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Introduction
The MYC genes and proteins have attracted broad and sustained
interest over the past 25 years owing to the bewildering range of
biological processes controlled by MYC. At a recent CNIO Cancer
Conference on MYC and the Transcriptional Control of Proliferation
and Oncogenesis, MYCologists discussed new aspects of the molec-
ular function and regulation of MYC, and its consequences on cell
physiology and tumour formation. This meeting provided an enor-
mous amount of new and interesting information, making it difficult
to cover all the topics that were addressed. Here, we concentrate on
the discussion of the most relevant questions in the MYC field and
highlight some of the most important new findings. A more detailed
understanding of the function of MYC, particularly in disease-related
processes, will hopefully allow the development of new therapeutic
strategies targeting either MYC itself or MYC-regulated pathways.
For background reading, we suggest the excellent recent reviews by
Adhikary & Eilers (2005), Grandori et al (2000) and Oster et al (2002).
R. Eisenman (Seattle, WA, USA) opened the meeting by pre-
senting the questions he considered to be of crucial importance
for clarifying the role of MYC in the regulation of cell physiology.
We summarize and expand these questions, which will be impor-
tant motivators of future research, and define the aspects of MYC
that we need to understand to be able to manipulate this protein
in disease.

What are the molecular functions of MYC?

It is well established that MYC operates as a multifunctional trans-
criptional regulator, but it is possible that it also has other activities
beyond the regulation of gene transcription (Fig 1). One such addi-
tional function is the role of MYC in replication. D. Dominguez-Sola
(New York, NY, USA) and C. Grandori (Seattle, WA, USA) reported
that MYC can stimulate replication in the absence of gene transcrip-
tion by enhancing the activity of origins of replication. This comes at
the price of elevated replication-associated DNA damage and the
subsequent checkpoint activation, which ultimately results in the
inhibition of replication (Dominguez-Sola et al, 2007), indicating
that the fine-tuning of MYC function in replication is important for
efficient S-phase progression.
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MYC might also have activities that are independent of its hetero-
dimeric partner MYC-associated factor X (MAX). Because the inter-
action of MYC with MAX is mediated by helices 1 and 2, and the
leucine zipper of their respective bHLHZip domains, we would
expect that in the absence of MAX the hydrophobic surface of the
MYC dimerization domain would interact with another protein
or bind to another domain of MYC. Work by M. Cole’s laboratory
(Lebanon, NH, USA) suggests that MYC can affect gene expres-
sion in the absence of its bHLHZip domain by enhancing mRNA
cap methylation, resulting in increased protein synthesis (Cowling
& Cole, 2007). This activity occurs independently of DNA binding;
however, whether the full-length protein can perform this function
in the absence of MAX remains to be seen. Furthermore, J. Ledn
(Santander, Spain) reported that Myc represses the c-Jun promoter
in PC12 neuronal cells lacking Max. P. Gallant (Zirich, Switzerland)
reported the characterization of Drosophila melanogaster mutants
affecting Myc, Max and Mnt, which are the only members of the
Myc/Max/Mad (Mad for Max dimerization protein) family found in
flies. The analysis of different mutants and combinations of mutants
suggests that Myc might have Max-independent functions. In particu-
lar, fly development is more severely disturbed in AMyc/AMnt than
in AMax animals. It will be interesting to see whether the postulated
Max-independent functions can now be defined genetically.

To which DNA sequence elements does MYC bind?

The MYC-MAX complex binds to E-box sequences with the con-
sensus 5'-CACGTG-3’ or variations thereof (Luscher & Larsson,
1999). Assuming an even distribution of potential binding sites,
the MYC-MAX complex should interact with DNA at least every
4 kb, adding up to a total of roughly one million binding sites in the
human genome. Although such calculations might be too simplis-
tic, it nevertheless reveals an obvious problem: how do MYC-MAX
complexes—and, for that matter, any other DNA-specific trans-
criptional regulators—recognize true binding sites? This phenom-
enon remains poorly understood, although it is worth noting that
the binding of MYC to chromatin is seen preferentially in regions
with open chromatin defined by specific histone marks (Guccione
etal, 2006). C. Dang (Baltimore, MD, USA) reported that in P493-6
B cells—a well-used model cell line with tetracycline-regulatable
MYC—MYC-specific chromatin immunoprecipitation, in combi-
nation with cloning and sequencing of the bound DNA, revealed
approximately 4,000 MYC-binding sites (Zeller et al, 2006). Thus,
accessibility seems to be important for binding-site selection in
addition to other parameters (see below).

Tumour cells generally show high expression levels of MYC
compared with their non-transformed counterparts. Although nor-
mal proliferating cells have between several hundred and one or
two thousand MYC molecules, tumour cells can have up to tens of
thousands. In addition, depending on the status of the cell cycle,
substantial differences might also be apparent in normal cells, for
example during the transition from a resting GO state into early G1
of the cell cycle. Despite the substantial number of MYC molecules
in some cells, it is unlikely that enough MYC-MAX complexes are
available to occupy simultaneously all potential sites. Therefore,
what are the consequences of changes in the levels of MYC? Is the
extra MYC used to elevate binding stoichiometry or are additional
new sites used? In addition to a topological selection, other criteria
must be considered, including the affinity to response elements,
factors that modulate recruitment to DNA, factors that compete for
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Fig 1| Summary of the functions of MYC-MAX complexes with increasing
complexity from top to bottom.

E-box elements and kinetic properties. Itis possible that additional
transcriptional regulators, which communicate with MYC or spe-
cific chromatin marks—for example, core histone modifications—
augment the local concentration of MYC at specific chromosomal
sites. This might, in turn, be a prerequisite to the efficient loading
of MYC-MAX complexes onto binding sites. Indeed, it has been
reported previously that in the presence of elevated MYC levels,
low affinity sites become increasingly occupied (Fernandez et al,
2003). Depending on where the extra MYC binds, we might expect
that either more profound, dominant regulation of specific target
genes is achieved or, alternatively, new target genes might become
regulated. Although this issue has not been clarified, findings by
S. Cory (Melbourne, Australia) suggest that it is important, as differ-
ences in Myc levels in transgenic mice affect the type of haemato-
poietic malignancy observed. Solving this question might define
potential therapeutic targets downstream of MYC.

How does MYC function on a DNA response element?

MYC interacts with many proteins that are involved in the control of
gene transcription, including the histone acetyl transferases GCN5,
TIP60 and CBP/p300, the P-TEFb kinase that targets RNA polymer-
ase Il, and the SCF** E3 ligase complex, which is also involved in
ubiquitin-dependent MYC degradation. Recent results suggest that
MYC also associates with enzymes that are involved in controlling
histone methylation. R. Eisenman described its interaction with and
inhibition of the activity of JARID1—a JmjC-dependent trimethy! his-
tone 3 lysine 4 (H3K4) demethylase (Secombe et al, 2007)—and
B. Lischer (Aachen, Germany) reported that MYC recruits an MLL
histone H3K4 methyl transferase complex, suggesting that it can
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control H3K4 methylation—a mark associated with active promot-
ers. Furthermore, the cyclin E-CDK2 (CDK for cyclin-dependent
kinase) complex can be recruited to promoters by MYC and this
affects MYC phosphorylation at Ser 62 (see below) and its transcrip-
tional activity, as described by L.-G. Larsson (Stockholm, Sweden).
S. Hann (Nashville, TN, USA) reported that, among non-enzymatic
cofactors, MYC associates with the nucleolar phosphoprotein nucleo-
phosmin. This interaction seems to promote MYC-driven prolifera-
tion, but blocks the apoptotic function of MYC. Together, these data
suggest that MYC can recruit a considerable number of proteins to
promoters, several of them with enzymatic activities. MYC box Il—
a functionally important element within the amino-terminally
located transactivation domain of MYC—is important for the recruit-
ment of some, but not all, of these factors, offering the possibility
that more than one cofactor might bind to one MYC molecule at the
same time. It will be interesting to understand the dynamics and
the combinatories of MYC-cofactor interaction at promoters.

In addition to the gene-specific effects, MYC also seems to have
a global effect on chromatin; overall histone acetylation decreases
and methylation is altered in neuronal cells in response to disrup-
tion of MYCN (Knoepfler et al, 2006). D. Felsher (Stanford, CA, USA)
showed that the shutdown of MYC in MYC-driven tumour cells
results in a decrease of global histone H4—but not histone H3—
acetylation and of global histone H3K4 trimethylation (Wu et al,
2007). These changes relate to the cellular senescence induced in
the absence of MYC and suggest that this is an important mechanism
in tumour regression. In addition, these findings further support the
association of MYC with trimethylation of H3K4.

Which signals control MYC expression and function?

MYC is overexpressed in most human tumours and its expression
is regulated in response to many physiological and pathophysio-
logical cues. Despite many reports of individual signal transduction
pathways and transcriptional regulators that impinge on MYC gene
expression, we still lack a comprehensive concept that integrates the
available information into a model of MYC expression (Liu & Levens,
2006). MYC gene transcription is highly complex, in particular with
respect to the many signals that need to be integrated at the promoter.
Among other signals, MYC expression is known to be regulated by
the WNT signalling pathway and O. Sansom (Glasgow, UK) showed
that Myc is an essential downstream target of WNT during the devel-
opment of colorectal cancer (Sansom et al, 2007). Cole reported that
MYC negatively regulates DKK1 and SFRPT—two inhibitors of the
WNT pathway—providing evidence for a positive feedback loop
(Cowling et al, 2007). In summary, these findings strengthen the idea
that MYC interacts with the WNT pathway and suggest that such an
interaction is important for both normal development and malignant
cell proliferation.

For the past 20 years, we have been aware that MYC is modi-
fied after translation; however, we are still far from understand-
ing in detail how this protein is controlled by signal transduction
pathways (Vervoorts et al, 2006). Crucial regulation occurs at MYC
box 1—which contains phosphorylation sites at Thr58 and Ser62.
Phosphorylation at Thr58 by glycogen synthase kinase (GSK) 3 is
dependent on phosphorylation at Ser62, and after Thr58 is phos-
phorylated, the phosphatase PP2A and the F-box protein FBW?7 are
recruited and initiate poly-ubiquitination and subsequent protea-
somal degradation. New results from M. Eilers (Marburg, Germany)
show that the ubiquitin-specific protease USP28 interacts with
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MYC. This interaction is mediated by the a-isoform of FBW7 and
therefore USP28 stabilizes MYC in the nucleus, whereas the nucleo-
lar MYC is unaffected because it is degraded by the FBW7y isoform
(Popov et al, 2007). ]. Westermarck (Tampere, Finland) reported
that cancerous inhibitor of PP2A (CIP2A) interacts with MYC and
prevents PP2A-mediated dephosphorylation of Ser62, thereby sta-
bilizing MYC (Junttila et al, 2007). CIP2A is overexpressed in some
human tumours, which supports its possible tumorigenic function.
The regulatory role of Ser 62 was further supported by Larsson, who
showed that interferon-y-signalling inhibits Ser 62 phosphorylation
by cyclin E-CDK2 through p27%', thereby inducing MYC degra-
dation. Furthermore, R. Sears (Portland, OR, USA) found that axin,
which is known to promote B-catenin degradation, seems to act as
a scaffold that brings together Ser62-phosphorylated Myc with a
complex consisting of GSK3, Pin1, PP2A and Fbw?7, thereby pro-
moting its proteasomal degradation. Together, these studies show
that phosphorylation and ubiquitination fine-tune MYC function.
Individual MYC modifications and combinations thereof will prob-
ably create distinct chemical surfaces that are specifically recog-
nized by proteins and, therefore, the various isoforms of MYC might
interact differentially with the many MYC-binding proteins.

Target genes and processes relevant for MYC function

The role of MYC in promoting proliferation, cell cycle progression
and apoptosis is well established, whereas the function of MYC as a
regulator of cell growth (cell size), which involves processes such as
ribosomebiogenesis, proteintranslation and energy metabolism, has
become clearer only recently (Adhikary & Eilers, 2005; Oskarsson
& Trumpp, 2005). D. Eick (Munich, Germany) reported on the
importance of the MYC target gene products pescadillo homo-
logue 1 (Pes1), block of proliferation 1 (Bop1), WD repeat
domain 12 (WDR12)—the PeBoW complex—and UTP18 (for
human small subunit processome component 18) in ribosomal
RNA processing, and R. White (Glasgow, UK) described the mech-
anisms of regulation of RNA Pol lll-transcribed genes by MYC.
Together with the talks by Cole and Hann mentioned previously,
this underlines the role of MYC in nucleolar function and mRNA
translation. Increased glycolysis and decreased respiration are
characteristic of many cancer cells. Dang reported that hypoxia-
inducible factor 1 interferes with MYC function, at least in part by
inducing the MYC antagonist MAX interactor 1 (MXIT), resulting
in the negative regulation of mitochondrial biogenesis and oxygen
consumption. MYC stimulates the gene encoding the transcrip-
tional coactivator PGC-1b (for polar granule component 1b)—one
of the many genes involved in mitochondrial biogenesis—the
loss of which is associated with reduced respiration (Zhang et al,
2007). D. Ayer (Salt Lake City, UT, USA) provided evidence that
Mondo A—a member of a parallel MYC/MAX/MAD-associated
network—functions as an energy sensor that shuttles between the
mitochondrial membrane and the nucleus, where it regulates trans-
cription. Together, these studies further validate the role of MYC in
the control of basic cellular processes.

The role of MYC in DNA damage response and senescence was
highlighted in several talks. MYC can activate the DNA damage
response by causing replication stress, either directly by control-
ling origin firing as mentioned previously (Dominguez-Sola and
Grandori) or indirectly by regulating specific target genes (Felsher).
Eilers reported that HectH9—which poly-ubiquitinates MYC through
Lys63 linkages—targets the DNA damage checkpoint regulators
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TopBP1 (DNA topoisomerase Il binding protein 1) and ATR (ataxia
telangiectasia and Rad3 related) for destruction by conjugating
Lys48-linked poly-ubiquitin chains. Furthermore, the Myc interac-
tion partner Msx-interacting zinc finger 1 (Miz1) inhibits HectH9
ubiquitination of TopBP1 and ATR, resulting in their stabilization and
in activation of the ATR checkpoint in response to ultraviolet light.
When MYC is overexpressed, it interferes with this pathway by bind-
ing to Miz1, which results in abrogation of the DNA damage check-
point and thereby in an escape from senescence or apoptosis. Thus, it
seems that MYC induces DNA damage but also has ways to interfere
with the consequences.

Many studies have addressed the question of how MYC trans-
forms cells. Complex animal experiments reveal that MYC cooper-
ates with several other factors to achieve this. B. Amati (Milan, Italy)
reported that in an Eg-Myc tumour model, Tip60—one of the HAT
cofactors recruited by MYC to chromatin—functions as a haplo-
insufficent tumour suppressor. Furthermore, in several human
tumours, the TIP60 gene suffers mono-allelic loss, which strengthens
the idea that it has tumour suppressor activity (Gorrini et al, 2007).
How does Tip60 suppress lymphomagenesis? Amati and colleagues
showed that the Myc-induced DNA damage response—which
acts as an anti-cancer barrier—is primarily dependent on Tip60.
C. Schmitt (Berlin, Germany) described how the inactivation of
ataxia telangiectasia mutated (ATM) leads to accelerated develop-
ment of lymphomas in a similar Eu-MYC model, again suggesting
that MYC-induced DNA damage response inhibits tumorigenesis
(Reimann et al, 2007).

Several studies have shown that the cyclin E-CDK2 kinase is an
important downstream effector of MYC. Amati presented evidence
of Cdk2 requirement for efficient transformation. As cyclin E-CDK2
phosphorylates MYC (Larsson)—thereby affecting its activity and
stability—these molecules interact in a positive feedback loop
that might efficiently prevent exit from the cell cycle. MYC is also
known to promote ubiquitin/proteasome-mediated degradation
of the CDK-inhibitor p27, resulting in abnormally reduced levels
of p27, which is a characteristic of many tumours. As reported by
J. Cleveland (Jupiter, FL, USA) and Ledn, one possible explana-
tion is that the transcription of Skp2 and Cks1—two subunits of the
SCF2 E3 ligase that targets p27—is activated by Myc. Cleveland
further showed that Myc-driven lymphomagenesis is impaired
and p27 levels restored in a Cks17~ background. Thus, p27 has an
important role in the functional interaction between cyclin E-CDK2
and MYC.

Induction of Arf is a well-known proapoptotic pathway promoted
by Myc. Cleveland reported that overexpressed B-cell lymphoma 2
(Bcl2)—which is normally repressed by Myc—blocks Arf induction
by Myc and thereby contributes to lymphoma development in the
Ep-myc model. Furthermore, Schmitt showed that induction of Arf
by Myc occurs through FoxO3.

Felsher used several ‘Myc on/off’ tumour models, in which he
could show that switching off Myc led to tumour regression by
senescence (Wu et al, 2007). This was not ATM or ATR depend-
ent, but required functional p53, Rb and p16. p53 was apparently
required for Tsp1 induction and repression of angiogenesis. G. Evan
(San Francisco, CA, USA) used conditional MycER B-cell tumour
model systems to show that active Myc potently induced vasculari-
zation of the tumour owing to VEGF release. He showed that this
effect was triggered by Myc-induced IL-1B production (Shchors
et al, 2006). Myc-induced chemokines recruited mast cells to the
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tumour site, which had an important role in promoting angiogenesis
(Soucek et al, 2007). Furthermore, Evan reported that inactivation of
Myc using the dominant-negative omoMyc system in an intestinal
mouse tumour model led to complete collapse of the normal epi-
thelium as well as the Myc-driven tumours. Interestingly, the normal
cells recovered after reactivation of Myc, whereas the tumour cells
did not. This suggests that targeting MYC function might be of ther-
apeutical benefit for certain tumours. M. Henriksson (Stockholm,
Sweden) reported the identification of several lead compounds that
target Myc activity (Mo & Henriksson, 2006). Several reports sug-
gested the possibility of a MYC ‘de-stabilizing therapy’ by interfer-
ing with proteins regulating phosphorylation and ubiquitination of
MYC such as Usp28 (Eilers), CIP2A (Westermarck), CDK2 (Larsson),
axin (Sears) and statins (Felsher) or inhibiting downstream targets of
MYC such as ODC (Cleveland). These results, together with some
recently published findings, suggest that there might be ways to
pharmacologically target MYC function after all.

What do we learn by studying MYC in development?

It is evident that the past 15 years of Myc knockout and over-
expression studies in model organisms have revealed new and
important insights (de la Cova & Johnston, 2006; Pirity et al, 2006).
The Drosophila model has provided new information on Myc target
genes and chromatin regulation and has also provided the basis of
the concepts of Myc regulation of cell size, Max-independent func-
tions (Gallant), and programmed cell competition, as discussed by
L. Johnston (New York, NY, USA) and E. Moreno (Madrid, Spain).
Moreno discussed the seemingly important role that programmed
cell death has in stem-cell homoeostasis, which is relevant both for
insects and vertebrates, and also for cancer stem cells in mammals.
The field of normal and cancer stem cells has recently gained much
attention, and many presentations highlighted the role of MYC in
stem-cell regulation, including self-renewal of stem cells, and the
proliferation and differentiation of progenitor cells.

Although the common perception has been that MYC blocks or
delays cell differentiation—as shown for myeloid leukaemia cells
(Ledn) and for B cells (Cleveland)—it is becoming increasingly
clear that in many situations MYC can also promote differentiation.
By using a conditional Myc knockout model, I. Moreno de Alboran
(Madrid, Spain) showed that MYC is required for all stages of B-cell
development because it controls genes such as Pax5, which is essen-
tial for B-cell differentiation. P. Hurlin (Portland, OR, USA) reported
that MycN—but not Myc—is required for the generation of Fgf-
responsive, undifferentiated mesenchymal cells that are important for
cartilage formation in limb buds (Ota et al, 2007), thereby showing
different developmental functions for different Myc family members.
S. Aznar Benitah (Barcelona, Spain) described the regulation of Myc
in the stem-cell compartment of adult mouse skin, where Myc DNA
binding and dimerization with Max is negatively regulated by phos-
phorylation of the Myc carboxyl terminus. This process is controlled
by integrin signalling in the stem-cell niche through Rac1 and the
p21-activated kinase 2 (Pak2) . Regulation of RacT signalling results
in low levels of Myc activity in stem cells, high levels in proliferat-
ing and differentiating progenitor cells, and low levels in terminally
differentiated cells.A. Trumpp (Lausanne, Switzerland) reported simi-
lar findings in haematopoietic bone marrow stem cells, where Myc
seems to control the self-renewal process (Wilson & Trumpp, 2006).
Loss of Myc results in severe anaemia owing to the low proliferation
of progenitors and the expansion of the—mostly resting—stem-cell
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compartment, whereas Myc overexpression leads to a loss of the self-
renewal and depletion of stem cells owing to excess differentiation.
Surprisingly (and perhaps disappointingly?) for many MYCologists,
Trumpp revealed that the early embryonic lethality found in earlier
studies of Myc knockout mice was due to placental failure. Embryos
with Myc deletion in embryonic stem cells but with intact Myc in
the placenta survived longer, although they eventually died owing to
mal-development of the haematopoietic system. Unexpectedly, no
obvious defects were observed in other tissues in the absence of Myc.

Conclusion

This year’s meeting revealed many new and surprising findings about
the function and regulation of MYC. Although we do not have full
answers to the burning questions in the field, the new information
that became available at the meeting strengthens the framework of
knowledge in which we can expect to see the development of more
complete answers.
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