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Abstract. The level of Myc proteins is a critical determinant of cellular pro-
liferation and apoptosis. Ubiquitination of Myc plays a key role in controlling
protein levels by stimulating proteasomal degradation of the protein. Some ex-
periments suggest that ubiquitination may also regulate Myc function in addi-
tion to turnover. This review attempts to summarize current knowledge about
this field.

1 Introduction

Mammalian MYC genes comprise a small gene family that has five
members, three of which have been implicated in the genesis of multi-
ple human tumors; these are called c-MYC, MYCN, and MYCL and are
thought to differ mainly in their expression pattern, although some func-
tional differences have been reported. All three genes encode phospho-
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Fig. 1. Intracellular localization of Myc function and turnover. The diagram
shows the intracellular localization of ubiquitin ligases and deubiquitinating en-
zymes that have been implicated in the turnover of Myc proteins and the func-
tions of Myc proteins in each compartment

proteins that are predominantly localized in the nucleus (Adhikary and
Eilers 2005; Oster et al. 2002). FRAP experiments show, however, that
c-Myc, the most intensely studied of the Myc proteins, rapidly shuttles
between nucleolus, nucleus, and the cytosol, arguing that the steady-
state distribution of Myc proteins is the result of a highly dynamic and
probably also a highly regulated process (Arabi et al. 2003) (see Fig. 1).

Myc proteins are transcription factors that both activate and repress
distinct sets of target genes. In addition, they appear to have direct func-
tions in controlling DNA replication (Dominguez-Sola et al. 2007). As
transcription factors, Myc proteins appear to be unusual in two respects:
first, they occupy a staggeringly large number of binding sites, recently
estimated to be well over 10,000 sites per haploid genome (Chen et al.
2008; Kim et al. 2008). This generates a somewhat paradox situation
in the sense that the number of Myc molecules in nontransformed cells
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is probably significantly lower than the number of binding sites in the
genome; if so, each binding site is likely to be occupied only transiently.
Second, Myc proteins can activate transcription mediated by all three
eukaryotic RNA polymerases, including RNA polymerase I, which tran-
scribes genes encoding the ribosomal RNA precursor in the nucleolus
(Arabi et al. 2005; Grandori et al. 2005). Consistently, Myc proteins ac-
cumulate in the nucleolus, most notably in cells treated with inhibitors
of the proteasome (Arabi et al. 2003). The mechanisms, by which Myc
affects the expression of its target genes, and the identity and relevance
of target genes have been reviewed recently and will not be discussed
here.

In nontransformed cells, Myc proteins are thought to translate growth
factor-dependent signals into changes in gene expression, thereby alter-
ing cell behavior (e.g., by stimulating cell proliferation and cell growth).
This notion is supported by several key findings: first, expression of
the different MYC mRNAs is tightly regulated by external growth fac-
tors in nontransformed cells and this control is frequently disrupted by
oncogenic mutations during transformation (He et al. 1998). Second,
the activation of conditional alleles of Myc in tissue culture and in vivo
is often sufficient to induce strong changes in cell proliferation, cell
growth, and also in apoptosis (Pelengaris et al. 2002). Third, Myc pro-
teins are very short-lived in vivo and growth factor-dependent and cell
cycle-dependent pathways regulate their turnover (Lüscher and Eisen-
man 1988). This latter aspect is the central topic of this review.

2 Turnover of Myc

In nontransformed cells, (c-)Myc rapidly turns over with a half-life of
approximately 20–30 min; similar values have been reported for N-
Myc. Degradation of Myc proteins is mediated by the proteasome, as
documented by numerous observations showing that inhibition of the
proteasome greatly extends the half-life of Myc (Bonvini et al. 1998;
Gross-Mesilaty et al. 1998). The proteasome usually recognizes ubiq-
uitinated proteins; consistent with this observation, Myc proteins are
extensively ubiquitinated in vivo. The lysine residues of Myc that are
ubiquitinylated have not been determined in vivo, although it has been
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Fig. 2. MycBoxes and their function in Myc turnover. Localization of four se-
quence elements in Myc proteins that have been implicated in Myc ubiquitina-
tion and turnover. The primary sequence of PEST element defined in c-Myc is
evolutionarily poorly conserved and therefore not considered a MycBox

described that a mutant allele of Myc lacking six lysine residues is less
ubiquitinylated by one of the ubiquitin ligases of Myc, HectH9 (Ad-
hikary et al. 2005). The half-life of Myc proteins can be extended in
tumor cells, arguing that degradation of Myc is a target for oncogenic
mutations (Malempati et al. 2006). Indeed, by now different mutations
have been found that impinge on Myc turnover; several of these will be
discussed below.

Three domains of the Myc protein are necessary to mediate its turn-
over: since they were initially discovered as short, evolutionarily highly
conserved stretches of amino acids in an otherwise less conserved fam-
ily of proteins, they were termed MycBoxes (see Fig. 2).

The best understood domain in terms of degradation is MycBoxI, lo-
cated close to the amino-terminus of Myc: this is the binding site for
one of the ubiquitin ligases that mediate Myc turnover, Fbw7 (Welcker
et al. 2004b; Yada et al. 2004). Point mutations within MycBoxI there-
fore stabilize the Myc protein and reduce its ubiquitination (Bahram
et al. 2000). Such point mutations in MycBoxI are frequently found in
lymphomas; in contrast, no point mutations of Myc have been found in
solid tumors.

In addition, both MycBoxII and MycBoxIII affect Myc turnover.
Deletion of MycBoxIII stabilizes Myc and leads to the accumulation
of ubiquitinated Myc in tissue culture experiments (Herbst et al. 2004,
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2005). This would argue that MycBoxIII, in contrast to MycBoxI, pro-
motes turnover at a postubiquitination step; similar observations have
also been made for the deletion of a PEST sequence that is adjacent
to MycBoxIII (Gregory and Hann 2000). The mechanism(s) that pre-
vents degradation of ubiquitinated Myc in both deletion mutants have
not been resolved. Finally, MycBoxII serves as a binding site for Skp2,
an F-box ubiquitin ligase that has been implicated in Myc turnover (Kim
et al. 2003; von der Lehr et al. 2003).

One of the most interesting and also puzzling aspects of the Myc
biology is the tight link between Myc turnover and its biological func-
tions. One example for this is provided by the mutations in MycBoxI,
which are found in lymphomas (Hemann et al. 2005). Such mutations
not only enhance Myc stability as described above, but also strongly de-
crease the ability of Myc to induce apoptosis. As a result, lymphomas
that are generated using these mutant alleles of Myc lack mutations in
either the p53 gene or its upstream regulators that are invariably found
in lymphomas arising with wild-type Myc. Two explanations can ac-
count for these observations: first, it is possible that the phosphodegron
in MycBoxI is also recognized by other proteins that mediate effector
functions of Myc. Consistent with this suggestion, phosphorylation at
S62 not only regulates Myc stability, but also controls the spectrum of
target genes that are regulated by Myc: for example, upregulation of
gamma-glutamyl-cysteine synthetase expression by Myc requires Erk-
dependent phosphorylation of S62 (Benassi et al. 2006). Alternatively,
ubiquitinated Myc may itself have effector functions that differ from
nonubiquitinated Myc.

3 Ubiquitin Ligases and Their Regulation

There are three ubiquitin ligases for which there is evidence that they
can ubiquitinate Myc in vivo.

Best understood is the SCFFbw7 complex; this complex binds to the
phosphodegron that is contained in MycBoxI and, upon binding, targets
Myc for degradation. Several pieces of evidence document a role for
the Fbw7 subunit of the SCFFbw7 complex in Myc turnover: for exam-
ple, cells deficient for Fbw7 show elevated steady state levels of Myc
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and an increased half-life of the protein (Onoyama et al. 2007; Yada
et al. 2004). Consistent with this role, human FBW7 has properties of
a tumor suppressor gene; point mutations in the substrate recognition
domain and missense mutations are found in colon carcinoma and other
tumor entities (Mao et al. 2004). These mutations often affect only one
of the two FBW7 alleles, suggesting that FBW7 may be a haploinsuf-
ficient tumor suppressor gene. Since Fbw7 proteins form homodimers,
an alternative model proposes that the protein encoded by the mutated
allele might have dominant-negative properties since it sequesters the
wild type protein onto nonfunctional heterodimers (Welcker and Clur-
man 2008). A third possibility is to suggest that some degree of ubiqui-
tination by Fbw7 has a positive function in Myc biology.

Notably, there are three isoforms of Fbw7, which arise by alternative
splicing of the same primary RNA transcript (Grim et al. 2008; Welcker
et al. 2004a). All three isoforms share a common carboxyl-terminus,
which contains the substrate-recognition domain and therefore are iden-
tical in their ability to bind phosphorylated substrates. They differ, how-
ever, in their amino-terminus and subcellular localization: Fbw7α is lo-
calized in the nucleus, Fbw7β localizes to the cytosol and Fbw7γ is
found in the nucleolus; furthermore, the isoforms differ in their abil-
ity to interact with the ubiquitin-specific protease, Usp28 (see the next
section). The specific localization of Fbw7 isoforms may also be re-
sponsible for the observation that Myc proteins accumulate to very high
levels in the nucleolus after inhibition of the proteasome. This has been
taken as evidence that the rate of turnover of Myc in the nucleolus is
very high.

To initiate degradation by Fbw7, a threonine residue (T58) in Myc-
BoxI needs to be phosphorylated. In both c-Myc and N-Myc, glycogen
synthase kinase 3 (Gsk3) is the kinase responsible for the phosphory-
lation of this residue (Welcker et al. 2004b; Yada et al. 2004). Since
Gsk3 in turn is phosphorylated and inhibited by Akt, the stability of
Myc proteins depends on an active PI3kinase/Akt pathway (Sears et al.
1999). Conversely, there is evidence that maintaining Myc stability is
a key function of this pathway during oncogenic transformation (Yeh
et al. 2004). Gsk3 needs a priming phosphorylation and this is provided
by phosphorylation of serine 62. The mitotic cyclin B/Cdk1 complex
phosphorylates S62 in N-Myc, and as a result degradation of N-Myc is
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initiated during mitosis (Sjostrom et al. 2005). This mitotic degradation
of N-Myc is important in terminating the proliferation of neuroblasts
during the development of the central and most likely also the periph-
eral neural system (Otto et al., unpublished observations). In contrast,
Map-kinases phosphorylate S62 in c-Myc (Benassi et al. 2006).

One important and still unresolved issue is the exact phosphoryla-
tion status of Myc proteins that are degraded by Fbw7; if differen-
tially phosphorylated forms of Myc regulate different groups of target
genes, the selective degradation of distinct phosphorylated Myc-species
by Fbw7 may be an important tool to regulate Myc function in vivo.
For c-Myc, several pieces of evidence suggest that isomerization of
the Proline 61-peptide bond by the prolyl-isomerase Pin1 and subse-
quent dephosphorylation of S62 by protein phosphatase 2A (PP2A) is
required for degradation by Fbw7, arguing that the substrate for Myc
turnover is exclusively phosphorylated at T58 (Arnold and Sears 2006;
Yeh et al. 2004). However, Fbw7 also recognizes a peptide correspond-
ing to the doubly phosphorylated site in vitro (Yada et al. 2004). In vivo,
Fbw7 recognizes both the mono- and the biphosphorylated phosphode-
gron of cyclin E, another target of the ligase, yet the mode of recogni-
tion is different (Welcker and Clurman 2007). The biphosphorylated de-
gron has a higher affinity for Fbw7 and can be degraded by monomeric
Fbw7, whereas the monophosphorylated degron binds Fbw7 with lower
affinity and needs Fbw7 dimers to be degraded; this would argue that
dephosphorylation at S62 reduces the affinity of Fbw7 for Myc. Further-
more, Fbw7-dependent degradation of N-Myc does not require Pin1, al-
though the sequence of the phosphodegron is identical (Sjostrom et al.
2005). Clearly, more work appears to be necessary to resolve this issue.

The second ubiquitin ligase that can both ubiquitinate and induce
proteasomal degradation of Myc is Skp2. Binding of Skp2 to Myc does
not require MycBoxI; instead, the integrity of MycBoxII is required
for this interaction, although the binding may be indirect (Kim et al.
2003; von der Lehr et al. 2003). Consistent with the idea that Skp2 and
Fbw7 recognize Myc via different domains, both proteins regulate Myc
turnover independently and additively, as witnessed by the analysis of
cells that are either singly or doubly depleted for Fbw7 and Skp2 (Yada
et al. 2004). The analysis of the interaction of Skp2 with Myc provides
a second clear example for the close link between ubiquitination and
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Myc function: on one hand, Skp2 has clearly been implicated in Myc
degradation; on the other hand, Skp2 itself has oncogenic properties.
For example, deregulated expression of Skp2 is sufficient to transform
primary cells in conjunction with oncogenic alleles of Ras (Gstaiger
et al. 2001). A possible explanation for this paradox could be that Skp2
is also essential for both transcriptional activation and repression by
Myc, suggesting that ubiquitinated Myc has a specific role in both pro-
cesses (Kim et al. 2003; von der Lehr et al. 2003).

The third ubiquitin ligase implicated in Myc ubiquitination is the
Hect-domain protein HectH9/Huwe1/Arf-Bp1/Mule (Adhikary
et al. 2005). HectH9 binds both endogenous c- and N-Myc proteins at
an yet unidentified binding site.

HectH9 polyubiquitinates c-Myc via lysine 63 (K63) linkage and ap-
pears not to be involved in turnover. Instead, ubiquitination of c-Myc
is required to enhance transcriptional activation of several Myc target
genes and to recruit the p300 co-activator protein to target promoters
(Adhikary et al. 2005). Consistent with these observations, expression
of HectH9 is strongly upregulated in multiple human tumors and de-
pletion of HectH9 leads to inhibition of tumor cell proliferation in all
phases of the cell cycle (Adhikary et al. 2005). Surprisingly, this situa-
tion is different in primary cells that depend on N-Myc for proliferation,
such as ES cells. In contrast to its interaction with c-Myc, HectH9 as-
sembles a predominantly K48-linked chain on N-Myc and has a role in
catalyzing N-Myc turnover; as a result, inhibition of HectH9 enhances
proliferation of these cells (Zhao et al. 2008).

One puzzling aspect of the biology of this ubiquitin ligase is that it
has been isolated in a diverse number of biological contexts: initially de-
scribed as a protein that degrades histones during spermatogenesis (Liu
et al. 2005), HectH9 has been identified as (a) a protein that interacts
with the Arf tumor suppressor protein and degrades p53 (Chen et al.
2005) (b) as a ubiquitin ligase that degrades the anti-apoptotic Mcl1
protein during DNA damage-induced apoptosis (Zhong et al. 2005), (c)
as a substrate for the Atm protein kinase (Mu et al. 2007), and (d) as
a ubiquitin ligase that degrades Cdc6 after DNA damage (Hall et al.
2007). Whether these diverse functional descriptions, which also imply
that HectH9 can be active in different subcellular compartments, reflect
a common biochemical pathway or whether they indicate that the same



Ubiquitination of Myc: Proteasomal Degradation and Beyond 107

protein carries out largely unrelated biological functions is currently an
open question.

4 Reversibility of Ubiquitination

Ubiquitination of Myc by Fbw7 can be reverted by the ubiquitin-specific
protease, Usp28, which was identified in a siRNA-screen searching for
proteins that are required for Myc function (Popov et al. 2007b). De-
pletion of Usp28 destabilizes Myc by facilitating turnover by Fbw7.
Usp28 is localized in the nucleus, but not in the nucleolus, and can form
a ternary complex with Myc and Fbw7α, but not withFbw7γ, providing
a potential explanation why Myc is highly unstable in the nucleolus.
The findings suggest that in proliferating cells nuclear Myc may un-
dergo one or more futile cycles of ubiquitination and deubiquitination,
before it is degraded by the proteasome. This model is similar to what
has been proposed for the regulation of p53 by Mdm2 ubiquitin ligase
and the Hausp deubiquitinating enzyme (Li et al. 2004). In both cases,
the suggestion would be that this ensures a rapid regulation of protein
levels in response to environmental changes. In support of this notion,
regulation of Myc protein levels in response to DNA damage involves
Usp28 (Popov et al. 2007a). Notably, expression of Usp28 itself is regu-
lated in a proliferation-dependent manner in normal colon and strongly
upregulated during carcinogenesis; tissue culture experiments suggest
that USP28 may be a transcriptional target of the Wnt pathway (Popov
et al. 2007b). Upregulation of Usp28 may therefore be one mechanism
explaining how Myc stability is extended during tumor development.

A second ubiquitin-specific protease that has been linked to Myc
function is Usp22. Usp22 is a transcriptional co-activator of Myc, which
reverses the monoubiquitination of histone H2B at Myc target genes
(Zhang et al. 2008).

5 Ubiquitination of Myc: Beyond Turnover?

As indicated throughout this review, a number of observations demon-
strate that ubiquitination of Myc is tightly coupled to the regulation of
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Fig. 3. Evidence for functional roles of ubiquitinated Myc. The diagram shows
the three main ubiquitin ligases that have been implicated in turnover of Myc
proteins together with a summary of what is known about nonproteasomal roles
of Myc

its function. There appear to be two major issues that remain to be re-
solved (see Fig. 3).

First, two ubiquitin ligases, Skp2 and HectH9, are capable of both
activating Myc’s transcriptional functions and promoting Myc turnover
(Adhikary et al. 2005; Kim et al. 2003; von der Lehr et al. 2003). In
the case of HectH9, the assembly of K63-linked polyubiquitin chain
on Myc does not target Myc to the proteasome; instead, it leads to en-
hanced activation. In contrast, HectH9 mediates degradation of N-Myc
via the assembly of a K48-linked chain (Zhao et al. 2008); the topol-
ogy of the chain that is assembled by Skp2 has not been determined.
Two alternate models can explain these observations. first, assembly of
a nondegradable polyubiquitin chain may prevent turnover and thereby
the removal of chromatin-bound Myc from specific promoters. Conse-
quently, this may enhance the time-of-residence of Myc at a given site
on DNA. Under conditions where the total number of Myc molecules is
smaller than the total number of binding sites (and therefore these sites
would not be immediately refilled once Myc is removed), alterations in
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residence time may have a major impact on gene regulation. Alterna-
tively, ubiquitinated Myc may have direct effector functions that differ
from nonubiquitinated, such as recruitment of the p300 histone acetyl
transferase, which binds to polyubiquitin chains (Grossman et al. 2003).

Second, mutations in MycBoxI affect Myc function in a manner that
does not simply reflect their effect on Myc protein levels (Hemann et al.
2005). One possible explanation would be that proteins other than Fbw7
recognize MycBoxI in a phosphorylation-dependent manner and that
these proteins mediate transcriptional effector functions of Myc. This
view is supported by two observations: first, the residues in Myc that
are mutated in lymphomas include the phosphodegron residues that are
recognized by Fbw7. However, other residues that are not thought to
be involved in Fbw7 binding are also mutated, albeit at lower frequen-
cies (Bahram et al. 2000). This would argue that the critical interaction
that is disrupted by the mutations may not be the Myc/Fbw7 interac-
tion. Second, phosphorylation at S62 in response to oxidative stress has
widespread effects on the spectrum of Myc-target genes (Benassi et al.
2006). Although this observation does not rule out a model in which al-
tered turnover has differential effects on Myc target genes, both obser-
vations together suggest that critical effector proteins bind to MycBoxI
in a phosphorylation-dependent manner. If so, the specific removal of
Myc species that are phosphorylated at T58 by Fbw7 might generate
different functional states of Myc in vivo, a model first proposed by
Amati and colleagues (Amati 2004).
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