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A hallmark of MYC-transformed cells is their aberrant response to antimitogenic signals. Key
examples include the inability of MYC-transformed cells to arrest proliferation in response to
antimitogenic signals such as TGF-B or DNA damage and their inability to differentiate into
adipocytes in response to hormonal stimuli. Given the plethora of antimitogenic signals to
which atumor cell is exposed, it is likely that the ability to confer resistance to these signals is
central to the transforming properties of MYC in vivo. At the same time, the inability of MYC-
transformed cells to halt cell-cycle progression on stress may establish a dependence on
mutations that impair or disable apoptosis. We propose that the interaction of MYC with
the zinc finger protein MIZ-1 mediates resistance to antimitogenic signals. In contrast to
other interactions of MYC, there is currently little evidence that MIZ-1 associates with MYC
in normal, unperturbed cells. The functional interaction of both proteins becomes apparent
atoncogenic expression levels of MYC and association with MIZ-1 mediates both oncogenic
functions of MYC as well as tumor-suppressive responses to oncogenic levels of MYC.

INTERACTION OF MYC AND MIZ-1

1Z-1 (Zbtb17) was identified in a two-hy-

brid screen as a protein interacting with
the carboxy-terminus of c-MYC (Peukert et al.
1997). Initial work established that MIZ-1 in-
teracted with both N-MYC and L-MYC, albeit
more weakly than with c-MYC. Sequence anal-
ysis shows that MIZ-1 is a BTB/POZ-domain
zinc finger protein with 13 zinc fingers. MYC
interacts with a short helical domain in MIZ-1
that is part of a 50 amino acid stretch inter-

spersed between zinc fingers 12 and 13 (Fig.
1B) (Peukert et al. 1997). BTB/POZ domains
are homo- or hetero-oligomerization domains
and the POZ domain of MIZ-1 crystallizes as a
tetramer (Stead et al. 2007). Deletion of the
POZ domain renders the MIZ-1 protein non-
functional and the truncated protein does not
associate with chromatin (Kosan et al. 2010).
This finding forms the basis of a mouse model,
in which the exons encoding the POZ domain
are flanked by loxP-sites and can be deleted
by Cre-mediated recombination (Gebhardt et
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Figure 1. Interaction of MYC with MIZ-1. (A) Gene regulation by MYC and MIZ-1. The model proposes that
MIZ-1 activates target genes in cooperation with upstream transcription factors that are regulated by specific
antimitogenic signals. Association of MYC with MIZ-1 displaces the coactivators, p300 and NPM-1, thereby
blocking transcription of MIZ-1-dependent genes. (B) Domains of MIZ-1, MYC, and MAX. The main inter-
action between MYC and MIZ-1 takes place via the helix-loop-helix domain of MYC and a domain of MIZ-1
that is located between zinc fingers 12 and 13. MAX is a subunit of the trimeric MIZ-1/MYC/MAX complex but
does not interact directly with MIZ-1. (C) Structural view of the MIZ-1/MYC interface. The panel shows the
carboxy-terminal DNA-binding and dimerization domain of MYC (red) and MAX (green). Indicated in blue
are residues of MYC that—when mutated—disrupt or weaken the interaction with MIZ-1. (D) MIZ-1-binding
sites are located in core promoters. Shown is a diagram depicting the localization of MIZ-1-binding sites relative
to the transcription start sites as deduced from ChIP-sequencing experiments in MDA-MB231 cells.
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al. 2007). In vivo, MIZ-1 not only forms ho-
mo-oligomers, but also forms heterodimers
with Bcl-6, another POZ-domain oncoprotein
(Phan et al. 2005). The POZ domain is also
required for other protein/protein interactions
of MIZ-1, but the nature of those interactions is
less well understood (Adhikary et al. 2005; Her-
old et al. 2008).

Mutants in MYC that weaken or disrupt the
interaction with MIZ-1 map to the “outside” of
the helix-loop-helix (HLH) domain, suggesting
that MIZ-1 and MYC can bind adjacent to each
other on DNA (Herold et al. 2002). In partic-
ular, replacing valine 394 (V394) in MYC with
an aspartate residue disrupts the interaction of
MYC with MIZ-1. Because this residue points
away from MAX and from DNA, the mutation
enables the identification of MIZ-1-dependent
functions of MYC (Fig. 1C) (Herold et al. 2002).
Both transgenic and knockin models for
MycV394D have been generated to probe the
relevance of the interaction (van Riggelen et al.
2010) (see below). Valine 394 is not conserved in
other HLH proteins, arguing that interaction
with MIZ-1 is specific for MYC proteins. V394
is conserved in vertebrate MYC proteins, but
not, for example, in Drosophila MYC. Corre-
spondingly, homologs of MIZ-1 proteins are
found in vertebrate genomes, but not in Dro-
sophila, arguing that the interaction of MYC and
MIZ-1 has evolved much later than the core
network of MYC, MAX and Mxd proteins (see
Conacci-Sorrell et al. 2014).

The consensus DNA sequence to which
MIZ-1 binds has not yet been identified. Struc-
tural modeling suggests that the 13 zinc fingers
of MIZ-1 may wrap around a nucleosome, but
this remains to be tested. ChIP-sequencing data
identify MIZ-1 as a protein that binds exclusive-
ly to core promoters; an example of the results is
shown in Figure 1D. Many POZ-domain pro-
teins are transcriptional repressors that localize
as insoluble complexes in specific subnucle-
ar compartments. In contrast, free MIZ-1 is a
strong transactivator that uses a typical acidic
domain for activation of its target genes, using
both p300 and Npm1 (nucleophosmin) as co-
activators (Staller et al. 2001; Wanzel et al. 2008).
Most likely, therefore, the physiological function

MYC and MIZ-1

of MIZ-1 during normal development is to ac-
tivate a set of target genes; unpublished work
from our laboratory shows that direct target
genes of MIZ-1 include many genes involved
in autophagy and membrane transport.

Transcriptional Repression by MYC via
Interaction with MIZ-1

Association with MYC converts MIZ-1 from be-
ing a transcriptional activator to a repressor
(Staller et al. 2001). Whereas MIZ-1-binding
sites are localized in core promoters, their local-
ization relative to the start site of transcription
does not support a model of direct steric com-
petition with recruitment of RNA polymerase as
a mechanism of repression. Binding of MYC to
MIZ-1 induces a change in the biophysical
properties of the MIZ-1 protein, renders the
complex insoluble and causes it to relocalize
within the nucleus (Peukert etal. 1997). Binding
of MYC to MIZ-1 displaces both coactivators,
p300 and Npml, from MIZ-1 (Staller et al.
2001; Wanzel et al. 2008). The MYC/MIZ-1
complex in turn may recruit DNA methylases
to repress transcription (Brenner et al. 2005;
Licchesi et al. 2010). There are several reports
that MYC recruits histone deacetylases and pol-
ycomb proteins to repress transcription; wheth-
er this occurs as part of a MYC/MIZ-1 complex
is an open question (Zhang et al. 2012; Corvetta
et al. 2013). Association with MIZ-1 also stabi-
lizes MYC and inhibits its proteasomal turnover
(Salghetti et al. 1999). This may be either caused
by the sequestration described above or simply
because of steric masking of carboxy-terminal
ubiquitination sites in MYC. Notably, ubiquiti-
nation of MYC and proteasomal turnover are
critical for transcriptional activation by MYC
(Kim et al. 2003; von der Lehr et al. 2003; Ad-
hikary et al. 2005; Farrell and Sears 2014). It is
possible, therefore, that inhibition of ubiquiti-
nation of MYC by MIZ-1 is critical for blocking
its transactivation function.

Target Genes of MYC and MIZ-1

MIZ-1 associates with MYC on a number of
target promoters. Best understood are the pro-
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moters of two cell-cycle inhibitors, p15Ink4b
(CDKN2B) and p2lcipl (CDKNIA) (Seoane
et al. 2002). In both cases, the MYC- and
MIZ-1-binding sites overlap the transcriptional
start site. Binding of the MYC/MIZ-1 complex
has little effect on the basal expression of either
gene, but blocks their induction by antimito-
genic stimuli (Warner et al. 1999; Gebhardt
et al. 2006). Association with MIZ-1 is critical
for repression of p15Ink4b by MYC in response
to TGF-3 both in a tissue culture model and in
vivo (Gebhardt et al. 2006; van Riggelen et al.
2010). Similarly, MYC inhibits expression of
p21Cipl in response to DNA damage and to
inducers of differentiation in culture via MIZ-1
(Seoane et al. 2002; Wu et al. 2003). In vivo,
MIZ-1 is critical for suppression of CDKNIA
in response to the tumor promoter TPA, during
skin carcinogenesis (see below), and for repres-
sion of CDKNIA in response to endogenous
DNA damage during recombination of T-cell
receptors. Similarly, the CDKNIC (p57Kip2)
gene is a direct target of MIZ-1 and MYC re-
presses CDKNIC in a MIZ-1-dependent man-
ner during lymphomagenesis (Adhikary et al.
2003; van Riggelen et al. 2010).

Notably, other transcription factors use
MIZ-1 as a platform to inhibit expression of
cell-cycle inhibitors. For example, the Bcl-6 on-
coprotein heterodimerizes with MIZ-1 and sup-
presses p21Cip1 expression (Phan et al. 2005).
This is thought to antagonize the p53-depen-
dent up-regulation of cdknla that occurs as a
result of DNA damage generated during class
switching of immunoglobulin genes in germi-
nal centers. A second example is the Gfi-1 pro-
tein, that forms a heterotrimeric complex with
MYC and MIZ-1 to repress cdkn2b and cdknla,
possiblyalso cdkn1b (p27Kipl), expression dur-
ing lymphomagenesis (Basu et al. 2009).

A second group of genes targeted by MYC/
MIZ-1 complexes are cell-adhesion molecules,
most notably integrins (Gebhardt et al. 2006).
Repression of integrin expression by MYC has
been linked to the exit of hematopoietic and skin
stem cells from their niches (Waikel et al. 2001;
Wilson et al. 2004), the idea being that the tran-
sition from a relatively quiescent cell to a rapidly
proliferating transient amplifying cell involves

severing of interactions with the stem cell niche.
Repression of integrin expression by MYC and
MIZ-1 is strongly enhanced by the Arf tumor
suppressor protein, suggesting that Arf may an-
tagonize self-renewal of cells that express dereg-
ulated MYC (Herkert et al. 2010). Repression
of integrin expression by MYC in breast cancer
cells has been linked to suppression of cell mi-
gration and metastasis (Liu et al. 2012a). Some-
what at odds with this report and the general
view of MYC and M1Z-1 as a repressive complex,
a recent report suggests that MYC and MIZ-1
cooperate with Skp2 to activate transcription of
the RhoA gene and thereby promote metastasis
(Chan et al. 2010). We have been unable to re-
produce these data and the RhoA promoter is
not significantly occupied by MIZ-1 in any cell
we analyzed, including breast cancer cells (B von
Eyss and M Eilers, unpubl.).

Third, MIZ-1 up-regulates expression of the
antiapoptotic BCL-2 gene in several settings; for
example, MIZ-1-deficient T lymphocytes fail
to up-regulate Bcl-2 in response to stimulation
by IL-7, a critical antiapoptotic signaling fac-
tor in early lymphocyte development (Saba
et al. 2011). Deregulated expression of MYC
can repress BCL-2 expression via interaction
with MIZ-1 in tissue culture and the ability to
bind to MIZ-1 is required for MYC to induce
apoptosis in some cell types (Patel and McMa-
hon 2006, 2007). Whether repression of BCL-2
via MIZ-1 is an important proapoptotic mech-
anism for MYC in vivo remains to be estab-
lished. Notably, the Bcl-6 oncoprotein can re-
press transcription of BCL-2 via Miz-1 and
large B-cell lymphomas (DLBCL) that have ac-
tivated Bcl-6 escape repression of Bcl-2 by Bcl-
6/MIZ-1 complexes via mutations in the BCL-2
promoter (Saito et al. 2009).

MOUSE MODELS

The biochemical analyses described above sug-
gest that MIZ-1 can act both as an activator and
as a repressor (because it forms repressive com-
plexes with MYC and Bcl-6) and that levels of
MYC may be a critical determinant that distin-
guishes the two forms of gene regulation. The
mouse models described below provide in vivo
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evidence for this model. A summary of the re-
sults is shown in Table 1.

Normal Development

The murine miz-1 gene is essential during early
development; homozygous deletion of miz-1
causes massive apoptosis of ectodermal cells at
E7.5 during gastrulation (Adhikary et al. 2003).
The phenotype of miz-179% mice is less severe,
but mice still die late in embryogenesis (Kosan
et al. 2010). Mice that carry a conditional dele-
tion of the MIZ-1/POZ domain have been an-
alyzed in several tissues. The strongest effects
occur in B and T lymphocytes. The effects of
MIZ-1 deletion in hematopoietic cells have
been described in detail in a recent review (Mo-
roy et al. 2011). Comparison with mice that
carry a conditional deletion in c-myc or with
mycv394d knockin mice shows that these ef-

MYC and MIZ-1

fects are unlikely to be because of disruption
of MYC/MIZ-1 complexes. The identity of
partner proteins that mediate MIZ-1-depen-
dent repressive effects in hematopoietic cells
has not been firmly established. As mentioned
above, candidates include the Bcl-6 and Gfi-1
transcriptional repressor proteins, but the in
vivo function of both Bcl-6/MIZ-1 and Gfi-1/
MIZ-1 complexes has not been determined.
Currently, no effects of MIZ-1 deletion during
unperturbed development can be ascribed to an
interaction with MYC.

Tumor Models

The data described above suggest that associa-
tion with MIZ-1 may be critical for MYC-depen-
dent proliferation and escape from senescence
(via suppression of cell-cycle inhibitors), apo-
ptosis (via suppression of Bcl-2), migration and

Table 1. Mouse models to interrogate the physiological roles of MIZ-1

Model Tissue Phenotype Molecular analysis
Normal development
Miz® (constitutive - Early embryonic lethality =~ Deregulation of Cdknlc
deletion of MIZ-1) and apoptosis of expression
ectodermal cells during
gastrulation
Miz-14P9% (fl/f1) T lymphocytes Cell-cycle arrest and Up-regulation of Cdknla and
(inducible deletion of apoptosis during early of proapoptotic target
the POZ domain of T-cell development genes of p53
Miz-1)
B lymphocytes Apoptosis of early B-cell ~ Reduced expression of Bcl-2
progenitors and inhibition of
IL-7-dependent signal
transduction
Keratinocytes Disruption of hair growth  Reduced expression of
cycle and premature Cdkn2b, Itga6, Itgh4 et al.
senescence
Myc V394D knockin - Reduction in body weight -
Tumor models
Miz-14F9% (1/1]) TPA/DMBA- Delay in tumorigenesis Derepression of Cdknla
induced skin Phenotype rescued by
carcinogenesis deletion of Cdknla
MycV394D transgene T lymphomagenesis ~ Delay in lymphoma Derepression of cdkn2b and
formation and TGF-3- Cdknlc expression
dependent senescence
MycV394D knockin APC-driven colon Delay in tumorigenesis Not analyzed

carcinogenesis
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metastasis as well as exit from the stem cell com-
partment (via suppression of integrin expres-
sion). The data raise the possibility that MYC-
dependent repression via MIZ-1 is relevant at
multiple stages of MYC-dependent tumor de-
velopment. Data from several mouse tumor
models begin to provide experimental support
for this notion.

Lymphomagenesis

Deregulated expression of MYC driven by an
immunoglobulin heavy chain promoter causes
lymphomagenesis and is used as a model for the
development of human Burkitt’s lymphoma.
Using an MYCV394D allele, instead of wild-
type MYC, in a transgenic model strongly de-
lays lymphomagenesis but does not abolish it
(van Riggelen et al. 2010). Surprisingly, prelym-
phomagenic states in both mice are virtually
identical and the difference between both geno-
types becomes apparent only during lympho-
ma formation. Lymphomas expressing V394D
MYC show a moderately decreased percent-
age of apoptotic cells, but a strongly enhanced
percentage of senescent cells characterized by
trimethylation of H3K9. Molecularly, they are
characterized by enhanced expression of cdkn2b
and cdknlc mRNAs. Expression of both cell-cy-
cle inhibitors is driven by high levels of TGF-f3,
which is synthesized by lymphoma cells them-
selves (but not by normal lymphocytes) and by
invading tumor macrophages (Reimann et al.
2010). Blockade of TGF-B signaling abolishes
MIZ-1-dependent senescence (van Riggelen et
al. 2010). Together, the data show that the
MYC/MIZ-1 complex has a specific role in an-
tagonizing TGF-B-induced senescence during
lymphomagenesis.

Skin Papilloma

Two very distinct descriptions of mouse pheno-
types lacking c-myc in skin have been reported.
The more severe phenotype reports a complete
loss of skin architecture (Zanet et al. 2005). A
second report argues that deletion of c-MYC has
mild phenotypes during normal development,
but that MYC is critical for suppression of

cdknla during papilloma formation (Oskarsson
et al. 2006). Similarly, deletion of the MIZ-1/
POZ domain has a moderate effect on normal
homeostasis, but MIZ-1 is required to suppress
cdknla during the rapid proliferation of kerati-
nocytes induced by the tumor promoter TPA, in
a skin carcinogenesis model (Gebhardt et al.
2007; Honnemann et al. 2012). In the absence
of functional MIZ-1, keratinocytes do not ex-
pand and they undergo rapid differentiation in
response to TPA. Importantly, the phenotypes
of miz-1°7°% mice are fully rescued by codele-
tion of cdknla, but not by deletion of cdkn2b,
arguing that MIZ-1 has a critical function as a
repressor of cdknla during skin carcinogenesis
(Honnemann et al. 2012). Recently, deletion
of the MYC-associated HectH9/Huwel ubi-
quitin ligase has been shown to enhance tran-
scriptional repression of cdkn2b and cdknla by
MYC/MIZ-1 and promote papilloma forma-
tion, further supporting the view that repres-
sion by MYC/MIZ-1 is critical in this tumor
model (Inoue et al. 2013).

Colon Carcinoma

Deregulated expression of Myc as a consequence
of mutations in the APC gene (as well as other
mutations in the Wnt pathway) has been un-
equivocally established as a key driver of colon
carcinogenesis (Sansom et al. 2007). V394D
knockin mice develop normally and are fertile
(M Eilers, unpubl.). This has allowed a test of
whether the interaction of an endogenous Myc
protein with Miz-1 is important for colorectal
carcinogenesis. No difference in tumor forma-
tion was observed in homozygous wild-type or
V394D knockin mice. Because MycV394D is
reduced but not abolished in its affinity to
Miz-1, one possible explanation for this obser-
vation is that that the very high levels of Myc
found in APC-deficient tumors provide suffi-
cient Myc/Miz-1-dependent repression even
in V394D knockin mice. Consistent with this
interpretation, mice that are hemizygous for
mycv394d show a much-retarded rate of colo-
rectal carcinogenesis relative to mice that carry
one copy of wild-type myc (Fig. 2). The data
argue that the interaction of endogenous de-
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Figure 2. Role of interaction of endogenous MYC with MIZ-1 for APC-driven colorectal carcinogenesis. The
panel shows Kaplan-Meier survival curves of animals conditionally deleted for APC at the start of the exper-
iment. Survival curves are shown for animals expressing either two alleles of wild-type (wt) MYC or one allele
of wtMYC or MYCV394D, respectively. Tumorigenesis in animals with two alleles of MYCV394D was not

significantly different from wild-type animals.

regulated Myc with Miz-1 is required for intes-
tinal tumorigenesis.

Human Tumors

The human MIZ-1 gene is localized at 1p36.13.
Point mutations in MIZ-1 in human tumors are
rare and no evidence exists that they alter the
function of the protein. In contrast, deletions of
variable size and location within 1p36 are fre-
quent in multiple human tumors, leading to the
suggestion that the region contains several tu-
mor suppressor genes (Bagchi and Mills 2008).
One example is neuroblastoma and MIZ-1 has
tumor-suppressor properties in this neoplasm
(Ikegaki et al. 2007). Mutations and SNPs close
to the MIZ-1 gene have been associated with
blindness and congenital heart failure.

SIGNALING VIA MYC AND MIZ-1

The signals that control MIZ-1 expression and
function and the assembly of MYC/MIZ-1 com-
plexes remain poorly defined. MIZ-1 is phos-
phorylated by Akt in the DNA-binding domain
at S428, leading to association with a 14-3-3
protein and inhibition of DNA binding (Wanzel
et al. 2005). Potentially most revealing is the

finding that MIZ-1 is activated when a ribosom-
al protein, Rpl23, is depleted in cells; this induc-
es a stress response during which a coactivator
of MIZ-1, nucleophosmin (Npml), is released
from the nucleolus, in which it normally resides,
into the nucleus (Wanzel et al. 2008). Npm1 isa
multifunctional protein that has, among others,
a rate-limiting function in ribosome biogene-
sis; expression levels of Npm1 can be rate limit-
ing for cell growth (Colombo etal. 2011). Npm1
interacts with the Arf tumor suppressor pro-
tein and Arfand MIZ-1 antagonize each other’s
function at multiple levels (Itahana et al. 2003).
Consequently, several proteins, including both
MYC and MIZ-1, interact with both Npml
and Arf (Qi et al. 2004; Li et al. 2008; Herkert
et al. 2010). Arf promotes the assembly of
MYC/MIZ-1 complexes, enhances repression
by MYC/MIZ-1 complexes, and antagonizes
transcriptional activation by MYC (Boone et al.
2011). The data suggest, in line with the obser-
vations from the mouse models, that assembly of
MYC/MIZ-1 complexes has features of a stress
response that occurs predominantly in response
to supraphysiological levels of MYC, which in-
duce expression of Arf (Zindy et al. 1998).
Transcription-independent and cytosolic
functions of MIZ-1 have been reported that
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are linked to association of MIZ-1 with micro-
tubules and to its ability to inhibit the ubiquitin
ligase Huwel /HectH9; Huwel in turn has been
implicated in regulating Jnk activation by the
TNF receptor (Ziegelbauer et al. 2001; Liu et
al. 2009, 2012b). Currently unknown is wheth-
er these functions are regulated by association
with MYC and, if so, whether either activation
of TNF or association with microtubules is an
upstream regulator of MIZ-1-dependent tran-
scription.

CONCLUDING REMARKS

We believe that there are three central open
questions:

(1) Currently available data are compatible
with two mechanistic models. The original
model (Fig. 1A) suggested that MAX/MYC/
MIZ-1 complexes assemble on a specific subset
of MYC target genes, whereas other genes bind
MYC/MAX complexes, but not MIZ-1. This
model originated from the idea that there are
separate classes of E-Box and core-promoter-
binding sites for MYC. However, the finding
that the majority of MYC/MAX-binding sites,
including E-boxes, are localized at core promot-
ers suggests a more provocative model in which
MYC/MIZ-1 complexes constitute a fraction of
MYC complexes on all MYC-bound core pro-
moters. If this model were correct, it would have
significant implications for models that view
MYC as a general amplifier of transcription,
because it suggests that both activating and
repressive complexes of MYC coexist at core
promoters. Therefore, identification of the full
spectrum of MYC/MIZ-1 target genes by ChIP
sequencing will be necessary to clarify whether
the association with MIZ-1 affects general mod-
els of MYC function.

(2) Most currently known functions of the
MYC/MIZ-1 complex become apparent during
tumorigenesis, suggesting that the tumor-pro-
moting role of the MYC/MIZ-1 complex may
be a gain-of-function of supraphysiological lev-
els of MYC. However, the interface of the MYC
protein that binds MIZ-1 appears to have been
positively selected for during evolution, raising
the question of whether there are physiological

conditions under which the complex assembles.
One possibility is that suppression of antiproli-
ferative signals is critical during physiological
conditions of rapid cell growth (e.g., during tis-
sue regeneration after injury). Alternatively, the
promotion or facilitation of MYC-induced apo-
ptosis by the MYC/MIZ-1 complex balances the
ability to counteract senescence and therefore
the sum of tumor-suppressive functions of the
complex outweighs its oncogenic functions.

(3) Finally, the question arises as to how far
human tumors depend on MIZ-1-mediated re-
pression by MYC and whether targeting the
complex will have therapeutic benefit. Recent
data suggest that the OmoMyc-dominant-neg-
ative allele of MYC differentially affects MYC/
MAX and MYC/MIZ-1 complexes (Soucek
et al. 2008; Savino et al. 2011). If these can be
extended to human tumors, proof-of-principle
experiments will be possible that allow us to
decipher the contribution of MYC/MIZ-1
complexes to MYC-dependent transformation
of human tumors.
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