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Do changes in the c-MYC coding sequence
contribute to tumorigenesis?
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The role of changes in the c-MYC coding sequence in cancer is controversial. Overexpression of wild-type protein is
sufficient to drive tumorigenesis, yet point mutations in c-MYC are common in Burkitt's lymphoma. Our discovery that
disparate tumor-associated mutations in ¢-MYC have similar protumorigenic effects suggests that these mutations

contribute directly to malignancy.

c-MYC (hereafter called MYC) is an
oncoprotein transcription factor that is
broadly deregulated in a slew of malignan-
Unlike many other oncoproteins
(e.g., RAS), tumorigenic activation of

o1
cies.

MYC does not require changes to the cod-
ing sequence, and indeed almost all can-
cers express pristine forms of MYC
protein. Instead, MYC becomes onco-
genic when overexpressed as a result of
events such as gene amplification, rear-
rangements, or transcriptional induction.
The rarity of MYC mutations in cancer,
and the overwhelming experimental evi-
dence that simply increasing MYC levels
puts cells on the path to tumorigenesis,
has led to the conclusion that changes to
the MYC protein sequence are not part of
the landscape of human cancer.

That said, MYC mutations are com-
mon in one specific type of cancer—
Burkitt’s lymphoma (BL). The presence
of mutations in this context is surprising
because BL patients carry a chromosomal
translocation (8;14) that places MYC tran-
scription under the control of the immu-
noglobulin p  heavy chain enhancer,
driving high levels of MYC synthesis in B
cells. As early as 1993, it was reported that
up to 50% of BL patients carry point
mutations that alter the coding sequence
of the translocated MYC allele.” These
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mutations are spread throughout the pri-
mary MYC sequence, but tend to cluster
at sites within the first 150 amino acids of
the protein, a region termed a ‘degron’
that signals MYC destruction by ubiquitin
(Ub)-mediated proteolysis3 (Fig. 1). Acc-
ordingly, the handful of tumor-associated
MYC mutants that have been tested are
more stable than the wild-type protein,’
and other groups have shown that select
mutations in the highly-conserved “Myc
box I” (MbI) region of MYC (e.g., threo-
nine 58 to alanine; T58A) subvert MYC
proteolysis by disabling its interaction
with the SCEF™" Ub-ligase complex.”
Perturbing destruction of MYC by this
pathway has real consequences for MYC
function, as MYC mutants such as T58A
are much more tumorigenic in mice and
drive cancer without selecting for loss of
p53-dependent tumor surveillance mecha-
> providing tantalizing evidence

MYC

nisms,
that
function.

Despite their prevalence in BL and
their documented effects on MYC stabil-
ity and activity, the significance of tumor-
associated MYC mutations has been diffi-
cult to discern. On one hand, MYC muta-
tions are not typically seen in other
cancers, and as the 8;14 translocation pla-
ces MYC in a hypermutable region of the

these mutations enhance
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genome it is tempting to conclude that
such events are simply ‘collateral damage’
with no consequence for tumorigenesis.
This notion is further supported by the
fact that MYC is vastly overexpressed in
BL cells, raising the issue of whether fur-
ther increasing MYC expression (by dis-
abling its proteolysis) could have any
impact on cancer-relevant processes. On
the other hand, the recurring nature of
these mutations, their clustering to select
regions of MYC, and their effects on
MYC behavior all suggest that some pres-
sure is at work to select for these muta-
tions in BL. How can this controversy be
resolved?

A limitation of studies performed to
date in this area (including our studies) is
that only a few tumor-associated MYC
mutants have been characterized in detail,
all of which cluster within MbI. If MYC
mutations are relevant to BL, we would
expect that other recurring mutations in
MYC—outside of MbI and the amino ter-
minus—would  behave  similarly  to
mutants such as T58A, stabilizing MYC
and rendering it aggressively oncogenic.
Although such mutations have been hard
to find in the past, recent tumor rese-
quencing efforts®® have greatly expanded
the number of mutant MYC alleles that
have been sequenced, allowing us to
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Figure 1. Tumor-associated mutations in c-MYC. The figure shows the distribution and frequency of
BL tumor-associated mutations in ¢-MYC, indicating the number of independent identifications of
mutations at each position. Beneath the graph are 2 cartoons of the c-MYC protein showing (top)
the amino-terminal degron, the nuclear localization signal (‘N’), and the C-terminal DNA binding
domain, and (bottom) conserved ‘MYC boxes’ | to IV, as well as the conserved basic region-helix-
loop-helix-leucine zipper at the carboxyl-terminus of the protein (BR-HLH-LZ). Residue threonine 58
(T58), the most common site of tumor-associated mutations, and the 243-249 cluster that we

identify a previously unrecognized hotspot
for mutations located at residues 243—
249, distal from the amino terminus
(Fig. 1). Our analysis of the most com-
monly recurring mutation in this region,
proline 245 to alanine (P245A), showed
that it precisely phenocopies T58A” in
terms of stabilizing MYC, activating
MYC function in vitro, and allowing
MYC to drive tumorigenesis without the
The

striking similarity in the effects of tumor-

need for collaborating p53 loss.”

associated mutations in disparate regions
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of MYC strongly implies that a common
molecular process selects these mutants in
BL, and in turn suggests a relevance of
these
progression.

The issue of whether mutations in
MYC contribute to disease is not simply
an intellectual exercise. If tumor cells
select for mutations that subvert Ub-
mediated destruction of MYC, the impli-
cation is that interaction of MYC with the
Ub-proteasome system plays a pivotal role
in regulating MYC function. Amid the

mutations to tumor onset or
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backdrop of massive MYC overexpression
seen in BL cells, however, it is difficult to
imagine how further bolstering MYC lev-
els could promote tumorigenesis, and
even more difficult to imagine how such
an increase could make MYC inherently
less apoptotic. Instead, we hypothesize
that these mutations qualitatively alter
MYC function, possibly by disrupting
MYC interaction with the ubiquitylation/
destruction machinery. Moreover, the
fundamentally altered behavior of MYC
tumor mutants reveals that there are in
fact 2 classes of BL patient—those with
MYC mutations and those without—
whose disease may have been caused by a
common translocation but, because of
mutations in MYC, have fundamentally
different properties and response to thera-
pies. It is possible, for example, that BL
expressing mutant MYC has intact apo-
ptotic responses and might benefit from
treatments designed to induce apopto-
sis—treatments that may fail in BL
patients expressing wild-type MYC, where
selective pressures have resulted in loss of
the apoptotic machinery. Further efforts
to study tumor-derived MYC mutants,
therefore, could very well reveal novel
mechanisms controlling MYC function
and inform therapeutic strategies to treat a
large percentage of BL patients.
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