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Abstract

MY C is a highly validated oncogenic transcription factor and cancer target. However, the
disordered nature of this protein has made it a challenging target, with no clinical stage, direct
small molecule MYC inhibitors available. Recent work leveraging a large /n silico chemical
library and a rapid /n vivo screen has expanded the chemotypes of direct small molecule inhibitors
(MYCi). Novel MYCi represent a class of improved MYC chemical probes that bind directly to
MY C to inhibit its function and promote its degradation by enhancing GSK-3p-mediated
phosphorylation. One of these compounds, MY Ci975, has shown remarkable tolerability and
efficacy /n vivoand is associated with a selective effect on MYC target gene expression.
Additional effects of MYCi on the tumor immune microenvironment including immune cell
infiltration and upregulation of PD-L1 expression provide a rationale for combining MY Ci with
anti-PD1/PD-L1 therapy to enhance anti-tumor efficacy. Our strategy for developing MY Ci
demonstrates an efficient way to identify selective and well-tolerated MY C inhibitors. The new
MY Ci provide tools for probing MY C function and serve as starting points for the development of
novel anti-MY C therapeutics.

Introduction

MY C is a master transcription factor responsible for regulating essential cellular processes
including proliferation, metabolism, biosynthesis, and apoptosis, which when corrupted are
recognized as hallmarks of cancer (1). Upregulation of MY C expression occurs with high
frequency in cancer. A recent pan-cancer analysis of over 9000 human cancers revealed
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amplification of MYC genes in ~28% of all malignancies (2). In addition, tumors use
multiple mechanisms to upregulate MYC mRNA and protein expression, knowledge of
which has led to estimates that MYC proteins are functionally involved in up to 70% of all
human cancers (3,4).

Despite being one of the most frequently altered and highly validated oncogenes, there are
currently no direct MY C inhibitors available in the clinic. The lack of well-defined small
molecule binding pockets on this intrinsically disordered protein and the absence of /n vivo
evidence supporting MY C inhibition as a safe and efficacious approach to treat cancer have
been challenges. Studies using transgenic models of a dominant negative MY C peptide,
Omomyec, have shown that MY C inhibition triggers rapid regression of tumors /n vivo, with
only mild, and fully reversible side effects on healthy tissues (5,6). These experiments,
paired with emerging chemical biology approaches, have reignited the search for MYC
inhibitors in cancer.

Substantial efforts to target MYC, both directly and indirectly, are underway. This review
focuses on direct MY C inhibitors and the lessons they afford in further unraveling MYC
tumor biology. Indirect strategies for targeting MYC e.g. reducing MYC transcription with
inhibitors of BRD4 proteins or inhibitors of G-quadruplex DNA structures in the MYC
promoter have also yielded important insights (7-9).

Multiple chemical series have been reported to directly bind MYC in biophysical assays and
these serve as promising starting points for the development of chemical probes (10-18).
Most of these compounds disrupt MYC/MAX complex formation, which is essential for
DNA binding and regulation of gene expression. However, the limited potency and the poor
pharmacokinetic properties of these compounds have limited their utility as probes or
therapeutic leads.

Our group has recently reported a novel series of distinct small molecules capable of binding
to and inhibiting MYC, in vitroand in vivo (19). Here we discuss the molecular mechanisms
by which these compounds function to inhibit and degrade MYC and their role in
remodeling the tumor microenvironment through immune regulatory proteins and effector
cells (Fig. 1). We contextualize this work by reviewing the direct MY C inhibitors available
at present and the potential therapeutic opportunities these agents offer, particularly in
combination with immune checkpoint blockade. The development of direct MY C inhibitors,
while beset by challenges, is a desirable goal that offers unique opportunities to probe MYC
function and to comprehensively assess the therapeutic potential of targeting this notorious
oncogene.

The enduring challenge of drugging the “undruggable”

MY C is the poster child of so-called “undruggable” targets. The protein presents a
featureless surface which lacks traditional binding pockets, a common characteristic of
intrinsically disordered proteins. This challenge is further complicated by the lack of a
resolved crystal structure of MYC as a monomer. No rational drug design approach exists
for direct targeting of protein domains that present extensive regions of disorder. In the case
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of MYC and its obligate partner MAX, both present a disordered bHLHZip (basic region-
helix-loop-helix-leucine zipper) domain as monomers. These two disordered monomeric
leucine zipper motifs undergo coupled folding and binding to generate the ordered alpha-
helical structure of the MYC-MAX heterodimer, with its characteristic left-handed coiled
coil appearance. Resolution of the crystal structure of the MYC-MAX heterodimer spurred
efforts to identify small molecules aimed at disrupting the ordered MY C-MAX heterodimer
using a variety of high-throughput screening strategies (20). Although these efforts have not
yielded a clinical MYC inhibitor thus far, they have nonetheless yielded important insights
into MYC biology and provide a starting point for the development of newer probes.

As an example, Prochownik and colleagues have studied a series of inhibitors, including
10074-G5 and 10058-F4 which were shown to bind to MY C using a variety of biophysical
assays(17,18). NMR experiments measuring chemical shift perturbations of amino acid
backbone heteroatoms were used to explore how these small molecules bind MY C peptides.
The experimental data are most consistent with a mode of binding described as “diffuse”
binding, in which MY C remains disordered over the binding region. Consequently, it is
apparent that there are multiple distinct conformations of the disordered primary amino acid
region that can accommaodate binding of the ligand. In turn, /n sifico modelling efforts have
revealed that the binding of the ligand itself seems to be dispersed over the targeted
disordered binding region, meaning different amino acids along the binding region interact
differently with the ligand based on the conformation the disordered protein adopts. In short,
MY C peptides that are bound by ligand remain in a dynamic ensemble (21,22). The in-depth
study of the mechanism of binding of these inhibitors revealed that there are indeed regions
on the disordered MYC protein that can accommodate small molecule binding and, more
importantly, that direct targeting of the MY C monomer with small molecules is feasible.

We reasoned that these and other small molecule inhibitors shown to bind to MYC could be
the starting point of a pharmacophore model that can be used to interrogate a large chemical
library /n silico (32 million compounds). Indeed several new chemotypes were identified
with /n vitro activity in MY C/MAX/DNA complex assays, MY C-driven E box reporter
assays, and MY C-dependent proliferation assays. To facilitate the identification of
compounds with /n vivo activity, we used a rapid /n vivo assay in which compounds are
screened against an allograft bearing a MY C-driven luciferase reporter. This assay helps
identify compounds that are stable /n vivo and able to access tumor and modulate MYC
activity. The assay also provides a gross idea of the /n vivotolerability of the test
compounds. Integration of this key /n7 vivo assay with established /7 vitro assays guided our
SAR (structure-activity relationships) strategy. This approach resulted in the development of
several active compounds, among which MYCi361 and MYCi975 were most extensively
studied and reported (19). It is instructive to note that up to 85% of compounds with MY C-
selective in vitro activity failed the /n vivo screen, highlighting the importance of this step in
identifying compounds with desirable features. In particular, MYCi975 showed favorable
pharmacokinetics, /n vivotolerability and efficacy in mouse tumor models. Testing /n vivo
revealed improved tumor responses in the presence of an intact host immune system. MY Ci
treatment modulated the tumor immune microenvironment by increasing expression of the
immune checkpoint protein PD-L1 and inducing immune cell infiltration. This provided the
rationale for combination therapy with MY Ci and anti-PD-1/PD-L1 immunotherapy.
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Blocking and degrading MYC

Target engagement studies for MYCi361 and MY Ci975 showed that the compounds
engaged MYC in its native cellular environment by cellular thermal shift (CETSA) assay
and could disrupt MYC/MAX complex formation. Additional biophysical assays including
competitive fluorescence polarization and STD-NMR were used to show that MYCi’s bind
to MYC but not MAX. Studies using biotinylated compounds indicated that MYCi361 and
MY Ci975 bind to amino acids 366—381 of MYC. This region of MY C has also been
reported to bind to several other small molecules, identified by different groups using
disparate experimental approaches, including 10074-G5, 10074-A4, JKY-2-169, and 7594—
0035(11,12,18,23-27). This amino acid stretch within the C-terminal bHLHZip domain of
the disordered MY C protein may represent a “hotspot” for binding to small molecules that
we here call MYCHotl (Fig. 2). This region, in addition to another “hotspot” region
spanning amino acids 402—-409 in MYC (MY CHot2) that binds 10058-F4 (18,24), consists
of amino acid sequences that are enriched for hydrophobic residues in comparison to other
regions of the bHLHZip domain (26). Additionally, these sequences are less disordered than
surrounding regions and are predicted to display transient secondary structure (28). Notably,
the MY CHot regions are poorly conserved in MAX, possibly explaining the specificity for
binding MY C isoforms over MAX for many of these compounds (Fig. 2, sequence
alignment). The binding of small molecule MYCi’s to the MYCHot1 region in the bHLH
domain provides a structural rationale for their disruption of the MYC/MAX complex.

Interaction of MYCi with MYC also led to enhanced degradation of MY C through the
proteasome pathway (19). This could be a consequence of disruption of the MYC/MAX
complex as other disruptors of the MYC/MAX complex also led to proteasome-mediated
MY C degradation (12). However, examples of small molecules that disrupt MYC/MAX
dimers without inducing MY C degradation have also been reported (13). Thus, it is more
likely that specific interactions between some small molecules and MYC could affect MYC
conformation to promote its degradation. We have investigated the potential mechanism for
MY Ci361- and MYCi975-induced degradation of MYC (19), focusing on the well-defined
GSK-3pB/MYCpT58/proteasome pathway that regulates MY C protein stability (29-31).
Here, ordered phosphorylation of MY C on serine 62 (pS62) by kinases such as ERK, CDK
and JNK primes MY C for subsequent isomerization and phosphorylation on threonine 58
(pT58) by GSK-3B(32). MYC pT58 is then recognized by E3 ubiquitin ligases and
subsequently degraded by the 26S proteasome(31). MY Ci co-opts this native mechanism to
degrade MY C by selectively increasing phosphorylation of T58. Notably, MY Ci enhanced
MYC pT58 in an in vitro kinase assay with recombinant proteins (MYC, ERK, and
GSK-3p), suggesting that the interaction of MYCi with MY C may modify the
conformational ensemble the protein can sample to make it a better GSK-3p substrate.
Importantly, MYCi did not enhance the phosphorylation of another established GSK-3
substrate p-catenin(19). Biophysical and structural data detailing how small molecule
binding to the C-terminal region of MYC leads to phosphorylation of T58 located near the
N-terminus are not yet available and merit further investigation.
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A therapeutic window for MYC inhibition

Earlier studies with the MYC dominant negative peptide Omomyc yielded the important
insight that MY C inhibition could be tolerated (5,6). Our recent work explored in detail the
tolerability of MY Ci small molecules. While MYCi361 showed evidence of /n vivo toxicity,
which may include on-target and off-target effects, MY Ci 975 showed remarkable
tolerability (19). Acute maximum tolerated dose finding studies indicate that MY Ci975
could be tolerated in mice when given orally at up to 10X the anti-tumor efficacious dose of
100mg/kg, with testing of higher doses limited by solubility. A 2 week daily treatment
regimen of MYCi975 at 100 mg/kg/d showed remarkably no histopathological or chemical
pathological abnormalities. RNAseq data showed that MY Ci975 regulated a smaller number
of genes than MYCi361, which may explain its tolerability. Notably, in the tetracycline-
controlled MYC lymphoma model P493-6, MY Ci975 regulated genes largely overlapped
with tetracycline-regulated genes, with the exception of a group of genes involved in
metabolism of organic small molecule and ER stress that were uniquely induced by

MY Ci975. Thus, MYCi975 appears to selectively regulate some target genes and may not
uniformly inhibit the expression of all MY C targets. Further studies of the selectivity of

MY Ci and other small-molecule MYC probes in regulating the MY C transcriptional
program should prove informative in this regard, especially when coupled with in vivo
tolerability and toxicity studies.

MYCi remodeling of the tumor immune microenvironment and therapeutic

implications

MY C plays an important role in regulating the host anti-tumor immune response (33-35).
MY C regulates the tumor microenvironment through effects on both immune regulatory
proteins and immune effector cells. CD4+ T cells have been shown to be specifically
required for the induction of cellular senescence, shutdown of angiogenesis, and chemokine
expression that lead to sustained tumor regression upon MY C inactivation(36). MYC may
also promote tumorigenesis by regulating expression of PD-L1 (37-39). Other mechanisms
contributing to tumor regression following MY C inactivation may involve immunogenic cell
death (ICD), innate immune responses by NK cells and B cells, as well as adaptive immune-
dependent responses by CD4+ and CD8+T cells(34).

The critical role of the host immune response in the anti-tumor effects of MY C inactivation,
coupled with the reported roles of MYC in immune cell function led us to focus on
immunocompetent models for testing MY Ci anti-tumor efficacy (35). MYCi361 and

MY Ci975 treatment of syngeneic prostate tumor bearing mice led to a remodeling of the
tumor immune microenvironment by recruitment of innate and adaptive immune cells and
increased expression of immunoregulatory proteins. Following MY Ci treatment in this
murine model of prostate cancer, an increase in intratumoral CD3+ T cells was observed.
Further immunophenotyping showed a specific increase in CD3+CD4+ and CD3+CD8+ T
cells, interferon y (IFN-y)-expressing CD4+ and CD8+ T cells, tumor necrosis factor alpha-
expressing CD8+ cells, dendritic cells, as well as natural killer (NK) cells (19). Recruitment
of these immune effector cells was accompanied by immunogenic cell death and an
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upregulation of tumor PD-L1 expression. These results provided the rationale for
combination therapy with MYCi and anti-PD1 checkpoint blockade leading to improved
anti-tumor efficacy /n vivo.

The findings described with MY Ci were primarily performed in a murine model of MY C-
driven prostate cancer, MycCaP. In prostate cancer specifically, immune checkpoint
blockade has had marginal benefit due to an immunosuppressive tumor microenvironment
(40). The MycCap model recapitulates this immunosuppressive microenvironment as seen in
patients, and this model has been shown to be resistant to anti-PD1 therapy alone (41). By
increasing immune cell infiltration and tumor immunogenicity, MY Ci circumvents the
immunosuppressive nature of the prostate tumor environment and sensitizes an
immunotherapy resistant cancer type to readily available, and well tolerated, immune
checkpoint inhibitors. Further studies will be required to determine the applicability of this
approach to other tumor types that respond poorly to immunotherapy, evaluate the efficacy
of MYCi monotherapy in tumors with an immune-primed microenvironment, and delineate
what immune effectors are essential to MY C-inhibitor induced tumor responses.

Perspective

In contrast to the major scientific advances in gene regulation, transcription, and
tumorigenesis that MY C research has yielded, breakthroughs in therapeutically targeting
MY C have been scant. In recent years, oncologic drug discovery has instead focused efforts
on precision medicines aimed at more tractable targets, such as kinases. This approach
suffers from diminishing returns as an ever more narrow patient population is targeted. It is
important to continue to invest in key oncogenic drivers, such as MYC, that hold therapeutic
promise across a diverse spectrum of cancers (42). While the process has been challenging,
the discovery of direct binding small molecules targeting MYC has led to significant new
insights into how MYC protein levels are regulated, how MYC transcriptional programs can
be selectively altered, and how MY C functions to help tumors evade host immune detection.
These insights have opened new avenues of research and below we highlight some of the
key unanswered questions, and methodologies to consider, that may accelerate the discovery
of the first clinically active MYC inhibitor.

The observed degradation of MYC by multiple distinct chemical series supports the
hypothesis that MYC can be inhibited by small molecules that alter MY C protein stability
for therapeutic purposes. The degradation phenotype should be evaluated systematically as a
part of MYC drug discovery efforts, and the mechanistic basis of degradation should be
investigated. The most well characterized pathway regulating MY C protein stability involves
a stepwise phosphorylation of serine 62 followed by isomerization and phosphorylation of
threonine 58 leading to proteasomal degradation (31). Small molecules may co-opt all or
part of this pathway, as demonstrated by MY Ci361 and MYCi975, which selectively alter
phosphorylation at T58 (19). Finally, the possibility of MYC degradation by distinct
mechanisms, whether involving native signaling pathways or engineered heterobifunctional
approaches targeting MY C for degradation, should be considered or even actively sought.
An increase in the number, and diversity, of chemical probes that directly bind to MYC will
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enable us to test whether the best approach to inhibit MYC is to prevent all of its functions
via degradation, or to inhibit select functions while leaving others intact.

The increasing availability of chemical probes with suitable properties for /n vivo testing
described above enables the scientific community to test the effect of MY C inhibition on the
tumor microenvironment and tumor-host immune interactions. MYC functions in a context-
dependent manner to integrate multiple intracellular signals, process and interpret these
inputs, and ultimately generate an output in the form of a transcriptional program that alters
cell function and tumor behavior (43). Given the role of the immune system in the anti-
tumor response to MY C inactivation and the widely varied efficacy of immunotherapy
across tumor types, testing the consequence of inhibiting MY C should be done in model
systems that best reflect human disease, namely immunocompetent /in vivo models.

The MYCi’s highlighted in this review have some limitations as they are further developed
for early human testing. The lipophilicity of the lead compound (logP value of 8.4) poses a
challenge for formulating appropriate solutions for in vivo administration. The potency of
these compounds could also be further improved.

Despite being considered one of the most highly validated oncogenes in cancer, MYC has
remained an intractable target. While the challenge of targeting an intrinsically disordered
protein is daunting, experimentally testing the full potential of MY C inhibition as a
therapeutic approach to treat cancer necessitates the development of highly selective and
well-tolerated systemic therapies. The work reviewed above lays the groundwork for this
and identifies promising approaches to discover the elusive, clinically efficacious MYC
inhibitor.
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MYCi975 inhibits MYC and enhances immunotherapy
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Figure 1:

Mechanism of MY Ci efficacy. MYCi directly binds to MYC, induces phosphorylation of
threonine 58 leading to MY C degradation. MYCi inhibits MYC/MAX heterodimerization,
blocking MY C-dependent transcription and proliferation. Following MY Ci treatment, the
tumor microenvironment is altered by infiltration of diverse immune effector cells and
increased PD-L1 expression. Combination of MY Ci with anti-PD-1/PD-L1 therapy results

in improved efficacy.
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Figure2:

Crystal structure of the DNA-bound MYC/MAX heterodimer (PDB: 1NKP) highlighting the
putative “MYCHot1” binding region. The functional domains on Myc and Max are shown
with a zoomed in region of the HLH domain containing the “MYCHot1” binding region.
Sequence alignment of the “MYCHot1” binding region for c-Myc, L-Myc, N-Myc, and
Max. Mismatched residues are colored in red, with the notable differences between c-Myc
and Max in purple. Corresponding MY C inhibitor binding locations are shown above the
alignment.
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