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Abstract

Protein–protein interactions between members of the Myc transcription factor network are potential targets of small molecule inhibitors and stabilizers. 
Diverse screening strategies—including fluorescence resonance energy transfer, fluorescence polarization, 2-hybrid, and protein complementation 
assays—have identified several lead compounds that inhibit Myc–Max dimerization and one compound that stabilizes the Max homodimer. 
Representative compounds interfere with Myc-induced transcriptional activation, Myc-mediated oncogenic transformation, Myc-driven cellular 
replication, and DNA binding of Myc. For the best-characterized compounds, specific binding sites have been determined, and molecular mechanisms 
of action have been documented. This knowledge of small molecule–protein interaction is currently applied to highly targeted approaches to identify 
novel compounds with improved potency.
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The concept that the abnormal pro-
liferation and metabolism of can-
cer cells can be pharmacologically 

exploited is quite old and represents the 
foundation upon which chemotherapeutic 
approaches have rested for a half cen-
tury.1–4 Only recently have we begun to 
realize its true potential as a result of an 
improved understanding of the molecular 
underpinnings responsible for the cancer 
cell’s replicative and survival advantages. 
This has led to the deliberate design of 
various inhibitors that attack tumor cells 
with a much higher degree of specificity 
and with fewer side effects than previ-
ously attainable.5–7 Despite the often stun-
ning success of this approach in previously 
refractory diseases, many molecular tar-
gets have remained frustratingly immune 
to attack. These include transcription fac-
tors whose protein–protein or protein–
DNA interactions have been considered 
intrinsically resistant to small mole-
cules.8–10 Here we review recent progress 
in therapies designed to target c-Myc 
(Myc). We weigh the arguments for and 
against targeting this ubiquitously ex-
pressed and rarely mutated oncoprotein, 
discuss the various approaches currently 
being examined and their limitations, and 
propose how some of the therapeutic bot-
tlenecks might be overcome. Finally, we 
evaluate the possibility for the use of Myc 

inhibitors in nonmalignant states associ-
ated with cellular hyperproliferation.

Arguments Against Therapeutic 
Targeting of Myc
A priori, there are numerous reasons to 
view Myc as a challenging therapeutic 
target. Among the practical and theoreti-
cal arguments typically encountered are 
the following.

First, Myc is rarely mutated in cancer 
despite its high level of expression.11,12 
Exceptions do occur in Burkitt and AIDS-
related lymphomas where approximately 
30% of primary tumors carry amino acid 
substitutions in Myc.13–17 The majority of 
these cluster around or directly affect 
Thr

58
 and affect Myc’s half-life by inter-

fering with its ubiquitination-mediated 
proteasomal degradation.13,18 However, 
the overall paucity of mutations dictates 
that the design of therapeutics with wide-
spread potential cannot be predicated on 
paradigms that have been successfully 
used to develop inhibitors of cancer-asso-
ciated protein kinases, which typically 
possess gain-of-function mutations that 
distinguish them from their normal coun-
terparts.19–22 The development of such 
agents is guided by the long-established 
principles of enzyme inhibitor design and 
will have limited applicability to nonen-
zymatic proteins such as Myc.23,24

Second, Myc expression is a nearly 
universal property of all proliferating 
cells, and its inhibition might be associ-
ated with unacceptable toxicities.

Third, Myc inhibitor design will be 
difficult. The most obvious approaches—
for instance, targeting the association 
between Myc and Max or other essential 
cofactors, such as TRRAP25—involve 
the disruption of protein–protein interac-
tions. The surfaces at which these occur 
tend to be large, flat, and relatively fea-
tureless, and they often lack recogniz-
able motifs or clefts, such as those found 
in enzymes. The disruption of protein–
protein interactions must also overcome 
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a large free energy of association from 
the interacting protein moieties.26–28

Arguments for Therapeutic 
Targeting of Myc
Despite the foregoing objections, there 
are numerous reasons to believe that the 
general strategy of inhibiting Myc is rea-
sonable and attractive and that the poten-
tial benefits for pursuing this approach 
outweigh the concerns and disadvan-
tages. These arguments serve to balance 
the list of disadvantages in the preceding 
section.

First, despite the general lack of Myc 
protein mutations, most tumors are Myc 
dependent to varying degrees. For 
example, in a recent survey of more than 
20 human cancer lines, short hairpin 
RNA–mediated depletion of Myc led to 
a permanent proliferative arrest in every 
case examined.29 Consistent with this 
observation are the findings obtained 
with conditional in vivo models indicat-
ing that continuous Myc expression is 
required to sustain tumor proliferation 
and viability30–32 and that, in at least 
some cases, its reinstatement may actu-
ally lead to a seemingly paradoxical 
apoptotic response.32 This finding is not 
universal, however, and certain types of 
tumors appear to lose their dependence 
on deregulated Myc.33,34 However, in 
none of these cases has their lack of 
dependence on endogenous Myc been 
established. Taken together, these stud-
ies suggest that at some level—whether 
it be normally expressed and regulated 
Myc or the deregulation that accompa-
nies many tumors—Myc inhibition is 
likely to inhibit tumor progression and/
or survival. The possibility that tumor 
growth might be further impaired by the 
proapoptotic reestablishment of Myc 
expression suggests that long-term ther-
apeutic suppression of Myc may at least 
in some circumstances be neither war-
ranted nor even desirable.

Second, Myc expression by normal 
cells might not necessarily limit the use 
of Myc-based therapies. At any given 
time, most normal cells are quiescent 
and express little, if any, Myc; thus, they 

might not be subject to the effects of 
Myc inhibitors. At the whole organism 
level, this could mean that the associated 
toxicities of such therapies would mimic 
those of more standard, nontargeted 
agents and include primarily hematopoi-
etic and gastrointestinal effects. Consis-
tent with this idea are the findings of 
Soucek et al., who suppressed endoge-
nous Myc via the tetracycline-regulat-
able conditional expression of a 
dominant-negative (DN) Myc protein in 
transgenic mice that were engineered to 
develop K-rasG12D-driven lung adeno-
mas.35 Although the anticipated pancy-
topenia, epidermal thinning, and intestinal 
villus attrition did occur quite quickly 
upon expression of the DN-Myc, these 
effects were well tolerated, unassociated 
with overt toxicity, and largely revers-
ible, even when DN-Myc expression 
was allowed to persist. Unexpectedly, 
the mice showed a reduced incidence of 
adenomas, consistent with the concept 
that most, if not all, oncogenic signaling/
proliferative pathways are likely to con-
verge upon Myc and that its inhibition 
results in nearly universal proliferative 
arrest.36,37

Third, the notion that protein–protein 
interactions might be refractory to small 
molecule inhibitors has gradually yielded 
to experimental evidence to the contrary. 
Indeed, that single amino acid substitu-
tions in the bHLH-ZIP dimerization 
domain of Myc could abolish its interac-
tion with Max and abrogate its transcrip-
tional activation function and biological 
properties38,39 speaks to this point and so 
provided the impetus and rationale for 
Myc inhibitor discovery by one of our 
groups.40 It is also now appreciated that 
the interaction between the flat surfaces 
of interacting domains is initiated by a 
limited number high-affinity interac-
tions, which can sometimes account for 
the majority of the free energy of bind-
ing.41 This implies that a small mole-
cule capable of recognizing such a site 
has the potential for exerting a dispro-
portionate effect on protein–protein 
interaction. Further evidence by anal-
ogy for the success of the small mole-
cule approach has now been seen in 

other areas, including the disruption of 
TP53–HDM2 interactions by nutlins10 
and the inhibition of Bcl-2, Bcl-X

L
, 

and Bcl-w by small-molecule BH3 
mimetics such as ABT-737.42,43

Finally, Myc-based therapeutics rely 
on a novel molecular target. They should 
therefore be compatible and largely 
non-cross-resistant with many preexist-
ing chemotherapeutic agents.

Identification of Inhibitors of 
Myc-Max Dimerization (Myc 
Inhibitors)
Several in vitro and cell-based methods 
can be used in screens to identify inhibi-
tors of Myc–Max dimerization. A simple 
and straightforward in vitro technique is 
based on fluorescence resonance energy 
transfer (FRET). In this procedure, the 
basic helix-loop-helix leucine-zipper 
(bHLH-ZIP) domain of Myc is fused to 
cyan fluorescent protein (CFP), and the 
bHLH-ZIP domain of Max is fused to 
yellow fluorescent protein (YFP). The 2 
proteins are allowed to dimerize, as fol-
lowed by excitation of CFP at the wave-
length of 433 nm. Dimerization 
generates a FRET spectrum character-
ized by a strong emission signal of YFP 
at 525 nm and a weaker emission signal 
of CFP at 475 nm. The ratio of fluores-
cence intensity at 525 nm over 475 nm is 
typically 1.7 at complete dimerization of 
MycCFP with MaxYFP. The intensity 
ratio is 0.4 for the monomeric state of 
MycCFP. Inhibitors of Myc–Max dimer-
ization reduce the ratio of fluorescence 
at 475 nm over that at 525 nm.44 This in 
vitro technique measures the Myc–Max 
interaction specifically and directly.

A second in vitro technique that has 
been used in screens for inhibitors of 
Myc–Max dimerization is based on flu-
orescence polarization.45,46 An oligonu-
cleotide containing several iterations  
of the Myc–Max consensus-binding 
sequence (E-box) is labeled with a fluo-
rophore (5-carboxyfluorescein, Alexa 
Fluor 633). This indicator is excited 
with plane polarized light. The polariza-
tion of the emitted light depends on the 
mobility of the molecule, which is in 
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turn a function of molecular size. Bind-
ing of the fluorescent indicator to the 
Myc–Max dimer increases this size and 
enhances the fluorescence polarization. 
Among the advantages of this technique 
is simplicity; only one of the interacting 
components needs to be tagged with 
fluorophore. However, the technique 
does not discriminate between inhibitors 
of Myc–Max dimerization and inhibi-
tors of Myc–Max DNA binding and will 
therefore result in some false positives 
that have to be eliminated by a different 
method.

Among the cell-based techniques, the 
2-hybrid method has been successfully 
used to isolate inhibitors of Myc–Max 
dimerization and is described later.40

A second in vivo technique is the pro-
tein complementation assay (PCA). The 
strategy of the PCA is to mediate the 
complementation of 2 β-lactamase frag-
ments by 2 interacting proteins that are 
conjugated to the enzyme fragments. 
Animal cells are devoid of endogenous 
β-lactamase. Two separate β-lactamase 
fragments are conjugated to the bHLH-
ZIP domains of Myc and Max.47,48 A 
flexible linker between Myc or Max and 
lactamase fragments facilitates reasso-
ciation of the 2 enzyme fragments when 
Myc and Max dimerize. We have gener-
ated HEK293 cells stably transfected 
with these chimeric constructs. For the 
PCA, 1 M CCF2/AM is added to the cul-
tures. CCF2/AM diffuses across the cell 
membrane and is hydrolyzed by cyto-
plasmic esterases, generating the 
β-lactamase substrate CCF2. Comple-
menting fragments of β-lactamase 
hydrolyze CCF2, generating a coumarin 
fragment that emits blue fluorescence at 
447 nm. The nonhydrolyzed CCF2 emits 
in the green spectrum at 530 nm. Con-
trols include single transfectants (no lac-
tamase), double transfectants without 
test compound (active lactamase), and 
double transfectants with a known Myc–
Max inhibitor (reduced lactamase activ-
ity). FACS sorting at 447 nm is used for 
a quantitative determination of inhibitor 
potency, which is reflected by the ratio 
of nonfluorescing cells to fluorescing 
cells.49

The FRET screening technique has 
been used in conjunction with 2 chemi-
cal libraries. One is a peptidometic 
library generated by solution phase syn-
thesis.50 The second library, the “credit 
card” library, uses a planar aromatic 
core further functionalized by the addi-
tion of highly diverse motifs.51 These 
libraries yielded several inhibitors of 
Myc–Max dimerization. The lead com-
pounds also interfere with the binding of 
Myc–Max to DNA in electrophoretic 
mobility shift assays (EMSAs).44,51 They 
are active in reporter assays, inhibiting 
Myc-mediated but not N-Myc-mediated 
transcriptional activation.51,52 For some 
of these compounds, interference with 
Myc–Max dimerization was docu-
mented in ELISA assays that measure 
binding of GFP-coupled Myc to immo-
bilized Max.44 Oncogenic transforma-
tion induced in cultures of primary 
chicken embryonic cells by Myc is 
strongly inhibited by most but not all the 
identified compounds. The half maximal 
inhibitory concentration (IC

50
) of the 

Myc–Max inhibitors in all these assays 
is between 10 and 50 μM. At higher 
inhibitor concentrations, cell growth is 
also negatively affected. The inhibition 
of oncogenic focus formation extends to 
Jun- but not Src-mediated transforma-
tion. Jun and Myc use leucine zippers to 
dimerize, and the cross-reaction of the 
inhibitors may reflect structurally simi-
lar motifs in Jun and in Myc that interact 
with the inhibitors. However, there is at 
present no evidence for this supposition, 
and more work is required to character-
ize the interaction between the com-
pounds and their targets. Src-mediated 
transformation requires Myc function, 
and inhibitors of Myc are expected to 
affect the transforming activity of Src.53 
However, under the conditions of the 
focus assay, the inhibitors never com-
pletely block Myc function. The residual 
Myc activity may be sufficient to sup-
port transformation by Src. Several 
important questions about these inhibi-
tors of Myc–Max dimerization remain 
to be answered. It is not known whether 
these inhibitors bind to Myc, Max, or 
both proteins. Binding presumably 

targets the monomeric form, but the 
actual binding sites of the inhibitors on 
Myc or Max have not been determined.

Greater molecular details of the 
mechanism of inhibitor action have been 
worked out by Yin et al., who utilized a 
different approach for the identification 
of candidate compounds.40 They devel-
oped a yeast 2-hybrid-based approach in 
which heterodimerization between the 
bHLH-ZIP domains of Myc and Max 
would reconstitute a bipartite but func-
tional Gal4 transcription factor whose 
activity could easily be quantified by a 
β-galactosidase (β-gal) assay. They then 
screened about 10,000 small molecules 
for those that selectively reduced β-gal 
activity while having no effect on an 
identical yeast strain expressing Gal4 
fusions of the Id2 and E47 HLH dimer-
ization domains. This latter control 
allowed for the rapid elimination of 
compounds with nonspecific effects on 
yeast growth, β-gal enzyme activity, or 
target gene binding by Gal4. Ultimately, 
7 compounds were identified whose 
specificity for Myc–Max inhibition was 
greater than 90% as judged by their lim-
ited inhibition of more than 30 tested 
HLH, ZIP, and HLH–ZIP interactions in 
the same yeast background. A direct 
effect on Myc–Max association and 
DNA binding was demonstrated by glu-
tathione–agarose pulldown experiments 
and EMSAs. Similar experiments dem-
onstrated that the compounds inhib-
ited the formation of new heterodimers 
and disrupted preexisting ones. Cells 
treated with these compounds also showed 
reduced expression of 2 Myc-responsive 
reporters. Importantly, normal fibro-
blasts and those transformed as a result 
of deregulated Myc expression were 
growth inhibited, whereas myc−/− fibro-
blasts were not.54 Transformed fibro-
blasts also demonstrated markedly 
reduced tumorigenicity following expo-
sure to the compounds.

The Mechanisms of Myc 
Compound Binding
The above studies, including those of 
Berg et al.,44 raised several important 
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and ultimately related questions. The 
first was whether Myc compounds were 
binding to Myc, Max, or the Myc–Max 
heterodimer. The second was whether 
the compounds were binding to identical 
or distinct sites. Finally, could Myc 
compounds be used in combination to 
provide additive or synergistic effect?

With regard to the first question, the 
original yeast 2-hybrid studies indirectly 
implicated the Myc monomer as the site 
of compound binding given that they 
minimally affected Max homodimeriza-
tion or Max–Mad member heterodimer-
ization.40 Monomeric binding was also 
supported by the finding that the com-
pounds prevented the de novo formation 
of Myc–Max heterodimers in vitro. The 
issue was definitively settled by Wang 
et al.,37 Follis et al.,55 and Hammoudeh 
et al.,56 who used a combination of 
fluorescence polarization and circular 
dichroism (CD) to provide direct physi-
cal evidence that the recombinant Myc 
bHLH-ZIP domain but not the compa-
rable domain of Max bound every one of 
the 7 compounds originally identified by 
Yin et al.40 With regard to the second 
question, the possibility that Myc com-
pounds were occupying different sites 
was suggested by their diverse chemical 
structures. Implying this as well were 
the different patterns of nonspecific 
interactions of these compounds with 
the numerous other HLH, ZIP, and 
HLH-ZIP yeast 2-hybrid partners used 
as controls.40 The tools used to establish 

that all the compounds were binding to 
monomeric Myc were used to localize 
their exact binding sites via a series of 
highly purified recombinant Myc 
bHLH-ZIP deletion and point mutants. 
Distinct binding sites were identified for 
3 of the original parental compounds: 
residues 363–381 for 10074-G5, resi-
dues 370–407 for 10074-A4, and resi-
dues 402–412 for 10058-F4. The first 
site corresponds to the junction of the 
basic domain and helix 1; the second site 
corresponds to the N-terminus of helix 
1; and the third site corresponds to the 
junction of helix 2 and the ZIP domain. 
The remaining 4 compounds bound to 
either the first site (10050-C10) or the 
third site (10075-G5, 1009-G9, and 
10031-B8). Final confirmation of bind-
ing site assignments came from experi-
ments with synthetic peptides whose 
calculated Kd’s for the compounds were 
in good agreement with those obtained 
using the longer recombinant bHLH-ZIP 
proteins (Figure 1).37,55,56 It will be of 
interest to determine whether other pre-
viously identified Myc inhibitors44–46 or 
those identified in the future will show 
similar properties. The intrinsically dis-
ordered (ID) nature of these 3 sites sug-
gests that they may be particularly well 
adapted as targets for many, if not all, 
small molecule Myc inhibitors.

Regarding whether individual com-
pounds could be used more effectively 
in combination, we observed little 
more than an additive effect when 

those with distinct binding-site prefer-
ences were tested (Wang and Pro-
chownik, unpublished). However, as 
described in the next section, much dif-
ferent results have been obtained when 
these compounds were joined via 
chemical cross-linking to create biva-
lent compounds.

Improving Myc Compound 
Potency
None of the originally identified Myc 
compounds bound its cognate site with 
particularly high affinity. For example, 
the parental compounds 10058-F4 and 
10074-G5 showed Kd’s of approxi-
mately 2.5 μM and 4.4 μM, respectively, 
as determined by fluorescence polariza-
tion.37,55 Similarly, binding of the non-
fluorescent compound 10074-A4 to its 
cognate site, which was determined by 
CD, was calculated to be about 21 μM.56 
These values were generally somewhat 
lower than the empirically determined 
IC

50
 values in several cell types, which ranged 

from approximately 20 to 50 μM.37,40 
Given that compounds with such low 
affinities are unlikely to be viable thera-
peutic candidates, considerable effort 
has gone into deriving more potent 
analogs. Three distinct approaches have 
been taken.

The Random Analog Approach

Initially lacking any knowledge of the 
structure of these compounds in 

Figure 1.  NMR models of Myc compounds bound to their cognate sites in the Myc monomer. Synthetic peptides encompassing each of the 
previously determined binding sites were used to obtain NMR models. Because of the intrinsically disordered nature of each binding site, the images 
shown do not represent actual structures; rather, they are composites of the ensembles of structures representing the most likely bound conformation 
for each site.56 (© 2009, American Chemical Society. Reprinted with permission.)
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association with their Myc-binding sites, 
a random analog screen was conducted 
to identify more potent structural rela-
tives of the parental compound 10058-
F4, which is chemically the simplest of 
the original 7 parental Myc compounds.40 
The 10058-F4 compound contains a 
6-member ethylbenzylidine ring and a 
5-member thioxothiazolidin-4-one, or 
rhodanine, ring. 48 second-generation 
analogs containing alterations of only 
the first ring and 15 analogs with altera-
tions of only the rhodanine ring were 
screened with a number of independent 
assays, including the aforementioned 
fluorescence polarization tests, EMSAs, 
coimmunoprecipitations from compound-
treated cells, and cell growth inhibition 
assays. The best 6-member ring analogs 
were then combined with the best 
5-member ring analogs to generate third-
generation compounds with alterations 
in each ring. In all, 80 chemically distinct 
10058-F4 analogs were analyzed.

Despite some fairly radical depar-
tures from the base 10058-F4 struc-
ture,37 a surprisingly large number of 
analogs retained activity in all assays. 
However, only 4 analogs had Ka’s for 
recombinant Myc bHLH-ZIP domain 
that were significantly better than that of 
10058-F4, and the best of these was only 
4-fold better. Moreover, binding affini-
ties did not necessarily correlate with the 
ability of the compounds to inhibit Myc–
Max heterodimerization in intact cells 
and block proliferation. For example, 
the 6-member-ring substituted analog 
with the best affinity for Myc (28Rh, Ka 
= 1.0 μM) had an IC

50
 in HL60 promy-

elocytic leukemia cells that was only 
modestly better than that of 10058-F4 
(36 μM versus 49 μM).37 In contrast, No. 
764, a 5-member ring analog with the 
best IC

50
 (6.5 μM), actually had a 

slightly inferior binding affinity relative 
to that of 10058-F4. The imperfect cor-
relation between compound binding 
and growth inhibition probably reflects 
the differences in biological behaviors 
among the various analogs, including 
rates of influx and efflux, metabolism, 

and intracellular trafficking and nonspe-
cific protein binding.

Pharmacophore Model Screens

Subsequent to the above-described work, 
NMR models were generated of repre-
sentative parental compounds (10058-
F4, 10074-G5, and 10074-A4) bound to 
their cognate synthetic peptides or a 
short recombinant segment of the Myc 
bHLH-ZIP domain.55,56 The ID nature of 
all 3 binding sites does not allow these to 
be represented as actual structures; 
rather, they serve as the best average 
approximations of the ensemble of 
dynamic structures most likely to exist at 
any given time (Fig. 1).

The previous studies yielded a large 
amount of structure–activity relation-
ships for the active and inactive analogs 
of 10058-F4.37,40 These were used to 
generate a molecule-derived pharmaco-
phore model that incorporated these rela-
tionships using the GALAHAD program 
(Genetic Algorithm with Linear Assign-
ment for Hypermolecular Alignment of 
Datasets)57,58 and were further refined 
using the Tuplets model in SYBYL 8.0 
(http://www.tripos.com). In silico screen-
ing of the ZINC database of approxi-
mately 5 × 106 compounds59 initially 
identified a large number of structurally 
diverse molecules, as determined by 
their Tanimoto scores of 0.5. This group 
was filtered down to a set of 30 com-
pounds with the most desirable ADME 
properties and then further reduced to 9, 
which retained their structural diversity 
and were viewed as poor substrates for 
the cytochrome P450 isoform CYP3A4, 
the major human enzyme responsible for 
xenobiotic metabolism.60 Of the 9 com-
pounds, 7 showed activity at high con-
centrations when tested against preformed 
Myc–Max heterodimers using CD. The 4 
best compounds competing for Max in 
this assay were generally 2- to 10-fold 
better than 10058-F4. They also com-
peted 10058-F4 from its binding site, as 
determined by fluorescence polariza-
tion,37,55 and were able to inhibit DNA 
binding by Myc–Max heterodimers in an 

EMSA. However, the calculated affini-
ties of the compounds for Myc in these 
latter 2 assays were not significantly 
greater than those for 10058-F4. Finally, 
when tested in cell proliferation assays, 
none of the tested compounds were more 
than 2-fold better than 10058-F4. As 
with the 10058-F4-derived random 
analog compounds,37 this likely 
reflected the more complex nature of 
the biologically based assay where 
inhibition of cell proliferation reflects 
the balance of many factors other than 
compound binding, which is the only 
parameter evaluated in simple 2-com-
ponent-based CD and fluorescence 
polarization assays.

It seems likely that the failure of the 
pharmacophore model–based approach 
to identify molecules with greater bio-
logical activity is a measure of the lim-
ited number of compounds interrogated 
and the imperfections of the model 
itself. Improving the model by incorpo-
rating new and structurally diverse com-
pounds as they become available will 
likely increase the rate at which more 
potent inhibitors are detected. Despite 
these shortcomings, there have been 2 
dividends of this approach, particularly 
when considered in light of the random 
analog approach. The first is the simple 
demonstration that the overall pharma-
cophore model for identifying Myc 
compounds is viable and reasonably 
robust. The second is the surprising 
structural diversity of Myc inhibitors 
(Figure 2).

Link Compounds

The revelation that many, if not all, Myc 
compounds bind to monomeric Myc has 
allowed for a novel approach to identify 
more potent Myc compounds. This 
involved the linking of 2 small mole-
cules with different binding sites to cre-
ate a bivalent molecule.61,62 That such an 
approach is feasible was supported by 
the fact that the closely related mono-
meric bHLH-ZIP domain of v-Myc 
(and, presumably, c-Myc) is relatively 
unstructured in solution63 and assumes a 
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rigid conformation only upon associat-
ing with Max.63,64 The lack of a well-
defined structure of the monomeric Myc 
bHLH-ZIP domain would be expected 
to provide sufficient conformational 
freedom to allow it to readily interact 
with even the most rigid bivalent 
molecule.

To this end, a series of so-called Link 
compounds has recently been generated 
in which parental Myc inhibitors 10058-
F4 and 10074-G5 have been joined at 
various sites by flexible aliphatic link-
ers of variable composition and length 
(Follis et al., in preparation). As 
expected from the model of the unstruc-
tured Myc bHLH-ZIP domain, all Link 
compounds have demonstrated impres-
sive increases in activity relative to 
either of the individual monovalent 
components. In the best case, up to 
5,000-fold improvements in binding 
affinity have been observed, represent-
ing more than 1,000-fold better affinity 
for Myc than that of Max for Myc. 
There are at least 2 potential and non-
mutually exclusive explanations for 
these remarkable increases in binding 
affinities. First, the binding of either 
moiety to its cognate site on Myc 

increases the local concentration and 
the dwell time of the second linked moi-
ety near its binding site. Second, the off-
rate of either moiety is countered by 
virtue of being tethered to its still-bound 
companion moiety. Link compounds 
provide an immediate solution to the 
potency problem because high pM–low 
nM affinities are now readily achiev-
able. Preliminary results indicate that 
cellular uptake still remains dispropor-
tionately poor but is nevertheless up to 
100-fold better than that of even those 
most potent monovalent compounds 
thus far discovered. To date, Link com-
pounds have been prepared only with 
parental forms of Myc compounds.40 
Further improvements can be expected 
when higher-affinity monovalent bind-
ers are used as Link substrates.

Myc and Intrinsic Disorder
That the structures of many effective 
Myc compounds deviated significantly 
from that of the original parental com-
pound 10058-F4 (Figure 2) was initially 
confusing but ultimately understandable 
in light of the ID nature of all 3 Myc-
binding sites.56 ID regions have been 

defined as highly unstructured, dynamic, 
and constantly shifting segments of 
amino acids that assume an ordered state 
only upon binding to specific targets, 
which can themselves be of variable 
structure. That the binding of ID regions 
can alter biological function conflicts 
with prevailing concepts of structure–
function paradigms.65 ID regions are 
common and appear to be abundant in 
signaling molecules and transcription 
factors, where they have been proposed 
to play important roles in regulating 
their activity.66,67 The mapping of Myc 
compound–binding sites to ID regions, 
with the frequency with which such sites 
appear in many transcription factors,66 
suggests that the design of small mole-
cule inhibitors of transcription factors 
will be able to take advantage of ID 
regions and that the presence of such 
regions will serve as guides to future 
drug discovery efforts.

In Vivo Myc Compound Efficacy 
and Metabolism
Thus far, only a single study has assessed 
the metabolism and/or efficacy of small 
molecule Myc compounds in vivo. Guo 
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et al. studied 10058-F4 in SCID mice 
bearing xenografts of human PC3 and 
DU145 prostate cancer cell lines.68 
Although the compound exhibited a 
high maximally-tolerated dose, it had 
a short terminal half-life, approximately 
1 hour, and showed rapid breakdown 
into at least 8 metabolites. Highest 
concentrations of the compound were 
seen in liver, lung, kidney, and fat, and 
peak tumor concentrations were at 
least 10-fold lower than those achieved 
in serum. No significant effects on 
tumor growth were observed over a 
2-week period of 5 times per week 
with intraperitoneal treatment. The 
lack of efficacy was attributed to a 
combination of rapid metabolism and 
a failure to reach adequate intratu-
moral levels. Preliminary studies with 
the compound 10074-G5 have shown 
similar rapid metabolism (Liggett et al., 
in preparation).

The development of more potent 
Myc compounds, whether they be new 
analogs of monovalent compounds or 
new Link molecules, will require even-
tual pharmacologic testing that is likely 
to represent a significant bottleneck to 
the development of these agents for clin-
ical use. Alternate means of delivery, 
such as encapsulation in liposomes, may 
help to circumvent some of these bottle-
necks. Alternatively, direct local deliv-
ery, perhaps at a surgical site of excised 
tumor and perhaps embedded in a biode-
gradable matrix, may provide a more 
protected environment, allow a higher 
concentration of compound to be 
attained, and extend compound life span 
to achieve more pronounced antiprolif-
erative effects.

The Potential for Myc Inhibitors 
in Nonneoplastic Settings
Interest in Myc inhibition is clearly 
driven by the potential for its clinical 
application in the oncologic setting. 
However, based on current understand-
ing of Myc action and the known mech-
anisms of the various Myc inhibitors 
discussed above, there is reason to 

believe that these agents might prove 
equally attractive for the treatment of 
certain nonneoplastic disease states 
associated with cellular hyperprolifera-
tion. Arterial restenosis and proliferative 
retinopathy are common conditions that 
might prove amenable to Myc inhibi-
tors. In each case, effective targeting 
would involve action of the compounds 
working in confined spaces and/or over 
short distances, thus allowing much 
smaller doses of the inhibitor to be deliv-
ered and eliminating or greatly reducing 
some of the potential side effects and 
metabolism issues associated with the 
more systemic delivery approaches.68

Balloon angioplasty with the concur-
rent placement of drug-eluting stents 
(DES) has emerged as the nonsurgical 
treatment of choice for arterial steno-
sis.69 The purpose of DES is to prevent 
the neointimal hyperplasia and inflam-
matory response that frequently occur as 
a result of local injury induced by the 
angioplasty itself and by the placement 
and/or continued presence of the stent. 
Currently, the most commonly employed 
drugs in DES include paclitaxel and 
sirolimus, with some advantage to the 
latter having recently been documented.70 
Animal models of restenosis have 
shown that locally administered Myc 
antisense oligonucleotides can lead to 
improvements in restenosis rates despite 
achieving only modest reductions in 
Myc levels.71,72 Preliminary results in 
humans have also shown promise.73 The 
results are encouraging enough to con-
sider the far less costly use of small 
molecule Myc inhibitors that could 
replace or be used in conjunction with 
any of these other approaches and 
would likely achieve superior levels of 
Myc inhibition.

Age-related macular degeneration 
and diabetic retinopathy are the most 
common causes of blindness in the adult 
population and are associated with a high 
degree of endothelial proliferation.74,75 
Anti–vascular endothelial growth factor 
therapies are effective forms of therapy 
but are expensive, require frequent intra-
vitreal injection, and can be associated 

with complications such as retinal 
detachment.76 The direct delivery of 
low–molecular weight Myc inhibitors 
would be significantly less expensive. 
Intravitreal compounds might also show 
significantly longer half-lives by virtue 
of their being protected from the rapid 
metabolic breakdown that has thus far 
been seen with systemic administration.

Stabilizers of the 
Max Homodimer
Unlike Myc, the Max protein can 
homodimerize in vitro and in vivo.77,78 
Max homodimers are less stable than 
Max heterodimers.63 The reduced stabil-
ity of the Max homodimer reflects a 
packing defect at its protein–protein 
interface.64 Max homodimers do not 
affect transcription except if they are 
overexpressed with the help of exoge-
nous vectors.79 Overexpressed Max can 
then repress transcription and interfere 
with Myc-induced oncogenesis.80–82

The Max–Max homodimers function 
as the cellular repository for Max, which 
is the essential and universal partner for 
all other proteins of the Myc network. 
Because of the relative instability of the 
Max–Max homodimer and because Max 
levels usually exceed those of its part-
ners, Max is readily captured by its het-
erodimer partners into more stable 
complexes that function in transcrip-
tional control. Among these partners, 
Myc is the one that can be highly over-
expressed, notably in cancer cells. High 
levels of Myc require an abundance of 
Max to become functional. Stabilization 
of the Max–Max homodimer could 
therefore preferentially affect such over-
expressed Myc and attenuate its onco-
genic effects while still allowing life- 
sustaining functions of other Myc network 
heterodimers.

Max–Max stabilizers have been iden-
tified by virtual ligand screening with 
the AutoDock program.83 Virtual ligand 
screening has been used to predict inhib-
itors of protein–protein interactions.84–87 
This type of screening depends on struc-
tural information for the target molecules. 
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The monomeric form of Myc is only 
partially structured, and this is probably 
true for Max.63 In contrast, the Myc–
Max and Max–Max dimers are highly 
structured and are therefore suitable tar-
gets for in silico docking screens.64 Such 
screens with the AutoDock suite can-
vassed about 1,700 compounds from the 
NCI Diversity Set. Potential ligands 
were identified by their low docking 
energies and were clustered according to 
3 predicted binding sites: a site between 
the DNA-binding helices of the Max–
Max dimer, the basic and adjacent neu-
tral HLH region, and the intersection of 
the leucine zipper and the HLH region. 
The third cluster yielded ligands that 
showed specificity for the Max–Max 
homodimer and did not interact with the 
Myc–Max heterodimer. One of the com-
pounds identified by virtual ligand 
screening, NSC13728, is an effective 
stabilizer of Max–Max as documented 
by FRET. Stabilization is independent of 
interaction with DNA. In ELISAs and 
surface plasmon resonance assays, the 
stabilizer inhibits the binding of Myc-
CFP to immobilized Max. Analytical 
ultracentrifugation suggests that the sta-
bilizer strongly reduces the Kd of the 
dimer, confirming stabilization. Com-
pound NSC13728 also strongly inter-
feres with Myc-mediated oncogenic 
transformation in cell culture while not 
affecting transformation induced by Jun, 
Src, or PI3K. Myc-induced transcrip-
tional activation of specific target genes 
is also inhibited. Important questions 
about the mechanism of action of the 
Max–Max stabilizer remain to be 
answered. Although virtual ligand screen-
ing suggests a binding site for the stabi-
lizer, that site has not been experimentally 
verified. A priori reasoning suggests that 
the binding of the stabilizer is to the dimer, 
not the monomer, a view supported by 
the structural differences between dimer 
and monomer.64

Conclusion

The inhibitors of Myc–Max and the stabi-
lizers of Max–Max constitute a promising 
beginning. These small molecules can 

interfere with all Myc functions, with 
the stimulation of cell replication, with 
DNA binding, with transcriptional acti-
vation, and with oncogenic transforma-
tion. For some of these compounds, 
binding sites have been determined, 
and probable mechanisms of action 
have been established. Promising phar-
macophores have been identified. The 
stage is set for further progress, which 
will concentrate on enhanced potency 
and greater mechanistic understanding. 
The ultimate goal remains that of com-
pounds that are therapeutically effec-
tive in clinical situations that involve 
gain of function in Myc.
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