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The transcription factor MYC has fundamental roles in proliferation, apoptosis, tumorigene-
sis, and stem cell pluripotency. Over the last 30 years extensive information has been gathered
on the numerous cofactors that interact with MYC and the target genes that are regulated by
MYC as a means of understanding the molecular mechanisms controlling its diverse roles.
Despite significant advances and perhaps because the amount of information learned about
MYCis overwhelming, there has been little consensus on the molecular functions of MYC that
mediate its critical biological roles. In this perspective, the major MYC cofactors that regulate
the various transcriptional activities of MYC, including canonical and noncanonical trans-
activation and transcriptional repression, will be reviewed and a model of how these tran-
scriptional mechanisms control MYC-mediated proliferation, apoptosis, and tumorigenesis
will be presented. The basis of the model is that a variety of cofactors form dynamic MYC
transcriptional complexes that can switch the molecular and biological functions of MYC to

yield a diverse range of outcomes in a cell-type- and context-dependent fashion.

he c-Myc protein (MYC) plays a critical role
Tin cellular proliferation, cell size, differen-
tiation, stem cell self-renewal, and apoptosis.
Deregulated MYC expression occurs in many
cancers and may be the driving force in up to
70% of human malignancies. MYC is a member
of a transcription factor family that includes
MYCN and MYCL. MYCN has similar activities
compared with MYC, but MYCL is deficient in
both transcriptional and transformation activi-
ty (Barrett et al. 1992; Oster et al. 2002). There
have been tremendous advances in the 30 years
since the MYC protein was first identified (Ali-
talo et al. 1983; Hann et al. 1983). However, the
fundamental issue of how MYC mediates its

diverse and critical biological roles at the mo-
lecular level has not been fully resolved (Meyer
and Penn 2008). MYC is involved in many cel-
lular pathways, interacts with dozens of cofac-
tors, and regulates the expression of hundreds
of genes, leading to a plethora of models to de-
fine the mechanism of MYC action. The prevail-
ing theory is that the activity of MYC stems
from its ability to control the expression of large
sets of genes involved in cell division, metabo-
lism, protein synthesis, and genomic instability,
although few key mediators of MYC-induced
proliferation, apoptosis, or tumorigenesis have
been agreed on (Oster et al. 2002; Adhikary and
Eilers 2005). As with all transcription factors,
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MYC recruits different sets of interacting pro-
teins (referred to here as cofactors) to engage
the transcriptional machinery. One deceptive-
ly simple question is how to define an “active”
MYC protein complex. Furthermore, are there
several different active MYC complexes with dis-
tinct molecular and biological roles? There are
numerous studies that support a model in which
MYC interacts differentially with a variety of
cofactors in dynamic complexes that have dis-
tinct molecular activities controlling target gene
selection and downstream pathways. In this per-
spective, a comprehensive review of the role of
MYC cofactors in the transcriptional functions
of MYC will be presented, and then the biolog-
ical outcomes that are mediated by these inter-
actions will be discussed.

COFACTORS MEDIATING MYC
CANONICAL TRANSACTIVATION

Transcriptional activation is a complex process
involving multiple steps, including preinitia-
tion, initiation, promoter clearance, elongation,
and termination. Typically, transcription factors
mediate the binding of RNA polymerase dur-
ing initiation, forming a transcription initiation
complex at promoters. However, before initia-
tion access to condensed chromatin at pro-
moters must occur through chromatin modi-
fication, such as acetylation of histones, and
chromatin remodeling via ATP-dependent re-
structuring of nucleosomes. In addition to al-
tering chromatin structure, specific histone
modifications or marks can be “read” by other
proteins to allow further recruitment of acti-
vators or repressors. As a transcription factor,
MYC recruits a variety of cofactors to modi-
fy or remodel chromatin and to activate RNA
polymerase II (Pol II), as well as Pol I and III,
at specific promoters (Luscher and Vervoorts
2012). However, as discussed below, the role
of MYC and its cofactors in transcriptional ac-
tivation is complex and unresolved. Although
proteomic studies have been performed to iden-
tify the most abundant proteins associated with
MYC in a particular cell (Koch et al. 2007;
Agrawal et al. 2010), few of these protein inter-
actions have been validated or characterized. In

contrast, most MYC interacting proteins have
been individually identified and characterized
for their roles in canonical MYC transcription-
al activity. Canonical activity is defined as the
binding of MYC to the canonical E-box se-
quence, CACGTG or “E-box MYC site” (EMS),
and subsequent transcriptional activation. MYC
is also recruited to several variant (VEMS) E-
box sequences (Blackwell et al. 1993; Meyer
and Penn 2008). In the past, the term “nonca-
nonical” has been used for any non-EMS site,
including vEMS, so to avoid confusion the term
noncanonical will only be used for MYC-bind-
ing sites that are not E-box sequences, such as
those found in MYC-repressed target genes. As
discussed in this review, this distinction is im-
portant because different MYC cofactor com-
plexes mediate MYC DNA-binding site and
target gene selection, as well as different biolog-
ical outcomes.

The MAX Network

MAX is a basic/helix-loop-helix/leucine zip-
per (b/HLH/LZ) protein, like MYC, that was
initially identified as a ubiquitous cofactor of
MYC essential for MYC target gene expression.
MAX is critical for canonical target gene in-
duction by MYC because it forms a heterodimer
with the MYC b/HLH/LZ domain permitting
association with E-box DNA sequences (Gran-
doriand Eisenman 1997; Luscher and Vervoorts
2012). However, MAX may be dispensable for
some MYC activities (Gherardi et al. 2013). The
members of the MXD (previously known as
MAD) protein family compete for MAX bind-
ing at EMS and vEMS. MXD/MAX associates
with Sin3/histone deacetylase (HDAC) com-
plexes to repress MYC-MAX target gene tran-
scription and act as antagonists of MYC func-
tion (see Conacci-Sorrell et al. 2014).

Chromatin Modification

MYC associates with several different chro-
matin-modifying enzymes, such as JARIDIA,
an H3K4me3-specific histone demethylase, and
Pim1 kinase, which phosphorylates H3510 (Se-
combe and Eisenman 2007; Zippo et al. 2007).
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However, the majority of studies have focused
on the association of MYC with the histone ace-
tyltransferases (HATs) GCN5 and TIP60. MYC
can influence histone acetylation both globally
by inducing GCNS5 as a target gene or directly
by recruiting GCN5 or TIP60 to promoters
(Knoepfler et al. 2006; Murr et al. 2007; Cotter-
man et al. 2008). HATS are recruited to MYC and
other transcription factors by TRRAP, which
serves as a scaffold for assembling multiprotein
complexes (McMahon et al. 2000; Luscher and
Vervoorts 2012). TRRAP is a large (434 kDa)
protein having homology with the ATM /PI3-
kinase family, but lacks a functional kinase do-
main (Cowling and Cole 2006). TRRAP com-
plexes have fundamental roles in transcription
and have been investigated in several species, in-
cluding yeast and Drosophila (Murr et al. 2007).
The TRRAP/TIP60 complex (NuA4 in yeast)
also contains the ATPase/helicase motif-con-
taining cofactors TIP48 and TIP49 and the
SWI/SNEF-related protein p400 ATPase (McMa-
hon et al. 2000; Frank et al. 2003). TIP48 /49 can
also bind to MYC independent of TRRAP, but
their role in chromatin modification and MYC
target gene regulation is unclear (Cowling and
Cole 2006). GCNS5 is part of a distinct TRRAP
complex termed STAGA (SAGA in yeast) (Liu
etal. 2003). GCNS5 and the closely related PCAF
preferentially acetylate H3 (K9/14/18), where-
as TIP60 preferentially acetylates H4 (K5/8/
12) and H2AKS5 (Liu et al. 2003; Ciurciu et al.
2006; Cowling and Cole 2006; Sapountzi et al.
2006). Recruitment of TRRAP/TIP60 and en-
hanced H4 acetylation appears to predominate
at MYC target genes following mitogenic stim-
ulation of rodent fibroblasts (Frank et al. 2001,
2003). However, profiling of 24 lysine-acetyla-
tion marks in the human B cell line P493-6,
which expresses a tetracycline-repressible MYC
transgene, revealed that MYC induces H3 acet-
ylation at K9/14/18 and H4 acetylation at
K5/8/12/91 and H2AKS5, suggesting that both
GCN5 and TIP60 acetylate histones at MYC
target genes (Martinato et al. 2008). Distinct
TRRAP/HAT complexes may predominate at
specific promoters in certain contexts, but the
relevance of lysine acetylation by GCN5 com-
pared with TIP60 for Myc function is unclear.

MYC Cofactors

Furthermore, although up-regulation of some
canonical MYC target genes, such as tert and
cyclin D2, is accompanied by both TRRAP re-
cruitment and H3/H4 acetylation (Bouchard
et al. 2001; Nikiforov et al. 2002), not all target
genes show enhanced acetylation (Nikiforov et
al. 2002). A survey of gene expression following
a conditional knockout of GCNS5 in neural stem
cells indicated that one-sixth of the genes affect-
ed by loss of GCN5 are also affected in the same
manner by loss of MYCN, implicating MYC in
histone acetylation at specific promoters (Mar-
tinez-Cerdeno et al. 2012).

The discovery of TRRAP/HAT association
with MYC led to the logical idea that MYC/
MAX/HAT complexes and MXD/MAX/HDAC
complexes function as transcriptional switches
to regulate the activity of canonical MYC tar-
get gene promoters through histone acetylation,
which would “open” or “close” the chromatin at
MYC targets before Pol II recruitment (Luscher
and Vervoorts 2012). However, the numerous
findings that MYC binds to sites already pos-
sessing active chromatin marks and preloaded
Pol II poised for elongation raises questions
as to the significance of TRRAP/HAT at target
promoters (Bouchard et al. 2004; Guccione et
al. 2006; Martinato et al. 2008; Lin et al. 2012;
Nie et al. 2012; Sabo and Amati 2014). Interest-
ingly, MYC induces enhanced H4 acetylation at
promoters having preloaded RNA Pol II, sug-
gesting a role for TRRAP/HAT complexes in
transcriptional elongation (Frank et al. 2003).
In fact, TRRAP/HAT complexes have been im-
plicated in pause release and chromatin remod-
eling, as discussed below, although the possi-
bility remains that there are promoter and/or
context-dependent roles of TRRAP/HAT in
preinitiation of Pol II transcription. In support
of this idea, MYC recruitment of TRRAP/HAT
and histone acetylation precedes recruitment of
Pol I and III. MYC recruits TRRAP/HAT com-
plexes and the Pol I-specific factor SL1, and en-
hances histone acetylation at the rRNA promot-
er before recruitment of Pol I (Arabi et al. 2005;
Grandori et al. 2005). MYC recruits TRRAP/
GCNS5 and TFIIIB to the tRNA and 5S rRNA
promoters and stimulates rapid H3 acetylation
before Pol I1I recruitment (Kenneth et al. 2007).
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Chromatin Remodeling

MYC has direct roles in chromatin remodeling
through several different mechanisms, original-
ly suggested by the finding that MYC interacts
with subunits of the multiprotein SWI/SNF
complex (BAF in humans), leading to stimula-
tion of reporter genes (Cheng et al. 1999). The
SWI/SNF complex has ATPase activity, desta-
bilizes histone-DNA interactions, and regulates
transcription through nucleosome reposition-
ing (Cheng et al. 1999; Park et al. 2002; Pal et
al. 2003; Vervoorts et al. 2003). MYC also con-
trols chromatin remodeling by inducing the ex-
change of histone H2A with the variant H2A.Z
at target genes mediated by the TRRAP/TIP60
remodeling complex containing p400 ATPase
(Martinato et al. 2008; Conerly et al. 2010).
Theincorporation of H2A.Z in the body of genes
is associated with active transcription and re-
duced DNA methylation (Conerly et al. 2010).
Inducible knockout of p400 results in impaired
gene expression, including many MYC target
genes (Fujii etal. 2010). In addition, knockdown
of another ATPase that interacts with MYC,
ASH2 /ANCCA, causes a reduction in MYC tar-
get gene activation (Ciro et al. 2009). ASH2/
ANCCA has a bromodomain that binds to
acetylated chromatin, suggesting another link
between histone acetylation and chromatin re-
modeling. The role and regulation of chroma-
tin remodeling is evolving, but the impact these
various remodeling cofactors have on MYC
transcriptional activity at all or subsets of MYC
target genes is likely to be significant.

RNA Polymerase Activation

Because MYC interacts with histone modify-
ing and remodeling complexes that typically
have roles before Pol II recruitment for tran-
scriptional initiation and elongation, it was
surprising to find preloaded Pol II at the CAD
promoter and that MYC controls transcrip-
tional elongation (promoter clearance) rather
than initiation of CAD transcription (Eber-
hardy and Farnham 2001, 2002). MYC interacts
with the two subunits of P-TEFb, cyclin T1 and
CDKO9, which control transcriptional elonga-
tion through Serine 2 (S2) phosphorylation of

the multiple heptapeptide repeats in the car-
boxy-terminal domain (CTD) of Pol II as well
as the negative elongation factors NELF and
DSIE resulting in the release of the paused po-
lymerase (Eberhardy and Farnham 2001, 2002).
This finding was later confirmed for many MYC
targets (Bouchard et al. 2004). As with chroma-
tin remodeling, transcriptional elongation also
appears to be regulated by Myc through the re-
cruitment of chromatin modifiers. Depletion of
Pim1 kinase, a Myc cofactor that phosphory-
lates H3S10, blocks S2 CTD phosphorylation
and transcriptional elongation of MYC target
genes, suggesting that histone phosphorylation
is required for P-TEFDb interaction (Zippo et al.
2007).Inaddition, Brd4—abromodomain pro-
tein that binds highly acetylated chromatin—
interacts directly with both MYC and P-TEFb,
thus linking MYC and P-TEFb recruitment to
histone acetylation at active genes (Bres et al.
2008). In yeast, mutation of HAT activity in
TRRAP complexes (SAGA) inhibited elonga-
tion, suggesting a direct role of histone acetyla-
tion in transcriptional elongation of a subset of
genes (Wittschieben et al. 2000). Remodeling of
chromatin may also play a role in transcription-
al elongation because the FACT complex en-
hances elongation by remodeling nucleosomes
to allow for Pol II transit through a gene (Win-
kler et al. 2011) and SWI/SNF has been impli-
cated in efficient elongation (Subtil-Rodriguez
and Reyes 2011).

Mediator, a multisubunit complex that is
essential for transcriptional initiation through
phosphorylation of S5 on the CTD of Pol 11, also
interacts with MYC (Eberhardy and Farnham
2001, 2002) and is recruited by MYC to some
target promoters, such as cyclin D2 (Bouchard
et al. 2001). Although many MYC target genes
have preloaded Pol II, Mediator interaction with
MYC may control initiation of transcription in a
promoter- or context-dependent fashion. In ad-
dition, Mediator has been shown to have a role
in transcriptional elongation. The MED26 sub-
unit of Mediator can bind to either the general
initiation factor TFIID or P-TEFb and thus con-
tribute to initiation and pause release (Takaha-
shi et al. 2011). Also, TRRAP/GCN5 complex
STAGA can recruit Mediator to MYC (Liu et al.
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2008). Disruption of the Mediator and STAGA
interaction impairs transcription of the MYC
target gene telomerase reverse transcriptase
(TERT) and inhibits proliferation of MYC-de-
pendent cells, but does not impair recruitment
of Pol II (Liu et al. 2008). Thus, rather than
playing discrete roles in mediating MYC tran-
scriptional activity, chromatin modifiers and
remodelers may interact with Pol II activators
to form interdependent complexes to control
MYC target gene expression. Although these
various complexes, such as TRRAP/HAT, Me-
diator, and P-TEFD, have been shown to interact
with different domains of the MYC protein, the
large sizes of the complexes suggest that some
cofactors are recruited indirectly, supporting an
interdependent association of these cofactors
with MYC. In addition, the subunit composi-
tion of these large transcriptional complexes is
dynamic and can influence the activity of the
complex, thus allowing additional regulation
in a promoter, cell-type- and/or context-depen-
dent manner. For example, Mediator exists in
several different complexes with and without
the CDK8 kinase module that controls Media-
tor function and SWI/SNF exists in distinct
complexes with mutually exclusive subunits
controlling activation or repression (Knuesel et
al. 2009). TRRAP also exists as several different
complexes with different activities (Park et al.
2002).Inaddition to indirect and /or differential
composition of the different cofactor complexes
there is likely a temporal or serial occupancy of
the different complexes at specific promoters.

REGULATORY COFACTORS OF MYC
CANONICAL TRANSACTIVATION

In addition to the MYC cofactors that are crit-
ical for “basal” transcription of canonical target
genes and used by many transcription factors,
such as chromatin modifiers and remodelers
and activators of RNA polymerase, there is an-
other class of “regulatory” MYC cofactors that
control MYC through either controlling the
stability of MYC protein or the transcriptional
activity of MYC. These regulatory cofactors of-
ten modulate the posttranslational modifica-
tion of MYC. The expression and/or activi-

MYC Cofactors

ties of these cofactors are typically regulated
by cellular events, such as during the cell cycle,
apoptosis, or tumorigenesis. Considering that
MYC protein levels can impact MYC-mediated
functional outcomes, the regulation of MYC
protein stability has been extensively investigat-
ed (Hann 2006; Vervoorts et al. 2006; Thomas
and Tansey 2011; Farrell and Sears 2014). MYC
is a rapidly degraded protein with a half-life
of ~20-30 min and a variety of different pro-
teins interact with MYC to control its stability
(Hann and Eisenman, 1984). These include ki-
nases that phosphorylate MYC at T58 and S62
(GSK-3, MAPK, CDK, JNK, and DYRK), E3
ubiquitin ligases (Fbw7, TRUSS/TRPC4AP,
and Huwel), acetyltransferases that block ubig-
uitylation by directly acetylating MYC (CBP/
p300 and TIP60), and cofactors that influ-
ence these modifications (Aurora A, Rabring,
and SIRT1) (Hann 2006; Vervoorts et al. 2006;
Zhao et al. 2008; Choi et al. 2010). In addi-
tion to cofactors that control the stability and
posttranslational modification of MYC protein,
there are other regulatory cofactors that control
MYC transcriptional activity through unde-
fined mechanisms, such as Binl, p107, and nu-
cleophosmin (NPM) (Gu et al. 1994; Sakamuro
et al. 1996; Li et al. 2008).

Control of MYC Canonical Transcriptional
Activity via Posttranslational Modification

In addition to influencing stability, there is
accumulating evidence that posttranslational
modifications by regulatory cofactors can con-
trol the activity of Myc, with or without affect-
ing stability. Phosphorylation of MYC at S62 by
several kinases stimulates MYC transcriptional
activity, but the mechanism is unclear (Hann
2006). For example, phosphorylation of S62
by cyclin G1 increased the binding of MYC to
the cyclin B1 promoter and transactivation (Seo
et al. 2008) and a MYC®®** mutated protein,
unlike MYC, fails to be recruited to the y-glu-
tamyl cysteine synthetase promoter (Benassi
et al. 2006). In addition to proteolysis, a differ-
ent role for ubiquitylation in regulating MYC
transcriptional activity was suggested by studies
examining the ubiquitin ligase SKP2 (S-phase

Cite this article as Cold Spring Harb Perspect Med 2014;4:a014399 5



fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

S.R. Hann

kinase-associated protein 2). Surprisingly, SKP2
was shown to enhance MYC’s transcription-
al activity (Kim et al. 2003; von der Lehr et al.
2003). This led to a model suggesting ubiquity-
lation plays an important role in transcriptional
activity, perhaps by recruiting the proteasome
to promoter complexes and activating tran-
scription through clearance of MYC or proteol-
ysis of a specific factor (Muratani and Tansey
2003; Geng et al. 2012). In fact, SKP2 is able
to interact with cyclin T1 to induce the ubiqui-
tylation and destruction of CDK9 in the P-TEFb
complex (Kiernan et al. 2001). However, the
effects of SKP2 on MYC protein stability ap-
pear to be variable (Kim et al. 2003; von der
Lehr et al. 2003; Zhang et al. 2013). Thus, al-
though Skp2 may influence MYC abundance
in some contexts, it is likely to have additional
roles that control MYC’s transcriptional activ-
ity. Support for an additional role for MYC
ubiquitylation in MYC transcriptional activity is
suggested by the finding that the loss of amino-
terminal domain ubiquitylation through the
mutation of six lysines to arginines (MYCNOKR)
has a minor on effect on stability, but signifi-
cantly inhibits canonical MYC target gene in-
duction (Zhang et al. 2013). In addition, inter-
action of the ARF tumor suppressor with MYC
inhibits SKP2 interaction and SKP2-mediated
ubiquitylation, leading to inhibition of canon-
ical MYC target gene expression (Datta et al.
2004; Qi et al. 2004; Zhang et al. 2013). It is
not known how ubiquitylation controls MYC
transcriptional activity, but studies with the vi-
ral transcriptional activator protein (VP16)
suggest that ubiquitylation of the transactiva-
tion domain can enhance the interaction with
P-TEFb and stimulate rates of elongation (Ku-
rosu and Peterlin 2004).

COFACTORS CONTROLLING
NONCANONICAL MYC
TRANSCRIPTIONAL ACTIVITY

MYC Repression of Target Genes

In addition to canonical transactivation of tar-
get genes, MYC induction also causes transcrip-
tional repression of target genes. Almost all sur-
veys of MYC target genes using a variety of cells

and conditions typically find that about one-
third of the putative target genes are repressed
(Luscher and Vervoorts 2012). The ability of
MYC to repress target genes is controversial
(Lin et al. 2012; Nie et al. 2012) and subsets of
these putative repressed target genes, as with in-
duced targets, are likely to be regulated indirect-
ly. In fact, MYC represses many genes via the
histone-lysine N-methyltransferase (EZH2)-in-
duced genome trimethylation of H3K27. This
occurs indirectly through MYC induction of
the tumor suppressor PTEN, which then acti-
vates EZH2 via AKT phosphorylation in nor-
mal cells (Kaurand Cole 2013; Cole 2014). How-
ever, there is extensive evidence that MYC is
directly recruited to non-E-box sequences at
specific promoters through the interaction with
other transcription factors, including MIZ-1,
SP1/SP3, and NF-YB/NF-YC (Li et al. 1994;
Peukert et al. 1997; Schneider et al. 1997; Gartel
et al. 2001; Staller et al. 2001). MYC interaction
with these factors causes repression by recruiting
HDAC:s (Satou et al. 2001; Jiang et al. 2007; Kur-
land and Tansey 2008; Matsuoka et al. 2008).
The nature and regulation of these MYC
repressive complexes, as well as their competi-
tion with canonical MYC activator complexes, is
unclear, but may be dependent on the relative
abundance of regulatory MYC cofactors under
specific conditions. For example, ARE which is
induced by oncogenic MYC or RAS, stabilizes
the interaction between MIZ-1 and MYC, dis-
placing the MIZ-1 coactivators NPM and p300
(see Wiese et al. 2013). SP1, MIZ-1, or SP1/
MIZ-1 complexes can recruit MYC and HDAC
as repressive complexes to noncanonical pro-
moters that are distinct from the MYC/HAT
complexes at canonical promoters, suggesting
a dynamic exchange of cofactors in a promoter-
and context-dependent manner (Gherardi et al.
2013). However, MYC can also interact directly
with HDAC3 to repress canonical targets (Kur-
land and Tansey 2008). This raises an interesting
conundrum, because MXD/MAX and MNT/
MAX complexes also recruit HDAC to repress
canonical promoters, such as cyclin D2 (Popov
et al. 2005). What is the purpose of MYC re-
cruiting both HAT and HDAC activities with
opposing functions to canonical promoters?
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One possibility is that the MYC/HDAC repres-
sive complexes are recruited to distinct promot-
ers that are not recognized by MXD-family pro-
teins. For example, the repression of a human
miRNA cluster and clusterin occurs through
VEMS sequences (Wang et al. 2011b; Corvetta et
al. 2013). Another possibility is that MYC may
recruit HDAC3 during times when the MXD
proteins are not expressed or active.

Noncanonical MYC Transactivation

Because MYC induces canonical target genes
and represses target genes at non-E-box sites,
it was unexpected to find that ARF is necessary
for MYC to induce the expression of the trans-
cription factors EGR-1 and EGR-4, target genes
lacking canonical EMS sequences (Boone et
al. 2011). This ARF-dependent noncanonical
transactivation is in stark contrast to canonical
transactivation, because ARF inhibits canoni-
cal transactivation (Datta et al. 2004; Qi et al.
2004). Interestingly, the other EGR family mem-
bers, EGR-2 and EGR-3, are typical canonical
MYC target genes (Qi et al. 2004; Boone et al.
2011). Although MYC associates weakly with
the EGR-1 promoter without ARE MYC re-
cruitment is significantly enhanced by ARF
(Boone et al. 2011). Because ARF inhibits SKP2-
mediated ubiquitylation of the MYC tran-
scriptional domain, the ubiquitylation status
of the amino-terminal transcriptional domain
of MYC may be a molecular switch control-
ling ARF-activated noncanonical activity. In
support of this idea, inhibiting SKP2 expres-
sion or using MYCN*® also results in the loss
of canonical activity and acquisition of non-
canonical activity, resulting in EGR-1I induction
(Zhang et al. 2013). The control of canonical
and noncanonical transcriptional activity by
the ubiquitylation status of MYC is intriguing
and suggests a novel transcriptional mechanism
that remains to be defined.

IS MYC A GENOMIC REGULATOR OR A
REGULATOR OF SPECIFIC TARGET GENES?

As discussed above, MYC can be recruited to
both canonical and noncanonical target gene
promoters for induction and/or repression.

MYC Cofactors

The evidence suggests that cofactors control
the switch between transactivation and repres-
sion, as well as between canonical and non-
canonical transactivation. In addition, cofactors
may also control different types of canonical or
repressive activities. However, recent findings
suggest that MYC only binds to E-box sequences
to enhance the expression of all active genes in a
given cell (Lin et al. 2012; Nie et al. 2012). How
can this discrepancy be resolved?

Genomic approaches using ChIP have
shown that MYC can be recruited to anywhere
from 4000 to 40,000 sites, depending on its level
of expression. Normal proliferating cells are es-
timated to have a few thousand MYC molecules,
but tumor cells can have up to 10 times higher
levels (Varlakhanova and Knoepfler 2009; Lin
et al. 2012; see Sabo and Amati 2014). MYC is
not unique in its ability for widespread geno-
mic binding. For example, MYB, Sall4, the es-
trogen receptor o, and NF-kB can be recruited
to 10,000, 3200, 10,000, and 15,000 binding
sites, respectively (Yang et al. 2008; Welboren
et al. 2009; Kasowski et al. 2010; Quintana
et al. 2011). Although some genomic studies
show that MYC is recruited to all active promot-
ers at EMS and vVEMS sequences (Lin et al. 2012;
Nie et al. 2012), other studies show only 60% or
less of the binding sites have E-box sequences
(Guccione et al. 2006; Kim et al. 2008; Perna
etal. 2012). Although many of these widespread
interactions may be nonspecific, it is likely that
promoter selection is controlled by the expres-
sion and activity of specific cofactors, regulated
in a cell-type- and context-dependent fashion,
which recruit MYC to canonical or noncanon-
ical sites.

Even though MYC binds to thousands of
genomic sites that represent potential target
genes, the rate-limiting step in target gene ex-
pression occurs post recruitment (see Sabo and
Amati 2014). Most expression analyses using
microarrays, RNAseq, or SAGE (serial analysis
of gene expression) show that MYC up-regulates
or down-regulates only a few hundred genes,
albeit often different genes in different cell types
and conditions. For example, in a recent study of
genomic MYC binding and expression analysis
using fibroblasts having an inducible MYC gene

Cite this article as Cold Spring Harb Perspect Med 2014;4:a014399 7



fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

S.R. Hann

knockout, MYC was found to bind to more than
4000 sites, but only regulated 234 putative genes
or 5.5% (Perna et al. 2012). This discordance in
genomic binding and expression analyses is also
observed for other transcription factors and
suggests that target gene expression after bind-
ing to DNA is highly regulated by the presence
of specific cofactors. To determine the specific
role of a cofactor in regulating MYC canonical
or noncanonical transcriptional activity it is
necessary to examine direct MYC target gene
promoters. However, there have been relatively
few direct bona fide targets identified and char-
acterized. Target genes can be misidentified ow-
ing to improper normalization to total RNA,
because MYC increases the levels of both ribo-
somal RNA and specific mRNAs, and/or setting
the threshold for designation too low, because
MYC typically regulates endogenous target gene
expression by only a few fold (Lin et al. 2012;
Levens 2013). In addition, because some expres-
sion analyses use constitutively high levels of
MYC or examine late time points with inducible
MYC, many of the putative targets are likely in-
direct. Therefore, it is preferable to use low levels
of an inducible MYC, such as the dihydroxyta-
moxifen (OHT)-inducible MYCER fusion pro-
tein or inducible knockout/knockdown, and
choose early time points to enrich for direct tar-
get genes (Littlewood et al. 1995; Lawlor et al.
2006). To verify direct target genes it is prefera-
ble to use a combination of approaches, such as
luciferase reporter assays to assess promoter ac-
tivity in addition to chromatin immunoprecip-
itation (ChIP) assays.

Expression analyses have revealed a core set
of signature MYC canonical target genes. This
core signature is largely composed of ribosomal,
metabolic, and protein synthesis genes, repre-
senting a cell-type-independent primordial set
of genes involved in biomass accumulation (Ji
et al. 2011). These genes may only require a
“basal” complex of MYC cofactors, such as the
widely expressed MAX and P-TEFb, for their
induction. Beyond this core set of target genes,
the limited overlap may reflect the cell-type and
context-dependent expression of MYC cofac-
tors differentially controlling MYC target gene
selection.

Other transcription factors may be one
group of targets that may be responsible for
the widespread effects of MYC. MYC exerts ma-
jor effects on target genes and pathways through
the control of the expression and/or activities
of other transcription factors at specific pro-
moters. For example, MYC regulates the expres-
sion of EGR, E2E ATF3, Foxml, and AP4 tran-
scription factors (Leone et al. 1997; Jung and
Hermeking 2009; Boone et al. 2011). As with
the EGR family, MYC also differentially regu-
lates E2F family members to influence cell-cycle
progression, apoptosis, and MYC-induced lym-
phomagenesis (Leone et al. 2001; Rempel et al.
2009). In addition, MYC regulates the activity of
other transcription factors through direct inter-
action, as with SP1 and MIZ-1. Another layer of
target gene regulation is through dual site co-
operation or competition. Most transcription
factors cooperate at target gene promoters and
MYC targets are often enriched in binding sites
for other factors, including EGR, E2E Nrf-1,
NF-Y, CREB, ELK-1, AhR/Arnt, ETE and SP1,
as well as nuclear hormone receptors ER and AR
(Elkon et al. 2004). This cooperation among
factors is also illustrated by the observation
that serum can induce the immediate early
EGR factors in MYC null fibroblasts, but induc-
tion is dramatically increased by MYC (Boone
etal. 2011). Therefore, these factors can operate
as secondary transcriptional nodes for MYC to
direct downstream pathways and outcomes de-
pendent on cell-type- and context-dependent
cofactors. Furthermore, widespread indirect
epigenetic target gene regulation can occur via
direct MYC targets, such as GCN5 and HDAC,
and indirect targets, such as EZH2, which also
may be controlled in a cell-type- and context-
dependent fashion. In addition, MYC-induced
stimulation of metabolic pathways can generate
precursors for histone modification, including
methylation and acetylation, which influence
epigenetic regulation (Dang 2012).

BIOLOGICAL RELEVANCE OF MYC
COFACTOR INTERACTIONS

MYC cofactors have been examined by a variety
of molecular and biological assays, but evaluat-

8 Cite this article as Cold Spring Harb Perspect Med 2014;4:a014399



fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

www.perspectivesinmedicine.org

ing the influence of a particular cofactor or
complex is not always straightforward. First, it
is not always clear what molecular activities
mediated by the cofactors, such as canonical
transactivation or transcriptional repression,
are essential for a particular biological function
of MYC. Assessing biological relevance is also
limited by the assays that are commonly used,
which can include in vitro assays for prolifera-
tion, differentiation, cell size, apoptosis, trans-
formation and induced pluripotency, as well as
in vivo assays for tumorigenesis and embryon-
ic development. Few cofactors have been thor-
oughly evaluated using a variety of molecular
and biological assays in several different cell
types and conditions. Common approaches to
evaluate cofactors can be difficult to interpret
owing to several limitations. Overlapping and
multiple cofactor binding sites on MYC, as well
as improper folding of MYC having specific
mutations or deletions, can make interpretation
of structure-function studies difficult. If the co-
factor is redundant or nonessential in specific
cells or cellular conditions, overexpression or
inhibition of expression/activity may have no
effects. Conversely, if the cofactor is essential for
specific cellular functions, overexpression or in-
hibition can cause indirect effects. Thus, using
the appropriate cell type and cellular condition
and examining MYC-inducible functions rather
than overall cellular effects is optimal. Despite
the limitations and caveats in evaluating the dif-
ferent MYC cofactors, accumulating evidence
suggests that specific cofactors can act as molec-
ular switches to mediate MYC-induced pro-
liferation, apoptosis, and tumorigenesis as dis-
cussed below.

Proliferation

MYC expression is a hallmark of proliferating
cells and thus the ability of MYC to enhance
proliferation has been routinely used to deter-
mine MYC activity. Proliferation has been as-
sessed by the ability of MYC to induce cell-cycle
entry from a quiescent Gy phase into G, in-
crease cell size in G; (growth), maintain nor-
mal cell-cycle progression through checkpoints,
stimulate hyperproliferation, induce loss of con-

MYC Cofactors

tact inhibition, and induce transformation. In
addition to how proliferation is assessed, the
ability of MYC to impact proliferation is highly
dependent on the cell type, as illustrated by stud-
ies using different isoforms or mutated forms
of MYC. MYC-S is a naturally occurring trans-
lational variant of MYC that lacks the amino-
terminal 100 amino acids that are necessary to
interact with Mediator, P-TEFb, TRRAP, and
several other cofactors, and thus MYC-S cannot
induce canonical target gene expression (Spotts
et al. 1997; Xiao et al. 1998). However, MYC-S
can rescue the slow proliferation phenotype of
MYCnull fibroblasts, promote normal cell-cycle
progression in Drosophila, and induce hyper-
proliferation and anchorage independence in
several cell types (Xiao et al. 1998; Hirst and
Grandori 2000; Oster et al. 2003; Benassayag
et al. 2005; Cowling and Cole 2008). In support
of these findings, knockdown of TRRAP does
not influence normal cell-cycle progression
(Wood et al. 2000). Therefore, these studies sug-
gest that the canonical transcriptional activity
of MYC is not required for normal cell-cycle
progression or hyperproliferation. In contrast,
MYC-S can still repress transcription, suggest-
ing that the repression of noncanonical target
genes, such as the cell-cycle inhibitors p21, p27,
or gadd45, is sufficient for cell-cycle progres-
sion (Xiao et al. 1998). Multiple transcriptional
mechanisms have been proposed to mediate
MYC repression of cell-cycle inhibitors during
normal cell-cycle progression, but it is unclear
which mechanism(s) prevail or whether there
are different or additional repressive mecha-
nisms in tumor cells as discussed below.
Although canonical MYC transcriptional
activity is not essential for cell-cycle progres-
sion, it is essential for the ability of cells to exit
Gy and increase cell size via biomass accumula-
tion in G;. MYC-S cannot efficiently induce
cell-cycle entry of primary quiescent human fi-
broblasts in the absence of serum or increase cell
size, leading to decreased progeny size in Dro-
sophila (Hirst and Grandori 2000; Benassayag et
al. 2005). However, the ability of MYC to induce
cell-cycle entry appears to be distinct from its
ability to induce biomass accumulation, requir-
ing additional molecular activities, cofactors,
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and canonical target genes. The release of
paused Pol II mediated by P-TEFDb is observed
following activation of MYC in B cells, which
respond with a significant increase in cell size
(Iritani and Eisenman 1999; Lin et al. 2012).
MYC alone can induce cell growth in P493-6
B cells in the absence of serum, but cannot
induce proliferation without serum (Schuh-
macher et al. 1999), suggesting that cell-cycle
entry and progression induced by MYC requires
more than P-TEFb recruitment, which may be
sufficient for increasing cell size.

Recent studies support the idea that there are
different classes of MYC target genes regulated
by different molecular mechanisms for cell-
cycle entry and cell-cycle progression. On se-
rum induction, only a subset of genes is bound
by MYC (Perna et al. 2012). In addition, MYC
associates with promoters having paused Pol II
that are enriched for genes in ribosomal bio-
genesis, whereas MYC also associates with a
second class of genes having significantly less
paused Pol II, which are primarily cell-cycle or
cell differentiation genes that also have roles in
maintaining pluripotency and reprogramming
(Yang et al. 2013). In Drosophila, MYC bind-
ing at a subset of this second class of genes over-
lapped with insulator sites during mitosis that
may also be involved in chromatin organiza-

tion through interaction with the insulator pro-
tein Orc2 (Yang et al. 2013). Furthermore, the
onconeural antigen cdr2 has also been shown
to interact with MYC during mitosis to regulate
MYC target gene expression (O’Donovan et al.
2010).

Taken together, these studies suggest that
distinct molecular mechanisms mediated by
different MYC cofactors control different as-
pects of proliferation through the differential
control of MYC target genes (Fig. 1). Repression
of MYC targets, such as p21, p27, and gadd45,
via different mechanisms, appears to be suffi-
cient for normal and accelerated cell-cycle pro-
gression. Transcriptional elongation mediated
by P-TEFb appears sufficient for canonical
transactivation of core signature MYC target
genes, such as ribosomal, metabolic, and pro-
tein synthesis factors, required for rapid bio-
mass accumulation and cell growth. Efficient
biomass accumulation also likely needs MYC-
induced Pol I-mediated rDNA synthesis and Pol
III activation, which requires TRRAP/HAT and
NPM (Kenneth et al. 2007; Li and Hann 2013).
MYC-induced cell-cycle entry appears to be
mediated by another subset of canonical MYC
target genes, such as cyclin D2, that additionally
requires chromatin modifiers and/or remodel-
ing cofactors, such as TRRAP/HAT, SWI/SNE

MXD/HDAC ——— > Differentiation

AT

Cell-cycle entry
and progression

TRRAP/HAT/SKP2/Pol Il ———>
/ PTEROPOINl —
/ Biomass

MYC ———> Pol l and lll

TRRAP/HAT/NPM

SP1 EZH2
MIZ-1

Cell-cycle inhibitors
(p21, p27, gadd45)

_ > .
Accumulation

TGF-B

—| Cell-cycle progression

Figure 1. Proliferation pathways mediated by MYC and MYC cofactors. MYC drives proliferation through
stimulating cell growth (biomass accumulation) and cell-cycle entry from quiescence while inhibiting cell-cycle
inhibitors for cell-cycle progression. Cofactors (in red) control the indicated proliferative pathways that can be
opposed by other factors, such as TGF- and MXD/MAX. Repression of cell-cycle inhibitors by MYC, which
appears to be sufficient to drive cell-cycle progression, may be mediated by several possible mechanisms,
including the recruitment of repressive complexes containing MIZ-1 or SP1 and/or indirect repression caused

by EZH2 induction.
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TIP60/p400, and/or Mediator. In support of
this idea, TRRAP is critical for maintaining
the hematopoietic stem cell pool (Loizou et al.
2009) and the TIP60/p400 complex regulates
stem cell identity (Fazzio et al. 2008). These
studies also highlight the importance of select-
ing the appropriate cell type and assay when
examining the role of cofactors and target genes
in proliferation. Canonical MYC activity does
not appear to be necessary for normal or accel-
erated cell-cycle progression in immortalized
fibroblasts owing to the deregulation of critical
MYC targets. In support of this idea, the major-
ity of canonical MYC target genes have similar
expression between immortalized MYC null fi-
broblasts and parental fibroblasts, whereas a re-
pressed gene was found elevated in MYC null
cells (Bush et al. 1998). Other cell types, such as
embryonic stem (ES) cells, can function nor-
mally without MYC owing to up-regulation of
MYCN, requiring a codeletion of MYC and
MYCN to assess activity (Davis et al. 1993; Lau-
renti et al. 2008; Smith et al. 2010).

Apoptosis

Induction of apoptosis by oncogenic MYC is an
essential safeguard to protect cells from uncon-
trolled proliferation and transformation (see
McMahon 2014). MYC plays a critical role in
regulating the balance between pro- and anti-
apoptotic BCL-2 family members, thus modu-
lating the apoptotic threshold. Studies on MYC-

Oncogenic —> Car_mnl_cal
activation

MYC \T

MYC Cofactors

mediated apoptosis have focused on both B
cells and fibroblasts; however, there appear to
be cell-type-dependent differences. In B cells,
itappears that MYC induces apoptosis primarily
by inhibiting the antiapoptotic factors BCL-X[
and BCL-2 via unresolved indirect mechanisms,
but up-regulation of proapoptotic factors such
as BIM may also be involved (Eischen et al. 2001;
Hemann et al. 2005). The ability of MYC to in-
duce apoptosis in fibroblasts is routinely assayed
under low serum conditions, which primarily
leads to an induction of proapoptotic factors,
such as BIM, BAX, and PUMA (Sherr 2006).

As illustrated in Figure 2, MYC-mediated
apoptosis can occur through at least three dif-
ferent pathways in fibroblasts, the p53-depen-
dent MYC-ARF-MDM-2-p53 pathway, the
p53-dependent/ARF-independent DNA dam-
age pathway, and the p53-independent path-
way MYC-ARF-EGR-1 (Pomerantz et al. 1998;
Zindy et al. 1998; Boone et al. 2011). Oncogenic
levels of MYC induce ARF protein levels by in-
hibiting the ubiquitin ligase for ARF (ULF) that
mediates proteolysis of ARF (Chen et al. 2010,
2013a). Stabilized ARF can then interact with
multiple partners to promote apoptosis. ARF
binds to and inhibits the E3 ubiquitin ligase
MDM-2, leading to stabilization of p53. In ad-
dition, ARF can interact directly with MYC, in-
hibiting SKP2-mediated ubiquitylation, lead-
ing to the induction of the proapoptotic EGR-
I noncanonical target gene (Qi et al. 2004;
Boone et al. 2011; Zhang et al. 2013).

DNA damage

l

ARF—| MDM-2—| p53 —> Proapoptotic factors (BAX)

MIZ-1 ¥

MYC/ARF — EGR-1 —, Proapoptotic

MYC/MIZ-1

factors (BIM)

| Antiapoptotic factors

ARF

| (BCL-2)

Figure 2. Apoptosis pathways mediated by MYC and MYC cofactors. Overexpressed or deregulated MYC
(oncogenic MYC) induces ARF protein levels. ARF can then bind to inactivate MDM2, causing p53 induction,
or bind to MYC to induce EGRI through noncanonical transactivation while inhibiting canonical transactiva-
tion or bind to MIZ-1 and MYC to cause repression of BCL2. ARF-independent apoptosis can occur through
DNA damage. The relative binding and regulation of ARF to its many partners is unknown. These pathways have
primarily been investigated in fibroblasts. ARF and MIZ-1 are shown in red as MYC cofactors.
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Although it is clear that MYC can induce
both p53-dependent and p53-independent
apoptosis in vitro and in vivo, the relative use
of these different pathways is not known and
may depend on cell type or context (Gregory
et al. 2005; Sherr 2006). Interestingly, the major
proapoptotic factors implicated in MYC-in-
duced apoptosis are not the targets typically
induced by p53, such as PUMA, NOXA, and
BAX, but rather the proapoptotic Bim, which
is a target of EGR-1 (Egle et al. 2004; Hemann
et al. 2005). Overexpressed ARF is often found
in nucleoli, sequestered by NPM, but because
p53 null fibroblasts with high levels of ARF pro-
liferate normally, nucleolar ARF does not seem
to influence cell-cycle progression or apoptosis
(Qietal. 2004). To induce apoptosis, oncogenic
MYC releases ARF from nucleolar sequestra-
tion, allowing its accumulation in the nucleo-
plasm (Qi et al. 2004; Li and Hann 2009). In
addition to activation of proapoptotic factors, it
may be essential to repress antiapoptotic factors
in some cell types or contexts (Fig. 2). MIZ-1
was shown to be necessary for MYC repression
of BCL-2, which may also require ARF for sta-
bilization of the MYC/MIZ-1 complex (Herold
et al. 2002; Patel and McMahon 2006, 2007;
Herkert et al. 2010). It is important to note
that MYC levels are clearly not the only deter-
minant of apoptosis induction. Although high
levels of MYC are required to induce ARE sim-
ilar MYC levels in p53/ARF double null mouse
embryo fibroblasts do not induce apoptosis
(Qi et al. 2004; Boone et al. 2011; Zhang et al.
2013). In addition, two different mutants of
MYC, MYC™®* and MYCN*R are both more
stable than wild-type MYC, but MYC™84 is de-
fective for BIM induction and apoptosis, where-
as MYCN®*® induces BIM and apoptosis (He-
mann et al. 2005; Zhang et al. 2013).

Transformation/Tumorigenesis

Tumor cells need to maintain high growth and
cycling rates, but they also need to disable apo-
ptosis and initiate new transcriptional pro-
grams specific for tumor initiation and metas-
tasis. Inducible transgenic mouse studies with
MYC and knockdown of MYC in specific tu-

mors show that MYC drives these tumor-pro-
moting cellular processes (Arvanitis and Felsher
2006; see Gabay et al. 2014). A major question
that remains unresolved is: How do MYC and its
cofactors cause tumorigenesis? Is it just higher
levels of MYC that elicit greater target gene ex-
pression? Or is it more like apoptosis, in which
differential expression of specific cofactors,
such as ARE changes the molecular and biolog-
ical activities of MYC?

Many of the cofactors mediating canonical
MYC activity have been shown to be critical for
transformation of primary fibroblasts, includ-
ing cofactors involved in chromatin modifi-
cation and remodeling complexes (Wood et al.
2000; Park et al. 2002). However, because many
of these cofactors also interact with other tran-
scription factors and have roles in other pro-
cesses besides transcription, it is difficult to
assess their direct role in MYC-induced trans-
formation. Whereas MYC canonical transcrip-
tional activity is likely required to enhance the
cycling rate and biomass needed for highly pro-
liferating tumor cells, it is unclear which specific
MYC cofactors are driving MYC-induced tu-
morigenesis. Some MYC cofactors have elevated
expression in tumors, suggesting that they may
enhance the oncogenic activity of MYC. Two
such regulatory cofactors, SKP2 and NPM, are
overexpressed in many tumors and are also ca-
nonical targets of MYC, thus maintaining high
levels in a feed-forward loop (Gstaiger et al.
2001; Grisendi et al. 2006). Elevated SKP2-me-
diated ubiquitylation enhances canonical trans-
activation and cell-cycle progression, while also
competitively inhibiting the interaction of ARF
with MYC to inhibit EGR-1 induction and
apoptosis (Kim et al. 2003; Zhang et al. 2013).
Overexpression of NPM causes a dramatic in-
crease in MYC-induced anchorage-indepen-
dent proliferation, but has little effect on nor-
mal cell-cycle progression (Li et al. 2008). NPM
not only influences both canonical transacti-
vation and repression, it is also essential for
translocating a fraction of MYC to nucleoli to
activate Pol I for rRNA synthesis and ribosomal
biogenesis. High levels of NPM increase rRNA
synthesis and can also sequester ARF in nucleoli
to inhibit apoptosis (Li et al. 2008; Li and Hann
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2009, 2013). Thus, NPM has multiple effects on
MYC activities.

Phosphorylation of MYC at S62 is also nec-
essary for efficient MYC-induced transforma-
tion and tumorigenesis (Hann 2006). S62 phos-
phorylation is enhanced in tumor cells through
the up-regulation of several different kinases
and CIP2A, which inhibits PP2A phosphatase
(Hann 2006; Junttila et al. 2007). Loss of T58
phosphorylation, which enhances S62 phos-
phorylation, or loss of the MYC ubiquitin ligase
FBW7 also stimulates MYC-induced transfor-
mation (Lutterbach and Hann 1994; Welcker
et al. 2004a; Minella and Clurman 2005; Wang
etal. 2011a). FBW7 ubiquitylation is dependent
on T58 phosphorylation, which is dependent on
the prior phosphorylation of S62 (Lutterbach
and Hann 1994; Welcker et al. 2004b; Yada et
al. 2004). The molecular role of MYC phos-
phorylation is unresolved, but there is evidence
that S62 phosphorylation regulates a subset of
both activated and repressed MYC target genes,
in addition to influencing MYC protein stability
(Hann 2006; Niemela et al. 2012). Interestingly,
CDKS, which phosphorylates S62 and is essen-
tial for the induction of cyclin B1, is first acti-
vated by cyclin G1, which is elevated in cancer
tissues (Seo etal. 2008). CDK2 phosphorylation
of S62 promotes tumor progression by inhibit-
ing RAS-induced senescence; however, the ef-
fect appears to be specific for CDK2, suggesting
CDXK2 may also regulate other cofactors in the
complex (Campaner et al. 2010; Hydbring and
Larsson 2010). The MYC target gene AP4 also
inhibits senescence via the direct repression of
p21 and p16, perhaps controlled by CDK2 phos-
phorylation of MYC (Jung and Hermeking
2009; Jackstadt et al. 2013). Although SKP2,
NPM, and S62 phosphorylation of MYC are
all elevated in cancers, it is unclear how they
influence the transcriptional activities of MYC
or the regulation of transformation-related tar-
get genes.

Although it appears there is a shift to higher
expression and activity of MYC regulatory co-
factors that may influence canonical MYC tran-
scriptional activity and other activities during
cellular transformation, is there a fundamental
shift in other MYC cofactors during transfor-

MYC Cofactors

mation? MYC activation of quiescent fibroblasts
or B cells during cell-cycle entry is predomi-
nantly correlated with increased histone acety-
lation and pause release for canonical trans-
activation (Lin et al. 2012; Perna et al. 2012).
Therefore, it might be expected that high levels
of MYC would enhance histone acetylation dur-
ing tumorigenesis, but there is actually a global
loss of H4 acetylation in cancer cells and tumors
compared with normal cells and tissues (Fraga
etal. 2005). In fact, TIP60 is a tumor suppressor
that is often found underexpressed in tumors
(Lleonart et al. 2006; Gorrini et al. 2007; Saku-
raba et al. 2011; Chevillard-Briet et al. 2013).
Although GCNS5 is highly expressed in non-
small-cell lung cancer, NPM, which is also over-
expressed in many tumors, binds to GCN5 and
inhibits its activity (Zou et al. 2008; Chen et al.
2013a). Interestingly, there may be a shift to
enhanced chromatin remodeling, rather than
histone acetylation in cancer. There is an in-
crease in the deposition of the variant histone
H2A.Z in cancers, which is mediated by the
TIP60/p400 complex (Conerly et al. 2010; Ran-
gasamy 2010). However, the ratio of p400 to
TIP60 may be important for cancer progression.
A greater p400 to TIP60 ratio is pro-oncogenic
and may influence target gene selection (Mat-
tera et al. 2009; Chevillard-Briet et al. 2013). In
addition, the MYC cofactor BRD4, which is in-
volved in cell-cycle progression through its role
in histone acetylation-dependent transcription-
al regulation, is down-regulated in cancer (Ro-
driguez et al. 2012). Therefore, it appears that
the mechanisms involved in the regulation of
histone acetylation necessary for normal cell-
cycle progression are disrupted in cancer.

In concert with an apparent shift away from
histone acetylation, there is an induction of
HDAC activity in tumor cells, which promotes
transformation by repression of tumor suppres-
sors (Huang et al. 2005; Hrzenjak et al. 2006).
HDAC overexpression promotes tumor cell pro-
liferation and blocks apoptosis (Huang et al.
2005; Hrzenjak et al. 2006). The significance
of HDACs in tumorigenesis is highlighted by
studies showing that HDAC inhibitors are effec-
tive therapeutic agents to repress tumorigenesis
(Gherardi et al. 2013). In addition, HDAC2 is a
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MYC target gene, resulting in a feed-forward
mechanism, as with SKP2 and NPM (Marshall
et al. 2010). Therefore, as shown in Figure 3,
although it is essential to maintain and enhance
proproliferative canonical MYC activity, likely
through regulatory MYC cofactor induction
and a shift to chromatin remodeling, as well as
disable proapoptotic MYC pathways, there also
appears to be a shift to “oncogenic” repression
of MYC target genes through HDAC recruit-
ment at specific promoters for MYC-induced
transformation and tumorigenesis. Oncogenic
repressive mechanisms may replace repressive
mechanisms that are used during normal cell-
cycle progression or may supplement these
mechanisms.

Repression has long been linked to transfor-
mation and tumorigenesis (Claassen and Hann
1999; Gherardi et al. 2013). Although direct and
indirect repression of cell-cycle inhibitors, in-
cluding CDK inhibitors, as well as gadd and
gas target genes, promotes cell-cycle progres-
sion and inhibits senescence in both normal
and transformed cells, accumulating evidence
suggests tumor-specific or oncogenic repression
of target genes is necessary for MYC to mediate
tumorigenic functions. This includes loss of

cell adhesion (integrins, caveolin-1, N-cadherin),
stimulation of angiogenesis (thrombospondin),
and metastasis (NDRG1/2) (Claassen and Hann
1999; Gherardi et al. 2013). In addition, com-
parison of targets regulated by MYCN and
HDAC2 knockdown revealed that 13% are co-
regulated, suggesting that a subset of MYC tar-
gets are repressed by HDAC recruitment (Mar-
shall et al. 2010).

Oncogenic repression involves recruitment
of HDACs to several different MYC repressive
complexes. One type of complex includes SP1,
which like MYC is highly expressed in tumors
and binds a variety of chromatin-modifying
and remodeling complexes (Gherardi et al.
2013). MYC has been shown to recruit HDACs
to repress target genes at SP1 sites, such as tissue
transglutaminase 2 and cyclin G2, which have
roles in tumor cell growth (Liu et al. 2007; Mar-
shall et al. 2010). In addition, MIZ-1 can form
a unique complex with SP1 and MYCN to re-
cruit HDAC. This MYCN/SP1/MIZ-1/HDAC1
complex represses the tyrosine kinase receptor
TRKA, p75 neurotrophin receptor, and p21 (Iraci
et al. 2011). The repression of metastasis-in-
hibiting NDRGI1/2 and other targets has also
been linked to MIZ-1 and HDAC recruitment

) Enhanced
Oncogenic  CIP2A p400/TIP60 canonical —» Cell-cycle progression
MYc NPM SKP2 activation biomass accumulation

A

|

MYC/ARF ———>

ARF —» p53

EGR-I

Angiogenesis

HDAC EZH2 DNMT Tumor Migration and invasion
SPI MIZ-1 SUPPressors Metastasis
G, exit
CDK2 | Senescence
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Figure 3. Tumorigenesis pathways mediated by MYC and MYC cofactors. MYC-mediated tumorigenesis is
primarily driven by enhanced canonical transactivation caused by overexpressed regulatory cofactors such as
NPM, SKP2, and CIP2A and oncogenic MYC repression/silencing of tumor suppressors through cofactor
complexes MIZ-1 and/or SP1 with HDACs, DNMTs, and EZH2. Loss of ARF and/or p53 and inhibition of
RAS-induced senescence through CDK2 phosphorylation of MYC contributes to MYC-driven tumorigenesis.

MYC cofactors are shown in red.
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(Gherardi et al. 2013). In addition to SP1 and
MIZ-1, YY1 can also recruit MYC and HDACs
to YY1 target genes, including a3B1-integrin, in
tumor cells (de Nigris et al. 2007). Furthermore,
MYC can directly recruit HDAC3 for epigenet-
ic repression of canonical targets, such as Id2,
Gadd153, and miRNA-15a/16 (Kurland and
Tansey 2008; Zhang et al. 2012). Interestingly,
HIF-2a promotes the recruitment of SP1 and
MIZ-1 to MYC and enhances neoplastic pro-
gression, whereas HIF-1a antagonizes MYC ac-
tivity by competing for SP1 binding (Gordan
et al. 2007; To and Huang 2013).

The MYC repressive complexes can also re-
cruit additional epigenetic repressors, which
may be a hallmark of oncogenic repression.
MIZ-1 and SP1 associate with DNA cytosine
methyltransferase (DNMT1) and DMNT3a, re-
spectively, and HDACI can also associate with
DNMT]1, suggesting that these complexes are
involved in gene silencing in tumors at certain
promoters, such as p21, which is heavily meth-
ylated in leukemias (El-Osta and Wolffe 2000;
Herkert and Eilers 2010; Li and Davie 2010).
MYC also recruits DNMT3 to SP1 sites in the
promoters of CDKN2a, CCNDI, and TIMP2
genes (Hervouet et al. 2009). In addition,
MYC/HDAC3 can recruit the transcriptional
repressor EZH2, which is frequently up-reg-
ulated in human cancers (Chase and Cross
2011). MYC/HDAC3/EZH2 represses miR-29
expression, which contributes to aggressive
clinical outcome of MYC-driven lymphomas
(Zhang et al. 2012) and a MYCN/HDAC/
EZH2 complex represses the expression of the
tumor suppressor clusterin in neuroblastomas
(Corvetta et al. 2013).

Taken together, these studies suggest that
rather than an increase in all MYC activities
during tumorigenesis there is a shift to en-
hanced transcriptional activity as a result of in-
duced SKP2, NPM, and S62 MYC phosphory-
lation, a shift to chromatin remodeling rather
than histone acetylation, and a shift to oncogen-
ic repression as a result of HDAC and SP1 in-
duction, as well as a loss of noncanonical trans-
activation owing to a loss of ARF function. Part
of this shift in cofactors could be attributable to
high levels of MYC in tumors, because SKP2,

MYC Cofactors

NPM, and HDAC2 are target genes of MYC, but
it is likely that there are additional influences on
other MYC cofactors, such as SP1 and EZH2,
from multiple oncogenic signaling pathways.
These shifts in MYC cofactors during tumori-
genesis result in changes in the nature or mag-
nitude of target gene expression. For example,
interaction between MIZ-1 and MYC is en-
hanced by ARE so a MYC/MIZ-1/ARF com-
plex has a tumor suppressive role, as suggested
by its proapoptotic role in repressing BCL-2,
whereas a MYC/SP1/MIZ-1/HDAC complex
appears to have a tumorigenic function. MIZ-
1 also has little influence on p21 repression dur-
ing normal proliferation and repression of p21
by MYC during TGF-B-mediated cell-cycle ar-
rest does not appear to be mediated by HDACs
(Claassen and Hann 2000; Herkert and FEilers
2010). Furthermore, repression owing to the
indirect activation of EZH2 via MYC induc-
tion of the tumor suppressor PTEN would be
disabled in tumors relative to normal cells, be-
cause PTEN is typically lost during tumorigen-
esis (Kaur and Cole 2013). These changes in
transcriptional repressive mechanisms mediat-
ed by MYC cofactors during tumorigenesis may
also reflect a shift to transcriptional silencing of
specific genes, such as cell-cycle inhibitors and
other tumor suppressors, either by DNA meth-
ylation via DNA methyltransferases (DNMTs)
and/or histone methylation via EZH2, rather
than transient repression observed during nor-
mal cell-cycle progression.

CONCLUSION

Examination of the roles of MYC cofactors sug-
gests that MYC activity cannot be accounted for
solely by the recently proposed amplifier model,
which suggests that the sole function of MYC
is to enhance the expression of all canonical tar-
get genes that were initiated by other factors in
a given cell (Lin et al. 2012; Nie et al. 2012;
Levens 2013; Rahl and Young 2014). The evi-
dence summarized in this review suggests that
dynamic complexes of cofactors can differen-
tially regulate the transcriptional activity and
target gene selection of MYC to mediate diverse
biological outcomes, thus changing the intrin-
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sic activity of MYC. Figure 4 summarizes the
active role that cofactors play in controlling var-
ious functions of MYC, which is the fundamen-
tal basis of the cofactor switch model (Boone
and Hann 2011). However, the two models are
not mutually exclusive. The amplifier model fo-
cuses on the rapid release of paused Pol II
in canonical transactivation of the core signa-
ture target genes mediating biomass accumula-
tion and cell growth, which is one function of
MYC. However, this model fails to consider the
role of chromatin modification and remodel-
ing in canonical transactivation involved in
cell-cycle entry and Pol I and III activation, tran-
scriptional repression of targets required for
cell-cycle progression and tumorigenesis, and
ARF-dependent noncanonical transactivation
in p53-independent apoptosis. Similar to the
amplifier model, the activity of MYC in the co-
factor switch model is dependent on cell type
and/or context, because many of the cofactors
are differentially expressed in different cell types
and contexts, such as during the cell cycle, apo-

MIZ-1 SP1
EZH2

TRRAP/HAT
TIP60/p400 SKP2

ptosis, or transformation. Specific thresholds of
MYC are also relevant in both models and dif-
ferent MYC thresholds may differentially in-
duce cofactors, such as GCN5, ARE NPM,
SKP2, and HDAC2. However, excessive MYC
alone would not be expected to cause a shift
in target gene selection or function if critical
cofactors are limiting. For example, excessive
MYC in B cells is recruited to the same promot-
ers as endogenous MYC (Nie et al. 2012). High
levels per se are not essential to cause carcino-
genesis, because levels of MYC are often similar
in EBV-immortalized nontumorigenic B cells
compared with Burkitt lymphoma B cells
(Hann and Eisenman 1984).

A major unresolved question is what deter-
mines and regulates cofactor switching. How do
these different cofactors and complexes com-
pete for MYC to determine the cofactor com-
position at specific promoters to mediate dis-
tinct biological outcomes? Several factors likely
control the composition of cofactor complexes
and several different MYC complexes may exist

| Cell-cycle inhibitors \/

> Cell-cycle genes

Cell-cycle entry
and progression

TRRAP/HAT
» Pol | and Ill activation
NPM
/ Cell growth
MYC P-TEFb Core signature

targets

ARF R Noncanonical p53-Independent
targets apoptosis

HDAC SPI MIZ-1 |

CIP2A CDK2
SKP2 NPM p400/TIP60

Tumor suppressors
EZH2 DMNT | \/

Enhanced canonical 7
targets

Tumorigenesis

Figure 4. Cofactor switch model. A summary of pathways mediated by MYC and MYC cofactors (in red)
illustrating how the differential interaction of the various cofactors, which control different transcriptional
mechanisms and MYC target genes, mediate distinct biological outcomes. Several pathways can cooperate to
achieve optimal outcomes. Cell type and cellular context, as well as the levels of MYC, differentially regulate the

expression and activity of the MYC cofactors.
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in the same cell or cell populations. External
and internal signals control the relative expres-
sion of cooperative or competitive cofactors and
posttranslational modifications that influence
cofactor activities or localization. For example,
SKP2 expression is regulated during the cell cy-
cle. Senescence leads to ARF up-regulation. Ex-
cessive ribosomal proteins L11 and S14 compete
with TRRAP binding and Aurora A kinase and
BTrCP-SCF compete with the ubiquitin ligase
Fbw7 binding to MYCN (Dai et al. 2007; Popov
etal. 2010; Zhou et al. 2013). NPM and ARF are
relocalized from nucleoli to nucleoplasm on
DNA damage (Gjerset 2006). PAK2 phosphor-
ylation of the MYC carboxy-terminal domain
regulates MAX heterodimerization and differ-
entiation (Uribesalgo et al. 2011). Phosphory-
lation of MYC at S62 disrupts the interaction
of the inhibitor BIN-1 with MYC and phos-
phorylation of CDCA7 by AKT disrupts its
interaction with MYC (Sakamuro et al. 1996;
Pineda-Lucena et al. 2005; Gill et al. 2013).
Thus a myriad of controls can regulate the ac-
tivities of the various MYC complexes resulting
in specific physiological outcomes.

The models discussed here for MYC tran-
scriptional activities mediating proliferation,
apoptosis, and tumorigenesis are meant to be
illustrative of the critical molecular and biolog-
ical functions of MYC cofactors for MYC and
do not include all the cofactors that control
these processes. There are also other cellular
processes controlled by MYC, including repli-
cation, genomic stability, a-tubulin acetylation
via MYC-NICK, and mRNA cap methylation
that likely require differential cofactor interac-
tion with MYC to regulate these disparate ac-
tivities (Cole and Cowling 2008). These and
other cofactors may also be found to control
MYC function in development, differentiation,
and pluripotency. Researching MYC can often
seem like a trip to Wonderland. You are present-
ed with so many contradictory images and un-
believable scenarios that you can feel lost and
a little mad. But you are also presented with a
rich tapestry of diverse pathways and interesting
characters that have a powerful influence on life
and death. Understanding the role and regula-
tion of MYC cofactors will certainly allow more

MYC Cofactors

effective intervention to control MYC activity
in several different contexts, including tumor
formation and somatic cell reprogramming.
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