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Abstract

MYC is a potent oncogene that drives unrestrained cell growth and proliferation. Shortly after its
discovery as an oncogene, the MYC protein was recognized as a sequence-specific transcription
factor. Since that time, MYC oncogene research has focused on the mechanism of MY C-induced
transcription and on the identification of MYC transcriptional target genes. Recently, MYC was
shown to control protein expression through mRNA translation and to directly regulate DNA
replication, thus initiating exciting new areas of oncogene research.

The MYC gene is induced by a wealth of growth factors and is essential for most normal
cells to proliferatel2. Following the deregulation of MYC expression by translocation, gene
amplification or aberrant signalling, MY C becomes a potent oncoprotein that promotes
unrestrained cell proliferation3. Approximately 70% of human tumours have elevated MYC
expression?, and suppression of MYC expression can lead to the regression of tumours®.
Therapeutic interference of MYC oncogenic activity could offer an important advance in
cancer treatment. This central role for MYC in the growth of both normal and cancer cells
sustains a broad interest in MYC function. The MYC protein is a sequence-specific DNA-
binding protein that functions as a transcription factor, and this role has focused MYC
research on two key questions: how does MYC function biochemically to regulate
transcription and what are the MY C-responsive target genes that control cell proliferation
and cell transformation? Progress has been made in answering these questions (reviewed in
REFS 7-9). Over the past few years, however, experimental findings have raised the
intriguing possibility of transcription-independent functions of MYC.

© 2008 Macmillan Publishers Limited. All rights reserved

Correspondence to M.D.C: mcole@dartmouth.edu.

DATABASES

Entrez Gene: http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene

CAD | c-Myc

UniProtKB: http://www.uniprot.org

CDC6 | CDK9 | CDT1 | cyclin T1 | GCN5 | MAX | ORC2 | RNMT | TIP60 | TRRAP
FURTHER INFORMATION

Michael D. Cole's homepage: http://www.dartmouth.edu/~colelab/Cole.html
Victoria H. Cowling’'s homepage: http://www.lifesci.dundee.ac.uk/people/victoria_cowling
ALL LINKSARE ACTIVE IN THE ONLINE PDF


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene
http://www.uniprot.orgCDC6
http://www.dartmouth.edu/~colelab/Cole.html
http://www.lifesci.dundee.ac.uk/people/victoria_cowling

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cole and Cowling

Page 2

Here, we discuss the finding that MY C regulates protein expression by a novel mechanism
— that is, by regulating mRNA translationl9. This mechanism can occur independently of
MY C-induced transcription and is therefore a novel MYC function that is likely to have an
integral role in mediating MY C-dependent functions. We also discuss a second
transcription-independent function for MY C — the direct regulation of DNA replication by
MY C-dependent recruitment of pre-replicative complex components®Z.

MYC as a transcription factor

MY C dimerizes with the basic helix-loop-helix (bHLH)/Leu-zipper protein MY C-associated
factor-X (MAX) through a C-terminal HLH/Leu-zipper domain to facilitate DNA binding!2.
The N terminus of MY C proteins contains a transactivation domain and a number of
conserved motifs known as MYC boxes (FIG. 1). MYC boxes are well conserved across
species. In particular, MYC box Il (MBII) is highly conserved and is the most important
region of the transactivation domain. MBI is necessary for MY C binding to most cofactors,
for the transactivation and repression of most MYC target genes and for the efficient
execution of the biological effects of MY C®.

Global analyses have been performed in a comprehensive range of cellular systems and
showed that MY C is a weak but expansive transcription factor that upregulates or represses
the transcription of ~10% of the genome. The expression of each gene is typically regulated
by less than twofold* 7. MYC also increases the transcription of the genes that are
regulated by RNA polymerase (pol) | and RNA pol 11l (REFS 13-17), and regulates
transcription of microRNAs819. Although microRNA expression might have an impact on
MRNA translation, this effect is an indirect consequence of MY C-dependent transcriptional
mechanisms.

The prevailing model of MY C-mediated transcription postulates that MY C increases local
histone acetylation at promoters’-? (FIG. 2a). MYC binds to histone acetyltransferase
complexes including TRRAP (transformation/transcription-domain-associated protein) and
either general control of amino-acid-synthesis protein-5 (GCN5) or TIP60, which
preferentially acetylate histones H3 or H4, respectively?9-22, MY C also binds to the p300/
CBP (CReB-binding protein) acetyltransferases23. Recruitment of TRRAP and associated
acetylation activity is also associated with the stimulation of RNA pol I and pol 111
transcription141517 The histone acetylation that results then opens the chromatin and
provides docking sites for acetyl-histone-binding proteins, including GCN5 and the SWI/
SNF chromatin-remodelling complex, both of which correlate with increased
transcription?42% (FIG. 2a). Transcription-factor-mediated recruitment of histone
acetyltransferases is now recognized to be a major mechanism of transactivation, and many
other transcription factors, including TCF (T-cell factor), e2F, the tumour suppressor p53
and Gal4, have been subsequently found to use this mechanism26.

Our understanding of the factors that regulate transcription has changed in light of a recent
global genome analysis that reports the presence of paused RNA pol Il at most cellular
promoters2’. This study expands on earlier work that showed paused RNA pol 11 at specific
promoters, including those of heat shock and MYC genes?®. This finding suggests that
regulation of transcription also occurs at the level of transcriptional elongation and not just
at transcriptional initiation. RNA pol 11 undergoes a cycle of phosphorylation and
dephosphorylation during transcription (BOX 1) and, with its C-terminal domain (CTD) in a
hypophosphorylated form, RNA pol 1l is recruited to promoters. Phosphorylation of the
CTD occurs during transcription initiation and elongation, whereas the CTD must be
dephosphorylated to allow RNA pol 11 to be recycled for another round of transcription.
RNA pol Il has been found to pause on most promoters after transcribing approximately 20—
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40 bases. Specific signals and cofactors then stimulate transcriptional elongation and further
RNA pol 11 phosphorylation28:29, This model fits well with the earlier finding that MYC
does not induce transcription of the target gene CAD (carbamoylphosphate synthetase-2,
aspartate transcarbamylase, dihydroorotase) by driving RNA pol Il recruitment, but rather
stimulates the release of paused RNA pol Il from the promoter and stimulates subsequent
transcriptional elongation3 (FIG. 2b). This correlates with a MY C-dependent increase in
RNA pol Il phosphorylation at the CAD promoter, and the MYC transactivation domain was
shown to bind CTD kinases3l. MYC has also been found to recruit CTD kinases and basal
transcription factors to a number of other promoters32, We recently expanded this finding by
demonstrating that the MYC induction of RNA pol Il phosphorylation occurs globally
throughout the nucleus; it can be detected in the total cellular pool of RNA pol Il rather than
simply at MY C target-gene promoters1. This finding prompted us to question the definition
of MYC as simply a traditional transcription factor and led us to investigate novel,
transcription-independent roles of MYC.

Box 1

Phosphorylation of the RNA polymerase Il C-terminal domain during
transcription

RNA polymerase (pol) Il undergoes a cycle of phosphorylation and dephosphorylation at
the C-terminal domain (CTD) during transcription initiation, elongation and termination.
Initial promoter recognition and pre-initiation-complex formation occurs with an
unphosphorylated CTD. Following transcription initiation, the CTD is phosphorylated on
Ser5 by the transcription factor TFIIH, after which the polymerase often pauses.
Transcriptional elongation is stimulated by P-TEFb (positive transcription-elongation
factor-b), which phosphorylates Ser2 of the CTD. The CTD is dephosphorylated during
and after transcription termination to facilitate a new cycle of transcription.

Poil il ‘ Pl Fal Il
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Emerging

novel functions of MYC

A number of experimental findings have suggested that MY C might have biologically
significant, transcription-independent functions. First, MY C biological activity can be
uncoupled from the regulation of transcription by mutant analysis. Mutations near the DNA-
binding domain can reduce the DNA-binding activity of MYC with no effect on MYC-
dependent cell proliferation and rat embryo fibroblast cell transformation33. Second, MYC
mutants that cannot dimerize with MAX or lack DNA-binding activity can promote cell
proliferation (albeit at half the rate that is induced by wild-type MY C)20. These findings
imply that inherent DNA binding and transcriptional activation are not required for every
biological activity of MYC. These observations are not completely novel. Although the
neuronal PC12 cell line does not express MAX, MY C was found to inhibit differentiation of
PC12 cells3#35, MAX is required for binding of MYC to DNA36:37. However, these
experiments did not address whether there was another dimerization partner or rare MYC
homodimer that could account for this effect.
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MYC drives mRNA cap methylation

How can the expression of MYC mutants that lack DNA-binding activity (such as
expression of the transactivation domain alone) promote cell proliferation? We recently
found that MY C can increase protein abundance by directly regulating the translation of
individual mMRNAs. The first hint towards this novel MYC mechanism came from the
observation that the protein levels of several cyclin and cyclin-dependent kinases (CDKSs),
which are required for cell-cycle progression and transcription, abundantly increased in
response to MYC expression without any change in their mRNA levels or in their
requirement for the DNA-binding domain of MYC10. Conversely, reducing the level of
MYC in normal fibroblasts by small interfering RNA led to a suppression of cyclin and
CDK protein levels without causing a suppression of mRNA levels, demonstrating that
endogenous MYC protein has an activity that is comparable to the MYC mutants that lack
direct DNA-binding activity.

Although there were other possible explanations that could have accounted for this, such as
increased protein stability, the mechanism by which MYC increases expression of cyclins
and CDKSs proved to be surprising. MY C was found to increase the translation of specific
mRNAs by promoting the methylation of the 5 mRNA guanine or ‘cap’ (REF. 10), which is
an essential step for protein-coding gene expression38:3%, Genes that are subject to MY C-
dependent cap methylation, for example, cyclin T1 and CDK9 (REF. 10), represent a novel
set of MY C-responsive genes. As native levels of MYC regulate the expression of these
proteins without changes in mMRNA abundance, this transcription-independent activity has
the potential to influence all aspects of MY C biology in both normal and tumour cells.

During the early stages of transcription mRNA is capped and methylated (BOX 2). Cap
methylation is necessary for the binding of translation factors to the mRNA and thus is
required for translation38-40, As the nascent mMRNA emerges from RNA pol 11, capping
enzyme (Ce) adds an inverted guanylyl group or ‘cap’ to the 5’ end. All mRNA that can be
isolated from eukaryotic cells is probably capped (guanylylated) because uncapped mRNA
is rapidly degraded*l. However, mRNA cannot be translated efficiently unless the cap is
subsequently methylated by an RNA methyl transferase (RNMT)3% (BOX 2). Both Ce and
RNMT are recruited to mRNA after transcription initiation by binding specifically to the
RNA pol Il CTD, which has been phosphorylated on Ser5 by the kinase TFIIH38, This
phosphorylation occurs during the early stages of transcription, thus coordinating the
recruitment of Ce and RNMT with the emergence of the mMRNA 5 end. The finding that
MY C induces mRNA cap methylation reveals for the first time that these processes are not
constitutive for every mRNA and that this can be an important regulatory mechanism for
some genes??,

Box 2
Mechanism of mMRNA cap methylation

The primary mRNA transcript contains a triphosphate at its 5” end, 5’-ppp (step 1).
Capping enzyme (CE) is recruited to the phosphorylated C-terminal domain (CTD) of
RNA polymerase (pol) Il during the early stages of transcription and adds an inverted
guanine ‘cap’ at the 5” end, thereby producing 5’-Gppp (step 2). CE is a bifunctional
enzyme that has both triphosphatase and guanylyltransferase activities. The 5-Gppp cap
is then methylated on N7 by a second enzyme, the cap RNA methyltransferase (RNMT),
to produce 5’-m7Gppp (step 3). 5’-Gppp-capped mMRNAs are stable but are weakly
translated. Methylation of this cap is required for eukaryotic translation initiation
factor-4E (elFAE) binding and recruitment onto ribosomes for translation.
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Previously, mRNA cap methylation was not widely recognized to be a regulated process
because both biochemical and genetic studies have assessed the modification of the total
mRNA pool3°. However, the potential for differential regulation of mMRNA capping and cap
methylation was known to exist. Biochemical studies had shown that mRNA cap addition
and cap methylation are distinct biochemical steps in mMRNA processing*2. Furthermore,
yeast experiments have shown that the RNMT moves with RNA pol 11 further into the gene
body than the guanylyltransferase*344, where it might have a role in transcription elongation
that is independent of its methyltransferase activity*®.

RNA pol Il Ser5 is phosphorylated predominantly by TFIIH, and MYC has been found to
promote TFIIH recruitment and therefore promote subsequent RNA pol Il
phosphorylation1%:32. TFIIH recruitment and RNA pol Il phosphorylation both correlate
with increased mRNA cap methyl ation19, However, MYC can stimulate the methylation of
specific MRNA, which prompts us to propose a model whereby methyltransferase
recruitment requires a higher or qualitatively different level of RNA pol Il phosphorylation
than the guanylyltransferase. An unexpected finding was that TFIIH recruitment, RNA pol
Il phosphorylation and mRNA cap methylation on a subset of genes could be driven by the
expression of the MYC transactivation domain alone — independently of the DNA-binding
domain of MYC and of direct binding of MYC to DNA1? (FIG. 3).

Insight into this mechanism came from the finding that the transactivation domain could be
recruited to chromatin-packaged promoters in cells, probably via a protein—protein
interaction’®. We propose a model in which the MYC transactivation domain can be
recruited to promoters by MY C cofactors, provided these cofactors have already been
recruited by other transcription factors. If the MY C transactivation domain binds to
cofactors that are recruited to promoters through some other DNA-binding protein, then
MY C will colocalize to the same promoters. This model could explain earlier observations,
which showed that MY C binds to a large fraction of promoters with no apparent
requirement for a consensus binding site*6. However, we found that MY C binding
correlated with changes in RNA pol Il CTD phosphorylation and cap methylation. This
correlation implies that the MY C transactivation domain is not simply engaged in cofactor
recruitment but might also modulate the activity of cofactors. This mechanism is similar to
the mechanism proposed for the stimulation of RNA pol |1l transcription, in which MYC
recruits TRRAP and promotes histone H3 acetylation, which in turn recruits TFI1IB and
RNA pol I11. However, in contrast to RNA pol Il, RNA pol Il stimulation involves
increased RNA pol 111 recruitment to the promoter and requires both the N terminus and C
terminus of MYC13.14,
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MYC controls DNA replication

Along with transcription, the most important nuclear function is DNA replication. The
genome must be faithfully replicated each cell cycle and the chromosomes must be
segregated to the daughter cells. Disruption of any step in this process, such as a stalled
replication fork or DNA damage incurred during S phase, activates a checkpoint that halts
the cell cycle until the lesion can be repaired*’. Failure to correct this damage leads to a
mutation and/or genomic instability.

Previous studies have provided a link between MYC and genomic instability*849, but it was
postulated that this was an indirect consequence of transcriptional activity. A recent study
describes a direct, non-transcriptional role for MYC in the initiation of DNA replication®!.
MY C was found to bind to numerous components of the pre-replicative complex, including
MCM proteins, ORC2, CDC6 and CDT1, and localize to early sites of DNA replication.
These observations suggested that MY C might directly control the initiation of S phase and
that the MY C effects on genomic instability might not depend on the transcriptional
induction of S-phase-promoting genes. Taking advantage of Xenopus extracts (which
support cell-cycle-regulated DNA replication in the absence of transcription and new protein
synthesis), it was found that depletion of MYC decreased DNA synthesis and addition of
recombinant MYC protein rescued DNA synthesis. This activity required intact MYC
protein because neither the N terminus nor C terminus alone could rescue the defects
observed. Levels of MY C protein seem to govern the number of active replication origins in
both Xenopus and mammalian cells, suggesting that MY C functions to control origin
selection. Aberrant firing of replication origins can be a source of replicative stress and can
elicit a DNA-damage response. DNA damage stimulated the accumulation of H2A. X Ser139
phosphorylation, which was also stimulated by MY C induction. Phospho-H2A.X
accumulation was dependent on MY C overexpression in S phase. This argues that the DNA-
damage response was due to a defect in DNA replication.

These findings provide an unexpected link between MY C and a non-transcriptional process,
DNA replication. Because this activity is dependent on the integrity of both the N-terminal
and C-terminal domains of MYC, it suggests that MYC directly binds to DNA to recruit
factors that govern the firing of replication origins. The selection of origins of replication in
metazoan cells remains a puzzle*’, but MYC was found to localize to a known origin of
replication of the MYC gene itselfl1. If MYC is stimulating the firing of replication origins
in normal cells, then continual overexpression of MY C in tumours could affect
tumorigenesis by causing increased DNA damage. Continual accumulation of DNA damage
from replicative stress and genomic instability could accelerate tumorigenesis in any tumour
with abnormally high levels of MYC.

Conclusions and future perspectives

The sequence-specific transcription-factor field is built on the general assumption that all
biological activity is dependent on conventional DNA-binding mechanisms, predominantly
through cofactor recruitment to promoters. We consider the MY C oncogenic transcription
factor in a new light: that the modular domains containing DNA-binding and transactivation
activities might have independent functions with significant biological impact. The
transactivation domain alone can stimulate both cell proliferation and global RNA pol Il
phosphorylation at physiological levels. By separating the functions of the transactivation
and DNA-binding domains, a novel mechanism of gene regulation was revealed, namely the
modulation of mMRNA cap methylation. Changes in mRNA cap methylation can enhance or
suppress protein expression in the absence of any changes in mMRNA levels and hence alter
gene expression through a transcription-independent mechanism. Beyond the transcriptional
and transcription-independent functions of MYC in controlling gene expression, MYC
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might have an important role in setting the number of origins in DNA replication. The
potent oncogenic activity of MYC might be dependent on both widespread activation and
repression of target genes and on a transcription-independent capacity to regulate the
translation and replication apparatus. These findings add to the complexity of understanding
the function of MYC in cancer cells and might provide novel activities for therapeutic
targets.
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Figure 1. The conserved regionsof MYC

The three MY C proteins (MYC, MYCN and MYCL) are encoded by separate genes with
distinct developmental regulation, but all three have been directly implicated in cancer®.
The N terminus of MY C contains the transactivation domain and the C terminus contains
the DNA-binding domain. The MYC boxes I, Il, Il and IV are indicated in red. The basic
helix-loop- helix/Leu zipper (bHLH/LZ) domain is indicated in green. MYC box Il (MBII)
has been shown to have a crucial role in most of the biological activities of MYC. Note that
MBIV is not a component of the minimal DNA-binding domain but does influence DNA
binding in vivo33,
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Figure 2. Mechanisms of MY C-induced transcription

a| MYC recruits histone acetyltransferases, which promote localized modification of
chromatin through acetylation of nucleosomes. MY C-associated factor-X (MAX) dimerizes
with MY C to create a functional DNA-binding complex that preferentially recognizes the
consensus sequence CACGTG. The MYC transactivation domain recruits acetyltransferase
complexes that contain transformation/transcription-domain-associated protein (TRRAP)
and either general control of amino-acid-synthesis protein-5 (GCN5) or TIP60, which
preferentially acetylate histones H3 or H4, respectively. MY C can also recruit p300/CReB-
binding protein (CBP). These complexes alter the acetylation of nucleosomes around MYC
target genes, and these acetylation marks might also recruit other nuclear factors that
influence transcription, such as the SWI/SNF chromatin-remodelling complex (hot shown).
b | MYC recruits basal transcription factors and promotes the clearance of promoters
through RNA polymerase (pol) I1. RNA pol Il is frequently paused on promoters after
phosphorylation of Ser5 on the RNA pol 1l C-terminal domain (CTD) and synthesis of a
short (20-40 base) segment of MRNAZ28. The MYC protein can promote a paused RNA pol
to continue transcription of the mRNA by recruiting the P-TeFb (positive transcription-
elongation factor-b) complex, which phosphorylates the CTD on Ser2 and promotes
transcriptional elongation.
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Figure 3. Mechanism of MY C-induced mr Na cap methylation

MY C promotes recruitment of the transcription factor TFIIH kinase to promoters and RNA
polymerase (pol) 1l phosphorylation. Increased RNA pol Il phosphorylation increases cap
RNA methyltransferase (RNMT) recruitment and/or activity, which correlates with MY C-
dependent mRNA cap methylation. At direct MYC target genes (left), TFIIH enhances the
recruitment or activity of the cap RNMT to increase the fraction of cap methylated mRNA.
Direct binding of MYC also stimulates a modest increase in transcription through TFIIH or
acetyltransferases (see FIG. 2). At other promoters (right), MY C stimulates mRNA cap
methylation through TFIIH stimulation by the MYC transactivation domain and through the
subsequent recruitment or activation of RNMT by C-terminal domain phosphorylation. In
doing so, MYC functions as a transcription-independent factor. Activation of direct targets
is MY C-associated factor-X (MAX)-dependent (left), whereas activation of transcription-
independent targets is MAX-independent (right).
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