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The Max Network Gone Mad
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The members of the MYC family of oncogenes, in particular
c-Myc, N-Myc, and L-Myc, are activated either directly or
indirectly in many, if not most, human tumors. These structur-
ally and functionally related nuclear phosphoproteins (Fig. 1A)
appear to promote cell growth and transformation by regulat-
ing the transcription of target genes required for proliferation
(33, 44, 57). Myc’s transcription functions require a C-terminal
basic helix-loop-helix-leucine zipper (bHLHZip) DNA-pro-
tein interaction motif and conserved regulatory domains in the
N terminus (Myc boxes, MB1 and MB2), which regulate Myc’s
transactivation and/or transrepression functions (Fig. 1A).
Normally, the expression of Myc family genes is cell context
specific, mutually exclusive, and tightly dependent upon mito-
gens (8, 47, 71, 88). Furthermore, the life span of Myc proteins
is brief, and they are rapidly degraded by the ubiquitin-linked
proteasome machinery (45). However, these controls are lost
in cancer cells, resulting in aberrantly high levels of Myc pro-
teins (2, 57).

The strong selection for Myc overexpression in tumors ap-
pears to reflect its ability to provide constitutive signals that
promote proliferation and angiogenesis within the growth-re-
strictive conditions of the tumor microenvironment (9, 25, 40,
108, 116). For example, c-Myc expression is necessary and
sufficient for the entry of most cells into the DNA-synthetic (S)
phase of the cell cycle (6, 9, 40, 42, 43, 50) and activates an
angiogenic switch (108), whereas inhibition of Myc promotes
cell cycle withdrawal and terminal differentiation (31, 50, 54,
116). Furthermore, programmed expression of Myc in trans-
genic animals is capable of promoting a diverse array of tumor
types, and yet this requires cooperating mutations that disable
Myc’s penchant for activating apoptosis (9, 41, 43), an endog-
enous form of cell suicide (93).

In a yin-yang scenario typical in biology, Myc’s ability to
promote growth and transformation has been suggested to be
opposed by a number of structurally related Myc antagonists.
Their discovery followed the landmark findings of Blackwood
and Eisenman (21) and others (114) that Myc’s ability to bind
to its cognate DNA recognition E-box site (CACGTG), acti-
vate transcription, and promote cell proliferation, transforma-
tion, or apoptosis requires its dimerization with an apparently
obligate bHLHZip binding partner dubbed Max (4-7, 21, 22,
114). Unlike that of Myc genes, Max expression is ubiquitous
and constitutive (16), and this small protein (two alternatively
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spliced forms [Fig. 1B]) is stable, resulting in Max levels that
far exceed those of Myc (21, 69). However, Max, but not Myc,
is also capable of forming homodimers, and at least in nuclear
extracts these complexes appear to exist in cells (84), although
the role that they may play remains obscure (16, 75, 114, 141).

Max interactions are rather promiscuous, as Max also dimer-
izes to other short-lived factors sharing a similar bHLHZip
domain, including the Mad family members (Madl, Mxil,
Mad3, and Mad4 [Fig. 1C]) (10, 11, 63, 143) as well as the
much larger and more distantly related bHLHZip factors Mnt
(Rox) and Mga (Fig. 1C) (62, 64, 92). Based upon overexpres-
sion studies, these six additional Max partners have been pro-
posed to function as natural antagonists of Myc, as they can
effectively compete for interactions with Max and generally
repress, rather than activate, transcription by binding to the
same CACGTG elements (11, 62-64, 92, 143). Transcriptional
repression by the Mad proteins, and by Mnt, occurs through
the assembly of a multisubunit complex that includes the tran-
scriptional corepressors N-CoR and Sin3a/Sin3b, the histone
deacetylases 1 and 2, and the oncoproteins Ski and Sno (3, 12,
51, 52, 55, 77, 78, 99, 125, 131). Assembly of this complex
requires a small alpha-helical domain present in the amino
terminus of Mnt and all Mads, which is required for binding to
Sin3a/Sin3b (the Sin3 interaction domain [SID] [Fig. 1C]) (39,
51, 125). The net result is the formation of Max-Mad-Sin3-
N-CoR-histone deacetylase—Ski-Sno complexes, which repress
transcription of target genes through deacetylation of histone
residues, resulting in the remodeling of chromatin into a closed
conformation (3, 52, 55, 78, 99). The exception is Mga (64),
which does not contain a SID motif but rather has a T domain
within its amino terminus, which is a highly conserved DNA-
binding and dimerization motif originally identified in the pro-
tein Brachyury (133) (Fig. 1C). Mga has been suggested to
repress Myc-mediated transactivation simply by competing for
Max, but Mga-Max interactions are complex and lead to un-
expected transcriptional effects (see below).

Mad proteins, and Mnt and Mga, can effectively compete
with c-Myc for binding to Max, at least in vitro. Madl and
Mad4 are generally expressed in terminally differentiated cells,
whereas Mxil, Mad3, Mnt, and Mga, like all Myc genes, are
also expressed in proliferating cells (61-64, 118, 143). These
findings have prompted the hypothesis that collectively these
proteins form a network centered around Max, whereby Myc
activity is harnessed by competition for Max by Mad or Mnt
(Fig. 2A). Why so many antagonists would exist to modulate
Myc functions is unclear, and under such constraints one won-
ders how Myc could ever work. More parsimonious interpre-
tations are clearly possible. In particular, recent biochemical
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and genetic studies have revealed additional layers of complex-
ity, and gene targeting studies of mice have failed to make the
expected links, promoting a fresh look at the network.

CHALLENGES TO THE Myc-Max-Mad NETWORK

The Myc-Max-Mad network model proposed by Eisenman
and colleagues pins a central role on Max (11), which forms
transactivating complexes when associated with Myc but re-
pressive complexes when bound to Mads or Mnt. This model
implies that Myc-Max, Max-Max, and Mad/Mnt-Max com-
plexes exist in an equilibrium and that shifts in this equilibrium
dictate whether transcription of target genes containing CAC
GTG elements is activated or repressed (Fig. 2A) (47).
Changes in the balance could occur through well-documented
fluctuations in the expression of Max-interacting proteins, for
example, the down-regulation of Myc and concomitant up-
regulation of some Mad genes when cells receive signals to
undergo growth arrest or differentiation (10, 11, 23, 31, 143). In
principle, signaling events that regulate their subcellular local-
ization, degradation, protein-protein interactions, and/or DNA-
binding or transcriptional activity could also skew the balance
of Myc-Max versus Mad/Mnt-Max complexes. For example, in
vitro phosphorylation of serines 2 and 11 of Max by casein
kinase II impairs the DNA binding of Max-Max complexes (15,
16), and the phosphorylation of c-Myc by casein kinase II and
glycogen synthase kinase 33 has been implicated in regulating
its transcriptional and transforming activity and its ubiquitin-
mediated degradation (48, 56, 98, 117). Finally, the model
implies that all of the dimer complexes in the Myc-Mad-Max
network compete for common DNA target sites (47). How-
ever, Myc-Max heterodimers bind only a subset of the sites
bound by Max homodimers, due to a differential recognition of
the flanking sequences (20, 72, 101, 134), and different residues
within the bHLH region of Mad family members have been
suggested to play a role in the recognition of different E-box
sites (101). Furthermore, Myc has also been shown to bind to
noncanonical (non-E-box) sites (20). Thus, although this
model has been useful for understanding the opposing effects
of Mads, Mnt, or Mga on targets that are activated by c-Myc,
several issues challenge this paradigm.

Myc antagonists are often coexpressed with Myc. The con-
cept of the switch from Myc-activating to Mad/Mnt-repressing
complexes is simple enough, but a paradox is that Mxil, Mad3,
Mnt, and Mga are often expressed in proliferating cells that
also express Myc. Myc protein levels are never exceedingly
high in proliferating cells (42, 88), and when they are, cells
undergo apoptotic suicide (9, 19, 43, 102, 104). If it is simply a
question of levels, then one would expect that the sum of the
levels of these antagonists should far exceed the level of Myc,
and if these complexes truly share targets, the equilibrium
should always be in favor of transcriptional repression. In pri-
mary mouse embryo fibroblasts the creation of a conditional
knockout of c-myc has shown that c-Myc functions are essential
for entry into S phase (A. Trumpp, personal communication).
So how then can cells grow if they express these antagonists?
Two possibilities are that their functions are inactivated by
signaling events and that they are active at specific phases of
the cell cycle, as at least Mad3 appears to be expressed in an
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S-phase-specific manner (119). However, at this juncture there
are no data directly supporting either of these prospects.

Yet another dilemma is that Mga-Max interactions extend
the network into a new arena. The T domain present in Mga
places it in the Tbx family of transcription factors, which play
a critical role in the specification of embryonic mesoderm (59).
Typically, these factors activate transcription from large palin-
dromic response elements dubbed T boxes (59, 105). Curi-
ously, Mga normally acts to repress promoters harboring T
boxes but activates transcription from CACGTG elements, at
least when overexpressed in conjunction with Max. Further-
more, Max interactions with Mga somehow convert Mga from
a repressor to an activator of promoters bearing T boxes (64)
(Fig. 2B). A review of Myc target genes reveals that most lack
clearly identifiable T-box elements. Since Mga is coexpressed
with Myc in proliferating cells (64), it is thus possible that many
Myc-regulated targets are in fact activated by Mga-Max com-
plexes.

Myc is promiscuous. Myc has been shown to physically as-
sociate with a variety of regulatory proteins, and at last reck-
oning, there are 14 partners in addition to Max (for a recent
review, see reference 123). At least half of these interacting
proteins bind to Myc’s HLHZip domain; these interactions are
therefore mutually exclusive with Max and should in principle
effect the equilibrium of Myc-Max and Mad/Mnt-Max com-
plexes. Two examples underscore this notion. First, transacti-
vation by c-Myc appears to require interactions of Myc’s MB2
domain with an essential cofactor dubbed TRRAP (89), which
tethers the histone acetylase GCNS5 (Fig. 2A) (90), and Myc’s
HLHZip interaction with INI1/Snf5 (27), a factor that recruits
the Swi-Snf complex that activates transcription through chro-
matin remodeling (141). At this juncture, it is not clear
whether INI1/Snf5-Myc interactions are mutually exclusive
with Max (Fig. 3A). Second, the HLH domain of Myc can also
interact with Mizl (Myc-interacting Zn-finger protein 1), a
POZ domain zinc finger protein that activates transcription
through initiator (Inr) elements and induces G, cell cycle ar-
rest (111). Myc binds to and inhibits Miz 1 DNA binding (111),
suggesting that Myc may repress transcription of genes vis-a-vis
its effects on Mizl or Mizl-like proteins (Fig. 3A). These
results and others (see below) raise the interesting notion that
we may be thinking about Myc the wrong way round. Perhaps
Myc is the real antagonist, and its primary function is to relieve
transcriptional repression of its targets by effectively competing
for Max, which is required for Mad- and Mnt-mediated repres-
sion of gene expression (Fig. 3B).

Mad also has other partners. A tenet of the Myc-Max-Mad
network is that Mad functions antagonize those of Myc by
competing for Max (47), but recently, two additional Mad-
specific interacting proteins have called this into question.
First, Mad-member-interacting protein 1 (Mmip-1), a protein
that contains a RING finger and a Zip domain, dimerizes with
the Zip domains of all Mad family members but not with those
of c-Myc or Max, and this interaction blocks Mad’s suppressive
effects on Myc functions (49). Mmip-2, yet another RING
finger protein, also blocks Mad functions through interactions
with the Mad Zip domain and, when overexpressed, can se-
quester Madl into the cytoplasm (142). A caveat for the
Mmip-1 and Mmip-2 studies is that their interactions with Mad
have been shown only in overexpression experiments, a prob-



c-Myc

N-Myc¢

L-Myc

Max,

Mix-o

Mix-B

Mix-y

Madl

Mad3

Mnt

—

Repression

M ]
MB1 MB2

L | LI
TAD TAD

1

—

1

NN

1

WNNNNI

1

NN

1

NN

i

SID

p—

SID

[y

SID

NLS b HLH Zi

MB1 MB2

MB1  MB2

b HLH Zip 439

ST

NLS

b HLH Zi 462

NN

b HLH Zip 364

NN

b HLH Zi 160 1 b HL Zi 151
W M, @SS

NLS
b HLH Zi

b HLH Zi

b HLH Zi

I
D
D

(=4

w NN

NLS
214

1
244

298

220 1 b HLH Zi 220
v SN ——

SID

b HLH Zi 206 1 b HLH Zip 209
SV Madd NN
SID

b HLH Zi 591
TN 1T —

1 b HLH Zi 3006
Mea N Wy ST/ I S—

T-Domain

FIG. 1. Domain structure of Myc, Max, and Mad family members and of Mnt and Mga. The structures of the bHLHZip factors of the Myc-Max-Mad
network are shown. (A) The Myc family members activated in human cancer (c-Myc, N-Myc, and L-Myc). MB1 and MB2 are conserved Myc homology
boxes found in all Myc family members that are required for Myc’s transactivation and/or transrepression functions (113). MB2 is also required for
interaction with the TRRAP transcriptional coactivator. TAD, c-Myc transactivation domain. (B) Max and its relative MIx, which is expressed as three
isoforms (18, 21, 85, 91). Max can homodimerize or form heterodimers with all members of the network through the HLHZip interactions, and the basic
region confers specific DNA binding to CACGTG elements. MIx selectively dimerizes with Mad1, Mad4, and Mnt but fails to dimerize with either Myc
or Max (18, 91). (C) The Myc antagonists Mad1, Mxil, Mad3, Mad4, and the related proteins Mnt (Rox) and Mga. Mad family members and Mnt (Rox)
contain an alpha-helical amino-terminal domain (SID) that is required for interactions with the transcriptional corepressors Sin3a and Sin3b. By contrast,
Mga contains a T domain near its amino terminus which is a conserved DNA- and protein-binding motif found in the Brachyury family of cell specification
transcription factors (64). NLS indicates the location of identified nuclear localization signals. b, basic.
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FIG. 2. The conventional model of transcriptional regulation by the Myc-Max-Mad network (A) and transcriptional regulation by Mga (B). (A)
As proposed by Eisenman and colleagues (11, 75), transcriptional activation is mediated exclusively by Myc-Max complexes which bind to
CACGTG elements (and also to CACATG) in target genes. Myc’s ability to activate transcription appears to require its association with the
transcriptional coactivator TRRAP (89), which tethers the histone acetylase GCN5 (90). Transcriptional repression is mediated through the
binding of Mad-Max or Mnt-Max complexes to identical sites and to the transcriptional corepressors Sin3a and Sin3b, through the SID. Sin3a/Sin3b
interactions tether Mad/Mnt-Max complexes to a large transcriptional repressor complex that appears to contain the corepressors N-CoR, Ski, and
Sno; an adapter protein, SAP30 (77, 145); and the histone deacetylases 1 and 2. An equilibrium among the various components of this network,
regulated by changes in their expression and/or signaling events, dictates whether there is transcriptional activation or repression of target genes.
The precise function of Max homodimers is not resolved, although they clearly exist in cells (142) and have been suggested to passively repress
transcription by competition for DNA-binding elements (5). (B) Functions of Mga. Mga contains two DNA-binding protein interaction motifs, a
bHLHZip domain related to that present in Myc, Max, Mad, and Mnt, and a T domain, which facilitates binding to large recognition elements
that are bound by the Brachyury family of transcription factors, which play an essential role in cell specification (64). When bound to T boxes, Mga
functions as a transcriptional repressor, but this is relieved by overexpression of Max. Binding of Mga to the consensus Myc-Max binding site
CACGTG requires Max interactions, and at least when both are overexpressed, this complex activates gene expression (64). Thus, in theory, Mga
can compete with Myc by sequestering Max, but the net result may be that Mga induces the same targets as does Myc.

lem common to many studies in the field. However, if these
interactions are physiological, the function of Mad-Max com-
plexes can be inactivated by mutually exclusive interactions of
Mad with Mmips. The net result of this scenario is that more
Max would be available to bind to Myc (Fig. 3C).

Mlx, a relative of Max. To add even more complexity to the
mix, two groups have independently cloned a structurally and

functionally Max-related protein, termed MIx (Fig. 1B) (18,
91). Like Max, MIx is a long-lived and ubiquitously expressed
bHLHZip protein, which can form homodimers and bind to
the CACGTG element. However, there are three distinct iso-
forms of MIx («, B, and +y), and only one form, MlIxry, is nuclear
in its localization. Curiously, there appears to be a level of
interplay between these isoforms, as Mlxy can sequester Mlxa
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into the nucleus (91). Moreover, unlike Max, MIx selectively
forms heterodimers with Madl, Mad4, and Mnt but fails to
dimerize with Mxil, Mad3, Myc, or Max (18, 91). This speci-
ficity, coupled with the ability of Madl-MIx and Mnt-MlIx
dimers to repress transcription, again demonstrates that there
are parallel pathways that regulate Mad activity independent
of Max (Fig. 3D).

Network models. The conventional model states that Myc-
Max complexes specifically bind to DNA at CACGTG E-box
elements in target genes such as ODC and cad (14, 94) and
activate transcription through Myc’s interactions with TRRAP
and histone acetylases such as GCNS5 (89, 90). Indeed, chro-
matin immunoprecipitation experiments have suggested that
c-Myc-Max complexes can bind to the CACGTG response
elements (24, 37). If this is indeed reflective of Myc-Max ac-
tivity in vivo, the regulation of the Myc-Max-Mad network may
have parallels with transcriptional regulation by the nuclear
hormone receptors (87) (Fig. 4A). In both scenarios, active
short-term repression is mediated by the association of DNA-
binding complexes with the transcriptional corepressors such
as N-CoR and Sin3a or Sin3b and the activation of associated
histone deacetylases. Relief of repression by the Mad complex
may be mediated by signaling pathways that disrupt the com-
plex and/or the binding of a factor (like ligand for the hormone
receptors) that inactivates the complex. Activation of the Myc
target gene is then achieved by dissolution of this complex and
binding displacement by the activating Myc-Max complex,
which tethers the coactivator TRRAP and the histone acety-
lase GCNS5 (Fig. 4A).

An alternative to this model is that Myc functions as the
central antagonist in the pathway and blocks Mad- or Mnt-
mediated repression by simply and effectively sequestering
Max (Fig. 4B). A long-standing paradox for the field has been
that Myc-Max complexes are exceedingly difficult to detect in
whole-cell or nuclear extracts using gel shift analyses (84, 135).
By contrast, the DNA binding of other complexes in cell ex-
tracts, particularly Mnt-Max and Max-Max homodimers, is
easily detected (22, 84, 135; J. L. Cleveland, unpublished data).
If these binding activities are reflective of the state of affairs in
vivo, then Myc may activate its targets by virtue of relieving
repression by Mad or Mnt by sequestering Max (Fig. 4B). In
support of this notion, some of the transcriptional targets as-
cribed to Myc are in fact inducible by treating quiescent or
growth factor-starved cells with cycloheximide (103), which
would decrease levels of Mads or Mnt, which are all short-lived
proteins (6).

LESSONS FROM GENE TARGETING

The ultimate genetic test for any pathway is an evaluation of
the consequences of gene deletion or overexpression in vivo,
and in this respect there are both pros and cons supporting the
tenets of the Myc-Max-Mad network. The common denomi-
nator of Myc activation in cancers is overexpression, and
among the first animal models created were the c-myc trans-
genic mice created by the Leder and Adams laboratories, who
established that c-Myc was indeed capable of promoting trans-
formation (1, 79, 80). Subsequent work established that N-Myc
is functionally equivalent in this regard (122, 139). Thus, it was
postulated that the Myc antagonists should function as tumor
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suppressors. Indeed, overexpression studies have demon-
strated that Mad1, Mxil, or Mnt overexpression blocks trans-
formation of primary fibroblasts induced by Myc plus activated
Ras (63, 74, 125), and transgenic animal studies have estab-
lished that the programmed overexpression of Max, Mad1, and
Mnt compromises lymphoid or embryonic development (62,
83, 120). However, a hallmark of tumor suppressors is their
loss of function in human cancers, and here all of the Myc
antagonists have fallen well short of the mark. To date, none of
the loci encoding the Mad proteins, or Mnt or Mga, have been
shown to be convincingly altered in human malignancies or to
be lost in animal tumor models (38, 46, 70, 76, 136).

c-Myc or N-Myc deficiency arrests growth and development.
Gene targeting approaches have demonstrated that c-Myc and
N-Myc functions are critical for cell proliferation and devel-
opment. Gene targeting has established that both c-Myc and
N-Myc are essential for murine development (26, 34, 95, 124,
137). By contrast, mice lacking L-Myc are viable and lack any
defects (53). c-Myc-deficient mice die at embryonic days E9.5
to 10.5 and are developmentally retarded, with embryos having
a smaller size and defects in the pericardium and neural tube
closure. Further, developmental scoring suggested defects in
yolk sac circulation and hind limb formation. Indeed, rederi-
vation and analyses of these mice have revealed that the severe
developmental delay in these mice is associated with marked
defects in primitive hematopoiesis and vasculogenesis (C.
McKay, H. Pendeville, T. A. Baudino, A. C. Davis, J. N. Ihle,
and J. L. Cleveland, submitted for publication). By contrast,
the N-Myc knockout is lethal at day E11.5 and is associated
with multiple defects in the heart, lung, mesonephros, gut, and
central and peripheral nervous system (95, 124, 137). Analyses
of both of these types of mice have failed to reveal any signs of
inappropriate apoptosis. Rather, on the basis of staining with
S-phase markers, these defects are uniformly associated with
the failure of Myc-expressing cells to proliferate (67). In sup-
port of this concept, in primary mouse embryonic fibroblasts
the conditional loss of c-myc results in an absolute block in cell
proliferation in the G, phase of the cell cycle (Trumpp, per-
sonal communication).

While mice deficient in N-Myc or c-Myc die during midges-
tation, their cells are able to divide extensively beforehand.
This is likely due to redundancy of the Myc proteins, as early
in development their expression is overlapping (35, 60, 146).
Indeed, formal genetic proof of this concept has come from the
recent studies demonstrating that the knock-in of N-myc into
the c-myc gene is compatible with development (86). Of
course, one unresolved issue is why cells lacking functional
Myc fail to divide. The conventional model is that c-Myc in-
terfaces with regulators of the cell cycle. This could occur by
inducing the expression of cyclins (32, 65) or the ubiquitin
degradation of the cyclin-dependent kinase inhibitor p27Kip1
(139), which leads to activation of cyclinE-cdk2 complexes that
are necessary and sufficient for entry and progression through
S phase (96, 130). Interestingly, the link to this pathway ap-
pears to be Cull, a critical component of the ubiquitin ligase
SKP1-CDC53 (cullin)-F-box protein complex and a direct
transcriptional target induced by c-Myc (100). However, an-
other intriguing possibility is that Myc regulates the accumu-
lation of cell mass, rather than cell division per se, by regulat-
ing targets involved in cellular growth and metabolism. For
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cells to divide, they must attain a certain mass and volume. The
creation of the Drosophila melanogaster dMyc knockout re-
vealed a minute phenotype, and mosaic analyses suggested that
loss of dMyc reduces cell size (127). However, in the murine
c-Myc knockouts cell size is apparently not diminished (132;
T. A. Baudino and J. L. Cleveland, unpublished data), and thus
exactly how Myc promotes growth is unresolved.

Makx is also essential. Max is ubiquitously expressed, and by
creating the Max knockout mouse, DePinho and colleagues
established that Max provides essential, nonredundant func-
tions in growth and development. Max~'~ mice die of an early
embryonic lethality at days ES.5 to 6.5 (129), which is associ-
ated with a generalized developmental arrest of both embry-
onic and extraembryonic tissues. These defects are not associ-
ated with inappropriate apoptosis, but rather with a failure of
cells to divide. Furthermore, the timing of the lethality appears
to reflect the loss of stores of maternal Max, which is expressed
at high levels in oocytes (129). The essential nature of Max in
growth and development underscores the central role for this
factor in regulating Myc functions, and one prediction is that
the creation of a Myc-less mouse should result in a comparable
phenotype. Furthermore, although MIx is structurally related
to Max, it appears that MIx cannot compensate for the loss of
Max functions, suggesting that MIx functions may indeed be
limited to regulating those of Mad and/or Mnt (18, 91), which
are, at least to date, not required for growth and development.

Madl, Mxil, and Mad3 are dispensable. Madl and Mad4
are generally expressed during terminal stages of differentia-
tion (11, 63, 118), whereas Mxil and Mad3 are apparently
expressed early during differentiation programs or in prolifer-
ating cells, where their expression can overlap with that of
c-Myc and N-Myc (63, 118, 119, 144). Given the purported role
of Mxil and Mad3 as antagonists of Myc, these knockout mice
were expected to be tumor prone and cells from these mice
should display augmented levels of Myc activity. Furthermore,
all four Mad genes were expected to play an important role in
development, as all are expressed during gestation, particularly
in the embryonic nervous system, heart, and lung (118). These
predictions have not borne fruit. First, Madl-deficient mice
displayed a modest delay in granulocyte differentiation, and
this phenotype was manifest only using in vitro culture (11).
Second, despite the interesting pattern of expression of Mad3
in proliferating and committed progenitors in the neural tube,
loss of Mad3 also results in a very modest phenotype. As
reported in this issue (119), there are subtle effects of Mad3
loss on the sensitivity of some cells to gamma irradiation. One
important caveat is that the relatively uninformative pheno-
types of these three Mad knockouts could be due to functional
redundancy, as several members are expressed in overlapping
patterns. Indeed, the expression of Mxil and Mad3 is up-
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regulated in an ectopic fashion in Madl-knockout mice (11).
However, this is apparently not the case in mice lacking Mad3
(119) or Mxil (144), and thus one is left to wonder if the
generation of mice lacking multiple Mad family members will
be more informative.

Of mice deficient in any of the three Mad family members so
far analyzed, only Mxil-deficient mice appear to have a modi-
cum of the phenotypes typical of classical tumor suppressors
(126). First, cells from Mxil-deficient mice appear to have an
accelerated rate of growth and the mice exhibit hyperplasia
within some tissues. Second, although spontaneous tumors do
not develop in these mice, a phenotype is manifest when they
are treated with carcinogens or when they are crossed to mice
lacking the bona fide tumor suppressors p16™™+* and p19*RF
(126), which target the retinoblastoma and p53 tumor suppres-
sors, respectively (28, 68, 112, 128, 130). However, loss of Mxil
function in the context of this double knockout does not alter
the tumor spectrum from that observed for mice lacking
pl6™ 4p192RF alone (126). There have also been suggestions
that loss of MXI1 may also occur in human prostate cancer (36,
115), and missense mutations and MXI! loss of heterozygosity
have been reported for neurofibrosarcomas and desmoplastic
melanoma, respectively (81, 121). However, many of these
findings have been challenged (13, 38), and overall, mutations
appear to be very rare (58, 70, 73, 132).

A case for Mnt? Collectively, the data indicate that, if there
indeed exists a true antagonist for Myc, perhaps it is Mnt. First,
Mnt is expressed in an overlapping pattern with c-Myc and
N-Myc during development. Second, like Myc proteins, Mnt is
expressed in proliferating cells and Mnt-Max DNA-binding
complexes are readily detected in cell extracts (92, 135). Third,
in overexpression studies Mnt is a potent antagonist of Myc
transcriptional and transforming activity (62). Fourth, deregu-
lated Mnt expression in mice results in an embryonic lethality
at E9.5 to 10.5 with a phenotype that, at least on the surface,
appears identical to that of c-Myc-null embryos, including de-
fects in the pericardium and a general delay in growth (62).
Finally, Mnt is localized at 17p13.3, a region commonly deleted
in many cancers. However, Mnt is not inactivated in any can-
cers having alterations in this region (136). Thus, the jury is still
out as to whether Mnt is a tumor suppressor.

The Ski-Sno components of the Mad transcriptional repres-
sor complex behave as tumor suppressors. Of the five compo-
nents of the Mad transcriptional complex (Fig. 2), knockout
mice have been created for the nuclear corepressor N-CoR
(66), Ski (17), and Sno (131). Sin3 has been deleted in Dro-
sophila and results in an embryonic lethality (110). Loss of
N-CoR in mice also leads to embryonic lethality that is asso-
ciated with profound defects in definitive erythropoiesis and
central nervous system development. Furthermore, Mad-me-

FIG. 3. Alternative mechanisms regulating Myc transcriptional activity. (A) Myc interacts through its HLH domain, perhaps in a mutually
exclusive fashion, with the transcriptional regulatory proteins Max (top), INI1/Snf5 (middle), and Mizl (bottom) to activate (Max and INI1) or
repress (Mizl) transcription. It is unknown whether ternary complexes form. (B) Target genes bearing CACGTG elements are actively repressed
by Mad/Mnt-Max complexes. Myc may then relieve active repression by effectively sequestering Max into solution and/or may bind CACGTG
elements in conjunction with Max to activate transcription. (C) The Mad-specific interacting proteins Mmip-1 and Mmip-2 relieve Mad-mediated
active repression by sequestering Mad into solution, which may lead to transcriptional activation. Mad—Mmip-1 or Mad-Mmip-2 complexes
apparently do not bind DNA (49, 143). (D) The Max-related protein Mlx selectively binds to Mad1, Mad4, and Mnt, and these complexes actively
repress transcription through binding to CACGTG elements (18, 91). Thus, Mad-mediated repression of transcription can occur independently

of Max.
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FIG. 4. Transcriptional regulation by displacement-recruitment versus sequestration. (A) At top is shown a model of transcriptional regulation of Myc
target genes by displacement and recruitment. In the repressed state, Mad/Mnt-Max DNA-binding complexes tether the transcription repressor complex.
Following the addition of mitogens, c-Myc expression is up-regulated and the corepressor complex dissociates from Mad/Mnt-Max complexes, relieving
active repression. c-Myc then complexes with Max, binds DNA, and recruits the transcriptional coactivator TRRAP, which tethers histone acetyltrans-
ferase GCNS. This complex then activates transcription through chromatin remodeling. This model has many parallels to the regulation of transcription
by nuclear receptors (bottom panel) such as the retinoic acid receptor and retinoid X receptor (87). (B) Myc target genes are activated indirectly by the
sequestration of Max away from Mad or Mnt. In this model, Myc-Max complexes do not bind DNA and the activation of target genes is due to relief
of repression. Targets are then activated in proliferating cells simply by virtue of inducing c-Myc expression.
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diated repression is ablated in N-CoR-deficient cells (66).
However, loss of N-CoR has not been linked to inappropriate
activation of Myc.

The Ski transcription factor was originally identified as a
truncated avian retrovirus oncogene (82) and, like N-CoR
(66), can function as either a transcriptional coactivator or a
corepressor. Thus, depending on the cell context, Ski overex-
pression can result in either transformation or differentiation
(30, 97). When associated with histone deacetylase 1 (as in
Mad complexes), Ski functions as a corepressor through its
ability to directly bind to both N-CoR and Sin3 (99). However,
Ski can also directly bind to DNA (to GTCTAGAC elements),
by forming homodimers or by heterodimerizing with a struc-
turally related transcription factor termed Sno (29, 97). Ex-
pression of Ski occurs in both proliferating and differentiating
cells during development, and although some Ski~/~ pups are
born, nullizygous embryos generally display excessive apopto-
sis in cranial neuroepithelium and retarded development of
skeletal muscle and the central nervous system (17). Interest-
ingly, loss of Ski in some cell contexts leads to the ectopic
expression of the Myc target ornithine decarboxylase (99).

Of all of the proteins involved in the transcriptional repres-
sion arm of the network, perhaps the physiological role of the
Sno transcriptional corepressor is most compelling. Sno is ex-
pressed as several isoforms (106, 107, 109) and appears re-
quired for transcriptional repression by Mad, Rb, and nuclear
hormone receptors (131). The creation of Sno~’~ mice re-
vealed that Sno is required for proper formation of the blas-
tocyst and is thus lethal at E3.5 (131). However, Sno™*’~ mice
develop spontaneous B- and T-cell lymphoma at a low fre-
quency, and this is dramatically augmented when they are
challenged with tumor promoters. Furthermore, the tumors
that do arise in these animals display loss of the wild-type Sno
allele, proving that Sno behaves as a tumor suppressor (131).
However, although the biological effects of Ski and Sno loss are
compelling, an important consideration is whether their effects
are truly selective for Mad, particularly since these factors
appear to be components of a wide array of transcriptional
repressor complexes.

THE Max MATRIX

Myc’s regulation of various cellular processes appears to be
a function of its interactions with a wide array of regulatory
and effector molecules (123). Several Myc-interacting proteins
bind to Myc through HLHZip interactions that are also re-
quired for binding to Max (123). Thus, it seems unlikely that all
of the Myc functions can be attributed to its dimerization with
Max. The precise contributions of other Myc partners await
genetic studies with mice and elsewhere, where they can be put
to the test. Indeed, Max makes the grade in this scenario, as its
deletion, like that of Myc, compromises cell growth. This is not
so for the other factors that have been proposed to regulate
Myc activity by dancing with Max. In particular, the deletion of
three of the Mad family members has essentially no impact on
development; cell growth, survival, and differentiation; or tu-
mor susceptibility. Thus, while one can still invoke redundancy,
it remains to be determined whether Mad, Mnt, Mga, and
possibly other yet unidentified factors play an important phys-
iological role in regulating Myc activity.

MINIREVIEW 699

At this juncture, it is difficult to reconcile all of the available
data into a linear Myc-Max-Mad network. Rather, the constel-
lation of data fits better with the concept of a matrix, in which
several parallel yet sometimes intersecting pathways are in-
volved in decisions that control cell fate. Max certainly plays a
central role in this matrix by targeting multiple transcription
factors, including those of the Brachyury family. Moreover,
Max does not function in this matrix alone, as MIx also appears
to contribute to Mad and Mnt protein functions. Furthermore,
it remains possible that Myc functions as an effective antago-
nist of this collective group of transcriptional repressors by
effectively sequestering Max or other factors from their bind-
ing partners. The bottom line is that many more genetic studies
need to be performed before we can hope to understand the
multiplicity of interactions, and the generation of double or
perhaps triple knockouts will hopefully address the relevance,
if any, of the Mad family of transcription factors to regulation
of Myc activity.
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