair demands transient single-stranded re-
gions at the sites of catalytic activity, apart from supercoil-induced melting
driven by complexes translocating along DNA. Auxiliary single-stranded (ss)
DNA-binding proteins, chromatin remodeling machines, and topoisomerases
accompany each of these genetic transactions, and so all have the potential
to reconfigure those cis-elements prone to altered states. Fourth, although it
is assumed that homeostatic mechanisms maintain a monotonous chemical
and physical intranuclear environment, changes in parameters that alter the
stability of B-DNA such as ionic strength, pH, divalent cations, polyamines,
and temperature may all conspire to alter DNA structure. Utilization of el-
ements responsive to these parameters in principle would directly couple
c-myc transcription with the maintenance of intranuclear homeostasis (note
that the sensitivity of PCR to slight variations of these parameters illustrates
that it may not be too far fetched to conceive of physiological or patholog-
ical changes in DNA structure due to changes of the intranuclear milieu).
Cells embedded in tissues are also subject to considerable mechanical force.
If these forces were transmitted to DNA via anchored chromatin, DNA struc-
ture could be affected at susceptible sequences. So in principle DNA elements
that adopt non-B conformations may serve as cis-acting stress sensors acting
concertedly with conventional trans-acting stress-sensing pathways.

24
Strange Factors

Besides the panoply of well-recognized, well-characterized transcription fac-
tors binding duplex DNA and operating through conventional mechanisms,
c-myc promoter recruits a menagerie of strange gene regulators binding to el-
ements assuming unusual DNA structures and conformations. Two regions of
c-myc sequence are particularly associated with altered DNA structures. First,
the CT-element, found 100 to 145 bp upstream of the P1 promoter, has been
reported to adopt H-DNA, tetraplex, and single-stranded conformations in
addition to the standard B-form duplex (Kinniburgh 1989; Postel 1992; Mich-
elotti et al. 1996b; Simonsson et al. 1998). Each of these states is associated,
at least in vitro, with a set of conformation-sensitive binding proteins. The
extent of regulatory input in vivo conferred by a particular conformational
state and its associated factors is not known. Altered structures or conforma-
tion in the region of the CT-element is compatible with the absence of phased
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nucleosomes in this region; nucleosomes constrain B-DNA but have not been
shown to engage non-B helices or melted DNA.
Candidate trans-factors operating through the CT-element are:

Spl The predominant duplex-binding protein interacting with the CT-
element and a site further downstream. The essential role of Sp1 in regulating
housekeeping genes is well-established (DesJardins and Hay 1993; Michelotti
et al. 1996b). Acting locally on the c-myc promoters, Spl seems to be
the conduit through which the immunoglobulin enhancer mediates the
activation of P1 relative to P2 often occurring in Burkitt lymphoma (Geltinger
et al. 1996).

hnRNPK A prototype for the KH-motif, bearing three repeats of this nucleic-
acid binding module. Belying its name, this protein binds more tightly and
sequence specifically with ssDNA than with RNA (Tomonaga and Levens 1995;
Braddocketal. 2002a). Although there is some indication that hnRNP K recog-
nizes duplex CT-elements, the structure of the ssCT-element complexed with
hnRNP K provides no insight as to how this interaction might occur (Brad-
dock et al. 2002a). hnRNP K interacts with TFIID as well as numerous other
signaling and gene regulatory proteins. Its ability to stabilize single-stranded
loops introduces torsional and flexural hinges into promoters, facilitating in-
teractions between flanking sites (Takimoto et al. 1993; Tomonaga and Levens
1995; Geltinger et al. 1996; Michelotti et al. 1996a; Tomonaga et al. 1998). Be-
tween sculpting DNA and recruiting diverse partners, hnRNP K seems to be
an adapter gating the interactions of other molecules with greater intrinsic
transcription effector activity (Bomsztyk et al. 1997). Although hnRNP K is
associated with increased c-myc expression, on other genes it may play a neg-
ative role. Whether hnRNP K plays a positive or negative role is likely to be
context dependent in that it would be determined by the intrinsic activities
of the more potent effectors it serves.

CNBP Cellular nucleic acid-binding protein. This multi-zinc-finger protein
also binds avidly and in a sequence-specific manner with ssDNA and RNA
(Rajavashisth et al. 1989; Michelotti et al. 1996b; Pellizzoni et al. 1997; Crosio et
al. 2000). Evidence indicates that this protein may function in the translational
regulation of some mRNAs. CNBP binds the purine-rich strand of the CT-
element. Knockout of CNBP in mice diminishes c-myc expression in those
zones of the embryo (forebrain most prominently) where CNBP is abundant;
c-myc levels are unaffected in regions where CNBP is absent indicating either
that other factors substitute for CNBP or that alternate mechanisms bypass
the CT-element (Chen et al. 2003). Expressing CNBP in the CNBP~~ cells
augments the expression of a transfected c-myc-reporter. Importantly, these
results dramatize the differential utilization of transcription factors to regulate
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c-myc expression in different cells. The mechanism of transcription activation
by CNBP has not been elucidated.

nm23/NDPK Has been associated with a variety of enzymatic and regulatory
activities. Initially identified as a transcript downregulated in metastatic cells,
nm23 was shown to have tumor-suppressor activity. It was subsequently dis-
covered in an expression screen designed to identify CT-element (also termed
NHE—nuclease hypersensitive element) binding factors. This same protein
has been associated with nucleoside diphosphate kinase activity, histidine-
kinase activity, and both sequence-specific and generalized DNase activities
(Hartsough and Steeg 2000; Postel et al. 2000; Roymans et al. 2002). Recently
nm23 has surfaced as a subunit of an S-phase octamer-co-activating com-
plex (OCA-S) (Zheng et al. 2003). The protein lacks intrinsic transcription
activating function and may not possess sufficient DNA binding specificity to
find its physiological targets in vivo unless complexed with partner proteins
(Michelotti et al. 1997).

MAZ A multi-zinc-finger protein first identified binding with the c-myc pro-
moter. It interacts at several sites within the vicinity of the promoter including
the CT-element and a site further downstream inter-nested with Sp1 and E2F
binding sites (Bossone et al. 1992, Sakatsume 1996).

YB-1/NSEP Identified as a component of a ¢c-myc promoter binding ribonu-
cleoprotein complex (the RNA component has not been characterized fur-
ther). YB-1 has also been identified as a ssDNA-binding protein interacting
with other promoters in vitro, with supporting evidence for a regulatory role
for several genes in vivo (Davis et al. 1989; Kinniburgh 1989). YB-1-related
proteins bear cold shock domains and have been reported to bind mRNAs
and regulate translation in addition to recognizing DNA (Kloks et al. 2002).
Recent studies indicate that signaling pathways potentially leading to specific
proteolysis and cytoplasmic-nuclear shuttling might determine whether YB-1
binds to RNA or DNA.

The second region associated with altered structures and DNA conformations
is a segment far upstream of P1 and P2 which possesses a peculiar sensitivity
to torsional strain: the FUSE that binds FBP resides in an AT-rich segment that
is easily melted by application of supercoiling forces (Michelotti et al. 1996b;
He et al. 2000). This same region of DNA is hypersensitive to single-strand
selective oxidation by potassium permanganate in vivo in cells expressing c-
myc, but not in cells with silent c-myc genes. FUSE in nuclei of c-myc expressing
cellsisalso sensitive to S1 nuclease. When c-mycis silent, a regular nucleosome
array runs through the FUSE region (Michelotti et al. 1996b; Pullner et al. 1996;
Albert et al. 1997; Albert et al. 2001). When c-myc is expressed, this array
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is disturbed in the vicinity of FUSE. A BRG1-containing complex has been
proposed to participate in the remodeling of FUSE chromatin. Just as Brahma-
related gene 1 (BRG1) action has also been implicated in the generation or
stabilization of a Z-DNA segment in the human colony-stimulating factor
(CSF)-1 promoter, it is plausible that it may act similarly on c-myc (Chi
2003). Immediately upstream of the FUSE region is one of three Z-DNA-
forming segments in the c-myc gene (Wittig et al. 1992; Wolfl et al. 1997).
Antibodies recognizing Z-DNA can be cross-linked to this Z-DNA-forming
region in nuclei. Just as negative supercoiling favors melting of FUSE, so
conversion of right-handed B-DNA into left-handed Z-DNA is also driven by
torsional stress. Melting at FUSE versus Z-DNA formation would compete
to absorb torsional stress. Because nucleosomes do not accommodate non-
B-DNA structures, both melting of the duplex and Z-DNA formation may
contribute to the disturbance of the regular nucleosomal ladder in this region
when c-myc is expressed. An origin of replication has been mapped to the
FUSE/Z-DNA region. As occurs with other origins, nascent strand synthesis
maps to a broader zone beyond the FUSE region (Tao et al. 2000; Liu et al.
2003). Functional coordination or direct mechanisms linking DNA synthesis
and c-myc expression have not been explored.

2.5
FUSE-Binding Protein

FBP engages FUSE through four KH-motifs with each KH domain engaging
4-6 nucleotides (Braddock et al. 2002b). The cognate sequence segments are
separated by spacer DNA (due to the intrinsic flexibility of ssDNA, there is no
obligatory helical phasing between the segments engaged by each motif). FBP
binds tightly with ssDNA and supercoiled DNA, but forms no stable complex
with relaxed duplexes. The carboxyl terminus of FBP bears a tyrosine-rich mo-
tif that engages TFIIH to activate transcription (Tomonaga and Levens 1995;
Duncan et al. 1996; Liu et al. 2001; Braddock et al. 2002a). FBP’s activation
domain stimulates the 3’-5" helicase activity of the XPB/ERCC3/p89 subunit
of TFIIH and facilitates initiation and advancement to promoter escape (see
Sect. 2.8). The amino-terminus of FBP confers repressor activity when trans-
ferred to heterologous DNA binding domains (Duncan et al. 1996). FBP has
two closely related sibs, FBP2 and FBP3. FBP2 and 3 bind to FUSE through four
KH-motifs highly homologous to those in FBP and possess even more potent
carboxyl terminal activation domains (Davis-Smyth et al. 1996). An adeno-
virus vector over-expressing FBP augments c-myc mRNA levels, whereas the
same vector expressing a dominant-interfering FBP (central DNA binding
domain only, devoid of amino and carboxyl terminal effector domains) de-
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presses c-myc RNA (He et al. 2000). FBP itself is downregulated by the direct
Myc target p38/JTV-1 (Kim et al. 2003a). Though a core protein in a multi-
transfer (t)RNA aminoacyl-synthetase complex, knockout of p38 surprisingly
does not impair protein synthesis (Kim et al. 2002). Rather, mice lacking p38
die in the immediate neonatal period with hyperplastic internal organs and
increased c-myc levels. p38 targets FBP for ubiquitination and degradation.
So, normally FBP augments Myc levels, Myc augments p38/JTV-1, and p38
downregulates FBP, closing a homeostatic feedback loop.

2.6
FBP-Interacting Repressor

The central DNA binding domain and the amino terminus of FBP bind FIR.
FBP, FIR, and FUSE may form a ternary complex possessing both activation
and repression moieties. The amino-terminus of FIR engages TFIIH and
depresses, but does not abolish, the same XPB/ERCC3/p89 helicase activity
augmented by FBP. FIR does not block initiation, but retards the advance
of the transcription complex to promoter escape (see Sect. 2.8). Drosophila
FIR (puf60, hfp, dFIR) was first reported to participate in the developmental
regulation of alternative splicing (Van Buskirk and Schupbach 2002). More
recently, dFIR was found to repress Drosophila c-myc (dmyc) at the RNA
level, and dFIR was implicated in the regulation of cell cycle progression,
influencing both G1/S and G2/M progression (Quinn et al. 2004).

2.7
Special AT-Rich Binding Protein 1

Immediately downstream of FUSE is an A-T rich segment. This segment is
especially prone to melt at low levels of supercoiling that may nucleate the
destabilization of FUSE. This same segment has the properties of a base-
unwinding-region (BUR) and binds with special AT-rich binding protein 1
(SATB1), an atypical homeobox protein that nucleates higher order chromatin
organization, especially chromatin loops (Cai et al. 2003, Dickinson et al. 1997;
Yasui et al. 2002). SATB1 may contribute to cell-type-specific folding of c-myc
chromatin or the partitioning of c-myc upstream sequences into subdomains.
SATBI recruits chromatin remodeling and modifying complexes. SATB1 does
not bind to ssDNA, and so FBP and SATBI actions are likely to prove mutually
exclusive, if not antagonistic (Dickinson et al. 1992; Yasui et al. 2002).
Proteins binding “generic” Z-DNA exist, but Z-DNA-binding proteins that
are also sequence-specific have not been described, so whether the upstream
Z-DNA segment of c-myc plays physical roles such as excluding nucleosomes
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or as a capacitor storing torsional energy, rather than serving as a platform
to recruit special trans-factors, is not yet known (Rich and Zhang 2003).

2.8
A Scheme to Regulate c-myc Transcription

Where, when, and how much c-myc to transcribe must be explained in order
to fully understand Myc biology. The cell uses several levels of molecular
organization to answer these questions. First, it seems that special mecha-
nisms park c-myc loci at particular intranuclear sites. Recent data reveal that
c-myc genes are non-randomly distributed within nuclei; moreover, frequent-
translocation partners with c-myc—such as the immunoglobulin heavy chain
in Burkitt lymphoma—adwell closer on average to c-myc than do cytogenet-
ically indifferent loci (Roix et al. 2003). Whether c-myc loci are deployed to
stations conducive for proper expression, or whether this localization reflects
a more passive partitioning of silent and expressed genes is not known. In
terminally differentiated cells c-myc expression is irreversibly silenced, but
cells retaining proliferative potential preserve the capacity to express c-myc.
Most of these latter cells have a paused polymerase. The initial events in
c-myc induction have not been defined. Binding of transcription factors to
c-myc regulatory sequences and chromatin remodeling are likely to occur
concomitantly and are probably interdependent. Depending on the variety
and magnitude of signals, transcription factors of all sorts flicker on and off
the c-myc gene. While some of these factors recruit chromatin remodeling
and modifying complexes, the immediate issue for the induction of c-myc
transcription is to restart the paused polymerase. Operating through TFIIH
and perhaps other basal transcription components, the paused polymerase
is spurred by activators through a series of otherwise slow transitions. The
density of bound factors and the frequency of interactions between their ac-
tivation domains and the promoter-bound apparatus control progression to
the point of promoter escape. Only following escape would the promoter be
available for reinitiation. In this scheme, a single intense signal acting repet-
itively through a responsive transcription factor, or multiple weak signals
acting through diverse cis-elements, would ratchet the pre-promoter escape
transcription complex through its various stages. Signal integration would
occur through multiple sequential (but not necessarily ordered) activating
events. Utilization of multiple, kinetically equivalent, pre-promoter escape
intermediates would reduce the temporal variance and damp stochastic fluc-
tuations when compared with a process regulated at a single rate-limiting
step that yields only very small numbers of product. Following the delivery
of an activating signal (note that experimentally this has often involved em-
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ploying a single agent—few studies have dealt with synergy or antagonism
between c-myc-regulating signals delivered in combination) c-myc transcrip-
tion stereotypically peaks between 1 and 2 h after stimulation, and declines
rapidly thereafter. Upon achieving log-phase, c-myc mRNA levels stabilize
above resting levels but well below peak levels. Thus, once cells have expe-
rienced a pulse of c-myc transcription, a lower level sustains proliferation.
Overlying the switches that upregulate c-myc, a molecular cruise control sys-
tem may operate to constrain and prevent chaotic fluctuations of Myc levels.
A scheme can be jury-rigged from the features of the FBP-FIR-FUSE system
to superimpose dynamic, real-time feedback onto the c-myc promoter. Upon
activation, transcription pumps torsional stress into the DNA upstream of
the promoter. Loops between trans-factors and the translocating transcrip-
tion apparatus at least transiently accumulate torsional energy (until either
the loop breaks or a topoisomerase landing within the loop relieves all the
tension). If the stress is focused mainly into the linker regions, transcribing
even a short distance has the capacity, in principle, to drive structural transi-
tions at sensitive sites within the loop. Hence the ability to recruit, hold, and
functionally engage topology and/or conformation-sensitive factors would
be linked to ongoing gene activity. The effector domains of some of these
proteins (such as FBP and FIR) could reach back to the pre-promoter escape
transcription complex and influence further transcription, or they might in-
fluence the rate of reinitiation on the next round of transcript synthesis.
Such a mode of regulation would occur in real-time in response to ongoing
RNA synthesis irrespective of the particular pathway activated to drive tran-
scription. In contrast, conventional feedback requiring synthesis of a c-myc
primary transcript, splicing, processing, mRNA transport to the cytoplasm,
translation, dimerization, transport back to the nucleus, protein modification,
incorporation into larger chromatin modifying and remodeling complexes,
binding at target sites, and finally—if Myc autoregulation is direct via the P2
promoter—transcriptional repression of c-myc. For indirect autoregulation,
a second cycle of expression would delay feedback repression even further.
These delays would limit the ability of end-product feedback to impose tight
homeostasis on a rapidly fluctuating system.

Chromatin immunoprecipitation studies have revealed temporal evolution
of the spectrum of factors bound to the c-myc promoter during induction and
shutoff (Shang et al. 2000). These shifting patterns either represent the su-
perimposition of independent pathways activated and repressed with distinct
kinetics (as occurs in yeast), or, alternatively, they represent the dynamic
progression of a molecular machine through different stages of operation
(Bryant and Ptashne 2003). Distinguishing between these alternatives is an
experimental challenge with fundamental consequences for understanding
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gene expression and with practical implications for devising strategies to
reregulate a rogue c-myc oncogene.
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Abstract The Myc transcription factor functions as a downstream effector of most
mitogenic signals. Myc is synthesized rapidly in response to extracellular mitogenic
signals, and blocking Myc induction abolishes or at least severely attenuates any
mitogenic response. Furthermore, ectopic Myc expression can often bypass the re-
quirement for extracellular signals for entry into S phase. Thus, the Myc transcription
factor is both necessary and in many ways sufficient to promote the growth of diverse
cell types. Given this potent biological activity, it is not surprising that mutations in the
myc gene are among the most frequent in human and animal cancers. Understanding
the molecular basis of Myc function has been a central issue in the fields of cancer
biology and signal transduction for 20 years.

1
Early Myc Transcription Factor Connections

The earliest studies showing that v-Myc protein was localized in the nucleus
hinted that Myc could be a transcription factor (Hann et al. 1983), and studies
began to explore the possibility that it could regulate specific genes (Dean et
al. 1987; Prendergast and Cole 1989). The first concrete link between Myc and
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transcription factors came from the finding that Myc contained both leucine
zipper and helix-loop-helix motifs (Landschulz et al. 1988; Murre et al. 1989).
Both of these motifs were first documented in sequence-specific DNA binding
proteins, providing a clear indication that Myc should also be a DNA binding
protein. However, it was not until the identification of the Max protein that Myc
gained real credibility as a sequence-specific transcription factor (Blackwood
and Eisenman 1991). Max is a small, ubiquitously expressed protein that
can itself homodimerize and bind to DNA. However, Max homodimers are
inhibited from binding DNA in vivo by phosphorylation (Berberich and Cole
1992). Myc must heterodimerize with Max to bind to DNA (Blackwood et
al. 1992), yet DNA binding by the Myc/Max heterodimer is not inhibited
by phosphorylation at sites that are comparable to those that inhibit Max
homodimers (Berberich and Cole 1992). Max can also dimerize with other
proteins, but these proteins and the structure of the DNA binding domain
will be discussed elsewhere in this volume.

Sequence-specific transcription factors are usually modular, with a well-
defined, evolutionarily conserved DNA binding domain and a more loosely
defined effector domain that either activates or represses transcription when
tethered near a basal promoter. Before Myc was definitively shown to be a DNA
binding protein, it was found that fusion of the Myc N-terminus to the Gal4
DNA binding domain created a potent transactivator (>100-fold; Kato et al.
1990). However, this work raised two puzzles that remain unresolved. First,
there was not a good correlation between domains within the N-terminus
that were biologically important with those that promoted transcriptional ac-
tivation (Kato et al. 1990). Second, once the Max protein and consensus DNA
binding sites were available, it was found that Myc/Max heterodimers were
much less potent at transcriptional activation (typically 3- to 4-fold) than
Gal4-Myc fusion proteins, even using concatamerized binding sites (Kret-
zner et al. 1992). The latter, relatively weak activity has now been confirmed
in vivo through the analysis of chromosomally localized target genes which
have Myc/Max binding sites (Bush et al. 1998). In fact, several broad studies
of Myc target genes using microarrays find an average transcriptional acti-
vation of chromosomal targets of approximately twofold, for example (Coller
et al. 2000; O’Connell et al. 2003). Only a small number of the Myc respon-
sive genes identified in these studies are verified as in vivo targets, but the
average response of verified targets is quite comparable (2- to 3-fold). Hence,
while virtually all studies agree that Myc is a direct activator of transcrip-
tion, its activity is inevitably quite modest and pales in comparison to potent
transactivators like NF-xB (100- to 1,000-fold in comparable assays).
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2
Biologically Functional Myc Domains

A fruitful approach toward understanding Myc function has been to map
the functional domains in various assays (Fig. 1). Distinct evolutionarily
conserved regions called Myc homology boxes I and II (MBI and MBII)
within the N-terminus were required for the ability of Myc to cooperate with
an H-ras oncogene in the transformation of primary rodent fibroblasts and
for transformation of a sensitized rodent fibroblast cell line (Stone et al.
1987). Similar domains were found to be required for inducing apoptosis and
blocking differentiation (Evan et al. 1992; Freytag et al. 1990). All of these
Myc-induced phenotypes are dependent on expression of Myc at levels higher
than usually observed under physiologically normal settings.

Until recently, almost no information was available concerning the do-
mains of Myc that function to promote normal cell proliferation since virtually
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Fig. 1 Functional domains of the Myc protein. The conserved Myc homology box I
(MBI), Myc homology box II (MBII) and DNA binding domains are highlighted. The
DNA binding domain consists of basic (B), helix-loop-helix (HLH), and leucine zipper
(LZ) domains. Amino acid numbers corresponds to c-Myc. The regions of c-Myc that
interact with different nuclear cofactors are shown in the lower section of the figure
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all cells express an endogenous level of c-myc. The availability of a myc-null
cell line made it possible to assess the role of Myc-dependent transactivation
in fibroblast proliferation (Mateyak et al. 1997). The first surprise from these
assays is that the conserved MBI region of c-Myc is not required for fibroblast
proliferation, based on the activity of the MycS protein. MycS is a naturally
occurring protein variant that originates from translation initiation at either
of two methionines at amino acids 103 or 111 in relation to the initial methio-
nine of the most abundant Myc2 protein (Spotts et al. 1997; Fig. 1). MycS thus
lacks the N-terminal 100 amino acids of c-Myc, including MBI, but retains the
C-terminal 260 amino acids spanning MBII and the DNA binding domain.
MycS is devoid of all transactivation activity assayed with reporter constructs,
but ectopic expression of MycS can induce anchorage-independent growth
and apoptosis as well as rescue the cell cycle delay of Myc-deficient fibroblasts
(Xiao et al. 1998). Thus, transactivation by the Myc N terminus (as defined
by transient reporter assays) is neither necessary nor sufficient in many
biological assays. However, MycS is completely defective for cooperation with
H-ras in the transformation of primary rodent cells (McMahon et al. 1998).
A comparison of target genes that respond to MycS should prove valuable in
deciphering the Myc proliferative versus transforming activity. Even though
MycS lacks detectable transactivation in transient reporter assays, activation
of specific cellular promoters may be required for MycS function, and the
apparent dichotomy between MycS and c-Myc is only a consequence of
the inability of transient reporter assays to recapitulate the regulation of
chromosomal targets. Alternately, the biological functions of Myc and MycS
may be linked to gene repression rather than activation (Xiao et al. 1998).
The mechanism of Myc repression will not be discussed in this review.

A second surprise from fibroblast proliferation assays is that MBII is not
absolutely essential for proliferation. The first assay for MBIl mutants in
c-Myc reported a cell doubling time intermediate between wild-type (wt)
c-Myc and vector controls, a rescue of approximately 50% of the growth
defect (Bush et al. 1998). More recent studies of both c-MycAMBII and N-
MycAMBII mutants demonstrate a more substantial rescue of the slow growth
phenotype (Nikiforovetal. 2002; Oster et al. 2003). In support of an uncoupling
of proliferation from oncogenic transformation, L-myc can also fully rescue
myc-null cell growth even though it is defective for transactivation in transient
assays and for transformation in cooperation with H-ras (Barrett et al. 1994;
Birrer et al. 1988; Landay et al. 2000; Nikiforov et al. 2002).

One possible interpretation for the difference in Myc domain requirements
between the fibroblast proliferation and H-ras cooperation assays is the abso-
lute level of “Myc function” required. It has been estimated that as few as 450
molecules of Myc per cell are sufficient for normal proliferation (Mehmet et
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al. 1997), compared to 5,000 molecules per cell after serum stimulation and
over 100,000 molecules per cell in some tumor lines (Moore et al. 1987). Loss
of MBI in the MycS protein or “weakened” Myc proteins such as MycAMBII
or L-Myc may still have enough activity to promote cell proliferation in a myc-
null background. On the other hand, the H-ras cooperation and other assays
require Myc levels above those found in normal fibroblasts, and hence these
assays may be more sensitive to any loss of wt Myc function. However, it is
also possible that different forms of Myc have qualitatively distinct biological
activities mediated by their ability to activate or repress select target genes.

An alternate model for the role of MBII in proliferation is based on the dif-
ference between immortalized versus primary cells. The most stringent MBII-
dependent assay for Myc function is the transformation of primary rat embryo
fibroblasts in cooperation with H-ras (Land et al. 1983). An MBII-dependence
is also observed for the proliferation of primary cerebellar granule neurons
(Kenney et al. 2003). Immortalization of cells in culture often requires the
disruption of the p53 pathway through loss of p53 itself or of p19ARF, a mod-
ulator of the p53/mdm?2 regulatory loop (Lundberg et al. 2000). Because of this
and other undefined genetic or epigenetic changes that accompany immor-
talization, immortalized cells may have a qualitatively different dependence
on MBII for target gene regulation. For example, as discussed in more detail
below, the telomerase reverse transcriptase (TERT) gene is profoundly depen-
dent on MBII for activation in primary human fibroblasts, but only minimally
dependent on MBII in an immortalized line (Nikiforov et al. 2002). Thus, the
response of target genes to Myc overexpression may vary between primary
and immortalized cells, accounting for the differences in biological activity
observed in different systems.

3
Nuclear Cofactors of Myc

The function of most sequence-specific transcription factors is to recruit
nuclear cofactors to specific promoters. These cofactors can be general tran-
scription factors (GTFs) that facilitate the entry and movement of RNA poly-
merase or they can modify local chromatin structure to either enhance or
repress transcription or the binding of other factors. Numerous proteins have
been identified as potential Myc cofactors, which have been reviewed recently
(Sakamuro and Prendergast 1999). For the purpose of this review, we will
focus on recent work characterizing cofactors that have been demonstrated
to play a functional role in Myc activities and which have also been shown to
coprecipitate with Myc in vivo (Fig. 2).
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Chromatin Acetylation,
Remodeling?

A A A A A A

Ac Ac Ac Ac Ac Ac

Fig.2 Model for Myc recruitment of nuclear cofactors that promote chromatin modi-
fication. The Myc protein recruits several complexes that can promote localized mod-
ification and remodeling of chromatin. These complexes may alter the acetylation
around Myc target genes or perturb chromatin in some other undefined way

3.1
Myc and Chromatin Modification

The MBII domain has recently been shown to facilitate Myc binding to a novel
large nuclear cofactor called TRRAP (transactivation/transformation-domain
associated protein), which was purified by affinity chromatography using the
c-Myc N-terminal transactivation domain (McMahon et al. 1998). TRRAP
is a 3,830-amino-acid protein with limited homology to the phosphoinosi-
tide (PI)-3 kinase/ATM family, although TRRAP lacks the kinase catalytic
residues present in other members of the family (McMahon et al. 1998).
TRRAP binding to the N-terminus is directly correlated with Myc oncogenic
activity, since deletions or mutations in Myc that disrupt TRRAP binding
are transformation-defective, and the weakly transforming L-Myc protein
exhibits poor TRRAP binding (McMahon et al. 1998; Nikiforov et al. 2002).
Furthermore, the disruption of endogenous TRRAP pools using antisense
and ectopic expression of TRRAP fragments with dominant inhibitory activ-
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ity severely impair Myc-mediated oncogenic transformation (McMahon et al.
1998). These data imply that the recruitment of TRRAP to cellular promoters
is essential for Myc-mediated oncogenic transformation.

The identification of TRRAP as an essential cofactor provided an important
mechanistic insight into the function of the Myc N-terminal domain when
TRRAP was found to be part of the SAGA complex (Grant et al. 1998a; Saleh
et al. 1998; Vassilev et al. 1998). SAGA (SPT/ADA/GCN5/acetyltransferase) is
a 1.8-MDa complex containing approximately 20 proteins which have been
implicated in transcriptional regulation, primarily through genetic screens
in yeast (Grant et al. 1997). Myc binds directly to a small internal domain of
TRRAP that is similar in location to the binding site on Tralp for transcription
factors in yeast (Brown et al. 2001; Park et al. 2001). Several recent studies
have demonstrated that, in addition to TRRAP, many other components of
the SAGA complex are also highly conserved from yeast to humans (Mar-
tinez et al. 2001; Ogryzko et al. 1998; Smith et al. 1998). Among the many
proteins contained in SAGA, the only one with a clearly defined biochemical
function is the histone acetyltransferase GCN5 (Georgakopoulos and Thireos
1992; Marcus et al. 1994; Wang et al. 1997). Histone acetylation by transcrip-
tion cofactors has frequently been associated with gene activation (Grant et
al. 1998b), making this an attractive mechanism for Myc-mediated trans-
activation. This model is appealing since the alternate Max heterodimeric
partners, Mad and Mxi, can antagonize Myc function through recruitment
of Sin3A/Sin3B and the histone deacetylases HDAC1/2 (Ayer 1999; Knoepfler
and Eisenman 1999).

A series of studies has found several other complexes that contain TRRAP
in addition to the human ortholog of the yeast SAGA complex. The SAGA
complex is related to the STAGA and TFTC coactivator complex defined in
transcription assays (Brand et al. 1999; Martinez et al. 2001). TRRAP is also
found in a complex with the TIP60 H2A/H4 HAT (Ikura et al. 2000), and
this complex shares many subunits with a complex containing the Swi2/Snf2-
related p400 protein (Fuchs et al. 2001). However, the latter complex lacks
HAT activity. The p400 complex binds to c-Myc in U20S extracts, presumably
through TRRAP, but the functional consequences of this recruitment remain
unclear. Alternately, it is possible that TRRAP-containing complexes may
directly repress target gene expression, even though histone acetylation is
usually linked to gene activation. In support of this concept, the ARG1 gene in
yeast was shown to be repressed through recruitment of GCN5 HAT activity
and the SAGA complex (Ricci et al. 2002). Mutants of GCN5 that lack HAT
activity fail to repress ARG1, and the SAGA complex is recruited directly to
ARGI through the ArgR/Mcml repressor complex. It is not clear if it is the
acetylation of histones or some other substrate that mediates repression, but
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the direct involvement of TRRAP/TRA1-linked HAT activity to repression
could explain the MBII-dependence of Myc repression (Claassen and Hann
1999).

A general model of Myc-mediated histone acetylation as the basis of onco-
genic transformation raises a number of important questions that must be
resolved in the future. On one hand, Myc recruits HAT activity (McMahon et
al. 2000), and TRRAP is recruited to the promoters of several Myc-responsive
genes following serum stimulation in association with induction of H4 but not
always H3 acetylation (Bouchard et al. 2001; Frank et al. 2001). It was recently
shown that the silent TERT gene acquires both H3 and H4 acetylation in the
course of being activated by c-Myc in primary human fibroblasts (Nikiforov
et al. 2002). On the other hand, another study reported that activation of the
Myc target genes cad and TERT in cell lines occurs without concomitant in-
creases in histone H3 or H4 acetylation (Eberhardy et al. 2000). Furthermore,
MBII mutants that fail to recruit HAT activity can still induce several Myc
target genes in their native chromosomal context (Nikiforov et al. 2002). The
MycS protein does not bind to TRRAP, but it can rescue the growth defect
in myc-null fibroblasts (McMahon et al. 1998; Xiao et al. 1998). This suggests
that MycS may interact with other cofactors to mediate cell cycle progression,
anchorage-independent growth, and apoptosis. Finally, although the TIP60
H4 HAT is recruited to c-Myc target genes and promotes localized histone
acetylation, abolishing TIP60 HAT activity had no impact on Myc target gene
expression (Frank et al. 2003). Thus, it remains possible that localized HAT
recruitment may correlate well with Myc target gene activation because this
activity is recruited as part of TRRAP complexes. However, HAT activity itself
may be dispensable and the critical function recruited by Myc is provided by
TRRAP itself or other associated proteins.

Another set of cofactors recruited by Myc are evolutionarily conserved
proteins called TIP49 and TIP48, which contain ATPase motifs (Wood et al.
2000). These proteins are found as part of the TRRAP:TIP60 HAT complex
in mammalian cells (Ikura et al. 2000), but some mutations in Myc retain
TIP49/48 binding while losing TRRAP binding, suggesting that these proteins
may interact with Myc independently (Wood et al. 2000). An ATPase-defective
mutant of TIP49 was a potent inhibitor of Myc oncogenic transformation but
had little effect in proliferation (Wood et al. 2000). This same mutation en-
hanced Myc-mediated apoptosis (Dugan et al. 2002), suggesting that apopto-
sis and transformation may result from different pathways. The biochemical
function of the TIP49/48 proteins remains unclear. They are not components
of the analogous H4 histone acetyltransferase complex in yeast (Allard et al.
1999), although they are found in other yeast chromatin remodeling com-
plexes (Shen et al. 2000).
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3.2
TRRAP-Independent Target Gene Activation

While the recruitment of TRRAP complexes and the localized modification
of chromatin are likely to be part of Myc-dependent gene activation, con-
siderable evidence suggests that Myc has other functions in activating target
genes. Little or no change in histone acetylation was found during the activa-
tion of the cad and TERT promoters in some cell types (Eberhardy et al. 2000;
Eberhardy and Farnham 2001), and Myc mutants that are defective in TRRAP
and HAT recruitment can still activate many target genes nearly as well as
wt Myc in log phase cells (Nikiforov et al. 2002). Further exploration into the
mechanism of this TRRAP-independent gene activation has led to the finding
that RNA Polll remains engaged at the cad promoter even in the absence
of Myc protein binding (Eberhardy and Farnham 2001). No change in PollI
binding to the promoter was found in either serum-stimulated fibroblasts
or in differentiating U937 cells despite large changes in Myc binding. On the
other hand, Polll binding to the 3’ end of the cad gene was regulated in concert
with Myc binding to the promoter and transcription of the gene, suggesting
that Myc might regulate promoter clearance or elongation of a stalled PollI
preinitiation complex (Eberhardy and Farnham 2001). Significant changes in
PollI binding were also found in an intronic region of another Myc-regulated
gene, nucleolin. Stimulation of PollI elongation is thought to be controlled
by phosphorylation of the carboxy-terminal domain (CTD) by protein ki-
nases. Among the kinases that phosphorylate the CTD is P-TEFb (positive
transcription elongation factor b) which is a complex of cdk9 and cyclin T1
(Price 2000). In in vitro binding assays, the Myc transactivation domain can
bind to P-TEFb, whereas the USF transactivation domain cannot (Eberhardy
and Farnham 2002). Furthermore, an artificial cad promoter containing Gal4
binding sites was stimulated by a Gal4-Myc fusion and by Gal4-cyclinT1 co-
transfected with a cdk9 expression vector. These data are consistent with
a model in which Myc regulates promoter clearance, independent of its role
in chromatin modification (Fig. 3). However, it remains to be shown that
Myc/Max heterodimers recruit P-TEFb or any other CTD kinase in vivo.

33
Myc, Ubiquitylation and Transcriptional Activation

The c-Myc protein turns over rapidly in the cell with a half-life of 15-20 min
(Hann and Eisenman 1984). c-Myc turnover is linked to ubiquitylation (Sal-
ghetti et al. 1999), and the half-life is modulated by the Ras pathway and by
mutations that are commonly found in Burkitt’s lymphomas (Gregory and
Hann 2000; Salghetti et al. 1999; Sears et al. 1999). The turnover pathway has
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Fig.3 Model for Myc recruitment of basal transcription factors. The Myc protein can
promote a stalled RNA polymerase to transcribe mRNAs by recruiting the P-TEFb
complex which phosphorylates the carboxy terminal domain of the polymerase

taken an unexpected twist lately with the discovery that Myc ubiquitylation
may be directly linked to transcriptional activation. The Myc “degron” maps
within the transactivation domain and it has been proposed that the ubiqui-
tylation of many transcription factors is required for their activity (Conaway
et al. 2002; Salghetti et al. 2001; Salghetti et al. 1999). It has recently been
shown that the ubiquitin ligase component Skp2 binds to Myc and regulates
its turnover (Kim et al. 2003; von der Lehr et al. 2003). Moreover, Skp2 actu-
ally stimulates Myc-dependent transcriptional activation for both transiently
expressed and endogenous target genes. The mechanism by which Skp2 stim-
ulates Myc transactivation remains unclear, but this observation may offer
a partial explanation for the oncogenic activity of Skp2 (Gstaiger et al. 2001;
Latres et al. 2001).

34
Myc and CBP

Another nuclear cofactor found to activate transcription in conjunction with
c-Myc is CREB-binding protein (CBP) (Vervoorts et al. 2003), which is a close



Transcriptional Activation by the Myc Oncoprotein 43

relative of the E1A-associated p300 protein. Both CBP and p300 have inherent
HAT activity, and both can be recruited to many transcription factors. CBP
binds to c-Myc in vivo, and cotransfection of CBP with c-Myc provides a sub-
stantial stimulation of Myc-dependent transactivation (Vervoorts et al. 2003).
Curiously, CBP binds to c-Myc through a C-terminal region, yet transfection of
N-terminal deletion mutants of Myc that contain the CBP interaction domain
do not activate transcription or have other biological activity. This implies
that Myc recruitment of endogenous CBP pools is not sufficient to activate
transcription, even though CBP is recruited to Myc-regulated promoters. One
possibility is that CBP acetylates c-Myc itself, perhaps leading to a change in
Myc protein ubiquitination (Vervoorts et al. 2003).

3.5
Inhibitors of Myc Activity

The cofactors discussed above are thought to mediate the activation of Myc
target genes. A number of other proteins that interact with Myc domains have
the opposite effect: They inhibit Myc function and/or block Myc-mediated
transactivation. The majority of these Myc inhibitors have been identified
through yeast two-hybrid screens and we will discuss recently characterized
interactions that have been demonstrated to occur in vivo with endogenous
proteins. One inhibitor of Myc to emerge is the cdr2 protein that is normally
expressed in cerebellar Purkinje neurons (Okano et al. 1999). Cdr2 binds to
c-Myc, but not Max, through the leucine zipper, and this binding sequesters
c-Myc into the cytoplasm. Cdr2 is an antigen associated with perineoplastic
cerebellar degeneration (PCD), a disorder in which the onconeural antigen
cdr2 is expressed in breast and ovarian cancers and the anti-cdr2 antibodies
promote neural degeneration (Okano et al. 1999). PCD antisera block the
cdr2-Myc interaction in vitro and could theoretically free Myc to promote
unscheduled cell-cycle entry in Purkinje neurons, subsequently leading to
cell death. However, only 20% of Purkinje neurons express both c-Myc and
cdr2, whereas all Purkinje neurons express cdr2 itself (Okano et al. 1999),
making it unclear if targeting of only a subset of neurons could account for
the disease.

Two other inhibitors of c-Myc function have also been described. The
differentiation and interferon inducible p202a protein can inhibit c-Myc tran-
scriptional activity and dimerization with Max (Wang et al. 2000). p202 is
induced in differentiated cells and overexpression inhibits cell proliferation.
p202a can interact with (and inhibit) a number of other transcription factors
besides Myc, such as c-Fos, c-Jun, AP2, E2F, myoD, and NF-xB (Wang et al.
2000). Overexpression of p202a can both reduce dimerization of c-Myc with
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Max and inhibit Myc-dependent transactivation. Furthermore, the overex-
pression of p202 can reduce the expression of Myc target genes, although this
may also be an indirect consequence of growth inhibition and/or its effects
on other transcription factors.

Another inhibitor of c-Myc function is the breakpoint cluster region
(BCR) protein. BCR is the fusion partner for the c-Abl tyrosine kinase
in chronic myelogenous leukemia. The BCR protein scored an interaction
with c-Myc in a yeast two-hybrid screen that was validated by in vivo co-
immunoprecipitation (Mahon et al. 2003). c-Myc does not interact with the
oncogenic fusion protein BCR-ABL since the binding domain within BCRis C-
terminal to the junction. BCR appears to suppress c-Myc activity by competing
with Max for binding to the C-terminal B/HLH/LZ (basic region/helix-loop-
helix/leucine zipper) domain. BCR can suppress the ability of c-Myc to activate
the expression of an artificial reporter construct as well as the endogenous
cyclin D2 gene. It can also suppress the ability of c-Myc to cooperate with
H-Ras(G12V) in the transformation of NIH3T3 cells.

The preceding three c-Myc inhibitors raise interesting questions that re-
main unresolved. What fraction of the endogenous c-Myc protein is inhibited
by any of these proteins at native levels of expression? Since inhibitor binding
is mutually exclusive with Myc/Max dimerization, one might expect a variable
pool of c-Myc protein that was complexed with inhibitors rather than Max.
However, in our hands, immunoprecipitation of Max can remove virtually all
detectable c-Myc from lysates of cells that overexpress Myc proteins (M.D.
Cole, unpublished observations), suggesting the all of the c-Myc protein is in
Max complexes. On the other hand, if the inhibitor-Myc complexes promoted
an enhanced c-Myc turnover, this complex might not accumulate to a signifi-
cant extent (Mahon et al. 2003). Further work will be required to resolve the
dynamics of c-Myc inhibition in these systems.

3.6
Other Myc Interacting Proteins

Another repressor of c-Myc is the MM-1%STOP protein (Mori et al. 1998;
Satou et al. 2001). MM-1 can interact with TIF13/KAP1 and HDACs, although
no binding of the latter cofactors has been described with endogenous c-Myc
protein. Several other nuclear proteins have been described as Myc-interacting
proteins, but further discussion of their role in Myc-dependent activities will
require more thorough documentation that they interact with endogenous
Myc protein in vivo.
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4
The Myc Conundrum

The biggest puzzle for understanding Myc function is how a single tran-
scription factor can have such profound biological activity while its ability to
modulate any specific target gene expression is so muted. Does Myc promote
cellular growth and oncogenic transformation by the twofold induction of
thousands of target genes? Or are there specific target genes, perhaps like
TERT, whose activation is proportionately much larger, since, for example,
TERT expression is virtually undetectable in primary cells? Even minimal
levels of TERT expression may enhance the long-term growth of tumor cells.
Therefore, low but significant levels of other Myc target genes may have sim-
ilar effects on cellular growth properties. Genes such as these might be below
the threshold of current microarray experiments. An even larger mystery is
the role of Myc in tumor cell growth versus the growth of normal cells. One
might predict that the high levels of Myc found after chromosomal transloca-
tion, gene amplification, or even hyperstimulation of the signaling pathway
leading to elevated endogenous myc expression would transcriptionally acti-
vate novel targets that were not normally Myc regulated. Yet, despite years of
searching, no Myc targets have been discovered that are uniquely activated in
tumor cells, with the possible exception of TERT. Even for TERT, there is little
evidence that its activation in human tumor cells is actually Myc-dependent.
This ultimately presents a quandary. Lots of genes have Myc binding sites, lots
of genes respond weakly to changing Myc levels, but it has proved exceed-
ingly difficult to link specific genes to Myc function. The weak transactivation
activity of Myc and the target gene conundrum raise the possibility that Myc
is not primarily a conventional transcription factor at all, but serves some
other function in chromosome structure or dynamics. Further studies of the
nuclear factors that interact with Myc should provide more insight into this
enigmatic oncoprotein.
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Abstract Myc proteins are nuclear proteins that exert their biological functions at
least in part through the transcriptional regulation of large sets of target genes. Recent
microarray analyses show that several percent of all genes may be directly regulated
by Myc. A large body of data shows that Myc proteins both positively and negatively
affecttranscription. The basic mechanism underlying Myc’s activation of transcription
is well understood, but the mechanisms through which Myc negatively regulates or
represses transcription are far less understood. In this chapter, we will review our
current knowledge about this less-well-understood topic.

1
Introduction

Myc proteins are nuclear proteins that exert their biological functions at least
in part through the transcriptional regulation of large sets of target genes.
Recent microarray analyses show that several percent of all genes may be
directly regulated by Myc. A large body of data shows that Myc proteins both
positively and negatively affect transcription. The basic mechanism under-
lying Myc’s activation of transcription is well understood and is reviewed in
detail in other parts of this volume (see M.D. Cole and M.A. Nikiforov, this
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volume). In contrast, the mechanisms through which Myc negatively regu-
lates or represses transcription are far less understood. In this chapter, we
will review our current knowledge about this topic.

2
Targets of Myc-Mediated Repression

Multiple targets of gene repression have been identified, from both microar-
ray analyses and directed searches. These analyses have used a number of
different approaches, including inducible alleles of Myc (Coller et al. 2000),
Myc knockout cells (O’Connell et al. 2003), or comparing primary tumors
that do or do not express an amplified Myc gene (Berwanger et al. 2002). An
updated list of target genes together with data on their validation as Myc tar-
gets can be found at www.myc-cancer-gene.org. While repressed genes, like
induced genes, fall into multiple functional classes, most mechanistic work
has focused on a relatively small number of target genes.

The first class of genes encodes proteins that are selectively expressed in
quiescent cells or that directly or indirectly inhibit cell proliferation. This
group encompasses the cell cycle inhibitors p21Cipl (Claassen and Hann,
2000; Gartel et al. 2001; Herold et al. 2002; Seoane et al. 2002; van de Wetering
et al. 2002; Wu et al. 2003), p27kipl (Yang et al. 2001), p15ink4b (Seoane et
al. 2001; Staller et al. 2001; Warner et al. 1999), p18ink4c (Knoepfler et al.
2002), and p57kip2 (Dauphinot et al. 2001), as well as the differentiation-
inducing proteins C/EBP-a (Freytag and Geddes, 1992; Yang et al. 1993), the
growth-arrest proteins gasl (Lee et al. 1997) and gas2 (see below), and the
Myc-antagonist Mad4 (Kime and Wright 2003). This long list points to a role
for Myc-mediated gene repression in the control of cellular differentiation and
in the response to growth arrest signals. In some cases, repression has been
shown to occur in response to several stimuli. For example, Myc represses
induction of p21Cipl in response to DNA damage or addition of transform-
ing growth factor (TGF)-f, and in response to induction of differentiation,
arguing that repression does not merely reflect the loss of a particular signal
transduction pathway.

A role for Myc-mediated repression in the response to cellular stress is fur-
ther supported by the suppression of a group of GADD genes (growth arrest
and DNA damage), most notably gadd45 (Amundson et al. 1998). Gadd45 has
been implicated in multiple responses to stress and in G2/M checkpoint con-
trol (Wang et al. 1999). Potentially due to loss of this checkpoint, Gadd45~/~
cells are genomically unstable. Whether the G2/M checkpoint is generally
compromised in Myc-transformed cells is not completely clear (Li and Dang
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1999). Similar to overexpressed Myc, loss of gadd45 facilitates transforma-
tion of primary mouse embryo fibroblasts by Ras and abolishes Ras-induced
senescence.

The general importance of transcriptional repression of “arrest genes”
may be hard to determine (in contrast to individual protein/protein inter-
actions, see below). However, it appears clear from the literature that the
repression of individual genes significantly contributes to the phenotype of
Myc-transformed cells. For example, repression of C/EBP-a is required for in-
hibition of adipogenesis by Myc (Freytag and Geddes 1992; Yang et al. 1993).
Repression of p15Ink4b is a key element of the resistance of Myc-transformed
cells to growth inhibition by TGF-f, and repression of p21Cip1 is important
for the inability of Myc-transformed cells to arrest in the G1 phase of the
cell cycle upon exposure to DNA damage (Herold et al. 2002; Seoane et al.
2002). Although the underlying mechanism is not completely clear, it should
be pointed out that repression of ferritin expression by Myc has been shown
to be required for transformation (Wu et al. 1999).

A second class of genes that is often repressed by Myc encodes proteins
involved in cell adhesion, including a number of integrins (Inghirami et al.
1990). Altered cell adhesion is a hallmark of many Myc-transformed cells
and has been observed in different cell types (Coller et al. 2000). In stem
cells of epithelia and of the hematopoietic system, Myc has been suggested
to regulate the balance between self-renewal and exit from the stem cell
compartment by regulation of adhesive interactions between stem cells and
the local microenvironments. This appears to occur through Myc-mediated
downregulation of integrins and alterations in cell adhesion (Frye et al. 2003;
Waikel et al. 2001; Wilson et al. 2004).

Finally, Myc promotes angiogenesis through suppression of throm-
bospondin. In transgenic mice, deregulated expression of Myc strongly
promotes angiogenesis when apoptosis is suppressed (Pelengaris et al. 2002).
Suppression of thrombospondin plays a causative role in the induction
of angiogenesis by Myc (Tikhonenko et al. 1996). While the mechanism
of repression in unclear, phosphorylation of the Myc-amino-terminus by
Ras-dependent events plays a central role in regulating thrombospondin
expression (Watnick et al. 2003).

3
Target Sites of Repression

Unlike transcriptional activation by Myc, which is mediated by binding of Myc
to the E-box sequence CACGTG and related sequences, no simple consensus
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sequence for transcriptional repression by Myc has emerged. This opens the
possibility that transcriptional repression is simply an indirect consequence
of the altered physiological (e.g., transformed) state of a cell that is induced
by Myc. For example, many published examples of “p53-repressed” genes
appear to be regulated indirectly as a consequence of p21Cip1 activation by
p53 and subsequent Cdk2 inhibition (Lohr et al. 2003). Likewise, it appears
possible that repression of cell-cycle inhibitors might result from the fact that
Myc enhances cell proliferation. Indeed, there is evidence in the literature for
such indirect mechanisms of gene repression by Myc: For example, inhibition
of nuclear factor (NF)-kB-dependent transcription by Myc is a consequence
of high levels of E2F1-protein in Myc-transformed cells, since E2F1 binds
and inhibits the p65 subunit of NF-kB (Tanaka et al. 2002). Similarly, inhi-
bition of MyoD-dependent transcription by Myc seems indirect and may be
a consequence of deregulated cyclin E/Cdk2 kinase activity (Crescenzi et al.
1994).

One argument against the notion that all repression is similarly indirect was
the identification of mutants of Myc that distinguish transcriptional activation
from repression and the detailed analysis of the resulting phenotypes. For
example, gene repression, but not activation, is enhanced in a lymphoma-
derived allele of Myc, suggesting that repression and activation are regulated
independently; transformation by this mutant is also enhanced, pointing to
a role of repression in transformation (Lee et al. 1996). More recently, we
have described a single point mutant (MycV394D) that is unable to bind to
Mizl and that uncouples Miz1-dependent repression from gene activation and
other forms of repression. This mutant is fully capable of inducing growth and
cell cycle progression of established fibroblast cell lines, arguing that specific
pathways of repression indeed exist (Herold et al. 2002).

Early analyses mainly of the adenovirus major late and the C/EBP-« pro-
moters suggested that repression by Myc was mediated by the “initiator”
element of both promoters (Li et al. 1994). This view was further supported
by the analysis of the ferritin promoter, another target of repression by Myc
(Wuetal. 1999). Initiators are defined as sequence elements on DNA, which are
capable of positioning the start site of transcription independent of a tumor-
associated transplantation antigen (TATA) element. From this, the concept of
an “initiator’-dependent pathway of transcriptional repression has emerged.
Since repression of core promoter activity by Myc was observed in multiple
studies, the notion that Myc generally represses through “initiator” elements
has persisted to the present time.

There are several reasons to suspect that this notion is wrong. First, ini-
tiator elements are now thought to be recognized by a subunit of the TFIID
complex, p150, and to our knowledge no interaction of Myc with this or any
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other component of TFIID (with the exception of TBP) has been documented
(Kaufmann et al. 1998; Verrijzer et al. 1995). Second, several core promoters
that are repressed by Myc contain TATA elements and have no documented
initiators. One example is the cell cycle inhibitor, p21Cip1. Third, array anal-
yses have found multiple repressed genes, but by no means are all TATA-less
genes targets for repression by Myc (cyclin A being just one of many exam-
ples). Also, it is likely that many early studies reporting repression of “core
promoters” looked at non-physiological phenomena like squelching of trans-
activation domains. Squelching of a promoter will become more pronounced
when a reporter plasmid is truncated so that the promoter under study is
stripped of enhancer elements.

In our view, “initiator-dependent” repression simply reflects the fact that
atleast two of the transcription factors Myc interacts with, Spl and Miz1, have
a preference for binding at core promoters. Not surprisingly, other sites of
repression have been reported; for example, repression of the GADD45 gene
occurs through a WT1/EGR1 binding site (Amundson et al. 1998), repression
of the platelet-derived growth factor (PDGF) receptor 3 chain occurs through
NF-Y binding sites (Izumi et al. 2001) and repression of Smad-function con-
tributes to repression of the p15ink4b gene (Feng et al. 2002).

4
Role of DNA-Binding in Myc-Induced Repression

Repression by Myc through the Smad- and the NF-Y binding sites has been
ascribed to direct protein/protein interactions between Myc and Smad2 and
NEF-Y, respectively (Feng et al. 2002; Izumi et al. 2001); Myc is thought to be
recruited to DNA through the respective interaction.

In contrast, several interactions have been proposed to account for the
repression through core promoter elements. Repression of p27Kip1 has been
ascribed to direct binding of Myc/Max complexes to the start site of the
promoter (Yang et al. 2001). However, other core promoters do not bind
Myc/Max complexes in the absence of recruiting proteins: Examples are the
core of the p21Cip1 and the p15Ink4b promoter (Seoane et al. 2001; Wu et al.
2003).

Second, repression of core promoter activity has been suggested to result
from interactions between Myc and YY1 (Shrivastava et al. 1993), TFII-I (Roy
etal. 1993), Spl (Gartel et al. 2001), and Mizl (Peukert et al. 1997). Little or no
follow-up work has been published on the initial reports of the Myc/YY1 and
Myc/TFII-I interactions, making it hard to judge the relevance of these inter-
actions. However, by current standards, they cannot be seen as fully validated
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interactions since key experiments such as chromatin immunoprecipitations
demonstrating the presence of these factors on Myc-regulated genes in vivo
have not been performed.

In contrast, a number of different experimental approaches including
chromatin-immunoprecipitation support a role for the interaction between
Myc and Mizl in the regulation of the p15Ink4b, p21Cipl, and Mad4 pro-
moters (op.cit). Mizl is a zinc-finger protein that contains 13 zinc fingers
(see Fig. 1). At its amino-terminus, Mizl carries a BTB/POZ-domain, which
is a protein/protein interaction domain found in multiple zinc-finger pro-
teins; POZ-domains are involved in multiple protein/protein interactions,
including homo- and heterodimerization and recruitment of transcriptional
co-repressors such as N-CoR.

The identification of a specific point mutant of Myc, MycV394D, which is
unable to bind to Miz1 but fully capable of transcriptional activation, has made
it possible to identify those genes and processes that are regulated by Myc

Myc/p300
| poz | | Zn1-12 R
a ZN13

TGF-B

p15Ink4b

Miz 1
DNA
daTage
p21Cip1 .E ! E
b Miz 1

Fig. 1a,b Mizl-dependent repression by Myc. a Schematic diagram of Miz1 structure
indicating the BTB/POZ-domain, the localization of the 13 Zn fingers, and of a short
domain thought to alternatively bind either Myc or the p300 co-activator. b The
binding sites of the Myc/Mizl complex in the p15Ink4b and the p21Cipl promoters
immediately adjacent to the transcription start sites
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Fig. 2 Mizl-dependent and -independent repression of target gene expression by
Myc. Shown is the fold expression of the indicated genes in primary mouse embryo
fibroblasts infected with either wild-type Myc (Mycwt) or MycV394D, a mutant allele
unable to bind to Miz1l

through Mizl. Microarray analyses of mouse embryo fibroblasts expressing
either wild-type Myc or MycV394D also reveal that there are genes repressed
by Myc in a manner that depends on its ability to interact with Mizl (e.g.,
p21Cipl, C/EBP-at) and genes that are repressed in a Mizl-independent man-
ner (see Fig. 2). The data clearly support the notion that several pathways of re-
pression exist. Which individual interactions play a role in Miz1-independent
processes remains to be established.

5
Mechanism(s) of Repression

Much remains to be learned about the mechanism of transcriptional repres-
sion by Myc. One recent suggestion has been that Myc recruits the DNA
methyltransferase Dnmt3a to Miz1-bound target sites of repression (Brenner
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et al. 2005). Since Dnmt3a is complexed with histone deacetylases, its re-
cruitment by Myc might lead to local histone deacetylation and inhibition of
transcription (Fuks etal. 2001). Recruitment of Dnmt3a by Myc is an attractive
mechanism for repression, since it might provide an explanation of the aber-
rant DNA methylation of some tumor suppressor genes that is observed in
human tumors. A key example is P15INK4B, a target for Myc/Mizl-mediated
repression, which is inactivated by promoter methylation in multiple lym-
phomas (where Myc expression is generally high; Esteller 2000).

Several mutant analyses have pointed to the importance of Myc BoxII in
both activation and repression by Myc, and this requirement probably does
not reflect binding to Dnmt3a. A recent detailed study by Penn and colleagues
indicates that two distinct mechanisms of repression with slightly different
requirements in the amino-terminus of Myc exist (Oster et al. 2003). Myc BoxII
interacts either directly or indirectly with TRRAP, Tip60, GCN5, Tip48, Tip49,
p400, and Skp2; of these, Tip48 and Tip49 have been implicated directly in
Myc-dependent transcriptional repression (Etard et al. 2005). p400 has been
demonstrated to repress the p21Cipl promoter, but whether this activity is
linked to Myc is unknown (Chan et al. 2005).

One of the key open questions is how Myc can function as a transcriptional
activator on one set of targets sites and a repressor on another set of binding
sites. One possibility is that Myc recruits a distinct set of cofactors to sites of
activation and repression, but no systematic study on which of these factors is
recruited to which site has been published so far. Perhaps most exiting is the
recent demonstration that the ARF tumor suppressor protein may be involved
in this process (Datta et al. 2004; Qi et al. 2004). In these studies, ARF was
found to bind Myc directly and to inhibit transcriptional activation, but not
transcriptional repression by Myc. How ARF exerts these effects remained
unclear; it should be noted, however, that ARF has been known to inhibit cell
proliferation in a p53-independent manner (Weber et al. 2000).

A further unresolved issue is whether other members of the Myc/Max/Mad
network have a functional role in repression by Myc. Neither Max nor Mad
proteins bind to Miz1 directly, and the amino acids of Myc involved in contact-
ing Miz1 are not conserved in Max, Mad, or Mnt proteins. Max is present at the
core promoters of Myc-repressed genes (Mao et al. 2003; Staller et al. 2001),
and we originally suggested it was recruited there through Myc binding to
Mizl. However, recent data show that Max is present at core promoters inde-
pendently of Myc (Mao et al. 2003) and indicate that Mad1 is present at certain
core promoters too (E. Sanchez, personal communication). Most likely, there-
fore, additional interactions recruit Max and Mad proteins to core promoters,
raising the possibility that they have a functional role in repression.
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6
Summary

Repression of target genes contributes to specific phenotypes of Myc-trans-
formed cells and will almost certainly contribute to Myc-induced tumorige-
nesis. In contrast to activation, which appears always mediated by binding
of Myc/Max complexes to E-box elements, several pathways of repression
exist, due to the interaction of Myc with different transcription factors. One
such factor, Mizl, links Myc to the TGF-p and p53 signaling pathways and to
cellular differentiation. Precisely how Myc switches from being activator to
“repressor” is an open question; similarly, the chromatin-modifying events
triggered by Myc in gene repression remain to be identified.
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Abstract A significant body of evidence has been accumulated that demonstrates
decisive roles of members of the Myc/Max/Mad network in the control of various
aspects of cell behavior, including proliferation, differentiation, and apoptosis. The
components of this network serve as transcriptional regulators. Mad family members,
including Madl, Mxil, Mad3, Mad4, Mnt, and Mga, function in part as antagonists
of Myc oncoproteins. At the molecular level this antagonism is reflected by the dif-
ferent cofactor/chromatin remodeling complexes that are recruited by Myc and Mad
family members. One important function of the latter is their ability to repress gene
transcription. In this review we summarize the current view of how this repression is
achieved and what the consequences of Mad action are for cell behavior. In addition,
we point out some of the many aspects that have not been clarified and thus leave us
with a rather incomplete picture of the functions, both molecular and at the cellular
level, of Mad family members.

1
Introduction: The Myc/Max/Mad Network

The correct regulation of cell behavior in particular within the context of
a multicellular organism is a highly complicated and demanding but vitally
important process. Cellular homeostasis requires that cells proliferate, differ-
entiate, migrate, or apoptose as a consequence of the needs of an organism.
Not surprisingly, therefore, these decisions are controlled at the level of organs
or the organism. This is necessary to guarantee that individual cells behave in
amanner that maintains the integrity of the whole organism. As a consequence
of the activation of oncogenes and the inactivation of tumor suppressor genes,
cell behavior is uncoupled from the organismal control. This can lead to neo-
plastic growth and potentially to tumor formation threatening the survival
of the organism. Among the oncogenes that were identified first are the myc
genes. Their deregulation or overexpression (or both) is strongly associated
with neoplastic growth. Although these findings have been rather clear cut,
it remained unclear for many years how Myc proteins trigger and support
uncontrolled proliferation.

Itisinrecentyears that we have seen a substantial increase in our knowledge
regarding the biological and molecular functions of Myc proteins. Important
was the realization that Myc acts as a component of a group of proteins referred
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to as the Myc/Max/Mad network. Significantly it has become evident that the
components of this network function as transcriptional regulators controlling
the expression of a large number of different genes. To understand the biolog-
ical consequences of the functions of Myc/Max/Mad network members, the
identification of target genes is critical, since deciphering the functions of the
encoded proteins will help us unravel the biological consequences of network
activities. Indeed, the analysis of Myc target genes supports previously defined
roles of Myc proteins and identifies additional, new aspects of cell behavior
that are controlled by Myc. These behaviors include proliferation, differentia-
tion, and apoptosis but also different aspects of tumorigenesis (Fig. 1). At the
molecular level, several cofactors have been identified that appear to mediate
the transcriptional potential of Myc and Mad proteins. These findings provide
a first, still-limited view into the molecular complexity of how these proteins
regulate gene transcription.

While Myc has been the focus of many reviews in recent years (Amati
et al. 2001; Grandori et al. 2000; Liischer 2001; Lutz et al. 2002; Oster et al.
2002), other components of the Myc/Max/Mad network have not obtained

Myc|«—> Max «——

—

Target genes

N

Proliferation Proliferation
Transformation Transformation
Apoptosis Apoptosis

Differentiation Differentiation

Fig.1 Summary of the transcriptional regulation of cell behavior by the Myc/Max/Mad
network. This represents a simplified view of the role of Myc and Mad proteins in the
control of gene expression and cell behavior. Myc and Mad proteins form heterodimers
with Max. These bind to E-box DNA elements and regulate gene transcription by
recruiting cofactors. Myc proteins bind to coactivators while Mad proteins interact
with corepressors. The target genes are at least in part overlapping and include
genes that regulate cell growth, proliferation, apoptosis, and differentiation. The
consequences of the regulation of many different target genes are summarized. For
more details, see the text
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comparable attention (Baudino and Cleveland 2001; Nilsson and Cleveland
2004; Zhou and Hurlin 2001). This reflects at least in part the potent role
of Myc proteins, particularly in tumor formation (see M. Wade and G.M.
Wahl in this volume). With the important identification of Madl and Mxil as
additional interaction partners of Max (Ayer et al. 1993; Zervos et al. 1993), the
protein previously defined as Myc heterodimerization partner (Blackwood
and Eisenman 1991; Blackwood et al. 1992; Prendergast et al. 1991), the
hypothesis quickly developed that these novel proteins might function as
tumor suppressors. However, to date little evidence for such a function of
Mad family members has been obtained. Also the knockout studies carried
out targeting individual mad genes have been a little disappointing as will be
discussed Sect. 7. These aspects have tended to decrease interest in mad, mnt,
and mga genes and proteins. In this chapter we review the function of Mad
proteins and of Mnt and Mga. We discuss among other aspects the antagonistic
role of these proteins in comparison to the functions of Myc proteins (Fig. 1). In
addition we also will point out that while we have accumulated a considerable
amount of information on Mad proteins, we know less about Mnt and, in
particular, Mga.

2
The Mad, Mnt, and Mga Proteins: Structure-Function Analysis

In the late 1980s, the disrecpancies surrounding the function of Myc began
to be disolved by the realization that Myc contained a basic region-helix-
loop-helix-leucine zipper motif (PHLHZip) which was also present in several
known transcription factors. Within this domain, the basic region had been
shown to function in DNA binding subsequent to dimerization mediated
by the HLHZip segments. With the realization that Myc proteins possess
a bHLHZip domain, a search for dimerization partners was initiated (see
Liischer and Eisenman 1990 for review). While in vitro Myc can be forced into
oligomers, homodimerization could not be demonstrated in cells, suggesting
that Myc forms heterodimers under physiological conditions (Dang et al.
1991). Thus, Myc was in need of a dimerization partner. Indeed, interaction
cloning led to the identification of Max, a novel bHLHZip protein that proved
to be the essential heterodimerization factor of Myc proteins (Blackwood
and Eisenman 1991; Blackwood et al. 1992; Henriksson and Liischer 1996;
Prendergast et al. 1991).

The prominent role of Myc proteins in the control of cell behavior and
in particular the strong selection for deregulated Myc expression in tumors
implied that these proteins are tightly regulated under physiological con-
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ditions. One model of regulation developed after the identification of Max
suggested that the bPHLHZip domain of Myc might bind variants of Max or
Max-like proteins that lack a basic region. This could lead to the formation
of heterodimers incapable of DNA binding. Furthermore, it was suggested
that Max might interact with other bHLHZip proteins and thus form alterna-
tive heterodimers. Such proteins were imagined to antagonize Myc in several
ways including competition for binding to Max, interaction with DNA, or
some other functional way. It was the latter model that proved significant
since various screening approaches have identified six additional Max het-
erodimerization partners to date: four different Mad proteins, Mnt, and Mga.
At least the Mad proteins and Mnt appear to have opposite activities to Myc.
While Myc recruits transcriptional activators, Mad proteins and Mnt bind
corepressors providing evidence for the molecular basis of the Myc-Mad
antagonism as will be discussed in detail in Sect. 2.1.

Screening of bacterial expression libraries and yeast two-hybrid ap-
proaches using Max as bait led to the identification of first Madl and Mxil
(Ayer et al. 1993; Zervos et al. 1993) and later of Mad3, Mad4, Mnt, and Mga
(Hurlin et al. 1995a, 1997, 1999; Meroni et al. 1997). While the four Mad
proteins share high homology, the two other Max partners, Mnt and Mga,
are rather distinct in sequence (Fig. 2a). This suggests significant functional
differences, although detailed analyses of these two proteins are still missing.
What all six proteins have in common is obviously their ability to interact
with Max. HLHZip domains, the regions showing the highest degree of
homology among these proteins, mediate this interaction. Whereas the Mad
proteins also reveal significant homology throughout the entire sequence,
Mnt and Mga are otherwise rather distinct.

2.1
The bHLHZip Domain Defines the Myc/Max/Mad Network

The four members of the Mad family are highly homologous proteins that,
in addition, display functional similarities, at least when expressed exoge-
nously. The former is documented by the finding that, e.g., Madl and Mxil
share 43% identity at the amino acid level. The highest identity (66%) is seen
between the bHLHZip regions and the adjacent C-terminal 60 amino acids
of the two proteins. The other Mad proteins show a similar degree of ho-
mology. This identifies the bHLHZip as the most conserved domain in Mad
proteins and indeed throughout the Myc/Max/Mad network. This domain is
the common structural element of the network and is responsible for speci-
ficity and stability of dimer formation. Interaction assays showed that the four
Mad proteins specifically interact with Max but not with each other nor with
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Fig. 2a-c Comparison of structural features of proteins within the Myc/Max/Mad
network. a The common motif of all members of the Myc/Max/Mad network is the basic
region-helix loop helix-leucine zipper domain (bHLHZip). The HLHZip mediates
heterodimerization and the basic region enables binding to DNA. As a transcriptional
activator Myc possesses a transactivation domain (TAD) through which Myc interacts
with coactivators. In contrast, the Mad family members (Madl, Mxil/Mad2, Mad3,
Mad4, and Mnt, but not Mga) possess a Sin3-interacting domain (SID) that binds to
the PAH2 domain of mSin3, thereby recruiting the mSin3-HDAC repressor complex.
Mga has an additional DNA binding domain, the T-domain that is common to proteins
of the brachyury-T-box-family involved in the regulation of developmental processes.
Max and Mlx are the common heterodimerization partners used by the two parallel
transcriptional networks, one being centered around Max, the other around Mlx.
The different interactions are indicated in the lower panel. The dotted double arrow
indicates that Mlx only interacts with Mad1, Mad4, and Mnt but not with Mxil, Mad3,
and Mga. Thus, Madl, Mad4, and Mnt interconnect the Max and Mlx networks. b An
alignment of the basic regions of all family members is shown. Identical or homologous
amino acids are shaded in gray. Positions 3 and 7 are conserved within the Mad
proteins. Arrowheads identify the amino acids that make specific base contacts. These
three amino acids are identical in all Myc/Max/Mad network members. ¢ An alignment
of the minimal 13 amino acids of the SID is displayed. Identical or homologous
amino acids are indicated. Arrowheads mark amino acids that have been shown to be
important for binding to mSin3 (Eilers et al. 1999)

Myc proteins (Ayer et al. 1993; Hurlin et al. 1995a; Zervos et al. 1993). The
functional similarities in test systems are not surprising since the dominant
functional domains, i.e., the bHLHZip and the mSin3-interaction domain
(SID; for a detailed description see the following section; also Sects.2.1.2 and
2.2), are conserved. However, other regions of the Mad proteins have not been
studied in any great detail, but may possess functions that distinguish the
activities of the four Mads.

2.1.1
The bHLHZip and Protein-Protein Interaction

Dimerization through the HLHZip is critical for the functions of all network
members. Itis required for proper positioning of the basic regions contributed
by each subunit of the different dimers. The two basic regions form the con-
tact surface that wraps around both sides of the DNA helix, penetrates the
major groove, and makes specific base contacts. Dimerization between net-
work members is largely dependent on helix 2 (H2) and the Zip, which form
a single a-helical segment. These interactions have been defined by muta-
tional analysis and by structural work (for a detailed discussion see S. K. Nair
and S. K. Burley, this volume). Solving the crystal structure of the isolated
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bHLHZip domains of a Mad1-Max heterodimer bound to DNA (Nair and Bur-
ley 2003) revealed similarities and differences in the interaction between Mad1
and c-Myc with Max as well as between two Max molecules. The specificity of
dimer formation is the result of hydrophobic surfaces of the H2Zip a-helices
that mediate interaction, with additional support from intermolecular hydro-
gen bonds. Recently the interaction of different network members has been
visualized using bimolecular fluorescence complementation (BiFC) analysis
(Grinberg et al. 2004). This method is based on the formation of a fluorescent
complex from two fragments of a fluorescent protein. The two fragments are
fused to proteins whose interaction is being tested. Both the structural and
the BiFC analyses reveal that Myc-Max is favored over Max-Max interaction.
Of note is that Mad3 is a rather weak while Mad4 is a strong Max binding part-
ner (Grinberg et al. 2004). The studies summarized above indicate that dimer
formation within the network is not only dependent on the relative concen-
tration of individual components but also on the relative affinities of Myc and
Mad proteins to Max. Moreover, this offers as-yet-unexplored possibilities for
regulation that might further modify dimer formation within the network.

Interestingly, for Myc proteins several other factors have been identified
that use the HLHZip domain for binding (Oster et al. 2002). Thus, this part of
Myc has functions beyond dimerization with Max. For some of the Mad pro-
teins, Mlx was identified as an interacting protein that appears to replace Max
as a heterodimerization partner. Mlx has been suggested to be at the center of
anetwork of bHLHZip proteins that exists in parallel to the Myc/Max/Mad net-
work, the two being interconnected by Mad proteins and Mnt (Fig. 2a) (Billin
et al. 1999; Meroni et al. 2000; see A.N. Billin and D.E. Ayer, this volume).

In addition to MIx, Mmip1l and Mmip2 have been described as Mad HLHZip
interacting proteins while other network members do not bind to these fac-
tors (Gupta et al. 1998; Yin et al. 1999). Mmipl is a Zip-only protein whereas
Mmip2 is characterized by a RING finger. In both cases the heterodimerization
results in DNA binding-deficient complexes, since neither of the Mmip pro-
teins possesses a DNA binding domain. Consequently, both proteins inhibit
Mad functions. These findings are reminiscent of the findings concerning the
role of Id proteins, which are HLH-only proteins and interfere with bHLH
transcription factors (Davis and Turner 2001; Norton et al. 1998).

2.1.2
The bHLHZip and DNA Binding

Defining the DNA binding specificity of different network dimers is important
for at least two reasons. First, it will help to identify genes that are regulated
by one or the other network member. Knowing the target genes will facilitate
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understanding of how the network regulates different aspects of cell behavior
that have been outlined above. Second, it will aid in defining whether the
genes that are regulated by Myc-Max and Mad-Max are identical or not and
consequently whether other dimers of the network affect the expression of
these genes. In recent years, a substantial number of Myc target genes has
been identified (Oster et al. 2002; see L.A. Lee and C.V. Dang, this volume),
while much less is known about Mad-regulated genes. Comparing the basic
regions of Myc and Mad proteins reveals that the amino acids that mediate
DNA binding are identical (Fig. 2b). This suggests that the different dimers
will bind similar DNA sequences. However, since other amino acids within
the basic region are not conserved and because amino acids of additional
domains, e.g. from the loop region, could affect DNA binding, the specificity
of Myc-Max and Mad-Max heterodimers might not be identical.

To determine consensus DNA binding sites, originally performed with
homodimeric bHLHZip domains of c-Myc, binding site selection studies were
undertaken. These led to the identification of the core sequence 5'-CACGTG,
which is referred to as Myc E-box (Liischer and Larsson 1999). Similarly, E-box
binding of recombinant Mad-Max heterodimers was demonstrated (Ayer et
al. 1993; Hurlin et al. 1995a; Zervos et al. 1993). As previously found for Myc-
Max complexes, Mad1-Max heterodimers have a preference for a Cand a G, at
the 5" and 3’ end, respectively, extending the core sequence to 5'-CCACGTGG
(Brownlie et al. 1997; James and Eisenman 2002; Sommer et al. 1998). The
analysis of cell-derived Mad-Max complexes has not been straightforward,
mainly due to the low abundance of Mad proteins. In electrophoretic mobility
shift assays (EMSA) Mnt-Max heterodimers and to a lesser degree Max-Max
homodimers are the predominant complexes, while Myc-Max heterodimers
are only seen under specific circumstances (Nilsson et al. 2004; Pulverer et al.
2000; Sommer et al. 1998). Specific, differentiation-associated E-box binding
of endogenous Mad1 could only be demonstrated by using a solid-phase DNA
binding assay (Larsson et al. 1997). However, when overexpressed, both Mad-
Max and Myc-Max complexes are detectable in EMSA, and these complexes
possess similar affinities and comparable sequence specificities for E-boxes
(Sommer et al. 1998).

It has to be remembered that the DNA binding studies summarized above
relied on different in vitro assays. These reflect only in part the situation in
cells, where the nucleotide sequence is but one feature that defines the inter-
action of proteins with DNA. Other characteristics, including packaging of
DNA into nucleosomes and modification of core histones, DNA modifications,
positively or negatively cooperating transcriptional regulators, and indirect
recruitment of network proteins to DNA, are most likely playing decisive roles.
With the invention of the chromatin immunoprecipitation (ChIP) technique
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it became possible to address where in the genome transcription factors bind.
Again for the Myc/Max/Mad network, most studies have been performed with
Myc (Oster et al. 2002). The analysis of Mad proteins demonstrated that Mad1
is localized to E-boxes of Myc/Max/Mad-responsive genes, including cyclin
D2 and human telomerase reverse transcriptase (hTERT), correlating with
repression of gene transcription (Bouchard et al. 2001; Lin and Elledge 2003;
Xu et al. 2001). Furthermore, Mnt is associated with the promoter of the or-
nithine decarboxylase (ODC) gene, another previously identified Myc target
(Nilsson et al. 2004). Similar to the observations with Madl, Mnt binding
correlates with gene repression.

These findings support the switch model that suggests an exchange of
Myc-Max to Mad-Max complexes during transitions in cell behavior, i.e.,
from cycling to differentiating or resting cells (Ayer and Eisenman 1993).
The switch is accompanied by the recruitment of distinct cofactors that affect
gene transcription, as discussed in more detail in Sect. 2.2. However, recent
work indicates that the switch model is in need of expansion to accommodate
novel insights into the distribution of network proteins in chromatin and
the correlation of DNA binding with gene expression. Using ChIP on a ge-
nomic scale or tagged fusion proteins that result in DNA methylation in the
vicinity of the binding site, many promoters have been identified that bind
Myc/Max/Mad network proteins (see also Sect. 4; Fernandez et al. 2003; Orian
et al. 2003). The analysis of Drosophila Mnt, which seems to be the ortholog
of mammalian Mad/Mnt (Peyrefitte et al. 2001; M. Haenlin, personal com-
munication), revealed a number of loci that were not detected by Myc and,
somewhat surprisingly, also loci that did not come up with Max (Orian et al.
2003). This leaves room, besides the switch model, for alternative aspects of
gene regulation by network members.

2.2
The SID: Recruitment of a Repressor Complex

The second region of homology that is found in Mad proteins and in Mnt,
but not in the other network members, is the Sin3-interaction domain or
SID. This domain was originally identified in Madl and in Mxil due to its
ability to interact with mSin3 (Ayer et al. 1995; Schreiber-Agus et al. 1995).
Subsequently a SID was identified in Mad3, Mad4, and in Mnt (Hurlin et
al. 1997; Hurlin et al. 1995a). mSin3 proteins are the mammalian orthologs
of yeast Sin3, a factor that has been implicated in negative regulation of
gene transcription (Vidal et al. 1991; Wang et al. 1990; Wang and Stillman
1993). Indeed, recruitment of mSin3, a component of a repressor complex
that contains histone deacetylase (HDAC) activity, through the SID mediates
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gene repression by Mad proteins and Mnt, as discussed in Sect. 3.1, and
several other transcriptional repressors (Ayer 1999; Knoepfler and Eisenman
1999; Schreiber-Agus and DePinho 1998). The identification of the SID was
important since previous models suggested that the antagonism between Mad
and Myc was based primarily on competition for a potentially limiting pool
of Max and/or for DNA binding sites. Defining the role of the SID strongly
implied that Mad proteins actively repress genes and thus possess functions
beyond competing with Myc.

The SID, localized near the N-terminus of Mad and Mnt proteins, is con-
served with respect to its primary amino acid sequence (Fig. 2c; Brubaker et
al. 2000; Eilers et al. 1999). Although the N-terminus of Mad proteins shows
a high degree of homology over 30 amino acids, the minimal SID contains
13 amino acids (amino acids 8-20 in human Madl, see Fig. 2¢), is rich in
hydrophobic residues and forms an amphipathic a-helix (Eilers et al. 1999).
However, a recent study revealed the necessity of additional residues outside
the minimal SID to modulate binding affinities (van Ingen et al. 2004). The
SID interacts with the paired amphipathic helix (PAH) 2 domain of mSin3
(Fig. 3; Ayer et al. 1995; Schreiber-Agus et al. 1995). mSin3 in turn interacts
with a number of other proteins including HDACs (see Sect. 3.2). Thus, mSin3
seems to work as a scaffold protein upon which repression complexes can as-
semble. The presence of several different protein interaction motifs in mSin3
supports this view (Fig. 3; Ayer 1999; Knoepfler and Eisenman 1999).

The nuclear magnetic resonance (NMR) structure of the Madl-
SID/mSin3-PAH2 complex revealed that the a-helix of the SID is embedded
into a hydrophobic pocket formed by four a-helical segments of PAH2
(Brubaker et al. 2000; Spronk et al. 2000). The structure of the two interacting
domains appears to be the result of a folding transition, since neither domain
shows a comparable structure when analyzed in isolation (Brubaker et al.
2000; Spronk et al. 2000). The binding of the two domains results in extensive
hydrophobic interactions. Disturbing the hydrophobic or the o-helical
nature of the SID by introducing charged amino acids or Pro residues,
respectively, results in loss of mSin3 binding and loss of repressing activity
(Ayer et al. 1996; Cowley et al. 2004; Eilers et al. 1999). Besides the Mad
family members including Mnt, four other transcriptional regulators have
also been shown to interact with the PAH2 domain of mSin3. These are Pfl
(Yochum and Ayer 2001), KLFs (Sp1/Krueppel-like Zn-finger transcriptional
repressors) (Zhang et al. 2001), Ume6 (Washburn and Esposito 2001), and
HBP1, an HMG box-containing transcriptional repressor that binds to the
retinoblastoma tumor suppressor protein Rb (Swanson et al. 2004). The SID
of Pfl is related in sequence to the SID of Mad proteins and appears to bind
to the PAH2 in a similar manner (Brubaker et al. 2000; Spronk et al. 2000;
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Yochum and Ayer 2001). In contrast, the PAH2-binding motif in HBP1 shares
no apparent similarity with the Mad family but seems to be similar to the
mSin3 binding motifs found in KLFs and Ume6 (Swanson et al. 2004). In
addition, the structural analysis revealed an unexpected reversal in helical
orientation of the HBP1 SID in comparison to the Mad1 SID. This correlates
with a higher Ky of the mSin3A PAH2-HBP1 SID complex compared to that
for PAH2-Madl. The difference in binding affinity between proteins such as
Madl and HBP1 might provide one possibility to distinguish interaction of
different transcription factors with mSin3 complexes (Swanson et al. 2004).
It is also of interest to note that amphipathic a-helical structural motifs
similar to the SID are defining other protein-protein interactions relevant
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Fig.3 The mSin3-HDAC repressor complex. A schematic view is shown of the compo-
nents of the mSin3-HDAC repressor complex and its interaction with transcriptional
regulators and additional components of chromatin remodeling complexes. In general,
the mSin3-HDAC core complex can be targeted to DNA by transcriptional repressors
that bind to methylated CpG-islands (Jones et al. 1998; Nan et al. 1998) or other tran-
scription factors like Madl (Alland et al. 1997; Hassig et al. 1997; Laherty et al. 1997;
Sommer et al. 1997), Elk1 (Yang et al. 2002), Spl (Won et al. 2002), Bcl-6 (Dhordain
et al. 1998), p53 (Kuzmichev et al. 2002; Skowyra et al. 2001), and PLZF (Deltour et
al. 1999). Furthermore, the mSin3-HDAC core complex can be recruited indirectly to
DNA as in the case of Rb (Lai et al. 2001) or SMRT/N-CoR (Nagy et al. 1997), which are
bound by E2F and nuclear hormone receptors, respectively. Sp1 binds both directly
and indirectly through PML to the mSin3-HDAC core complex (Wu et al. 2001). The
MM1/TIF1B complex bridges the mSin3-HDAC core complex with c-Myc (Satou et al.
2001). DNA methyltransferases (DNMT) (Datta et al. 2003) and histone methyltrans-
ferases (HMT) like Suv39H]1 (Vaute et al. 2002) have been shown to bind to HDAC1 and
presumably to the complete mSin3-HDAC core complex. The numbers in mSin3 refer
to the four paired amphipathic helix domains. Many additional interactions that are
not discussed here have been described involving the mSin3-HDAC repressor complex

for transcriptional regulation, including binding of MDM2 to p53, the herpes
simplex virus type 1 VP16 transactivator with TAFy;31, and the KID domain
of the transcription factor cAMP-response element binding protein (CREB)
with the coactivator CREB binding protein (CBP) as well as other repressor—
corepressor complexes (Han et al. 2003; Kussie et al. 1996; Radhakrishnan et
al. 1997; Uesugi et al. 1997; Xu et al. 2002). It has been suggested that these
conserved amphipathic a-helical motifs, considering that these are gener-
ally short and thus have limited specificity, create the potential for crosstalk
between positive and negative transcriptional regulators. This possibility re-
mains to be addressed for Mad proteins.

23
The C-Terminal Region of Mad Proteins

While essential functions have been demonstrated for the N-terminal SID and
the centrally located bHLHZip, the results regarding the C-terminal region
are less clear. In one study the C-terminus of Madl was dispensable for the
inhibition of c-Myc/Ha-Ras co-transformation (Cerni et al. 1995). In a second
study, removal of the C-terminus led to a partial reduction of transcriptional
repression by Mad1 (Koskinen et al. 1995). These small differences may de-
pend on the level of overexpression of these proteins in the assay systems
used. However, the sequence conservation within the C-terminal region sug-
gests functional relevance. An alignment of C-terminal sequences of Mad
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proteins revealed five regions of homology (Barrera-Hernandez et al. 2000).
Regions I, II, and IV share a high degree of homology across species and
among the different Mad family members, while regions IIT and V are con-
served preferentially across species. Removal of the last 18 amino acids of
Madl (which corresponds to region V) abolishes the ability of Madl1 to in-
hibit proliferation, a Myc-imposed differentiation block and transformation.
In contrast, deletion of the last 42 amino acids (region IV and V) restored all
activities, suggesting an interplay of these C-terminal regions in regulating
Mad function. Furthermore, the C-terminal region of Mxil has been shown
to play a role in the repression of the c-myc gene (Lee and Ziff 1999). One spec-
ulation derived from this work is that the C-terminal region interacts with
an as-yet-unidentified co-repressor. However, more detailed understanding
of this region of Mad proteins awaits further experimentation and it will be
interesting to define the mechanism underlying these observations.

2.4
Additional, Non-conserved Aspects of Mad, Mnt, and Mga Proteins

24.1
Mxi1

Unique among the Mad family members is Mxil for which two different
transcripts have been described that encode Mxi-WR and Mxi-SR for weak
and strong repressor, respectively. Mxi-WR lacks the N-terminal 36 amino
acids (Schreiber-Agus et al. 1995). This protein is considerably weaker than
Mxi-SR in inhibiting cell proliferation and transformation of rat embryo
fibroblasts (REF) by c-Myc/Ha-Ras. Subsequent studies demonstrated that
Mxi-WR lacks the SID and thus cannot recruit the mSin3 repressor complex
but can still bind to Max and to DNA (Rao et al. 1996; Schreiber-Agus et al.
1995). The data suggest that the strength of the Mxil-dependent antagonism of
Myc function can be regulated by altering the ratio between Mxi-WR and Mxi-
SR, although differential expression of the two remains to be demonstrated.
Comparable alternative splicing of the transcripts of the other mad genes
has not been reported. Why is this potential regulatory mechanism specific
for Mxil? One possible explanation relates to the observation that Mxil is
the most broadly expressed Mad family member and may therefore need an
additional level of regulation to accommodate all cellular needs.

2.4.2
Mnt

Although Mnt possesses similar activities to Mad proteins when expressed
exogenously, Mnt is clearly distinct from Mads. Mnt is much larger and shares
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beyond the bHLHZip and SID no extensive homologies to other network
members (Fig. 2a; Hurlin et al. 1997; Meroni et al. 1997). Although Mnt/Max
complexes recognize the E-box consensus 5'-CACGTG, it has been suggested
that these heterodimers have higher affinity for the non-canonical 5-CACGCG
binding site (Meroni et al. 1997). The amino acids known to establish base
contacts in Myc, Max, and Mad (see Sect. 2.1.2) are conserved in Mnt (Fig. 2b),
thus it remains to be determined what the molecular basis is for this proposed
shift in specificity. The N-terminus of Mnt contains a SID that interacts in
vitro with mSin3. Like Mad proteins, Mnt represses transcription of E-box-
driven reporter gene constructs presumably through the mSin3 repressor
complex (Hurlin et al. 1997; Meroni et al. 1997). Recent findings support this
notion, since Mnt isolated from cells is associated with mSin3. Interestingly,
its interaction with Mnt is cell-cycle regulated, suggesting an additional level
of control previously not described (N. Popov et al. 2005). It will be important
to determine the regulatory circuitry that targets the interaction of Mnt, but
possibly also Mad proteins, with mSin3. In this regard, two recent reports
are relevant since they indicate that growth factor signaling interferes with
the binding of mSin3 to two transcriptional regulators, TIEG2 and AML1
(Ellenrieder et al. 2002; Imai et al. 2004). While basic aspects of the bHLHZip
and the SID of Mnt have been analyzed, the role of other regions of this protein
have not been studied, and therefore the full spectrum of Mnt functions
remains to be determined. In this respect it is important to note that Mnt ASID
cooperates with Ha-Ras in REF transformation, indicating that domains in
Mnt possess Myc-TAD-like activity (Hurlin et al. 1997).

243
Mga

Mga, the largest member of the family (300 kDa; Fig. 2a), has been identified
in a yeast two-hybrid screen as a Max-interacting protein (Hurlin et al. 1999).
Mga is the least-studied member of the Mad/Mnt/Mga family. The four Mad
proteins in mammals and Mnt are related at least by having a bHLHZip and
a SID. Mga shares with the other family members only the bHLHZip, which
specifies interaction with Max and E-box DNA binding. Interestingly, Mga
possesses a second DNA binding domain that is homologues to T-box ele-
ments of the Tbx/Brachyury family (Kispert and Hermann 1993; Muller and
Herrmann 1997; Wilson and Conlon 2002). The presence of two DNA binding
domains in the same protein is quite unusual, although other examples have
been described (Stuart et al. 1994). In transient systems, Mga can affect tran-
scription through both DNA elements and repress c-Myc/Ha-Ras-dependent
transformation of REF cells in a manner dependent on the bHLHZip but not
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the T-box domain (Hurlin et al. 1999). However, because Mga does not con-
tain a SID, other regions of this large protein may confer repression activity.
Despite the lack of detailed knowledge about other functional domains in
Mga (see also Sect. 4.4), recent evidence suggests that Mga/Max are indeed
part of a repressor complex with histone methyltransferase (HMT) activity
(Ogawa et al. 2002). Furthermore, Mga interacts through two PXLXP motifs
with BS69, a potential tumor suppressor with a Mynd domain, previously
identified as an E1A binding protein (Ansieau and Leutz 2002; Hateboer et al.
1995). Interestingly E1A can compete with Mga for binding to BS69, support-
ing the notion that the Mga-BS69 interaction is relevant in cell proliferation
control and possibly transformation. This interaction is most likely unique
to Mga, since the PXLXP motif is found neither in Mad proteins nor in Mnt.
While some specific functions for Mga have been uncovered, altogether we
know little about biological activities of this protein and its role within as well
as outside of the network.

Perspective  We have learned some of the basics of Mad, Mnt, and Mga in
recent years, but we are still missing the aspects of regulation. While the ex-
pression patterns—in particular of mad genes and proteins—are complex, we
know very little about signaling and regulation of Mad proteins. The evidence
from overexpression studies indicates that Mads are constitutive repressors.
Is this correct, or can situations be identified in which the interactions of Mad
proteins with their partner proteins are modulated? Another important aspect
for future studies is the detailed analysis of regions beyond the bHLHZip and
the SID in Mad, Mnt, and Mga. Likely some surprises are awaiting us once we
obtain a more complete picture of the interaction partners and the functional
consequences of domains that are plain white areas on the protein map today.

3
The mSin3-HDAC Repressor Complex, Histone Modification,
and Gene Transcription

Transcription in eukaryotic cells is critically dependent on the accessibility
of DNA for transcriptional regulators. At the DNA level this is controlled by
assembly of DNA into chromatin and by modifications of DNA. The funda-
mental subunit of chromatin is a highly organized and dynamic protein-DNA
complex, the nucleosome. It is composed of an octamer of four core histones,
an H3-H4 tetramer, and two H2A-H2B dimers, surrounded by 146 bp of DNA
(Luger and Richmond 1998). Furthermore, the quality and the degree of core
histone modifications affect the chromatin status (i.e., compaction and posi-
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tion of nucleosomes) and are central determining factors in regulation of gene
transcription (Jenuwein and Allis 2001; Strahl and Allis 2000). Several post-
translational modifications of histones, including phosphorylation, acetyla-
tion, methylation, and ubiquitination, have been identified. In addition, other
proteins associated with the transcription process are subject to similar mod-
ifications. Although we are far from understanding in detail the effects of
these posttranslational modifications, it is reasonable to suggest that these
are vitally important to not only define basic aspects of gene transcription
but to fine-tune the expression of each individual gene whenever necessary.

At present, acetylation of core histones is probably the best-understood
posttranslational modification of the above-mentioned examples. Acetylation
occurs at the e-amino groups of particular lysine residues. In core histones
these lysines are evolutionarily conserved and located predominantly within
the N-terminal first 30 amino acids, the so-called histone tails (Jenuwein
and Allis 2001; Strahl and Allis 2000). Multiple lysine residues can be
acetylated, and it has been suggested that acetylation weakens the interaction
between nucleosomes and/or between histones and DNA resulting in
a more transcriptionally permissive state. In addition, acetylation affects the
interaction between other proteins and the N-terminal histone tails and thus
orchestrates, together with other modifications, the recruitment of factors
that regulate transcription.

3.1
Repression of Transcription by Mad and Mnt Through an mSin3-Repressor Complex

The last several years have brought to light evidence that the Myc/Max/Mad
network controls gene transcription at least in part by recruiting multi-
subunit protein complexes that contain enzymes capable of modifying hi-
stones and possibly other factors. While in most analyses Myc has paved the
way to molecular understanding, studies involving Mad proteins were the first
to suggest a role for histone-modifying enzymes in Myc/Max/Mad-dependent
gene regulation. The antagonism of Myc and Mad proteins addressed above
was also apparent in transient reporter gene assays demonstrating that Mad
proteins can function as repressors (Knoepfler and Eisenman 1999; Schreiber-
Agus and DePinho 1998). This function is mediated through the SID, as dis-
cussed above, by an mSin3 corepressor complex that contains HDAC activity
(Alland et al. 1997; Hassig et al. 1997; Laherty et al. 1997; Sommer et al.
1997). Similarly, Mnt also recruits HDAC activity most likely through mSin3
(N. Popov et al. 2005). The recruitment of this complex is essential for the
biological activities that have been attributed to Mad proteins (Baudino and
Cleveland 2001; Grandori et al. 2000). Mutation or deletion of the SID im-
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pairs repression in transient assays (Ayer et al. 1996; Hurlin et al. 1997). More
recent findings describe the association of histone acetyltransferases (HAT)
with Myc (Bouchard et al. 2001; Fernandez et al. 2003; Frank et al. 2001,
2003; Liu et al. 2003; Nikiforov et al. 2002; Park et al. 2001; Vervoorts et al.
2003), suggesting that the switch from Myc/Max to Mad/Max is associated
with a change from HATs to HDACs at responsive DNA elements and, in
more general terms, from open, accessible to closed, inaccessible chromatin.
Indeed, it could be demonstrated that activation of Myc results in an increase
in acetylation of core histones, in particular histone H3 and H4, at respon-
sive promoters (Bouchard et al. 2001; Fernandez et al. 2003; Frank et al. 2001,
2003). In contrast, association of Mad proteins with promoters correlates with
recruitment of HDACI to the promoter and with a decrease in histone acety-
lation and polymerase loading (Bouchard et al. 2001). Thus, these findings are
consistent with the recruitment of opposing acetylation-modifying enzymes
by Myc and Mad proteins.

3.2
The mSin3-HDAC Repressor Complex: Subunits and Targeting to DNA

Several HDAC-dependent corepressor complexes have been described in
mammalian cells (Narlikar et al. 2002). Of particular relevance for the
discussion here are complexes that contain HDAC class I proteins including
HDACI1 and HDAC2, which bind mSin3 (Fig. 3; Hassig et al. 1997; Zhang et
al. 1997) and Mi-2/NuRD complexes (Wade et al. 1998; Xue et al. 1998; Zhang
et al. 1998a), and the HDAC3-containing SMRT and Co-REST complexes
(Guenther et al. 2000; Li et al. 2000). From the available data it appears that
the mSin3 complex is the only corepressor complex that is recruited by Mad
proteins (Li et al. 2002).

The mSin3 and Mi-2/NuRD complexes contain an HDAC core complex with
HDAC1/2 and RbAp48 and RbAp46 (Zhang et al. 1997). The latter two were
originally identified as proteins associated with Rb (Qian and Lee 1995). It is
this core complex that possesses HDAC activity, while isolated HDACs appear
to be catalytically inactive. The HDAC1/2 core complex can be used in several
ways (Knoepfler and Eisenman 1999). It has been shown recently that it can
bind through RbAp48 and RbAp46 to histone tails and thereby may contribute
to more global chromatin deacetylation in the absence of DNA binding factors
(Lietal. 2002). Furthermore, the core HDAC1/2 complex may interact directly
with transcriptional regulators (Knoepfler and Eisenman 1999). In many
instances, however, the core complex associates with other proteins, including
mSin3 and Mi-2 but also corepressors such as Rb and Groucho, that direct
interaction to sequence-specific transcriptional regulators. For the mSin3 and



The Mad Side of the Max Network: Antagonizing the Function of Myc and More 81

Mi-2/NuRD complexes that contain the HDAC1/2 core complex, the presence
of several additional subunits has been described. It is important to note
that these appear to be largely distinct between these two complexes and are
presumably involved in complex-specific functions (Knoepfler and Eisenman
1999; Narlikar et al. 2002).

Early work had suggested that the mSin3-HDAC complex possesses at
least 10 subunits (Hassig et al. 1997). Indeed, in recent years several proteins
have been identified that are part of the mSin3-HDAC complex (Fig. 3). These
components include, besides the HDAC1/2 core complex, RBP1 (Lai et al.
2001), p33ING1b (Kuzmichev et al. 2002; Skowyra et al. 2001), SAP18, SAP30
(Laherty et al. 1998; Zhang et al. 1998b), SAP45, SAP130, and SAP180 (Fleis-
cher et al. 2003). Whether these are stoichiometric or conditional members
of the complex is not clear.

For some of these subunits specific functions have been identified.
mSin3 functions as an adaptor that interacts with multiple subunits of
the mSin3-HDAC repressor complex including HDAC1 and 2 and with
transcriptional regulators through multiple protein-protein interaction
motifs (Fig. 3; Knoepfler and Eisenman 1999; Wang et al. 1990). SAP30 is
thought to be required for binding RBP1 and the HDAC1/2 core complex to
mSin3, while RPB1 can tether mSin3 to Rb. In addition, SAP30 is required
for Mad-dependent repression (Laherty et al. 1998; Lai et al. 2001; Zhang et
al. 1998Db). Rb is a corepressor that interacts with E2F transcription factors,
turning their activity from activation to repression (Muller and Helin 2000).
p33ING1b, a negative regulator of cell proliferation, modulates the function of
the tumor suppressor p53 (Cheung and Li 2001). Suppression of proliferation
by p33INGIb requires interaction with mSin3 (Kuzmichev et al. 2002). It has
been shown previously that p53 interacts with mSin3 (Murphy et al. 1999).
This appears to be relevant for p53-dependent transcriptional repression
and its antiapoptotic function. Indeed, mSin3 binds to and interferes with
a region in p53 that is implicated in proapoptotic activities (Vousden 2002).
p33ING1b may assist in recruiting the mSin3-HDAC complex to p53 and thus
be involved in shifting the transcriptional function of p53 from activation to
repression.

The other subunits may be relevant for assembly, for targeting of the com-
plex to yet other transcriptional regulators, or for catalytic activity. The latter
has been suggested from studies on the Mi-2/NuRD-complex, which requires
MTA2, p70, and p32 for maximal HDAC activity (Feng and Zhang 2003). Fur-
thermore, some subunits may be at the receiving end of signal transduction
cascades, thereby regulating the activities of the mSin3-HDAC complex, an as-
pect poorly studied. We expect that this complex is modulated and fine-tuned,
for example, in response to proliferation stimulatory or repressive signals or
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during the cell cycle. In this respect the finding that TIS7 can be part of the
mSin3/HDAC complex is interesting. TIS7 is induced during differentiation
and thus may target and/or regulate the mSin3/HDAC complex in response to
cellular differentiation processes (Vietor et al. 2002).

In addition to HDAC activity, the mSin3 complex associates with other
enzymatic activities. It interacts with components of the SWI/SNF chromatin-
remodeling complex that include the Brgl or hBrm ATPases (Kuzmichev et
al. 2002; Sif et al. 2001). In comparison, the Mi-2/NuRD complex includes
CHD3/4 ATPases as chromatin remodeling enzymes (Tong et al. 1998; Xue
et al. 1998). More recently it has been demonstrated that HDAC1-3 can also
bind to the HMT Suv39H1, with RbAp48 and RbAp46 being also part of the
complex (Czermin et al. 2001; Vaute et al. 2002). This HMT methylates K9
of histone H3, a modification that has been linked to heterochromatin and
to gene repression (Kouzarides 2002; Lachner and Jenuwein 2002). Although
it has not been resolved yet whether Suv39H1 is part of an mSin3-HDAC
complex, the combination of HDAC and H3K9-specific HMT activities is
suggested to cooperate in gene repression. Another interaction of HDAC1
that may be important for efficient repression of transcription is with the
DNA methyltransferase Dnmt3a (Fuks et al. 2001). In regard to Mad and Mnt
function, it will be of interest to determine whether any of these additional
enzymatic activities are associated with the mSin3 complex that binds to Mad.
The recruitment of such activities by Mad proteins might have significant
consequences on how these proteins affect gene transcription and therefore
affect the functions of Mad proteins.

The findings discussed above indicate that the mSin3-HDAC repressor
complex is not a static assembly of factors but rather its composition and
probably also its functions are dynamic. While some of the components are
part of a core complex, other subunits associate under specific circumstances,
most likely reflecting different functional requirements during different states
of cell behavior. In addition to subunit composition, the recruitment of the
mSin3 complex to specific DNA sites further enhances functional diversity.
As already mentioned, Mad proteins and Mnt recruit the complex to E-box
DNA elements. Several additional transcription factors target the mSin3 com-
plex to specific DNA sites. Like Mad proteins, some of these factors interact
directly with mSin3, including Sp1-like factors, Bcl-6, and Elk1 (Dhordain et
al. 1998; Yang et al. 2002; Zhang and Reinberg 2001). Ski/Sno are additional
transcriptional regulators that bind to mSin3 and recruit HDAC activity (Co-
hen et al. 1999; Nicol et al. 1999; Nomura et al. 1999). Ski/Sno also interact
with N-CoR/SMRT and PML (Khan et al. 2001). It has been suggested that
these factors are part of a large complex that is also relevant for Mad function.
Other factors recruit the Sin3 complex through linker proteins. Examples for
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this type of interaction are N-CoR and SMRT (Huang et al. 2000; Nomura
et al. 1999).

Of particular interest for understanding the Myc/Max/Mad network
is the finding that the c-Myc interacting protein MM-1 interacts with an
mSin3A/HDAC complex resulting in c-Myc-dependent repression (Mori
et al. 1998; Satou et al. 2001). Thus, not only Mad and Mnt proteins but
also Myc may target mSin3-HDAC complexes to DNA. The functional
relevance of Myc’s ability to bind both coactivators and corepressors and
the signals that presumably regulate these interactions are not understood.
An immediate question arising is what the functional difference would be
between Mad- and Myc-dependent recruitment of mSin3-HDAC complexes
for gene transcription.

The functional diversity of mSin3-HDAC complexes is further highlighted
by the finding that methylated DNA binding proteins also connect with this
repression complex. Methylation of CpG islands has long been known to
correlate with gene repression. MeCP1 binds to methylated CpGs and by re-
cruiting the mSin3-HDAC complex mediates core histone deacetylation (Nan
et al. 1998). This in turn is thought to inhibit gene transcription by prevent-
ing transcription factor binding and polymerase recruitment. Together these
findings demonstrate that the mSin3-HDAC repressor complex is involved in
gene repression by many different factors.

Perspective A central function of Mad proteins is the recruitment of an
mSin3 repressor complex. It is this complex that mediates Mad-dependent
gene repression. Although we have obtained some information about the
composition of the mSin3 complex, we do not know which additional com-
ponents associate with the complex that binds to Mad proteins and Mnt. In
particular, knowledge about other enzymatic activities might be enlightening
in order to define in more detail the molecular mechanisms used by Mad
proteins to regulate gene transcription. Furthermore, the identification of
additional targeting subunits associated with the Mad-bound mSin3 com-
plex will be important. Since the mSin3 complex may function as a bridging
complex between different DNA binding factors, predictions about transcrip-
tional regulators that cooperate with Mad proteins in repression might be
possible. So far, Mad proteins have been viewed exclusively as repressors.
Since many factors, including c-Myc, SP1, YY1, and Elkl mentioned above,
can recruit both positive and negative cofactors, it will be interesting to de-
termine whether Mad proteins and Mnt may, under specific circumstances,
also bind coactivators.
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3.3
Function and Regulation of HDACs

Although there may be Mad functions independent of HDAC activity, it is
clear that Mad proteins need to recruit HDACs to exert their full biological ef-
fects. Therefore it is useful to summarize a few aspects of HDAC function and
regulation. Histone deacetylases are generally divided in two protein families:
the classical HDAC family and the SIR2 family of NAD-dependent HDACs (de
Ruijter et al. 2003). The former is subdivided into class I (containing HDACI,
2, 3, and 8, which are closely related to the yeast RPD3) and class I (HDAC4,
5, 6, 7, 9, and 10, which share homology with yeast HDA1) enzymes and
the recently discovered HDAC11, which shares homology with both classes.
Although itis beyond the scope of this review to discuss HDAC expression pat-
terns, it is worth mentioning that expression is rather ubiquitous (de Ruijter et
al. 2003). Many studies, including those on Mad, demonstrate important roles
for HDAC:s in regulation of gene transcription. However, a word of caution
is reasonable since the role of HDACs has been mainly addressed under con-
ditions of transient overexpression or of broad inhibition of activity. Indeed,
the HDAC-dependency of Rb-mediated repression could be demonstrated
for some but not all tested endogenous E2F-responsive promoters (Luo et
al. 1998). HDACs function in many different processes that affect cell behav-
ior. Nevertheless, somewhat unexpected is the observation that inhibition of
HDACs leads preferentially to inhibition of proliferation and to differentiation
(Kelly et al. 2002; Kim et al. 2003a).

Aberrant acetylation is associated with many human cancers. Deregulated
expression and function of HATs has been observed in a number of tumors.
In particular, loss of heterozygosity (LOH) of p300 is detected in the majority
of glioblastomas. Furthermore, individuals with Rubinstein-Taybi syndrome
who carry mutations in CBP that block its HAT activity have an increased risk
of tumor development (Cress and Seto 2000; Mahlknecht and Hoelzer 2000;
Marks et al. 2001). So far, mutations in HDAC genes have not been linked with
human cancers. But several oncoproteins and tumor suppressor proteins,
including PML-RARa, Rb, and Bcl6, repress transcription through HDACs
(Klochendler-Yeivin and Yaniv2001; Timmermann et al. 2001). These findings
suggest that decreased acetylation is linked to cancer, which is consistent with
HDAC:S role in proliferation and differentiation. Although this conclusion is
not very focused, inhibition of HDAC activity is a promising strategy in the
treatment of cancer (Cress and Seto 2000; Mahlknecht and Hoelzer 2000;
Marks et al. 2001).

Beside protein-protein interaction, phosphorylation of HDACs has been
described as another important mechanism to regulate specific aspects of
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HDAC function, including subcellular localization, enzymatic activity, and
complex formation (de Ruijter et al. 2003; Tong 2002). Human HDAC1 and
HDAC2 arelocalized predominantly in the nucleus. In contrast, class ITHDAC4
and 5 shuttle between nuclear and cytoplasmic compartments, a process that
is controlled by Ca?*-calmodulin-dependent kinases and Ras-dependent sig-
nal transduction pathways (Grozinger and Schreiber 2000; Kao et al. 2001;
McKinsey et al. 2000; Wang et al. 2000a; Zhou et al. 2000). HDAC1 has been
suggested to be substrate of protein kinase CK2 and PKA (Cai et al. 2001;
Tsai and Seto 2002). Phosphorylation of HDACI or HDAC2 by CK2 reduces
enzymatic activity and modulates complex formation with mSin3 and Mi-2
(Pflum et al. 2001; Tsai and Seto 2002). In addition, mitotic hyperphospho-
rylation of HDAC1 and 2 correlates with a small but significant increase in
HDAC activity but at the same time with disruption of HDACI and Sin3A
binding, suggesting that the HDAC core complex is activated but its targeting
is altered (Galasinski et al. 2002).

Ubiquitination of proteins has been implicated in transcriptional control
in recent years (Muratani and Tansey 2003). It was found that HDAC2, 5, and 6
are ubiquitinated (Hook et al. 2002; Kramer et al. 2003). Furthermore, HDAC6
interacts specifically with polyubiquitin and two proteins of the ubiquitin sig-
naling pathway, Ccd48p and phospholipase A2-activating protein (Hook et al.
2002; Seigneurin-Berny et al. 2001). The finding that HDACs can be ubiquiti-
nated suggests an additional link between acetylation and ubiquitination of
proteins involved in transcriptional regulation.

In summary, the data discussed above stress the point that HDACs are
tightly regulated, although we are still far from understanding this regulation
in depth. But for the purpose of our discussion of the Mad and Mnt compo-
nents of the Myc/Max/Mad network, it will be interesting to see whether any
of these modifications impinge on the Mad-mSin3-HDAC complex.

Another aspect worth considering is that HDACs not only deacetylate core
histones but also other proteins involved in transcription. Indeed, an increas-
ing number of transcriptional regulators are found to be acetylated (Sterner
and Berger 2000). Acetylation is, similar to phosphorylation, a highly dynamic
posttranslational modification that affects numerous functions, including
DNA binding, protein stability, and the modulation of protein-protein in-
teractions. Furthermore, since acetylation, methylation, ubiquitination, and
sumoylation can occur on Lys residues, competition between these modifi-
cations for specific Lys residues is possible. Therefore, acetylation can affect
function at least in part by altering the stoichiometry of these alternative
modifications. Thus, acetylation can have both positive and negative effects
on transcriptional regulators. Consistent with this idea, HDACs can function
both as repressors and activators of transcription, compatible with the orig-
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inal studies applying the HDAC inhibitor trichostatin A that revealed both
activated and repressed target genes (Van Lint et al. 1996; Vidal et al. 1991).
With c-Myc, a member of the Myc/Max/Mad family has been shown recently
to be acetylated. Whether the mSin3-HDAC complex tethered to Myc by MM-
1 deacetylates Myc thereby affecting its stability or transcriptional activity
remains to be studied (Kim et al. 2003b; Vervoorts et al. 2003; von der Lehr
et al. 2003). In this context, it will be important to determine whether Mad-
mSin3-HDAC complexes deacetylate factors beyond core histones. This may
not necessarily result in repression, but instead lead to gene activation under
specific, as yet undefined, circumstances.

4
Target Genes

To obtain more insight into the functional consequences of the action of Mad,
Mnt, and Mga proteins, it is important to determine their target genes. In
contrast to studies on Myc, for which a large number of potential target genes
has been reported in several publications, little is known about the targets
of the other network members. Due to the high overlap in DNA binding
specificity as discussed above, intuitively one would think that the target
genes overlap substantially between Mad and Myc. This may not be the case,
as a recent study indicates using Drosophila as a model system (Orian et al.
2003). Several criteria have to be met to define direct target genes of a specific
transcription factor. These include (1) differential expression of the target in
response to distinct levels of factor, preferentially using a system that allows
analysis in the presence of protein synthesis inhibitors to minimize secondary
effects; (2) presence of the factor at or near the promoter of the target gene;
and (3) regulation of corresponding reporter genes dependent on the response
element and on the relevant domains of the factor. In many instances these
criteria are only partially fulfilled, thus various degrees of certainty exist
whether a given transcriptional regulator regulates a given gene.

4.1
hTERT, Cyclin D2, and Others

Of the Mad family members, Madl is the protein that has been studied most
extensively, and at least two target genes seem to be strong candidates for
direct regulation. These are the genes encoding hTERT and cyclin D2. hTERT
is the catalytic subunit of telomerase, the enzyme responsible for elongating
the repetitive sequences at telomeres (Kelleher et al. 2002). Originally it was
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thought that this enzyme is not active in most somatic cells. However, more
recent findings indicate that in general telomerase is found in many prolifer-
ating but not in differentiated tissues (Mathon and Lloyd 2001; Rubin 2002).
Reactivation or increased expression of this enzyme is observed in most hu-
man cancers. Lack or insufficient levels of telomerase can result in erosion
of telomeres that is associated with senescence and genetic instability (Cerni
2000; Mathon and Lloyd 2001).

Because hTERT was identified as a c-Myc target gene (Greenberg et al.
1999; Oh et al. 1999; Takakura et al. 1999; Wang et al. 1998; Wu et al. 1999)
it was reasonable to address whether Mad functions as a negative regulator
of telomerase expression. Indeed, Mad1 represses a reporter gene construct
containing the hTERT promoter, and this repression is mediated by HDACs
(Congand Bacchetti 2000; Gunes et al. 2000). In addition, Mad1 was identified
in a screen designed to define factors that repress the h”TERT promoter (Oh
et al. 2000). These studies, which relied on transient overexpression of Madl,
are supported by ChIP analysis demonstrating Mad1 binding to the promoter
in differentiating HL60 promyelocytes (Xu et al. 2001). This correlates with
reduced core histone acetylation and repression of the hTERT gene. However,
arecent study using a pair of isogenic cell lines that differ in telomerase activity
indicates that repression of hTERT expression is independent of changes in
Madl levels (Horikawa et al. 2002). Inhibition of hTERT is E-box-dependent
and is achieved in the telomerase-positive line by transferring chromosome 3,
implying the presence of a telomerase repressor gene on this chromosome.
Nevertheless, overexpression of either Mad1 or c-Myc was still able to regulate
hTERT. How can these findings be reconciled? A possible solution comes from
arecent study thatidentifies several repressors of h'TERT expression, including
Madl (Lin and Elledge 2003). The removal of just one repressor was sufficient
to activate expression in cell lines that are h'TERT negative, suggesting that
the repressors cooperate in silencing the h'TERT gene. Since none of the genes
identified in this study localizes to chromosome 3, an additional repressor is
postulated that cooperates with Madl.

Like hTERT, the cyclin D2 gene was identified as a c-Myc target that medi-
ates activation of cyclin-dependent kinases (Liischer 2001). In reporter gene
assays the cyclin D2 promoter is repressed by Mad1, an effect that requires the
SID (Bouchard et al. 1999; Yochum and Ayer 2001). Furthermore, ChIP ex-
periments demonstrated Mad1 binding specifically to the cyclin D2 promoter
region that contains two E-boxes in differentiating HL60 and U937 promye-
locytic cell lines (Bouchard et al. 2001; Vervoorts et al. 2003). Importantly,
Madl binding to the cyclin D2 promoter correlates with HDACI recruitment,
histone deacetylation, reduced polymerase II binding, and inhibition of cyclin
D2 expression (Bouchard et al. 2001). The repression of cyclin D2 by Madl
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provides one explanation for the observation that Mad1 potently inhibits the
G1-S transition of the cell cycle and consequently cell proliferation.

Mxil has been postulated to directly repress the c-myc gene in reporter
assays and blocks serum-induced c-Myc expression in quiescent cells (Lee
and Ziff 1999). This repression is independent of the basic region and the SID
domain and is antagonized by Max, suggesting that Mxil does not function
by binding to an E-box element and by recruiting HDAC activity. Further
work is required to define in more detail the mechanistic base for Mxil
function on the ¢-myc promoter. The proposed feedback mechanism within
the Myc/Max/Mad network may be important to modulate and even enhance
the switch between proliferation and differentiation. Recently, the id2 gene
has been identified as an Mxil and Mad4 repressed target in response to
transforming growth factor (TGF)-p signaling (Siegel et al. 2003). This gene
is regulated by c-Myc and Id2 functions as a negative regulator of Rb, thereby
promoting cell cycle progression (Lasorella et al. 2000). Although Mxil and
Mad4 bind to the id2 promoter in cells, no change in histone acetylation
is seen. In addition, overexpression of either Mad protein is not sufficient to
inhibitid2 transcription (Siegel et al. 2003). Thus, the mechanism of repression
seems distinct compared to other examples discussed above and needs further
evaluation.

4.2
Chimeric Proteins and the Search for Target Genes

While the analyses of Mad target genes discussed above were guided by studies
on Myc, more open approaches to identify Mad-regulated genes have been
undertaken. A first study used the chimeric protein Myc(Mxil-BR) in which
the basic region of c-Myc was exchanged with the basic region of Mxil. When
compared to c-Myc, Myc(Mxil-BR) was poorly transforming (O’Hagan et al.
2000). Interestingly, within the basic region the non-conserved amino acids
Ser3 and Glu7 (Fig. 2b) are responsible for the reduced transforming ability.
These amino acids are most likely not involved in specifying DNA binding.
Instead they may be relevant for an additional function of the basic region
such as protein-protein interaction. In microarray studies it became evident
that Myc and Myc(Mxil-BR) have overlapping but not identical sets of target
genes. These findings suggest that the basic regions of c-Myc and Mxil are
not functionally identical.

In a second study, the complete bHLHZip of c-Myc was swapped with the
bHLHZip of Madl, generating Myc(MadbHZ) (James and Eisenman 2002).
This molecule now is substantially different from either c-Myc or Mad1 since
it possesses the transactivation domain (TAD) of c-Myc but lacks the HLHZip
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region that interacts with several proteins, including Mizl. Myc(MadbHZ)
may, however, acquire additional activities determined by interactions specific
for the Mad1 bHLHZip. While some of the basic functions, i.e., DNA binding
and activation of reporter genes in transient assays, are indistinguishable
from c-Myc, some biological activities are distinct. Myc(MadbHZ) is unable
to efficiently induce apoptosis, whereas its effects on cell proliferation are
unaltered. This suggests that genes particularly relevant for apoptosis are
differentially regulated by c-Myc and the chimeric protein.

A third chimeric protein, Myc(Madl-BR), was generated by substituting
the basic region of Myc with the corresponding domain of Mad1l (Nikiforov
et al. 2003). This protein retains its transforming and proapoptotic activities
and occupies Myc target promoters, including hsp60, nm23, nucleolin, and
cad, in cells. These findings are not easily brought in line with the functions
of Myc(Mxil-BR) summarized above. It is possible that some differences
in the swapped regions may have profound effects on the functions of these
chimeric proteins. Regardless, it should be kept in mind that findings obtained
with such chimeric proteins are in general difficult to interpret since the full
spectrum of activities associated with individual domains in Myc and Mad
proteins has not been characterized.

Together these studies indicate that small conserved alterations in Myc can
have profound effects on its function. In addition, the target genes controlled
by the basic regions of Mad and Myc are not identical. This conclusion is sup-
ported by the recent study on Myc/Max/Mnt family target genes in Drosophila
(Orian et al. 2003). Each of the three proteins regulates a set of target genes
that is only partially overlapping with the targets of the other two network
members. What are the rules behind these patterns of transcription factor
binding? Chromosomal regions bound by dMnt, but not by dMyc, appear to
be associated with DNA replication elements (DREs), a hint for cooperative
effects between dMnt and proteins bound to DREs. Such suggested cooper-
ative effects may provide part of the explanation why Myc and Mnt target
genes are partially overlapping but not identical. That many dMnt targets are
not identified through dMax is less easily understood since Mad, Mnt, and
Mga in mammalian systems require Max for most aspects of their function.
The findings in Drosophila argue for dMnt activities in gene regulation that
are independent of dMax. A similar conclusion can be drawn for dMyc. In-
tuitively, repression by Myc comes to mind. This is mediated by Mizl and
is independent of E-boxes; nevertheless Myc still binds to Max (Staller et al.
2001). For both Mnt and Myc, other as-yet-unidentified modes of gene reg-
ulation have to be proposed, but at present we know very little about such
alternative regulatory mechanisms.
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4.3
Mad1 Target Genes by DNA Microarray Analysis

A more systematic approach to identify Madl target genes has been under-
taken by comparing the gene expression pattern of murine thymocytes from
either wild-type or Madl transgenic animals (Iritani et al. 2002). Of the genes
identified, the majority falls under the category of cell growth control genes.
A substantial portion appears to be directly involved in protein and DNA
biosynthesis, in protein degradation, and in ribosome biogenesis. Some of
these genes have been identified previously as Myc targets, indicating that
Mad proteins also control basic aspects of cell proliferation, similar to the
conclusions drawn for Myc (Grandori et al. 2000; Oster et al. 2002).

4.4
The Mga Complex

In mammalian systems, no studies describing Mad3, Mad4, and Mnt target
genes have been published. Although evidence for direct regulation of genes
by Mga is lacking, a recent report links this protein to E2F-dependent gene
transcription. Mga was found as a subunit of a complex that also contains
Max, E2F6, DP-1, HP1y, a histone methyl transferase, and Polycomb group
proteins (Ogawa et al. 2002). The HMT is specific for lysine 9 of histone H3,
a modification that is thought to be repressive in nature (Kouzarides 2002;
Zhang and Reinberg 2001). It is proposed that this complex could potentially
regulate promoters with three different DNA elements, i.e., E2F-binding sites,
E-boxes, and T-box elements. Indeed, there are a number of promoters of
genes involved in cell-cycle control, including cdc254, cyclin E, cyclin DI,
cyclin D3, hTERT, mcm?7, DNA polymerase a, and cdc2, that possess both E2F
sites and E-boxes. It will be of interest to determine the contribution of the
Mga complex to the regulation of the above-mentioned genes.

Perspective While in vitro DNA binding studies suggested very similar speci-
ficity for all Myc/Max/Mad complexes, the situation in cells appears more com-
plex. Thus, one important task is to define DNA binding specificity in cells,
i.e., to determine which E-box mediates response to which network mem-
bers and for what reason. This seems particularly relevant for Mnt, which
is rather ubiquitously expressed, and Mad3, which is specifically expressed
during S-phase. Besides E-box-dependent gene regulation, accumulating evi-
dence suggests that the network regulates genes also through other elements.
Information describing such elements and defining the mechanism by which
Myc/Max/Mad network members regulate gene transcription through these
elements will be important to acquire.
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5
Expression Patterns

As described in the structure-function section (Sect. 2), at least the four Mad
proteins exhibit a high degree of sequence homology, as well as similar bio-
chemical and transcriptional repression activities. This suggests functional
redundancy of the four Mad proteins. This suggestion was originally based on
overexpression studies, but the knockout analyses of mad genes also indicate
redundancy. What then are the differences between these four molecules?
Obviously, functional differences may exist that are currently insufficiently
understood at the molecular level. In addition, distinct subcellular distribu-
tion might regulate Mad proteins as suggested recently from the finding that
Mad4 is cytoplasmic. It bears a CRM1-dependent nuclear export signal and
is recruited to the nucleus by Max (Grinberg et al. 2004). The most obvious
differences between the Mad proteins and Mnt are their expression patterns.
Altogether, mad family genes (the endogenous proteins are poorly evaluated
due to very low expression levels) are expressed during development and in
adulthood in specific patterns. The expression pattern of single mad fam-
ily members is tissue-specific and quite complex. A general observation is
that these genes are expressed in differentiating and differentiated cell types,
although there are exceptions as discussed in Sects. 2.4.2 and 5.1 (Fig. 4).
Frequently the expression of individual mad genes is staggered. We assume
that Mad expression is a general phenotype of differentiating cells, as the
presence of Myc is a general feature of proliferating cells. Cell types that have
been analyzed in more detail include epidermal keratinocytes, chondrocytes,
colonic epithelia, motor neurons, and erythroid and myeloid hematopoietic
cells (Ayer and Eisenman 1993; Ayer et al. 1993; Cultraro et al. 1997; Foley et al.
1998; Gandarillas and Watt 1995; Hurlin et al. 1995a, b; Kime and Wright 2003;
Larsson etal. 1994, 1997; Lymboussaki et al. 1996; Pulverer et al. 2000; Queva et
al. 1998; Vastrik et al. 1995; Werner et al. 2001; Zervos et al. 1993). Thus, one as-
pect of antagonism between Myc and Mad proteins is their distinct expression
patterns. This parallels their role in promoting cell-cycle progression in the
case of Myc and cell-cycle exit and commitment to differentiation in the case of
Mad. In the following sections those mad family members are discussed whose
expression patterns deviate from the above-discussed general principle.

5.1
mad3

Although the expression pattern of the mad3 gene has been linked to differ-
entiation, mad3 transcripts and Mad3 proteins are also found in proliferating
cells. In addition, mad3 messenger (m)RNA is undetectable in most adult
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Fig. 4 Expression patterns of the Myc/Max/Mad network genes and proteins during
distinct phases of cell behavior. A schematic and simplified expression pattern of
the indicated molecules is given. Note that the expression patterns of both mRNA
and protein are not known for all of these genes. In general, Max and Mnt show
a rather uniform expression while Madl, Mxil, and Mad4 are upregulated during
differentiation and in quiescence. In contrast, Mad3 expression is associated with S-
phase (1) and the proliferative burst prior to terminal differentiation (2). The available
evidence is not sufficient to display an expression pattern for Mga. Myc expression is
shown for comparison

tissues except for areas in the testis and the thymus that contain proliferating
cells (Hurlin et al. 1995a; Queva et al. 1998). Furthermore, mad3 expres-
sion was observed in neural progenitors of developing mouse embryos that
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were also positive for BrdU incorporation (Queva et al. 2001). These findings
suggest the presence of Mad3 during S-phase of the cell cycle, and more specif-
ically it has been proposed that the expression of this Mad family member is
linked to the last S-phase prior to terminal differentiation (Queva et al. 2001).
Indeed, during differentiation of cells of an adipoblast line into adipocytes,
mad3 expression occurs during the proliferative burst, a discrete period of
mitotic divisions that accompanies the differentiation process. Later in differ-
entiation, mad3 mRNA is no longer detected, clearly distinguishing it from
other mad family members (Pulverer et al. 2000). Further analysis revealed
a correlation between mad3 expression and DNA synthesis in adipoblasts and
in fibroblasts, indicating that this gene can also be expressed in proliferating
cells that are not committed to differentiate (Fox and Wright 2001; Pulverer et
al. 2000). These findings were unexpected since expression of other Mad fam-
ily members is in general associated with differentiation or cell-cycle arrest
and since overexpression of Mad3 inhibits proliferation and transformation
(Hurlin et al. 1995a). Together the available data suggest that Mad3 plays
a role during the cell cycle, but no precise function has been defined. One
possibility is that Mad3 antagonizes the proapoptotic function of Myc once
cells have entered S-phase. However, a null mutation of mad3 in mice had no
effect on viability and only a modest phenotype relating to radiation-induced
apoptosis in the nervous system (Queva et al. 2001).

5.2
mnt

While the transcription of mad genes is highly regulated, mnt expression is
more ubiquitous and associated with both proliferating and differentiating
tissues (Hurlin et al. 1997; Meroni et al. 1997; Sommer et al. 1999). This is
reminiscent of the expression pattern observed for max and suggests broader
functional activities of Mnt in comparison to Mad proteins (Henriksson and
Liischer 1996). Mnt has a SID and can repress gene transcription as discussed
above. However, deletion of the SID results in a Mnt mutant that now func-
tions as an activator in reporter gene assays and cooperates with Ha-Ras in
transformation (Hurlin et al., 1997). Thus, Mnt seems more pleiotropic than
Mad proteins.

53
mga

Little information regarding the expression of mga has been published. A high
level of expression is observed within specific areas of the developing mouse
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embryo, leading to the suggestion that Mga may participate in mesoderm
development (Hurlin et al. 1999). Indeed, the expression pattern of mga
appears to overlap with other genes encoding T-box-containing proteins
that have been described to regulate mesoderm induction (Papaioannou and
Silver 1998).

6
Regulation of mad, mnt, and mga Genes

The regulation of mad, mnt, and mga gene transcription, despite their rather
distinct expression patterns, has not been intensely studied. Although the
promoters of the human mxil gene, the murine mad3, and mad4 genes have
been published, we have little information regarding regulatory factors and
signaling pathways that impinge on the promoters of these genes. One com-
mon theme of the three cloned promoters is that they are TATA-less and
contain GC-rich sequences with potential Initiator (INR) elements and that
they possess multiple transcription initiation sites (Benson et al. 1999; Fox
and Wright 2003; Kime and Wright 2003). This theme is repeated also in the
human madI promoter (K. Eckert, K. Jiang, and B. Liischer, unpublished ob-
servation). Transcription of the mxil gene appears to be initiated at or near
two INR elements in the vicinity of Sp1 sites, while the transcription factor
AP2 has been implicated as negative regulator of mxil transcription (Benson
et al. 1999). The transcription factor Spl has been suggested to play a basal
role at many TATA-less promoters, and although it is ubiquitously expressed
it functions at many tissue-specific and differentiation-regulated promoters
(Suske 1999). Sp1 is also involved in transcription of the madl promoter (K.
Jiang and B. Liischer, unpublished observation).

The mad3 promoter contains an E2F binding site that mediates cell-cycle-
dependent expression of a reporter gene construct (Fox and Wright 2003).
This response element binds E2F1, implying that this transcription factor reg-
ulates the unique S-phase-specific expression pattern of mad3. This classifies
this gene into a growing group of E2F-regulated genes that fulfill important
functions during cell-cycle progression and in many instances are necessary
for the transition from the G1 into the S-phase (Muller and Helin 2000; Tri-
marchi and Lees 2002).

Within the mad4 promoter, the critical element for differentiation-specific
expression of reporter genes was mapped to the core promoter region that
contains an INR consensus sequence (Kime and Wright 2003). In transient
transfection assays it has been shown that Miz-1 activates the mad4 core
promoter, an effect that is antagonized by c-Myc. Furthermore, in vitro bind-
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ing assays imply interaction of Miz-1 and c-Myc with the core promoter.
These findings suggest that c-Myc negatively regulates Mad4 expression, one
of its own antagonists. It will be interesting to see whether Mad4 represses
c-myc transcription as has been suggested for Mxil (Lee and Ziff 1999). Such
a double-negative feedback loop would not only be in support of the switch
model but also enhance the potency of the switch.

Expression of individual mad genes has been observed under essentially
all conditions examined that stimulate differentiation and/or growth arrest
of cells as discussed above. Thus, the sum of different signals that can induce
transcription of mad genes is large and suggests that the promoters are far
more complex than the data accumulated thus far imply. It will be important
to determine whether substances such as tetradecanoylphorbol acetate (TPA),
retinoic acid, certain cytokines, and TGF-f (Ayer and Eisenman 1993; Hurlin
et al. 1995b; Hurlin et al. 1995a; Larsson et al. 1994; Werner et al. 2001), to
name just a few, regulate mad promoters directly and, if so, through which
signal transduction pathways.

It is interesting to note that INR elements have been found in genes that
are transcriptionally repressed by c-Myc in a Miz-1-dependent mechanism
(Herold et al. 2002; Seoane et al. 2001, 2002; Staller et al. 2001; van de Wetering
et al. 2002; Wu et al. 2003). In these situations Myc appears to integrate
signals from several different pathways, including TGF-$ and the phorbol
ester TPA. With the observations that the promoters of madl and mxil also
contain potential INR elements, it is worth considering whether Myc not only
affects mad4 but also mad1 and mxil expression. In support of such a model
are also the findings that madI is induced in response to both TGF-p and
TPA. In addition to Myc-dependent repression through Miz-1, it has also
been suggested that Myc can repress through Sp1 binding sites (Gartel et al.
2001). This offers another opportunity for a feedback mechanism, since mad
promoters are GC-rich and possess potential Spl binding sites. Addressing
these interactions, i.e., regulation of mad gene expression by Myc proteins,
will be an important step toward defining in more detail the interplay among
components of the network. It is interesting to note that mxil, but neither
of the other mad genes, has been identified as a gene that is activated by
c-Myc (O’Connell et al. 2003; Schuhmacher et al. 2001). Since it is unclear
whether the effect is direct and since this observation has not been verified,
the relevance remains undefined.

The promoters of mnt and mga have not been analyzed, and essentially
nothing about the regulation of expression of these genes is known. Interest-
ingly, mnt was identified as a c-Myc target (Menssen and Hermeking 2002).
This appears to be a direct effect since Myc binds to the mnt promoter region.
Future studies will have to address the control of mnt and mga gene expres-
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sion, a relevant task in light of the proposed functions of Mnt and Mga in
association with, as well as independent of, the Myc/Max/Mad network.

Perspective The distinct expression patterns of mad, mnt, and mga genes
and their sensitivity to many signals suggest the presence of multiple respon-
sive elements within the promoters of these genes. The challenge will be to
define these elements and identify the interacting transcription factors and
the upstream regulatory pathways that impinge on these factors. Knowledge
about these aspects will help us to understand the molecular framework that
is in place to control the expression of these genes.

7
Biological Functions of Mad, Mnt, and Mga Proteins

The role of Myc proteins in regulating many aspects of cell behavior including
transformation is thoroughly documented (Grandori et al. 2000; Henriksson
and Liischer 1996; Marcu et al. 1992; Oster et al. 2002). The Mad, Mnt, and Mga
proteins function at least in part by antagonizing the functions of Myc proteins
(Fig. 5). In this section we summarize the biological activities attributed to
these proteins as revealed by overexpression analyses and by characterizing
knockout and transgenic models (see also M. Pirity et al., this volume).

7.1
Proliferation and Cell Growth

Mad gene and protein expression, with the exception of Mad3, is associated
with inhibition of proliferation, cell-cycle exit, and differentiation. Early on
it was demonstrated that Mad1l and Mxil interfere with proliferation in sev-
eral cell systems, resulting in the accumulation of cells in the GO/G1 phase.
Furthermore, expression of Mad1 reduces the outgrowth of transformed cells
in colony formation assays (Cerni et al. 2002; Chen et al. 1995; Gehring et al.
2000; Roussel et al. 1996; Sommer et al. 1997; Wechsler et al. 1997). In all these
studies, however, no complete block of proliferation was observed; rather the
effects were subtle. A more substantial effect on proliferation was seen when
Madl was expressed upon microinjection in resting fibroblasts that were
subsequently stimulated with serum (Sommer et al. 1997). Under these con-
ditions, a severe reduction in the number of cells that are able to reach S-phase
is evident. One possible interpretation is that additional signals that cooperate
with Madl are required for efficient cell-cycle arrest of cycling cells, whereas
Madl is sufficient to prevent resting cells from reentering the cell cycle.
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Fig. 5 Mechanistic model of transcriptional regulation by the Myc/Max/Mad net-
work. Myc/Max and Mad/Max heterodimers recognize a specific DNA consensus se-
quence (CACGTG) belonging to the class of E-box sequences. Binding of Myc/Max and
Mad/Max to such elements in promoters of target genes has been demonstrated. For
transcriptional activation, Myc recruits cofactors including TRRAP and CBP. TRRAP
is a subunit of a histone acetyltransferase-containing complex. Acetylation of core
histones correlates with an open chromatin structure that enables binding of the Pol II
complex. CBP acetylates components of the Pol IT complex as well as c-Myc. In addi-
tion, CBP can mediate interaction of transcription factors with the Pol II complex. 4,
B, and C indicate additional proteins that bind directly Myc or are part of the TRRAP
and CBP complexes. Mad represses gene transcription by recruiting an mSin3-HDAC
repressor complex. Deacetylation of core histones correlates with gene repression.
Interaction of subunits of the mSin3 complex with components of chromatin remod-
eling complexes and methyltransferases may broaden the functional consequences of
recruiting the mSin3 complex. D indicates additional proteins interacting with the
mSin3-HDAC repressor complex that are described in detail in the text and in Fig. 3
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This interpretation is in line with the analysis of mad1 transgenic mouse
models (Iritani et al. 2002; Queva et al. 1999; Rudolph et al. 2001). In one
model, broad expression of the transgene was achieved using the B-actin
promoter. Although animals bearing the transgene were underrepresented,
many were born (Queva et al. 1999). All the offspring were considerably
smaller, consistent with the interpretation that Madl reduces proliferation
but does not completely abolish it; otherwise the establishment of mad]l
transgenic mice would not have been possible. Inhibition of proliferation
appears to be at least in part the result of an increased sensitivity to high
density. Fibroblasts from madl transgenic mice reveal a reduced density at
confluence and a delay in their progression from GO into S-phase in response
to mitogens (Queva et al. 1999). In a second model, expression of madl under
the control of the Ick promoter in the T cell compartment of mice reduced
the number of thymocytes considerably without affecting the ratio of distinct
subpopulations of T cells (Rudolph et al. 2001). In a third model, madl was
expressed in T and B cells from a transgene controlled by the Ick promoter and
the immunoglobulin heavy chain enhancer (Iritani et al. 2002). Here a strong
decrease in thymocyte cellularity corresponding, unlike in the second model,
to a decrease in double-positive and single-positive thymocytes. This appears
to be the result of reduced proliferation and decreased maturation of double-
negative cells.

In addition, mitogen-stimulated thymocytes and B cells from madI trans-
genic animals showed a profound reduction in proliferation (Iritani et al.
2002; Rudolph et al. 2001). Furthermore, determination of the intermitotic
time in cells that express Madl in a tetracycline-regulatable fashion showed
only small differences in cell cycle time when Mad1 was turned on (Holzel et
al. 2001). However, the cells stopped dividing more readily, a finding that was
particularly evident in areas of increased cell density, resulting in a substan-
tial increase in the overall population doubling time. Together these studies
demonstrate that Mad1 (the other Mad family members have not been ana-
lyzed in detail) interferes with proliferation in subtle ways, i.e., Mad1l does not
modulate proliferation in an all-or-nothing process. This suggests that Mad
proteins interact with additional signals or regulators to control proliferation.
One signal may involve cell-cell contacts; another event may be the downreg-
ulation of Myc expression that will further shift the system towards the Mad
side. The latter may be relevant in situations where cells reenter the cycle. In
these situations, Myc expression is very low and Madl shows the strongest
effect on proliferation.

Given the many studies that implicate Mad proteins in the control of
proliferation in diverse cell systems, it came as a surprise that mad1~~ animals
did not show any widespread phenotype that could be related to proliferation
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(Foley et al. 1998). In particular the animals were neither different in size
nor showed altered cellularity. However, distinct phenotypes were noted in
granulocytes and in B cells. While the overall number of granulocytes is
unaltered, additional rounds of mitotic divisions occur prior to terminal
differentiation. It is thought that this is the consequence of a delay in exiting
the cell cycle of granulocytic precursor cells. However, the differentiated cells
are more sensitive to limiting amounts of growth factors, resulting in increased
apoptosis. Together these two processes seem to compensate each other in the
animals. In addition, mitogen-induced reentry into the cell cycle of B cells is
enhanced, conforming to the observation that B cells from Madl transgenic
mice divide less upon stimulation (Foley et al. 1998; Iritani et al. 2002). These
findings reveal specific but limited effects on cell behavior in madl™~ mice.

Several reports have shown that Myc can stimulate cell growth in the
absence of proliferation (Iritani and Eisenman 1999; Johnston et al. 1999;
Schuhmacher et al. 1999). This may be connected to Myc’s ability to stimulate
protein synthesis through modulating a number of relevant target genes,
a parameter for the increase in cell size during the G1 phase of the cell cycle.
The analysis of B cells in Madl transgenic mice showed that the cells are
smaller irrespective of their proliferative potential (Iritani et al. 2002). This
suggests that this aspect of Myc function can be antagonized by a Mad protein.

An important aspect of Myc-driven cell cycle progression is the activation
of cyclin-dependent kinases that regulate the G1 to S-phase transition (Amati
et al. 1998; Liischer 2001). In particular, the CDK inhibitor (CKI) p27X*! is
targeted by Myc through several pathways, thereby resulting in the inhibition
of this CKI. Therefore it was of interest to determine the consequences of
a p27/madl double knockout (McArthur et al. 2002). These animals reveal
a number of synthetic phenotypes. The lack of Madl and p27X!*! results in
partial embryonic lethality, while the individual knockouts are viable (Fero et
al. 1996; Foley et al. 1998; Kiyokawa et al. 1996; Nakayama et al. 1996). In addi-
tion, differentiation of double-knockout granulocytes is impaired in response
to retinoic acid, a phenotype similar to mad1™" cell but strongly enhanced.
This is paralleled by a failure to arrest proliferation and to downregulate cyclin
E/CDK2. Blocking this kinase in double-knockout granulocytes is sufficient to
render the cells sensitive to retinoic acid. This suggests a cooperative effect of
Mad1 and p27¥*! during differentiation of granulocytes. Other phenotypes
observed in p27¥*1-null mice, including hyperplasia in different tissues, were
not enhanced by the loss of Mad1l (McArthur et al. 2002).

Molecularly, Madl expression reduces kinase activity of cyclin D-type
complexes, while little effect on cyclin E-dependent complexes was observed
(Gehring et al. 2000; Queva et al. 1999). This is surprising considering the
above-mentioned role of Myc in cell-cycle control and the multiple Myc-
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regulated pathways that target cyclin E/CDK2 (Amati et al. 1998; Liischer
2001). The effect on cyclin D/CDK4,6 suggests that the Madl-induced inhi-
bition of proliferation should be rescued by this kinase complex. However,
microinjection of Mad1 together with cyclin D1/CDK4 into resting fibroblasts
was not sufficient to restore serum-induced S-phase progression. Instead cy-
clin E/CDK2 could efficiently overcome the Mad1l block (S. Rottmann et al.
2005). This indicates that cyclin E/CDK2 can function as a mediator of a feed-
back mechanism within the Myc/Max/Mad network.

The homozygous deletion of mxil showed a more severe phenotype than
seen for the mad1 knockout (Schreiber-Agus et al. 1998). Hyperplasic changes
were observed in several different tissues but—similar to the madI knockout
animals—the effects appeared cell-type specific. The broader phenotype is
thought to reflect the wider expression pattern of mxil as compared to madl.
The tissues affected include the hematopoietic system, albeit not all cell types,
kidneys, and the prostate. Despite the very specific expression pattern of mad3,
it being distinct from the other mad family members, mad3~~ animals did
not reveal any phenotype that could be attributed to altered cell proliferation
(Queva et al. 2001).

In comparison to the above-discussed Madl transgenic animals, a more
severe phenotype is observed when Mnt is expressed under the control of the
B-actin promoter (Hurlin et al. 1997). Transgenic embryos die in uteri and are
considerably smaller. In addition to embryonic size, a number of phenotypes
can be detected that appear to be heterogeneous among the transgenic em-
bryos. This indicates that exogenous Mnt expression has deleterious effects
on multiple tissues but with altered kinetics from one embryo to the other.
The reduced size suggests a strong effect of Mnt on proliferation. This is rem-
iniscent of the myc and max knockout animals that show an embryonic lethal
phenotype (Charron et al. 1992; Davis et al. 1993; Moens et al. 1993; Sawai et
al. 1993; Shen-Li et al. 2000; Stanton et al. 1992).

A prominent role for Mnt in the control of cell proliferation is well sup-
ported by recent studies employing mnt '~ cells and animals and mnt knock-
down cells (Hurlin et al. 2003; Nilsson et al. 2004; Toyo-oka et al. 2004). mnt™""
mouse embryo fibroblasts (MEFs) enter S-phase prematurely and proliferate
more rapidly than control cells. This is associated with increased CDK4 and
cyclin E expression. In addition, these cells escape senescence (Hurlin et al.
2003). Similarly knockdown of Mnt expression using RNA interference (RNAi)
constructs also resulted in enhanced proliferation (Nilsson et al. 2004). This
is also true in myc ™/~ fibroblasts, suggesting that Mnt is a dominant-negative
regulator of proliferation in the absence of Myc. It is important to note that in
both systems, i.e., mnt knockout and knockdown, the resulting cells behave
similar to Myc-overexpressing cells. Thus, not only proliferation is enhanced,
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but the mnt™~ MEFs can be transformed by oncogenic Ras only (Hurlin et
al. 2003). Again similar observations were made in the mnt knockdown cells
(Nilsson et al. 2004). Having seen the effects of Mnt loss on proliferation and
transformation, it is perhaps not surprising that cells without Mnt are highly
susceptible to apoptosis (Hurlin et al. 2003; Nilsson et al. 2004). From these
studies it appears that Mnt is a very potent antagonist of Myc function. Over-
coming Mnt, either by raising Myc levels as seen in many human tumors or by
knocking out/down Mnt, is sufficient to induce the changes in cell behavior
associated classically with Myc, i.e., enhanced proliferation, tumorigenesis,
and increased sensitivity to apoptosis-inducing conditions.

7.2
Differentiation

The association of Mad protein expression with differentiation processes
suggested early on that these proteins might function as regulators or even
as inducers of differentiation. This suggestion was in line with the overall
thinking that Mad proteins antagonize the function of Myc proteins. However,
with the exception of one study, exogenous expression of Mad proteins was
found insufficient to induce differentiation. This also was unexpected in light
of the findings that Myc proteins are potent inhibitors of differentiation in
many cellular systems (Henriksson and Liischer 1996).

Mouse erythroleukemia (MEL) cells respond to dimethylsulfoxide
(DMSO), which induces differentiation-accompanied downregulation of
myc and upregulation of mad gene expression comparable to many other
differentiation systems (Cultraro et al. 1997; Kime and Wright 2003; Lachman
and Skoultchi 1984). Induction of expression of a madl transgene in MEL
cells stimulates both spontaneous and DMSO-induced differentiation. By
contrast, in 3T3-L1 adipoblasts and in U937 promyelocytes Madl blocks
differentiation (Pulverer et al. 2000; L.-G. Larsson, personal communication).
These cells, similar to MEL cells, also downregulate myc and upregulate mad
gene expression when differentiation is induced by various agents (Freytag
1988; Freytag and Geddes 1992; Larsson et al. 1997, 1988, 1994; Pulverer
et al. 2000). How can these apparently contradictory results be reconciled?
Once differentiation is induced, adipoblasts go through an additional
round of mitotic divisions, referred to as proliferative burst. Blocking
this phase by inhibiting DNA synthesis is sufficient to severely reduce the
number of terminally differentiated cells (Yeh et al. 1995). The analysis of
3T3-L1-Madl cells revealed that DNA synthesis during the proliferative
burst is significantly reduced. This led to the suggestion that inhibition of
differentiation in adipoblasts by Madl is the consequence of a lack of the



102 S. Rottmann - B. Liischer

proliferative burst phase (Pulverer et al. 2000). Retinoic acid-induced, but not
TPA-induced, U937 differentiation is accompanied by 1 to 2 mitotic divisions.
The former but not the latter is inhibited by Mad1l (L.-G. Larsson, personal
communication). This is reminiscent of the situation in adipoblasts and
suggests that the effect of Madl on differentiation is the result of blocking
a proliferative phase required for terminal differentiation. However, in U937
cells, unlike the findings in MEL cells, Madl is not sufficient to induce
spontaneous differentiation (Cultraro et al. 1997; L.-G. Larsson, personal
communication). In addition, the analysis of madI transgenic and madl™~
mice did not reveal clear effects on differentiation that can be separated from
proliferation effects (Foley et al. 1998; Iritani et al. 2002; Queva et al. 1999;
Rudolph et al. 2001). Together these studies support the notion that Madl
is a negative regulator of proliferation, whereas its role in differentiation
remains ill defined.

Although the effects of Madl on differentiation are not very pronounced,
two aspects of these studies should be kept in mind. In the transgenic ap-
proaches, the regulated expression of the endogenous Mad1 gene and protein
is not reproduced, which may disturb aspects of the differentiation process
to such a degree that it is blocked. In the knockout studies, the other Mad
proteins may compensate for the loss of Mad1. Consequently the full potential
of Madl may not be revealed until the analyses can be performed in animals
and cells that also lack other Mad proteins. Most likely other Mad family
members as well as Mnt and Mga are relevant players in the differentiation
game. Indeed, loss of Mnt results in craniofacial defects and neonatal lethality,
suggesting that this protein is important for developmental processes (Toyo-
oka et al. 2004). Together these findings reveal important insights into the
functions of Mad and Mnt proteins associated with differentiation. However,
these analyses are still at an early phase and leave many aspects open for
future work.

7.3
Apoptosis

The identification of the Myc family members as apoptosis-inducing proteins
came as a surprise, since this function of Myc was not, at least at first view, com-
patible with cellular transformation (Pelengaris et al. 2002; Prendergast 1999).
However, it is now thought that apoptosis represents a safeguard mechanism
to prevent cells from acquiring an activated Myc or, for that matter, other pro-
teins that possess oncogenic capacity. As for proliferation and differentiation,
Mad proteins were suggested early on to also antagonize the proapoptotic
function of Myc. Indeed, Mad proteins inhibit apoptosis induced by different
stimuli, but the mechanism remains to be determined.
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The targeted disruption of madl affects proliferation and apoptosis of
granulocytes and their precursors (Foley et al. 1998). In the absence of Mad1
these cells undergo extra rounds of cell divisions prior to terminal differen-
tiation. However, the number of mature granulocytes is not altered, suggest-
ing that the mature cells may be lost at increased frequency. Indeed, these
cells are more sensitive to cytokine withdrawal than granulocytes from wild-
type animals and respond with increased apoptosis. Consistent with this,
myeloid precursor cells of Madl transgenic animals are less sensitive to lim-
iting cytokine levels (Queva et al. 1999). These studies were complemented
by experiments in tissue culture. In fibroblasts Mad1 reduces apoptosis un-
der conditions of serum starvation (Bejarano et al. 2000) and in response to
oncoprotein expression (Gehring et al. 2000). In addition, induction of Mad1
expression in the osteosarcoma cell line U208 inhibits apoptosis induced by
different stimuli including Fas ligand, TNF-related apoptosis inducing ligand
(TRAIL), and UV (Gehring et al. 2000). Further analysis revealed a reduction
of caspase-8 activation in response to Fas ligand, perhaps providing the first
hint of a molecular mechanism of Mad1 function.

In this respect, the association of Myc with caspase-8 activation is of inter-
est. It has been reported that a large proportion of aggressive N-Myc-driven
neuroblastomas that are particularly resistant to induction of apoptosis ex-
hibit a methylated and silenced caspase-8 gene (Teitz et al. 2000). Furthermore,
in small-cell lung cancer with amplification of myc-family members, loss of
caspase-8 expression or increased expression of the proteolytically inactive
caspase-8 homolog c-FLIP is frequently observed (Shivapurkar et al. 2002).
Thus, inactivation of caspase-8 by various means appears to accompany tu-
mors with high Myc expression. In addition, c-Flip expression is negatively
regulated by Myc, and overexpression of c-Flip prevents Myc-induced apop-
tosis (Amanullah et al. 2002). This suggests together with the data discussed
above, an interaction between the Myc/Max/Mad network and Caspase-8
function and regulation.

One study reported enhancement of apoptosis in the presence of Madl.
The stimulation of double-negative thymocytes of Madl transgenic/rag2 ™/~
animals with anti-CD3e antibodies results in their maturation to double-
positive cells (Iritani et al. 2002). However, a considerable fraction of the cells
undergo apoptosis, suggesting that stimulation of proliferation and matura-
tion is not compatible with Madl expression, a conflict that appears to be
resolved by cell death. Furthermore, the matured double-positive cells have
considerably lower levels of Mad1, an indication of selection for thymocytes
with low Mad1 expression under these conditions. In addition to Mad1, Mad3
has also been implicated in apoptosis control. Thymocytes of mad3™" ani-
mals show a slight increase in sensitivity to y-irradiation (Queva et al. 2001).
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Furthermore, mad3™~ embryos subjected to y-irradiation in utero reveal an
increased number of apoptotic neural progenitor cells. These seem to be in
S-phase at the time of treatment, indicating a specific anti-apoptotic function
of Mad3 in this phase of the cell cycle.

Together these analyses identify Mad proteins as modulators of apoptosis.
This interpretation is supported by the finding that Max, the dimerization
partner of Mad proteins, is specifically targeted by caspases upon induction
of apoptosis (Krippner-Heidenreich et al. 2001). The loss of Max is thought to
antagonize the anti-apoptotic activities of Mad proteins. Clearly more work
will be required to understand the molecular consequences of Mad activity
in cell death.

7.4
Transformation

A prominent function of Myc proteins that can be addressed in tissue culture
systems is its ability to transform primary rat embryo fibroblasts in coop-
eration with Ha-Ras (for reviews see Henriksson and Liischer 1996; Marcu
et al. 1992). This function of Myc is strongly antagonized by Mad, Mnt, and
Mga proteins (Cerni et al. 1995; Hurlin et al. 1995a, 1997, 1999; Koskinen et
al. 1995; Lahoz et al. 1994; Schreiber-Agus et al. 1995; Vastrik et al. 1995).
Furthermore, using an inducible Mad1ER fusion protein, tumor growth of
Myc/Ha-Ras-transformed REF cells in syngeneic rats is significantly delayed
by Mad1 (Cerni et al. 2002). This Mad1-related repression of transformation
is dependent at least in part on the recruitment of the mSin3-HDAC repres-
sor complex, indicating that inhibition of transformation is tightly linked to
gene repression. Extrapolating from these studies, it was proposed that these
proteins are potential tumor suppressors. Indeed, mad genes have distinct
chromosomal locations that have been linked to human tumors (Edelhoff et
al. 1994; Hurlin et al. 1995a, 1997, 1999; Shapiro et al. 1994). An important
question then is whether any of these genes are true tumor suppressors. The
short answer is that none of these proteins has been firmly established as
a tumor suppressor.

Of the Mad family members, Mxil seems to be the best tumor suppressor
candidate. Support came from the analysis of mxil™~ mice (Schreiber-Agus
et al. 1998). These animals show increased susceptibility to tumor formation
when challenged with a carcinogen. In addition, mxil™~/ink4a™~ double-
knockout animals reveal enhanced tumor development in comparison to
single-knockout controls. These findings suggest that the loss of Mxil, unlike
the loss of Mad1 or Mad3, represents a precancerous lesion in mice.

The mxil gene is located on chromosome 10q25. 10q23-25 represents an
area that shows alterations in a number of tumors, including prostate cancer
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(Edelhoff et al. 1994; Shapiro et al. 1994). Indeed, mutations in the mxil gene
associated with prostate cancer were reported in one study (Eagle et al. 1995).
However, other studies were unable to demonstrate mutations or LOH of mxil
in this tumor type (Gray et al. 1995; Kawamata et al. 1996; Kuczyk et al. 1998).
Bladder carcinomas also show LOH at 10q. A recent analysis suggests that the
PTEN gene is the likely tumor suppressor located on 10q rather than mxil
(Wang et al. 2000b). Similarly, no mutations or LOH associated with mxil
could be identified in other human tumors (Bartsch et al. 1996; Fults et al.
1998; Kim et al. 1998; Petersen et al. 1998). Nevertheless, the combined data
on the role of Mxil in transformation suggest that this protein can function
as a tumor suppressor. Further studies are required, however, to determine
whether it acts as a tumor suppressor in human cancers.

The mnt geneislocated on chromosome 17p13.3, aregion that is frequently
deleted in different human malignancies (Meroni et al. 1997). However, as for
the analysis of mxil, no evidence for mutations or LOH of the mnt gene
has been obtained (Nigro et al. 1998; Sommer et al. 1999; Takahashi et al.
1998). However, recent studies demonstrate that loss of Mnt enhances tumor
formation. Fibroblasts that lack Mnt, derived either from mnt™'~ mice or upon
knockdown using RNAi, can be transformed with an oncogenic Ras (Hurlin
et al. 2003; Nilsson et al. 2004). Furthermore, disruption of mnt in mammary
epithelium using a conditional mouse model results in the development of
adenocarcinoma (Hurlin et al. 2003). From these findings a function of Mnt in
tumor formation is indicated, yet—as is the case for mad genes—it remains
open whether Mnt functions as a tumor suppressor in humans. It has been
suggested that the strong apoptotic response in mnt knockdown cells or the
reduced expression of myc genes in mnt '~ cells could be the reason why Mnt
does not appear to normally act as a tumor suppressor (Hurlin et al. 2003;
Nilsson et al. 2004). Further studies should clarify these issues.

In the context of a function of Mad proteins or Mnt as tumor suppressors,
itis worth mentioning that the suggested Mad-interacting complex, which in-
cludes Sno/Ski, mSin3, HDAC, and PML, contains tumor suppressor proteins
and proto-oncoproteins (Li et al. 1986; Salomoni and Pandolfi 2002; Shina-
gawa et al. 2000, 2001). The relevance of Mad and Mnt in the context of this
complex and its proposed role in transformation remains to be determined
but can potentially reveal new leads towards a better understanding of Mad
and Mnt in cancer.

Perspective Myc proteins are potent regulators of various aspects of cell
behavior. The initial expectation that Mad, Mnt, and/or Mga would antagonize
all the functions associated with Myc is true only in part. The most prominent
effects of Mad, Mnt, and Mga are on proliferation and apoptosis. The studies
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so far have not revealed clear effects on differentiation. Furthermore, tumor
suppressor function in humans has not been convincingly shown. This may
reflect the overlapping expression patterns and functions of these proteins.
Consequently, the combination of knockouts of mad, mnt, and mga genes
may help to elucidate their function in more detail. Among the activities that
have been associated with Myc but have not been linked to the Mad side
are genomic instability and vascularization. Overexpression of Myc causes
genomic destabilization potentially due to its ability to induce endoreplication
(Felsher and Bishop 1999; Felsher et al. 2000; Kuschak et al. 2002; Mai et al.
1999; Taylor and Mai 1998; see M. Wade and G.M. Wahl, this volume). In
addition, Myc has been recently shown to be essential for vascularization and
angiogenesis in tumor development (Baudino et al. 2002). Both these aspects
are important for Myc’s role in transformation. Obviously it will be important
to define whether Mad, Mnt, and/or Mga regulate any of these aspects. This
information will shed more light on their potential role in tumor suppression.
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Abstract Recently determined structures of a number of Myc family proteins have
provided significant insights into the molecular nature of complex assembly and DNA
binding. These structures illuminate the details of specific interactions that govern the
assembly of nucleoprotein complexes and, in doing so, raise more questions regarding
Myc biology. In this review, we focus on the lessons provided by these structures
toward understanding (1) interactions that govern transcriptional repression by Mad
via the Sin3 pathway, (2) homodimerization of Max, (3) heterodimerization of Myc-
Max and Mad-Max, and (4) DNA recognition by each of the Max-Max, Myc-Max, and
Mad-Max dimers.
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1
Introduction

Mutations of genes of the myc family have been shown to be among the
most frequently affected in the majority of human malignancies (Nesbit et
al. 1999). Myc genes were first identified as the transforming agents within
chicken retroviruses (Sheiness et al. 1978). Over the last 25 years, compelling
evidence has accumulated for the role of myc homologs in tumor formation,
both in experimental systems and in human cancers (Cole and McMahon
1999; Dang et al. 1999; Eilers 1999; Liao and Dickson 2000; Nesbit et al.
1999).

The Myc gene products are transacting transcriptional regulators contain-
ing two independently functioning polypeptide regions: N-terminal transac-
tivating residues and a C-terminal DNA binding segment (for a review see
Grandori et al. 2000; Fig. 1). The DNA binding segment tethers Myc family
gene products to sequences upstream of the core promoter, thereby enabling
activation domains to modulate the efficiency of messenger RNA synthesis
(Kato et al. 1990). The initial identification of a DNA binding segment within
Myc family genes was based on sequence similarities with other transcription
factors possessing a modular DNA binding/dimerization motif consisting of
a two amphipathic a-helices (helix H1 and H2) separated by a loop (Murre et
al. 1989). Myc family members also contain a basic region preceding the first
a-helix and a leucine zipper region carboxy-terminal to the second a-helix.
In general, the basic-helix-loop-helix-leucine zipper (bHLHZ) domain speci-
fies dimerization through the helix-loop-helix-leucine zipper (HLHZ) region
and DNA recognition through interactions between the basic region (b) and
the major groove. However, Myc cannot form homodimers at physiological
concentrations in vivo, and is incapable of sequence-specific DNA binding in
isolation (Dang et al. 1991).

A better understanding of Myc biology emerged with the identification of
a closely related bHLHZ protein Max that serves as an obligate, physiological
heterodimerization partner for c-Myc (Blackwood and Eisenman 1991; Pren-
dergast et al. 1991; Fig. 1). While c-Myc is incapable of forming homodimers
or interacting specifically with DNA in isolation, the bHLHZ regions of Myc
and Max form strong heterodimers, recognize DNA in a sequence-specific
manner, and support Myc function in transcriptional activation, cellular
transformation, and apoptosis (Amati et al. 1992; Amati et al. 1993). Myc-
Max heterodimers recognize a core hexanucleotide element (5'-CACGTG-3’),
termed the E-box (Blackwood and Eisenman 1991; Prendergast et al. 1991)
and activate transcription at promoters containing E-boxes (Benvenisty et al.
1992; Eilers et al. 1991).
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Fig. 1 Domain organization of c-Myc, Max, and Mad, and schematic organiza-
tion of proteins involved in transcriptional activation and repression within the
Myc/Mad/Max network. The basic-helix-loop-helix-leucine zipper domains of the
individual proteins are indicated relative to the full-length (Myc, cyan; Max, red; Mad,
green). Transcriptional activation by Myc-Max heterodimers is dependent, in part, on
recruitment of TRAAP (purple) by Myc transactivating residues (yellow). Conversely,
transcriptional repression by Mad-Max heterodimers requires an interaction between
the Sin3 interacting domain (SID) residues of Mad (light green) and a paired amphi-
pathic helix (PAH2) domain of Sin3 (tan). The bHLHZ domain of Myc can also recruit
the Miz-1 transcriptional repressor (vertical lines) and the E2 ubiquitin ligase Skp2

(pink)

In addition to acting as a heterodimerization partner for Myc, Max can also
form homodimers and bind E-box containing DNA sequences. At present, the
biological role or roles of the Max homodimer remain unknown, although
there are suggestions that Max can function as a transcriptional repressor
(Kretzner et al. 1992). While Max homodimers and Myc-Max heterodimers
both recognize the same hexanucleotide element, sequence analyses of puta-
tive Myc target genes and the results of in vitro binding assays suggest that
nucleotides flanking the E-box can confer binding preferences for Myc-Max
heterodimers versus Max homodimers (Grandori et al. 1996; Grandori and
Eisenman 1997). In addition, Myc-Max heterodimers recognize a number of
noncanonical E-boxes containing variant nitrogenous bases at one or more
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sites in the E box hexanucleotide (e.g., 5'-CATGCG-3', 5-CAACGTG-3', etc.;
Blackwell et al. 1991, 1993; Haggerty et al. 2003).

Shortly after the discovery of Max, a second class of bHLHZ proteins,
including Madl (Ayer et al. 1993) and Mxil (Zervos et al. 1993) were inde-
pendently identified as additional heterodimerization partners of Max. Mad1,
Mxil, and other Mad family members (Hurlin et al. 1995) inhibit cell growth.
High levels of mad mRNA and Mad protein are found in growth-arrested,
differentiated cells in which c-Myc is not expressed. Each of the Mad family
member proteins can recognize the E-box as heterodimers with Max and in-
terfere with the transforming function of Myc (Fig. 1). Hence, Mad1, Mxil, and
related members constitute a family of transcriptional repressors (Hurlin et
al. 1994; Larsson et al. 1994, 1997; McArthur et al. 1998). Competition between
Myc-Max and Mad-Max heterodimers for a common DNA target appears to
control cell fate, determining the choice between proliferation/transformation
and differentiation/quiescence.

Myc can also act as a transcriptional repressor at a distinct subset of
genes (Li et al. 1994; see chapter in this volume by D. Kleine-Kohlbrecher et
al.). At least one pathway of Myc repression has been elucidated through the
identification of an association of Myc-Max heterodimers with the BTB-POZ
domain protein Miz-1 (Peukert et al. 1997). Association of Myc-Max bHLHZ
domains with Miz-1 appears to block the ability of Miz-1 to recruit the p300 co-
activator, thereby leading to repression of genes normally activated by Miz-1
(Staller et al. 2001; Fig. 1). There is also some evidence that Myc repression
can occur through binding of Myc-Max to core promoter elements (Kwon et
al. 1996; Yang et al. 2001); however, the physiological significance of this effect
has not been established.

2
Topology of the Amino Terminal Domains

Myc and Mad family members have bipartite structures with separable, in-
dependently folded domains. The carboxyl terminal bHLHZ domain dictates
sequence-specific DNA recognition, while the amino terminal residues dic-
tate transactivation (Myc) or transrepression (Mad). These amino terminal
residues mediate specific biological functions via recruitment of different
multiprotein complexes.

Transcriptional repression by Mad-Max heterodimers is mediated by in-
teractions between amino terminal Mad residues and the mSin3 co-repressor
(Ayer et al. 1995; Schreiber-Agus et al. 1995), a component of the multipro-
tein histone deacetylase complex. Mad-Max heterodimers recruit the mSin3
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co-repressor to promoter DNA, leading to recruitment of histone deacety-
lases, condensation of chromatin structure, and subsequent transcriptional
repression (Hassig et al. 1997; Laherty et al. 1997). Conversely, Myc-Max
heterodimers activate gene expression by recruitment of multiprotein com-
plexes bearing histone acetyltransferase activity. Myc interacts with TRRAP,
a component of the Gen5 and Tip60 histone acetyltransferase complexes, and
this Myc-mediated recruitment of histone acetyltransferase activity results in
upregulation of gene expression (McMahon et al. 2000; Saleh et al. 1998).

While detailed structural analysis of protein recruitment by the amino
terminal co-activator domain of Myc has not yet been carried out, structures
of the interacting domains of Mad and the mSin3 co-repressor have been
determined by nuclear magnetic resonance (NMR) spectroscopy (Brubaker
et al. 2000; Spronk et al. 2000). All four Mad paralogs contain a 30-residue
amino terminal segment, the Sin3 interaction domain (SID), which is both
necessary and sufficient for Sin3 association and transrepression (Ayer et al.
1995; Schreiber-Agus et al. 1995). Deletion mapping studies identified a 13-
residue peptide within Madl that interacts with mSin3A (Eilers et al. 1999).
Sin3 contains four repeats of a 100-residue segment, the paired amphipathic
helix (PAH) domain; and the second of these repeats (PAH2) serves as the
Mad interaction domain (Ayer et al. 1995; Schreiber-Agus et al. 1995).

Heteronuclear NMR spectroscopic studies of the Sin3 PAH2-Madl SID
peptide complex demonstrate that the Sin3 PAH2 domain forms a left-handed,
four-helix bundle containing an extensive, well-defined hydrophobic core
(Brubaker et al. 2000; Spronk et al. 2000; Fig. 2a). a-Helices 1 and 2 form a hy-
drophobic pocket, defining the interaction surface for the Mad1 SID peptide.
The Mad1 SID peptide forms an amphipathic a-helix, and interactions with
the Sin3 PAH2 domain engage the nonpolar face of this peptide (Brubaker et
al. 2000; Fig. 2a). More recently, the HMG box transcriptional repressor HBP1
has also been shown to interact with the PAH2 of Sin3. The solution struc-
ture of the HBP1 SID-Sin3 PAH2 complex demonstrates that the HBP1 SID
peptide binds to the PAH2 domain with a reverse orientation relative to that
of the Mad1 SID peptide (Fig. 2b). Detailed comparisons of the PAH2-Mad1
SID and PAH2-HBP1 SID structures reveal that both peptides are engaged
by the PAH2 domain through similar interactions despite binding in opposite
relative helical orientations.

Another intriguing observation that emerges from these structural studies
is that both the Madl SID peptide and the Sin3 PAH2 domains are par-
tially unfolded in the absence of their respective interaction partners. These
mutually induced structural transitions may be representative of a general
mechanism for facilitating interactions within multiprotein transcriptional
complexes (Dyson and Wright 2002).
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j HBP1 SID
c ] /
Fig. 2a, b Ribbon diagram showing a representative conformer of the second Sin3
PAH2 domain complexed with the Sin3 interacting domain (SID) peptide. a The Sin 3
PAH2 domain is colored tan and the SID peptide from Madl is shown in green. b The
Sin3 PAH2 domain is colored tan and the SID peptide from HBP1 is colored in blue.
Interactions between the two molecules are mediated by the packing of hydrophobic
residues from the SID peptide into a hydrophobic pocket created by the «-helices of
the PAH2 domain. Note that the Sin3 PAH engages both Mad1 SID and HBP1 SID1 in

similar fashions. However, the helical orientations of the SID peptides are completely
reversed relative to each other

3
Topology of the bHLHZ Domain

The co-crystal structure of the bHLHZ domain of the Max homodimer bound
to DNA revealed the overall topology of this domain and established the
structural bases for DNA recognition by bHLHZ domain proteins (Ferre-
D’Amare et al. 1993; Fig. 3a). Co-crystal structures of the Myc-Max and
Mad-Max heterodimers recapitulate the disposition of secondary structure
elements observed within the Max homodimer structure (Nair and Burley
2003). The bHLHZ domains of Myc, Max, and Mad consist of two lengthy a-
helices separated by a random coil loop. Residues from the basic region and
helix H1 constitute the first continuous a-helical secondary structure element.
A conserved proline residue terminates the first a-helix (bH1) resulting in

>

Fig. 3a, b Equivalent views of the Max homodimer and the Myc-Max heterodimer
bound to oligonucleotides bearing the E-box (Max, red; Myc, cyan). The tighter packing
within the Myc-Max heterodimer structure is mediated by charge complementarity
at residues near the c-terminus of the leucine zipper domain
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aturn in the backbone structure at the start of the variable loop region (L) that
connects the two a-helical segments. The second a-helix is composed of the H2
and leucine zipper regions (Ferre-D’Amare et al. 1993; Nair and Burley 2003).

The Max homodimer and the Myc-Max and Mad-Max heterodimers all
consist of two bHLHZ monomers that fold into a globular, parallel, left-
handed, four-helix bundle (Fig. 3). Two pairs of a-helices project in opposite
directions from the bundle. Two basic regions project from the amino termini
of the four-helix bundle and make sequence-specific contacts with cognate
DNA. The carboxy-terminal extensions of the four-helix bundle consist of
two a-helical segments that form a parallel, left-handed, coiled coil or leucine
zipper, similar in structure to the GCN4 homodimer (O’Shea et al. 1991).

The topology of the bHLHZ domain is distinguished from that of purely
coiled-coil leucine zipper proteins, such as GCN4, by the presence of a well-
defined globular core formed by a-helices H1 and H2 of the four-helix bundle.
Hydrophobic residues conserved within the bHLHZ domain form this globu-
lar core, which stabilizes the structure of the Max homodimer. Mutagenesis of
Myc-Max heterodimers demonstrates that all of the conserved hydrophobic
amino acids within H1 and H2 are required for stable association of the dimer
(Davis and Halazonetis 1993).

4
Structural Basis for DNA Recognition

In both the Myc-Max and Mad-Max heterodimer co-crystal structures (Nair
and Burley 2003), the DNA adopts a modified B-form conformation, char-
acterized by a narrowed major groove and a widened minor groove. Each
monomeric component of the heterodimer interacts with half of the 5'-
CACGTG-3' recognition site. The co-crystal structures revealed three por-
tions of the polypeptide chain responsible for DNA contacts: residues from
the basic and loop regions, and the first residue of a-helix H2 (Ferre-D’Amare
et al. 1993; Nair and Burley 2003).

4.1
Myc—Max Interactions with DNA

Three invariant residues within the basic region make sequence-specific
contacts with selected DNA nucleotides within the 5'-Cyt(1)-Ade(2)-Cyt(3)-
Gua(4)-Thy(5)-Gua(6)-3’ recognition sequence. In each half of the homo- or
heterodimer co-crystal structures, Max residue His-28 participates in a hy-
drogen bond with the N7 of Gua(3’) (where’ denotes opposite strand), residue
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Fig. 4 Ribbon diagram summarizing the DNA contacts made by the basic region of
Max. Equivalent contacts are observed with the basic regions of both Myc and Mad.
For clarity, numbering derived from the Max bHLHZ domain has been used. The view
is perpendicular to the a-helical axis of the basic region and towards the DNA major

groove
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Glu-32 participates in hydrogen bonds with N4 of Cyt(3) and N6 of Ade(2),
and Arg-36 interacts with N7 of Gua(1’). The hydrogen bond between His-28
and N7 of Gua(3’) dictates specificity for a purine base at this position. An
additional interaction between Glu-32 and N4 of Cyt(3) further dictates that
His-28 and Glu-32 recognize a G:C base pair (Ferre-D’Amare et al. 1993). The
sidechain of Glu-32 is oriented relative to the DNA by a hydrogen bond with
Arg-35 (Fig. 4). The corresponding Arg— Lys mutation in the mouse bHLHZ
transcription factor mi results in small eyes and osteoporosis in the heterozy-
gote, thus underscoring the importance of this Arg residue in bHLHZ-DNA
interactions (Steingrimsson et al. 1994).

4.2
Class A Vs Class B bHLHZ Proteins

Proteins of the bHLH (similar in structure but lacking the leucine zipper)
or bHLHZ families have historically been divided into two classes according
to their DNA binding preferences (Blackwell et al. 1993). Class B bHLHZ
proteins recognize the central 5-CG-3' dinucleotide of the 5-CACGTG-3
hexanucleotide. The specific interaction between Arg-36 (Max numbering)
and the purine N7, as seen in the co-crystal structures of the Max homod-
imer (Ferre-D’Amare et al. 1993) and Myc-Max heterodimer (Nair and Bur-
ley 2003) structures, almost certainly dictates the sequence preference for
class B bHLHZ proteins. Class A bHLHZ proteins recognize 5-CAGCTG-3’
E-boxes. Sequence comparisons between class A and class B bHLHZ pro-
teins suggest that the preference of class A proteins is due to a hydrophobic
residue in place of the conserved arginine at position 36. For example, a sin-
gle amino acid substitution Arg36— Met suffices to convert some class B
proteins into class A (Dang et al. 1992). However, co-crystal structures of
the class A proteins E47 (Ellenberger et al. 1994) and MyoD (Ma et al. 1994)
show that the corresponding valine or leucine are far from the innermost base
pair and do not interact directly with DNA. Thus, the binding specificity of
class A proteins cannot be explained in terms of direct sidechain-base contacts
in the major groove. It is likely that sequence preference differences between
class A and class B bHLHZ proteins involve sequence-dependent DNA defor-
mations and/or solvent-mediated effects. Regrettably, the moderate resolution
limits (2.8 A-2.9 A) of both the E47 (Ellenberger et al. 1994) and MyoD (Ma
et al. 1994) co-crystal structures preclude more rigorous examination of this
phenomenon.
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43
Mad-Max Interactions with DNA

Protein-DNA contacts supported by the basic regions of Myc and Mad are
essentially identical to those observed for Max with specificity dictated by
residues His-359, Glu-363, and Arg-367 in Myc and His-61, Glu-65, and Arg-69
of Mad. In the Myc-Max heterodimer co-crystal structure, several additional
contacts are observed between residues specific to Myc and the phosphate
backbone of DNA (Nair and Burley 2003). It is possible that these Myc-specific
contacts result in differing affinities between the Myc-Max heterodimer and
the Max homodimer for the same 5'-CACGTG-3’ element, but this assertion
has not been experimentally confirmed.

4.4
The Loop Region Interacts with DNA

The loop regions connecting helices H1 and H2 vary in sequence, amino acid
composition, and length among various members of the Myc family. The loop
regions lack sequence conservation, with the notable exception of a lysine
residue at position 57 in Max (Lys-389 in Myc; Arg-91 in Mad). In the Max
homodimer co-crystal structure, Lys-57 interacts with the DNA phosphate
backbone. This interaction is conserved in the structure of the Myc-Max
heterodimer in which Lys-389 of Myc also makes similar, presumably nonspe-
cific, contacts with the DNA backbone. Loop-deletion studies of MyoD and
DNA affinity studies with synthetic bHLH peptides showed that loop residues
contribute to DNA binding. Winston and Gottesfeld estimated a roughly 1.3-
kcal/mol contribution to DNA binding by an equivalent lysine residue (Lys-80)
of the bHLH protein Deadpan (Winston and Gottesfeld 2000). Binding stud-
ies of wild-type and mutant Deadpan bHLH with the major groove binding
pyrrole-imidazole polyamides further established that Lys-80 contributes to
DNA recognition, via interactions with nucleotides outside the core binding
element. Contacts between loop residues and the DNA backbone may repre-
sent a mechanism for extending DNA binding selectivity to bases that flank
the 5'-CACGTG-3' core element (Nair and Burley 2000).

5
The Bivalent Myc—Max Heterotetramer

In the Myc-Max co-crystal structure, two Myc-Max/DNA complexes consti-
tuting the crystallographic asymmetric unit align in a head-to-tail assembly of
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Fig.5 Ribbon diagram of the bivalent Myc-Max heterotetramer observed in the Myc-
Max/DNA co-crystals (Max, red; Myc, cyan). This head-to-tail assembly of individual
leucine zippers of each heterodimer results in the formation of an anti-parallel four-
helix bundle

the leucine zippers of each heterodimer, generating an antiparallel four-helix
bundle (Nair and Burley 2003; Fig. 5). This four-helix bundle is topologically
similar to a-helical bundles observed in members of the cytokine family and
in leukemia inhibitory protein (Hill et al. 1993; Somers et al. 1997).
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Previously published in vivo and in vitro studies have shown that Myc-
Max heterodimers can form higher order oligomers. Solution studies by Dang
and co-workers demonstrated that Myc-Max is capable of forming bivalent
heterotetramers, and that tetramerization depends on Myc leucine zipper
region (Dang et al. 1989). The physiological relevance of the bivalent het-
erotetramer observed in the Myc-Max co-crystals is supported by solution
experiments that demonstrated Myc-Max tetramerization at submicromo-
lar concentrations and analytical ultracentrifugation studies which yielded
a tetramer—dimer equilibrium dissociation constant of approximately 90 nM
(Nair and Burley 2003). Given that the measured dissociation constant of the
Myc-Max tetramer is lower than estimates of physiologic c-Myc concentra-
tions (Moore et al. 1987; Rudolph et al. 1999), these findings document that
c-Myc-Max almost certainly exists as a bivalent heterotetramer in cell nuclei.

The biological relevance of the bivalent Myc-Max heterotetramer is borne
out by a wealth of genetic and biochemical data. Genetic characterization of
the promoters of putative myc-regulated genes has provided further evidence
for a physiological role for Myc-Max heterotetramerization. Oligonucleotide
microarray analysis has identified several Myc target genes that contain mul-
tiple E-boxes within promoters, typically separated by at least 100 nucleotides
(Coller et al. 20005 see also Grandori and Eisenman 1997). Given the persis-
tence length of DNA, this separation of Myc-Max binding sites is compatible
with DNA looping stabilized by bivalent Myc-Max heterotetramers simulta-
neously bound to two cognate sequences.

An extensive network of hydrogen bonds and salt bridges mediates the
protein—protein interface stabilizing the Myc-Max heterotetramer. Residues
that are part of this polar interaction network are unique to the Myc-Max
heterodimer. It is remarkable that the polarity of many of the residues that
make up the interaction network in the Myc-Max heterotetramer in Myc
is altered in Mad. This alteration in polarity of residues that stabilize the
interaction of the Myc-Max heterotetramer may explain the lack of tetramer
formation by Mad-Max heterodimers both in solution and in the co-crystal
structure (Nair and Burley 2003).

It is possible that assembly of Myc-Max into bivalent heterotetramers al-
lows for cooperative regulation at promoters and enhancers containing mul-
tiple E-boxes. In vitro site selection experiments and chromatin immuno-
precipitation studies have documented that Myc-Max heterodimers can bind
to sequences that differ from the canonical E-box (5'-CACGTG-3’) hexanu-
cleotide (Blackwell et al. 1993; Grandori et al. 1996). These sequences are
not bound with equal affinities. For example, the noncanonical sequences 5'-
CACGCG-3' and 5'-CATGCG-3' represent low-affinity Myc-Max binding sites
(nucleotides that differ from the E-box hexanucleotide are shown in bold).
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Given the conservation of amino acids within Myc family proteins, that make
direct DNA contacts, this difference in binding affinities of noncanonical se-
quences is somewhat unexpected. The bivalent heterotetramer observed in the
Myc-Max co-crystal structure suggests that cooperative binding may increase
the affinity of Myc-Max heterodimers for such noncanonical sites (Walhout
et al. 1997). However, this assertion has yet to be validated experimentally.

6
Determinants of Homodimerization Vs Heterodimerization

The bHLHZ segments of Myc, Max, and Mad contain two different dimeriza-
tion interfaces: the bHLH domain and the leucine zipper domain. Extensive
hydrophobic and polar interactions between both of these interfaces stabilize
the Max homodimer structure (Ferre-D’Amare et al. 1993) and the quasi-
symmetric Myc-Max and Mad-Max heterodimer structures (Nair and Burley
2003). Much of the left-handed coiled-coil that the leucine zipper comprises
resembles the structure of canonical leucine zippers, such as the GCN4 ho-
modimer (O’Shea et al. 1991). However, within the Max homodimer structure,
aGln-91-Asn-92-Gln-91-Asn-92 tetrad occurs at the carboxy-terminal end of
the zipper region (Ferre-D’Amare et al. 1993). This non-ideal packing scheme
results in a flaring of the leucine zipper in the vicinity of the GIn-Asn tetrad.

In contrast, the leucine zipper regions of both the Myc-Max and Mad-Max
heterodimers closely resemble the coiled coils found in GCN4 homodimers.
The co-crystal structures of both bHLHZ heterodimers demonstrate that
the packing defects introduced by the Gln-Asn pairing in Max are compen-
sated for by complementary hydrogen bond interactions with two positively
charged Arg-Arg residues located at this position in Myc. Hydrogen bonding
between the Max Gln-Asn pair and a Gln-Glu pair at the equivalent position
in Mad also results in close packing within the leucine zipper. Mutational anal-
yses documented that residues at these two positions mediate the specificity
and avidity for homo- verses heterodimerization within the Myc/Max/Mad
network of proteins (Nair and Burley 2003). The packing defects observed in
the Max homodimer have been compensated in both Myc-Max and Mad-Max
heterodimers. Hence, energetic considerations would suggest that the likely in
vivo state for Max polypeptides would be as an obligate heterodimeric species
with Myc/Mad.
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7
The bHLHZ Domain as an Architectural Scaffold

Work from a number of laboratories has shown that Myc-Max can recruit
various cellular factors, such as the zinc-finger protein Miz-1 (Peukert et al.
1997) and the F-box E3 ubiquitin ligase Skp2 (Kim et al. 2003; von der Lehr
et al. 2003). Each of these higher order complexes forms as a result of specific
interactions with the bHLHZ region of Myc. Given that these proteins are
recruited to specific regions of the promoter only in the context of Myc-Max
heterodimers, it seems reasonable to suggest that the bHLHZ regions of the
Myc-Max heterodimer play an architectural role. Formation of the bivalent
heterotetramer observed in the Myc-Max co-crystal structure would provide
a substantial platform for recruitment of additional protein factors.

Miz-1 (see chapter by D. Kleine-Kohlbrecher et. al.) encodes a protein of
803 amino acids, bearing 13 putative zinc-finger motifs, which recruits Myc
bHLHZ to the core promoter elements of the P21CIPI and PI15INK4B genes
(Seoane et al. 2002; Staller et al. 2001; Herold et al. 2002). The interaction
between Myc bHLHZ and Miz represses transactivation through competi-
tion with the histone acetyltransferase p300 for binding to Miz-1 (Staller et
al. 2001). Two-hybrid interaction studies using random mutants of the Myc
bHLHZ domain identified several point mutants that retain the ability to
heterodimerize Max but do not support interactions with Miz-1. These point
mutants of Myc do not repress transcription of P21CIPI genes in vivo, thereby
demonstrating that residues unique to the bHLHZ domain of Myc support
Miz-1-mediated transcriptional repression.

Myc is a target for ubiquitin-mediated proteolysis, and ubiquitination of
Myc results in rapid destruction within minutes of Myc synthesis (Salghetti et
al. 2001). Thus, turnover plays a fundamental role in the function of Myc and
deregulation of this event leads to the onset and development of oncogenic
transformations. Recently, two groups independently identified the ubiquitin
ligase Skp2 as both a mediator of Myc turnover and a potent stimulator
of Myc transcription (Kim et al. 2003; von der Lehr et al 2003). The Skp2
interacting regions have been delimited to two distinct sequences within the
Myc polypeptide. The first of these consists of a region within the Myc amino-
terminal transactivation domain and the second Skp2 interacting regions
consists of the Myc bHLHZ domain. These studies demonstrate that Skp2
is a co-activator of Myc function, and Myc acts to recruit this co-activator
activity to target promoters, in part through the bHLHZ domain (Kim et al.
2003; von der Lehr et al 2003).

The assertion that the Myc-Max tetramer is of biological relevance is
also borne out by experiments utilizing bHLHZ domain chimeras (Staller
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et al. 2001; O’Hagan et al. 2000; James and Eisenman 2002). Several labora-
tories have constructed such chimeric proteins in which the transactivation
domain from Myc is attached to the bHLHZ domain from Mad. Given the
conservation of protein-DNA contacts observed in the co-crystal structures
of both Myc-Max and Mad-Max heterodimers, such chimeric proteins would
be expected to have biological activities similar to those of wild-type Myc.
While these Myc/Mad-bHLHZ chimeras can activate E-box dependent tran-
scription, clear differences from the behavior of wild-type Myc are observed.
Thus, the bHLHZ domain of Myc supports unique aspects of Myc function.
It is possible that the ability of Myc-Max bHLHZ heterodimers (and only
Myc-Max heterodimers) to form higher order tetramers reflects, at least in
part, unique properties of Myc.

8
Conclusions

The structures of several Myc family multiprotein and protein-DNA com-
plexes determined over the past few years have offered a number of insights
into the biological functions of Myc/Mad/Max. The structure of the Mad
SID-Sin3 PAH complex reveals how a small four-helical domain can mediate
selective recruitment of a peptide through mutual induction of disorder-to-
order structural transitions. Given the unstructured nature of the activation
domains in general, this principle may play a role in recognition by the Myc
and Mad transactivation domains.

The co-crystal structures of the Myc-Max and Mad-Max heterodimers
recognizing their E-box targets demonstrate how bHLHZ heterodimers me-
diate specific, high-affinity DNA binding. Tetramerization of Myc and Max
is mediated by extensive protein-protein interactions between leucine zip-
per domains, and the resulting antiparallel four-helix bundle could provide
a scaffold for recruitment of additional modulators of transcription. Several
of the features observed in these structures are consistent with the biology
of Myc family proteins and thus serve as a starting point for further directed
biochemical and genetic studies to elucidate the roles played by Myc-Max and
Mad-Max in cell-fate determination.
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Abstract The c-Myc oncogenic transcription factor plays a central role in many human
cancers through the regulation of gene expression. Although the molecular mecha-
nisms by which c-Myc and its obligate partner, Max, regulate gene expression are
becoming better defined, genes or transcriptomes that c-Myc regulate are just emerg-
ing from a variety of different experimental approaches. Studies of individual c-Myc
target genes and their functional implications are now complemented by large surveys
of c-Myc target genes through the use of subtraction cloning, DNA microarray anal-
ysis, serial analysis of gene expression (SAGE), chromatin immunoprecipitation, and
genome marking methods. To fully appreciate the differences between physiological
c-Myc function in normal cells and deregulated c-Myc function in tumors, the chal-
lenge now is to determine how the authenticated transcriptomes effect the various
phenotypes induced by c-Myc and to define how c-Myc transcriptomes are altered by
the Mad family of proteins.
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1
Introduction

Despite its initial vague functional definition as an oncoprotein—involved in
DNA replication, RNA splicing, or transcription—c-Myc has emerged fore-
most as a transcription factor. c-Myc dimerizes with Max and binds DNA
through its C-terminal basic-helix-loop-helix (bHLH) leucine zipper (LZip)
domain and regulates transcription through an N-terminal transcriptional
regulatory domain. With transcriptional regulation as its acknowledged func-
tion, the search for physiological and pathological c-Myc target genes has
intensified over the past decade. Searches for target genes have involved
hypothesis-driven, low-throughput studies of candidate c-Myc target genes
as well as medium-throughput studies to define alarger repertoire of c-Myc re-
sponsive genes through subtraction cloning methods. More recently, the field
has rapidly adopted high-throughput technologies for the discovery of c-Myc
responsive transcriptomes. Despite impressive advances, major milestones
still must be met to achieve a complete understanding of c-Myc responsive
transcriptomes and the role of c-Myc in the genesis of human cancers.

2
Approaches to Identify c-Myc Target Genes

To understand fully the network of target genes regulated by c-Myc, it is
critical to determine whether c-Myc responsive genes are directly bound by
c-Myc or whether the responsive genes are secondary events that require the
activities of the direct target genes. Direct target genes are genes that are
bound by c-Myc and respond to changes in c-Myc levels or c-Myc activity.

Until factors that alter the activity of c-Myc protein are better defined, most
current models to study c-Myc target genes rely on responses to changes in
c-Myc protein levels. For example, in the serum starvation and re-stimulation
model, rapid activation of MYC as an early response gene elevates c-Myc
protein levels soon after serum induction. The elevation of c-Myc protein
levels causes c-Myc to heterodimerize with Max, which allows the heterodimer
to bind specific DNA sequences or E-boxes. Promoter-reporter assays have
been used extensively in the past as supporting evidence for direct target
genes; however, these artificial constructs are unable to reflect the chromatin
context of target genes. The same criticism applies to electromobility gel shift
assays for protein-DNA binding.

The inducible Myc estrogen receptor fusion protein (MycER) system has
proved to be yet another important model for the study of c-Myc target genes
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(Eilers et al. 1989). The expressed chimeric MycER protein is constitutively
bound to the chaperone HSP90 in the cytoplasm. Upon exposure to estrogenic
compounds, such as 4-OH-tamoxifen, the chimeric protein changes confor-
mation, disengages from the chaperone, and translocates into the nucleus.
The MycER protein recognizes c-Myc target sites and initiates transcription
of target genes without requiring newly synthesized proteins. Because a di-
rect c-Myc target is one induced by c-Myc alone in the absence of new protein
synthesis, genes responding to ligand-stimulated MycER in the presence of
cycloheximide are considered direct target genes in this system. While the
MycER system has been a powerful one for the validation of direct target
genes, the effects of the estrogenic ligands or cycloheximide alone on endoge-
nous gene expression in the absence of MycER has confounded the evaluation
of certain genes (O’Connell et al. 2003). Moreover, the MycER system is unable
to detect genes that require both Myc and another transcriptional factor that
Myc induces directly. Precedent for this type of transcriptional circuitry is
provided by the regulation of myeloperoxidase by both C/EBP-a and PU.1,
which itself is a target of C/EBP-a (Liu et al. 2003).

A third important technique is chromatin immunoprecipitation (ChIP),
which has advanced our knowledge of the association of transcription factors
with in vivo cognate genomic sites. To date, ChIP is the only method that
provides direct physical evidence of the association of a transcription factor
with a specific target gene. With ChIP, target genes in sheared chromatin are
crosslinked to specific transcription factors that are subsequently immuno-
precipitated with an antibody directed toward that transcription factor. After
reversing the chemical crosslinks, the deproteinized DNA may then be assayed
through PCR or hybridized to microarrays for specific genomic sequences that
are precipitated along with the transcription factor in question.

While immunoprecipitation provides the most direct physical evidence of
the association of a transcription factor with target genomic sites, the shear-
ing forces that are usually selected to produce DNA fragments range from
several hundred base pairs to about 1 kb, and thus limit the resolution of
this technique. More detailed localization of c-Myc binding within these DNA
fragments relies on the central hypothesis that c-Myc prefers binding to E-
boxes over other non-canonical sites (Mao et al. 2003). Moreover, potential
nonspecific binding in ChIP experiments must also be carefully considered
when evaluating potential target genes. For example, in a report on a large-
scale ChIP study to identify direct c-Myc genomic sites, Amati and co-workers
demonstrated a potential for less-specific binding of c-Myc to target genomic
sequences when c-Myc protein level is highly elevated (Fernandez et al. 2003).
In particular, they showed that nonspecific binding in this assay resulted in
ChIP signals that are 0.03% or less of total input DNA for a specific pair of PCR
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primers. When c-Myc was overexpressed in a human B cell line, they observed
that 62% of random (non-promoter) E-boxes and 88% of non-E-box promot-
ers were recovered with c-Myc immunoprecipitation. While it was interpreted
from these findings that overexpression of c-Myc leads to widespread associa-
tion with sites not found in other cells with lower c-Myc expression, it remains
unclear as to the signal-to-noise ratio in these experiments when one subjects
highly overexpressing cells to the same crosslinking procedure. There are also
no appropriate negative controls readily identified for ChIP experiments. The
chemical crosslinking by formaldehyde does not take in account the off-rate
of c-Myc from its association with chromatin; hence, nonspecific associa-
tion of c-Myc to DNA via the nonspecific DNA binding domain would not
be distinguished from specific binding via the bHLH region. In these same
cells, it would be instructive to determine whether the association of another
transcription factor to its target site is altered by the overabundance of c-Myc
protein. In this system, transcriptional regulation is further complicated by
the observation that the binding of E-boxes by c-Myc is not always associated
with changes in histone acetylation.

A recent application of ChIP to pinpoint the sites of association of c-Myc
among multiple potential genomic sites exploits the ability to scan the specific
genes by PCR using the immunoprecipitated DNA product. This approach,
termed scanning ChIP (SChIP), demonstrates the resolution of ChIP to be
in the neighborhood of about 1 kb due to the distribution of sheared DNA
lengths around a specific binding region or site (Zeller et al. 2001). Despite
the limited resolution of this method, with SChIP each gene serves as its
own control through the use of PCR primer pairs throughout the gene. An
instructive observation came from the study of two canonical c-Myc E-boxes
in the NPM1 (B23, nucleophosmin) intron 1 in comparison to a canonical
E-box in intron 4. While E-boxes in both intron 1 and intron 4 bound c-
Myc-Max equally in gel shift assays, SChIP only detected the tandem intron 1
E-box region as being bound by c-Myc. This emphatically indicates that gel
shift assays do not reflect accessibility of chromatin in situ. Furthermore,
the tandem intron 1 E-box is phylogenetically highly conserved as compared
with the intron 4 E-box that is not conserved. An application of phylogenetic
footprinting together with ChIP results suggest that there at least two types
of c-Myc genomic E-boxes, those that are highly conserved versus those, such
as in cyclin B1, that are not evolutionarily conserved (Haggerty et al. 2003). It
is likely that non-canonical c-Myc E-boxes that are evolutionarily conserved
will prove to be another category of c-Myc genomic sites that would be missed
via searches for the canonical 5'-CACGTG-3’ sequence.

Finally, another approach to identify c-Myc binding sites used Dam-
methylase fused to dMyc in Drosophila. This study of genomic DNA has
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provided the much-needed evidence for the direct association of dMyc with
its target genes (Orian et al. 2003). This method tethers the transcription
factor with a bacterial DNA methylase, leading to DNA methylation within
1.5 to 2.0 kb of binding and subsequent mapping of DNA binding sites. Full-
length dMyc, dMax, and dMnt proteins were fused to the bacterial methylase,
and each fusion was expressed separately in Drosophila Kc cells. Genomic
DNA was then digested at newly methylated sites, labeled, and hybridized
to Drosophila complementary (c)DNA arrays containing 6,255 cDNA and ex-
pressed sequence tags (ESTs). The three proteins bound a total of 968 unique
binding sites representing genes of diverse biological function and allowed
an assessment of preferential binding sites of each transcription factor, which
will be discussed in the following section.

3
Myc Target Transcriptomes

How can we evaluate the functional significance of specific c-Myc target
genes or target transcriptomes? The emergence of c-Myc responsive genes
from a variety of studies allows for the identification of c-Myc responsive
genes that appear recurrently in different cell types, systems, and species
(www.myccancergene.org). In addition, the use of ChIP has further identi-
fied direct c-Myc targets among the genes that appear to respond to c-Myc
regardless of the cell type or species of origin.

Yet there are intriguing differences between the repertoires of c-Myc re-
sponsive genes identified from different studies. Some of the variation may be
attributed to cell type-specific activation of specific sets of genes in response
to c-Myc. For example, while c-Myc represses genes involved in cell-cell inter-
action or extracellular matrix, the specific type of collagen or integrin affected
by c-Myc is dependent on the specific cell type. Despite microarrays featuring
oligonucleotides or cDNAs representing thousands of different genes, only
a small fraction of genes appear to be regulated by c-Myc independent of
cell type or species (Table 1). It stands to reason that the differences among
studies may result from differences in the experimental systems as well as the
noise inherent in these approaches. Examination of three different studies
using the wildtype and myc-null rat fibroblasts reveals that only a few of the
targets are common to all three studies (Guo et al. 2000; O’Connell et al. 2003;
Watson et al. 2002). Some of these differences may be due to variation in the
genes represented on the microarrays that were used by each group. However,
some of these differences might also be due to the effects of cell density or the
number of culture passages, which are likely to vary among studies. This cur-
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sory inspection illustrates that use of an identical cell line does not guarantee
complete reproducibility in identifying target genes. Another difference that
may be particularly important when comparing studies are the responses to
c-Myc that may be specific to primary cells, as opposed to immortalized cell
lines which may have significantly altered cell cycle checkpoints.

With the emergence of many studies using microarray technologies (Ta-
ble 1), it is necessary to examine the c-Myc responsive genes collectively to
appreciate patterns such as cell type-specific c-Myc target genes. Among the
42 genes (Table 2) that appear in three or more studies in the c-Myc target
gene database (www.myc-cancer-gene.org), 19 were confirmed in a recent
ChIP study (Fernandez et al. 2003) and only two orthologs were found as
dMyc targets in Drosophila (Orian et al. 2003). These genes are likely to be
the core Myc target genes that are independent of cell type, yet they represent
only a small fraction of the genes that are predicted to be regulated by c-Myc
on the basis of estimates made by several investigators. One group estimates
that perhaps 11% of all cellular promoters in the human genome are respon-
sive to c-Myc (Fernandez et al. 2003). A recent ChIP study suggests that Myc
globally affects transcription, with only about one quarter of the genes bound
to Myc having canonical Myc binding sites within several kilobases of the
transcriptional start sites. This study estimates that more than 15% of pro-
moters are affected by Myc (Li et al. 2003). Similar estimates have been made
about the rat genome (14%; O’Connell et al. 2003) and Drosophila genome
(8%-10%; Orian et al. 2003). In addition, a recent study using ChIP analysis
of human chromosomes 21 and 22 has led to an prediction of 24,000 genomic
binding sites for Myc (Cawley et al. 2004), highly consistent with the earlier
work showing that Myc binding is widespread. Interestingly, many of the Myc
binding sites correspond to small non-coding RNAs (see the next section).

3.1
Cell Cycle

The earliest observation about c-Myc function was its ability to promote
cell proliferation and inhibit cell differentiation. Thus, it is hardly surprising
that many investigators have uncovered target genes that encode molecules
that regulate the cell cycle. The genes that consistently emerge and contain
E-boxes bound by c-Myc in ChIP assays are cyclins D1 and D2, CDK4, and
cyclin Bl. Cyclin A, cyclin B, and cdk4 were identified as Myc targets in
Drosophila as well. c-Myc upregulates the expression of genes that accelerate
entry into the cell cycle, as well as downregulates those genes inhibiting
cell-cycle progression. c-Myc repression of the CDK inhibitor, p21, appeared
on at least one array screen (Coller et al. 2000), consistent with the prior
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Table 2 c-Myc target genes commonly identified in at least three separate studies as
reported in the c-Myc Target Gene Database*

Gene
target

APEX
CAD

CCNA2
CCND2
CCNE1
CDK4
CDKNI1A

CDKN2B

CHC1
DDX18

DUSP1
EIF4E

ENO1
FASN
FKBP4
FN1
GADD45A

HSPA4
HSPCAL3
HSPD1

HSPE1

LDHA
MGST1
MYC

NCL

LocusLink
ID Number

328
790

890
894
898
1019
1026

1030

1104
8886

1843
1977

2023
2194
2288
2335
1647

3308
3324
3329

3336

3939
4257
4609

4691

Description

Endonuclease

Carbamoyl-phosphate synthetase 2,
aspartate transcarbamylase,
and dihydroorotase

Cyclin A2

CYCLIN D2

CYCLIN E1

CDK4 cyclin-dependent kinase 4
Cyclin-dependent kinase

inhibitor 1A (p21, Cipl)
Cyclin-dependent kinase inhibitor 2B
(p15, inhibits CDK4)

RCC1; chromosome condensation 1
DEAD/H (Asp-Glu-Ala-Asp/His) box
polypeptide 18 (Myc-regulated), MrDb
Dual specificity phosphatase 1

Eukaryotic translation
initiation factor 4E

Enolase 1 ()

Fatty acid synthase

FK506 binding protein 4, 59 kDa
Fibronectin 1

Growth arrest and
DNA-damage-inducible,

Heat shock 70-kDa protein 4

Heat shock 90-kDa protein 1, a-like 3

Heat shock 60-kDa protein 1
(chaperonin)

Heat shock 10-kDa protein 1
(chaperonin 10)

Lactate dehydrogenase A
Glutathione transferase. GST-1

v-myc myelocytomatosis viral
oncogene homolog (avian)

Nucleolin

Regu- Myc DNA
lation binding

c O

g gccc

c c

C*
C*

C*

G, C*

G,C

G, C*

CX'
C>(-

C>(-
C*

C*
G,C

C*

CX'
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Table2 (continued)

Gene LocusLink Description Regu- Myc DNA

target ID Number lation binding

NMEL1 4830 Non-metastatic cells 1, protein NM23A U cx*

NME2 4831 NM23-H2, non-metastatic cells 2, U C
expressed in protein NM23B

NPM1 4869 Nucleophosmin, B23 U C

ODC1 4953 Ornithine decarboxylase 1 U G,C

PPAT 5471 Phosphoribosyl pyrophosphate U c*
amidotransferase

PTMA 5757 Prothymosin, a (gene sequence 28) U Cc%, D, G

RPL23 9349 Ribosomal protein 123 U c*

RPL3 6122 Ribosomal protein L3 U

RPL6 6128 Ribosomal protein L6 U

RPSI5A 6210 Ribosomal Protein S15A U

SRM 6723 Spermidine synthase U C*

TERT 7015 Telomerase reverse transcriptase U G, C*

TFRC 7037 Transferrin receptor (p90, CD71) U c*

THBS1 7057 Thrombospondin 1 D

TNESF6 356 Tumor necrosis factor (ligand) U G
superfamily, member 6

TP53 7157 Tumor protein p53 U G
(Li-Fraumeni syndrome)

TPM1 7168 Tropomyosin 1 (o) D

“Regulation” U, up; D, Down; “Myc DNA Binding”: C, ChIP analysis. C*, ChIP
(Fernandez et al. 2003); D, DNA footprint analysis; G, gel shift; #, Drosophila (Orian
et al. 2003). Adapted from http://www.myccancergene.org/site/mycTargetDB.asp

observation that c-Myc represses p21 through an interaction with the Miz-1
protein at its core promoter (Claassen and Hann 2000; Seoane et al. 2002;
Wu et al. 2003). c-Myc also represses those genes involved in growth arrest
such as Gadd45 (Marhin et al. 1997) and gasl1 (Lee et al. 1997). The repression
of Gadd45 appears to be universal among studies that have included it on
their arrays. Remarkably, Gadd45 was one of only two known target genes
whose expression is dysregulated in the serum stimulation model using c-
Myc-null fibroblasts (Bush et al. 1998). Finally, very recent experiments have
demonstrated that Myc induces microRNAs which inhibit E2F expression,
perhaps limiting E2F’s cell-cycle and apoptotic effects (O’Donnell et al. 2005).
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3.2
Protein Synthesis

The protein synthetic machinery consistently appears to be affected at multi-
ple levels by c-Myc. Given that c-Myc accelerates entry into S-phase of the cell
cycle, increased cell proliferation would demand a commensurate increase in
protein synthesis. The rate of protein synthesis is increased nearly threefold in
c-Myc-overexpressing fibroblasts when compared to knockout cells (Mateyak
et al. 1997). Target genes repeatedly identified from global screening ap-
proaches include those that encode ribosomal (r)RNAs, ribosome biogenesis
proteins (e.g., BN51, nucleophosmin, nucleolin), transfer (t)RNAs, RNA he-
licases, and translation elongation factors (e.g., eIF4E). About 20% of genes
upregulated by c-Myc in the Myc-null fibroblast system involve ribosomal
biogenesis and protein synthesis (Guo et al. 2000; O’Connell et al. 2003). Sim-
ilarly, of the 114 genes N-myc was found to upregulate in an array study, over
50% represented ribosomal and protein synthesis genes (Boon et al. 2001).
Anti-c-Myc ChIP experiments performed in several labs have demonstrated
that the promoters of some of these genes are directly bound by c-Myc (Fer-
nandez et al. 2003; Zeller et al. 2001). These include nucleophosmin, nucleolin,
BN51, and several ribosomal protein gene promoters. c-Myc regulation of pro-
tein synthesis genes is integral to its control of cell growth and proliferation,
and is further bolstered by functional assays in which c-Myc has been either
deleted or overexpressed. In particular, several ribosomal protein genes have
been identified as direct Myc targets (Fernandez et al. 2003; Mao et al. 2003;
Orian et al. 2003), and their importance to the c-Myc-induced phenotypes
are underscored by recently identified Drosophila mutants. The existence of
both the Drosophila Minute, whose small body size results from smaller cells
as a result of a ribosomal protein gene mutation, and the small-sized dMyc
hypomorphs (Johnston et al. 1999) links Myc and ribosomal proteins in the
control of cell and organismal size. The observation extends to vertebrates
as well. An increase in expression of ribosomal protein genes accompanied
the increase in cell size when c-Myc was overexpressed in the liver in vivo
(Kim et al. 2000) and in B lymphocytes (Iritani and Eisenman 1999). Whether
an increase in protein synthesis is necessary for c-Myc-mediated cell trans-
formation remains uncertain, but the recognition that a defect in ribosome
biogenesis predisposes to hematopoietic malignancies, such as in Diamond-
Blackfan anemia, suggest that regulation of genes involved in some aspects of
protein synthesis could be essential to the function of c-Myc in neoplasia. In
this respect it is of interest that very recent experiments have demonstrated
that c-Myc directly binds to the rDNA promoter and termination regions and
stimulates rRNA transcription in human cells (Arabi et al. 2005; Grandori
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et al. 2005). Myc also stimulates rRNA transcription in Drosophila but, in
contrast to the case in human cells, this occurs indirectly, through activation
of components of the RNA polymerase I transcription complex (Grewal et
al. 2005). Thus, Myc appears to activate several components of the protein
synthesis machinery.

33
Cell Adhesion

Genes that encode cytoskeletal and cell adhesion proteins appear to be co-
ordinately downregulated by c-Myc. A hallmark of c-Myc overexpression in
susceptible cell lines is neoplastic transformation, which allows cells to grow in
an anchorage-independent manner. First recognized via subtraction cloning
approaches and present on global screening arrays, the collagen genes tend to
be reproducibly repressed by c-Myc overexpression (Yang et al. 1991). Down-
regulation of cell adhesion proteins may explain the morphological changes
induced by myc overexpression. myc-null fibroblasts have a characteristic flat-
tened appearance but become more spindle-shaped with myc reconstitution.
Activation of Myc in the keratinocytes of a transgenic mouse led to the iden-
tification of 137 upregulated and 81 downregulated genes (Frye et al. 2003);
30% of those downregulated were genes involved in cellular adhesion and 11%
encoded cytoskeletal related proteins. Cell surface proteins that mediate ad-
hesion to the extracellular matrix, including N- and R-cadherins, integrin f3;,
fibronectin, and fibrillin 1 and 2, are repressed. Intriguingly, studies in differ-
ent cell lines suggest an interplay between Myc and integrin expression. Cell
adhesion activates the (3;-integrin signaling pathway, which in turn induces
c-Myc expression (Benaud and Dickson 2001). Anchorage-dependent growth
of normal cells is regulated through adhesion molecules, whose expression is
likely suppressed during the normal lifecycle of a cell to allow for mitosis and
cytokinesis. Exaggerated responses in this regulatory loop may be induced
by constitutive c-Myc expression, which represses p;-integrin expression and
bypasses the need for cell adhesion. For example, c-Myc transforms and en-
hances the anchorage-independent growth of a human small-cell lung cancer
cell line and represses the expression of o331 (Barr et al. 1998). Reconstitution
of a3B; expression through ectopic expression of a3 was shown to suppress
Myc-mediated anchorage-independent growth.

The decreased expression of cytoskeletal genes may also relate to functional
alterations in cell phenotype that results from c-Myc overexpression. Human
keratinocytes with activated c-Myc expression display impaired motility and
spread to a lesser extent than control cells (Frye et al. 2003). These changes
may explain impaired wound healing in the c-Myc transgenic mice. In con-
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trast, Myc-null fibroblasts possess many actin stress fibers and focal adhesions
as compared to null fibroblasts reconstituted with c-Myc (Shiio et al. 2002).
A proteomics approach identified the cytoskeletal proteins actin and cdc42
as downregulated in c-Myc-reconstituted fibroblasts. These changes suggest
that Myc plays a role in enhancing fibroblast motility, which contrasts with its
inhibitory effect in keratinocytes. The potential relationship of these morpho-
logical changes to the invasive potential of human tumors that overexpress
c-Myc remains elusive.

3.4
Metabolism

Many pathways of cell metabolism are also regulated by c-Myc in vertebrates
and Drosophila. Several key enzymes of glucose metabolism are found in
multiple c-Myc target studies, such as enolase A, hexokinase II, lactate dehy-
drogenase A, phosphofructokinase, and glucose transporter I (Menssen and
Hermeking 2002; O’Connell et al. 2003; Osthus et al. 2000), consistent with the
putative role of c-Myc in enhancing glucose uptake and glycolysis. Genes of mi-
tochondrial biogenesis and function constitute another group upregulated in
response to c-Myc overexpression in mammalian systems and in Drosophila,
but how most of these genes facilitate the c-Myc-associated growth pheno-
types requires further investigation (Morrish et al. 2003; O’Connell et al. 2003;
Orian et al. 2003; Wonsey et al. 2002). Iron metabolism may be affected by
c-Myc with ferritin, IRP1, IRP2, and the transferrin receptor gene as potential
targets (Bowen et al. 2002; O’Connell et al. 2003; Wu et al. 1999). The transfer-
rin receptor, which is upregulated by c-Myrc, is a cell surface glycoprotein that
transports iron bound to transferrin into the cell, where iron is then incorpo-
rated into enzymes that catalyze energy metabolism and DNA synthesis. For
example, ribonucleotide reductase, which is required for the synthesis of de-
oxyribonucleotide triphosphates (ANTPs) and DNA synthesis, needs iron for
its catalytic function. CAD and ODC, which are repeatedly confirmed as c-Myc
targets, are essential for nucleotide synthesis (Bello-Fernandez et al. 1993; Mil-
tenberger et al. 1995). The mitochondrial serine hydroxymethyltransferase,
important for folate metabolism and involved in nucleotide metabolism, is
a c-Myc target that partially complements the growth defects exhibited by
c-Myc-null fibroblasts; its promoter is bound by c-Myc in ChIP assays (Niki-
forov et al. 2002). It is intriguing to note that APEX1, an endonuclease involved
in DNA repair, is repeatedly identified as a c-Myc target that has also been
validated by proteomics analysis of wildtype and Myc-null cells (Shiio et al.
2002). Among its many diverse influences, c-Myc also globally regulates genes
involve in DNA synthesis and repair.
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4
The Search for Myc Transcriptomes in the Max Network

The emerging protein network to which the c-Myc/Max heterodimer belongs
has complicated the search for c-Myc responsive transcriptomes. What is
known about c-Myc transcriptional activity relies on the premise that c-Myc
heterodimerizes exclusively with Max, but Max is capable of forming dimers
with members of the Mad family of proteins (Mad1l, Mxil, Mad3, and Mad4),
and Mnt and Mga (see S. Rottmann and B. Liischer, this volume). Except for
Mad3 (Fox and Wright 2001; Quéva et al. 2001), all Mad proteins appear to be
most highly expressed in differentiating cells (Ayer and Eisenman 1993; Hurlin
et al. 1995b; Larsson et al. 1994; Wechsler et al. 1997; Zervos et al. 1993) in
contrast to c-Myc, whose expression is induced in actively proliferating cells.
Early studies showed that Madl protein accumulates and forms dimers with
Max upon induction of differentiation of hematopoietic cell lines (Ayer and
Eisenman 1993). This observation has been upheld in other cell lines (Hurlin et
al. 1995a; Roussel et al. 1996). Overexpression of the Mad proteins antagonizes
c-Myc-mediated transformation and negatively regulates cell growth in part
by competitively binding the same canonical E-box. In addition, Max/Mad
dimers repress transcription by recruiting mSin3 repressor molecules and
histone deacetylase via the N-terminal domains of Mad proteins (Ayer et al.
1995; Schreiber-Agus et al. 1995).

A long-held assumption has been that Mad and c-Myc interchangeably
bind the same set of genes to achieve their associated biological phenotypes,
depending on their intracellular levels. This paradigm had relied on obser-
vations that c-Myc and Mad-like protein levels are inversely proportional in
proliferating and differentiating cells. Moreover, both c-Myc and Mad-like
proteins heterodimerize with Max and recognize the same canonical E-box.
In support of this view is the observation from a microarray experiment
involving murine thymocytes expressing Mad1l that 77% of genes repressed
by Madl are involved in cell growth (Iritani et al. 2002); 80% of the Madl
repressed genes have been previously shown to be induced by c-Myc. These
findings, however, do not exclude the possibility raised by other microarray
studies that the cell phenotypes associated with c-Myc and Mad may involve
the regulation of unique sets of genes.

Chimeric proteins in which the basic domains responsible for DNA bind-
ing were interchanged to determine whether c-Myc and Mxil (Mad2) bind the
same DNA sites to achieve their biological functions. The chimera, Myc(Mxi-
1BR), was not functionally equivalent to wildtype c-Myc in its ability to form
foci in transformation assays. Furthermore, a custom cDNA array of 5,272
human genes was hybridized with total RNA derived from IMR90 cells in
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which the expression of chimeric protein Myc(Mxi-1BR) or wildtype c-Myc
was induced (O’Hagan et al. 2000). Only 8 genes changed expression to either
c-Myc or Myc(Mxi-1BR) induction. Myc(Mxi-1BR), but not c-Myc, altered
the expression of another 8 genes encoding proteins of diverse functions.
Conversely, c-Myc altered the expression of 11 additional genes whose ex-
pression did not change with Myc(Mxi-1BR). Thus, it appears that the basic
regions of c-Myc and Mxi-1, though capable of recognizing the same E-box,
are functionally distinct and that some of the c-Myc-associated phenotypes
may result from the regulation of specific subsets of genes. Gene specificity
may in part be determined by nucleotides that flank the E-box, but the crystal
structures of these proteins are unable to resolve these interactions (Nair and
Burley 2003). For example, some of the c-Myc-specific targets have E-boxes
flanked by 5'C and 3'G nucleotides in contrast to the Myc(Mxi-BR)-specific
targets which contain an E-box flanked by a 5'T.

The DNA binding preferences of Madl, which suppresses proliferation,
was determined by using selection and amplification of randomized oligonu-
cleotides and found to be identical with that of c-Myc, which induces growth
and apoptosis (James and Eisenman 2002). Interestingly, however, a chimeric
c-Myc containing both the Mad basic and HLHLZip dimerization domain
could only promote proliferation and not apoptosis. In another study limited
only to exchange of the basic region, a chimeric Myc(Mad-BR) rescued the
growth phenotype of c-Myc-null cells and restored transformation and apop-
tosis to the same extent as wildtype Myc. Chromatin immunoprecipitation
to detect c-Myc and Madl binding at a select group of target genes demon-
strated that c-Myc and Mad1 occupy identical E-boxes (Nikiforov et al. 2003).
In aggregate, these studies suggest a more complex role for the bHLHLZip
domain than previously suspected.

Several important findings about Myc and Mad-like protein binding were
made in the Dam-methylase study of Drosophila chromatin described above
(Orian et al. 2003). By comparing Drosophila chromatin expression profiles
generated by dMyc, dMax, and dMnt, the authors showed that the number
of dMyc targets increased substantially in the presence of high dMax com-
pared to low dMax, implying that for many Myc target genes the amount
of endogenous dMax is limiting. Target genes shared by all three proteins
were surprisingly few, and consisted of 73 genes from biological pathways af-
fecting cell migration, protein synthesis, mitochondria biogenesis, and tran-
scription factors. Targets recognized by only one or two proteins were also
identified. In the case of the transcription factor bic, which appears to be
a target of dMyc, dMnt, and dMax, the authors showed by chromatin im-
munoprecipitation that dMyc and dMnt binding is interchangeable at the
same chromatin containing an E-box, and that binding correlated with his-
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tone acetylation in the case of dMyc and histone deacetylation in the case of
dMnt.

The existence of targets recognized exclusively by specific heterodimers
containing Max suggests that transcriptional regulation is more intricate than
we currently understand. The existence of additional interacting proteins for
each of these molecules could explain the unique target genes identified.
For example, Mad proteins interact with a RING-finger protein, Mmip2, that
causes their translocation to the cytoplasm, thus enhancing c-Myc activity
(Yin et al. 2001). Roles for the Myc bHLHLZip, such as the potential for
tetramerization (Nair and Burley 2003; see S.K. Nair and S.K. Burley, this vol-
ume) or interaction with Miz-1 (Staller et al. 2001; see D. Kleine-Kohlbrecher
et al., this volume) and Skp2 (Kim et al. 2003; von der Lehr et al. 2003),
may all contribute to the additional specificity of c-Myc in regulating its
target genes. It is also possible that the binding specificities of these pro-
teins are further defined by nucleotides that flank the E-box, as indicated by
the c-Myc and Mxi-1 chimera studies (O’Hagan et al. 2000), although such
extended binding site specificity was not apparent in other studies (James
and Eisenman 2002). The other possibility is that the E-box is not the sole
DNA binding site through which these proteins operate. The study using
Dam-methylase chimeras to identify dMyc, dMax, and dMnt transcriptional
targets in Drosophila further illustrates the power of the global screening ap-
proach by using a bioinformatics algorithm called REDUCE to analyze the
binding sites within target genes identified by all three proteins (Orian et al.
2003). When dMax levels were limiting, dMyc tended to associate with AT-rich
sites as determined by REDUCE. When dMax was not limiting, association
with the E-box was much more prevalent. Moreover, REDUCE demonstrated
an additional site, a palindromic DNA region, TATCGATA, that is frequently
found in fragments generated by all three proteins. Despite the strength of
this statistical method, chromatin immunoprecipitation or electromobility
shift assays have not yet been performed to confirm the authenticity of these
sites.

5
An Integrated Database of Myc Responsive Genes for the Future

Given the diverse cell types and experimental systems used to study c-Myc
target genes, how does the field begin to achieve a comprehensive accounting
of c-Myc responsive transcriptomes? To begin to glean a collective view of
c-Myc responsive transcriptomes, a publicly accessible c-Myc target gene
database has been launched as mentioned above. The Myc Target Gene
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database (www.myccancergene.org) is designed so that it is searchable and
provides the ability to prioritize the putative target genes according to the
level of experimental evidence supporting the validity of the gene in ques-
tion as an authentic target gene. The genes are listed according to official
names in the LocusLink database (http://www.ncbi.nlm.nih.gov/), to which
each entry is linked, or to the best available name. Each gene is defined, when
possible, by the function of its product. Each gene is annotated as to whether
it is upregulated (U) or downregulated (D) in response to Myc induction or
overexpression. References for the target genes are provided as direct links to
PubMed.

The level of experimental evidence for each gene is tabulated according to
the technique used [M, microarray; D, differential cloning; S, serial analysis
of gene expression (SAGE); and G, guess]. Whether the genes were studied by
ChIP, promoter-reporter assays or footprinting is highlighted as evidence for
direct regulation by c-Myc. The inducible Myc-estrogen receptor hormone-
binding assay is also specifically highlighted in the database.

As more studies are reported, this database will continue to provide a cen-
tral clearing house for MYC responsive genes. Through this collective ex-
amination of c-Myc target genes, it is envisioned that a defined core set of
c-Myc target genes will become apparent independent of cell types, although
there may be species-specific differences (Table 2). As the database is further
enriched, patterns will emerge that define the tissue-specific regulation of
gene expression by c-Myc. Not only will this database yield insights into the
tumorigenic effects of c-Myc, but it also serves as a prototype for other central
regulators of transcription such as p53 or the E2F family of proteins.

An anticipated use of the Myc target gene database is in the analysis
of gene expression profiles of human cancers. For example, it is noted in
astudy on altered gene expression associated with the progression of follicular
lymphomas that about half of the transformed follicular lymphomas have
increased Myc target gene expression (Lossos et al. 2002). In particular, it is
important to note that while Myc may initiate tumorigenesis, it is not always
required for the progression of the tumor (D’Cruz et al. 2001; Felsher and
Bishop 1999). As such, the “hit-and-run” effect of Myc may only be evident
through the examination of its target genes that may continue to be expressed
through other genetic or epigenetic means. More recently, the patterns of gene
expression induced by initiating oncogenic events such as Myc or Ras provide
gene expression fingerprints of the oncogenic suspects involved in initiating
the tumor (Huang et al. 2003). The use of an integrated Myc responsive/target
gene database will facilitate the analysis of altered gene expression profiles
in cancers and will lead to the identification of likely suspects that may be
targeted for therapy.



Myc Target Transcriptomes 163

Acknowledgements Our work is supported by NIH grants CA51497, CA57341,
CA091596, and LM07515. We are grateful for the critical reviews of L. Gardner and C.
Eberhart.

References

Arabi A, Wu S, Shiue C, Ridderstrale K, Larsson L-G, Wright APH (2005) c-Myc
associates with ribosomal DNA in the nucleolus and activates RNA polymerase I
transcription. Nat Cell Biol 7:303-310

Ayer DE, Eisenman RN (1993) A switch from Myc:Max to Mad:Max heterocomplexes
accompanies monocyte/macrophage differentiation. Genes Dev 7:2110-2119

Ayer DE, Lawrence QA, Eisenman RN (1995) Mad-Max transcriptional repression
is mediated by ternary complex formation with mammalian homologs of yeast
repressor Sin3. Cell 80:767-776

Barr LE, Campbell SE, Bochner BS, Dang CV (1998) Association of the decreased ex-
pression of alpha3betal integrin with the altered cell: environmental interactions
and enhanced soft agar cloning ability of c-myc-overexpressing small cell lung
cancer cells. Cancer Res 58:5537-5545

Bello-Fernandez C, Packham G, Cleveland JL (1993) The ornithine decarboxylase gene
is a transcriptional target of c-Myc. Proc Natl Acad Sci U S A 90:7804-7808

Benaud CM, Dickson RB (2001) Regulation of the expression of c-Myc by betal inte-
grins in epithelial cells. Oncogene 20:759-768

Boon K, Caron HN, van Asperen R, Valentijn L, Hermus MC, van Sluis P, Roobeek I,
Weis I, Voute PA, Schwab M, Versteeg R (2001) N-myc enhances the expression
of a large set of genes functioning in ribosome biogenesis and protein synthesis.
EMBO ] 20:1383-1393

Bowen H, Biggs TE, Baker ST, Phillips E, Perry VH, Mann DA, Barton CH (2002) c-Myc
represses the murine Nramp1 promoter. Biochem Soc Trans 30:774-777

Bush A, Mateyak M, Dugan K, Obaya A, Adachi S, Sedivy J, Cole M (1998) c-myc null
cells misregulate cad and gadd45 but not other proposed c-Myc targets. Genes
Dev 12:3797-3802

Cawley S, Bekiranov S, Ng HH, Kapranov P, Sekinger EA, Kampa D, Piccolboni A, Se-
mentchenko V ChengJ, Williams AJ, Wheeler R, Wong B, Drenkow J, Yamanaka M,
Patel S, Brubaker S, Tammana H, Helt G, Struhl K, Gingeras TR (2004) Unbiased
mapping of transcription factor binding sites along human chromosomes 21 and
22 points to widespread regulation of noncoding RNAs. Cell 116:499-509

Claassen GF, Hann SR (2000) A role for transcriptional repression of p21CIP1 by c-Myc
in overcoming transforming growth factor beta -induced cell-cycle arrest. Proc
Natl Acad Sci U S A 97:9498-9503

Coller HA, Grandori C, Tamayo P, Colbert T, Lander ES, Eisenman RN, Golub TR
(2000) Expression analysis with oligonucleotide microarrays reveals that MYC
regulates genes involved in growth, cell cycle, signaling, and adhesion. Proc Natl
Acad Sci U S A 97:3260-3265

D’Cruz CM, Gunther EJ, Boxer RB, Hartman JL, Sintasath L, Moody SE, Cox JD, Ha SI,
Belka GK, Golant A, et al (2001) c-MYC induces mammary tumorigenesis by
means of a preferred pathway involving spontaneous Kras2 mutations. Nat Med
7:235-239



164 L. A.Lee-C. V. Dang

Eilers M, Picard D, Yamamoto KR, Bishop JM (1989) Chimaeras of myc oncoprotein
and steroid receptors cause hormone-dependent transformation of cells. Nature
340:66-68

Felsher DW, Bishop JM (1999) Transient excess of MYC activity can elicit genomic
instability and tumorigenesis. Proc Natl Acad Sci U S A 96:3940-3944

Fernandez PC, Frank SR, Wang L, Schroeder M, Liu S, Greene J, Cocito A, Amati B
(2003) Genomic targets of the human c-Myc protein. Genes Dev 17:1115-1129

Fox EJ, Wright SC (2001) S-phase-specific expression of the Mad3 gene in proliferating
and differentiating cells. Biochem ] 359:361-367

Frye M, Gardner C, Li ER, Arnold I, Watt FM (2003) Evidence that Myc activation de-
pletes the epidermal stem cell compartment by modulating adhesive interactions
with the local microenvironment. Development 130:2793-2808

Grandori C, Gomez-Roman N, Felton-Edkins ZANgouenet C, Galloway DA, Eisenman
RNand White RJ (2005) c-Myc binds to human ribosomal DNA and stimulates
transcription of rRNA genes by RNA polymerase I. Nat Cell Biol 7:311-318

Grewal SS, Li L, Orian A, Eisenman RN, Edgar BA (2005) Myc-dependent regulation of
ribosomal RNA synthesis during Drosophila development. Nat Cell Biol 7:295-302

Guo QM, Malek RL, Kim S, Chiao C, He M, Ruffy M, Sanka K, Lee NH, Dang CV,
Liu ET (2000) Identification of c-myc responsive genes using rat cONA microarray.
Cancer Res 60:5922-5928

Haggerty TJ, Zeller KI, Osthus RC, Wonsey DR, Dang CV (2003) A strategy for iden-
tifying transcription factor binding sites reveals two classes of genomic c-Myc
target sites. Proc Natl Acad Sci U S A 100:5313-5318

Huang E, Ishida S, Pittman ], Dressman H, Bild A, Kloos M, D’Amico M, Pestell RG,
West M, Nevins JR (2003) Gene expression phenotypic models that predict the
activity of oncogenic pathways. Nat Genet 18:18

Hurlin PJ, Foley KP, Ayer DE, Eisenman RN, Hanahan D, Arbeit JM (1995a) Reg-
ulation of Myc and Mad during epidermal differentiation and HPV-associated
tumorigenesis. Oncogene 11:2487-2501

Hurlin PJ, Quéva C, Koskinen PJ, Steingrimsson E, Ayer DE, Copeland NG, Jenkins NA,
Eisenman RN (1995b) Mad3 and Mad4: novel Max-interacting transcriptional re-
pressors that suppress c-myc dependent transformation and are expressed during
neural and epidermal differentiation. EMBO ] 14:5646-5659

Iritani BM, Eisenman RN (1999) c-Myc enhances protein synthesis and cell size during
B lymphocyte development. Proc Natl Acad Sci U S A 96:13180-13185

Iritani BM, Delrow J, Grandori C, Gomez I, Klacking M, Carlos LS, Eisenman RN
(2002) Modulation of T-lymphocyte development, growth and cell size by the
Myc antagonist and transcriptional repressor Mad1l. EMBO ] 21:4820-4830

James L, Eisenman RN (2002) Myc and Mad bHLHZ domains possess identical DNA-
binding specificities but only partially overlapping functions in vivo. Proc Natl
Acad Sci U S A 99:10429-10434

Johnston LA, Prober DA, Edgar BA, Eisenman RN, Gallant P (1999) Drosophila myc
regulates cellular growth during development. Cell 98:779-790

Kim S, Li Q, Dang CV, Lee LA (2000) Induction of ribosomal genes and hepatocyte
hypertrophy by adenovirus-mediated expression of c-Myc in vivo. Proc Natl Acad
SciUS A 97:11198-11202



Myc Target Transcriptomes 165

Kim SY, Herbst A, Tworkowski KA, Salghetti SE, Tansey WP (2003) Skp2 regulates myc
protein stability and activity. Mol Cell 11:1177-1188

Larsson LG, Pettersson M, Oberg E Nilsson K, Luscher B (1994) Expression of mad,
mxil, max and c-myc during induced differentiation of hematopoietic cells: op-
posite regulation of mad and c-myc. Oncogene 9:1247-1252

Lee TG, Li L, Philipson L, Ziff EB (1997) Myc represses transcription of the growth
arrest gene gasl. Proc Natl Acad Sci U S A 94:12886-12891

LiZ, Van Calcar S, Qu C, Cavenee WK, Zhang MQ, Ren B (2003) A global transcriptional
regulatory role for c-Myc in Burkitt’s lymphoma cells. Proc Natl Acad Sci U S A
100:8164-8169

Liu H, Keefer JR, Wang QF, Friedman AD (2003) Reciprocal effects of C/EBPalpha and
PKCdelta on JunB expression and monocytic differentiation depend upon the
C/EBPalpha basic region. Blood 101:3885-3892

Lossos IS, Alizadeh AA, Diehn M, Warnke R, Thorstenson Y, Oefner PJ, Brown PO,
Botstein D, Levy R (2002) Transformation of follicular lymphoma to diffuse large-
cell lymphoma: alternative patterns with increased or decreased expression of
c-myc and its regulated genes. Proc Natl Acad Sci U S A 99:8886-8891

Mao DY, Watson JD, Yan PS, Barsyte-Lovejoy D, Khosravi F, Wong WW, Farnham PJ,
Huang TH, Penn LZ (2003) Analysis of Myc bound loci identified by CpG island
arrays shows that Max is essential for Myc-dependent repression. Curr Biol 13:882-
886

Marhin WW, Chen S, Facchini LM, Fornace AJ Jr, Penn LZ (1997) Myc represses the
growth arrest gene gadd45. Oncogene 14:2825-2834

Mateyak MK, Obaya AJ, Adachi S, Sedivy JM (1997) Phenotypes of c-Myc-deficient rat
fibroblasts isolated by targeted homologous recombination. Cell Growth Differ
8:1039-1048

Menssen A, Hermeking H (2002) Characterization of the c-MYC-regulated transcrip-
tome by SAGE: identification and analysis of c-MYC target genes. Proc Natl Acad
SciU S A 99:6274-6279

Miltenberger R], Sukow KA, Farnham PJ (1995) An E-box-mediated increase in cad
transcription at the G1/S-phase boundary is suppressed by inhibitory c-Myc
mutants. Mol Cell Biol 15:2527-2535

Morrish F, Giedt C, Hockenbery D (2003) c-MYC apoptotic function is mediated by
NRE-1 target genes. Genes Dev 17:240-255

Nair SK, Burley SK (2003) X-ray structures of Myc-Max and Mad-Max recognizing
DNA. Molecular bases of regulation by proto-oncogenic transcription factors.
Cell 112:193-205

Nikiforov MA, Chandriani S, O’Connell B, Petrenko O, Kotenko I, Beavis A, Se-
divy JM, Cole MD (2002) A functional screen for Myc-responsive genes reveals
serine hydroxymethyltransferase, a major source of the one-carbon unit for cell
metabolism. Mol Cell Biol 22:5793-5800

Nikiforov MA, Popov N, Kotenko I, Henriksson M, Cole MD (2003) The Mad and Myc
basic domains are functionally equivalent. ] Biol Chem 278:11094-11099

O’Connell BC, Cheung AF, Simkevich CP, Tam W, Ren X, Mateyak MK, Sedivy JM
(2003) A large scale genetic analysis of c-Myc-regulated gene expression patterns.
] Biol Chem 278:12563-12573



166 L. A.Lee-C. V. Dang

O’Donnell KA, Wentzel EA, Zeller KI, Dang CV, Mendell JT (2005) c-Myc-regulated
microRNAs modulate E2F1 expression. Nature 435:839-843

O’Hagan RC, Schreiber-Agus N, Chen K, David G, Engelman JA, Schwab R, Alland L,
Thomson C, Ronning DR, Sacchettini JC, et al (2000) Gene-target recognition
among members of the myc superfamily and implications for oncogenesis. Nat
Genet 24:113-119

Orian A, Van Steensel B, Delrow J, Bussemaker HJ, Li L, Sawado T, Williams E, Loo LW,
Cowley SM, Yost C, et al (2003) Genomic binding by the Drosophila Myc, Max,
Mad/Mnt transcription factor network. Genes Dev 17:1101-1114

Osthus RC, Shim H, Kim S, Li Q, Reddy R, Mukherjee M, Xu Y, Wonsey D, Lee LA,
Dang CV (2000) Deregulation of glucose transporter 1 and glycolytic gene ex-
pression by c-Myc. ] Biol Chem 275:21797-21800

Quéva C, McArthur GA, Iritani BM, Eisenman RN (2001) Targeted deletion of the
S-phase specific Myc antagonist Mad3 sensitizes neural and lymphoid cells to
radiation-induced apoptosis. Mol Cell Biol 21:703-712

Roussel MF, Ashmun RA, Sherr CJ, Eisenman RN, Ayer DE (1996) Inhibition of cell
proliferation by the Mad1 transcriptional repressor. Mol Cell Biol 16:2796-2801

Schreiber-Agus N, Chin L, Chen K, Torres R, Rao G, Guida P, Skoultchi AI, DePinho RA
(1995) An amino-terminal domain of Mxil mediates anti-Myc oncogenic activity
and interacts with a homolog of the yeast repressor SIN3. Cell 80:777-786

Schuldiner O, Benvenisty NA (2001) DNA microarray screen for genes involved in
¢-MYC and N-MYC oncogenesis in human tumors. Oncogene 20:4984-4994

Seoane J, Le HV, Massague J (2002) Myc suppression of the p21(Cipl) Cdk inhibitor
influences the outcome of the p53 response to DNA damage. Nature 419:729-734

Shiio Y, Donohoe S, Yi EC, Goodlett DR, Aebersold R, Eisenman RN (2002) Quantitative
proteomic analysis of Myc oncoprotein function. EMBO ] 21:5088-5096

Staller P, Peukert K, Kiermaier A, Seoane J, Lukas J, Karsunky H, Moroy T, Bartek J,
Massague J, Hanel E, Eilers M (2001) Repression of p15INK4b expression by Myc
through association with Miz-1. Nat Cell Biol 3:392-399

von der Lehr N, Johansson S, Wu S, Bahram F, Castell A, Cetinkaya C, Hydbring P,
Weidung I, Nakayama K, Nakayama KI, et al (2003) The F-box protein Skp2
participates in c-Myc proteasomal degradation and acts as a cofactor for c-Myc-
regulated transcription. Mol Cell 11:1189-1200

Watson JD, Oster SK, Shago M, Khosravi F, Penn LZ (2002) Identifying genes regulated
in a Myc-dependent manner. ] Biol Chem 277:36921-36930

Wechsler DS, Shelly CA, Petroff CA, Dang CV (1997) MXI1, a putative tumor suppressor
gene, suppresses growth of human glioblastoma cells. Cancer Res 57:4905-4912

Wonsey DR, Zeller KI, Dang CV (2002) The c-Myc target gene PRDX3 is required for
mitochondrial homeostasis and neoplastic transformation. Proc Natl Acad Sci
U S A 99:6649-6654

Wu K], Polack A, Dalla-Favera R (1999) Coordinated regulation of iron-controlling
genes, H-ferritin and IRP2, by c-MYC. Science 283:676-679

Wu S, Cetinkaya C, Munoz-Alonso M], von der Lehr N, Bahram F, Beuger V, Eilers M,
Leon J, Larsson LG (2003) Myc represses differentiation-induced p21CIP1 ex-
pression via Miz-1-dependent interaction with the p21 core promoter. Oncogene
22:351-360



Myc Target Transcriptomes 167

Yang BS, Geddes TJ, Pogulis R], de Crombrugghe B, Freytag SO (1991) Transcriptional
suppression of cellular gene expression by c-Myc. Mol Cell Biol 11:2291-2295

Yin XY, Grove LE, Prochownik EV (2001) Mmip-2/Rnf-17 enhances c-Myc function and
regulates some target genes in common with glucocorticoid hormones. Oncogene
20:2908-2917

Zeller KI, Haggerty TJ, Barrett JE, Guo Q, Wonsey DR, Dang CV (2001) Characterization
of nucleophosmin (B23) as a Myc target by scanning chromatin immunoprecipi-
tation. ] Biol Chem 276:48285-48291

Zervos AS, Gyuris J, Brent R (1993) Mxil, a protein that specifically interacts with Max
to bind Myc-Max recognition sites. Cell 72:223-232



CTMI (2006) 302:169-203
(© Springer-Verlag Berlin Heidelberg 2006

c-Myc, Genome Instability, and Tumorigenesis:
The Devil Is in the Details

M. Wade - G. M. Wahl (5)
Gene Expression Lab, The Salk Institute, 10010N. Torrey Pines Rd.,

La Jolla, CA 92037, USA

wahl@salk.edu

1 Introduction . .......... ... ... ... 170
0 O © 13 4 1<) 170
1.2 Genetic Instability and Cancer Progression . .. ................... 170
1.3 Viruses, Oncogenes, and Connections to Genome Destabilization . . . . .. 171
1.4  Activation of c-myc and Initiation of Instability . . . ................ 172
2 Possible Mechanisms of c-myc-Induced Instability ................ 174
2.1  Increased Metabolism and Inductionof ROS . . ................... 176
2.2 Unscheduled Entryinto S-Phase ............................. 178
2.3 Abrogation of G1/S Arrest Induced by DNA Damage ............... 179
2.4  Abrogationof Arrestat G2/M .......... ... ... . i 184
2.5  Modulation of DNA Damage Response and Repair Pathways . .. ....... 185
3 Reversible Activation of Oncogenes and Genomic Instability . ........ 187
4 SUMMAKY ..t i 189
References . .. ... ... ... . i 190

Abstract The c-myc oncogene acts as a pluripotent modulator of transcription during
normal cell growth and proliferation. Deregulated c-myc activity in cancer can lead to
excessive activation of its downstream pathways, and may also stimulate changes in
gene expression and cellular signaling that are not observed under non-pathological
conditions. Under certain conditions, aberrant c-myc activity is associated with the
appearance of DNA damage-associated markers and karyotypic abnormalities. In
this chapter, we discuss mechanisms by which c-myc may be directly or indirectly
associated with the induction of genomic instability. The degree to which c-myc-
induced genomic instability influences the initiation or progression of cancer is likely
to depend on other factors, which are discussed herein.
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1
Introduction

1.1
Overview

Cells must overcome multiple barriers designed to limit growth and prolif-
eration to become tumorigenic [1-3]. The aim of this chapter is to discuss
accumulating evidence that expression of c-Myc and other oncoproteins can
compromise genomic integrity, how this may contribute to tumorigenesis,
and to consider some of the potential mechanisms involved. In addition to
other chapters in this volume, we refer the reader to the following excellent
reviews detailing the diverse biological effects of the c-Myc protein on cell
growth, proliferation, apoptosis, and differentiation [4-10].

1.2
Genetic Instability and Cancer Progression

The genesis of a malignant cell is a multistage process requiring the progres-
sive accumulation of genetic and epigenetic changes [3]. Debates have arisen
over whether the large number of changes required for malignancy (typically
6-10) arise spontaneously or whether events occur during tumor progression
thatincrease genomic instability [11-13]. Consistent with the latter idea, many
human tumors exhibit structural chromosomal aberrations such as amplifi-
cations that harbor increased copies of the c-myc oncogene [14, 15], and this
type of genetic instability is not detected at measurable frequencies in normal
cells [16]. This suggests that the mechanisms that maintain structural chro-
mosome integrity are compromised during tumor progression. Consistent
with this, loss of p53 function occurs frequently during cancer progression
and creates a permissive environment for gene amplification [17, 18].
Vogelstein and colleagues have suggested subdividing tumors with
genomic instability into two broad categories; those displaying chromosomal
instability (CIN) and those with microsatellite instability (MIN) [19]. CIN
represents a numerical and/or structural change in the karyotype, while MIN
describes the expansion or contraction of homopolymers or tandem short
repeats throughout the genome [20, 21]. CIN may occur due to mutations
in genes required for the partitioning of chromosomes during mitosis, in
genes that control cell-cycle checkpoints, or in genes that participate in
DNA metabolism and repair [22]. Structural aberrations leading to CIN-
like chromosomal abnormalities can also occur following break-induced
translocations. These translocations can be balanced, such as the Ig:myc
translocation in Burkitt’s lymphoma (BL) [23] or unbalanced, such as
non-reciprocal translocations generated as a result of bridge-breakage-fusion
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cycles [24]. MIN is typically caused by mutation or epigenetic inactivation
of genes encoding proteins that participate in mismatch repair [25, 26].
As technology has improved the resolution at which karyotypic differences
between normal and tumor can be determined, it has become clear that
virtually all tumors exhibit abnormalities at the DNA level. In this review,
other changes in the genome including point mutations, deletions, and base
modifications will be included as manifestations of genomic instability.

Induction of cell-cycle arrest and activation of apoptosis are parts of the
normal cellular defenses against oncogene-driven proliferation [27, 28]. It
follows that inactivation of either of these two processes could enhance the
likelihood of tumorigenesis. For example, variants with defective arrest or
apoptotic machinery are more likely to survive oncogene activation than
their “normal” counterparts. Chemical carcinogens and ionizing radiation,
which accelerate tumorigenesis by increasing the frequency of somatic muta-
tion [29], can increase the probability of generating such variants. Mutation
rates are accelerated in mice following topical application of carcinogens [30].
Carcinomas arising in such mice frequently display mutations in the H-ras
oncogene, a mutation also associated with human carcinomas [31, 32]. This
strongly implicates induction of somatic mutations as an important factor
in cancer progression. Viruses can also increase tumorigenicity, but for
many years physical agents and oncogenic viruses were thought to work
by different mechanisms [33]. Four decades ago, Nichols suggested that the
mechanisms of radiation, chemical, and virus-driven oncogenesis may be
shared, when he stated: “.. it is possible that one of the earliest changes in
tumor cells involves activation of a gene locus which increases the likelihood
of non-disjunction or other mitotic error” [33]. Thus, Nichols proposed that,
like chemical carcinogens and ionizing radiation, viruses might increase
mutation frequency. This provided a conceptual framework expanded upon
by Nowell [34] and Loeb [35] who suggested that genetic lability could
accelerate tumor progression through mutation of genes that are essential for
maintaining chromosomal integrity. Lesions in such genes would give rise to
a “mutator phenotype” able to fuel further instability. The MIN phenotype
(see above) is one specific example of the mutator phenotype. While the MIN
phenotype was first identified in Lynch syndrome (hereditary non-polyposis
colon cancer) [36], microsatellite instability has subsequently been observed
in a variety of other cancers [37-39].

1.3
Viruses, Oncogenes, and Connections to Genome Destabilization

The link between tumor-associated viruses and perturbation of the genome
is clear in birds and rodents, and accumulating data suggest viruses may
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have a similar impact on genome stability in human cancer. Early work
in this field by Nichols demonstrated that infection of cells with the onco-
genic Rous sarcoma virus (RSV) induced strand breaks and chromosomal
abnormalities [40]. RSV-induced tumorigenesis is attributed to expression
of the oncogene v-src [41], and overexpression of cellular c-src can promote
genomic instability [42]. Together these data indicate that oncogene activa-
tion by viruses and consequent genome destabilization may be important in
tumorigenesis. Viruses can also induce neoplasia by deregulating the expres-
sion of endogenous proto-oncogenes [43]. Integration of retroviruses near
the c-myc promoter leads to aberrant c-myc expression in avian and murine
tumors [44, 45]. Similarly, retroviral integration increases transcription of ras,
an oncogene implicated in the initiation or progression of human cancer [46].

Many human tumors associated with oncogenic viruses also display ge-
nomic instability. For example, chromosomal instability is observed in human
papillomavirus (HPV)-associated cancers [47]. HPV-induced perturbation of
the genome appears to precede the invasive stage of cancer [48]. Instability is
almost certainly due to the virally encoded E6 and E7 proteins, which inacti-
vate the tumor suppressors p53, pRB, and pocket proteins related to pRB [49].
Oncogenic HPV has been implicated in inducing strand breaks [51, 50], which
are precursors of diverse types of structural chromosomal alterations (e.g., see
Windle et al. [52]). Furthermore, activation of oncogenic ras in murine fibrob-
lasts induces structural and numerical chromosomal aberrations within one
cell cycle [53], as does Mos, an oncogene that activates the mitogen-activated
protein kinase (MAPK) pathway [54].

Considerable data therefore indicate that oncogene activation may be
a common mechanism by which genomic instability arises in tumors. In the
following sections we will discuss the diverse mechanisms by which aberrant
c-myc expression may also lead to genomic instability.

1.4
Activation of c-myc and Initiation of Instability

Many mechanisms can lead to the activation of c-myc during tumorigen-
esis, including enhanced transcription by other oncogenic signaling path-
ways [56, 55], chromosomal rearrangements [15, 57], and resistance of Myc
protein to ubiquitin-mediated proteolysis [58, 59]. c-myc is deregulated in the
majority of breast carcinomas and in the early and late stages of colorectal
cancer [60-64]. Overexpression of c-myc is also associated with the etiology
of hepatocellular carcinoma (HCC) [65].

Elevated c-myc expression and genomic instability appear to be correlated
in the solid tumor types mentioned above [66-68]. This raises the intriguing
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possibility that high-level c-myc expression in some situations might actually
contribute to genome destabilization. In vitro and in vivo studies over the past
decade strengthen this possibility. For example, Mai and colleagues showed
that elevated c-myc increases the frequency of obtaining variants resistant to
the antimetabolites N-(phosphonacetyl)-L-aspartate (PALA) and methotrex-
ate via amplification of their respective target genes, CAD and DHFR [69-71].
This was recently confirmed by Felsher and Bishop [72]. Cyclin D and ri-
bonucleotide reductase R2 are also amplified following activation of c-myc
in the absence of drug selection [73, 74], implying that c-myc function, and
not the genome destabilizing effects of the selective agents [75], explains the
observed increase in amplification frequency. While it has not been deter-
mined whether preferred regions are destabilized by c-myc overexpression,
fluorescent in situ hybridization (FISH) and spectral karyotypic analyses in-
dicate that c-myc overexpression may induce alterations at multiple genomic
regions [74, 76]. This could have significant physiological impact since am-
plification of genes such as mdm2, cyclin D, and c-erbB2 occur frequently in
human cancers as the overproduced gene products provide cells with growth
and survival advantages [77-79].

In vivo models of tumorigenesis support the notion that c-myc-induced
instability contributes to the neoplastic phenotype. For example, Felsher and
Bishop demonstrated that induction of instability in Ratla fibroblasts by acti-
vation of c-myc rendered them tumorigenic in mice [72]. Importantly, c-myc
was activated in cells under conditions where apoptosis would not be expected
to occur (e.g., complete medium). Furthermore, cell lines derived from such
tumors retained the ability to undergo c-myc-induced apoptosis. These data
suggest that induction of genomic instability by c-myc does not always require
a selection against apoptotic pathways. Transient activation of c-myc was suf-
ficient to induce tumorigenesis and gene amplification. Therefore, initiation
of genomic instability by c-myc likely contributes to neoplastic progression
in this cell type. The genetic changes that occur following activation of c-myc
also appear to be important during liver and breast carcinogenesis in vivo. For
example, pre-neoplastic cells from both tissues contain non-random chromo-
somal rearrangements, including translocations and deletions that persist in
late-stage HCC and mammary carcinomas [67, 80]. The early appearance of
instability in these models correlates with deregulated c-myc activity. Per-
sistence of chromosomal rearrangements into “mature” tumors suggests that
a combination of c-myc-induced instability and subsequent selective pressure
are important factors in the HCC and breast carcinoma models.

In other tumor types, it appears that inhibition of p53-induced apoptosis,
rather than induction of instability, is the main block to c-myc-driven tumori-
genesis. To illustrate, expression of c-myc under the control of the IgH [81] or
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Igk or y [82] enhancers leads to B cell ymphoma with pre-B cell and B cell phe-
notypes, respectively. Both models show a protracted latency prior to onset
of lymphoma, suggesting secondary events are required for c-myc-induced B
cell tumors. Various genetic lesions that decrease p53 function, or that prevent
induction of apoptosis, accelerate c-myc-induced lymphomagenesis [83-85].
It seems that large-scale genomic instability is not required in the Ep-myc
model of B cell lymphoma, since tumors in which c-myc-induced apoptosis
was inhibited by dominant-negative caspase-9 were pseudodiploid [86]. Using
an integrated LacZ reporter, Rockwood and colleagues analyzed the mutation
and rearrangement rates in c-myc-driven lymphomas [87]. Strikingly, they
found that chromosomal rearrangement but not mutation rate was enhanced
inlymphomas compared to normal tissue, and that the p16Ink4a/p19arflocus
was deleted. These data indicate that deregulated c-myc activity likely selects
for cells with defects in the retinoblastoma (Rb) and p53 tumor suppressor
pathways. While BL biopsies are usually pseudodiploid, comparative genomic
hybridization and spectral karyotypic analysis have found that, similar to
mouse models, numerous chromosomal aberrations, including deletions are
present [88]. In summary, it appears that selection for somatic mutations in
tumor suppressor pathways is the primary determinant in c-myc-induced B
cell lymphomagenesis. Once cells resistant to apoptosis emerge, the growth
and proliferative functions of c-myc are able to drive tumorigenesis.

2
Possible Mechanisms of c-myc-Induced Instability

The complex karyotype that is observed in biopsies from human tumors is
a footprint of multiple genetic changes that have occurred during tumorigen-
esis. Therefore, it is not possible to conclude when during tumor progression
such changes arose, and whether the instability is a continuing process or
areflection of a historic event. Consequently, it is not possible to derive cause
and effect relationships between genomic instability and c-myc overexpres-
sion by analyzing archival human tumor samples. However, an examination
of gene amplification mechanisms suggests how excess myc activity and ge-
nomic instability might be causally linked. The two mechanisms for amplifi-
cation in mammalian cells are re-replication of target loci and induction of
strand breaks [24, 52, 89-91]. Re-replication involves the initiation of multiple
rounds of DNA replication within a single S-phase. Recent data demonstrate
that high-level overexpression of cdc6 and cdtl proteins, which are required
for replication origin licensing, can induce re-replication at some frequency
in cancer cell lines [92]. Since c-myc can transactivate genes encoding replica-
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tion origin licensing proteins ([93, 94] and Sect. 2.5 below), it remains possible
that it could induce amplification by a re-replication mechanism.

The second mechanism for gene amplification involves chromosome
breakage, which can be induced in a number of ways [52, 95, 96]. Importantly,
recent data show that elevated c-myc expression can lead to metaphase
chromosome abnormalities including those that harbor amplified genes
and that usually reflect breakage during G1 or S-phase [72]. Breakage has
also been observed in GO0/G1 arrested cells expressing the c-Myc/estrogen
receptor fusion protein (Myc-ER) under conditions where apoptosis was not
induced [97]. The same study showed phosphorylation of p53 on Ser15, an
indicator of DNA damage. Finally, c-myc activation can lead to a delay in
G2, which usually occurs in cells that have experienced DNA damage during

cdk
activation

Repair
Replication

cdk
activation

Fig. 1 Summary of potential sites of c-myc-induced DNA damage. Activation of cy-
clin/cdk complexes by c-myc can lead to premature entry into S-phase or exit from
G2/M. Both these events may induce DNA damage as described in the text and in
the following figures. Additionally, increased metabolic activity induced by c-myc
can generate reactive oxygen species, which can contribute to DNA damage. High
level c-myc expression also activates the transcription of DNA replication and repair
components, which may impact the fidelity of these processes
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S-phase and have arrested for repair [98]. Together, these data support
the conclusion that elevated levels of c-myc can induce the types of DNA
damage that precede gene amplification and other structural chromosome
alterations. The available literature suggests that c-myc may destabilize the
genome by multiple mechanisms. This section focuses on five we consider
most likely: (1) cell growth and metabolism, (2) unscheduled entry into
S-phase, (3 and 4) abrogation of stress-induced cell-cycle checkpoints at
G1/S and G2/M, and (5) modulation of DNA damage response and repair
pathways (Fig. 1).

2.1
Increased Metabolism and Induction of ROS

The mechanisms by which c-myc couples mitogenic stimulation to growth
and proliferation are gradually being elucidated. Physiological activation of
c-myc can be achieved in several ways. In quiescent B cells, c-myc expres-
sion can be activated by nuclear factor (NF)-xB and protein kinase C (PKC)
signaling [99], whereas c-myc transcription is controlled by src and signal
transducer and activator of transcription (STAT) signaling in platelet-derived
growth factor (PDGF)-stimulated fibroblasts [100, 101]. Activation of c-myc
induces growth of B cells in the absence of proliferation, and c-myc overex-
pression can increase cell size throughout the cell cycle [102, 103]. Concordant
with these results, c-myc gene targets include rate-limiting enzymes in the
glycolytic and respiratory pathways and in biosynthetic pathways [104-106].

The metabolic burst associated with emergence from quiescence and en-
try into S-phase is a potential source of reactive oxygen species (ROS). ROS
are essential mediators of proliferative signals, but at high levels can cause
oxidative base modifications and single- or double-stranded DNA breaks. If
such lesions are not repaired, they may become fixed in the genome during
DNA replication. ROS are estimated to induce up to 10,000 lesions per cell
per day [107]. However, the mutagenic potential of these lesions is limited by
a combination of antioxidants and DNA repair enzymes. It follows that since
oncogenes such as ras and c-myc are key players in mitogenic pathways, aber-
rant signaling from either might create an oxidative burden. In support of this,
activation of oncogenic ras can induce ROS in various cell lines in vitro [108,
109]. Adding to these data, other groups have found that activation of c-myc
can increase intracellular ROS [110, 97]. While activation of c-myc is associ-
ated with induction of DNA damage in serum-deprived and cycling normal
human fibroblasts, preincubation with antioxidant only appears to reduce
damage in the former case [97, 111]. These data indicate that although ROS
can contribute to c-myc-induced DNA damage under certain circumstances,
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other mechanisms are also likely to be involved. Data from other studies also
highlight the complex role of ROS as mediators of c-myc-induced effects. For
example, ROS induced by c-myc in NIH3T3 cells do not appear to be cyto-
toxic unless the cells are cultured in low serum [110]. Additionally, ROS are
mediators of c-myc-induced apoptosis in some human cell lines but are as-
sociated with induction of an arrested state resembling senescence in normal
human fibroblasts [97, 112]. A similar senescent-like state has been described
in normal human fibroblasts exposed to ionizing radiation [113], oxidative
stress [114], and following telomere shortening [115]. Taken together, the data
support the idea that in some normal cell types, inappropriate c-myc activa-
tion can induce sufficient DNA damage to elicit a stress response resulting in
some cells undergoing permanent cell-cycle exit.

Elevated ROS are found in some human tumors and tumor-derived cell
lines [116, 117]. In addition to their role in mitogenic signaling mentioned
above, there is evidence that ROS can also contribute to mutations associ-
ated with tumor initiation or progression. For example, many of the point
mutations found in tumor suppressor genes in human cancer can be induced
by oxidative stress [118-121]. Furthermore, elevated frequency of such le-
sions can be found in the p53 gene in normal hepatocytes of individuals with
Wilson’s disease, a disorder associated with elevated ROS and increased risk
of hepatocellular carcinoma [122]. There is also an elevated frequency of ox-
idative stress-related p53 mutations in ulcerative colitis, another disease that
is linked to an increased risk of cancer [123].

Induction of MIN occurs predominantly through mutation of mismatch
repair genes, but excessive ROS can also lead to MIN in vitro [124, 125]. MIN
can generate frameshift mutations in tumor suppressor genes [126], such as
those that inactivate the type II transforming growth factor-f receptor (TGF-
BRII) [127]. This may allow colon epithelial cells to escape growth restriction
mediated by ligation of TGF-P to TGF-BRIL Furthermore, oxidative stress
can increase the frequency of frameshift mutations in lung and colorectal
carcinoma cell lines [128, 129]. Together these data suggest that ROS may
contribute to destabilization of the genome in certain malignancies.

Although many human cancers are associated with environmental agents
such as those inhaled by smoking, the age-specific incidence of sporadic
cancers of the ovary, pancreas, and colon does not vary significantly between
populations [130]. This suggests that endogenous cellular processes may be
involved in the initiation of some tumors. The ability of ¢-myc and other
oncogenes to activate metabolic pathways leading to oxidative stress suggests
they could be considered candidate pro-mutagens. However, whether ROS
induced by c-myc in vivo is sufficient to induce somatic mutation remains
untested. This is likely to be determined by the contributions of multiple
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signaling pathways in the cell, which in turn will be influenced by cell type
and the surrounding environment. As one example, in a mouse model of
HCC, c-myc overexpression in hepatocytes results in liver tumors, with
a latency of more than 1 year, suggesting that multiple changes are required
for c-myc-induced HCC [131]. By contrast, when TGF-a is co-expressed with
c-myc, the latency for tumor onset is decreased dramatically. Concomitantly,
ROS levels and chromosomal and mitochondrial genome instability in-
creased [133, 132]. Supplementing the diet of these mice with the antioxidant
vitamin E reduced ROS levels and also reduced proliferation. Coincident
with the block to proliferation, the amount of genomic instability was also
significantly decreased. Additional data showed that mitochondrial DNA
deletions were also reduced by vitamin E in this study, providing compelling
evidence that ROS produced as a result of a combination of deregulated c-myc
and TGF-a expression can induce DNA damage in vivo. These data suggest
that inhibition of proliferation and DNA damage by antioxidants can prevent
c-myc-induced instability and tumor progression.

2.2
Unscheduled Entry into S-Phase

In mammalian cells, c-myc activation can increase cell number as well as
cell size, which may depend on the cell type [102, 134]. Studies in rodent
cells demonstrate that the G1 interval is longer in c-myc-null cells when com-
pared to wildtype [135]. These data suggest that c-myc facilitates progression
through G1 into S-phase. In part, these observations may be explained by
the ability of c-myc to downregulate inhibitors of cyclin/cdk complexes or to
stimulate transcription of genes encoding cyclins. The activation of cyclin/cdk
complexes removes the block to the transition from G1 to S-phase, which is
mediated, atleastin part, by the Rb protein [136]. Briefly, hypophosphorylated
Rb prevents transcription of genes required for S-phase in two ways. First,
Rb can sequester the transcription factor E2F1, which has been implicated
in the control of S-phase entry [137]. Second, Rb can form a complex with
E2F1 (and other E2F family members) that actively represses S-phase gene
transcription [138]. This section will focus only on bypass of the cell-cycle
checkpoints associated with the transition from G0/G1 to S-phase in the ab-
sence of exogenous stresses. The bypass of DNA damage-induced checkpoints
will be addressed in Sects. 2.3 and 2.4).

Numerous mechanisms may promote the transition into S-phase [139-
143]. For simplicity, the following illustrates a linear pathway in which c-myc
activates cyclin E/cdk2 leading to S-phase entry independently of Rb status.
Activation of cyclin E/cdk2 is important for entry into S-phase, although the



c-Myc, Genome Instability, and Tumorigenesis: The Devil Is in the Details 179

critical downstream targets are unknown [144-146]. c-myc can activate the
cyclin E/cdk2 complex, primarily by altering the levels or distribution of the
cyclin E/cdk2 inhibitor, p27. p27 loss is a poor prognostic indicator in tumors
of the breast and in gastric and colon carcinoma; a feature of all these cancers
is overexpression of c-myc [147, 148]. Furthermore, deletion of p27 reduces
the latency to tumor onset in c-myc transgenic mice [149]. Cdk-2 dependent
phosphorylation at threonine 187 is required for degradation of p27 [150]. The
phosphorylation allows binding of the Skp1/Cull/F-box (SCF) ligase complex,
which ubiquitinates p27 and targets it for proteasome-mediated degrada-
tion [151-153]. Cull, a component of the SCF ligase complex, is also required
for efficient ubiquitination and degradation of p27 [154, 153]. In some systems,
c-myc can induce Cull, leading to p27 degradation and S-phase entry [155].
Together these data provide one explanation for the ability of c-myc to over-
come a p27-induced cell-cycle block. Additionally, c-myc can directly target
cyclin D2, leading to the sequestration of p27 into heat-labile complexes and
permitting cyclin E/cdk2 activation [156]. The activation of cyclin E/cdk2 by
c-myc is also sufficient to bypass the G1/S block imposed by hypophosphory-
lated Rb and p16 [157]. These data indicate one mechanism by which c-myc
can bypass Rb-mediated checkpoints without Rb hyperphosphorylation.

Inappropriate cyclin E expression can induce genomic perturbations. For
example, the bypass of an Rb-imposed cell-cycle block by c-myc and cyclin E
is associated with endoreduplication [141], and cyclin E/cdk2 activity can
induce chromosomal instability [158]. Although the mechanism for this is
unknown, it is possible that excessive cdk activity might perturb replication
origin licensing, which has been linked to instability [159-161]. Interestingly,
inappropriate cyclin E/cdk activity appears to accelerate S-phase entry but
actually slows replication [158, 162], raising the possibility that DNA damage
and activation of the S-phase checkpoint may occur under such conditions.
Studies in yeast indicate that precocious cyclin/cdk activity can delay firing of
replication origins, leading to strand breakage and chromosomal abnormal-
ities [163]. Whether this can occur in mammalian cells has yet to be shown.
However, a reasonable speculation is that inappropriate entry to S-phase in-
duced by c-myc in the absence of correct origin licensing might lead to DNA
damage (Fig. 2).

23
Abrogation of G1/S Arrest Induced by DNA Damage

DNA damage activates checkpoints throughout the cell cycle that prevent
the replication and transmission of mutated DNA [164]. Activation of a p53-
dependent checkpoint at or prior to the restriction point can prevent entry
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S phase entry

Fig. 2 c-myc can induce restriction point bypass by mulitple mechanisms. c-myc
can activate cull transcription in some cell types, leading to degradation of the cy-
clin/cdk2 inhibitor, p27. Additionally, c-myc can transactivate cyclin E and cdc25A,
a phosphatase which activates cdk2. Together, these activities activate cyclin E/cdk2 ki-
nase, which in turn should inactivate Rb, release E2Fs and enable S-phase progression.
c-myc can also activate a parallel pathway for S-phase progression, which requires cy-
clin E/cdk2 activation, but does not require inactivation of Rb. The downstream targets
of cyclin E/cdk2 in this pathway are unknown

of cells with as few as one unrepaired double-strand break into S-phase [165,
166]. DNA lesions are recognized by specific protein complexes, which trans-
duce the DNA damage signal to downstream effectors to elicit arrest. Below
we briefly describe the activation of p53 in response to DNA strand breaks
and present experimental data demonstrating that c-myc can attenuate this
pathway in some cell strains.
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Mrel1/Rad50/Nbsl (MRN) complexes are recruited rapidly to sites of
breakage [167]. This termolecular complex is involved in the processing of
DNA lesions that arise during replication and following DNA damage [168,
169]. Activation of the ATM kinase also occurs rapidly after strand breakage
as a result of an intramolecular phosphorylation event [170]. However, the
mechanism by which the break is detected and subsequently activates ATM
remains to be determined. Although MRN is phosphorylated by ATM, it can
be recruited to sites of damage in the absence of ATM activity, indicating that
these two events are not linked [171]. ATM induces direct phosphorylation of
p53 at Serl5, and indirectly induces phosphorylation of p53 at Ser20 by ac-
tivating the damage checkpoint kinase chk2 [172, 173]. These modifications
can activate p53 either by decreasing p53 binding to its negative regula-
tor, mdm2, or by increasing association with the transcriptional co-activator
p300/CBP [175, 174]. Activated p53 then regulates the transcription of numer-
ous target genes leading to cell-cycle arrest, apoptosis, or increased repair,
depending on the cell type and type of damage induced [166]. The inhibition
of Rb phosphorylation by p21 is partially responsible for p53-dependent G1
arrest [176].

Constitutive overexpression of c-myc in epithelial cells can compromise
ionizing radiation-induced arrest, forcing cells into S-phase prema-
turely [177]. The escape from radiation-induced G1 arrest is a direct result of
c-myc action, and not the result of selection for checkpoint-deficient variants,
as it occurs in a significant fraction of normal fibroblasts and epithelial cells
expressing an inducible ¢-myc-ER construct [97, 177]. The replication of DNA
strand breaks during S-phase is a potential source of continuing genomic
instability, since break repair could generate dicentric chromosomes, which
can then enter into bridge-breakage-fusion cycles (see Sect. 1.2 and [24]).
Therefore, c-myc’s ability to attenuate damage-induced checkpoints is likely
to contribute to genomic instability.

The abrogation of p53-dependent arrest by c-myc can lead to apoptosis in
some cell types [178], which could provide a backup mechanism for limiting
the emergence of genetically unstable variants. Recent data indicate that reg-
ulation of p21 expression by c-myc is a determinant of the apoptotic response.
For example, c-myc can specifically block the DNA damage-induced accumu-
lation of p21 normally observed in colon carcinoma cells [179]. Concomitant
with the decrease in p21 levels, the response of the cells to DNA damage was
switched from arrest to apoptosis. These data suggest that in the context of
a DNA damage signal, p21 induction should be able to prevent apoptosis.
A corollary is that the ability of c-myc to override a damage-induced arrest
should require p21 downregulation, and S-phase entry should induce apop-
tosis. However, cells overexpressing c-myc can escape damage-induced arrest
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and enter S-phase with elevated p21 levels [97, 180]. Other studies show that
the anti-apoptotic function of p21 does not necessarily require its ability to in-
hibit the cell cycle [181, 182]. This raises the possibility that cells with damaged
DNA that enter the cell cycle due to deregulated c-myc expression may evade
apoptosis if p21 levels are sustained. In turn, this may increase the possibility
that DNA lesions become fixed in the genome during replication or repair.

Felsher and Bishop showed that aneuploidy could be induced by c-myc in
exponentially growing Ratla fibroblasts and normal human fibroblasts, but
that damage associated with strand breakage (i.e., double minutes, polycentric
chromosomes) was only observed in the Ratla cells [72]. This is presumably
because normal cells respond to strand breaks induced by c-myc by undergo-
ing a p53-dependent arrest resembling senescence [183]. The Ratla cells are
immortal and have no p21 function due to methylation of the promoter [184].
A lack of p53-mediated arrest in rodent cells may create a permissive envi-
ronment for a wide range of c-myc-induced chromosomal aberrations. Con-
versely, in human cells, activation of p53 may restrict the emergence of certain
types of chromosomal defects, as noted. However, c-myc activity is still able to
induce aneuploidy in normal human cells, indicating that it can compromise
the fidelity of events associated with mitosis (see Sect. 2.4).

>

Fig. 3a, b Activation of c-myc can override damage-induced checkpoints. a The sig-
naling pathway downstream of DNA damage is simplified for clarity. Following strand
breakage, the ATM kinase is activated, although the mechanism by which break de-
tection occurs is unknown. p53 is stabilized and activated by ATM-induced phospho-
rylation. Activated p53 induces the transcription of numerous target genes, among
which are several that induce apoptosis, stimulate DNA repair, or promote cell-cycle
arrest. For example, induction of the cyclin/cdk inhibitor, p21 inhibits cyclin-cdks such
as cyclin E/cdk2, which prevents Rb hyperphosphorylation and inactivation, thereby
blocking S-phase entry. Excess myc activity can attenuate the DNA damage response
and induce cell-cycle progression downstream of p53 activation by inhibiting p21
function in some cell types, although in other situations c-myc-induced bypass occurs
without apparent alterations of p21 levels (see b). For discussion of other components
up- and downstream of p53 activation, see Wahl and Carr [166]. b Override of the p53-
dependent DNA damage response by c-myc. DNA damage can lead to simultaneous,
p53-dependent transcription of cell-cycle arrest and pro-apoptotic genes. In some cell
types, the induction of p21 can inhibit p53-dependent apoptosis. c-myc can selectively
inhibit p21 induction when bound to Miz protein at the p21 promoter, resulting in
apoptosis (I and [179]). (2) In other cell types, c-myc-mediated inhibition of p21 ap-
pears to lead to cell-cycle entry, which is dependent on cyclin E/cdk2 activity, but does
not involve Miz, and may rather be related to sequestration of p21 into other cyclin-cdk
complexes. Under these conditions, replication of damaged DNA may lead to chromo-
somal abnormalities, which could trigger apoptosis or give rise to genetic variants
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Activation of cyclin/cdk complexes by c-myc may also be involved in the
abrogation of damage-induced checkpoints. The indirect activation of cy-
clin E by Myc could potentially participate in this process. Cyclin E and c-myc
appear to activate some common elements of the DNA damage response. For
example, activation of c-myc or overexpression of cyclin E in the absence of
exogenous stress leads to an increase in p53 Serl5 phosphorylation in pri-
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mary cells [97, 185]. This demonstrates that inappropriate proliferative signals
induce DNA damage and elicit a classical p53-dependent damage response.
However, the mechanisms by which c-myc and cyclin E override DNA damage-
induced checkpoints are likely to be distinct. To illustrate, expression of cy-
clin E induces genomic instability in normal human fibroblasts and immortal-
ized epithelial cells [158, 185]. However, induction of chromosomal instability
by cyclin E requires abrogation of p53 or p21 function [185]. In contrast, c-myc
can induce chromosomal instability in primary human cells with an intact p53
pathway [72]. Furthermore, c-myc can abrogate ionizing radiation-induced
arrest, but cyclin E overexpression is unable to do so [97, 177, 185]. Taken
together, these data suggest that activation of cyclin E may contribute to in-
duction of genomic instability by c-myc, but that other activities of c-myc are
likely required to bypass damage-induced checkpoints (Fig. 3).

24
Abrogation of Arrest at G2/M

The tight coupling of mitosis and DNA replication ensures the replication
and faithful segregation to each daughter of only one complete genome per
cell cycle [186]. Cell-cycle checkpoints in G2 and M function to maintain the
structural integrity of the duplicated chromosomes and ensure their equal
partitioning at cell division. Defective processes during mitosis can lead to
an abnormal karyotype. For example, aneuploidy occurs following defects in
chromosomal segregation. Additionally, abrogation of arrest induced at G2/M
can also lead to endoreduplication (re-replication of the genome without cell
division) [187-189].

Overexpression of c-myc has been correlated with endoreduplication and
aneuploidy in several models. Prolonged arrest at mitosis following exposure
to agents that perturb the mitotic spindle results in “mitotic slippage,” leaving
cells arrested with 4N DNA content in a G1-like biochemical state [190-193].
Overexpression of c-myc compromises this arrest, leading to endoredupli-
cation [180]. In addition to drug-induced perturbation of microtubules, se-
questration of E2F transcription factors can also lead to mitotic slippage, and
c-myc is able to induce endoreduplication under these conditions [141, 177].
In primary cells, endoreduplication is countered by apoptosis [180]. However,
in cells that are resistant to apoptosis, such genomic instability can be toler-
ated [194]. In summary;, for cells that have reduced apoptotic responses, c-myc
activation could induce cell-cycle progression and lead to endoreduplication,
which could perpetuate instability and accelerate tumor progression.

The ability of c-myc activation alone to induce accumulation of cells with
4N DNA content [98] is consistent with its ability to induce sufficient DNA
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damage to provoke a G2/M checkpoint arrest response. However, G2/M arrest
in c-myc-expressing cells also seems to lead to increased ploidy. One potential
explanation is that under these conditions elevated c-myc expression in cells
arrested at G2/M may enable DNA synthesis to reinitiate in the absence of cell
division to induce polyploidy. Although the mechanism for this is unclear, the
data summarized above raise the possibility that it could involve premature ac-
tivation of cyclin/cdk complexes and other factors involved in replication ori-
gin licensing and initiation of S-phase (Fig. 4; see also Sects. 2 and 2.3 above).

2.5
Modulation of DNA Damage Response and Repair Pathways

DNA damage response and repair pathways are present to ensure the faith-
ful replication and segregation of genetic material. Conversely, attenuation
of damage response or repair pathways contributes to genomic instability.
A link between c-myc activation and DNA metabolism is particularly at-
tractive when the effects of c-myc on replication and genomic instability are
considered. This section summarizes recent analyses indicating that c-myc
regulates the expression of genes involved in DNA replication and the DNA
damage response and repair pathways.

Microarray analyses indicate that c-myc can upregulate genes involved
in DNA replication including Topoisomerase I (TOP1), mcm4, mcm6, mcm7
and cdtl [93, 94, 103, 155]. TOP1 is required during DNA replication to relax
supercoils that are generated by passing replication forks [195]. Therefore,
the induction of this enzyme by c-myc might facilitate S-phase progression.
However, overexpression of TOPI can induce illegitimate recombination, and
trigger instability [196]. Mcm6, mcm?7, and cdtl are required for firing of
replication origins and can also induce genomic instability when expressed
at high levels ([197] and see Sect. 1).

Although these data show a correlation between myc activation and gene
expression, at present their biological significance is unclear. However, two
recent reports suggest that components of the DNA repair machinery may
be involved in the response to activation of c-myc. The first report focused
on the Nbsl protein, a component of the MRN complex involved in repair of
replication and damage-associated breaks ([169] and Sect. 2.3 above). Chiang
et al. [198] showed that small interfering (si)RNA-mediated knockdown of c-
myc decreases Nbs1 levels, and they postulate that induction of Nbs1 by c-myc
is required during DNA replication. However, the length of S-phase is unaf-
fected in c-myc-null rat fibroblasts compared to the parental line [135, 199].
Additionally, Nbsl deficiency in transformed fibroblasts does not affect the
rate of DNA synthesis [200]. Further work is therefore required to determine
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Fig. 4 c-myc Activation of cyclin B/cdc2 may contribute to chromosomal instabil-
ity. Multiple regulatory pathways converge at cyclin B/cdc2 to control its mitosis-
promoting activity. Inhibitory phosphorylations are removed from the cdc2 subunit
by c¢dc25C phosphatase, and Plk-1 kinase phosphorylates cyclin B, leading to activa-
tion of the holoenzyme. Following induction of DNA damage by exogenous stresses or
oncogene activation, several pathwayslead to arrest at G2/M, presumably by inhibiting
cyclin B/cdc2. Arrest pathways involve sequestration of cdc25C and cdc2 in the cytosol
by 14-3-3 and 14-3-30 proteins, respectively, and upregulation of the cyclin B/cdc2 in-
hibitor, Gadd45. c-myc can upregulate cyclin B and cdc25C, leading to activation of
cyclin B/cdc2, which should lead to mitotic entry. Additionally, c-myc can attenuate
p53 function, which has been implicated by several studies in the G2/M checkpoint.
Since c-myc has been reported to induce aneuploidy and can activate cyclin B/cdc2, it
is possible that c-myc overexpression perturbs events in G2-M to reduce the fidelity of
chromosome segregation. See Sect. 2 for further details
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whether c-myc and Nbsl interact in pathways that affect DNA metabolism.
A second study indicated that loss of the WRN protein (a DNA helicase in-
volved in repair) leads to senescence in cells overexpressing c-myc [201].
The authors speculate that WRN activity may be required in certain cellular
contexts to facilitate c-myc-driven proliferation during tumorigenesis.

It is unclear how c-myc-induced upregulation of DNA repair genes such
as Nbsl or WRN might affect genomic integrity. During normal prolifera-
tion, induction of repair enzymes by c-myc might facilitate the resolution of
breaks arising during replication and thus contribute to replication fork pro-
gression. However, it has also been suggested that inappropriate induction of
repair enzymes during S-phase could promote unscheduled repair of replica-
tion intermediates and increase the probability of generating chromosomal
aberrations [202]. Conversely, inhibition of scheduled DNA repair during
the cell cycle can also lead to chromosomal defects. Interestingly, a recent
report indicates that c-myc activation may suppress the repair of double-
strand breaks in normal human cells [111]. The authors suggest that this may
explain the increased frequency of chromosomal rearrangements following
activation of c-myc. Whether c-myc inhibits repair directly via transactiva-
tion or repression of DNA damage response or repair genes or via a more
indirect mechanism remains to be determined. Finally, conditions that accel-
erate or retard replication fork progression can induce chromosome breakage,
suggesting that perturbation of S-phase progression could also increase the
probability of chromosomal rearrangement. It is conceivable that c-myc over-
expression could affect S-phase progression given the number of target genes
it regulates with functions in DNA replication [93, 94].

3
Reversible Activation of Oncogenes and Genomic Instability

Loeb postulated that induction of a mutator phenotype initiates a genetically
irreversible tumor progression [203]. This is because once genes critical for
maintenance of genomic stability are mutated, re-establishment of a normal
genome becomes impossible. Therefore, if c-myc is acting as an endogenous
activator of the mutator phenotype, turning off c-myc expression should not
lead to the re-emergence of cells with a normal karyotype. Furthermore, if the
gene expression changes resulting from the rearrangements induced by c-myc
overexpression were sufficient to sustain growth, turning c-myc off should not
lead to tumor regression. Felsher and Bishop [72] showed that c-myc-induced
gene amplification and tumorigenicity persisted in Rat1a cells following c-myc
inactivation. These data suggest that, at least in the Ratla cells, c-myc-driven
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instability correlated with a durable tumorigenic phenotype that persists in
the absence of the initiating event (i.e., c-myc activation).

By contrast with these data, other studies show a requirement for persistent
c-myc activity to maintain tumor cells in vivo. T cell lymphomas initiated
by ¢c-myc activation undergo apoptosis and regression when c-myc is turned
off [204]. Similarly, inactivation of c-myc in the skin and pancreas leads
to regression of papillomatosis and B-cell hyperplasia, respectively, which
are accompanied by apoptosis [205, 206]. Osteosarcomas and mammary
carcinomas initiated by c-myc also revert after the myc transgene is turned
off [207]. Mutations in the Wnt pathway leading to excessive Wnt signaling
are associated with a number of human cancers [208, 209]. c-myc is positively
regulated by the Wnt signaling pathway and may be required for Wnt-induced
tumorigenesis [210, 211]. In support of this, activation of Wnt in the breast
leads to carcinoma concomitant with elevated c-myc [212]. Similar to the
reversible activation of c-myc, inactivation of Wnt is sufficient to induce
tumor regression [213].

The regression mechanisms have not been elucidated. Loss of c-myc func-
tions such as proliferation, angiogenesis, and inhibition of differentiation are
likely to be important. Another possibility is that genomic instability could be
a trigger for apoptosis once c-myc is inactivated. Perhaps c-myc can attenuate
signaling from the damaged genome to the apoptotic machinery. Alterna-
tively, c-myc may activate some enzymes involved in DNA metabolism (see
Sect. 2), which would prevent apoptosis at the expense of initiating irregular
repair. DNA damage could induce apoptosis and regression, but the down-
stream effectors of apoptosis remain unknown. To illustrate, inactivation of
Wt in the breast leads to regression regardless of p53 status, implying the
involvement of p53-independent apoptotic mechanisms [213].

The studies outlined above suggest that c-myc expression is required for
sustained tumorigenesis. Furthermore these data seem to indicate that ge-
nomic destabilization may not be sufficient to maintain tumorigenic po-
tential in these models. Therefore, one might conclude that c-myc is not
able to engender the classical mutator phenotype as described by Loeb (see
above), since the tumorigenicity is reversible. However, following a period
of remission, some tumors resumed growth in the absence of oncogene ac-
tivity [204, 207]. Murine mammary carcinomas that relapsed in the absence
of c-myc activity frequently exhibited ras mutations [207]. Complex chromo-
somal rearrangements were also observed in relapsed lymphoid tumors that
had escaped dependence on c-myc [76]. Interestingly, all relapsed tumors
displayed novel karyotypic aberrations compared to primary tumors. It is
possible that in the breast model, pre-existing ras mutations are present in
some of the c-myc-induced tumors and that these cells provide a selective
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advantage for regrowth in the absence of c-myc activity. In contrast, there
was no genetic lesion common to all relapsed lymphoid tumors. This raises
the intriguing possibility that acquisition of specific genetic lesions induced
by c-myc enhance the propensity for relapse in some tumors. Studies of Wnt-
driven tumorigenesis indicate that p53 status is an important determinant of
relapse. For example, loss of one p53 allele leads to a sevenfold increase in
relapse frequency of breast tumors [213]. This suggests that attenuation of
p53 function may be one mechanism by which genomically unstable tumors
initiated by oncogenes could relapse. Does this mean that relapsed tumors
are those that have sustained somatic mutations in p53 and now provide
a selective advantage in the context of c-myc-induced chromosomal changes?
Preliminary data from Karlsson et al. [76] suggests that p53 and arf loci are
intact in relapsed tumors, indicating that genetic inactivation of these tumor
suppressors is not required for escape from oncogene dependence. However,
it is possible that epigenetic inactivation of the p53 pathway may contribute
to tumor progression in this model.

Itis important to note that some tumors do not relapse once c-myc is turned
off. For example, full regression of c-myc-driven hyperplasia is observed in the
pancreas and skin [205, 206]. Furthermore, osteosarcomas driven by c-myc
regress when the transgene is inhibited [214]. Therefore, in some cell types,
genomicinstability may be insufficient to phenocopy the required functions of
c-myc. The basis of these differences is not understood. However, it is possible
that hyperplasia in some tissues remains dependent on other functions of c-
myc such as its role in stimulating angiogenesis. In addition, c-myc activation
in the skin can inhibit or promote differentiation, depending on the cell type,
further underscoring the complex response to c-myc in vivo [205, 215].

4
Summary

Oncogenic activation of c-myc affects multiple intracellular pathways, culmi-
nating in neoplastic transformation in many cell types. Frequently associated
with deregulated c-myc activity are numerical and structural alterations of
the karyotype. In certain tumors, comparison of normal and pre-neoplastic
tissues reveals chromosomal aberrations specifically associated with c-myc
activation. The persistence of these lesions during tumor progression in-
dicates that they are selected for during tumorigenesis. Due to its ability
to impact numerous biological functions, c-myc is carefully controlled in the
non-pathological state. By extension, deregulated c-myc activity is potentially
catastrophic for the cell. Activation of apoptosis in response to c-myc plays
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a critical role in limiting its deleterious effects. However, should this pathway
become disabled or desensitized, c-myc has the potential to wreak havoc on
the genome. Mechanistic links between c-myc activation and genome desta-
bilization are beginning to emerge from in vitro and in vivo studies. For
example, disruption of cell-cycle checkpoints by c-myc can lead to aberrant
DNA replication, a source of genomic instability. Other data indicate that
metabolic effects of c-myc, which may be independent of its cell-cycle pro-
moting ability, might also lead to DNA damage. Specifically, oxygen radicals
produced following c-myc activation could precipitate genomic changes in-
cluding break-induced rearrangements and oxidative base modifications. The
ability of c-myc to compromise p53-dependent cell-cycle checkpoints indi-
cates that, under certain conditions, genomic perturbations may occur even
in the presence of tumor suppressor genes.

In vivo models have provided great insight into the complexities involved in
c-myc-induced tumorigenesis. The reversible activation models have demon-
strated that many tumors remain dependent on c-myc expression and undergo
apoptosis once c-myc is turned off. These data indicate that there is a func-
tional inactivation of the apoptotic pathway in the presence of c-myc activity,
rather than a selection for cells that have lost the ability to induce cell death.
The mechanism of apoptosis induction following c-myc inactivation is in-
completely understood. Many explanations have been put forward, based on
some of the known biological effects of c-myc. These include regression of
vasculature, which would reduce tumor nutrient supply and re-establishment
of differentiation, which may sensitize cells to programmed cell death. How-
ever, the link between genome destabilization and apoptosis might offer an
alternative explanation. Perhaps DNA damage signaling pathways, which nor-
mally initiate apoptosis in response to karyotypic abnormalities, are atten-
uated while c-myc is expressed. Re-activation of these pathways once c-myc
is switched off might lead to the rapid elimination of cells with abnormal
genomes. Further studies that address the interaction of c-myc with compo-
nents of the DNA damage response pathway are likely to provide valuable data
in this emerging area of c-myc research. Determining the effect of c-myc ex-
pression in the context of DNA damage response/repair pathway deficiencies
in vivo may provide further insight into the role of c-myc-induced instability
in tumorigenesis.
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Abstract The past two decades of gene targeting experiments have allowed us to
make significant strides towards understanding how the Myc/Max/Mad network in-
fluences multiple aspects of cellular behavior during development. Here we summarize
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the findings obtained from the myc/max/mad knockout mice generated to date, namely
those in which the N-myc, c-myc, L-myc, madl, mxil, mad3, mnt, or max genes have
been targeted. A compilation of lessons we have learned from these myc/max/mad
knockout mouse models, and suggestions as to where future efforts could be focused,
are also presented.

1
Overview

Members of the Myc/Max/Mad network of related basic region helix-loop-
helix/leucine zipper (bHLH/LZ) transcription factors have been implicated
as important regulators of many aspects of cellular behavior. Insight into the
precise roles of these proteins in normal physiological processes and in tu-
morigenesis has emerged from studies employing cell culture-based systems
and genetically modified animals. Here we summarize the findings obtained
from the Myc/Max/Mad knockout mice generated to date, namely those in
which the N-myc, c-myc, L-myc, madl, mad3, mxil, mnt, or max genes have
been targeted. We also include a compilation of lessons learned from these
loss-of-function models about the in vivo functions of this complex protein
network. The reader is directed to other reviews (Baudino and Cleveland
2001; Dang et al. 1999; Eisenman 2000; Grandori et al. 2000; Luscher 2001;
Morgenbesser and DePinho 1994; Nesbit et al. 1999; Oster et al. 2002; Pe-
lengaris et al. 2000; Schreiber-Agus and DePinho 1998; Zhou and Hurlin
2001) for complementary information garnered from gain-of-function sys-
tems.

2
N-myc Knockout Mice

Since the early 1990s, investigators have been generating loss-of-function
models for N-Myc (and c-Myc; see next section) with the goals of elucidat-
ing its function during mouse embryogenesis and gaining insight into how
its dysregulation contributes to the pathogenesis of certain types of human
cancers including those of the nervous system (for recent reviews on Myc and
human cancers see Lutz et al. 2002; Nesbit et al. 1999). In the earliest studies, N-
myc gene inactivation was accomplished by disrupting or replacing the coding
exons of the N-myc gene with a neomycin resistance cassette (a so-called “con-
ventional knockout”), resulting in a non-functional (null) N-myc allele after
gene targeting and homologous recombination. As gene-targeting technolo-
gies became more sophisticated, other types of loss-of-function models were
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generated including hypomorphic mutations and tissue-specific (“condition-
al”) deletions (for a review of gene targeting strategies and techniques see
Joyner 2000). Together, these models, which are discussed sequentially here,
have advanced our understanding of the function of N-Myc in the context of
a whole organism.

Conventional N-mycknockout mice were generated concomitantly by three
independent groups in the earliest years of gene targeting experiments (Char-
ron et al. 1990, 1992; Sawai et al. 1991, 1993; Stanton et al. 1990, 1992). The
consensus phenotype for all three versions of N-myc homozygous null mice
was embryonic lethality between embryonic days (E) 10.5 and 12.5 of ges-
tation, with abnormalities including developmental delay and a decrease in
size/cellularity of certain organs [including central and peripheral nervous
system (CNS and PNS), mesonephros, lung, liver, heart, and gut]. Notably,
the most severely affected organs appeared to be those that normally exhibit
high levels of N-myc expression (with liver being an exception to this gen-
eralization). As an aside, it is likely that the cardiovascular phenotype most
severely compromises the embryos and leads to their death. Differences in the
reported phenotypes of the various N-myc-deficient mouse lines could have
resulted from variations in targeting strategy or genetic background of the
mice or from the subjectivity of morphological and histological assessments
(reviewed in Davis and Bradley 1993).

The embryonic lethality of these mice in a narrow timeframe indicated that
there was a non-redundant, critical role for N-Myc during this developmental
stage. In contrast, the survival of N-Myc-deficient mice until midgestation
suggested that N-Myc function is dispensable until that time. This dispens-
ability was also observed when embryonic stem cells (ES) homozygous null
for N-myc were generated by one of the groups by sequential disruption;
these ES cells did not exhibit altered growth or morphology in the undif-
ferentiated or differentiated states (Sawai et al. 1991). This was surprising
given that N-myc expression is detectable in the inner cell mass of the de-
veloping blastocyst at E3.5 (Sawai et al. 1993); it is this compartment from
which ES cells are derived. In trying to understand this dichotomy, it was
realized that an essential role for N-Myc becomes apparent around the time
that c-myc and N-myc assume specified expression patterns (onset of organo-
genesis; Charron et al. 1992; Sawai et al. 1993; Stanton et al. 1992). More
specifically, in pre-implantation embryos all three myc family members (c-,
N-, and L-myc) are expressed together. During midgestation, c-myc is found
to be broadly expressed, while N and L-myc exhibit more tissue-restricted
patterns (e.g., brain and kidney) of expression. Moreover, c-myc expression
generally is found to correlate with actively proliferating cells (both embry-
onic and mature), while N- and L-myc expression is associated more with
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cells that are undergoing differentiation (primarily embryonic). (For reviews
on myc family gene expression see DePinho et al. 1991; Zimmerman and Alt
1990.)

Given these expression patterns, the question then arose as to whether, in
the knockout mice, compensation among highly related Myc family members
was occurring during the extensive proliferation events of early embryogen-
esis (when the myc family genes are co-expressed), but not later on when the
members have assumed tissue- and cell type-specific expression (and, possi-
bly functions). The concept that the unique expression patterns assumed by
N- and c-myc during later embryogenesis underlies their apparently nonre-
dundantroles is supported by more recent studies (Malynn et al. 2000) that are
described in the next section of this review. Moreover, the theme of functional
redundancy/compensation will emerge time and again in the explanation of
phenotypes of myc/max/mad knockout mice.

On a related note, it is likely that the regulatory mechanisms controlling
c- and N-myc expression patterns are linked, since in the absence of N-Myc,
c-myc is upregulated in a compensatory manner in specific tissues/cell types
(e.g., neuroepithelium, where c-myc expression is normally absent; Stanton
et al. 1992). Despite this upregulation, CNS abnormalities are still present
in the N-myc-null mice, perhaps suggesting that (1) the cellular subtypes
in which c-myc is upregulated are not those in which N-myc normally is
expressed, (2) the timing of the c-myc compensatory upregulation may be
too late to rescue the neuronal tissue defects (c-myc ectopic expression in the
neuroepithelium was documented only at E10.5), or (3) the degree of c-myc
upregulation is not sufficient to rescue the neural tissue defects. With respect
to the latter point, the concept of reaching threshold levels of myc expression
for the proper execution of growth/development has been supported by other
studies (see below and Sect. 3; Moens et al. 1992; Moens et al. 1993; Nagy et
al. 1998; Trumpp et al. 2001).

The original N-myc knockout studies suggested a normal role for N-Myc
on the cellular level in the regulation of proliferation/prevention of terminal
differentiation in maturing tissues. In addition, a role for N-Myc in tissue-
tissue interactions was also proposed based on studies such as one where
N-myc** versus —/— organ cultures of lung buds were compared beyond
the point of the embryonic lethality (Sawai et al. 1993). In that study, the
development of bronchial branches from the N-myc™~ (but not N-myc*'*)
lung buds was shown to be dependent upon the addition of serum to the
media. This suggested that N-Myc deficiency impairs signaling pathways
necessary for normal lung morphogenesis. As will be discussed below, this
theory has gained support from the nature of the lung defects observed in
N-myc hypomorphic mutants (Moens et al. 1992).
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A follow-up study upon the conventional N-myc-null mutant animals
helped to further our understanding of how N-Myc participates in this func-
tion of signaling during tissue morphogenesis. In that study, the effects of
N-Myc deficiency in the developing liver in particular were examined more
closely (Giroux and Charron 1998). N-Myc-deficient hepatocytes at E11.5
(near the time of lethality) exhibited massive apoptosis and reduced cell
number, phenotypes that were surprising given that N-myc is not expressed
at significant levels in hepatocytes (although c-myc is). However, N-myc ex-
pression levels have been shown to be significant in structures that are in-
volved in the induction of the liver primordium (namely cardiac mesoderm
and mesenchyme of the septum transversum). Most likely, in the absence of
N-myc expression, these structures are unable to send the necessary signals
(extracellular growth factors) for hepatocyte development and survival, thus
leading to the hepatic phenotype observed in N-myc-null embryos. Another
possibility is that the N-Myc-deficient hematopoietic cells that populate the
liver are not sending out growth/survival signals; these cells are reduced in
number in the N-Myc-deficient mice (Giroux and Charron 1998). Of note is
the finding that, in contrast to the liver, other compromised organs in the
N-Myc-deficient mouse did not exhibit considerable levels of apoptosis. This
suggests that, in those compromised organs, other cellular processes may be
affected by the absence of N-Myc in a tissue autonomous or tissue interaction-
dependent manner (Giroux and Charron 1998; Sawai et al. 1993).

In addition to the conventional N-myc knockout mice, a hypomorphic
(leaky) mutant was generated after an unexpected recombination event led
to the insertion of a targeting vector into the first intron of the N-myc locus
as opposed to the expected replacement of the N-myc second exon coding
region sequences (Moens et al. 1992). As a result of this integration event,
the targeted N-myc allele was capable of producing, via alternative splicing,
either a normal N-myc transcript or a truncated transcript; the predomi-
nance of one transcript form over the other varied among various tissue
types tested. Mice homozygous for this leaky mutation (termed N-myc®/*?
mice) survived beyond the time of death of the conventional knockout mice
(E10.5-E12.5), but died immediately after birth because they were unable to
oxygenate their blood. This phenotype suggested a lung defect, a theory that
was confirmed histologically by the impaired proliferation and branching of
the pulmonary epithelium. Although several other phenotypes were observed
in the N-myc®”* mice (including their smaller overall body size and spleen
size), a majority of the organs tested appeared grossly and histologically
normal—and these organs tended to have higher levels of the normal N-myc
transcript and lower levels of the mutant transcript relative to what was seen
in the lung. Taken together, these findings suggested that N-Myc plays an
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important role in the epithelial-mesenchymal interactions that underlie lung
morphogenesis. Moreover, since reducing the levels of N-Myc in the lung led
to marked defects therein, this was the first in vivo indication that a threshold
level of N-Myc might be crucial for the proper development of certain lin-
eages/tissues. This threshold may be achieved in the other tissues in which
N-Myc normally functions that show no apparent phenotype.

The generation of the N-myc hypomorphic mutant provided the oppor-
tunity to produce an allelic series of mutations wherein the levels of N-Myc
could be incrementally reduced from wildtype to zero. As a first step towards
producing this series, a compound heterozygote between the leaky (Moens et
al. 1992) and null N-myc mutations (Stanton et al. 1992) was generated and an-
alyzed (Moens et al. 1993); these compound heterozygotes were shown to have
roughly 15% of normal N-Myc levels. The phenotype of these mice was embry-
onic lethality at midgestation (by E14.5) due to cardiac failure (note that the
timing of the lethality is between that of the N-myc-null homozygotes and that
of the N-myc®”* homozygotes). Histological analyses of the mutant hearts
revealed hypoplasia in the compact layer of the ventricular myocardium, sug-
gesting a role for N-Myc in maintaining the proliferation and/or inhibiting the
differentiation of myocytes in this compartment. Consistent with what was
shown in the first study of the N-myc®*** hypomorphic homozygotes (Moens
etal. 1992), the compound N-myc®¥"!! heterozygotes displayed defects inlung
branching morphogenesis, albeit to a greater degree (Moens et al. 1993). Other
tissues that were shown to be affected in the null mice appear to be normal
in these compound heterozygotes (e.g., brain), suggesting that the residual
N-Myc therein is sufficient for their growth and development (although the
possibility that some form of compensation may be occurring in these tissues
cannot be excluded). Finally, in a follow-up study, kidney development was
studied further in the context of wildtype, null, and hypomorphic levels of
N-Myc (and various combinations thereof; Bates et al. 2000). Using whole
embryonic kidneys when obtainable, as well as organ explants, the authors
were able to demonstrate a dose-dependent role for N-Myc in kidney develop-
ment. With decreasing levels of N-Myc, the phenotypes of kidney hypoplasia,
reduced ureteric bud tips, and reduced developing glomeruli and nephrons
increased in severity. Notably, the kidney hypoplasia was shown to be due
to reduced proliferation as opposed to increased apoptosis, suggesting that
N-Myc normally is regulating the expression/activity of cell-cycle regulators
or growth factors, possibly in both autocrine and paracrine manners (Bates
et al. 2000). Note that these findings in the kidney differ from those made in
hepatocytes, wherein N-Myc deficiency led to massive apoptosis (Giroux and
Charron 1998). This suggests that N-Myc may be participating in different
cellular processes in different cell types.
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A second allelic series for N-myc was described later; this series was gen-
erated with a single targeting vector during an attempt to introduce a point
mutation into the N-Myc leucine zipper in vivo (Nagy et al. 1998). Mice ho-
mozygous for the point mutation died at E11.5 of phenotypes similar to those
described in the conventional knockout reports. This indicated that crippling
the N-Myc leucine zipper appears to be equivalent to the complete loss of
N-Myc. Within the allelic series that was generated as a “byproduct” of this
study, novel hypomorphs were characterized and shown to have phenotypes
similar to those described in earlier studies (e.g., lung and heart defects),
with severity correlating with the levels of N-Myc relative to those in wild-
type tissues. In addition, new phenotypes emerged among the hypomorph
or compound mutant mice (e.g., vertebral fusion possibly due to failure of
chondrocytes to condense properly), suggesting additional roles for N-Myc
in other cell types (Nagy et al. 1998).

The hypomorphic mutations and allelic series have been powerful tools
for elucidating the multiple roles of N-Myc over the course of development.
A complementary approach that can provide significant insight along these
lines involves “conditional knockouts,” which allows gene function to be
investigated in a specific cell type and/or at a specific time (Gertsenstein
et al. 2002; Joyner 2000; Kwan 2002). The majority of conditional knockout
studies take advantage of the Cre/loxP system in which animals are generated
carrying a silent mutation in the gene of interest (e.g., they carry loxP sites in
introns around an exon or exons to be deleted). These animals are then mated
(in a binary scheme) to transgenic animals harboring the Cre recombinase
driven by a cell type-/tissue-specific promoter of interest. The offspring of
this mating will be deleted for the region between the loxP sites when Cre has
catalyzed recombination between these sites (Gertsenstein et al. 2002; Joyner
2000; Kwan 2002).

Recently, a conditional knockout of N-myc has been generated (Knoepfler
et al. 2002) for the purpose of assessing complete N-Myc loss of function
in the mouse without the complication of embryonic lethality of the conven-
tional knockouts. In that study, nestin-Cre transgenic mice were employed for
the generation of mice specifically deleted for N-myc in neuronal progenitor
cells. The choice of these Cre transgenic mice was dictated by the desire to
analyze N-Myc function during neurogenesis, especially in light of the facts
that the CNS/PNS of the conventional N-Myc knockout mice were severely
affected, and that N-myc is frequently deregulated in nervous system tumors
such as neuroblastoma. Mice deleted for N-myc in this manner exhibited
a marked reduction in brain size (in particular cerebellum and neocortex)
likely resulting from reduced proliferation as well as reduced growth. Neu-
ronal differentiation was also shown to be inappropriately triggered, while
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changes in apoptotic indices were not observed. On the molecular level, the
effects on proliferation/differentiation could be correlated with changes in
cell-cycle regulators (including cyclin D2, p18i"%4¢, and p27XiP!). On the or-
ganismal level, these defects resulted in multiple abnormalities including
ataxia, behavioral problems, and tremors. Together, these findings point to
a critical (and nonredundant) role for N-Myc in normal neurogenesis, pos-
sibly in regulating the switch between proliferation and differentiation of
neuronal progenitor cells (Knoepfler et al. 2002). This level of insight could
not have been gleaned from the original knockout studies, and the findings
call for additional conditional experiments for the dissection of the cellular
functions of N-Myc (and other Myc/Max/Mad members) in specific cell types.

3
c-myc Knockout Mice

Mice made deficient for c-Myc through conventional knockout approaches
were reported (Davis et al. 1993) soon after the original N-myc knockout
papers emerged. These c-myc™’~ mice died between E9.5 and 10.5 (slightly
earlier than those deficient for N-Myc), and exhibited pleiotropic phenotypes
including small size, developmental delay, enlarged heart and pericardium,
decreased yolk sac circulation, and aberrant neural tube closure. Of note,
many of these phenotypes are reminiscent of those reported for the N-myc
conventional knockout mice (see above). To differentiate between the c- and
N-myc knockout phenotypes, side-by-side comparisons of mice rendered
deficient for each of these genes in equivalent manners may need to be per-
formed.

Similar to what was described for N-Myc above, the lethality of these mice
in this narrow developmental window indicated that there was a nonredun-
dant, critical role for c-Myc around this stage of embryogenesis. However,
an experiment suggested in this original c-myc knockout paper (Davis et al.
1993), and ultimately carried out in 2000 (Malynn et al. 2000), showed that this
was not entirely the case. In that later study, the highly related N-myc gene was
knocked into the c-myc locus, generating a situation where N-myc, instead
of c-myc, was expressed under the control of c-myc regulatory sequences.
Mice homozygous for this replacement mutation were healthy, fertile, and
for the most part normal (despite subtle phenotypes including periodic dys-
trophy of skeletal muscles). Moreover, two different cell types isolated from
these mice, namely lymphocytes and fibroblasts, also did not show significant
alterations in phenotype. These findings suggest that N-Myc could indeed
substitute for c-Myc throughout embryogenesis and beyond, provided that it
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was expressed in a “c-Myc manner.” As such, this study provides strong ex-
perimental support for the hypothesis outlined above which states that there
is a considerable degree of functional overlap/redundancy between the Myc
family members in their roles as developmental regulators. Moreover, their
preservation as distinct genes throughout evolution likely results from their
specific temporal and spatial expression patterns, which impart upon them
the appearance of nonredundancy (Krakauer and Nowak 1999). This line of
reasoning may also explain why L-Myc-deficient mice have been shown to be
viable and fertile with no discernable phenotypes, since L-myc is typically
co-expressed with either c-myc or N-myc (Hatton et al. 1996). Because of
this co-expression, L-Myc may be evolving into a functionally inactive form,
a theory supported by the weak transformation and transactivation activities
of L-Myc (relative to the activities of c- or N-Myc) in cell culture-based assays
(Cole and McMahon 1999; Nesbit et al. 1999). Alternatively, is possible that
subtle phenotypic changes that may be emerging with L-Myc deficiency were
not detected by the histological/immunohistochemical techniques employed
in the L-myc knockout study (Hatton et al. 1996). Further studies are needed
to clarify the role of L-Myc in the context of the whole organism (see Sect. 5
below).

Returning to the c-myc conventional knockout mice, their phenotype was
revisited recently with re-derived mice. These studies showed that c-Myc
deficiency was associated with marked defects in vasculogenesis, angiogen-
esis, and primitive erythropoiesis in the yolk sac and in the embryo proper
(Baudino et al. 2002). These defects could be the primary cause of the em-
bryonic lethality of c-myc™'~ mice, and could be extrapolated to explain the
prevalence of Myc deregulation in human tumors [estimated to contribute to
one-seventh of cancer-related deaths (Baudino et al. 2002; Dang 1999)]. More
specifically, as a transcription factor, c-Myc may be regulating growth fac-
tors/cytokines that are necessary both for vascular and hematopoietic devel-
opment and for the angiogenic switch that permits neovascularization during
tumor progression (Baudino et al. 2002; and reviewed in Oster et al. 2002).

As discussed for N-Myc above, limitations associated with the analysis of
embryoniclethal phenotypes prompted several groups to resort to conditional
targeting approaches for the further elucidation of the consequences of c-Myc
deficiency in vivo. In one such study, an allelic series was generated for the
comparison of mice with levels of c-Myc ranging from wildtype to reduced
(hypomorphic and heterozygous and various combinations thereof) to zero
(Trumpp et al. 2001). On the organismal level, the mice in this series displayed
anincreasing degree of multi-organ hypoplasia (i.e., reduction in cell number)
leading to reduced body size, with decreasing levels of Myc. As has been
discussed for the N-myc knockout mice above, the augmented phenotype
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resulting from reductions in c-Myc levels argues for a threshold level of Myc
expression necessary for proper growth and development. On the cellular
level, mouse embryonic fibroblasts (MEFs) derived from conditional c-myc
knockout mice generated in that study (Trumpp et al. 2001; and in a related
one: de Alboran et al. 2001) showed reduced proliferation with decreasing Myc
levels and ultimately growth arrestin GO/G1 with the complete absence of Myc.
Furthermore, both T cells (Trumpp et al. 2001) and B cells (de Alboran et al.
2001) specifically deleted for c-myc after breeding of conditionally targeted
mice to the appropriate Cre-transgenic mice displayed impaired proliferative
responses after stimulation in culture.

An essential and non-redundant role for c-Myc in T and B lineages was
supported further in a study in which c-myc-null ES cells were injected into
wildtype or Ragl-deficient recipient blastocysts for the generation of chimeric
mice (Douglas et al. 2001). This blastocyst complementation approach allows
one to evaluate the capability of deficient ES cells to contribute to lympho-
cytic lineages (reviewed in Chen 1996; Spanopoulou 1996). In the wildtype
chimeras, c-myc‘/ ~ cells did not contribute to the white blood cell compart-
ment, since these cells were outcompeted by their wildtype counterparts. In
the absence of functional wildtype counterparts in the ragl™~ chimeric mice,
the requirement for c-Myc was defined more precisely. Specifically, c-myc™'~
thymocytes were shown to be impaired in maturation beyond the double neg-
ative stage when significant growth and proliferation is required and when
N-myc expression is downregulated dramatically (Douglas et al. 2001). That it
is c-Myc, and not N-Myc, per se that may be playing an essential role in lym-
phocyte development is supported by findings from a separate study utilizing
similar blastocyst complementation approaches. There, N-Myc deficiency did
notlead to any marked changes in B or T cell differentiation/function (Malynn
et al. 1995). Together, the results from all of the above studies suggest that
mammalian c-Myc plays an integral role in the decisions of cell-cycle entry
and exit, although an additional role in cell survival cannot be ruled out.

Interestingly, a role for Myc in the regulation of cellular growth (i.e., accu-
mulation of mass) has been gaining increasing support from Drosophila (see
below), from cell culture-based studies, and from gene target identification
efforts. However, defects in cell growth were reported in only a minority of the
N-myc/c-myc knockout mouse papers discussed above. For instance, changes
in cell growth (in addition to proliferation) were documented in neurons of
the N-myc conditional knockout mice (Knoepfler et al. 2002), and in c-myc =/~
thymocytes generated via the Ragl-deficient blastocyst approach (Douglas et
al. 2001). In contrast, in another study (Trumpp et al. 2001), the effects of
c-Myc loss were assessed in the process of primary T cell activation, which
allows cell-cycle versus cell growth changes to be dissected one from another;
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there, c-Myc did not appear to be required for cell growth. The notion that
the Myc/Max/Mad network is indeed regulating growth/metabolism clearly
needs to be revisited in the gain- and loss-of-function mouse models that
exist and in ones that will be developed in the future.

With respect to Drosophila myc, when it was cloned initially (Gallant et
al. 1996; Schreiber-Agus et al. 1997; P. Gallant, this volume), it was realized
that it may correspond to the diminutive (dm) gene, a mutation which results
in small body size, among other abnormalities. Indeed, dm was shown to
be a c-myc hypomorph resulting from the insertion of a gypsy transposon
upstream of the Myc translation initiation site (Gallant et al. 1996). Later,
mosaic analyses in the Drosophila wing with more severe dmyc hypomorphic
alleles showed that reductions in dMyc levels led to decreased cell size (but not
cell number), body size, and viability (Johnston et al. 1999). In the reciprocal
gain-of-function mosaic studies, overexpressed dMyc was shown to increase
cellular growth rate by promoting G1/S progression, thus increasing cell size
(mass; Johnston et al. 1999). The findings of these studies on Drosophila
Myc support a model wherein, in response to environmental cues, dMyc
is regulating targets involved in cell growth, biosynthesis, and metabolism.
Indeed, several gene targets that fall into these categories have been identified
in the fly (Orian et al. 2003; Zaffran et al. 1998). Notably, similar types of
gene targets have been identified for mammalian c-Myc with the aid of a ratl
immortalized fibroblast cell line disrupted for both copies of c-myc [(cell
line developed by Sedivy and colleagues (Mateyak et al. 1997)] among other
cell-culture systems. (Relevant gene target papers include Guo et al. 2000;
O’Connell et al. 2003; Shiio et al. 2002.)

The aforementioned c-myc-deficient ratl system has been an important
tool for furthering our understanding of the function of Myc on the cellular
and molecular levels. As such, a discussion of this system is included in this
review of loss-of-function models. c-myc-null somatic cells were generated
to circumvent the problems associated with (1) the embryonic lethality of
c-Myc-deficient mice (and the fact that c-Myc-deficient cells derived from the
conventional knockout mice were unobtainable) and (2) the redundancy of
Myc family members that may be masking critical functions. These c-myc™/~
ratl cells displayed a reduced cell division rate and biosynthetic rate, as well
as morphological changes consistent with cytoskeletal alterations (Mateyak
et al. 1997). This phenotype differed considerably from that of c-myc™”'~ ES
cells generated in the original c-myc knockout study (Davis et al. 1993); these
ES cells did not display any marked changes in cell cycle or growth even after
extensive passaging, presumably due to functional compensation by N-myc
which is expressed therein. Notably, in the c-myc™~ ratl cells, expression
of N- and L-myc is believed to be absent. This being said, the fact that the
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c-myc~'~ ratl cells were still capable of cell division indicates that Myc function
is not absolutely critical for cell viability (albeit with the caveat that during the
establishment of these knockout cells they may have learned how to bypass
the Myc requirement). However, the marked phenotypic alterations that did
occur in the absence of Myc reflect its essential contribution to multiple
cellular processes. Notably, these alterations could be rescued effectively only
by other Myc family members, suggesting that there are neither functional
equivalents of Myc nor predominating downstream gene targets mediating
Myc function (Berns et al. 2000; Landay et al. 2000; Nikiforov et al. 2000,
2002b; Xiao et al. 1998).

The c-myc™/~ ratl ratl cell system has allowed for the reinforcement of
the role of c-Myc in controlling the accumulation of cellular mass as well
as the decision to enter/exit the cell cycle (Holzel et al. 2001; Mateyak et al.
1997, 1999; Schorl and Sedivy 2003). For example, in one study (Schorl and
Sedivy 2003), the finding of delayed passage through the restriction point in
G1 and delayed progression into S suggested roles for Myc in regulating the
cell-cycle machinery and metabolic processes, respectively (albeit that it is
still somewhat ambiguous as to whether one of these functions is secondary to
the other). In addition to these roles, the c-myc™~ ratl system has supported
a function for Myc in sensitizing cells to apoptotic signals, perhaps at the level
of the mitochondria (Adachi et al. 2001; Soucie et al. 2001). This function has
been described in overexpression studies in cell culture (Nasi et al. 2001; Oster
et al. 2002; Pelengaris et al. 2002) but does not appear to have been sufficiently
addressed/documented in the myc knockout mouse models.

Finally, as mentioned above, the ratl c-myc™/~ cells have been employed in
various efforts to identify gene targets downstream of Myc. In some of these
studies, these c-Myc-deficient cells were utilized to confirm candidate targets
identified through other approaches such as inducible overexpression systems
coupled with differential expression analysis, functional screens, educated
guessing, etc. (Bush et al. 1998; Felton-Edkins et al. 2003; Nikiforov et al. 2002a;
among others). In other studies, parental ratl fibroblasts were compared to
the c-myc™'~ fibroblasts (as well as to c-myc™’~ fibroblasts reconstituted with
Myc) by complementary (c)DNA microarray (Guo et al. 2000; O’Connell et
al. 2003; Watson et al. 2002) or quantitative proteomic analysis (Shiio et al.
2002). Although the lists of gene targets identified in these larger-scale efforts
exhibit significant variability, there is some consensus with respect to Myc
activating genes involved in macromolecular synthesis and metabolism and
repressing genes involved in a cell’s interaction with the external environment
(O’Connell et al. 2003; Shiio et al. 2002; for more on Myc gene targets see
chapter by L.A. Lee and C.V. Dang, this volume). For the future, it would be
important to compare loss-of-function models for selected Myc gene targets
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(or combinations thereof) to loss-of-function models for Myc family members
to assess the contributions of these gene targets to mediating various functions
assigned to Myc.

4
Other myc/max/mad Family Knockout Mice

4.1
mad Family Knockout Mice

Like the Myc family proteins, members of the Mad family (Mad1, Mxil, Mad3,
and Mad4) bear bHLH/LZ motifs that mediate heterodimerization to Max
and sequence-specific DNA binding ability (reviewed in Baudino and Cleve-
land 2001; Eisenman 2000; Grandori et al. 2000; Luscher 2001; Schreiber-Agus
and DePinho 1998; Zhou and Hurlin 2001; S. Rottmann and B. Liischer, this
volume). Through their interaction with co-repressors such as Sin3/histone
deacetylase (HDAC), Mad family proteins can repress transcription at E-boxes
present in a set of gene targets that overlaps partially or completely with the
set of targets recognized by the transactivating Myc/Max complex (James and
Eisenman 2002; Nikiforov et al. 2003; O’Hagan et al. 2000). Based on their
ability to antagonize Myc function in transactivation and transformation,
their induced expression during the approach to the terminally differentiated
state, and their chromosomal mapping to hotspots for deletion in a variety of
human cancers, Mad family proteins have been promoted as growth/tumor
suppressors. Support for their roles as growth suppressors comes from cell
culture-based studies, for example those that have shown that these proteins
can cause dramatic reductions in foci number in the Myc/Ras cotransforma-
tion assay. However, support for the roles of Mad family proteins as potent
tumor suppressors has been less forthcoming. More specifically, it has been
difficult to document functional inactivation of these genes in human tumors
or tumor-prone phenotypes of the respective knockout mice, barring sev-
eral exceptions. Examples of these exceptions are increased susceptibility of
Mxil-deficient mice to induced tumorigenesis (Schreiber-Agus et al. 1998;
and see below), mutations/allele specific loss of MXI1 in human prostate can-
cers (Eagle et al. 1995; Prochownik et al. 1998), and downregulation of MAD1
protein levels in invasive breast cancers (Han et al. 2000). In addition, as
discussed next, the developmental phenotypes of the individual mad fam-
ily member knockout mice are relatively mild—all of these mice have been
shown to be viable, fertile, and grossly normal. This was somewhat surprising
given the induced expression of these genes during organogenesis, with mad3
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being expressed in proliferating cells before their differentiation, mxil and
mad4 being expressed in early differentiation, and madl in later differentia-
tion (Queva et al. 1998). The mildness of the knockout phenotypes suggests
several possibilities including (1) the activities of these proteins and their
roles as Myc antagonists are not as physiologically important as originally
thought, (2) there is functional compensation/redundancy between the indi-
vidual family members in most tissues, or (3) there are other proteins within
and beyond the Myc/Max/Mad network that have overlapping roles with Mad
family proteins.

Because of the subtle gross phenotypes of mad family member knock-
out mice, various investigators have capitalized on the accessibility of the
hematopoietic lineages to elucidate the consequences of Mad/Mxil loss of
function in vivo. In the original madl knockout study, this type of analy-
sis revealed a function for Madl in mediating cell-cycle withdrawal during
terminal differentiation of granulocytes (Foley et al. 1998). Specifically, gran-
ulocyte precursors in Mad1-deficient mice displayed increased proliferation
and delayed differentiation (although their concomitant enhanced sensitivity
to apoptosis ultimately resulted in normal numbers of bone marrow and cir-
culating granulocytes). Additional experimental support for Mad1’s function
inregulating cell-cycle exit derives from transgenic studies in which mad1 was
targeted to various organs/compartments via generalized or tissue-specific
promoters (Iritani et al. 2002; Queva et al. 1999; Rudolph et al. 2001). In one
transgenic model, Madl was expressed ubiquitously using the B-actin (BAP)
promoter; these BAP-madl mice presented on the gross level with early
postnatal lethality and dwarfism and on the cellular level with proliferative
defects in multiple cell types (Queva et al. 1999). Similarly, transgenic mice
specifically expressing Madl in T cells (Ick-madl) (Rudolph et al. 2001) or
B and T cells (Ey-Ick-mad1) (Iritani et al. 2002) showed profound prolifera-
tive defects in and reduced cellularity of these hematopoietic compartments.
This suggests that Mad1 regulates cell-cycle withdrawal by promoting G1 ar-
rest, possibly through the regulation of cyclin/cyclin-dependent kinase (cdk)
complexes and cdk inhibitory proteins (ckis) (similar to what was shown with
the N-myc conditional knockout mice and the c-myc™~ ratl fibroblasts). The
level/activity of these regulators has been assessed in madI transgenic mice,
wherein the data suggest that Mad1l may be influencing different cyclin/cdk
(including cyclin D1, cyclin A, cdk4) or cki (including p21¢P! and p27XiP!)
complexes in different cell types (Queva et al. 1999; Rudolph et al. 2001). In
addition, the status of various regulators was assessed in cells derived from
madl~'~;p277/~ compound mice that were generated to determine whether
Madl and p27 may cooperate to regulate the cell cycle during differentiation
(McArthur et al. 2002). On the gross phenotypic level, these double-knockout
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mice exhibited a partially penetrant embryonic or perinatal lethality, with sur-
viving animals presenting with kidney and bone marrow hyperplasia. These
observed synthetic effects in certain tissues suggest both a genetic interaction
between Madl and p27 and the possibility that these two proteins have partly
redundant functions. This redundancy may allow for p27 to compensate for
Madl loss in the specific cell types that are not affected in the madl single-
knockout mice but are affected in the mad1/p27 double-knockout mice. Aside
from the phenotypes already mentioned, the mad1~~;p27~'~ compound mice
displayed an impaired differentiation of granulocyte precursors that was more
severe than that observed in the mad1 single-knockout mice (Foley et al. 1998;
McArthur et al. 2002). Finally, an analysis of doubly deficient granulocyte
lines showed enhanced cyclin E:cdk2 kinase activity when these lines were
induced to differentiate. These observations raise the possibility that p27 and
Madl cooperate to downregulate cyclin E:cdk2 activity in the promotion of
cell-cycle exit during differentiation of specific cell types (McArthur et al.
2002).

In addition to these changes, another finding in the Mad1/p27 doubly defi-
cient granulocytic cells was dramatically increased c-myc messenger (m)RNA
and protein levels. In this case, the upregulation of myc accompanying Madl
and p27 loss could indicate that these two proteins normally cooperate to
downregulate myc during cell-cycle exit (McArthur et al. 2002). In several
of the other knockout mouse models, however, there is a different type of
crosstalk among the Myc/Max/Mad family members wherein there is in-
duced expression of one family member in an attempt to compensate for the
loss of another [e.g., c-myc is upregulated in the neuroepithelium of N-myc
knockout mice (Stanton et al. 1992) or mad3 and mxil are upregulated in
Mad1-deficient spleens (Foley et al. 1998)]. Additionally, in fibroblasts de-
rived from the Mnt-deficient mice (discussed in the following section), c-myc
expression is downregulated, perhaps in response to the loss of this potent
Myc antagonist (Hurlin et al. 2003).

Similar to the madl knockout mice described above, Mxil-deficient mice
displayed enhanced proliferative potentials in specific cell types (Schreiber-
Agus et al. 1998). Hyperplastic changes were observed histologically in the
splenic white pulp as well as the prostate, this supporting a normal role
for Mxil in growth control. Moreover, several cell types isolated from the
Mxil-deficient mouse exhibited enhanced proliferative potential under cer-
tain conditions as compared to their wildtype counterparts. For instance,
mxil™'~ fibroblasts were more readily able than their wildtype counterparts
to generate actively growing colonies of clonal origin when subjected to low-
density seeding assays. In addition, in response to mitogenic stimulation,
Mxil-deficient splenic T cells showed increased proliferation due to an in-
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creased exit from G1. A further assessment of whether Mxil is regulating the
levels/activity of cyclin/cdk or cki complexes may shed light on the common
and distinct molecular mechanisms by which Mxil and Madl can induce
G1 arrest. Finally, despite these findings of increased proliferation in various
cell types of the Mxil-deficient mice (Schreiber-Agus et al. 1998), the rate of
spontaneous tumor formation therein was not increased to a significant extent
[nor was it increased in the Madl-deficient mice (Foley et al. 1998)]. How-
ever, mxil~~ animals did display an increased rate of tumorigenesis when
it was induced by carcinogens or by the concomitant loss of the ink4a/arf
tumor suppressor locus. This suggests that other cooperating mutations may
be necessary to potentiate tumor formation in the Mxil-deficient mice, and
the same could hold true for other Mad-deficient mice as well.

In contrast to the madl and mxil knockout mice, mad3 homozygous
null mice did not display any evident phenotype associated with cell-cycle
exit or differentiation in the cell types examined including hematopoietic
cells, fibroblasts, and neural precursors cells (Queva et al. 2001). This lack
of alterations in these cellular processes was somewhat surprising given that
mad3is unique among the Mad members in that it is expressed in proliferating
cells committed to differentiation (Queva et al. 1998, 2001). A phenotype that
was apparent in the Mad3-deficient mouse was that mad3~/~ thymocytes and
neural progenitor cells were more sensitive than their wildtype counterparts
to apoptosis induced by gamma irradiation (Queva et al. 2001). Since Myc has
been proposed to sensitize cells to apoptosis (reviewed in Oster et al. 2002;
Pelengaris et al. 2002), it is tempting to speculate that Mad3 (and possibly
other Mad family proteins) may participate in the inhibition of apoptosis.
Indeed, as hinted to above, Mad1-deficient granulocyte precursor cells grown
under limiting amounts of cytokines showed a decreased rate of survival,
and Mad1-deficient granulocytic cluster-forming cells exhibited an increased
sensitivity to other apoptosis-inducing stimuli such as gamma irradiation
(Foley et al. 1998). Conversely, decreased sensitivity to apoptotic stimuli was
observed with the Madl transgenic mice (Iritani et al. 2002; Queva et al.
1999). Further studies are needed to assess whether or not the loss of Mxil
can sensitize cells to apoptosis as has been shown for Madl and Mad3. It
is possible that the different Mad family members perform this function in
specified cell types under specific apoptosis-inducing conditions.

Taken together, data from the mad family member knockout mice have
supported the roles for Mad family proteins as antagonists of Myc and have
suggested that there may be functional diversity within the family in different
tissue types/cellular contexts. However, the full physiological significance of
their roles remains to be elucidated. A better understanding of this could
benefit from the generation of additional mad family knockouts (e.g., mad4),
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compound knockouts (double, triple, or quadruple), and possibly knockouts
of other, related Myc/Max/Mad network members (in this regard, see next
section).

4.2
mnt Knockout Mice

Mnt is a more recently described bHLH/LZ protein of the Myc/Max/Mad
network that shares many properties with the Mad family proteins. These
properties include the abilities to heterodimerize with Max to bind to the
E box, to repress transcription at the E-box through interaction with Sin3,
and to suppress Myc/Ras cotransformation [(Hurlin et al. 1997); Mnt is also
known as Rox (Meroni et al. 1997)]. Despite these shared functions, a number
of differences exist between Mnt and the Mad family members. Apart from
its SID (Sin3-interacting domain)/repression domain, Mnt contains several
proline-rich regions that are reminiscent of transcriptional activation do-
mains. Indeed, deletion of Mnt’s SID converts Mnt from a transcriptional
repressor into a transcriptional activator. Furthermore, in addition to being
expressed in differentiating cells, mnt can be found co-expressed with myc
and max in proliferating cells (Hurlin et al. 1997). In contrast to the Madl
ubiquitous gain-of-function mice, which survive until the early post-natal
stage (Queva et al. 1999), transgenic mice ubiquitously expressing mnt ex-
hibit a marked developmental delay and die during midgestation (between
E8.5 and E10.5; Hurlin et al. 1997). Finally, it is possible that an ancestral
version of Mnt gave rise to Mnt as well as the entire Mad/Mxil family in ver-
tebrates, since in the fly only a single ortholog of mnt can be found (Peyrefitte
et al. 2001; Orian et al. 2003).

Mnt-deficient mice were generated recently and shown to exhibit runt-
ing and early postnatal lethality (Hurlin et al. 2003). Although the basis for
this lethality remains to be described further, this developmental phenotype is
more severe than that seen in any of the Mad family knockout mice. The differ-
ence in the knockout phenotypes may be attributable to the aforementioned
unique properties of Mnt, and may also assign it a particularly important
role as a Myc antagonist. Support for this theory also stems from conditional
knockout mice in which mnt was specifically deleted from the mammary ep-
ithelium by crossing a mouse with a floxed mnt gene to an MMTV-Cre mouse
(Hurlin et al. 2003). These conditional knockout mice developed mammary
adenocarcinomas with variable latency, similar to what has been reported for
mice overexpressing Myc in the same compartment. The conditional approach
was employed in this case to circumvent the postnatal lethality associated with
conventional Mnt knockout mice, and the choice of the MMTV-Cre mouse
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was dictated by the fact that MNT maps to a hotspot for deletion in human
breast and other cancers.

MEFs derived from the conventional Mnt knockout mice were studied fur-
ther to elucidate Mnt function on the cellular level. These mnt~'~ MEFs were
shown to enter S-phase prematurely and to have an accelerated proliferative
rate. Similar to what was shown with the Madl mouse models (see previous
section), these cell-cycle effects could be correlated with the ability of Mnt to
regulate the levels and activities of specific cyclins and cdks (e.g., cyclin El,
cdk4, and cyclin El:cdk2 complexes). In addition, Mnt-deficient MEFs dis-
played increased sensitivity to apoptosis under apoptosis-stimulating condi-
tions, reminiscent of what has been described for Mad3-deficient thymocytes
and neural progenitor cells and Mad1-deficient granulocyte precursor cells
(see previous section). Finally, Mnt-deficient MEFs were more readily able
than their wildtype counterparts to escape senescence, and they were also ca-
pable of being transformed by oncogenic Ras alone (i.e., they have bypassed
the requirement for Myc to cooperate in this process; Hurlin et al. 2003).

Taken together, the phenotype of the Mnt-deficient cells and mammary
epithelium strongly resembles that resulting from Myc overexpression, points
to Mnt’s significant role as a Myc antagonist, and raises questions as to whether
Mnt is a bona fide tumor suppressor involved in human cancer pathogenesis.

43
max Knockout Mice

The ability of Myc proteins to activate transcription at the E-box, to promote
proliferation and transformation, and to induce apoptosis is highly depen-
dent upon their dimerization with Max. Likewise, interaction of the Mad
members and Mnt with Max is necessary for their ability to repress transcrip-
tion at the E-box, to stimulate differentiation, and to inhibit transformation
(Baudino and Cleveland 2001; Eisenman 2000; Grandori et al. 2000; Luscher
2001). Because Max is pivotal to the network and potentiates the activities of
opposing transcriptional regulators, one would predict that Max should have
an essential role in development. Indeed, Max deficiency in the mouse results
in embryonic lethality at E6.5-E7.5 accompanied by developmental arrest in
embryonic and extraembryonic tissues (Shen-Li et al. 2000). This develop-
mental arrest most likely results from a reduction in cellular proliferation as
opposed to an increase in apoptosis. The timing of the embryonic lethality, in
that it is earlier than the lethality observed for c- or N-Myc-deficient mice (see
Sects. 2 and 3), is consistent with the centrality of Max in the Myc/Max/Mad
network. In addition, the severity of the Max-deficient phenotype is suggestive
of an essential role for the Myc proteins even in the post-implantation/pre-
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organogenesis stages of development; this role could be masked in the Myc
knockout mice due to functional complementation by Myc paralogs. Finally,
a role for Myc even during the early cleavage and pre-implantation stages
of development cannot be ruled out, since maternal stores of Max in the
Max-deficient embryos may be sufficient to rescue them through these stages
(Shen-Li et al. 2000 and references therein). All this being said, the extrapo-
lation of roles for Myc family members from the Max-null phenotype must
be done with some caution, since Max can associate with other proteins in-
cluding itself, the Mad family members, Mnt, and Mga (reviewed in Baudino
and Cleveland 2001; Eisenman 2000; Grandori et al. 2000; Luscher 2001; Oster
et al. 2002). Elucidating the individual and collective contributions of these
interactions to developmental processes would be a significant challenge.

5
Lessons Learned and Questions for the Future

A compilation of lessons we have learned to date from the myc/max/mad
knockout mouse models, and suggestions as to where future efforts could be
focused, follows.

5.1
Myc Function Is Essential for Normal Embryonic Development

Functions of the Myc family proteins (at least N-Myc and c-Myc) are required,
and unable to be compensated for, from midembryogenesis and beyond, when
these proteins are expressed in distinct cellular compartments. Support for
this derives from the individual c- and N-myc knockout mice which display
embryonic lethality between E9.5 and E12.5 (Charron et al. 1990, 1992; Davis
et al. 1993; Sawai et al. 1991, 1993; Stanton et al. 1990, 1992). Since the Max
knockout succumbs to lethality even earlier (~E6.5-7.5; Shen-Li et al. 2000),
it is likely that there is also a role for Myc family proteins during the postim-
plantation through midembryogenesis stage. This role could be masked in
the single Myc knockouts by functional compensation between c- and N-
myc, which are expressed in overlapping patterns at this developmental time.
However, given the diversity of Max interactions (and the possibility that
even Max-Max homodimers may be physiologically important), the possible
functions of these other types of complexes in early embryogenesis cannot be
excluded. The generation of double or triple knockouts for the myc family pro-
teins and their comparison to the max knockout may be telling in this regard.
Finally, it is conceivable that the Myc/Max/Mad network is also functioning in
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the earliest stages of embryogenesis (cleavage and pre-implantation). If this is
the case, the survival of the max knockout through these stages can perhaps
be explained by maternal stores of Max (Shen-Li et al. 2000), and the survival
of the single myc knockouts through these stages can be explained once again
by functional compensation between N- and c-Myc. All this being said, one
could counter-argue that Myc function may not be absolutely required for cell
viability in certain cell types. For instance, in the c-myc™' ratl system, cells
thought to be completely devoid of myc expression (since N- and L-myc ex-
pression is not detectable in these cells) are still capable of dividing (although
in an aberrant manner) (Mateyak et al. 1997). However, it is important to
note that the c-myc™'~ ratl cells were selected for their ability to proliferate,
and may have in the selection process figured out a way to bypass the Myc
requirement that all cells may possess at the outset.

5.2
Threshold Levels of Myc Expression Must Be Reached
for Proper Growth and Development of Certain Tissues

The concept of “threshold Myc levels” was best exemplified in the allelic se-
ries generated for N-myc and c-myc through the use of hypomorphic and
null alleles and combinations thereof (Moens et al. 1992, 1993; Nagy et al.
1998; Trumpp et al. 2001). In these allelic series, the severity of the pheno-
type in certain tissues increased with incremental reductions in the level of
Myc. In other words, the emerging phenotypes behaved in a dose-dependent
manner. In tissues that were affected in the null mutants but not in mutants
with reduced Myc expression, it is possible that the level of Myc was sufficient
in the latter animals to ensure proper growth and development. However,
crosstalk between the Myc/Max/Mad members and changes in their expres-
sion to compensate for the loss of a member cannot be ruled out. This type of
compensation has been described in one of the N-myc conventional knockout
mouse lines wherein c-myc was ectopically expressed in the neuroepithelium
(Stanton et al. 1992). Despite this upregulation, CNS abnormalities were still
present in the N-myc-null mice, perhaps suggesting that threshold Myc levels
had not been achieved, among other possibilities (discussed in Sect. 2).

While reductions in Myc levels/activity have been shown to impair normal
growth and development in the loss-of-function models, excessive Myc is
also detrimental as exemplified by numerous gain-of-function mouse models
(not discussed here). Achieving the “ideal” spatio-temporal expression levels
and activity levels of Myc requires multiple modes of regulation, including
that accomplished through the antagonistic actions of other members of the
Myc/Max/Mad network.
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5.3
N- and ¢-Myc May Have Evolved to Serve Highly Similar Functions
in Different Vertebrate Tissues/Cell Types

The various c- and N-myc knockout mouse studies have supported develop-
mental roles for these proteins in multiple processes including cell division,
cell growth, cell survival, inhibition of differentiation, tissue-tissue interac-
tion, among others. However, it still remains to be determined if c- and N-Myc
are playing identicalroles in these processes. Complete functional redundancy
between these two highly related proteins has gained experimental support
from the knockin study (Malynn et al. 2000) in which replacement of the c-
myc coding sequences with those of N-myc resulted in an apparently normal
mouse. Perhaps the converse experiment, in which c-myc coding sequences
replace those of N-myc in the N-myclocus, would be worthwhile in this regard,
given that N-myc expression patterns are more restricted than those of c-myc.
If this type of knockin mouse emerged as phenotypically normal, then the
case for complete redundancy would be even more solid (albeit with the caveat
that these knockin studies are contrived situations that may force proteins to
assume supra-physiological roles). Then, the preservation of c- and N-myc as
distinct sequences throughout evolution could be attributed (solely?) to the
“regulatory asymmetry” (Krakauer and Nowak 1999) imparted upon them
by their unique expression patterns. However, it still remains possible that
there are functional differences between c- and N-Myc that have escaped our
detection, and these differences may relate to their interactions with different
cofactors or their regulation of distinct gene targets (although once again
these differences may be secondary to their expression patterns). Additional
insight into possible differential roles in various tissue types could be gained
from the generation of new conditional knockout mice for c- and N-myc,
and the subsequent combinations thereof for comparison to the individual
knockouts.

5.4
L-Myc Appears to Be Dispensable for Normal Growth and Development,
but Subtle Roles for L-Myc Cannot Yet Be Excluded

In contrast to the roles of c- and N-Myc, the role of L-Myc and its preservation
throughout evolution remains somewhat mysterious, since the L-myc knock-
out mouse did not exhibit any discernable phenotypic abnormalities (Hatton
etal. 1996). It has been argued that, since L-myc is typically co-expressed with
another myc family member and has weaker transformation/transactivation
activities, L-Myc may temper Myc activity in certain cell types/developmental
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stages (Hatton et al. 1996) or even may be evolving to be functionally inac-
tive. For additional insight into L-Myc’s role, one could consider crossing the
L-Myc-deficient mouse onto the c- or N-Myc-deficient backgrounds, challeng-
ing the L-myc-deficient mice with chemical or biological agents to elicit latent
phenotypes, or specifically inactivating L-myc in a cell type that expresses
L-myc but not c- or N-myc (if that exists). With respect to the latter point,
clues about this may come from the distinct human cancer types in which
L-myc deregulation has been implicated to be causal (Lutz et al. 2002; Nesbit et
al. 1999). Finally, a knockin study similar to the one discussed above (Malynn
et al. 2000), but replacing L-myc sequences for c-myc sequences in the whole
animal or select cell types, could provide insight into L-Myc’s functional place
within the Myc/Max/Mad network.

5.5
Lack of Dramatic Phenotypes with Single Knockouts of the Mad Family Members

Despite the fact that Mad family proteins have been promoted over the last
decade as important Myc antagonists and putative tumor suppressors, Mad1-,
Mxil-, or Mad3-deficient mice did not display dramatic developmental phe-
notypes or strong predisposition to tumorigenesis (Foley et al. 1998; Queva
et al. 2001; Schreiber-Agus et al. 1998). Compensation/redundancy between
related Mad family proteins has been offered as a likely explanation for this,
and, as with the Myc subfamily of the Myc/Max/Mad network, the preserva-
tion of the Mad family members as unique sequences may thus result from
their distinct expression patterns during embryogenesis and in adult tissues
(Queva et al. 1998). The issue of redundancy could be addressed further via
the generation of double, triple, and quadruple knockouts of the Mad family
members, studies which are currently ongoing (B. Iritani and R.N. Eisenman,
personal communication). Surprisingly, the triple mad1, mxil, mad3 knock-
out mice are fertile and viable, albeit that they are about 15%-20% larger than
age-matched controls. In addition, the splenic B and T cells and thymocytes of
these triple-knockout mice exhibit a hyperproliferative phenotype following
stimulation (B. Iritani and R.N. Eisenman, personal communication). While
the remaining Mad family member (Mad4) may be compensating for the loss
of the others and preventing more severe sequelae, it is also possible that even
the quadruple-knockout mice will not be grossly compromised. This out-
come could suggest compensation by other more distantly related members
(e.g., Mnt; see next paragraph) with overlapping, or perhaps even dominant,
functions. Moreover, there is also the suggestion that there may be functional
compensation/complementation by proteins outside of the Myc/Max/Mad
network altogether. Evidence for this has emerged already from the docu-
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mented synergism between Madl and the cki p27 in promoting cell-cycle
exit during differentiation of specific cell types (McArthur et al. 2002). These
complementary players could also be the ones that may cooperate with the
Mad family proteins in the function of tumor suppression. Evidence for this
has emerged from the finding that the rate of tumorigenesis in the Mxil-
deficient mouse was increased with the concomitant loss of the ink4a/arf
tumor suppressor locus (Schreiber-Agus et al. 1998).

The recently generated Mnt-deficient mouse has revealed an important
role for this Myc/Max/Mad network member in proliferation, development,
and tumor suppression. Specifically, mice rendered deficient for Mnt by con-
ventional means died postnatally, and mice rendered conditionally deficient
for Mnt in the mammary epithelium developed mammary adenocarcinomas
(Hurlin et al. 2003). These developmental and tumor-prone phenotypes are
much more severe than those observed in the Mad family knockout mice,
a finding that may indicate a broader role for Mnt in the negative regulation
of proliferation and in Myc antagonism. This broader role may result in part
from the expression profile of Mnt vis-a-vis that of the Mad family proteins.
Notably, mnt is ubiquitously expressed and readily detected in quiescent and
proliferating cells, while mad family gene expression is usually restricted in
developing and adult tissues and is found at low levels in proliferating cells.
Moreover, Mnt may encode additional functions relative to those encoded by
Mad family proteins (perhaps through Mnt’s putative transactivation domain)
that when lost may contribute to the severity of the knockout phenotype.

Through the analysis of cells derived from the deficient mice, roles for Mnt,
like for Mad family proteins, have been established in the negative regulation
of cell-cycle entry and in the negative regulation of apoptosis. Additionally,
Mnt has been shown to be involved in regulating senescence, a property that
has not been fully evaluated in the Mad family knockout mice. Whether or
not the Mad family proteins and Mnt have similar roles in different cell types
remains to be determined. In this regard, our ability to discern differential
cellular functions for related family members of the Myc/Max/Mad network
could benefit greatly from applying a certain degree of standardization to
loss-of-function studies. This could involve employing equivalent knockout
strategies, using mice of the same genetic background, and/or carrying out
the phenotypic analysis of the single and compound knockouts in a uniform
manner. If single members are expressed in specific cell types, their functions
could be elucidated and compared to those of other members expressed alone
in other cell types. In cell types where multiple members are expressed, the
effects of individual versus combinatorial deficiencies could be compared
side-by-side and assessed for augmented phenotypes in the latter.
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5.6
The Emerging List of Bona Fide Myc/Max/Mad Gene Targets Should Be Considered
in Relation to the Existing Myc/Max/Mad Mouse Models

The emergence of bona fide Myc or Mad downstream gene targets (see chapter
by L.A. Lee and C.V. Dang, this volume) raises questions as to whether specific
targets are the primary mediators of Myc or Mad functions. Accordingly,
loss-of-function (or gain-of-function) models for these gene targets could
be compared to those of the Myc/Max/Mad network. Notably, this type of
comparison was done for one of the putative Drosophila Myc targets, pitchoune
(pit), and the results suggest that Pit may be an important mediator of Myc’s
ability to regulate cellular growth and metabolism (Zaffran et al. 1998).

Aside from being able to place valid targets downstream of Myc/Max/Mad
function in specific cellular processes, the identification of these targets also
could prompt revisiting of Myc/Max/Mad loss- or gain-of-function models
to assess further the role of this network in additional/alternative cellular
processes. For instance, since a role for Myc (and Mad) in the control of
cellular growth (accumulation of mass) continues to gain support from
a variety of systems, this aspect could be investigated further in the context of
the mouse. Preliminary support for this in vivo role comes from the findings
of reduced cell growth in neurons of the N-myc conditional knockout mice
(Knoepfler et al. 2002) and in c-myc ~/~ thymocytes generated via the
Ragl-deficient blastocyst approach (Douglas et al. 2001). In addition, certain
subsets of thymocytes from Eu-Ick-Madl transgenic mice were shown to
be smaller in size than thymocytes from wildtype mice (Iritani et al. 2002).
Notably, this reduction in size was accompanied by an enhanced repression of
genes involved in the regulation of cell growth. Finally, apart from assessing
alterations in cellular growth further in the Myc/Max/Mad mouse models,
it may also be worthwhile to evaluate changes in adhesion/cytoskeletal
remodeling in specific cell types. The rationale for this stems from the fact
that numerous proteins associated with these processes were found to be
differentially expressed in a quantitative proteomic analysis of Myc-deficient
cells in comparison to controls (Shiio et al. 2002). In addition, among the
various phenotypes of the c-myc™~ ratl cells were morphological changes
consistent with cytoskeletal alterations (Mateyak et al. 1997).

5.7
New Insights Regarding the Contributions of the Myc/Max/Mad Network
to the Pathogenesis of Human Cancers May Lie in the Various Mouse Models

It would be of great value to use the information gleaned from Myc/Max/Mad
loss- and gain-of-function mouse models to further our understanding of how
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dysregulation of this network contributes to cancer pathogenesis. Caution
must be exercised though, since the physiological processes in which this
network participates, and the gene targets which it regulates, may be different
from those that are affected when Myc family proteins are dysregulated (and
possibly Mad family proteins are inactivated) in human tumors (this conceptis
also discussed in Cole and McMahon 1999). Nonetheless, these models could
provide important clues. One example of clues of this type emerges from
the N-myc conditional knockout study in neuronal progenitors (Knoepfler et
al. 2002). More specifically, the frequent dysregulation of N-myc in nervous
system tumors may relate directly to the critical role for N-Myc in controlling
growth and proliferation and preventing differentiation of neuronal precursor
cells. Another clue may come from mice with a conditional knockout of mnt
in the mammary epithelium (Hurlin et al. 2003). The finding of mammary
adenocarcinomas in a significant proportion of these mice, coupled with
the mapping of human MNT to a hotspot for loss-of-heterozygosity in breast
cancers (17p13.3), warrants further investigation of the possible pathogenetic
role of Mnt loss in human tumorigenesis.

6
Conclusion

The past two decades of gene targeting experiments have allowed us to make
significant strides towards understanding how the Myc/Max/Mad network
influences multiple aspects of cellular behavior during development. With
multiple knockout lines, sophisticated approaches, and insights from comple-
mentary gain-of-function systems in hand, we are now in a unique position to
significantly advance our understanding of Myc/Max/Mad in vivo functions.
Among the pressing issues that remain to be addressed in the context of the
whole organism are the differential functions of related family members, the
nature of the downstream mediators of these functions, the factors control-
ling Myc/Max/Mad expression/activity, and the relationship of this network
to other key regulators of cellular behavior.

Note Added in Proof The reader is directed to the recent literature for additional
reports on this topic that were published since the preparation of this review. These
reports include those that describe new tissue-specific knockouts for N-myc and c-myc,
conditional inactivation of myc in Myc-induced mouse tumor models, and knockouts
of various bona fide Myc downstream gene targets.
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Abstract The Myc proto-oncogenes, their binding partner Max and their antagonists
from the Mad family of transcriptional repressors have been extensively analysed in
vertebrates. However, members of this network are found in all animals examined so
far. Several recent studies have addressed the physiological function of these proteins
in invertebrate model organisms, in particular Drosophila melanogaster. This review
describes the structure of invertebrate Myc/Max/Mad genes and it discusses their
regulation and physiological functions, with special emphasis on their essential role
in the control of cellular growth and proliferation.

Abbreviations

BDGP Berkeley Drosophila Genome Project; http://www.fruitfly.org/
BHLHLZ Basic-helix 1-loop-helix 2 leucine zipper

EST Expressed sequence tag

SID mSin3 interaction domain

Wg Wingless

Dpp Decapentaplegic

PI3K Phosphatidylinositol-3-OH kinase

PIP3 Phosphatidylinositol 3,4,5-triphosphate

TOR Target of rapamycin

TSC1/2 “Tuberous sclerosis” tumour suppressor gene 1/2
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1
Identification of myc/max-Related Genes in Invertebrates

The importance of myc genes in normal development and disease has been
amply documented (Oster et al. 2002). Myc activity has been shown to be
required for normal proliferation and growth (Oster et al. 2002); conversely,
deregulated activation of Myc contributes to cellular transformation, immor-
talization and genome instability, and appears to promote growth, cell cycle
progression, apoptosis and angiogenesis (Oster et al. 2002). All of these effects
are associated with Myc’s ability to regulate the expression of a number of
target genes, whereby Myc can act as an activator on some targets and as a re-
pressor on others. The mechanism of transcriptional repression by Myc has
been recently reviewed and it will not be further addressed here (Wanzel et
al. 2003; D. Kleine-Kohlbrecher et al., this volume). Transcriptional activation
by Myc is mediated by heterodimers between Myc and Max which bind to
specific DNA sequences called E-boxes. These E-boxes can also be bound by
heterodimers of Max with Mad proteins, which results in repression of the
corresponding genes. Thus, a model has emerged where Max is located at the
centre of a network of transcriptional activators and repressors. Since Max
levels appear to be fairly constant, it is the relative levels of Myc and Mad
proteins which determines the transcriptional status of E-box-containing tar-
get genes. The analysis of this network is complicated by a high degree of
functional redundancy; mice and humans, where the Max network has been
most extensively studied, contain only one max gene, but at least 3 partially
redundant myc genes (c-myc, N-myc, L-myc, plus additional genes derived
from processed transcripts) and 5 mad-like genes (madl, mxil, mad3, mad4,
mnt). To complicate matters further, targeted disruption of either c-myc or
N-myc results in lethality during mid-embryogenesis (Charron et al. 1992;
Davis et al. 1993; Sawai et al. 1993).

To circumvent these problems, different approaches were undertaken to
identify the Max network in simpler and genetically tractable organisms. Low
stringency hybridization approaches led to the cloning of Myc in the sea star
Asterias vulgaris (Walker et al. 1992), but failed to molecularly identify any
myc genes in protostomes (see e.g. Shilo and Weinberg 1981; Bishop 1983;
Madhavan et al. 1985; Sarid et al. 1987; Blackwood and Eisenman 1991).
Instead, the single Drosophila Myc orthologue, termed dMyc, was found in
yeast two-hybrid screens of a Drosophila library where vertebrate Max was
used as the bait (Gallant et al. 1996; Schreiber-Agus et al. 1997). Drosophila
Max (dMax) was cloned in a subsequent yeast two-hybrid screen with dMyc
as the bait (Gallant et al. 1996), and the single Drosophila Mad/Mnt ortho-
logue (dMnt) was found in yet another yeast two-hybrid screen with dMax
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as the bait (Loo et al. 2005), and independently by in silico screens of the
published Drosophila genome sequence (Peyrefitte et al. 2001). The availabil-
ity of full-genome sequences also allowed the identification of Max network
components in Caenorhabditis elegans (Yuan et al. 1998), Anopheles gambiae
(Holt et al. 2002; P. Gallant, unpublished observation) and Ciona intestinalis
(Dehal et al. 2002; P. Gallant, unpublished observation). In contrast to the situ-
ation in metazoans, no myc, max or mad genes are found in fungi or in plants.
Two proteins in Arabidopsis thaliana called ATmycl (Urao et al. 1996) and
ATmyc2 (Abe et al. 2003) share sequence similarity with the Myc C-terminus,
the BHLHLZ domain (basic-helix 1-loop-helix 2-leucine zipper), but lack the
N-terminal hallmarks of animal Myc proteins (Myc Box 1, Myc Box 2; see
Sect. 2.2) and therefore probably do not correspond to true Myc orthologs.

2
Analysis of myc, max, mad Sequences in Invertebrates

The last common ancestor of insects, nematodes and chordates lived almost
1 billion years ago (Hedges 2002). Any motif that is conserved between orthol-
ogous proteins from these different groups is likely to be of functional signif-
icance. In the following sections, such evolutionary sequence conservation is
discussed for Max network components from different invertebrates and one
representative vertebrate, human (for an extensive comparison of vertebrate
Myc proteins, see Miyamoto and Freire 2000; Johansson et al. 2001).

2.1
Max

All analysed species encode one Max orthologue, with the exception of C. ele-
gans, which contains two max-like genes (mxlI-1 and mxI-3). As Max needs to
interact with Myc and Mad proteins and possibly additional transcription fac-
tors such as Mga, TEF-1 and a-Pal (Hurlin et al. 1999; Gupta et al. 1997; Shors
et al. 1998), it is not surprising that it is evolutionarily the most conserved
component of the network (Atchley and Fitch 1995). The conservation is par-
ticularly high in the BHLHLZ domain, which is involved in protein:protein
interactions and DNA binding (Fig. 1a, b). Fig. 1a also indicates the positions
of exon-exon junctions with respect to the coding sequence; these junctions
have been predicted based on comparisons between complementary (c)DNAs
and published genomic sequences (Adams et al. 2000; Lander et al. 2001; Ven-
ter etal. 2001; Holt et al. 2002). The predicted human gene structure is identical
to the published structure of the chicken gene (Sollenberger et al. 1994), sug-
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Identity with human Max
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Human 100% / 100%
Ciona -/ 75%
Drosophila 49% / 66%
Anopheles 56% / 85%
Ce Mx1-3 37% / 53%
Ce Mxl-1 41% / 46%

gesting that it reflects a generic vertebrate max gene structure. Interestingly,
the max gene structure is identical in insects (but not in worms; Fig. 1). This
evolutionary conservation is particularly intriguing in light of the existence of
alternatively spliced max messenger (m)RNAs in vertebrates: coding exons 2
(labelled “9 amino acids” in Fig. 1a) and 3 (coding for the “basic-helix 1-loop”
domain) are facultatively included in mature max mRNAs, as is an exon be-
tween the last two indicated coding exons (this facultative exon is not shown
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<

Fig. 1a, b Comparison of Max proteins from different species. a amino acid align-
ment. Shown above the sequence are the functional elements of Max; asterisks denote
hydrophobic amino acids constituting the “leucine zipper”. Red vertical bars show
the positions of exon-exon junctions (except for Ciona Max). Full-length proteins are
shown, except for Ciona Max where only the predicted BHLHLZ region is depicted. b
Percentage identity of Max proteins with human Max, indicated for the full-length pro-
tein and for the BHLHLZ region only. Species shown are: Ciona intestinalis (sea squirt);
Drosophila melanogaster (fruit fly); Anopheles gambiae (mosquito); Caenorhabditis
elegans (nematode worm). Sources of unpublished sequences: Anopheles gambiae—
accession number BX049732 (EST); Caenorhabditis elegans Mxl-3—accession number
NP_510223 (protein); Ciona intestinalis—genomic scaffold 50, co-ordinates 2920 to
3318 (best match in a TBLASTN search with dMax)

in Fig. 1a) (Blackwood and Eisenman 1991; Makela et al. 1992; King et al. 1993;
Vastrik et al. 1993; Koskinen et al. 1994; Tonissen and Krieg 1994; Arsura et al.
1995; FitzGerald et al. 1999). In insects only one mature max mRNA has been
characterized (Gallant et al. 1996) and one more alternatively spliced EST
has been reported (BDGP), but this conservation in gene structure indicates
the possible existence of different additional splice isoforms. Furthermore, it
suggests that such alternative forms of Max protein might play an essential
role in vivo, even though their importance has not been demonstrated so far.

2.2
Myc

Vertebrates contain multiple myc genes (see above). They share a three-exon
structure, whereby the major translation initiation codon is located at the
beginning of the second exon and the open reading frame extends into exon 3
(Spencer and Groudine 1991); a few myc genes that deviate from this pattern
and are encoded on a single exon probably derive from processed transcripts
(e.g. human L2-myc). The same three-exon structure has also been found for
Drosophila myc (P. Gallant, unpublished; however, the existence of additional
non-coding exons 3’ of exon 3 has not been rigorously excluded), and the
junction between exons 2 and 3 is located at the same codon as in vertebrate
myc genes (Fig. 2¢). This junction is also conserved in the single myc gene of
Caenorhabditis intestinalis (as indicated by a comparison of EST and genomic
sequences—P. Gallant, unpublished; Fig. 2c), and presumably also in the
Anopheles gambiae myc (exon prediction based on the sequence similarity
of conceptual translations of genomic DNA with Myc proteins from other
species—see Fig. 2¢; P. Gallant, unpublished). No myc gene has been found in
the C. elegans genome (Yuan et al. 1998).
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a.Myc-Box I

Human T 17 EDFYRSTAEEIANRISIIHA 1Y
Human N- 29 FGGPDSTPly

Human c- 37 QSELQPP.

Ciona 34 SSPTYGACLENANUNSIAR:|x
Asterias 29 SSTLTPPTIESHNRISNIATY |3
Urchin 27 ARSPNSTTIZAHNRINeg» DY
Drosophila 42 QSDLEKIEDMES)
Anopheles 7 HWDLIKMEZMBBADTNELGYL
consensus psediwkkfelvp
b.Myc-Box II

Human L- 89 INNDCMWS GIASA

Human N- 102

Human c- 128 [ODCMWSGIgSAIN

Ciona 129 KisJei%l N[eFi GHK P
Asterias 112 epCMWSHIMARER
Urchin 136 FipiQneWE S0k E
Drosophila 68 HrRNIpEW PE U CLT
Anopheles 118 OmRHeA@YCEDEs
consensus vii DCMWsgisa er

c. Acidic region

Human L- 159
Human N- 249
Human c- 246
Ciona 202
Asterias 193
Urchin 205
Drosophila 403

Anopheles 891
consensus eEEIDVVtv eKr

Fig. 2a-c Partial sequence alignments of Myc proteins from different species. Con-
ventions are as for Fig. 1. Species shown are: urchin—Strongylocentrotus purpuratus
(purple urchin); Asterias vulgaris (sea star); others are described in the legend to Fig. 1.
Sources of unpublished sequences: Ciona—gene name ci0100150934; the BHLHLZ do-
main of Anopheles Myc was identified in a TBLASTN search of the Anopheles genome
with dMyc as the query; the position of the exon boundaries was predicted based on
the position of splice junctions, the amino acid homology at the ends of both exons,
and the length of the predicted intron (Anopheles: 8,163 bp; Drosophila: 8,152 bp for
the corresponding intron)

At the amino acid sequence level, Myc proteins are moderately conserved
throughout evolution; for example, dMyc and human c-Myc are only 26%
identical over the whole sequence (Gallant et al. 1996). However, interspersed
in oceans of divergence lie islands of high sequence conservation that cor-
respond to functionally important motifs. Best known are the N-terminally
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d. Basic region — helix 1 —loop - helix 2 - leucine zipper
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e. Identity with human ¢-Myc (BHLHLZ)

Human L- 48%
Human N- 59%
Human c- 100%
Ciona intestinalis 48%
Strongylocentrotus purpuratus (purple urchin) 49%
Asterias vulgaris (sea star) 50%
Drosophila melanogaster 41%
Anopheles gambiae 44%

Fig.2d, e (continued)

located “Myc Box 27, which is part of the transcriptional regulation domain
and important for the biological activities of Myc (Fig. 2b; Amati et al. 2001),
and the C-terminal BHLHLZ domain, which mediates DNA binding and het-
erodimerization (Fig. 2d, e; Amati et al. 2001); the presence of these two motifs
is a hallmark of all Myc proteins. A second N-terminal motif, known as “Myc
Box 17, is also part of the transactivation domain and highly conserved in
deuterostome Myc proteins, but much less so in the insect proteins (Fig. 2a).
While these motifs have been extensively characterized in vertebrate Myc,
considerably less is known about a highly conserved “acidic domain” located
in the centre of the protein (Fig. 2c). The corresponding region in the v-Myc
oncoprotein is specifically required for the transformation of adult chicken
bone marrow cells and peripheral blood macrophages, whereas it is dispens-
able for the transformation of embryonic chicken cells or quail peripheral
blood macrophages (Heaney et al. 1986; Biegalke et al. 1987). The high degree
of evolutionary conservation suggests a much broader and more important
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role for this domain that needs to be defined. Evolutionary constraints on the
nucleotide sequence coding for this motif may also explain why the position of
the junction between exons 2 and 3 has been conserved in myc genes (Fig. 2c).

23
Mad/Mnt

In humans and mice, the mad family is represented by five genes: madl,
mad3, mad4, mxil and mnt. Two family members have been identified in
the genome of C. intestinalis (P. Gallant, unpublished), whereas Drosophila
and Caenorhabditis only encode one such gene each (dmnt and mdl-1, re-
spectively; Peyrefitte et al. 2001, Yuan et al. 1998); the same appears to be
true for Anopheles as well (P. Gallant, unpublished). Thus, early in chordate
development a gene duplication involving mad seems to have taken place.

Figure 3a shows partial amino acid alignments of the Mad family proteins.
The Ciona and Anopheles proteins are derived from conceptual translations of
genomic DNA, and no EST evidence has been published yet; hence only their
BHLHLZ region is shown, as the remainder of the protein cannot be predicted
with high confidence. Like all members of the Max network, Mad/Mnt proteins
are characterized by a BHLHLZ domain. In addition, they contain a region
that mediates interaction with the transcriptional corepressor Sin3 known as
“Sin3 interaction domain” or SID (Ayer et al. 1995; Eilers et al. 1999; Schreiber-
Agus etal. 1995). Based on a comparison of the BHLHLZ regions, the dipteran
Mad proteins are most closely related to vertebrate Mnt; the same appears to
be true for the worm orthologue (Fig. 3b).

The structure of mad genes is less conserved than that of myc or max.
However, in all genes the SID is encoded on a different exon than the BHLHLZ.
This opens the possibility for alternative splicing to generate proteins that are
able to bind DNA and Max, but lack the interaction with transcriptional co-
repressors; the resulting proteins could potentially differ radically in their
transcriptional properties from SID-containing isoforms. Such alternatively
spliced forms have indeed been reported to be produced from the murine
mxil locus (Schreiber-Agus et al. 1995) and from the dmnt gene (Loo et al.
2005).
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a. Alignment of Mad / Mnt proteins
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b.Tree of BHLHZ regions of Mad/ Mnt proteins

Anopheles Mnt
Human Mnt
Drosophila Mnt
Ciona Mnt
| Caenorhabditis Mdl-1
Ciona Mad
f Human Mad1
l Human Mxil
Human Mad4
Human Mad3

Fig. 3a, b Comparison of Mad/Mnt proteins from different species. a Partial amino
acid alignment; conventions are as in Fig. 1. b Phylogenetic tree of BHLHLZ domains
of different Mad/Mnt proteins constructed using CLUSTALW. Species are the same
as in Fig. 1. Sources of unpublished sequences: Anopheles Mnt—accession number
EAA07540 (protein); Ciona Mad—gene name ci0100137424; Ciona Mnt—gene name
€i0100131159
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3
Function of the Max Network in Invertebrates

3.1
Drosophila Myc

In invertebrates, the function of Max network components has predominantly
been addressed in Drosophila. The dmyc gene has long been known to the
fly-research community under the name of diminutive (dm), although the
identity of dm with dmyc was only recently recognized (Bridges 1935; Gallant
et al. 1996; Schreiber-Agus et al. 1997). While dmyc is an essential gene, sev-
eral hypomorphic viable dmyc alleles have been described; flies carrying such
mutations are characterized by a number of traits, including reduced body
size, slender bristles, a delay in development and female sterility (Bridges
1935; Johnston et al. 1999). The cellular cause for the female sterility is cur-
rently unknown, but one of the contributing factors presumably is a defect
in the migration and differentiation of somatic follicle cells, in particular of
the border cells (J. Maines, personal communication; King 1957; King and
Vanoucek 1960). In contrast, the other defects reflect dMyc’s role in the con-
trol of cellular growth and proliferation: a reduction in dmyc activity reduces
cellular size and increases the fraction of cells in G1 phase of the cycle (John-
ston et al. 1999; T. Hulf et al. 2005), whereas overexpression of dMyc promotes
entry into S-phase and increases cellular size and the rate of mass increase
(growth) in clones of cells (Johnston et al. 1999). In contrast to vertebrates, the
forced expression of dMyc in flies does not accelerate cell division rates, since
the G2-M transition is independent of dMyc activity in flies and becomes
rate-limiting under conditions of dMyc overexpression where the duration of
G1 phase is greatly reduced (Johnston et al. 1999). In endoreplicating cells
that lack M-phases, however, forced expression of dMyc induces additional
S-phases and results in hyperploidy (Britton et al. 2002; Pierce et al. 2004;
Maines et al. 2004). These effects on growth are presumably mediated by the
transcriptional regulation of a similar set of target genes as has been proposed
for vertebrate Myc, including many genes involved in ribosome function and
nucleolar biogenesis (Zaffran et al. 1998; Orian et al. 2003; Hulf et al. 2005).
In addition, overexpressed dMyc has been reported to control several cell-
cycle regulators at the transcriptional level (Orian et al. 2003), as well as the
important regulator of the G1-S transition, cyclin E, at the post-translational
level (Prober and Edgar 2000). However, the involvement of these different
putative dMyc targets in dMyc-controlled processes has not been addressed
genetically.

These initial studies demonstrate a central role for dMyc in the control
of growth. What then controls dmyc activity itself? So far, three signalling
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pathways have been implied in this process. The Wnt-family member Wingless
was proposed to repress dmyc transcription in the presumptive wing margin
(Johnston et al. 1999), and Dpp signalling positively regulates dMyc protein
levels in the wing imaginal disc (C. Martin-Caballeros, cited in Prober and
Edgar 2002). An interesting connection was also made between dMyc and
Ras: Activated Ras itself promotes cellular growth, and this effect is mediated
in part by an activation of the Raf-MAPK (mitogen-activated protein kinase)
module, which results in the accumulation of dMyc protein (Prober and Edgar
2000, 2002). By analogy with the situation in vertebrates, it was speculated
that this effect is based on the stabilization of dMyc protein (Sears et al. 1999;
Prober and Edgar 2000). A similar process might also occur during normal
development, as cells lacking Ras also may have reduced dMyc protein levels
(Prober and Edgar 2002). These observations suggest that receptor-tyrosine
kinases controlling Ras might also be implied in the regulation of dmyc.

Ectopically expressed activated Ras also affects growth by stimulating PI3K
activity, but PI3K and dMyc reside on parallel growth-regulatory pathways;
forced expression of PI3K does not affect dMyc protein levels, and conversely,
forced dMyc expression does not alter the levels of PIP3, the product of PI3K
enzymatic activity (Britton et al. 2002; Prober and Edgar 2002). The difference
between dMyc and PI3K is illustrated by their different response to environ-
mental conditions. During normal development, PI3K is controlled by nutri-
ent availability, via the activity of the insulin-receptor, and starvation leads to
down-regulation of PI3K activity (Britton et al. 2002). If this down-regulation
is prevented by constitutive expression of PI3K, larvae become hyper-sensitive
to starvation. In contrast, larvae constitutively expressing dMyc survive star-
vation as well as wild-type larvae, consistent with the idea that nutrient and
insulin signalling does not feed into dmyc (Britton et al. 2002). The growth-
relevant targets downstream of dMyc and PI3K also seem to be different, as
co-expressed PI3K and dMyc strongly synergize in the promotion of cellular
growth (L. Johnston and P. Gallant, unpublished observations).

While these studies have directly addressed the regulation of dmyc protein
and mRNA levels, forced dMyc expression has also been shown to overcome
proliferation defects caused by genetic lesions in other pathways. Interference
with the activity of the Tor kinase (Schmelzle and Hall 2000), either by ex-
pression of dominant-negative or wild-type forms of Tor in the wing (both
of which function in a dominant-negative fashion), or by overexpression of
the tumour suppressors TSC1 and TSC2 in the eye, inhibits growth and re-
duces organ size; these defects can be reversed by co-expression with dMyc
(Tapon et al. 2001; Hennig and Neufeld 2002). Ectopic expression of differ-
ent transcription factors in the eye primordium interferes with the normal
development of the head capsule and results in a striking reduction in head



246 P. Gallant

size; this defect can be partially rescued by co-expression with dMyc (Jiao et
al. 2001). Finally, certain combinations of mutations in the Pax gene prd with
partial genomic rescue constructs allow the development of adult male flies
that are characterized by small accessory glands; this size defect is rescued
by ectopic expression of dMyc (Xue and Noll 2002). These examples further
illustrate the ability of dMyc to promote growth and proliferation in different
situations. However, additional work is required to determine to what extent
and at which level dTOR or Prd, for example, control dmyc activity during
normal development.

The examples described above indicate that two principal biological activ-
ities of Myc proteins have been conserved between flies and vertebrates: the
control of growth and proliferation (Elend and Eilers 1999). Indeed, fly and
vertebrate Myc proteins are very similar in their molecular function and they
can substitute for each other in different assays: When expressed together with
dMax in human 293 cells, dMyc activates the expression of a c-Myc respon-
sive reporter construct (Gallant et al. 1996); upon co-expression with human
RasV12 dMyc is able to transform rat embryo fibroblasts (Schreiber-Agus et
al. 1997); the proliferation defect of mouse embryo fibroblasts that are mutant
for c-myc is partially rescued by ectopic expression of dMyc (Trumpp et al.
2001). Conversely, different forms of human c-Myc are able to partially rescue
the lethality of strong dmyc alleles in flies (C. Benassayag et al. 2005). In light
of these observations, it is likely that dMyc and human c-Myc fulfill the same
molecular tasks, and notably that they control the expression of their target
genes in similar ways, by recruiting similar types of transcriptional co-factors
as have been described in the vertebrate system, e.g. TRRAP, SNF5, Tip48,
Tip49, BAF53, p300/CBP—all of which are also present in the fly genome
(McMahon et al. 1998; Cheng et al. 1999; Wood et al. 2000; Park et al. 2002;
Vervoorts et al. 2003; Adams et al. 2000; Bellosta et al. 2005).

3.2
Mad and Max

The other components of the Max network have not been extensively studied
in flies. No mutations are known for dmax, but a null mutation in dmnt
has recently been identified (Loo et al., manuscript submitted). An initial
characterization suggests that overexpression of dMnt inhibits growth and
proliferation, and a mutation in dmnt has the opposite effect, consistent with
the expected properties of an antagonist of dMyc (Loo et al. 2005).

In contrast to flies, C. elegans contains two max genes (mxlI-1 and mxlI-3)
and one mad gene (mdl-1), but no myc (Yuan etal. 1998). Little is known about
the normal function of these genes. Overexpression of dominant-negative
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forms of Mdl-1 or Mxl-1 (lacking the basic region) or RNA interference with
mxl-1 or mxl-3 produces no discernible phenotype (Yuan et al. 1998; Maeda
et al. 2001; Kamath et al. 2003), whereas RNA interference with mdI-1 slightly
reduces longevity in daf-2 mutant worms (Murphy et al. 2003). Interestingly,
mdl-1 expression is also negatively regulated by the insulin receptor daf-2
(Murphy et al. 2003), mutations of which extend lifespan in worms, raising
the possibility that Mdl-1 might also contribute to the regulation of lifespan
in worms.

Although these experiments do not reveal any involvement in the control
of proliferation and growth, Mdl-1 and Mxl-1 do show Mad- and Max-like
properties when assayed in a heterologous system. Mdl-1 (and to a lesser
extent MxI-1) is able to interfere with the co-transformation of rat embryo
fibroblasts by activated mammalian Ras and c-Myc. The interference by Mdl-
1 depends on the SID in MdI-1, suggesting that Mdl-1 functions like other
Mad proteins by recruiting the Sin3-corepressor complex and repressing tran-
scription (Yuan et al. 1998). This result—as well as the sequence similarity—
indicates that the (rudimentary) Max network in worms might fulfill similar
functions to the vertebrate network. On the other hand, the Max network in
worms shows several unique features not found in other metazoans—the ab-
sence of a myc gene, the existence of two max-like genes, the unique genomic
structure of the max genes and the inability of MxI-1 to homodimerize (Yuan
et al. 1998).

Asthe phylogenetic relationship between nematodes, arthropods and chor-
dates is still under debate (Hedges 2002), two main hypotheses can be invoked
to explain these peculiarities in worms. The first is that worms contain an
ancestral form of the Max network; hence, activities executed by Mad:Max
complexes are the primary duty of the network, and Myc-like genes have been
added later in evolution. The alternative is that C. elegans contains a derived
Max network that differs in several aspects from an ancestral Max network.
As Myc is essential in flies (Bourbon et al. 2002) whereas Mad/Mnt is not (Loo
etal. 2005)—suggesting that Myc function is more important for survival—we
favour the latter possibility.

4
Speculations and Conclusions

The availability of complete genome sequences enables biologists for the first
time to make (reasonably accurate) predictions about the presence and ab-
sence of certain gene functions in many different species. Based on such
information, we can state that components of the Max network exist in all
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analysed animals, but neither in unicellular organisms nor in plants, suggest-
ing that this network originated early during the evolution of animals. The
principal function of the Max network resides in the control of growth and
proliferation. These processes are essential for all living cells, and accordingly
Myc activity is required for the proliferation of many cells. However, the Max
network is not absolutely required in all cell types and it might not be an inte-
gral part of the basic cell-cycle machinery or growth apparatus in animals, as
indicated by the existence of several vertebrate cell lines that lack core com-
ponents of the Max network—either Myc (Miyazaki et al. 1995; Mateyak et al.
1997) or Max (Hopewell and Ziff 1995). Rather, it appears that Max network
components might relay signals that are typical for multicellular organisms
(e.g. patterning signals involved in cell-cell communication) down to the core
cell-cycle and growth machinery. The Max network affects the activity of this
machinery by modulating, or fine-tuning, the expression of many of its core
components (Eisenman 2001). In contrast, Max network components might
not be involved in the transmission of nutrient signals (at least in simpler
animals), a function that is not specific to metazoans but of equal relevance
for unicellular organisms.

The evolutionary conservation and, by inference, the central importance
of the Max network is dramatically illustrated by the partial functional inter-
changeability of Myc proteins from flies and mammals, which further implies
that not only core components of the Max networks are conserved (Max, Myc,
Mad) but also associated factors that interact with these core components.
This high degree of conservation opens new possibilities for the experimental
dissection of the Max network, based on one hand on a functional analysis in
appropriate model organisms (such as flies) and on the other hand on a bioin-
formatic analysis of the components making up the Max network. A sequence
comparison of components from widely divergent species (in particular flies
and mammals) reveals several highly conserved features that did not stand
out when only mammals were included in the analysis. Of particular note are
the gene structure of Max, which hints at the potential relevance of alternative
Max isoforms, and the acidic domain located in the centre of the Myc protein.
Clearly, despite intensive research over the last 20 years, the Max network still
holds many secrets that will keep biologists busy for some time to come.
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Abstract Recent experiments suggest the existence of a transcriptional network that
functions in parallel to the canonical Myc/Max/Mad transcriptional network. Unlike
the Myc/Max/Mad network, our understanding of this network is still in its infancy.
At the center of this network is a Max-like protein called Mlx; hence we have called
this network the Mlx network. Like Max, Mlx interacts with transcriptional repres-
sors and transcriptional activators, namely the Mad family and the Mondo family,
respectively. Similar to Max-containing heterodimers, Mlx-containing heterodimers
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recognize CACGTG E-box elements, suggesting that the transcriptional targets of these
two networks may overlap. Supporting this hypothesis, we have observed genetic inter-
actions between the Drosophila melanogaster orthologs of Myc and Mondo. In higher
eukaryotes, two proteins, MondoA and MondoB/CHREBP/WBSCR14, constitute the
Mondo family. At present little is known about the transcriptional targets of MondoA;
however, pyruvate kinase is a putative target of MondoB/CHREBP/WBSCR14, suggest-
ing a function for the Mondo family in glucose and/or lipid metabolism. Finally, unlike
the predominant nuclear localization of Myc family proteins, both Mondo family mem-
berslocalize to the cytoplasm. Therefore, while the Myc and Mondo families may share
some biological functions, it is likely each family is under distinct regulatory control.

1
Introduction

The Myc/Max/Mad transcription factor network controls diverse aspects of
cell physiology including cell size, proliferation, differentiation, and death.
Extensive efforts have identified important transcriptional target genes con-
trolled by the network as well as the corepressor and coactivator complexes
utilized by Myc and Mad to regulate transcription of these targets. Further-
more, an impressively large number of Myc-, Max-, or Mad-interacting pro-
teins have been implicated in modulating the transcriptional activity of the
network. Together these data have provided a basic understanding of how the
Myc/Max/Mad transcription factor network regulates cell physiology.

Over the last several years, evidence has emerged to support the existence
of a novel transcriptional network that in many respects constitutes a mirror
image of the Myc/Max/Mad transcriptional network (Fig. 1). Our understand-
ing of this network and its biological function is in its relative infancy and is
the subject of this review. The proteins in this novel network share many struc-
tural and functional features with the Myc/Max/Mad transcriptional network,
including the characteristic basic-region-helix-loop-helix-zipper (bHLHZip)
protein and DNA interaction motif. Members of this novel network include
the Mondo family of transcriptional activators and the Mad family of tran-
scriptional repressors. Mlx, a Max-like protein, functions as the center of
this network and, like Max, appears to act as a partner required by both the
Mondo and the Mad families to bind DNA and elicit their respective functions
as either transcriptional activators or repressors. For the sake of simplicity,
we will refer to this recently identified network as the Mlx network and the
canonical network comprising the Myc, Max, and Mad families as the Max
network. Given the recent elaboration of the Mlx network, less is known about
its biological function. Several lines of evidence suggest that the MIx network
functions analogously to the Max network and, in some cases, the two net-
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Fig. 1 The Max and Mlx transcriptional networks. A schematic of the two net-
works is shown. Both Max and MIx interact with members of the Mad family and
Mnt/Rox to repress transcription in a manner that depends on the interaction with
the mSin3A/HDAC corepressor complex. The dashed line between Mlx and Mnt/Rox
indicates that not all investigators have observed this interaction. The Mad family con-
stitutes the repressive or negative arm of both the Max and Mlx networks. By contrast,
the Myc family provides the activation or positive arm of the Max network, whereas the
Mondo family provides the activation arm of the Mlx network. MondoB and WBSCR14
are identical, whereas ChREBP is the rat ortholog of MondoB/WBSCR14. All Max- and
Mlx-containing heterodimers bind the CACGTG class of E-box element, suggesting
that the two networks share many transcriptional targets. To date, Myc:Max targets
have been extensively characterized. The extent to which these targets with be also
regulated by other Max- and Mlx-containing heterodimers remains to be elucidated

works may function in parallel. For example, similar to Myc, one member of
the Mondo family appears to regulate glucose metabolism; therefore, the Max
and Mlx networks may share overlapping or complementary functions in the
regulation of energy homeostasis. However, in contrast to members of the
Max network, Mlx and the Mondo family proteins localize to the cytoplasm
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under most circumstances, suggesting that their transcriptional functions
are tightly controlled by subcellular localization. In this chapter we review
the discovery of the members of the MIx network, as well as the regulation of
their functions. In addition, we speculate on the potential functional overlap
between the Mlx and Max networks.

2
Discovery and Members of the MIx Transcriptional Network: An Overview

As with many members of the Max transcriptional network, members of
the Mlx network were identified by two-hybrid screening. Mlx was identi-
fied initially as a binding partner for Mad1 (Billin et al. 1999) and then as
a binding partner for Mnt/Rox (Meroni et al. 2000). Mlx is 29% identical and
54% similar to Max, with the similarity restricted to the bHLHZip domain.
As such, we proposed the moniker Mlx (for Max-like protein x). Like Max,
Mlx itself appears to be transcriptionally inert, but upon heterodimerization
with certain Mad family members—and potentially Mnt/Rox—it functions
as a transcriptional repressor. The Mlx-containing heterodimeric repressors
likely constitute a negative arm of the Mlx network (Fig. 1). The Mondo fam-
ily comprises the transcriptional activation arm of the Mlx network and was
described shortly after the discovery of Mlx (Fig. 1). Two-hybrid screening
using MIx as bait identified MondoA, whereas its paralog MondoB was iden-
tified as an expressed sequence tag (Billin et al. 2000). Two-hybrid screening
and database mining also identified Williams-Beuren syndrome conserved re-
gion 14 (WBSCR14) (de Luis et al. 2000; Cairo et al. 2001). Subsequent analysis
has determined that MondoB and WBSCR14 are identical. The rat ortholog
of MondoB/WBSCR14 was identified as the carbohydrate response element
binding protein or ChREBP (Yamashita et al. 2001). For clarity, we will refer
to these proteins collectively as MondoB/WBSCR14/ChREBP; however, when
referring to specific experiments we will cite the actual protein used. Like
Max-containing heterodimers, each of the Mlx-containing heterodimers can
bind the CACGTG E-box element, suggesting that there may be considerable
overlap in the transcriptional targets and cellular functions regulated by these
two transcription factor networks (Fig. 1).

3
Genes, Proteins, and Expression Patterns

The Mlx gene spans roughly 7 kb with 8 exons. As with Max messenger
(m)RNA, expression of MIx mRNA is widespread during embryogenesis
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and in adult tissues (Billin et al. 1999; Meroni et al. 2000). The human and
mouse MIx genes are on chromosomes 17q21.1 and 11, respectively. Hu-
man MIx maps just centromeric to the tumor suppressor BRCA1 in a re-
gion that presents a loss of heterogeneity in a number of tumors (Vogel-
stein and Kinzler 1994), suggesting a tumor suppressor function for Mlx;
however, further studies are needed to investigate this intriguing possibility.
AceView (www.ncbi.nlm.nih.gov/IEB/Research/Acembly) predicts nine alter-
natively spliced products encoding seven different protein isoforms. Recent
reports have confirmed sequences for three Mlx isoforms differing at the N-
terminus of the open reading frame (Billin et al. 1999; Meroni et al. 2000).
Mlx-y has sequences that resemble a bipartite nuclear localization signal,
while MlIx-o and -B do not, suggesting that subcellular localization may be one
functional difference between the Mlx isoforms. In support of this hypothesis,
MlIx-a and -f localized to the cytoplasm, while MIx-y localized to the nucleus
when overexpressed in HeLa cells (Meroni et al. 2000). However, all three
Mlx isoforms localized to the cytoplasm of NIH3T3 cells, suggesting that cell
type-specific factors control subcellular localization (our unpublished data).

The genes encoding MondoA and WBSCR14/MondoB are large, span-
ning approximately 60 and 30 kb, respectively. Like MIx, MondoA and WB-
SCR14/MondoB/ChREBP mRNAs are widely expressed during embryogenesis
and in adult tissues. Consistent with potential roles in energy metabolism,
MondoA and WBSCR14/MondoB/ChREBP mRNAs are most highly expressed
in skeletal muscle and liver, respectively (Billin et al. 2000; Cairo et al. 2001).
Each gene comprises 17 exons, providing ample opportunities for alternative
splicing. There are currently 5 alternatively spliced complementary (c)DNAs
in the public databases for WBSCR14, and AceView predicts 13 different
alternatively spliced isoforms for both MondoA and WBSCR14/MondoB.
The exact number of spliced isoforms and expressed proteins remains to
be determined, but such complexity suggests that alternative splicing will
generate considerable functional diversity. Endogenous protein isoforms for
WBSCR14/MondoB have not been reported; however, MondoA is expressed
primarily as a 135-kDa protein in P19 cells with a minor 110-kDa species also
detected (Billin et al. 2000). Thus, the diversity of proteins produced may be
significantly less than predicted by the number of spliced mRNAs.

In mouse, both MondoA and WBSCR14/MondoB map to chromosome 5.
In human, MondoA maps to 12q24.31 (Billin et al. 2000) and WBSCR14/
MondoB maps to 7q11.23 (Billin et al. 2000; de Luis et al. 2000; Cairo et
al. 2001). Haploinsufficiency of multiple genes at 7q11.23 is associated with
Williams-Beuren syndrome, and hemizygosity has been confirmed for WB-
SCR14/MondoB in Williams-Beuren patients (de Luis et al. 2000). The clinical
features of Williams-Beuren syndrome are complex, including supravalvular
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aortic stenosis, impaired visual-spatial constructive cognition, mental retar-
dation, and infantile hypercalcemia (Towbin et al. 1999). At present, how or
whether WBSCR14/MondoB loss contributes to Williams-Beuren syndrome
is not known.

4
Conserved Domains of the Mix and Mondo Family Proteins

At approximately 900 amino acids in length, members of the Mondo family
are among the largest members of the bHLHZip family (Fig. 2a). The Mondo
family is conserved across species. The Drosophila melanogaster ortholog
dmondo is 45% identical and the Caenorhabditis elegans ortholog T20B12.6
is 25% identical to MondoA. Similar to the degree of homology between Myc
family members, MondoA and WBSCR14/MondoB/ChREBP are 40% identi-
cal over their entire open reading frames. The similarity between the Mondo
family members is restricted to the N-terminal and C-terminal thirds of the
proteins. The middle third of the Mondo proteins is rich in Ser, Thr, and
Pro, lacks specific identifiable sequence motifs, and functions as a transcrip-
tional activation domain (Billin et al. 2000; Cairo et al. 2001). The N-terminus
contains five blocks of conserved sequence, three of which regulate subcellu-
lar localization. The C-terminus contains the bHLHZip domain, followed by
a region that is conserved in the Mlx family. The function of each of these
conserved domains is discussed in more detail in Sect. 7.

In contrast to the large size disparity between the Mondo and Myc family
proteins, Mlx proteins are much more Max-like at approximately 240 amino
acids in length (Fig. 2a). Like Max, Mlx is highly conserved among different
species with only four amino acid differences between human and mouse Mlx-
B. Mlx orthologs are also present in lower eukaryotes with the D. melanogaster

>

Fig.2a,b Conserved domains of the Mondo and Mlx families. a Schematic diagrams
of MondoA and MIx-. Overall percentage identity between MondoA and the other
members of the Mondo family is given (in parentheses) directly adjacent to the family
member. The percentage identity between different sequence motifs of MondoA to
the other members of the Mondo family, Mlx-p and c-Myc are given in the vertical
columns below each domain. TAD, transcriptional activation domain; bHLHZip, basic
region-helix-loop-helix-zipper; DCD, dimerization and cytoplasmic localization do-
main; the Mondo-specific region contains the five MCR (Mondo conserved region)
motifs. b Sequence alignment of the basic regions of the Mlx and Mondo families with
Madl, Max, and c-Myc. The conserved residues that target members of these families
to the CACGTG subclass of E-box are highlighted
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ortholog dmlix being 45% identical and C. elegans ortholog Mxl-2 being
25% identical to MIx, respectively. Interestingly, the region C-terminal of
the bHLHZip domain of the Mlx proteins is similar to the C-terminal re-
gion of the Mondo family (Fig. 2a). This domain has been referred to as the
WBSCR14-MlIx C-tail (WMC) (Cairo et al. 2001), or a “Zipper-like domain”
(Yamashita et al. 2001). Our functional analysis has demonstrated that this
domain is required for the cytoplasmic localization of both MondoA and Mlx
and also functions as a novel heterodimerization interface. Furthermore, the
cytoplasmic localization and dimerization functions are coupled. As such,
we have called this domain the dimerization and cytoplasmic localization
domain, or DCD, to reflect these two functions (Eilers et al. 2002).

Similar to its location within the Max and Myc proteins, the bHLHZip
domains of the Mlx and Mondo proteins are located in the center or close
to the C-terminus of the proteins, respectively. Within the larger class of
bHLHZip proteins, three residues within the basic region dictate the speci-
ficity of E-box DNA binding. For example, the members of the Max network
all have His, Glu, and Arg at the respective positions 5, 9, and 13 of their basic
regions, which direct binding of the different heterodimers to the CACGTG
subclass of E-box (Ferre-D’Amare et al. 1993, 1994; Fig. 2b). MIx and the
Mondo proteins all contain these amino acids similarly positioned within
their basic regions, suggesting that Mlx-containing heterodimers also bind
CACGTG. In support of this hypothesis, Mad1:Mlx, Mad4:Mlx (Billin et al.
1999), Mnt/Rox:Mlx (Meroni et al. 2000), MondoA:MIx (Billin et al. 2000),
and WBSCR14/MondoB:MIx heterodimers (Cairo et al. 2001) and ChREBP
monomers (Yamashita et al. 2001) all bind CACGTG elements or close rela-
tives. CACGTG binding suggests that members of the Mlx and Max networks
may have common transcriptional targets; however, experimental evidence
has neither definitively identified nor excluded the possibility of common
targets in vivo. Another notable feature of these novel bHLHZip factors is the
loop of Mlx that is 6-8 residues longer than those of any other member of
the Mlx and Max networks. The loop residues of Max and upstream stimula-
tory factor (USF) make backbone contacts (Ferre-D’Amare et al. 1993, 1994)
outside of the CACGTG core, raising the possibility that Mlx-containing het-
erodimers may be stabilized on DNA relative to Max-containing heterodimers
due to additional contacts between the loop of Mlx and the phosphate back-
bone. In addition, one cannot rule out the possibility that the longer loop of
MIx might form base-specific contacts and contribute to binding site selec-
tion.

Comparison of the available Mondo family sequences using the BLOCKS
(http://blocks.thcrc.org/) or MEME (http://meme.sdsc.edu/) algorithms sug-
gests that the conserved N-terminus of the Mondo family can be divided
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into five separate sequence motifs. We have termed these sequence motifs
MCRI-V for Mondo conserved regions (Fig. 3) (Eilers et al. 2002). The func-
tions of MCRI and MCRV are unknown; however, MCRI], 111, and IV func-
tion in regulating subcellular localization. Furthermore, the spacing between
MCRIL, III, and IV is also conserved across species, suggesting that they func-
tion as a module. By contrast, the locations of MCRI and MCRYV are variable,
suggesting that they function independently of one another and of the other
MCRs. As presented in more detail in Sect. 7, MCRII of MondoA functions
as a CRM1-dependent nuclear export signal and MCRIII is a non-consensus
binding site for 14-3-3 (Eilers et al. 2002). The high degree of conservation
suggests that these domains will function similarly in the other family mem-
bers. The function of MCRIV is less clear. In ChREBP, MCRIV appears to
function as a bipartite nuclear localization signal (Kawaguchi et al. 2001),
but several residues that this signal comprises are not conserved in MondoA,
suggesting that MCRIV has different functions in the two proteins.
Structural features of the Mondo family suggest that it may function anal-
ogously to the Myc family. In the N-terminus of the Myc proteins, Myc Box II
is highly conserved, required for its function as a transforming oncogene
and binds a number of proteins involved in modifying chromatin structure
(McMahon et al. 1998; Wood et al. 2000). By including Myc family members
with the Mondo family in the MEME analysis, a Myc Box II-like sequence
is identified in MondoA and WBSCR14/MondoB/ChREBP that lies between
MCRIV and MCRYV (Fig. 3). Interestingly, this putative homology is not found
in dmondo or T20B12.6. The motif identified by the MEME algorithm is com-
pared against each sequence in the query and each alignment is assigned
a P-value. For MondoA and WBSCR14/MondoB the resulting P-values are
very low, suggesting that the identification of the Myc Box II-like motif in the
Mondo family is likely to be significant. It will be of interest to determine the
contribution of this domain to the function of the Mondo family members.

5
Functions of the MIx Transcriptional Network

Max can interact with all of the members of the Myc and Mad families as well as
Mnt/Rox and Mga. By contrast, Mlx appears to only interact with Mad1, Mad4,
and Mnt/Rox, but not with members of the Myc family or Max (Fig. 1) (Billin
etal. 1999; Meroni et al. 2000). There are conflicting reports as to whether Mlx
can homodimerize and bind DNA, which likely result from differences in the
experimental conditions used to measure interaction, including variations in
the two-hybrid approach, varying levels of Mlx-interacting proteins present
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Fig. 3 Conserved sequence motifs within the N-terminal Mondo specific region. Se-
quence alignment of the Mondo family using the BLOCKS or MEME algorithms
identifies 5 blocks of sequence. We have termed these domains the Mondo Conserved
Regions or MCRs I-V. Their relative position within the N-terminus of MondoA is
shown. Alignments of MondoA (A), WBSCR14/MondoB/ChREBP (B), dmondo (Dm)
and MML-1/T20B12.6 (Ce) are given with identical residues shaded black and similar
residues shaded grey. The numbering given corresponds to positions in MondoA. Cur-
rent data suggests that MCRII and MCRIII of MondoA function as a CRM1 dependent
nuclear export signal and a 14-3-3 binding site, respectively. In ChREBP, a portion of
MCRIV functions as a nuclear localization signal. The MEME algorithm also identifies
a sequence in MondoA and WBSCR14/MondoB/ChREBP that resembles Myc Box II.
The relative position of this domain is shown aligned with Myc family members from
human and D. melanogaster

in reticulocyte lysate and pulldown assays, and in the amounts of protein used
in the DNA binding assays. Regardless, given the sequence similarity between
Mlx and Max, the more restricted dimerization specificity of Mlx is surprising.
A recent structural comparison of Myc:Max and Mad:Max heterodimers with
Max homodimers revealed that the observed propensity of Max to form
heterodimers over homodimers can be attributed to structural differences
in the coiled-coil leucine zipper regions (Nair and Burley 2003). It will be
of interest to determine (1) whether partner selection by Mlx is dictated by
similar mechanisms and (2) the contribution of the DCD to dimerization
selectivity and strength. Interestingly, as determined by both two-hybrid and
gel shift assays using recombinant proteins, it appears as if Max and Mlx have
similar intrinsic affinities for Mad1l. However, when interaction is measured
with proteins synthesized in vitro or by immunoprecipitation from cell lysates,
a clear preference for Madl:Max over Madl:Mlx heterodimers is observed,
suggesting that the interaction between Madl and Mlx may be controlled by
posttranscriptional modification (our unpublished data).

The function of the Mad family proteins when bound to Max or Mlx is simi-
larif not identical. For example, Mad1:MlIx heterodimers bind CACGTG E-box
elements and repress transcription from CACGTG-dependent reporters. As
expected, transcriptional repression by Mad1:Mlx is dependent upon dimer-
ization, DNA binding, and interaction with the mSin3A/HDAC corepressor
complex (Billin et al. 1999). Transfection of Mnt/Rox also results in repres-
sion from CACGTG-dependent reporter genes, but the level of repression is
not significantly altered in the presence of added Mlx (Meroni et al. 2000),
suggesting that Mnt/Rox binding and repression may be mediated by endoge-
nous Max or MIx. Therefore, in addition to being a sequence analog of Max
on many levels, Mlx appears to be a functional analog of Max.
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Given the number of similarities to Max, it was proposed that Mlx might
also function as the center of a transcriptional network, mediating both tran-
scriptional activation and repression activities of its binding partners (Billin
et al. 1999; Meroni et al. 2000). Similar to their role in the Max network, Mad
proteins seem to constitute the transcriptional repression arm of a putative
MlIx transcriptional network. The finding that Mlx activated transcription
when transfected alone and that this activation required an intact leucine
zipper and basic region (Billin et al. 1999) further supported the hypothesis
that Mlx could also interact with transcriptional activators. As detailed in the
following sections, MondoA and ChREBP localize to the cytoplasm, but can
activate transcription from CACGTG-dependent reporters when targeted to
the nucleus. Transcriptional activation by MondoA depends on heterodimer-
ization with Mlx (Billin et al. 2000), supporting the hypothesis that the Mondo
family comprises the transcriptional activation arm of the Mlx transcriptional
network. Transcriptional activation by ChREBP did not require cotransfection
of Mlx, suggesting that this activity was mediated by interactions with en-
dogenous Mlx (Yamashita et al. 2001) or, alternatively, is truly independent of
MlIx. In contrast to MondoA and ChREBP, WBSCR14/MondoB repressed tran-
scription weakly from E-box containing promoters; however, the subcellular
localization of WBSCR14/MondoB was not determined in these experiments
(Cairo et al. 2001).

6
Transcriptional Targets of the Mix Network

The Max network plays an important role in cell growth and division. Many of
the direct and indirect transcriptional targets of Myc:Max have been identi-
fied, and to a large extent their activities are consistent with effector functions
in both of these processes (reviewed in Grandori and Eisenman 1997; Dang
1999; most recent primary reports, Fernandez et al. 2003; O’Connell et al. 2003;
Orian et al. 2003). For example, Myc:Max heterodimers regulate metabolism,
cell-cycle signaling, protein synthesis, and ribosome biogenesis (Fig. 1). At
present the targets of the other Max-containing heterocomplexes are less well
understood. Two recent papers in which the basic region of Madl replaced
that of Myc suggest a large degree of overlap between Myc:Max and Mad:Max
transcriptional targets (James and Eisenman 2002; Nikiforov et al. 2003).

By contrast, only a few of the transcriptional targets of the Mondo family are
known. For example, MondoA can activate transcription from synthetic pro-
moters dependent on CACGTG binding sites (Billin et al. 2000). Furthermore,
MondoA can activate the lactate dehydrogenase A promoter (our unpub-
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lished data) and ChREBP can activate the L-type pyruvate kinase promoter
(Yamashita et al. 2001), both in a CACGTG-dependent manner. Interestingly,
these promoters are also activated by Myc (Shim et al. 1997; Collier et al.
2003), demonstrating that the Mondo family can indeed regulate bona fide
Myc transcriptional targets. While the full spectrum of Mondo targets re-
mains to be illuminated, these initial findings support the general hypothesis
that the Mondo and Myc families share at least some overlapping functions.

7
Regulation of Subcellular Localization

With a few exceptions (for example, Craig et al. 1993; Wakamatsu et al. 1993;
Okano et al. 1999), the majority of current evidence suggests that members of
the Max network localize primarily to the nucleus. As such, it seems unlikely
that regulated nuclear entry or exit contributes significantly to the function
of the canonical Max network. By contrast, MondoA and ChREBP appear
to localize to the cytoplasm of most cell types examined (Billin et al. 2000;
Yamashita et al. 2001; Eilers et al. 2002), suggesting that nuclear entry and ac-
cumulation, presumably in response to extracellular signaling cues, controls
their function as transcriptional activators. ChAREBP accumulates in the nu-
cleus in response to carbohydrate (Yamashita et al. 2001); however, MondoA
does not (our unpublished data), suggesting that MondoA requires either
different or additional signals for nuclear accumulation.

While the events that trigger the nuclear accumulation of MondoA:MIx
heterodimers remain elusive, the domains responsible for the cytoplasmic lo-
calization of both MondoA and MIx have been identified and their functions
characterized. The C-terminal DCD functions as a nonautonomous cytoplas-
mic localization domain in both MondoA and MIx that is required to keep
each protein monomer in the cytoplasm. In addition, MCRII and MCRIII
of MondoA constitute a potent cytoplasmic localization domain that func-
tions in conjunction with the DCD to sequester MondoA in the cytoplasm.
Unlike the DCD domain, the MCRII and MCRIII module can override the
nuclear localization activity of a variety of strong nuclear localization signals,
suggesting that it functions autonomously. Finally, Mlx-f contains a nuclear
retention signal within its N-terminus and MondoA contains a nuclear local-
ization signal that maps to its central region (Eilers et al. 2002).

While multiple domains control the subcellular localization of Mon-
doA:Mlx, the concerted activity of these domains in controlling nuclear
accumulation can be explained by a relatively conceptually simple two-step
model (Fig. 4). First, in addition to functioning as a cytoplasmic localization
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Fig.4 Complex mechanisms control the subcellular localization of MondoA and Mlx.
MondoA and Mlx monomers are retained in the cytoplasm by the DCD at the C-
terminus of both proteins and by MCRII and MCRIII of MondoA. The DCD may
contribute to cytoplasmic localization by interacting with nuclear export signals (NE)
or with cytoplasmic retention signals (CR). It is also possible that the DCD domain
functions by masking nuclear export signals (not shown). When MondoA and Mlx
form heterodimers, the cytoplasmic localization activity of the DCD is canceled by
dimerization mediated by both the leucine zipper and the DCD. Dimerization forms
a transcription factor that is capable of nuclear entry, DNA binding, and presumably
transcription activation; however, the heterodimer is retained in the cytoplasm by
MCRII and MCRIIIL. We propose that the heterodimer accumulates in the nucleus in
response to an extracellular cue that must impinge on MCRII and III and abrogate both
CRM1 and 14-3-3 binding. The identity of this putative signal is currently unknown

domain—perhaps via interactions with cytoplasmic anchors or nuclear
export machinery—the DCDs of MondoA and MIx constitute a novel
heterodimerization interface. Heterodimerization between MondoA and
Mlx, mediated by both the leucine zipper and the DCD, inactivates the
cytoplasmic localization function of the DCD. As such, heterodimerization
between MondoA and Mlx in the cytoplasm renders the heterocomplex
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capable of DNA binding and functioning as a transcriptional activator;
however, due to the activity of MCRII and MCRIII the complex remains in the
cytoplasm (Fig. 4). Therefore, we have proposed that the second regulatory
step is a signal-dependent inactivation of the cytoplasmic localization
function of MCRII and MCRIII that allows nuclear accumulation of the
heterocomplex. It seems most likely that dimerization between MondoA and
Mlx is constitutive, suggesting that the proposed signaling event must be rate
limiting for nuclear entry.

MCRII and MCRIII are highly conserved across species, suggesting con-
served functions in regulating subcellular localization. MCRII functions as
a CRM1-dependent nuclear export signal, whereas MCRIII is, at least in part,
a non-canonical binding site for 14-3-3 proteins (Eilers et al. 2002). Elimi-
nation of either one of these functions by point mutagenesis alone has little
effect on the cytoplasmic localization of a nuclear localization signal (NLS)-
tagged fusion protein that encodes both MCRII and MCRIII, but mutation of
both domains simultaneously results in the dramatic localization of the fusion
protein to the nucleus. Therefore, CRM1 and 14-3-3 appear to function to-
gether to regulate the cytoplasmic localization of MondoA. Current evidence
suggests that 14-3-3 proteins control the subcellular localization of a number
of substrates by indirect mechanisms (for example, Brunet et al. 2002). As
compared to wildtype, mutants of MondoA that cannot bind 14-3-3, but re-
tain interactions with CRM1, accumulate in the nucleus to a greater degree in
response to the nuclear export inhibitor leptomycin B (Eilers et al. 2002). This
suggests that 14-3-3 may contribute to the subcellular localization of Mon-
doA by either stabilizing CRM1 binding or by masking a yet-to-be-identified
nuclear localization signal.

ChREBP was initially identified by its CACGTG DNA binding activity de-
tected in nuclear extracts prepared from the livers of starved rats that had
been refed a high carbohydrate diet (Yamashita et al. 2001). This activity was
also detected when the rats were refed a high fat diet, but to a lesser ex-
tent. This CACGTG binding activity was purified and the protein responsible
identified as the rat homolog of WBSCR14/MondoB. While little informa-
tion is currently available on the regulation of endogenous ChREBP, a green
fluorescent protein (GFP)-ChREBP fusion protein accumulates in the cyto-
plasm following transfection but translocates to the nucleus in response to
increased glucose levels (Kawaguchi et al. 2001). Once in the nucleus, ChREBP
can activate transcription from the glycolytic enzyme L-type pyruvate kinase
promoter in a CACGTG- and glucose-dependent manner, supporting a role
in regulating the transcriptional response to increased carbohydrate. Recent
experiments demonstrate that two protein kinase A (PKA) phosphorylation
sites, one adjacent to MCRIV (Ser196) and one within the basic region of
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ChREBP (Thr666), regulate ChREBP nuclear accumulation and DNA binding
activity, respectively (Kawaguchi et al. 2001). In addition, an AMP-activated
protein kinase (AMPK) site located approximately 100 amino acids upstream
of the basic region (Ser568) also appears to regulate the DNA binding activity
of ChREBP (Kawaguchi et al. 2002). All of these sites were identified using
database searching. Furthermore, recombinant ChREBP or ChREBP peptides
were phosphorylated by recombinant PKA or AMPK in vitro. The relevance
of each of these sites to ChREBP function was established using a variety of
assays and a collection of ChREBP mutants containing substitutions that ei-
ther mimic or abrogate phosphorylation. It has yet to be determined whether
these sites are phosphorylated in vivo by the appropriate kinase, and therefore
these results must be interpreted somewhat cautiously.

How does each of the proposed phosphorylation events regulate the ac-
tivity of ChREBP? In low glucose, when ChREBP localizes to the cytoplasm,
it is proposed that Ser196 and Thr666 are phosphorylated by PKA. Ser196
is adjacent to MCRIV, which contains a bipartite NLS, suggesting that its
phosphorylation blocks the function of the NLS. Thr666 is located within
the basic region, and substitution of this residue with Asp blocks DNA bind-
ing, suggesting that phosphorylation of this residue inhibits DNA binding
(Kawaguchi et al. 2001). There is a fair amount of variation at this position
within the other members of the bHLHZip family (Fig. 3), suggesting that
it does not form base-specific hydrogen bonds with the E-box element; this
contention is supported by the high resolution crystal structures of Max ho-
modimers and Myc:Max heterodimers (Ferre-D’Amare et al. 1993; Nair and
Burley 2003). As such, phosphorylation of Thr666 may inhibit DNA bind-
ing by charge repulsion with the DNA phosphate backbone. High glucose
is proposed to activate the phosphatase PP2A, via an indirect mechanism,
thereby leading to the dephosphorylation of Ser196 and Thr666 (Kawaguchi
et al. 2001). Therefore, elevation in glucose levels unmasks the activity of the
NLS resulting in nuclear accumulation, DNA binding, and the subsequent
activation of target genes.

In contrast to Ser196 and Thr666, Ser568 is thought to be unphosphory-
lated under both low and high glucose conditions. However, in response to
fatty acid treatment, Ser568 appears to be phosphorylated by AMPK, which
results in reduced DNA binding (Kawaguchi et al. 2002). Such a downreg-
ulation of ChREBP DNA binding and transcriptional activity may account
for the so-called “glucose sparing” effect where key mediators of glycoly-
sis and lipogenesis are downregulated by high fatty acid concentrations. It
is currently unknown how phosphorylation of Ser568 inhibits DNA bind-
ing from its location about 100 amino acids distant from the ChREBP-DNA
interface.
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At present, the information concerning the regulation of the subcellular
localization of MondoA and ChREBP is complementary. For MondoA, many
of the specific mechanisms that control subcellular localization have been
elucidated, but the signal that triggers nuclear accumulation is unknown. By
contrast, the signal that triggers nuclear accumulation of ChREBP is known, as
are many of the regulatory phosphorylation sites, but the mechanistic details
are missing. Given the high overall sequence similarity between ChREBP and
MondoA, one expects that their activity will be controlled by some of the
same mechanisms.

In spite of the high overall similarity between ChREBP and MondoA and
the likelihood they are regulated by many of the same mechanisms, there
appear to be key differences. For example, the NLS within MCRIV of ChREBP
is only partially conserved in MCRIV of MondoA. In support of the idea that
this domain will have alternate functions in the different proteins, a fusion
between MCRIV of MondoA and a heterologous NLS localized completely to
the cytoplasm (our unpublished data), suggesting that this domain in MondoA
functions as a cytoplasmic localization domain as opposed to an NLS. Finally,
despite the high overall sequence similarity between MondoA and ChREBP,
the phosphorylation sites that appear to regulate ChREBP activity are not
conserved in MondoA; perhaps explaining why the subcellular localization of
MondoA is unaffected by glucose levels. In fact, the residues that correspond to
Ser196 and Thr666 in ChREBP are both positively charged lysines in MondoA,
suggesting completely different modes of regulation.

8
Function of the Max and MIx Transcriptional Networks
in Lower Eukaryotes

In higher eukaryotes, Max can interact with at least nine members of the
bHLHZip family, while Mlx has at least four bHLHZip binding partners.
Furthermore, each Max- or Mlx-containing heterocomplex can mediate tran-
scriptional effects through the same CACGTG E-box element, potentially reg-
ulating many of the same target genes (Fig. 1). Together, these findings suggest
that the ultimate biological outputs generated by these transcriptional net-
works are a result of both functional redundancy and transcriptional crosstalk
between the different possible heterocomplexes. Both of these issues compli-
cate the interpretation of the phenotypes of mice bearing targeted deletions
of different family members or expressing exogenous transgenes. As such,
anumber of investigators have begun to study the Myc/Max/Mad/Mondo/MIx
families in D. melanogaster and C. elegans. In both organisms, the transcrip-
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tional network is much simpler, providing an excellent opportunity to study
its function without the aforementioned complications.

A single representative of each of the mammalian transcription factor fam-
ilies is present in D. melanogaster, i.e., there are single Myc, Mondo, Mad/Mnt,
Max, and MIx orthologs. To date, dMyc has been most extensively studied and,
as in mammalian cells, plays a role in growth and proliferation (Johnston et
al. 1999). Data concerning the function of dMondo dMad, dMax, and dMIx
has not yet been published; however, we present data below demonstrating
that dMyc and dMondo interact genetically. As expected, dMyc associates
with dMax (Gallant et al. 1996); however, it will be necessary to determine the
spectrum of interactions allowed among the other sequence orthologs of the
Max and Mlx networks and the transcriptional activity of the different hete-
rocomplexes to obtain a clear picture of the extent of functional conservation.
Based on the available evidence, D. melanogaster appears to have canonical
Max and Mlx networks, providing a simplified and genetically tractable model
system to study their functions.

The C. elegans genome also expresses clear orthologs of Max, Mad, Mlx,
and Mondo. Published data suggest that the transcriptional repression arm
of the Max network is largely intact in worm. For example, the Max and
Mad orthologs MXL-1 and MDL-1 preferentially form heterodimers that bind
CACGTG sites. Amazingly, overexpression of MDL-1 in mammalian cells
blocks Myc+Ras cotransformation in a manner similar to Mad1, demonstrat-
ing functional conservation (Yuan et al. 1998). In contrast to D. melanogaster
and other higher organisms, there is no clear Myc ortholog in the C. ele-
gans genome, suggesting that the transcriptional activation arm of the Max
network is missing in this organism. We have identified a putative Mondo
ortholog, T20B12.6, which contains each of the MCRs in its N-terminus. In-
terestingly, T20B12.6 is also 26% identical and 42% similar to the C-terminal
half of human c-Myc. Therefore, T20B12.6 has sequence characteristics of
both Myc and Mondo family proteins, and we have elected to call this pro-
tein, MML-1 for Myc and Mondo-like 1. Given the possibility that the Myc
and Mondo families have some functions in common, this finding raises
the intriguing possibility that MML-1 carries out all of the Mondo and Myc
functions in C. elegans. The current data regarding the function of Max and
MlIx networks in C. elegans are limited, but one model is that MXL-1:MDL-1
heterodimers constitute the transcriptional repression arm of the network,
while the Mlx ortholog, MXL-2, interacts solely with MML-1 to constitute
the transcriptional activation arm of the network. Biochemical methods as
well as the powerful forward and reverse genetic tools available in C. elegans
should shed light on the functions of each heterocomplex.
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9
Does the Mondo Family Function in Parallel with the Myc Family?

Both Myc:Max and MondoA:MIx heterodimers bind to CACGTG E-box ele-
ments and activate transcription, suggesting that they may have overlapping
or complementary biological functions. This finding also raises the exciting
possibility that the MIx network may function in parallel, or in conjunction,
with the Max network. To date, the information about the biological role(s) of
the Mondo family is limited; however, that which is available is consistent with
arole for the Mondo family in controlling growth and energy metabolism. For
example, overexpression of WBSCR14 leads to a reduction in cell colony num-
ber; however, it was not tested whether cell growth or apoptosis was affected
in this experiment (Cairo et al. 2001). In addition, both Myc and ChREBP can
regulate a number of genes involved in cellular energy homeostasis (examples
include, Shim et al. 1997; Osthus et al. 2000; Yamashita et al. 2001; Riu et al.
2002). Thus, the case for functional similarities between the Myc family and
the Mondo family has some experimental support; however, the full extent of
functional overlap between the two families remains to be determined. We
have recently gained some insight into this question using D. melanogaster as
a model system.

During embryogenesis dmlx is ubiquitously expressed, whereas dmondo
expression is restricted to the amnioserosa and dorsal pharyngeal muscula-
ture. Both genes are expressed during larval, pupal, and adult stages (Peyr-
efitte et al. 2001). To investigate the biological role of the mondo genes and
determine whether the mondo and myc families function in related biological
pathways, we first obtained a P-element insertion in dmondo from the Berke-
ley Drosophila Genome Project and analyzed it molecularly. The P-element,
k05106, is located in the sixth intron of the dmondo gene, about 10 kb from the
transcription initiation site at cytological band 39C1-D1. Precise excision of
the P-element insertion resulted in flies that appeared wildtype with no appar-
ent associated lethality. Thus, the P-element insertion, and not other genetic
alterations, is responsible for the observed phenotypes. This P-element inser-
tion drastically reduces the level of dmondo expression and is therefore likely
to be a hypomorphic allele of dmondo (our unpublished data). We have called
this allele of dmondo, dmonl.

Homozygotes of dmonl complete embryogenesis; however, homozygous
dmon1 adult female flies hatched at approximately one-half the expected fre-
quency and 1-2 days later than heterozygotes. The remaining females die
during pupation, as indicated by the presence of many pupal cases containing
melanized dead female pupae. In contrast, very few male homozygotes sur-
vived. About half failed to remove themselves from the pupal case and those
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that did hatch were weak and usually became mired in the food (our un-
published data). Thus, dmonl homozygotes are sub-viable, suggesting a role
for dmonl in normal fly development and/or physiology. These data are also
consistent with published complementation mapping studies performed in
the 39C1-D1 region. Hewes et al. noted reduced viability of the k05106 ho-
mozygotes. Further, they noted that k05106 in trans to a deletion for the
39C1-D1 region, Df(2L)TW1, do not survive to adulthood (Hewes et al. 2000).
This further argues for the k05106 insertion acting as a strong hypomorph.
Taken together, these data suggest that dmondo is critical for full viability of
D. melanogaster.

To determine whether the mondo and myc families have overlapping or
complementary biological functions, we tested for genetic interaction be-
tween the diminutive (dm) allele of dmyc (Gallant et al. 1996; Schreiber-Agus
etal. 1997) and the dmon1 allele. Animals homozygous for dm are fully viable
but smaller than normal, and females are sterile due to defective oogenesis
(Lindsley and Zimm 1992; Gallant et al. 1996). We tested for genetic inter-
action between dm and dmonl by determining whether the double mutant
combination dm/dm; dmonl/dmonl was viable. Only females were examined
because of the small number of surviving homozygous dmonl males. Of 619
females scored, no double homozygotes were recovered. However, animals in
the other progeny classes were recovered, including animals heterozygous for
dm and homozygous for dmonl (Fig. 5). Thus, double homozygosity for dm

dMyc (dm) and dMondo (dmonl) Interact Genetically

Genotypes
Cross of Progeny Expected Observed
dm . dmonl dm CyO
FM7 CyO dm : dmonl 207 204
X FM7 CyO

dm . _ dmonl 103 67
FM 1

dm ._dMondo 7 dmon

Y = CyO dm; dmonl 103 0
dm dmonl

Fig. 5 dm and dmonl interact genetically. The indicated cross was performed and
female progeny were scored for the appropriate markers to determine genotype. If
no lethal interaction occurs, then animals homozygous for dm and dmonl should
be present at the same frequency as animals heterozygous for dm and dmonl. No
flies homozygous for both dm and dmonl were recovered, revealing a synthetic lethal
genetic interaction between dm and dmonl and suggesting that dMyc and dMondo
function is parallel or redundant pathways
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and dmonl results in synthetic lethality. Recently, genomic binding sites for
dMax, dMnt, and dMyc have been discovered using genome-wide isolation
and sequencing of bound chromatin (Orian et al. 2003). Sites for dMnt have
been identified in the dmix promoter, and dMyc binding sites have been iden-
tified in the dmondo promoter. This biochemical data, along with the lethal
genetic interaction between dmondo and dmyc, supports the hypothesis that
these two transcription factor networks act together to regulate the expression
of at least one essential gene.

10
Future Directions

Much of the current evidence suggests that the Mondo proteins function as
Myc analogs, but with their subcellular localization highly regulated. Further-
more, the interaction of Mlx with members of the Mad and Mondo families
suggests that, like Max, Mlx functions as the center of a transcription factor
network. Given the many similarities between the Max and Mlx networks, it is
likely that they share at least some functions in parallel. A great deal has been
learned over the last several years about the functions of this extension of the
Mlx network; however, our understanding of the role of the Mlx network in cel-
lular physiology remains meager relative to volumes of information currently
available about the Max network. As such, several key questions concerning
the function of the Mlx network remain to be answered. Most importantly,
which functions of the Mondo proteins overlap with functions of Myc, and
which are novel? For example, do Mondo family members regulate all Myc
targets or only a subset? Given current evidence, it is possible that the greatest
functional overlap is at promoters of glycolytic and perhaps other metabolic
enzymes. In a similar vein, it will be also important to (1) examine the role of
the Mondo family using models of cellular transformation and (2) determine
the contribution of the Myc Box II homology to Mondo function. Similarly,
it will be important to determine whether the functions of MondoA and/or
WBSCR14/MondoB are altered in human cancers. The contribution, if any,
of WBSCR14/MondoB loss to Williams-Beuren syndrome must also be in-
vestigated. The restricted interaction of Mlx with Madl and Mad4 suggests
that they may have functions different from those of Mxil and Mad3 and may
function differently as a heterodimer with Mlx relative to their function as
a heterodimer with Max.

While we have presented a case for the Mondo family functioning similarly
to the Myc family, the Mondo family also has many unique features that are
worthy of further study. Given that ChREBP accumulates in the nucleus in
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response to glucose while MondoA does not, discovering the extracellular
cue that drives MondoA nuclear accumulation is a priority. Furthermore,
while some aspects of MondoA and WBSCR14/MondoB/ChREBP regulation
are clearly different, the overall sequence similarity between these proteins
suggests that certain aspects of their function and regulation are likely to
be shared. For example, MCRI and MCRV and the DCD domains are highly
conserved within the family, but how these two MRCs contribute to func-
tion and how the DCD functions as a cytoplasmic localization domain are
currently unknown. How the DCD contributes to dimerization affinity, speci-
ficity, and potentially DNA binding site selection also provides an interest-
ing experimental direction. Similarly, the restricted dimerization specificity
observed for Mlx also provides an interesting structural problem. Finally,
multiple lines of evidence suggest nuclear functions for both MondoA and
WBSCR14/MondoB/ChREBP, but given that under most circumstances they
localize to the cytoplasm, one cannot rule out additional functions in this
subcellular compartment.
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Prd 246

prd 246
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domain associated protein
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