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The MYC oncoprotein is an essential transcription factor that regulates the expression of
many genes involved in cell growth, proliferation, and metabolic pathways. Thus, it is im-
portant to keep MYC activity in check in normal cells in order to avoid unwanted oncogenic
changes. Normal cells have adapted several ways to control MYC levels, and these mecha-
nisms can be disrupted in cancer cells. One of the major ways in which MYC levels are
controlled in cells is through targeted degradation by the ubiquitin–proteasome system
(UPS). Here, we discuss the role of the UPS in the regulation of MYC protein levels and
review some of the many proteins that have been shown to regulate MYC protein stability. In
addition, we discuss how this relates to MYC transcriptional activity, human cancers, and
therapeutic targeting.

MYC is a multifunctional transcription
factor that regulates many genes involved

in multiple biological processes, including
cell growth, proliferation, and apoptosis (Cole
1986; Prendergast 1999; Dang 2012). In fact,
MYC is thought to regulate most, if not all, ac-
tively transcribed genes within a given cell (Lin
et al. 2012). MYC functions as a transcription
factor through heterodimerization with MAX.
Together, MYC/MAX heterodimers bind to E-
box motifs (CACGTG) within the promoters of
target genes and recruit transcriptional coacti-
vators to activate transcription (Dang 1999;
Eisenman 2001).

The MYC protein contains several domains
that play important roles in MYC function,
and a variety of proteins that mediate posttrans-
lational modifications that regulate MYC ac-
tivity and stability interact with these domains

(Fig. 1). Within the amino-terminal domain are
several conserved regions, known as MYC boxes
(MBI, II, III, and IV). MBI and MBII are located
within the transactivation domain (TAD), a
143-amino-acid acidic domain that is required
for MYC transcriptional and cell-transform-
ing activity (Kato et al. 1990). MBIII has been
shown to be important for transcriptional re-
pression (Kurland and Tansey 2008) and for
MYC’s pro-apoptotic activity (Herbst et al.
2005). MBIV is also important for MYC tran-
scriptional activity and MYC-induced apo-
ptosis (Cowling et al. 2006). In addition to
these conserved regions, there is a canonical nu-
clear localization signal (NLS) at amino acids
320–328 (Dang and Lee 1988). The carboxy-
terminal region of MYC includes the basic,
helix–loop–helix, and leucine zipper domains
(B-HLH-LZ), which mediate dimerization with
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other HLH LZ proteins and DNA binding
(Blackwood and Eisenman 1991).

Given the strong growth-promoting activity
of MYC, it is not surprising that MYC abun-
dance is controlled at multiple steps in normal
cells. MYC gene transcription is stimulated
by mitogens and controlled at the level of initi-
ation and elongation (Spencer and Groudine
1990; Liu and Levens 2006). In addition, MYC
mRNA is inherently unstable, with a half-life of
�30 min (Dani et al. 1984), and MYC mRNA
translation is tightly regulated and responsive
to cell growth-signaling pathways (Wall et al.
2008). Finally, MYC protein is rapidly degraded
following its synthesis (half-life of �20 min
in non-transformed cells) (Hann and Eisenman
1984). One of the most prominent mechanisms
to ensure proper regulation of MYC levels
involves degradation by the ubiquitin–protea-
some system (UPS) (Thomas and Tansey 2011).
In this review, we discuss the role of the UPS in
the regulation of MYC protein levels and how
this impacts MYC transcriptional activity. We
also discuss the multiple proteins that have
been shown to regulate MYC protein stabili-
ty. Finally, we discuss connections between the
UPS-mediated control of MYC and human can-
cers, with an eye toward therapeutics.

DEGRADATION OF MYC

Calpain-Dependent Cleavage

Although the UPS, which we discuss below, me-
diates the bulk turnover of MYC in cells, it is not

the only way in which MYC can be processed,
because cleavage of MYC by calpains has been
reported (Small et al. 2002). Calpain-dependent
cleavage is calcium dependent and occurs in
the cytosol (proteasomal degradation appears to
occur mostly in the nucleus). It has been shown
that cleavage by calpains functions to inacti-
vate MYC transcriptional activity by removing
the carboxyl terminus. Like calpain-mediated
cleavage of other proteins, calpains cause partial
cleavage of MYC rather than complete deg-
radation. Calpain cleavage of MYC generates
“MYC-nick,” a 298-amino-acid amino-termi-
nal segment that has been shown to regulate
microtubules to promote muscle cell differen-
tiation (Conacci-Sorrell et al. 2010; Conacci-
Sorrell and Eisenman 2011). More research
is needed to determine if the generation of
MYC-nick by calpains is important in other
cell types or processes.

Proteasomal Degradation

The most prominent route for MYC degra-
dation in cells is through the UPS. Ubiqui-
tin-mediated degradation is a highly specific,
ATP-dependent process. Proteins are targeted
for degradation by the proteasome in a two-
step process in which (1) ubiquitin molecules
are covalently added to the target protein, and
(2) poly-ubiquitinated proteins are degraded by
the 26S proteasome. Conjugation of ubiquitin
to target proteins occurs through a three-step
process involving three different enzymes. First,
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Figure 1. Structure of MYC. Elements known to regulate MYC protein localization, function, and stability are
shown. The substrate recognition subunit of known E3 ubiquitin ligases whose interaction sites have been
defined are shown.
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ubiquitin is activated by an ubiquitin-activating
enzyme (E1), a process that involves adenyla-
tion of the ubiquitin molecule in an ATP-de-
pendent manner. Second, the activated ubiqui-
tin is transferred to an E2 ubiquitin-conjugating
enzyme. Third, in conjunction with an E3 ubiq-
uitin ligase bound to the target protein, the E2
enzyme catalyzes transfer of the activated ubiq-
uitin molecule to a lysine (K) residue in the
target substrate. Successive reactions lead to
the attachment of additional ubiquitin mole-
cules to lysine 48 (K48) in the previously added
ubiquitin to form poly-ubiquitin chains. It is
this K48 poly-ubiquitin chain that is recognized
by the 26S proteasome. The proteasome will
bind to proteins containing the correct number
of ubiquitin moieties (four or more) and type
of linkages (K48), and subsequently deubiqui-
tinate, unfold, and degrade them into small
peptide fragments (Sorokin et al. 2009).

Cells usually contain only a few E1 enzymes,
approximately 50 E2s, and approximately 500
E3s. Although the E2s help determine the type
of ubiquitin chain assembled, it is the E3 ubiq-
uitin ligases that generally confer substrate spe-
cificity to the UPS (Nandi et al. 2006). There are
several different families of E3 ligases, which dif-
fer in domain homology and mechanism of ac-
tion. The majority of E3 ligases belong to the
RING-FINGER/U-box family. RING-FINGER
domain E3s do not form a catalytic intermediate
with ubiquitin but, instead, serve as scaffold
proteins that bring together the E2 and ubiqui-
tination substrate. In this case, it is the E2
that transfers the ubiquitin to the substrate.
RING-FINGER E3s function as multi-subunit
complexes. These complexes usually contain a
RING-FINGER domain E3 ligase (such as Rbx),
a Cullin scaffold protein, an adaptor (such as
Skp1), and a substrate-specific binding protein
(such as F-box proteins), which usually give the
E3 ligase its name. For example, the SCFFbw7

complex contains the Rbx1 RING-FINGER do-
main E3 ligase, the Skp1 adaptor, Cul1 scaffold,
and the F box and WD-repeat-domain-con-
taining seven (Fbw7) substrate-binding subunit,
which is often referred to as the Fbw7 E3 ligase.
E3 ligases may also contain RING-FINGER-
related domains, such as U box and PHD do-

mains. Fewer E3 ligases belong to the HECT
(“homologous to E6AP carboxyl terminus”)
family, which, in contrast to the RING-FIN-
GER/U-box family, form a catalytic intermedi-
ate with ubiquitin and directly transfer ubiqui-
tin to the substrate (Dikic and Robertson 2012;
Metzger et al. 2012).

The selectivity of the UPS means that pro-
teins must contain elements to control their
own degradation. As shown in Figure 1, degron
elements known to interact with E3s and regu-
late MYC protein stability overlap with the TAD
and include MBI with its conserved serine
62 and threonine 58 residues and a degron se-
quence overlapping MBII (amino acid residues
127–158) (Flinn et al. 1998; Salghetti et al. 1999;
Sears et al. 1999). In some cases, E3s have been
mapped to both the TAD and the carboxyl ter-
minus of MYC. In addition, the D element has
been shown to be important for proteolysis but
not ubiquitination (Herbst et al. 2004), and
deletion of the PEST sequence stabilizes MYC
without reducing overall ubiquitination of
MYC (Gregory and Hann 2000).

PROTEINS THAT REGULATE MYC
UBIQUITINATION AND PROTEIN STABILITY

Several E3 ubiquitin ligases for MYC have been
described, which we summarize below. In addi-
tion, several other proteins that have been im-
plicated in the regulation of MYC protein stabil-
ity are discussed. Table 1 summarizes these
proteins.

Fbw7

The best-studied E3 ubiquitin ligase for MYC is
SCFFbw7. Fbw7 is the F-box substrate-specificity
component of this SCF-type (Skp–Cullin–F
box) RING-FINGER domain ubiquitin ligase
complex (Deshaies 1999). Human Fbw7 en-
codes three isoforms—Fbw7a, Fbw7b, and
Fbw7g—which differ in their subcellular local-
izations (Kimura et al. 2003). Both the Fbw7a
(nucleoplasmic) and Fbw7g (nucleolar) iso-
forms have been implicated in the regulation
of MYC protein turnover (Grim et al. 2008).
Fbw7 uses the E2 cdc34 to add K48-linked ubiq-
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uitin chains to MYC. Studies have shown that
MYC is a direct target for Fbw7-mediated ubiq-
uitination and that SCFFbw7 triggers proteaso-
mal degradation of MYC (Welcker et al. 2004b;
Yada et al. 2004).

Regulation of c-MYC stability by Fbw7 is
dependent on MYC phosphorylation. Two con-
served phosphorylation sites within MBI, thre-
onine 58 (T58) and serine 62 (S62), are part of a
phospho-degron sequence recognized by Fbw7,
and they control Fbw7-mediated turnover of
MYC (Welcker et al. 2004a,b; Yada et al. 2004).
Work in several laboratories has elucidated a sig-
naling pathway that regulates these phosphor-
ylation events (Lutterbach and Hann 1994;
Pulverer et al. 1994; Sears et al. 1999, 2000). As
shown in Figure 2, following cell growth stimu-
lation, MYC is stabilized upon phosphorylation
of serine 62 (pS62) by ERK and/or CDKs (Sears
2004; Bachireddy et al. 2005). In conjunction
with Pin1-mediated proline isomerization, S62
phosphorylation increases MYC transcriptional
activity at pro-proliferative target genes (Hyd-
bring et al. 2010; Farrell et al. 2013; Sanchez-
Arevalo Lobo et al. 2013). S62 phosphorylation
also primes subsequent phosphorylation at
threonine 58 (pT58) by GSK-3b (Gregory et al.

2003), which allows a second Pin1-mediated
isomerization step to facilitate Protein Phospha-
tase 2A (PP2A)-B56a-mediated dephosphory-
lation of the stabilizing phosphate at S62 (Yeh
et al. 2004; Arnold and Sears 2006). pT58-MYC
is recognized by the E3 ubiquitin ligase SCFFbw7

and degraded by the 26S proteasome (Welcker
et al. 2004b; Yada et al. 2004).

The scaffold protein Axin1 helps coordinate
these events by facilitating the formation of a
MYC degradation complex containing GSK-3b,
Pin1, and PP2A-B56a (Arnold et al. 2009). In-
terestingly, Axin1 can be detected at MYC target
gene promoters by chromatin immunoprecip-
itation (Arnold et al. 2009) along with Fbw7,
GSK-3b, Pin1, PP2A, and components of the
26S proteasome (Farrell et al. 2013), suggesting
that this mode of MYC degradation involves
transcriptionally active chromatin-bound MYC.

Pin1

The Pin1 peptidyl-prolyl isomerase is a phos-
phorylation-directed proline isomerase that
adds an additional posttranslational modifica-

Cell stimulatory signals
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Figure 2. pS62/pT58 MYC degradation pathway.
Proteins in red stabilize and/or activate MYC. Pro-
teins in green facilitate MYC degradation.

Table 1. Proteins involved in the regulation of MYC
protein stability

Protein

Effect on MYC

stability

Effect on

MYC activity

Phase of

cell cycle

Fbw7 Decrease Decrease G1 –S

Pinl Decrease Increase —

Usp28 Increase Increase G1 –S

b-TrCP Increase Increase S–G2

Skp2 Decrease Increase G1 –S

HectH9 — Increase G1 –S

Truss Decrease Decrease —

Trim32 Decrease — —

Fbx29 Decrease Decrease —

CHIP Decrease Decrease —

SIRT2 Increase — —

NEDD4 Decrease — —

NEMO Increase Increase —

The effect of each protein on MYC stability and MYC

transcriptional activity is given, if known. In addition, the

phase of the cell cycle where this regulation occurs is shown,

if known.
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tion to phosphorylated substrates through cat-
alyzing trans–cis or cis– trans isomerization at
proline residues followed by a phosphorylated
serine or threonine (Joseph et al. 2003; Lu 2003;
Lippens et al. 2007; Lu and Zhou 2007). Recent
data suggest that Pin1 functions at two points in
the above pS62/pT58 MYC degradation path-
way, where it first catalyzes proline 63 in pS62-
MYC from trans to cis to enhance its DNA
binding and transcriptional activity, and sub-
sequently catalyzes proline 63 in pS62/pT58-
MYC from cis to trans to facilitate PP2A-medi-
ated dephosphorylation of S62, and in this way
contributes to pT58-MYC degradation via the
Fbw7 E3 ligase (Farrell et al. 2013; Sanchez-Are-
valo Lobo et al. 2013). These studies support a
coupled relationship between MYC’s transcrip-
tional activity and its degradation (see discus-
sion below).

Usp28

Opposing Fbw7a-mediated MYC ubiquitina-
tion, the deubiquitinating enzyme Usp28 was
first identified as a MYC regulator using a short
hairpin RNA (shRNA) screen to identify genes
required for MYC function (Popov et al. 2007b).
Usp28 is a ubiquitin-specific protease (USP)
that cleaves ubiquitin chains to antagonize the
activity of ubiquitin ligases (Nijman et al. 2005).
Popov and colleagues found that Usp28 binds
MYC via interaction with Fbw7a and stabilizes
MYC. In addition, they found that Usp28-me-
diated stabilization of MYC was required for
tumor cell proliferation (Popov et al. 2007b).
Subsequently they showed that, in response to
UV irradiation, Usp28 dissociates from Fbw7a,
allowing for enhanced Fbw7-mediated MYC
ubiquitination and degradation upon DNA
damage (Popov et al. 2007a).

Other USPs have recently been discovered
for MYC. For example, a USP called Puf was
identified in Drosophila as an enhancer of
dMyc growth (D Ling and RN Eisenman, pers.
comm.). Puf binds dMYC and the Fbw7 ortho-
log Ago (Moberg et al. 2004) and regulates
cyclin E turnover and MYC-dependent cell
growth. In addition, Usp36, a novel deubiquti-
nating enzyme for MYC, is localized in the

nucleolus and interacts directly with Fbw7g,
but not Fbw7a, thus complementing the activity
of Usp28 (M-S Dai and RC Sears, unpubl.).
Usp36 associates with MYC and deubiquitinates
MYC in cells and in vitro, increasing MYC stabil-
ity. Usp36-mediataed stabilization of MYC en-
hances MYC’s transcriptional activity and pro-
motes cell proliferation. Furthermore, Usp36
itself is a MYC target gene, suggesting that
Usp36 and MYC form a positive-feedback regu-
latory loop (M-S Dai and RC Sears, unpubl.).

b-TrCP

Ubiquitination of MYC mediated by Fbw7 is
thought to be important for controlling MYC
levels in the G1 and early S phases of the cell
cycle. However, during subsequent phases of
the cell cycle, MYC can be ubiquitinated by an-
other RING-FINGER E3 ligase, SCFb-TrCP. Po-
pov et al. (2010) showed that, in contrast to
Fbw7 action on MYC, the F-box proteinb-TrCP
stabilizes MYC. MYC contains a phospho-rec-
ognition sequence forb-TrCP binding at amino
acids 278–283 (Fig. 1), and mutation of these
residues abolished MYC binding to b-TrCP and
decreased MYC protein stability. Furthermore,
they showed that SCFb-TrCP is a bona fide E3
ligase for MYC and that it recruits the UbcH5
ubiquitin-conjugating enzyme to directly ubiq-
uitinate MYC. Interestingly, both Fbw7 and b-
TrCP mediate direct ubiquitination of the ami-
no terminus of MYC; however, SCFb-TrCP forms
heterotypic poly-ubiquitin chains composed of
K63 and K48 linkages, but SCFFbw7 forms only
K48-linked chains on MYC. Finally, they showed
that ubiquitination of MYC by b-TrCP is re-
quired for cell cycle reentry after S-phase arrest,
suggesting that b-TrCP functions to stabilize
MYC protein by antagonizing Fbw7-mediated
ubiquitination upon recovery from S-phase ar-
rest (Popov et al. 2010).

Skp2

A third RING-FINGER SCF ubiquitin ligase
F-box protein identified for MYC is Skp2. Skp2,
a known oncogene, has been implicated in the
turnover of many cell cycle regulatory proteins,
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including p27Kip1 (von der Lehr et al. 2003).
Skp2 recognizes MYC through both MBII and
HLH-LZ motifs (amino acids 367–439) (Fig. 1)
and promotes MYC poly-ubiquitination and
degradation (Kim et al. 2003; von der Lehr
et al. 2003). To our knowledge, specific lysine
linkages have not been reported, although K48
is likely. In addition, Skp2-mediated regulation
of MYC degradation does not appear to be phos-
phorylation dependent. von der Lehr et al.
(2003) showed that SCFSkp2 regulates MYC pro-
tein turnover at the G1-to-S phase transition in
lymphocytes.

Intriguingly, Skp2 expression stimulated
MYC-induced S-phase entry (von der Lehr
et al. 2003). Thus, unlike Fbw7, which stimu-
lates MYC degradation and inhibits MYC activ-
ity, Skp2 promotes MYC transcriptional activi-
ty, acting as a transcriptional coactivator (Kim
et al. 2003; von der Lehr et al. 2003). This func-
tion for Skp2 was shown to require Skp2’s F-box
domain, involved in SCF complex binding,
suggesting that E3 ubiquitin ligase activity is
important for Skp2’s ability to stimulate MYC
transcriptional activity (von der Lehr et al.
2003). In addition, Skp2 was found to be asso-
ciated with MYC target gene promoters, along
with proteasome subunits, suggesting a link be-
tween SCFSkp2-mediated ubiquitination, MYC
transcriptional activation, and degradation (see
below for further discussion).

An additional layer of complexity exists here
because Skp2 is a direct MYC target gene (Bre-
tones et al. 2011). Thus, MYC can augment
expression of Skp2, possibly contributing to on-
cogenesis by both increasing MYC transcrip-
tional activity, while controlling its level, and
inducing the degradation of p27.

HectH9

Another ubiquitin ligase for MYC is HectH9.
HectH9 belongs to the HECT-domain family
of ubiquitin ligases, which are characterized by
a conserved carboxy-terminal catalytic domain
(Huibregtse et al. 1995). HectH9 was originally
identified in a yeast two-hybrid screen to find
novel interacting proteins of Miz1, a trans-
cription factor inhibited by its interaction with

MYC (Adhikary et al. 2005). Additionally, they
found that HectH9 also interacted with MYC
via its TAD and catalyzed K63-linked ubiquiti-
nation of a cluster of lysines overlapping the
NLS. This ubiquitination, which did not trigger
proteasomal degradation of MYC, was inhibited
by Miz1. Moreover, mutation of lysine residues
in MYC targeted by HectH9, which did not in-
terfere with its nuclear localization despite their
location within MYC’s NLS, reduced recruit-
ment of p300 and suppressed transactivation
of a subset of MYC target genes involved in
cellular metabolism and protein synthesis. Con-
sequently, this MYC mutant had a reduced abil-
ity to promote proliferation after serum starva-
tion (Adhikary et al. 2005). These data suggest
that HectH9-mediated ubiquitination does not
trigger MYC degradation but, instead, increases
MYC transcriptional activity. Thus, as is the case
with Skp2 (von der Lehr et al. 2003), these stud-
ies suggest a strong link between MYC ubiquiti-
nation and its transcriptional activity (see below
for further discussion).

TRUSS

TRUSS (tumor necrosis factor receptor-as-
sociated ubiquitous scaffolding and signaling
protein) is an adaptor for the DDB1–CUL4
ubiquitin ligase complex, which belongs to the
cullin–RING-FINGER ubiquitin ligase super-
family (Petroski and Deshaies 2005). TRUSS
was identified using a proteomic screen for
proteins that interact with N-MYC (Choi et al.
2010). TRUSS was subsequently shown to bind
both c-MYC and N-MYC, and to mediate the
interaction between MYC and the DDB1–
CUL4 E3 ligase, thereby stimulating MYC ubiq-
uitination and degradation. Domain mapping
indicated that TRUSS interacts with the carbox-
yl terminus of MYC, which contains the HLH-
LZ motif, but that elements near the amino
terminus are additionally required for TRUSS-
mediated degradation. MYC transactivation of
target genes was also reduced in response to
TRUSS, as was MYC-induced cell transforma-
tion (Choi et al. 2010). Thus, like Fbw7, TRUSS
negatively regulates MYC function by reducing
MYC protein levels.
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TRIM32

One of the least-well-characterized E3 ligases
for MYC is TRIM32, a RING-FINGER ubiqui-
tin ligase. TRIM32 has been shown to regulate
stability of several proteins and activity of spe-
cific microRNAs, including Let-7a, to control
the balance between differentiating and pro-
genitor daughter cell types produced from neu-
ral progenitor cells in the mouse neocortex.
This work identified c-MYC as a ubiquitination
target of TRIM32 and showed that TRIM32
promotes degradation of MYC (Schwamborn
et al. 2009). At this time, little is known about
TRIM32-mediated regulation of MYC protein
stability. More work is needed to determine how
TRIM32 interacts with MYC and whether the
effect on MYC is direct or indirect.

Fbx29

Fbx29 (also known as FBXW8), a substrate rec-
ognition component for the Skp1-Cul7-ROC1-
containing E3 ubiquitin ligase complex (Dias
et al. 2002), was identified as a MYC-interacting
protein in a proteomic screen. Mapping experi-
ments indicated that MBII and the carboxy-
terminal HLH-LZ domains were important for
MYC’s interaction with Fbx29. Although these
studies did not directly measure MYC ubiquiti-
nation, they found that overexpression of Fbx29
decreased MYC protein levels and transacti-
vation activity (Koch et al. 2007). Thus, it re-
mains to be seen whether MYC is a direct target
of Fbx29. Because the domains that are required
for this interaction are the same as those iden-
tified for Skp2 binding, it is possible that Skp2
and Fbx29 might compete for binding to MYC.
It will be interesting to determine whether this
occurs and what the biological consequences
might be.

CHIP

The most recent ubiquitin ligase to be identified
for MYC is CHIP (carboxyl terminus of Hsc70-
interacting protein) (Paul et al. 2013). CHIP is a
chaperone-associated U-box-containing E3 li-
gase that links a chaperone to the 26S protea-

some machinery by ubiquitinating chaperone
substrates and directing them toward the pro-
teasome (Ballinger et al. 1999). Ballinger et al.
(1999) showed that CHIP interacts with and
ubiquitinates MYC, targeting MYC for degrada-
tion by the 26S proteasome. They showed that
this involved interaction with the chaperone
protein Hsp70 and to a lesser extent, Hsp90.
The increase in MYC degradation mediated by
CHIP correlated with decreased MYC transcrip-
tional activity and reduced expression of MYC
target genes (Paul et al. 2013). More studies are
required to determine whether the MYC–CHIP
interaction is direct, and if it is, to map the re-
gions of MYC important for the interaction, as
well as determine the physiological relevance
of this interaction.

SIRT2 and NEDD4

It was recently shown that SIRT2 indirectly
stabilizes MYC protein and promotes cancer
cell proliferation (Liu et al. 2013). SIRT2 is a
class III histone deacetylase (HDAC) that shows
a strong preference for acetylated lysine 16 of
histone H4 (H4K16) (Vaquero et al. 2006), an
acetylation mark commonly lost in cancer cells
(Fraga et al. 2005). Liu et al. (2013) showed that
MYC up-regulates SIRT2 protein expression
in neuroblastoma and pancreatic cancer cells
and that SIRT2 then represses transcription of
the HECT-domain E3 ubiquitin ligase NEDD4
by directly binding to the NEDD4 promoter
and deacetylating H4K16. Although NEDD4
has not been previously described as an E3 ligase
for MYC, they additionally showed that NEDD4
directly binds MYC to target it for ubiquitina-
tion and degradation. Therefore, repression of
NEDD4 expression by SIRT2 leads to reduced
MYC ubiquitination and subsequent stabili-
zation (Liu et al. 2013). This study suggests a
possible new E3 ligase for MYC and reveals a
novel pathway for the stabilization of MYC in
cancer cells.

NEMO

Another indirect regulator of Myc stability is
NEMO (NF-kB essential modulator), the regu-
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latory subunit of the IKK complex. NEMO was
recently shown to suppress MYC turnover (Kim
et al. 2010). NEMO plays a critical role in the
activation of the NF-kB pathway, likely by acting
as a scaffold protein in the IKK complex (Ya-
maoka et al. 1998). Kim et al. (2010) found that
NEMO induced MYC up-regulation through
protein stabilization and that this involved di-
rect interaction between MYC and NEMO in
the nucleus. Additionally, they showed that
NEMO reduced ubiquitination of MYC by in-
hibiting the ubiquitinating activity of SCFFbw7,
and that this resulted in enhanced expression of
select MYC target genes (Kim et al. 2010). They
subsequently showed that stabilization of MYC
by NEMO resulted in resistance to ionizing ra-
diation through the specific up-regulation of g-
GCS (g-glutamyl-cysteine synthetase), a MYC
target gene. Up-regulation of g-GCS upon
NEMO-mediated MYC stabilization led to an
increase in the intracellular glutathione levels,
which rendered cells more resistant to ionizing
radiation (Kim et al. 2011). These studies sug-
gest that the NEMO/MYC interaction might
be a good target in the development of strategies
to overcome radiotherapy resistance (Kim et al.
2011).

It is clear from the discussion above that
many proteins have been identified that regulate
MYC stability through directly or indirectly
affecting its ubiquitination, and many of these
have been mapped to overlapping domains in
MYC (see Fig. 1). Although a few studies have
defined relationships between these players, in
most cases, they have been studied in isolation,
and thus it is difficult to make comprehensive
conclusions about the regulation of MYC ubiq-
uitination and stability. Hopefully, future re-
search will begin to probe the inter-relation-
ships between these proteins and how they
coordinately regulate MYC expression level as
well as activity.

THE INTERPLAY BETWEEN MYC
UBIQUITINATION AND ACETYLATION

MYC is known to interact with several cofactors
that have histone acetyltransferase (HAT) ac-
tivity, including CBP/p300, TIP60, and GCN5

(Vervoorts et al. 2003). Although these HATs are
known to be important for MYC-dependent
transcriptional activation through the acetyla-
tion of histones (Adhikary et al. 2005), it has
been shown that MYC is also an acetylation tar-
get, and because both ubiquitination and acet-
ylation occur on lysine residues, acetylation
could potentially interfere with MYC ubiquiti-
nation. Indeed, it has been shown that acety-
lation competes with ubiquitination of lysine
residues in several other proteins, including
p53 (Li et al. 2002), Runx3 (Jin et al. 2004),
SMAD7 (Gronroos et al. 2002), and RelA (Li
et al. 2012).

Vervoorts et al. (2003) found that MYC was
an acetylation target of CBP/p300 and that
CBP-mediated MYC acetylation had no effect
on MYC DNA binding. Instead, acetylation
reduced MYC ubiquitination resulting in in-
creased protein stability. Zhang et al. (2005)
subsequently identified six lysine residues in
human MYC that were acetylated by p300:
K143, K157, K275, K317, K323, and K371. Ad-
ditionally, Patel et al. (2004) showed that MYC
is similarly acetylated by GCN5 and TIP60, re-
sulting in increased MYC protein stability. De-
spite the location of some of these acetylation
sites, MYC nuclear localization and dimeriza-
tion with Max were not affected by GCN5-me-
diated acetylation. More recent work has indi-
cated that MYC can also be targeted directly by
deacetylases. Yuan et al. (2009) found that the
protein deacetylase SIRT1, which is a transacti-
vated MYC target gene, interacts with and deace-
tylates MYC, and this results in decreased MYC
protein stability. They proposed that MYC and
SIRT1 form a negative-feedback loop that in-
hibits MYC-induced transformation, suggest-
ing that SIRT1 functions as a tumor suppressor
(Yuan et al. 2009). Further studies are needed
to determine if the proposed feedback loop is
relevant to human tumors and whether other
deacetylases are important in controlling MYC
protein stability and activity. However, together,
these studies show that MYC ubiquitination
and acetylation are likely connected. Further
studies are required to better understand this
interplay and determine its functional signifi-
cance.
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A LINK BETWEEN MYC UBIQUITINATION
AND TRANSCRIPTIONAL ACTIVATION

Thework described above for Skp2, HectH9,and
Pin1/Fbw7 supports the idea adopted by the
Tansey laboratory, termed “transcription factor
licensing.” This model suggests that activation of
some transcription factors is coupled to their
ubiquitination and degradation (Salghetti et al.
2000, 2001). Indeed, Zhang et al. (2013) have
recently shown that ubiquitination of six lysine
residues in the TAD of murine MYC (K51, K52,
K127, K144, K149, and K158) is required for
induction of canonical E-box-containing target
genes and that this is important for transforma-
tion. Furthermore, they showed that loss of TAD
ubiquitination leads to the induction of the non-
canonical MYC target gene Egr1, resulting in
apoptosis. This loss of TAD ubiquitination and
subsequent switch to apoptotic activity was me-
diated by ARF, which they showed inhibits the
interaction between MYC and Skp2, and Skp2-
mediated ubiquitination of MYC, resulting in
MYC stabilization. Overexpression of Skp2,
which occurs in many tumors, prevents ARF re-
cruitment and inhibits apoptosis. Thus, these
studies suggest that ubiquitination not only con-
trols MYC protein levels, but also controls MYC
transcriptional and biological activity. As dis-
cussed above, this might involve competition
between overlapping acetylation and ubiquiti-
nation sites within the TAD of MYC.

The idea that MYC activation is coupled to
its degradation is reminiscent of a negative-
feedback loop in signaling, where MYC activity
contributes to its own down-regulation. It has
been shown that proteasome subunits can be
detected at MYC target gene promoters (Sal-
ghetti et al. 2000; von der Lehr et al. 2003; Farrell
et al. 2013). By linking transcriptional activity to
degradation, MYC function can be more finely
tuned and responsive to the cellular environ-
ment and fluctuations in MYC expression levels.
This would allow for more precise control of
MYC-mediated cell fate decisions. In addition,
the data with Pin1 suggest that dynamic MYC
DNA binding appears to contribute to opti-
mal MYC transcriptional activity (Farrell et al.
2013). Pin1 regulates MYC at two points in nor-

mal cells: (1) target gene promoter binding and
cofactor recruitment, leading to transcriptional
activation; and (2) subsequent release from the
promoter associated with Fbw7-mediated deg-
radation. In cancer cells with increased Myc
stability due to defects in the pS62/pT58 MYC
degradation pathway downstream from Pin1,
Pin1 no longer facilitates MYC degradation.
However, Pin1 is still able to mediate MYC tran-
scriptional activation. Interestingly, rapid disso-
ciation of MYC from target gene promoters was
still observed in cancer cells with more stable
MYC. However, unlike non-transformed cells,
a new peak of MYC binding at target gene pro-
moters was observed in the absence of new pro-
tein synthesis, and this was dependent on Pin1
and presumably coming from remaining pools
of pS62-MYC present in cancercells. This results
in cyclic, or biphasic MYC DNA binding, which
appears to be important for optimal MYC tran-
scriptional activity. It is possible that the binding
and release of MYC is in some way tied to the
release of paused RNA polymerases and in this
way contributes to continued firing of gene tran-
scription (Rahl et al. 2010; Giraud et al. 2012).

MYC STABILITY AND CANCER

MYC E3 Ubiquitin Ligases and Cancer

Deregulated expression of MYC plays a signifi-
cant role in tumorigenesis. MYC protein is over-
expressed in �70% of human cancers, but on
average only 20% of these tumors have a MYC
gene amplification or translocation that could
help explain the high expression of MYC protein
(Nesbit et al. 1999). Deregulation of E3 ubiqui-
tin ligases can contribute to the increased MYC
levels and protein stability seen in human can-
cers. Indeed, aberrant expression and/or muta-
tion/inactivation have been shown for some
MYC E3 ligases. Specifically, Fbw7 is a known
tumor suppressor (Minella and Clurman 2005)
that can be inactivated by point mutations or
whose expression can be lost in human cancers
(O’Neil et al. 2007; Tan et al. 2008). Genetic
deletion of FBW7 was reported in �30% of
human cancers (Knuutila et al. 1999), and anal-
ysis of Fbw7 mutational status in primary hu-
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man tumors showed an overall mutation rate of
6% (although this varies significantly depend-
ing on the tumor type) (Akhoondi et al. 2007).
Usp28, which antagonizes Fbw7a activity on
MYC, has been shown to be overexpressed in
cancer (Popov et al. 2007b). Studies have also
found levels of TRUSS, another E3 ligase that
negatively regulates MYC protein, to be low in
many human cancer cell lines (Choi et al. 2010).
In addition, studies suggest that CHIP might be
a tumor suppressor, because CHIP has been
shown to negatively correlate with malignancy
of human breast cancer tissues (Kajiro et al.
2009). Likewise, Paul et al. (2013) found that
knockdown of CHIP in rat glioma cell lines en-
hanced their metastatic properties, and that
CHIP was down-regulated in glioblastoma com-
pared with normal brain tissue.

In contrast to the above, E3 ligases that
positively regulate MYC transcriptional activity,
such as Skp2 and HectH9, might be expected to
be overexpressed in human cancers. Indeed,
Skp2 is considered to be an oncogene (Gstaiger
et al. 2001) and is overexpressed in many human
tumors (Chan et al. 2010). In addition, using
tissue microarrays, Adhikary et al. (2005) found
overexpression of HectH9 in many primary hu-
man tumors, including 43% of breast cancers,
46% of lung tumors, 52% of colon tumors, 18%
of liver tumors, 20% of pancreatic carcinomas,
and 9% of thyroid tumors examined.

Alterations in Cell Signaling Pathways that
Impact MYC Protein Stability in Cancer

Given that many of the signaling proteins in-
volved in the pS62/pT58 MYC degradation
pathway controlling Fbw7-mediated MYC turn-
over (Fig. 2) are often misregulated in human
cancers, altered S62 and T58 phosphorylation
levels and increased MYC stability could help
explain MYC’s frequent overexpression without
gene amplification in tumors. Highlighting the
importance of this degradation pathway in can-
cer, three of the four original MYC-containing
retroviruses and many Burkitt lymphomas have
mutations in MYC at or around T58 that impair
phosphorylation at this site, increase phosphor-
ylation at S62, and inhibit Fbw7-mediated deg-

radation of MYC (Bhatia et al. 1993; Bahram
et al. 2000; Gregory and Hann 2000). Studies
using hematopoietic stem cells transduced
with MYC T58A or ROSA26-MYC T58A or
S62A phosphorylation mutant knock-in mice
with conditional expression in the mammary
gland, have shown that MYC T58A, which is
resistant to PP2A and has increased S62 phos-
phorylation, has increased tumorigenic poten-
tial (Hemann et al. 2005; Wang et al. 2011).
Furthermore, knock-in of MYC T58A into the
endogenous MYC locus in mice results in aber-
rant self-renewal of hematopoietic progenitors
and the late appearance of lymphoid and mye-
loid neoplasia (B Freie and RN Eisenman, pers.
comm.). Although MYC is not mutated in most
human cancers aside from Burkitt lymphoma,
analysis of MYC phosphorylation and stability
in human leukemia and breast cancer cell lines,
as well as primary human tumors, showed that
wild-type MYC has high S62 phosphorylation
and low T58 phosphorylation and is aberrantly
stabilized in many of these cancer cell lines and
patient samples relative to normal controls
(Malempati et al. 2006; Zhang et al. 2012). An
example of high pS62-MYC in breast cancer is
shown in Figure 3. Similar changes in MYC
phosphorylation and MYC protein stability are
seen in pancreatic cancer (AS Farrell et al., in
prep.). Importantly, in conjunction with the
high Pin1 observed in many cancers (Ayala
et al. 2003; Lu 2003; Miyashita et al. 2003; Ryo
et al. 2003; Wulf et al. 2003; Lam et al. 2008), this
pS62-MYC present in cancer cells is expected to
be highly transcriptionally active (Farrell et al.
2013; Sanchez-Arevalo Lobo et al. 2013). Stud-
ies exploring signaling mechanisms that could
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Figure 3. Patient-matched normal and breast tumor
tissue were analyzed for pS62-MYC expression by
immunofluorescence.
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contribute to this altered MYC phosphorylation
and stabilization have observed, in addition to
the common activation of MEK/ERK signaling,
decreased expression of PP2A-B56a and altered
Axin1 splicing in some cancer cell lines that ex-
press S62-phosphorylated and stabilized MYC
(Mannava et al. 2012; Zhang et al. 2012; RC
Sears, unpubl.). Taken together, these studies
provide evidence that impairment of the path-
way that regulates MYC T58/S62 phosphoryla-
tion and Fbw7-mediated degradation could
represent a novel mechanism for oncogenic ac-
tivation of MYC in human cancers, and a focus
for therapeutic targeting.

Targeting Myc through PP2A Inhibitors
CIP2A and SET

PP2A, the major serine/threonine-specific
phosphatase in mammalian cells, can dephos-
phorylate S62 and decrease MYC stability. PP2A
refers to a large family of heterotrimeric protein
phosphatases containing a common catalytic C
subunit whose activity is regulated by a diverse
set of regulatory B subunits (Sablina and Hahn
2008). PP2A is a critical tumor-suppressor gene
that negatively regulates multiple important sig-
nal transduction pathways in addition to MYC
(Eichhorn et al. 2009). Inhibition of PP2A has
been shown to be essential for cell transforma-
tion and can occur through inactivation by viral
oncogenes, mutation of specific subunits, or by
overexpression of endogenous inhibitors (Sa-
blina and Hahn 2008; Westermarck and Hahn
2008). Several naturally occurring inhibitors of
PP2A have been identified, including SET (also
known as I2PP2A) and Cellular Inhibitor of
PP2A (CIP2A).

CIP2A has been described as an important
PP2A inhibitor in multiple cancer types (Junt-
tila et al. 2007). CIP2A overexpression cooper-
ates with Ras and MYC to transform mouse
primary embryo fibroblasts, whereas its sup-
pression inhibits tumor growth (Sablina and
Hahn 2008). CIP2A interacts with MYC and
PP2A and interferes with PP2A-mediated S62
dephosphorylation of MYC leading to stabi-
lization of MYC. CIP2A is up-regulated in
head and neck squamous cell carcinoma, colon

cancer, and many gastric cancers, and this is
associated with reduced overall survival (Sa-
blina and Hahn 2008; Khanna et al. 2009). In
addition, �33% of breast cancers overexpress
CIP2A, where it is associated with clinical
aggressiveness (Come et al. 2009). Furthermore,
CIP2A is frequently overexpressed in human
pancreatic cancer (AS Farrell et al., in prep.).

The phosphoprotein SET, a PP2A inhibitor,
was originally identified as the SET–CAN fu-
sion gene in acute myeloid leukemia (AML)
(von Lindern et al. 1992) and is also up-re-
gulated in multiple cancer types, including
chronic myelogenous leukemia, Wilm’s tumors,
malignant brain tumors, tumors of the head
and neck, and testicular cancers (Westermarck
and Hahn 2008). Furthermore, SET expression
levels have been correlated with more aggressive
disease in ovarian cancer (Ouellet et al. 2006),
AML (Cristobal et al. 2011), and chronic lym-
phocytic leukemia (Christensen et al. 2011). In
addition, it is frequentlyoverexpressed in human
breast (M Janghorban et al., in prep.) and pan-
creatic (AS Farrell et al., in prep.) cancers.

Thus, because SET and CIP2A overexpres-
sion occurs in multiple human cancers, antago-
nizing these PP2A inhibitors to restore PP2A
activity in cancer cells could be an approach
for targeting posttranslational activation of
MYC in human cancers. Indeed, recent experi-
ments show that knockdown of SET or CIP2A
increases PP2A activity and MYC degradation
and decreases the tumorigenic potential of
breast and pancreatic cancer cell lines both in
vitro and in vivo (AS Farrell et al., in prep.; M
Janghorban et al., in prep.). Although pharma-
cological antagonists of CIP2A have not been
developed, treatment with the SET inhibitor
OP449 (Christensen et al. 2011) shows activa-
tion of PP2A, increased degradation of MYC,
significant reduction in proliferation, and atten-
uation of proliferative and survival signaling in
breast and pancreatic cancer cell lines (AS Farrell
et al., in prep.; M Janghorban et al., in prep.).

CONCLUDING REMARKS

Because MYC is a driver of cell growth and
metabolism, multiple cellular controls act to
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regulate its levels. One of the most important
mechanisms to control MYC levels is regulated
degradation via the ubiquitin–proteasome sys-
tem. Many E3 ubiquitin ligases have been shown
to act on MYC; however, not all of these are
equivalent in their capacity to control MYC
abundance through degradation (see Table 1).
Some E3 ligases clearly stimulate MYC degrada-
tion, whereas others stabilize MYC. Further-
more, E3 ligases that destabilize MYC can either
inhibit MYC activity or increase MYC activity,
involving a complex relationship between MYC
ubiquitination and its transcriptional function.
In addition, there is a potentially important
interplay between MYCubiquitination and acet-
ylation. All of these points are critical in under-
standing the regulation of MYC in normal cells
and how MYC deregulation occurs in cancer
cells. Ultimately, more knowledge of the differ-
ent pathways that posttranslationally regulate
MYC protein stability and activity will be bene-
ficial in designing new cancer therapeutics tar-
geting MYC.
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