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The role of the myc gene family in the biology of normal
and cancer cells has been intensively studied since the
early 1980s. myc genes, responding to diverse external
and internal signals, express transcription factors (c-, N-,
and L-Myc) that heterodimerize with Max, bind DNA,
and modulate expression of a specific set of target genes.
Over the last few years, expression profiling, genomic
binding studies, and genetic analyses in mammals and
Drosophila have led to an expanded view of Myc func-
tion. This review is focused on two major aspects of
Myc: the nature of the genes and pathways that are tar-
geted by Myc, and the role of Myc in stem cell and cancer
biology.

“Nature was not designed to make life easy for biolo-
gists” (Tudge 2007).

The myc proto-oncogene family (comprising c-myc,
N-myc, and L-myc) ranks among the most exhaustively
studied group of genes in biology. The profound involve-
ment of deregulated myc genes in a wide range of hu-
man, and other animal, cancers has propelled much of
this research. In normal cells, Myc proteins appear to
integrate environmental signals in order to modulate a
diverse, and sometimes opposing, group of cellular pro-
cesses, including proliferation, growth, apoptosis, energy
metabolism, and differentiation. This has made Myc fair
game for researchers in different fields and has led to a
staggering number of publications. Paradoxically, while
a great deal of information has emerged, a unified view of
Myc function has proven elusive. The difficulty stems
from an apparent disconnect between Myc’s dramatic
effects on multiple cellular functions and its molecular
characterization as a relatively weak transcriptional ac-
tivator with a poorly defined set of target genes. Over the
last several years, however, there has been a significant
shift in how Myc function is perceived. This review fo-
cuses on two aspects of this shift: first, the growing re-
alization that Myc possesses a considerably larger num-
ber of gene targets than anticipated and may have broad
effects on chromatin modifications and genomic tran-
scription; and second, the emergence of a more nuanced

view of the interplay between Myc and cell differentia-
tion, as well as the recognition of a critical role for Myc
in the generation and maintenance of stem cells. In what
follows, we summarize recent evidence that has both
refined and broadened our perception of Myc’s functions.

Transcriptional regulation by Myc

Myc is a basic helix–loop–helix zipper (bHLHZ) protein
that heterodimerizes with the small bHLHZ protein
Max and binds the E-box sequence CACGTG. E-box
binding by Myc-Max has been predominantly associated
with gene activation—a finding consistent with Myc’s
ability to recruit multiple coactivator complexes (for re-
views, see Grandori et al. 2000; Adhikary and Eilers
2005; Cole and Nikiforov 2006). Yet Myc has also been
associated with transcriptional repression. While there
are likely to be several modes of Myc repression, at least
one mechanism involves specific binding and inhibition
of the transcriptional activator Miz-1 (Kleine-Kohl-
brecher et al. 2006).

Given Myc’s role in gene activation and repression, it
would seem that the problem of understanding Myc
function should simply reduce to identifying the subset
of genes regulated by Myc. To this end, gene expression
profiling has been widely employed to examine the ef-
fects of Myc overexpression in a range of biological set-
tings. The conclusion is that hundreds to thousands of
genes are modulated by augmenting Myc expression (for
example, see O’Connell et al. 2003; Li et al. 2005;
Schlosser et al. 2005; Lawlor et al. 2006; see also http://
www.myc-cancer-gene.org/index.asp). Differences in ar-
ray platforms, biological systems, time points, and data
analysis make comparison between these gene lists per-
ilous. Notwithstanding some puzzling gaps in overlap
between studies, the trends that emerge indicate that
Myc overexpression influences the regulation of genes
that, in aggregate, encompass a broad range of biological
functions (Fig. 1; Patel et al. 2004b). Predominant are
up-regulated genes directed toward cell growth (defined
as an increase in cell mass): ribosome biogenesis, protein
synthesis, and metabolism. Modulation of growth-re-
lated gene expression was also found in Drosophila upon
dMyc overexpression (Orian et al. 2005) or siRNA
knockdown (Hulf et al. 2005). Such functional trends are
generally consistent with biological studies indicating
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roles for Drosophila and mammalian Myc in cell growth
(Mateyak et al. 1997; Iritani and Eisenman 1999; John-
ston et al. 1999; Beier et al. 2000; Pierce et al. 2004; Hulf
et al. 2005; Teleman et al. 2008). Most of the genes
whose expression is induced by Myc are transcribed by
RNA polymerase II. However recent studies demonstrat-
ing that Myc additionally stimulates genes transcribed
by RNA polymerase III (e.g., tRNA and 5S rRNA genes)
(Gomez-Roman et al. 2003; Steiger et al. 2008) and RNA
polymerase I (genes encoding ribosomal RNA) (Arabi et
al. 2005; Grandori et al. 2005; Grewal et al. 2005) provide
further support for the idea that Myc activity is directed
toward cell growth at least in part through production of
components important in protein translation. Energy
metabolism is also an essential aspect of cell growth and
proliferation. Myc function had earlier been linked to
metabolism with the finding that Myc stimulates tran-
scription of the lactate dehydrogenase A (LDH-A) gene
(Shim et al. 1997) as well as a group of nuclear genes
involved in mitochondrial function (Morrish et al. 2003).
Recently Myc has been shown to promote oxidative
phosphorylation as well as glycolysis through coordinate
transcriptional control of the mitochondrial metabolic
network (Zhang et al. 2007; Morrish et al. 2008). More-
over, Myc appears to be an important regulator of the
cellular response to hypoxia through its functional inter-
actions with the hypoxia-inducible factors HIF1� and
HIF2� (for review, see Gordan et al. 2007b).

While many growth-related genes are activated follow-
ing Myc expression, fewer genes are down-regulated by
Myc; however, those that are appear to be of considerable
importance. Most frequent among Myc down-regulated
genes are those involved in cell cycle arrest, cell adhe-

sion, and cell–cell communication. This also makes bio-
logical sense in that mammalian Myc has been shown to
cancel expression of genes that attenuate cell cycle
progression (e.g., cyclin-dependent kinase inhibitors
[CDKIs]) (Staller et al. 2001; Herold et al. 2002; Knoepfler
et al. 2002; Obaya et al. 2002), inhibit signal transduction
pathways (Berwanger et al. 2002; Cowling et al. 2007),
and reduce cell adhesion and contact (Frye et al. 2003;
Wilson et al. 2004; Gebhardt et al. 2006a). The ability of
mammalian Myc to abrogate the influence of prolifera-
tion arrest genes is a crucial aspect of Myc function in
normal development (Zindy et al. 2006) and in tumori-
genesis (Seoane et al. 2002; Oskarsson et al. 2006). Taken
together, the expression profiling data indicate that Myc
has the capacity to both stimulate cell growth and abro-
gate cell cycle inhibitors, a powerful combination of
functions that, when deregulated, may drive the limit-
less replicative potential characteristic of nearly all tu-
mors (Hanahan and Weinberg 2000).

Despite the apparent agreement between expression
profiling and functional studies, there are some concerns
about interpretation of the gene expression data. Fore-
most is the uneasy sense that so many genes are modu-
lated upon Myc overexpression that they could be shoe-
horned into nearly any functional model. Nonetheless,
more precisely tailored expression profiling studies can
tell us much about the broad transcriptional effects of
Myc. In an elegant recent study (Lawlor et al. 2006) a
Myc-estrogen receptor (ER) ligand-binding domain (Myc-
ER) transgene was specifically induced in vivo in murine
pancreatic � cells coexpressing anti-apoptotic Bcl-XL,
thereby permitting survival, myc-driven cell cycle entry,
and tumor progression. Expression profiling of cells iso-
lated using laser capture dissection microscopy follow-
ing acute Myc activation showed a wave of activation
and repression ranging from several hundred genes over
24 h, to several thousand genes over a 21-d period. While
many of these Myc-regulated genes are, as expected, in-
volved in growth, cell cycle progression, and metabo-
lism, a significant subpopulation of the affected genes
had not been identified previously as regulated by Myc in
other profiling experiments. Moreover, the presence of
genes specific for pancreatic islets further indicates that
Myc regulation can impact genes in a context-specific
manner. Interestingly, the repression of many islet-spe-
cific genes is consistent with the notion that Myc over-
expression suppresses the differentiated phenotype. In-
deed, acute deactivation of Myc in the Myc-induced �-
cell tumors results in tumor regression and re-expression
of differentiation-related �-cell genes (Lawlor et al.
2006). This redifferentiation/regression effect has been
previously observed in other myc-induced tumor types
(Karlsson et al. 2003; Shachaf et al. 2004) and is consis-
tent with the long held view that a failure to down-regu-
late Myc inhibits terminal differentiation. It is impor-
tant to note, however, that in situations where commit-
ment to a specific lineage is closely linked to an increase
in proliferation, Myc can promote differentiation (see be-
low; Gandarillas and Watt 1997; Frye et al. 2003; Wilson
et al. 2004; Habib et al. 2007).

Figure 1. Summary of the functional categories of genes whose
expression is modulated by augmented Myc expression. This
information is derived primarily from gene expression profiling
studies employing microarrays (see the text for details and ref-
erences).
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Widespread DNA binding by Myc

While the expression profiling studies provide a basis for
understanding Myc’s broad effects on the cell, they none-
theless leave wide open the question of what genes are
regulated through direct Myc binding (i.e., primary tar-
gets) and what genes are regulated indirectly (i.e., sec-
ondary or downstream targets) as a consequence of the
activities of primary targets or as part of a more general
cellular response. As recently as a few years ago, most
Myc-ologists would probably have predicted a small
number of primary targets and a large number of down-
stream targets. However experiments employing chro-
matin immunoprecipitation (ChIP) or genomic marking
methods on a promoter-wide or genome-wide scale have
shown that Myc binding is more prevalent than antici-
pated. Moreover, the genomic binding analyses have re-
vealed what are likely to be several novel aspects of Myc
function.

Initial genomic binding studies employed arrays com-
prised of E-box-containing sequences (Fernandez et al.
2003), annotated promoters (Li et al. 2003), or CpG is-
land-enriched DNA (Mao et al. 2003) to screen Myc-
bound DNA fragments isolated by ChIP from several hu-
man cell types. In addition, a methylation marking pro-
cedure was employed in Drosophila tissue culture cells
to identify dMyc-, dMax-, and dMnt-associated DNA se-
quences proximal to coding regions (Orian et al. 2003).
More recently, high-throughput sequencing of ChIP
DNA (ChIP-seq) has been used to locate DNA regions
bound by Myc (Zeller et al. 2006). In aggregate these
studies provide substantial support for the prevailing
view that (1) Myc associates with Max on DNA, (2) My-
c:Max complexes bind to E-box-containing DNA, and (3)
E-box binding generally (but not always) corresponds to
activation of gene expression. These studies also indi-
cated that 10%–15% of genomic loci are bound by c-Myc
in mammals (Fernandez et al. 2003; Li et al. 2003; Zeller
et al. 2006) and by dMyc/dMax/dMnt in flies (Orian et al.
2003). As expected, the bound loci represent an ex-
tremely broad range of functions, with genes involved in
biosynthesis, metabolism, signal transduction, and cell
cycle predominating. In the studies that compared bind-
ing with expression arrays, it was found that a significant
percentage of bound loci are also modulated at the tran-
scriptional level when Myc abundance is altered. For ex-
ample, in the P493 human B-cell line, ∼20% of 3465
putative c-Myc target genes were up-regulated or down-
regulated as a consequence of c-Myc expression (Zeller et
al. 2006). Moreover, when a 453 gene subset of c-Myc-
bound loci was retrospectively analyzed for expression
across 46 human tissues and cells, a majority showed a
positive correlation with c-myc expression levels, while
a smaller group displayed an inverse correlation (Li et al.
2003). Similarly, in Drosophila nearly 50% of binding
sites occupied by dMyc/dMax/dMnt in tissue culture
cells were mapped to genes whose expression is modu-
lated in larvae overexpressing dMyc (Orian et al. 2003).

Although Myc binding is clearly coupled to transcrip-
tion, there appear to be a significant number of binding

sites that are not directly associated with gene expres-
sion. These latter sites may actually reflect nonproduc-
tive binding by Myc. However they may also represent
sites that are regulated contingently, dependent on a spe-
cific cell or developmental context; as, for example, the
cell type-specific differentiation genes induced by Myc
in pancreatic � cells (Lawlor et al. 2006). In addition, the
apparently nonproductive binding sites for Myc may
regulate transcription of genes not normally included on
expression arrays, such as those encoding miRNAs (He
et al. 2005; O’Donnell et al. 2005; Chang et al. 2008;
Schulte et al. 2008) or RNA polymerase III transcripts
(Gomez-Roman et al. 2003). Finally, the recent demon-
stration that Myc can bind to and stimulate origins of
DNA replication, independent of Myc transcriptional
function (Dominguez-Sola et al. 2007), would suggest
that many of the presumed nonproductive Myc-binding
sites are replication origins.

Determinants of Myc genomic binding

Chromatin context for Myc binding: consequences
for gene regulation

Given that on the order of 10%–15% of genomic loci can
be found associated with Myc in different cell types, it is
apparent that Myc binding, while widespread, must
nonetheless be restricted. This idea is reinforced when
one considers that a canonical E-box is expected at a
frequency of once per 4 kb on average and that not all
Myc binding is E-box-dependent (see below). While CpG
methylation could inhibit binding to some sites (James
and Eisenman 2002; Perini et al. 2005; Guccione et al.
2006), there are likely to be other determinants of Myc
binding. An important recent analysis asked whether
specific histone modifications correlate with genomic
Myc binding and found that elevated H3-K4 and H3-K79
methylation (active marks), but not H3-K27 methylation
(a repressive mark), are characteristic of Myc-binding
sites (Guccione et al. 2006). Similar histone methylation
determinants of Myc binding have also been shown in a
genome-wide binding study of embryonic stem (ES) cells
(Kim et al. 2008). These regions, located near the 5� ends
of active genes, constitute euchromatic islands. Because
the H3-K4 and H3-K27 modifications were identified in
Myc target genes, but in the absence of actual Myc bind-
ing, the data imply that the general transcriptional ma-
chinery is already engaged in the vicinity of these sites
prior to Myc binding. This suggests that Myc prefers to
bind to genes that have been accessed previously by
other transcription factors. Perhaps Myc preferentially
associates with genes that are already actively tran-
scribed and functions to modulate the rate of ongoing
transcriptional or post-transcriptional processes. Indeed,
there is evidence in support of a role for Myc in elonga-
tion, at least at some target genes where Myc, through
recruitment of P-TEFb mediates phosphorylation of the
C-terminal domain of RNA polymerase II (Eberhardy and
Farnham 2002; Cowling and Cole 2007). Furthermore,
Myc has been known for some time to selectively influ-
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ence the rate of translation of a subset of mRNAs (Shiio
et al. 2002), and recent data indicate that Myc can facili-
tate mRNA cap methylation and translation indepen-
dent of its DNA-binding activity (Cowling and Cole
2007).

Myc’s preference for association with promoters
marked by methylated H3-K4 is also open to another
interpretation—namely, that such genes may not be ac-
tively transcribed but rather retain a memory of an ear-
lier transcriptionally active state. Importantly, H3-K4
and H3-K79 methylation marks are highly enriched in
the “replacement” histone H3.3, which is assembled
into nucleosomes at all phases of the cell cycle. While
methylated H3.3-K4 is associated with actively tran-
scribed loci, recent experiments in both Drosophila and
vertebrate cells show that a methylatable H3.3-K4 also
“marks” silent loci that were previously active but are
developmentally repressed (Mito et al. 2007; Henikoff
2008; Ng and Gurdon 2008). Perhaps Myc, by recogniz-
ing H3-K4 or H3.3-K4 methylation participates in the
reactivation of silenced loci; for example, during transi-
tion from mitosis into the G1 phase of the cell cycle or
during genetic reprogramming to induce pluripotency
(see below).

Mxd proteins can restrict Myc binding and antagonize
Myc function

The Mxd family (formerly known as the Mad family) of
transcriptional repressors contain Myc-related bHLHZ
domains, heterodimerize with Max, and bind E-box se-
quences. Mxd proteins antagonize Myc function by com-
peting with Myc for available Max, competing with
Myc-Max heterodimers for available binding sites, and
causing repression at bound sites (Grinberg et al. 2004;
for reviews, see Hooker and Hurlin 2006; Rottmann and
Luscher 2006). In fact loss-of-function mutations in Mxd
proteins, particularly the ubiquitously expressed Mnt
protein, can generate phenotypes resembling Myc up-
regulation (Hurlin et al. 2003; Nilsson et al. 2004; Toyo-
oka et al. 2006). In Drosophila, dmnt-null mutation par-
tially rescues the early arrest of larval development char-
acteristic of dmyc mutant larvae, by attenuating the
extent of repression of a large number of growth-promot-
ing genes upon Myc loss of function (Pierce et al. 2007).
In mammalian cells, the interplay between Myc and
Mxd proteins is important in growth, cell cycle
progression, and differentiation (Iritani et al. 2002;
McArthur et al. 2002; Popov et al. 2005; Zhu et al. 2008).
These considerations suggest that the broadly expressed
and highly regulated Mxd proteins normally act to re-
strict Myc’s functional access to DNA.

In and out of the E-box?

While genomic binding experiments indicate that c-Myc
protein associates with Max and activates expression of
a wide range of genes through E-box binding, the data
also suggest that this is not the whole story. Promoter-

proximal E-boxes within CpG-rich, H3-K4-methylated,
euchromatic islands indeed appear to constitute con-
served high-affinity Myc-binding sites in that Myc ex-
pressed at either endogenous or at higher levels can be
found E-box-associated in several different cell lines
(constituting ∼11% of all promoters) (Fernandez et al.
2003; Guccione et al. 2006). However, upon Myc over-
expression, previously unoccupied E-boxes were found
associated with Myc protein (Fernandez et al. 2003). De-
pending on the cell type and the abundance of Myc, bind-
ing could encompass nearly 60% of all E-box-containing
promoters (∼15% of all promoters). Furthermore, at very
high Myc levels, binding to promoters lacking canonical
CACGTG E-boxes and E-boxes not situated within an-
notated promoters is detected (Fernandez et al. 2003;
Zeller et al. 2006). In another study, E-boxes within a
1-kb region of the TSS were only found associated with a
quarter of c-Myc-bound promoters in a Burkitt’s lym-
phoma cell line (Li et al. 2003). Myc has been shown to
bind to noncanonical E-boxes (e.g., CATGTG, CA
CATG) both in vitro (Blackwell et al. 1993) and in vivo
(Grandori et al. 1996; Boyd et al. 1998; Morrish et al.
2003), and it is possible that association with such vari-
ant sequences may account in part for the non-E-box
sites occupied upon Myc overexpression. Nonetheless, a
recent ChIP-seq analysis of relatively high abundance
Myc binding showed that while 62% of the most reliable
sites possess canonical or noncanonical E-boxes within a
10-kb region, nearly 40% of binding loci did not contain
any E-box (Zeller et al. 2006). Perhaps this relates to the
observation that about half of the euchromatic islands
bound by Myc did not contain E-boxes, suggesting that
H3-K4 methylation may be an even better determinant
of Myc binding than the presence of an E-box (Guccione
et al. 2006).

While we know very little about putative non-E-box
targets, there is circumstantial evidence suggesting that
Myc’s activation of RNA polymerase III-transcribed
genes (Gomez-Roman et al. 2003) results from a non-E-
box-dependent association with DNA. In Drosophila,
null mutations in dmax, although lethal during the lar-
val stages of development, were found to be surprisingly
less severe than deletion of dmyc and/or dmnt (Steiger et
al. 2008). In the absence of dMax, it was observed that
dMyc is still capable of stimulating RNA polymerase III
transcription, suggesting that this process may be Max-
independent, and therefore E-box-independent. Myc as-
sociates with the TFIIIB subunit of the RNA polymerase
III complex and mediates recruitment of GCN5 and the
TRRAP complex (Gomez-Roman et al. 2003; Kenneth et
al. 2007). Therefore in its stimulation of polymerase III
transcription, Myc may be simply functioning as a coac-
tivator independent of its cognate DNA-binding site.
The report that the interaction of dMyc with the
Groucho corepressor complex during embryonic neuro-
genesis is independent of dMax (Orian et al. 2007) pro-
vides another example of a possible E-box-independent
activity of Myc. The notion that Myc possesses func-
tions independent of Max had been indicated earlier by
the identification of a cell line lacking the max gene
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(Hopewell and Ziff 1995). Moreover Max protein levels
have been shown to be limiting in at least certain bio-
logical settings (Walker et al. 2005). Therefore, while
Max is indisputably an essential gene in both mammals
and flies (Shen-Li et al. 2000; Steiger et al. 2008), there
may be a subset of important Myc functions that are not
dependent on Max and therefore are likely to be inde-
pendent of E-boxes for binding. Figuring out what Myc
does outside of the E-box may provide a handle on these
functions.

Interactions with other transcriptional regulators
influence Myc binding

Association of Myc or Myc-Max heterodimers with
other DNA-binding factors or complexes also appears to
contribute to establishment, or inhibition, of Myc bind-
ing at E-boxes or other sites. As mentioned earlier, Myc
directly interacts with and inhibits the activity of the
BTB-POZ domain protein Miz1 (Seoane et al. 2001;
Staller et al. 2001). Myc has also been reported to inhibit
multiple factors, including Sp1, NF-Y, and Smad2/
Smad3 (Gartel et al. 2001; Izumi et al. 2001; Feng et al.
2002). Other interactions of Myc with transcription fac-
tors may not necessarily be direct. Hence association of
Myc and the ER, detected in situations where an E-box is
proximal to an estrogen response element, are enhanced
in a ligand-dependent manner by interaction with the
TRRAP coactivator complex. TRRAP apparently acts as
a bridge between the proteins at their proximal binding
sites (Cheng et al. 2006). In addition, in response to hyp-
oxia HIF-2� has been reported to bind to Max and
thereby augment Myc-Max DNA-binding and transcrip-
tional activity (Gordan et al. 2007a). How many other
factors Myc interacts with, the extent to which these
associations affect Myc binding, the mechanisms under-
lying Myc’s inhibition or activation of these factors, and
the degree to which these interactions are important for
Myc’s biological functions all remain to be determined.

Myc degradation and the dynamics of DNA binding

The widespread binding of Myc to DNA, its recruitment
of multiple coregulatory molecules, its interactions with
other DNA-binding transcription factors, and its addi-
tional involvement in processes such as DNA replica-
tion would at first blush imply that Myc is expressed at
relatively high levels. This is unlikely to be the case.
Previous estimates of endogenous c-Myc proteins levels
by radioimmunoassay reported on the order of several
thousand molecules per cell in proliferating normal fi-
broblasts, probably fewer than the number of genomic
binding sites (Waters et al. 1991). A possible solution to
this apparent paradox comes from consideration of the
short half-life of Myc proteins (t1/2 = ∼20 min). During
the last several years, it has been demonstrated that the
proteasome-mediated degradation of c-Myc is directed
by at least two ubiquitin ligases—Fbw7, which recog-
nizes the Myc Box I phosphodegron (Welcker et al.

2004a,b; Yada et al. 2004), and Skp2, which interacts
with a non-phospho-dependent binding site on Myc (Kim
et al. 2003; von der Lehr et al. 2003). Recent evidence
also links the HectH9/Huwe1 ubiquitin-ligase to degra-
dation of N-Myc during differentiation (Zhao et al. 2008).
Mutations in Fbw7 are associated with several types of
tumors and lead to increased abundance of Myc and
other Fbw7 targets critical for cell proliferation (for re-
view, see Welcker and Clurman 2008). Moreover, the
ubiquitin-specific protease USP28 associates with, and
stabilizes, Myc by interacting with Fbw7 (Popov et al.
2007). USP28 is detected at high levels in colon and
breast carcinomas and contributes to proliferation of
these tumors. Although stabilization of Myc has been
shown to be important in both normal and neoplastic
settings (Kenney et al. 2003; Welcker et al. 2004a; Yeh et
al. 2004; Cartwright et al. 2005; Hemann et al. 2005), the
“stabilized” Myc protein nonetheless still possesses a
measurable, and often quite rapid, rate of turnover. Sev-
eral lines of evidence also suggest a link between Myc
turnover and its transcriptional activity. Degradation of
c-Myc through the Skp2 complex has been reported to
stimulate Myc-dependent transcription (Kim et al. 2003;
von der Lehr et al. 2003). In addition, chemical inhibitors
of the proteasome or knockdown or the Fbw7 ligase in-
duce accumulation of Myc in nucleoli, an organelle in
which Myc is normally present at only very low levels
(Arabi et al. 2003; Welcker et al. 2004a). However Myc
has a nucleolar function in that it directly stimulates
RNA polymerase I transcription of rDNA (Arabi et al.
2005; Grandori et al. 2005). This suggests that Myc is
normally turned over very rapidly in the nucleolus in
concert with the high rate of rRNA production.

The continuous degradation of Myc protein implies
that Myc binding at a given site is transient. Yet the
rapid rate of synthesis of Myc, required to balance its rate
of degradation and maintain steady-state levels, would
act to continuously generate newly synthesized Myc
proteins with the potential to occupy previously un-
bound target sites. In other words, not all Myc targets
would be bound within a single cell at a given moment,
but over time, all targets will come to be transiently
occupied. This idea is supported by quantitative mea-
surements of binding site occupancy by other transcrip-
tion factors indicating dwell times of seconds to minutes
for many factors (Phair et al. 2004; Meshorer et al. 2006).
Having the full complement of Myc targets dependent
on continual synthesis of limiting amounts of Myc pro-
tein would tend to make these targets highly sensitive to
even small changes in abundance of Myc protein, pro-
viding a rationale for the multiple levels at which myc
gene expression is regulated transcriptionally and post-
transcriptionally.

The rapid turnover of Myc proteins may also impact
Myc transcriptional regulation in another way: by per-
mitting rapid exchange of Myc recruited coregulators.
Myc has been reported to recruit a bewildering number
of transcriptional coregulators (Fig. 2). These include the
TRRAP coactivator, which in turn binds the HAT GCN5
and other subunits involved in histone modification; the
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Tip60 complex (Cole and Nikiforov 2006); the Pim1 ki-
nase (Zippo et al. 2007); the Lid/Rbp2 H3-K4 demethyl-
ase (Secombe et al. 2007); the USP22 H2A deubiquitinat-
ing enzyme (Zhang et al. 2008); and the HectH9 ubiqui-
tin ligase (Adhikary et al. 2005) among others. These
coregulators are thought to mediate histone modifica-
tions or remodeling but may also modify other associ-
ated factors or Myc itself (Vervoorts et al. 2003; Patel et
al. 2004a; Adhikary et al. 2005). While a single Myc poly-
peptide could in principle interact with several of these
proteins at once, an alternative possibility is that Myc
recruits distinct complexes to specific subsets of target
genes (Fig. 2). Moreover, the continuous degradation and
replacement of Myc proteins, bearing distinct sets of co-
regulators at genomic binding sites, could result in a se-
quential change in coregulator composition at gene tar-
gets. Exchange of coactivators and corepressors has been
previously shown to be critical in transcriptional regu-
lation by NF�B and nuclear hormone receptors (Baek et
al. 2002; Perissi et al. 2004). Myc’s recruitment of mul-
tiple coregulators could potentially lead to spreading of
chromatin modifications and to nucleosome instability,
perhaps explaining the widespread changes in histone
modifications and DNA accessibility observed in cells
with myc deletions (Knoepfler et al. 2006). It is conceiv-
able that Myc’s role in the induction of pluripotency (see
below) is to broadly induce the open chromatin structure
characteristic of stem cells (Niwa 2007).

Myc at the root of stem cells—implications
for tumorigenesis

The ability of Myc to bind to a staggeringly large number
of genomic loci has also been demonstrated in ES cells
(Kim et al. 2008) and is likely to underlie its activity as
part of the “magic quartet” of transcription factors that
can reprogram somatic cells to induced pluripotent stem

(iPS) cells. Several independent studies found that—
while not absolutely required—ectopic expression of
Myc augments the ability of Oct4, Sox2, and Klf4 to
induce the formation of pluripotent cells from mouse
and human fibroblasts, liver cells, and mature B cells by
a factor of twofold to 10-fold, depending on the cell type
(Okita et al. 2007; Takahashi et al. 2007; Wernig et al.
2007; Hanna et al. 2008). Expression of ectopic Myc is
silenced in the resulting iPS cells, arguing that high lev-
els of Myc are only transiently required in the establish-
ment of pluripotency and/or the expansion of a critical
cell pool. Perhaps pharmacological strategies or delivery
vectors (e.g., adenovirus) that transiently elevate levels
of Myc will eventually be able to substitute for the ec-
topic expression of Myc and thereby escape the tumori-
genic potential of the iPS cells in which Myc has been
expressed.

A role for endogenous Myc proteins in the prolifera-
tion of stem and progenitor cells has been documented in
several studies. For example, Drosophila neuroblasts un-
dergo an asymmetric division that leads to the exit of
one of the daughter cells from the cell cycle and its sub-
sequent terminal differentiation. This exit is mediated
by the asymmetric distribution of a cell fate determi-
nant, Brat (Betschinger et al. 2006). Brat is a negative
regulator of cell growth that has properties of a tumor
suppressor protein since in its absence both daughter
cells continue to proliferate as neuroblasts. Brat exerts
its function as a negative regulator of Drosophila Myc
(dMyc), arguing that expression of dMyc is critical for
maintaining proliferation and inhibiting differentiation
of neuronal progenitor cells. Similarly, the conditional
deletion of mammalian N-Myc, a gene closely related to
c-Myc that is highly expressed in neuronal progenitor
cells, induces the premature differentiation of neuronal
progenitor cells in the cerebral cortex and in neuro-
spheres in culture, arguing that N-Myc is critical for pre-
venting the premature differentiation of neuronal pre-
cursor cells in mammals (Knoepfler et al. 2002). N-Myc
has also been shown to be required in a dose-dependent
manner in developing lung to maintain undifferentiated
proliferating distal progenitor cells (Okubo et al. 2005).
Very recently, placental rescue experiments in mice
have demonstrated a primary requirement for c-myc spe-
cifically in hematopoietic stem and progenitor cells—
indeed, the loss of these populations appears to be the
major defect responsible for embryonic lethality at em-
bryonic day 12.5 (E12.5) (Dubois et al. 2008).

Conversely, ectopic expression of Myc inhibits the dif-
ferentiation of murine ES cells. The self-renewal capac-
ity of ES cells depends on the presence of leukemia-in-
hibitory factor, LIF. By binding to its cognate receptor,
LIF activates the transcription factor STAT3, which in
turn activates expression of c-myc. Constitutive expres-
sion of either STAT3 or a mutant allele of c-Myc (T58A),
which is not recognized by the Fbw7 ubiquitin ligase and
is therefore more stable in the absence of growth factors
than the wild-type protein, maintains ES cells in a self-
renewing and pluripotent state even when LIF is re-
moved from the medium (Cartwright et al. 2005). In con-

Figure 2. Transcriptional complexes associated with Myc. De-
picted are individual coregulator complexes known to interact
with Myc. In principle, several complexes could simultaneously
associate with single Myc proteins. The binding of a Myc-Max
heterodimer to the Miz-1 is shown, resulting in repression
through inhibition of nucleophosmin (NPM). Many other pro-
tein interactions have been described for Myc (see the text).
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trast, inhibition of Myc using a dominant interfering
form induces differentiation of ES cells even in the pres-
ence of LIF, demonstrating that Myc is critical for the
maintenance of ES cell self-renewal. Furthermore, nu-
merous experiments document the ability of Myc to in-
hibit terminal differentiation of multiple cell types in
culture and to promote tumorigenesis in vivo when ex-
pressed in differentiated cells. In a number of cases, the
resulting tumors have been transplanted, formally dem-
onstrating the presence of tumor cells that are capable of
self-renewal; examples are Myc-induced lymphomas and
liver tumors (Shachaf et al. 2004; Giuriato et al. 2006).

While the notion that Myc simply functions to inhibit
differentiation and promote proliferation is satisfying, it
is becoming increasingly clear that Myc’s role in differ-
entiation is more nuanced and complex. In skin, ectopic
expression of Myc under the control of the keratin14
promoter, which is active in stem and progenitor cells,
induces a long-term depletion of stem cells (Arnold and
Watt 2001; Waikel et al. 2001). As a consequence, one
phenotype observed in such mice is a severe defect in
wound healing, which requires the mobilization of stem
cells from their niche. At the same time, ectopic expres-
sion of Myc promotes both proliferation and an accumu-
lation of differentiated cell layers in the epidermis. In
vitro, Myc promotes the proliferation of keratinocytes in
short-term assays, but leads to a loss of clonogenic po-
tential and promotes differentiation of keratinocytes in
long-term culture (Gandarillas and Watt 1997; Watt et al.
2008). Similarly, ectopic expression of c-Myc in hemato-
poietic cells leads to a depletion of stem cells, a finding
consistent with the observation that targeted deletion of
c-Myc leads to an expansion of stem cell pools and a
concomitant loss of all differentiated cell lineages (Wil-
son et al. 2004). These data do not address the issue of
whether the proliferation of hematopoietic stem cells
(HSCs) per se requires Myc activity. This is because
HSCs express the functionally redundant paralog N-Myc
that could in principle drive self-renewal in the absence
of c-Myc. However, the data demonstrate that levels of
Myc have a role in controlling exit from the stem cell
niche.

In both keratinocytes and HSCs, at least part of Myc’s
role in driving differentiation involves its ability to re-
duce adhesive interactions of stem cells with their niche
(Fig. 3; Frye et al. 2003; Wilson et al. 2004). In keratino-
cytes, Myc represses, through binding to Miz1, a wide
spectrum of genes encoding cell–cell and cell substratum
adhesion proteins, including the integrins �1 and �6�4
(Gebhardt et al. 2006b). Re-expression of integrin �1 nor-
malizes the premature differentiation phenotypes in
mice expressing ectopic Myc, demonstrating that inte-
grin �1 is an important effector of Myc in this pathway.
HSCs lacking c-Myc express enhanced levels of the ad-
hesion receptor LFA-1, N-cadherin, and several integrins
(Wilson et al. 2004). Myc represses the promoter of the
CD11a gene, which encodes a subunit of LFA-1, suggest-
ing that some of these changes in expression reflect a
direct repression of the respective genes by Myc (Lopez-
Rodriguez et al. 2000). Notably, other and less direct
mechanisms may also be at play: For example, expres-
sion of tert, a target gene of Myc that encodes the cata-
lytic subunit of telomerase, promotes stem cell mobili-
zation (Flores et al. 2005). Furthermore, maintaining the
relative quiescence of stem cells requires p21cip1 and re-
pression of p21cip1 expression may be another mecha-
nism through which Myc promotes exit from the stem
cell compartment (Cheng et al. 2000).

These findings have implications for the oncogenic ef-
fects of deregulated MYC genes. For instance, the ability
of Myc to reduce the interactions of stem cells with their
niche suggests that tumors that express high levels of
Myc are unlikely to be derived from stem cells—at least
in tissues where such niche interactions are critical for
stem cell identity. Skin tumors provide one example of
this idea: Undifferentiated basal cell carcinomas express
very low levels of Myc, whereas amplifications of myc
are frequent in squamous cell carcinoma, a tumor de-
rived from more differentiated cells (Boukamp 2005). In-
deed, the ability of Myc to promote exit of stem cells
from the niche may constitute a fail-safe mechanism—
similar to Myc-induced apoptosis or Ras-induced senes-
cence—that protects organisms from stem cell-derived
carcinomas.

Figure 3. Myc influences self-renewal and differentiation of stem cells. The effects of Myc on expression of genes considered critical
for differentiation and proliferation are indicated. See the text for details.
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Moreover, because high levels of Myc perturb terminal
differentiation and enhance self-renewal of committed
and differentiated cells, one might expect that during
tumor progression Myc would promote the formation of
cancer-initiating cells that retain developmental plastic-
ity but differ from the normal stem cells of the tissue
from which the tumor has been derived. Several pieces of
evidence support this view. For example, expression of
Myc in HSCs leads to the rapid formation of pre B-cell
lymphomas if apoptosis is blocked by coexpression of
Bcl-2. Cells derived from these lymphomas can be differ-
entiated into either B-lymphocytes or macrophages in
vitro (Strasser et al. 1996). Similarly, cells derived from
liver tumors that have been generated using a tetracy-
cline-inducible Myc transgene differentiate into hepato-
cytes and biliary cells that go on to form bile ducts when
the transgene is turned off; some of these cells also ex-
press a marker of liver stem cells, cytokeratin 19
(Shachaf et al. 2004). Clearly, therefore, cells in both tu-
mor types retain the potential to differentiate along dif-
ferent lineages. At the molecular level, this is reflected
in the ability of Myc to induce the expression, in differ-
entiated cells, of a gene subset that resembles the expres-
sion signatures of ES cells (Wong et al. 2008). As men-
tioned before, both the liver tumors and the lymphomas
are transplantable, documenting that they contain tu-
mor-initiating cells; indeed, limiting dilution analysis
shows that the introduction of Myc into primary kera-
tinocytes that have been transformed by an oncogenic
allele of Ras and IKB� strongly increases the frequency of
tumor-initiating cells (Wong et al. 2008). Similarly, the
percentage of Myc-induced lymphoma cells capable of
initiating lymphoma formation upon transplantation is
very high (Kelly et al. 2007). In contrast, such cells fail to
provide long-term reconstitution of the hematopoietic
system in lethally irradiated mice, arguing that they do
not contain normal HSCs. Further support for this view
also comes from recent elegant knockout studies of the
c-Myc gene. Two studies have demonstrated that c-Myc
is required for the formation of intestinal tumors that are
initiated by conditional deletion of the APC gene (San-
som et al. 2007) and of skin tumors in the classic DMBA/
TPA driven model of Ras-dependent skin carcinogenesis
(Oskarsson et al. 2006). Importantly, the latter study
showed that the effect of Myc deletion had no effect on
the normal development and tissue homeostasis in un-
treated skin but specifically abrogated skin tumorigen-
esis.

Conclusion

Myc proteins act as master regulators of two very dis-
tinct genetic programs: On the one hand, they stimulate
virtually all nuclear processes leading to enhanced cell
growth (the accumulation of cell mass); on the other
hand, Myc proteins cancel the cell cycle arrest induced
by multiple growth-inhibitory pathways. Both these ac-
tivities of Myc appear to be tightly coupled with critical
developmental decisions. Notably, induction of Myc of-
ten prompts exit from the stem cell compartment, while

conversely, down-regulation of Myc is required for ter-
minal differentiation in multiple lineages. Together, the
observations suggest that a key function of Myc during
normal development is to drive expansion of transit am-
plifying cells. Due to this unique combination of prop-
erties, oncogenic deregulation of Myc expression gener-
ates cells possessing a tumor phenotype that has no
counterpart during normal development. We suggest
that, at least in some tissues, targeting Myc may provide
a strategy that selectively hits tumor initiating cells but
spares tissue homeostasis. The identification of drug-
gable Myc targets, as well as enzymes that are critical for
the stability and function of Myc itself, may provide
therapeutic inroads for the many cancers in which Myc
deregulation is critical.
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