[ MONOGRAPHS | ]

Genes & Cancer

1(6) 580-586

© The Author(s) 2010

Reprints and permission:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/1947601910379012
http://ganc.sagepub.com

®SAGE

Transcriptional Repression:
The Dark Side of Myc

Barbara Herkert and Martin Eilers

Abstract

The (c-)Myc oncoprotein and its cousins, the N-Myc and L-Myc proteins, show all hallmarks of transcriptional activator proteins: Myc carries a carboxy-
terminal DNA binding domain, which mediates sequence-specific binding to DNA. At its amino-terminus, Myc carries a transcriptional regulatory domain
that strongly activates transcription when fused to an ectopic DNA binding domain; moreover, the strength of activation of different members of the Myc
family correlates with their ability to transform rodent cells. Furthermore, activation of conditional alleles of Myc, either tetracycline or estrogen inducible,
upregulates expression of a large number of genes, both in tissue culture and in transgenic animals. Indeed, many of these genes have essential roles in
cell proliferation, cell growth, and metabolism; two of them, odc, encoding ornithine decarboxylase, a rate-limiting enzyme of polyamine biosynthesis, and
rpl24, encoding a constituent of the large ribosomal subunit, are haploinsufficient for Myc-induced lymphomagenesis but not for normal development,
arguing very strongly that upregulation of both genes is critical for Myc-dependent tumor formation. Undoubtedly, therefore, Myc exerts part of its
biological activities via transcriptional upregulation of a large number of target genes. One of the key issues in the field is whether there are additional
biochemical activities of the Myc protein and, if so, whether and how they contribute to Myc biology. This review summarizes evidence demonstrating

that Myc has the ability to repress transcription and that this may be an important function during oncogenic transformation.
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Gene Repression by Myc

Ectopic expression of Myc leads to
downregulation of both specific mMRNAs
and of specific microRNAs.* The first
identified target of Myc-mediated repres-
sion was c-myc itself, arguing for nega-
tive feedback regulation of c-myc.?
Further experiments documented that
Myc autosuppression acts at the level of
the c-myc promoter and that it is disrupted
in multiple transformed cells. Although
the mechanism of this direct autosuppres-
sion remains unresolved, more recent
studies also revealed that two micro-
RNAs (miR-17-5p and miR-20a), which
are induced by Myc, target E2F1.2 As
E2F1 in turn can activate the c-myc pro-
moter, these findings strongly support the
notion that negative feedback is a major
mechanism that maintains low levels of
c-myc expression in untransformed cells.

Not surprisingly, multiple genes that
are repressed by Myc encode negative
regulators of cell proliferation. Histori-
cally, ¢/EBPq, a transcription factor that
promotes the differentiation of adipocytes
and exerts a very potent cell cycle arrest in
culture, was the first target identified

among this group of proteins®; the related
Cc/EBPS protein is also repressed by Myc.®
In addition, several inhibitors of the cell
cycle, notably cdkn2b (encoding p15Ink4b),
cdkn2c (p18Ink4c), cdknla (p21Cipl),
cdknlb (p27Kipl), and cdknlc (p57Kip2),
are targets for repression by Myc.5? A
number of other genes that are repressed by
Myc are also negative regulators of cell
proliferation, yet their mechanism of action
is not completely clear: notable examples
are the ndrg genes (N-Myc downregulated
gene), which are growth-suppressive genes
that are consistently downregulated upon
expression of N-Myc."

Collectively, these observations sug-
gest that repression of cell cycle inhibi-
tors is a major pathway via which Myc
proteins promote cell proliferation both
during normal development and during
oncogenesis. Several observations sup-
port this hypothesis: for example, co-
deletion of cdkn2c and cdknlb partly
alleviates the defects in cell proliferation
caused by N-Myc deficiency in the cer-
ebellum.* Similarly, deletion of c-myc
strongly attenuates tumor development
in a chemical model of skin carcinogen-
esis and leads to upregulation of cdknla;

co-deletion of cdknla restores rapid
tumor development in c-myc™ epider-
mis.”> In tissue culture, depletion of
cdknla alleviates the arrest of several
tumor cells in the G1 phase of the cell
cycle upon depletion of Myc.*® Similarly,
colon carcinoma cells express high levels
of c-myc due to mutations in the APC
pathway, and c-myc represses both cdknla
and terminal differentiation of these cells;
surprisingly, ectopic expression of cdknla
restores not only cell cycle arrest but also
differentiation in this model."” It is less
certain whether repression of other cell
cycle inhibitors contributes to Myc-
dependent cellular phenotypes; poten-
tially, this is due to their redundancy. For
example, loss of cdkn2b has little pheno-
type in wild-type animals but strongly
enhances tumorigenesis of mice that are
deficient in cdkn2a (encoding pl16ink4a
and p19Arf), arguing that the functions
of these cell cycle regulators in tumor
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suppression are redundant.*® If so, repres-
sion of cdkn2b may be a critical onco-
genic function of Myc in tumors that
have sustained deletions of the cdkn2a
locus.

Another large group of genes that is
repressed by Myc and N-Myc encodes
proteins involved in cell adhesion.*
Potentially, the most intensely studied
example of this class of genes is itghl,
which encodes integrin 1, a subunit of
multiple heterodimeric integrin com-
plexes.®#* Due to binding of multiple
ligands such as collagen, fibronectin, or
laminin, these complexes mediate cell-
cell interactions as well as contact to the
extracellular matrix.

Mechanisms of Gene
Repression by Myc

In all cases that have been analyzed to
date, Myc binds to the core promoter of
the genes it represses directly. Although
this is often true also for genes that are
activated by Myc, there are many exam-
ples where Myc activates transcription
from distant sites, suggesting that the
mechanism of gene repression, but not
necessarily activation, by Myc is inti-
mately linked to the events that occur at
the transcription start site. Early experi-
ments had suggested a specific interac-
tion of Myc with proteins that recognize
the “initiator” element of transcription;
however, the relevance of these interac-
tions remains uncertain.?

Myc interacts with two zinc finger
transcription factors, Sp1 and Miz1, that
bind to core promoters.**? Both factors
stimulate transcription when bound to
DNA in the absence of Myc, and binding
of Myc interferes with transcriptional
activation by both factors. Both proteins
are present at the promoter of many
Myc-repressed genes: for Miz1, this has
been demonstrated in multiple cases by
chromatin immunoprecipitation; for Sp1,
the presence of the cognate DNA binding
site strongly suggests that the protein is
present, although this has often not for-
mally been shown. Mizl transactivates
the promoter of many of the genes that
are repressed by Myc and enhances gene

expression both in tissue culture and in
vivo (Fig. 1A); for example, expression
of cdkn2b is attenuated in the skin of
mice that express a nonfunctional Miz1l
protein.®® A point mutant of Myc,
MycV394D, that binds to Max and acti-
vates transcription but has lost the ability
to bind to Miz1 fails to repress many tar-
get genes that are repressed by Myc in
tissue culture.’®?’ In a transgenic model
of lymphomagenesis, MycV394D fails to
repress cdkn2b and cdknlc, demonstrat-
ing that the interaction of Myc with Miz1
is critical for repression of both target
genes in vivo.”® In contrast, the mutant is
not impaired in repression of cdknla in
the same model; therefore, other interac-
tions, potentially with Sp1, are sufficient
for mediating repression of Myc at the
cdknla promoter.® Notably, Miz1 medi-
ates repression not only by Myc but also
by other repressor proteins (Fig. 1B). For
example, the Bcl-6 oncoprotein contains
at its amino-terminus, like Miz1, a POZ/
BTB domain and uses this domain to het-
erodimerize with Mizl and repress
cdknla expression via Miz1; the same is
true for the POZ domain transcription
factor Zbtb4.23* Apparently, these com-
plexes form independently of Myc. In
contrast, the Gfi-1 repressor forms a ter-
nary complex with Myc and Miz1 at the
cdkn2b, cdknla, and cdknlb promoter to
repress transcription.*2*

Whether interactions of Myc with Sp1
or Mizl are required for recruitment of
Myc to repressed promoters or whether
these interactions are required for the
establishment of a repressed promoter
state is an open question. Binding of Myc
to the cdkn2b promoter, for example,
depends on heterodimerization with Max,
arguing that binding of Myc to DNA may
contribute to targeting Myc to repressed
promoters.* Indeed, E-box elements are
found in the core promoter of repressed
genes, and some, like in the c/EBPa pro-
moter, confirm to the consensus sequence
CACGTG, suggesting that interactions
with Sp1 or Miz1 may not necessarily be
critical for recruitment of Myc to sites of
repression. Our own unpublished experi-
ments show that altering the nonconsen-
sus sequence CAGCTG in the core of the

human cdkn2b promoter to a consensus
sequence renders the promoter more sen-
sitive to inhibition by low amounts of
Myc but does not alter the direction of
regulation by Myc (J.F. Naud and M.E.,
unpublished observation). If this finding
extends to the regulation of endogenous
genes, it argues that the sequence of Myc
binding sites at the core promoter does
not predict the mode of how a gene is
regulated by Myc.

Reporter assays show that Myc represses
transcription by Miz1 and potentially also
by Sp1 by displacing coactivators, includ-
ing the p300 histone acetyl transferase
and nucleophosmin.”® A similar mecha-
nism has been proposed for the interfer-
ence of Myc with transactivation by c/
EBPa.*® The knowledge about other
effector mechanisms via which Myc may
inhibit transcription is limited. Myc-
dependent histone deacetylation has been
suggested to account for repression of the
Id2 and Gadd153 genes because Myc
recruits HDACS3 to these genes®’ (Fig. 1A).
In the presence of the Arf tumor suppres-
sor protein, the Myc/Miz1l complex can
induce the formation of heterochromatin
on its target sites, which is indicated by
the accumulation of H3K9-trimethylated
histones; whether formation of hetero-
chromatin is a general mechanism of tran-
scriptional repression by Myc remains to
be determined.® Similarly, the Myc/
Miz1 complex has been shown to recruit
the DNA methyl transferase Dmnt3a to
the cdknla promoter, leading to the cyto-
sine methylation of the DNA and silenc-
ing of gene expression.* Strikingly, CpG
islands in the cdkn2b promoter are heavily
methylated in leukemias, which express
very high levels of Myc, suggesting that
recruitment of Dmnt3a by Myc/Miz1 may
facilitate DNA methylation at that site.*’
However, it is less certain whether repres-
sion by Myc and Miz1 requires Dmnt3a
and DNA methylation under physiological,
not pathophysiological, conditions. Cur-
rently, therefore, it is not clear whether
covalent modifications of either histones
or DNA are required for Myc-mediated
repression.

Alternatively, transcriptional repres-
sion is mechanistically related to the
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Figure 1. Transcriptional repression mediated by Miz1. (A) Myc blocks the transcription of Miz1-
dependent gene expression. Whereas free Miz that is bound to the core promoter in the promoter
region of its target genes activates transcription via recruitment of coactivators, including p300
and nucleophosmin, Myc represses Miz1-dependent transcriptional activation through disruption
of the interaction between Miz1 and these cofactors. Furthermore, Myc recruits the histone
acetylase HDAC3 as well as the DNA methylase Dnmt3a. In addition, formation of a heterotrimeric
Myc/Miz1/Arf complex was shown to increase trimethylation of histone H3 at lysine 9, leading
to transcriptional repression. Recruitment of Myc itself might involve its binding to noncanonical
E-boxes (CANNTG,) close to the transcriptional start site in a complex with its partner protein Max.
(B) Miz1 might act as a platform for recruitment of several repressor complexes. Besides Myc, Miz1
associates with other repressor proteins such as Bcl-6, Zbtb4, or Gfi-1 in the promoter regions of
its target genes, which results in the repression of gene expression.

mechanism of transcriptional activation
of Myc. Here, a number of analyses of
individual genes or groups of genes had
demonstrated that Myc has little or no

effect on the recruitment of RNA poly-
merase |l to its target promoters but
rather promotes polymerase clearance
and transcriptional elongation, thereby

establishing a model of how Myc coop-
erates with other transcription factors in
gene activation.*** These findings have
been recently confirmed by a global
analysis of Myc function in embryonic
stem cells; conversely, therefore, Myc/
Miz1 complexes may retain RNA poly-
merase at the promoter and prevent
elongation.®

Pathways of Repression

The localization of the Myc/Miz1 bind-
ing sites close to the start site of tran-
scription suggests a model in which the
target promoters of this complex are
under dual control: one level of control
is exerted by the upstream transcription
factors that regulate promoter and
enhancer activity, a second by the pres-
ence of either free Miz1 or of Miz1/Myc
complexes at the core promoter. One
pathway for which this model holds is
the cellular response to the antiprolifera-
tive cytokine, Tgfp. Addition of Tgfp
activates a multitude of genes in kerati-
nocytes, and a subset of these genes is
sensitive to Mizl-dependent repression
by Myc (Fig. 2A).2” Myc therefore does
not generally block the cellular responses
to Tgfp or other antimitogenic stimuli
but alters the response profile by block-
ing induction of a subset of target
genes—and also by cooperating with the
Tgfp-regulated Smad proteins during
induction of other target genes of Tgff
such as Snail. As a result, Myc blocks
the cytostatic response to Tgfp but facili-
tates TgfB-induced epithelial-mesenchymal
transition.*®

According to this model, the cdkn2b
promoter could be regulated in two pos-
sible manners. First, Tgfp regulates both
the Smad and the Myc/Mizl1 “arm” of
this circuit to establish a particular
robust activation of cdkn2b expression.
Alternatively, there might be a separate
set of upstream regulators of the Myc/
Mizl complex, such that the cdkn2b
promoter integrates two separate inputs.
Evidence exists for both models because
addition of Tgfp leads to the formation
of an E2f4/Smad complex that represses
transcription of the c-myc promoter and
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Figure 2. Repression via the Myc/Miz1 complex in different cellular settings. (A) Dual-input model of Tgf3-mediated cell cycle arrest (modified from
Seoane et al.b). In the absence of TgfB signaling, Myc represses the expression of cakn2b in a complex with Miz1. Increased levels of the cytokine
Tofp lead to the phosphorylation of Smad proteins and their subsequent translocation to the nucleus, where they bind to Smad binding regions
(SBR) and cooperate with Miz1 in inducing gene expression. In parallel, activated Smads block the expression of the myc gene in a complex with
E2f4. (B) The Myc/Miz1 complex links cell cycle arrest to cell growth via a potential feedback loop, including the ribosomal protein Rpl23. In addition
to disrupting the interaction of Miz1 with its coactivator nucleophosmin (NPM), Myc induces the transcription of Rp/23. Nucleophosmin and L23 are
mainly localized to the nucleolus, where they promote ribosomal biogenesis and cell growth. Rpl23 negatively regulates the transcriptional activity of
Miz1 by retaining NPM in the nucleolus. Therefore, this regulatory circuit provides a potential mechanism for the ability of Myc to coordinate cell cycle
progression and cell growth.



[ MONOGRAPHS |

Genes & Cancer / vol 1 no 6 (2010) ]

thereby relieves repression of cdkn2b by
Myc/Miz1l complexes in addition to
activating Smad proteins.*” On the other
hand, transcriptional activation by Miz1
requires nucleophosmin as a coactivator,
and nucleophosmin is largely seques-
tered in growing cells in the cell nucleo-
lus and therefore not available for
transcriptional activation.®

Several stress signals such as DNA
damage can release nucleophosmin
from the nucleolus, arguing that transac-
tivation by Miz1 is regulated by specific
upstream signals. One key example is
provided by the ribosomal protein Rpl23
that retains nucleophosmin in the nucle-
olus of unstressed cells, and levels of
Rpl23 therefore indirectly affect tran-
scriptional activation by Miz1 (Fig. 2B).%
rpl23 is a direct target gene that is trans-
activated by Myc, and translation of the
rpl23 mRNA is under the control of the
TOR pathway. This model suggests that
Miz1 may link cell cycle progression to
cell growth because Mizl-dependent
cell cycle arrest is regulated by factors
that promote ribosome biogenesis and
cell growth. Strikingly, this is a specific
function of Rpl23 because other ribo-
somal proteins cannot substitute for
Rpl23 in regulating Mizl-dependent
transactivation; this suggests that mech-
anisms exist that measure the levels of
Rpl23 in a growing cell.

Cell Adhesion

Repression of genes encoding proteins
involved in cell adhesion has been
observed in a multitude of cells types,
ranging from neuroblastoma cells to
hematopoietic stem cells, arguing that it
is a central function of Myc.??*® For
example, Myc represses itghl and other
integrins in murine Kkeratinocytes and
therefore impairs adhesion and spread-
ing; many of these genes are regulated by
the Myc/Miz1 complex.”*?” The repres-
sion of itghl and other cell adhesion
genes by ectopic Myc in murine skin also
reduces the adhesive interactions of
stem cells with their niche (Fig. 3). As
a consequence, expression of Myc in
stem cells results in the entry into the

Repression of CDKN1A and
adhesion genes (e.g. integrins)

Exit from stem cell
compartment

Chlgh

My

Premature differentiation

Self-renewing stem cell

’

Transit amplifying cells

Terminally differentiated cell

Figure 3. Regulation of cell adhesion by Myc as a potential tumor-protective process. Whereas
stem cells are often in a quiescent, nonproliferating state, myc expression results in the proliferation
of these cells. Sustained or dramatically increased levels of Myc due to oncogenic activation lead
to the repression of cdknla and cell adhesion genes. The loss of adhesion promotes the exit
of these proliferating stem cells from the niche and subsequent entry in the transit-amplifying
compartment, thereby initiating terminal differentiation. As the tumor suppressor Arf and Myc jointly
regulate adhesion genes, this mechanism might serve to prevent uncontrolled cell proliferation in

a p53-independent manner.

transit-amplifying compartment and sub-
sequently in premature differentiation in
culture, which are reflected by defects in
wound healing in vivo.2*% Similarly,
Myc regulates adhesion of hematopoietic
stem cells with the niche via multiple

integrin receptors. This regulation may
be part of the physiological processes
that link exit from the stem cell niche to
the enhanced proliferation of transit-
amplifying cells.”® However, repression
of integrins may also provide a critical
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failsafe mechanism that eliminates stem
cells, which have acquired oncogenic
Myc levels. One key argument to indi-
cate that this may be the case is the
observation that the tumor suppressor
protein p19Arf, which is induced by sup-
raphysiological levels of Myc, not only
blocks transactivation by Myc but also
promotes the assembly of the Myc/Mizl
complex and enhances the Myc-mediated
repression of adhesion genes.*®*° This is
consistent with findings that p19Arf acts
as a p53-independent tumor suppressor in
skin, which has been demonstrated in a
Ras-dependent tumor model.>

Outlook

The current state of the field raises a
number of central questions: for exam-
ple, we do not know how many sites in
the genome are jointly regulated by Myc
and Mizl or Spl, and therefore the
repressive Myc complexes potentially
have a much broader spectrum of bio-
logical functions than those reported
here. Potentially most important is how
transcriptional repression by endoge-
nous Myc protein contributes to normal
development and to the many oncogenic
functions of Myc that are discussed in
this issue.
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