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Abstract

Inhibiting MYC has long been considered unfeasible, although its key role in human cancers
makes it a desirable target for therapeutic intervention. One reason for its perceived undruggability
was the fear of catastrophic side effects in normal tissues. However, we previously designed a
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dominant-negative form of MYC called Omomyc and used its conditional transgenic expression to
inhibit MY C function both in vitro and in vivo. MY C inhibition by Omomyc exerted a potent
therapeutic impact in various mouse models of cancer, causing only mild, well-tolerated, and
reversible side effects. Nevertheless, Omomyc has been so far considered only a proof of principle.
In contrast with that preconceived notion, here, we show that the purified Omomyc mini-protein
itself spontaneously penetrates into cancer cells and effectively interferes with MYC
transcriptional activity therein. Efficacy of the Omomyc mini-protein in various experimental
models of non-small cell lung cancer harboring different oncogenic mutation profiles establishes
its therapeutic potential after both direct tissue delivery and systemic administration, providing
evidence that the Omomyc mini-protein is an effective MYC inhibitor worthy of clinical
development.

Introduction

MY C is a transcription factor that instructs multiple intracellular and extracellular programs
including proliferation, metabolism, and apoptosis, as well as immune checkpoint regulation
(1-4). To coordinate the transcription of its target genes, MYC heterodimerizes with MAX
(MYC Associated Factor X) and binds the E-box (enhancer box) element CACGTG (or
variants thereof) through its basic-helix—loop-helix leucine-zipper (b-HLH-LZ) domain (5,
6).

In adult individuals, MYC expression is hormally low and tightly regulated and is restricted
to proliferating tissues. In contrast, aberrantly high and/or deregulated MYC activity is
causally implicated in most cancers and often correlates with the aggressiveness of the
disease (7, 8). Hyperactive MYC function in tumor cells is generally a consequence of the
genetic amplification or translocation of the MYC gene downstream of strong promoters, its
relentless induction by upstream signals, or impaired turnover (9). All these mechanisms
result in the uncoupling of cellular proliferation from normal growth factor regulation and
contribute to many of the phenotypic hallmarks of cancer (10).

Numerous studies have substantiated the crucial role of MY C in governing tumorigenesis
and tumor maintenance. In mouse models of MYC-driven malignancies, tumors develop
addiction to MYC, and the shutdown of its function results in growth arrest, apoptosis, and
differentiation (11-15). Even in models of malignancies driven by other oncogenes such as
KRasC120, Ha-RasV1Z or SV40viral antigen, tumors become addicted to tonic MYC
function (16-18), supporting the therapeutic value of targeting MY C in most, if not all,
oncological diseases.

However, despite this undisputable therapeutic opportunity, a MY C inhibitor has yet to
become clinically available (19-21), and there are various caveats to its successful design
and use: First, a complete inhibition of MYC function could result in important side effects
(22, 23). Second, MYC is a nuclear protein, which is consequently more difficult to reach
than membrane or cytoplasmic molecular targets. Third, the MY C family includes three
different proteins, c-Myc, N-Myc, and L-Myc, which in certain conditions are functionally
redundant, so ideally, all of them require simultaneous inhibition (24). Fourth, MYC is an
intrinsically disordered molecule, which lacks an enzymatic “active site” that could be
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efficiently targeted by common small-molecule design. This latter point has posed a
particularly hefty challenge in the successful design of a specific yet efficiently delivered
MY C inhibitor. Most small chemicals designed to date have aimed at impeding the
dimerization between MY C and its obligate partner MAX (direct inhibitors) or the binding
of the MYC/MAX heterodimer to other interacting partners (indirect inhibitors) or have
instead aimed at nonrelated synthetically lethal targets (19-21). However, so far, none of
these approaches has resulted in any clinically viable therapy safely targeting MYC.

We previously modeled systemic inhibition of MYC using Omomyc, a dominant negative
mutant consisting of the MY C dimerization domain with four mutations in the leucine
zipper (25). These mutations alter Omomyc’s dimerization specificity and allow it to prevent
binding of all MY C family members to their target promoters (25, 26). When expressed in a
switchable transgenic mouse model ( 7RE-Omomyc,; CMVrtTA), Omomyc demonstrated a
therapeutic window independent of the driving oncogenic lesion or tissue of origin and
caused only mild and reversible side effects in normal tissues (16-18, 27, 28).

In general, Omomyc has been used in its transgenic form as a proof of concept, and the
Omomyc mini-protein has been considered too bulky and unfit for intracellular delivery (29,
30). However, other b-HLH-LZ—containing proteins can act as protein transduction domains
(PTD) (30, 31), and Omomyc harbors an amphipathic helical basic region, a recurrent
feature of cell-penetrating peptides (CPPs) (25, 32). Hence, we decided to test whether the
purified Omomyc mini-protein itself could have cell-penetrating activity and evaluated its
amenability to pharmaceutical development.

To do so, we used well-characterized and validated non—small cell lung cancer (NSCLC) in
vitro and in vivo models. Despite recent clinical progresses in the treatment of this disease,
NSCLC remains one of the deadliest cancers for both men and women, and a large
population of patients still lacks an effective therapeutic option due to either poor
effectiveness of available therapies for the initial mutational profile of their disease (for
instance, for KRas-mutated tumors) or de novo mutations acquired alongside the
development of resistance to therapy. The MYC gene itself is amplified in up to 30% of
NSCLCs, which are frequently £GFR (epidermal growth factor receptor)-mutated or KRas-
mutated (9, 33-36).

The purified Omomyc mini-protein displays high affinity for MAX and for E-box DNA

sequences

As a first step toward evaluating the capacity of the recombinantly produced and purified
Omomyc mini-protein to bind MYC and MAX and interfere with their binding to DNA, we
characterized its dimerization with the b-HLH-LZ domains of MYC (c-Myc®) and MAX
(Max®) and the DNA binding of the complexes in the solution using circular dichroism (CD)
and nuclear magnetic resonance (NMR) (Fig. 1, A to H). The chemical shift displacements
observed in the 15N-HSQC (heteronuclear single-quantum coherence) spectra of each 15N-
labeled c-Myc® (Fig. 1A) and Max® (Fig. 1E) upon addition of Omomyc in the absence of
DNA demonstrate the change in conformation caused by the assembling of heterodimers in
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each mixture and indicate that the molecular interactions stabilizing the heterodimers
involve a large portion of the b-HLH-LZ domain in both cases.

The CD spectrum of Omomyc in the absence of DNA (Fig. 1, B and F) depicts deep minima
of about 208 and 222 nm, characteristic of a homodimer with a helical content comparable
to that of the folded, homodimeric MAX b-HLH-LZ domain (Fig. 1F) (25, 37) and in
contrast to the shallow minima observed in the spectrum of c-Myc® (Fig. 1B), which instead
is consistent with the structure of a protein displaying mainly intrinsically disordered
features. Perhaps unexpectedly, Omomyc forms a more thermodynamically stable
homodimer than Max® (Fig. 1G, fig. S1A, and table S1 in data file S1). The gain in helical-
specific signal intensity of the experimental mixtures compared to the arithmetic sum of
each component’s curves (Fig. 1, B to D, and F to H) confirms in the low micromolar range
the heterodimerization observed by NMR in the high micromolar range (Fig. 1, A and E).
Furthermore, in the absence of DNA, the c-Myc°/Omomyc heterodimer is
thermodynamically stable and comparable to the Omomyc homodimer (Fig. 1C). In
addition, the thermal denaturation of Omomyc in the presence of Max® reveals their rapid
heterodimerization and provides evidence that the thermodynamic stability of the Max°/
Omomyc heterodimer is comparable to that of the Omomyc homodimer (Fig. 1G and table
S1in data file S1).

To evaluate the affinities of the different dimers for DNA, we then performed thermal
denaturation of equimolar mixtures of c-Myc°/Omomyc (Fig. 1D) or Max°/Omomyc (Fig.
1H) and a canonical E-box duplex. Both c-Myc® and Omomyc homodimers formed a stable
complex with the DNA probe (Fig. 1D), but the homodimeric Omomyc/DNA complex was
more thermodynamically stable than the c-Myc®°/DNA complex, consistent with recently
reported observations from electrophoretic mobility shift assays (38). Consistent with early
observations (25), no additional complex was detected in the c-Myc°/Omomyc/DNA
mixture by CD or by fluorescence anisotropy of labeled E-box probes (fig. S1B and table S2
in data file S1), indicating that the c-Myc°/Omomyc heterodimer does not bind DNA at
physiological temperatures or that its affinity for DNA is much weaker than that of either
homodimer. In contrast, in the Max°/Omomyc/DNA mixture (Fig. 1H), in addition to the
two transitions corresponding to the homodimeric Max°® or Omomyc complexes with DNA,
there is a third transition present, corresponding to the heterodimeric Max°/Omomyc/DNA
complex. The relative amplitudes of these three transitions approach a 1:2:1 ratio
distribution, as would be expected for dimers with similar affinities for DNA. Hence, in
physiological conditions, both homodimeric Omomyc and heterodimeric MAX/Omomyc are
likely to be the predominant dimers on DNA,; the dominant dimeric species will depend on
the relative nuclear concentration of each protein. Globally, these data confirm that, as
shown previously by distinct methods with transgenic Omomyc (25, 39, 40), at
physiologically relevant temperatures and concentrations, the Omomyc mini-protein has the
potential to act as a MYC/Omomyc heterodimer, sequestering MY C away from DNA, as
well as an Omomyc homodimer and MAX/Omomyc heterodimer that competitively displace
MYC from its target genes.
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Omomyc is a bioactive PTD

To investigate the potential of the Omomyc mini-protein to act as a PTD, we purified the 91—
amino acid Omomyc mini-protein and labeled it with a fluorescent Alexa Fluor 488
(AF488)-maleimide group. We then treated various cancer cell lines with increasing
concentrations of Omomyc-AF488 for 15 min and, after trypsinization to remove
extracellularly bound mini-protein, analyzed intracellular fluorescence by flow cytometry
(Fig. 2A and fig. S2). Internalization of Omomyc-AF488 into live cells was observed at
concentrations as low as 0.32 uM in each cell line. Fluorescence microscopy revealed an
uneven cellular distribution, with Omomyc-AF488 partially localized in the nuclei, in
addition to showing a punctate membrane signal typical of endosomal localization (Fig. 2B).

CPPs and PTDs enter cells via a variety of uptake pathways including clathrin- or caveolin-
mediated endocytosis, glycosyl-phosphatidylinositol (GPI)—enriched early endosomal
compartment (GEEC) entry, and lipid raft macropinocytosis (M), often using more than one
pathway at a time (32). Incubation of NSCLC cells at 4°C efficiently blocked the entry of
0.64 UM Omomyc-AF488, suggesting involvement of an adenosine triphosphate—dependent
uptake mechanism (Fig. 2C). Treatment with a panel of endocytosis inhibitors before
incubation with Omomyc-AF488 and analysis by flow cytometry indicated that the
contributions of each of these mechanisms vary across cell lines and that clathrin-mediated
endocytosis and macropinocytosis appear to account for most of its cell-penetrating
properties in the cell lines tested, although a contribution of caveolin-dependent entrance
cannot be excluded (Fig. 2C). Enhanced macropinocytosis by KRas-mutated cells has been
previously reported (41), suggesting that these cells would be particularly permeable to
Omomyc.

The cell-penetrating properties of Omomyc appear to be dependent on its DNA binding
basic region and/or the arginine content of this region because an Omomyc-mutant construct
bearing three arginine-to-alanine substitutions within this region (termed OmoRA) could not
efficiently enter cells in the same experimental conditions (fig. S3, A and B).

Treatment of NSCLC cell lines with increasing concentrations of Omomyc from 390 nM to
50 uM resulted in progressively fewer live cells as measured by resazurin dye quantification,
with the 1Cgq ranging from 6.2 to 13.6 uM (Fig. 2D). In contrast, the IC5q measured in a

MY C-independent cancer cell line (42-44) was 27.7 uM. Cell cycle analysis by flow
cytometry showed a reduction of proliferating cells, along with an increase of the Go/Gq
population for all cell lines tested (Fig. 2E). In the case of H1975 cells, an increase in Go/M
was also measured.

Omomyc reverts MYC-driven transcriptional programs

To evaluate the biological outcome of the mini-protein treatment, we performed microarray
and gene set enrichment analysis (GSEA). These studies revealed that Omomyc efficiently
reverts the expression of MY C-related gene signatures in the three cell lines tested
(GSE126455; Fig. 3, A and B, and tables S3 to S6 in data file S1). The amplitude of this
MY C-inhibiting activity, as reflected by the number of MY C-driven gene sets altered, was
greater in H1299 and H1975 cells compared to A549 cells. This is in accordance with the
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relative MYC protein expression detected for each cell line (fig. S4). Despite the
heterogeneous oncogenic-driving mutation profiles across the three cell lines tested, several
programs associated with typical MYC functions such as RNA biogenesis, translational
control (including ribosome biogenesis), cellular metabolism, and cell cycle (2, 45, 46) were
consistently shut down after treatment with Omomyc (figs. S5 to S7). In addition, we also
found that E2F transcription signature modules were reversed, in accordance with the
established role of MYC in regulating E2F activity and its binding to E2F-specific promoters
in the context of cell cycle regulation (figs. S5 to S7) (47). Last, gene signatures associated
with poor prognosis in lung cancer (for example,
SHEDDEN_LUNG_CANCER_POOR_SURVIVAL_AG®G) were also down-regulated,
consistent with the central role of MYC in transformation and tumor maintenance (figs. S5
and S6). In contrast, Omomyc treatment did not suppress gene sets for other transcription
factors involved in the pathophysiology of lung cancer, such as ARNT, NFY, SMAD4,
STAT1, USF, or YY1 (table S3 in data file S1), supporting the specificity of the Omomyc
mini-protein for MY C function.

To gain more insight into the mechanism of action of the Omomyc mini-protein and confirm
its MYC inhibitory activity, we used ChIP assays. We first verified that the treatment with
Omomyec could displace MY C from specific bona fide target promoter locations previously
identified in other cellular systems (38, 48, 49) and/or down-regulated in the three NSCLC
cell lines (tables S4 to S7 in data file S1). Consistently, upon Omomyc treatment, all cell
lines displayed a marked reduction in MYC binding to those promoters (Fig. 3, C to E),
regardless of the differences in their mutational profile. This displacement of MYC was
accompanied by changes in the epigenetic mark H3K27Ac characteristic of active
transcription (fig. S8, A to C), indicating a potential long-lasting effect of the Omomyc
treatment on the expression of these target genes.

We then extended our analysis of MY C occupancy across the whole genome of A549 cells
(Fig. 3, F and G). Despite the relatively low MYC protein expression in these cells (fig. S4)
(50), in vehicle-treated cells, MY C was detected at numerous target locations that coincided
with open and active chromatin regions near transcriptional start sites and enhancers (Fig. 3,
F and G). In contrast, less MY C occupancy was detected in Omomyc-treated cells
throughout the genome, encompassing both MY C-specific strong and weak motifs and
super-enhancers (fig. S8, D and E). At the gene level, complete displacement of MYC peaks
surveyed in gene promoters was observed in 77.4% (854 of 1104) of genes upon Omomyc
treatment, and at least partial displacement was observed in as many as 97.3% (1055 of
1084) of MYC peaks found in active promoter regions (Fig. 3G).

The Omomyc mini-protein is safe and effective after direct pulmonary administration in a
mouse model of lung adenocarcinoma

To evaluate the potential therapeutic utility of the Omomyc mini-protein in vivo, we first
analyzed its tissue distribution after intranasal administration, a technique that enables direct
pulmonary delivery of macromolecule formulations in mice (51). We first covalently
attached a deferoxamin-maleimide (DFO) group to Omomyc and radiolabeled this with 89Zr
and then measured biodistribution and pharmacokinetic properties in healthy mice by ex
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vivo radiocounting (Fig. 4A). On average, 8% of the Omomyc-DFO-89Zr dose (2.37 mg/kg)
readily (within 30 min) reached the lungs after intranasal administration and persisted there
for at least 48 hours (Fig. 4A). Immuno-fluorescence with a specific anti-Omomyc antibody
confirmed the detection (and partial nuclear localization) of unlabeled Omomyc mini-protein
within the pulmonary epithelium of the treated mice at 4 hours after intranasal instillation
(Fig. 4B and fig. S9). To confirm that this method was applicable to mice bearing lung
adenocarcinoma, we repeated the procedure using the well-characterized KRas-SL-G12D/%.
induced lung adenocarcinoma mouse model (52). The micro—positron emission
tomography /micro-computed tomography (mPET)/mCT imaging of the mice revealed that,
24 hours after intranasal instillation, Omomyc-DFO-89Zr localized mainly in the lung
tumors (Fig. 4C and movie S1). Although the exact cause for this preferential tumor
retention is unknown, it could be related to the altered tumor vasculature or metabolism
typically observed in cancer or possibly to the enhanced use of macropinocytosis by KRas
driven tumors (53).

Knowing that Omomyc was able to reach its target tissue, we next tested its short-term
therapeutic impact on established KRastSL-G12D/*_driven lung adenocarcinomas. Both 3-day
and 1-week treatments with mini-protein (2.37 mg/kg) markedly reduced Ki67 positivity of
the tumor tissue (Fig. 4D). The 3-day treatment sufficed to alter the transcriptional profile of
the lung tumors, again shutting down several MY C-driven modules along with other gene
sets related to the pathophysiology of lung adenocarcinoma, including several gene
signatures associated with poor lung cancer prognosis or KRAS activity (Fig. 4E, fig. S10,
and table S7 in data file S1). This in vivo treatment also caused changes in chemokine and
cytokine profiles, consistent with MYC’s role in modulating the cross-talk between tumor
and microenvironment (3, 17).

To evaluate longer-term treatment efficacy in the same mouse model of lung
adenocarcinoma, we followed the tumor burden progression longitudinally by mCT. After a
4-week treatment with Omomyec (2.37 mg/kg) administered three times per week, tumors of
the treated mice did not show any progression, whereas tumors from vehicle-treated mice
had more than doubled in size (Fig. 5, A and B, and fig. S11). Furthermore, tumor grade was
markedly different between the groups (Fig. 5C): At the experimental endpoint, the
Omomyec-treated group included 7.7% of hyperplastic foci, 46.1% of adenomas, and only
46.4% of adenocarcinomas, whereas most vehicle-treated foci were adenocarcinomas
(90.9%), suggesting that Omomyc is causing much more than a mere cytostatic effect. Ki67
and cleaved caspase 3 (CC3) immunostaining confirmed that the therapeutic impact of
Omomyc is the result of both its antiproliferative and proapoptotic effects (Fig. 5, D to G).
Last, immunostaining with anti-CD3 revealed that the Omomyc treatment increased
recruitment of T lymphocytes specifically to the tumor site (Fig. 5, F and G), suggesting a
possible immune contribution as part of the mechanism of action of the Omomyc mini-
protein. No deleterious side effects or weight loss was observed over the course of the 28-
day treatment (fig. S11).
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Systemic administration of Omomyc and combination with a microtubule-targeting agent
increases survival of a xenograft model of NSCLC

To further evaluate the safety and therapeutic potential of the Omomyc mini-protein in vivo
administered systemically as a single agent, we made use of a subcutaneous xenograft
mouse model of human H1975 cells, which are erlotinib-resistant and EGFR-mutated, PI3K
(phosphatidylinositol 3-kinase)-mutated, and P53-mutated. After intravenous administration
of Omomyc-DFO-89Zr (2.6 mg/kg), the plasma clearance was 2.85 ml/kg per min (fig. S12),
a value compatible with the development of a drug with a reasonable dosage regimen.

Once the tumors were established (average tumor size of 130 = 59 mm3), mice were
randomized for systemic treatment with Omomyc (60 mg/kg) or vehicle, administered four
times per week by intravenous injection. During the whole experiment, tumor-volume
measurements confirmed a reduction in tumor growth with Omomyc treatment (Fig. 6A),
already evident at 8 days after treatment onset. In addition, Omomyc was well tolerated at
this dose and schedule, as monitored through changes in body weight, necropsy, complete
cell count, biochemistry data, and light microscopy pathology reports from the heart, lung,
liver, spleen, kidney, stomach, small and large intestine, muscle, peripheral nerve, bone
marrow, brain, and skin of healthy mice (fig. S13).

Chemotherapeutics constitute one of the main drug options for treatment of patients with
EGFR-mutated NSCLC resistant to tyrosine kinase inhibitors (54). We thus compared the
Omomyc mini-protein’s efficacy to the microtubule-stabilizing agent paclitaxel and tested
their combination in the same mouse model. In this case, mice bearing H1975 tumors were
randomized (at an average tumor size of 257 + 142 mm3) and subjected to intravenous
injection with a high dose of Omomyc (120 mg/kg, to check for its tolerability) four times
per week, intraperitoneal injection with paclitaxel (5 mg/kg) twice per week, a combination
of both, or vehicle. Once again, Omomyc slowed down tumor progression in established
tumors, even more than paclitaxel itself (Fig. 6, B and C). Combination therapy of Omomyc
with paclitaxel proved superior to both stand-alone therapies and almost completely
abrogated tumor growth, promoting prolonged mouse survival (Fig. 6D). No adverse effects
were detected in any of the groups during the treatment period (fig. S13). Immunostaining of
Ki67 and CC3 confirmed the antiproliferative effect of each therapeutic regimen and the
increased proapoptotic effects of the combination therapy (Fig. 6, E and F).

Discussion

MY C constitutes a key cellular node that is frequently deregulated in cancer. In NSCLC in
particular, MYC amplification is found in up to 30% of malignancies (9), and in the rest of
the cases, MYC function is likely deregulated owing to the high prevalence of mutations in
upstream oncogenes such as KRas and EGFR.

The relevance of attacking MYC in cancer is already well established, but no drugs are
clinically available for its direct targeting yet (19). Indirect inhibition by bromodomain and
extraterminal protein inhibitors constitutes the most clinically advanced strategy so far,
enabling the down-regulation of MY C expression in some specific contexts but not in others,
for instance, in lung adenocarcinomas that display LKB1 mutations (55).
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On the other hand, attempts to directly target MY C with small molecules have yielded
disappointing results overall, partly due to poor bioavailability and to the difficulty in

disrupting the MYC/MAX heterodimer, which has a wide interface devoid of binding

pockets that hinder development of highly selective small molecules (19-21).

We previously showed that the use of a dominant negative such as Omomyc addresses these
shortcomings. Omomyc enables the efficient displacement of MY C from its target genes
through a combined molecular mechanism that involves interference both with MYC/MAX
heterodimerization (by sequestering either protein partner) and with MYC’s binding to DNA
(25-27, 38). In accordance, our results show how the purified Omomyc mini-protein
achieves potent interference with MY C function by displacing it from its target genes and
binding to DNA in the form of inactive competitors, either as a homodimer or as a
heterodimer with MAX. The relative contribution of each dimer to the mechanism of action
will depend on the relative concentrations of Omomyc, MYC, and MAX [and other
members of the extended Myc network; (56)] in any given cellular context. Our
spectroscopic analyses show that the dissociation constant (Ky) of the Omomyc homodimer
for the E-box DNA sequences is in the nanomolar range, indicating that even a low nuclear
concentration of Omomyc could efficiently displace MY C from its DNA binding sites,
making it effective in tumor types displaying a wide range of MYC concentrations. Our
results in vitro and in vivo support this hypothesis, although future studies including larger
panels of cell lines would enable a more thorough validation.

However, the key finding here is the intrinsic cell-penetrating property of the Omomyc mini-
protein, which prompts its direct delivery in vivo. Direct use of such a large polypeptide has
long been deemed therapeutically unviable, and recent data suggested that the naked
Omomyc peptide was not cell penetrating (57). Here, we show, however, that the purified
Omomyc mini-protein displays unexpected cell-penetrating properties and constitutes a PTD
capable of cellular entry and target engagement, blocking MY C transcriptional function in
vitro and in vivo in both human and murine model systems.

Peptides and proteins have not been typically considered as drug candidates because their
large molecular size and sometimes hydrophilic nature often impaired their permeation
across biological membranes. However, they have finally become interesting
biopharmaceutical candidates since the discovery in 1988 that some cationic peptides
derived from the human immunodeficiency virus Tat transactivator protein can penetrate
living cells (58, 59). Since then, multiple CPPs and PTDs have been identified or engineered
and have been used to deliver various types of cargos ranging from nucleic acids (up to 1 kb)
to proteins and even microparticles (60-62). This class of therapeutics opened the valuable
opportunity to target the “undruggable” landscape of intracellular protein domains lacking
structured binding pockets for small-molecule ligands. Given the increasing need for highly
efficient and nontoxic carriers to facilitate permeation of therapeutic peptides and proteins
across biomembranes and to enhance the pharmacological effects of biopharmaceuticals,
CPPs have the potential to become an important tool in pharmaceutical research.

Although a portion of the fluorescently labeled Omomyc mini-protein appears to remain
trapped in the endosomes (or in the perinuclear region), the amount of Omomyc reaching the
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nuclei is sufficient to cause MYC displacement from its promoter binding sites and to shut
down multiple MY C-specific transcriptional programs, as well as other programs typically
driven by MYC, such as cell cycle, ribosomal biogenesis, and metabolism. Consistent with
the established role of MY C in histone modifications on genomic target locations (45), our
data also show that the displacement of MYC from DNA target promoters is accompanied
by a modulation of the epigenetic mark H3K27Ac. Future studies should enable a more
comprehensive characterization of the effect of Omomyc treatment on epigenetic marks.
This transcriptional reprogramming also occurs in vivo, in KRas@Z2P tumors isolated from
mice treated by intranasal administration with the Omomyc mini-protein, independently of
changes in the amount of MYC protein. Furthermore, consistent with the more benign
phenotype observed in the residual tumors in Omomyc-treated groups at the experimental
endpoint in vivo, Omomyc also caused the shutdown of gene signatures indicative of KRAS
activity and of poor prognosis in lung cancer. Several active transcriptional programs driven
by other transcription factors involved in the pathology of the disease, including other E-
box-binding transcription factors, were not modulated by Omomyc treatment, supporting
the specificity of the observed effect.

We also observed modulation of cytokines and chemokine gene signatures of the tumors and
found an active recruitment of CD3-positive cells specifically at the tumor site. These
observations are in line with recent studies validating the role of MYC in the regulation of
immune checkpoints, such as cluster of differentiation 47 and programmed death ligand 1
(4), and suggest that the successful inhibition of MYC in tumors could promote autologous
or heterologous regulation of such immune checkpoints and reactivate an anergic antitumor
immune response. A better characterization of this response elicited by the Omomyc
treatment is required to clarify the mini-protein’s mechanism of action and might pave the
way to future studies evaluating the therapeutic potential of combination with immune
checkpoint inhibitors to overcome primary, adaptive, or acquired resistance to immune
therapy (53, 54). Further studies will also be needed to address the specific relationship
between the mutational profile of tumors and their response to treatment.

Most relevant to clinical application, the Omomyc mini-protein displayed sufficient delivery
in vivo to elicit specific therapeutic impact in tumors while avoiding toxicity. Treatment with
the Omomyc mini-protein was safe even at relatively high systemic doses while abrogating
the progression of murine and human lung adenocarcinomas, with no detectable side effects
in normal tissues. Intravenous administration of Omomyc displayed superiority to the
tubulin-targeting agent paclitaxel in an EGFR-mutated and erlotinib-resistant tumor model,
and the combination of both agents more than doubled the survival of the mice.

In conclusion, the data presented here reveal several features and unforeseen properties of
the Omomyc mini-protein, which overcome some important obstacles related to the design
of a clinically viable MYC inhibitor, opening an opportunity to pharmacologically inhibit
MYC in NSCLC and potentially other malignant diseases and supporting its further
preclinical development. Although some skepticism still persists regarding the therapeutic
utility of CPPs in the clinic, an increasing number of clinical trials demonstrate their
therapeutic applicability, in particular, in oncology (63), recognizing their potential to hit
previously undruggable targets.
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Materials and Methods

Study design

Mice

This study was designed to validate the Omomyc mini-protein as a therapeutic strategy for
NSCLC. We assessed its efficacy using in vitro and in vivo assays, combining cell lines and
mouse models of NSCLC. For in vitro studies, a minimum of two biological replicates were
performed. For in vivo models, we used the following: (i) a transgenic KRastSL-G12D/%.
driven lung adenocarcinoma model and (ii) a subcutaneous xenograft mouse model of
human H1975 cells, which are EGFR-, PI3K-, and P53-mutated. All the animal studies were
performed in accordance with the ARRIVE (Animal research: Reporting of in vivo
experiments) guidelines and the 3R rule of replacement, reduction and refinement principles.
Mice were housed and treated following the protocols approved by the CEEA (Ethical
Committee for the Use of Experimental Animals) at the Vall d’Hebron Institute of Oncology
(VHI0), Barcelona.

For the in vivo experiments, 5 (for the biodistribution and safety experiments) to 11 (for the
efficacy experiments) mice were used per treatment group, and they were randomized by
tumor size and weight. When female and male animals were used (such as with the
transgenic model of NSCLC), mice were also randomized to achieve similar numbers of
each in all groups. Mice that died before the end of the experiment for reasons unrelated to
the treatment were excluded. For ethical reasons, we ended experiments before mice
developed respiratory distress or when tumor volume surpassed 1750 mm3. Experiments
were not performed in a blinded fashion.

KRast-SL-G12D/* mice were genotyped by Transnetyx, and generation of lung tumors in both
males and females was performed as previously described (52). Animals were maintained in
a mixed C57BL/6J x FVB/N background. A minimum of five mice per time point and
condition were randomized, and treatment started 16 weeks after adenoviral Cre
recombinase infection (two biological replicates of the experiment were performed).
Animals were anesthetized by inhaled isoflurane (AbbVie Farmaceutica, S.L.U.) and were
intranasally administered with either Omomyc or vehicle [10 mM sodium acetate (pH 6.5)]
in 30 pl of total volume.

For the experiments using the xenograft mouse model of NSCLC, 2 x 10% H1975 cells were
inoculated subcutaneously to the dorsal flank of 6-week-old athymic nude-Foxn1 mice
(JANVIER LABS). Once the tumors were established, mice were randomized for treatment.
Intravenous and intraperitoneal administrations were performed in a volume of 200 pl.

Pharmacokinetic and biodistribution study

For the pharmacokinetic and biodistribution studies by mPET/mCT, female 8-week-old
FVB/NR]j mice were purchased from JANVIER LABS. Experiments were carried out in
compliance with National Guidelines for Animal Protection and the approval of the regional
animal care committee and Animal Ethical Committee of Centro de Investigaciones
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Energéticas, Medioambientales y Tecnoldgicas (CIEMAT). Mice were housed in an animal
facility at the CIEMAT.

For the intranasal administration studies, one group of five mice receiving isoflurane
anesthesia was removed from the induction chamber, and intranasal administration was
performed immediately by pipetting 30 pul of Omomyc-DFO-89Zr [2.9 + 0.4 megabecquerel
(MBq), 2.37 = 0.5 mg Omomyc-DFO/kg body weight] onto the outer edge of the nares.
Mice were euthanized 48 hours after injection by cervical dislocation under anesthesia with
isoflurane in Oy, and blood was immediately collected by cardiac puncture. For
biodistribution studies, organ tissues were excised, wet-weighed, and counted for
radioactivity with a gamma counter (2470 Wizard?, PerkinElmer), along with a standard
sample of the injected dose. Grubbs’ test was applied to detect the presence of one outlier
animal in the global dataset, and the data from this outlier were discarded.

For the intravenous administration studies, one group of five BALB/c nude mice bearing
established subcutaneous xenografts of H1975 cells (average size of 430 mm3) was treated
with Omomyc-DFO-897r (3.2 + 0.1 MBq, 2.62 + 0.3 mg Omomyc-DFO/kg body weight) in
the tail vein. Mice were euthanized at 72 hours after injection by cervical dislocation under
anesthesia with isoflurane in O,, and blood was immediately collected by cardiac puncture.
For biodistribution studies, mice were imaged at the indicated time points by mPET/mCT
imaging as described below. At the endpoint (72 hours), organ tissues were excised, wet-
weighed, and counted for radioactivity with a gamma counter (2470 Wizard?2, PerkinElmer),
along with a standard sample of the injected dose at 48 hours after administration.

Tissue activity was expressed as percentage injected dose per gram of tissue (%ID/g) and
percentage of injected dose per organ (%ID/organ). For the pharmacokinetic study, blood
samples from the tail vein were collected in heparinized tubes and centrifuged to obtain
plasma. Plasma concentrations of radioactivity were calculated as ng of Omomyc-DFO/ml
and plotted versus the time after injection. Pharmacokinetic parameters were estimated by
noncompartmental analysis.

mMPET/mCT imaging

After intranasal instillation, mice were scanned immediately with a small-animal Argus
PET-CT scanner (SEDECAL). The PET studies (energy window, 400 to 700 KeV; static
acquisition, 20 min) and CT (voltage, 45 kV; current, 150 pA,; shots, 8; projections, 360;
standard resolution) were performed at various time points after injection (30 min and 4, 24,
and 48 hours) in mice anesthetized by inhalation of 2 to 2.5% isoflurane. The PET images
were reconstructed using a two-dimensional (2D)-ordered subset expectation maximization
algorithm (16 subsets and two iterations), with random and scatter correction. A calibration
factor predetermined by scanning a cylindrical phantom containing a known activity of 89Zr
was used to convert counts per pixel/s to kBg/cm3. Manually drawn regions of interest
(ROIs) in PET images (intranasal delivery, oral cavity and oropharyngeal region, esophagus,
and gut) or ROIs selected from PET images using CT anatomical guidelines (for the lung,
liver, and kidneys) were used to determine the mean radiotracer accumulation in units of
%ID/g tissue (decay-corrected to the time of injection) by dividing the obtained average
tracer concentration (kBg/cm3) in the region by the total ID (kBq). Percentage-injected dose
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in a ROI was calculated by multiplying the obtained average tracer concentration (kBg/cm?3)
by the ROI volume (cm3). Separate image calibration factors were also determined for the
lung, kidneys, and liver by comparing the final scans (48 hours) with direct assays of organs
performed after the animals were euthanized. These calibration factors were used to
normalize the %ID/g obtained from PET imaging to activity concentrations at different time
points after injection. Images were analyzed using the image analysis software ITK-SNAP
(www.itksnap.org). Movie S1 (the rotating representation) was assembled using the AMIDE
software, version 1.0.4 (http://amide.sourceforge.net).

impact studies

For the therapeutic validation, mice were randomized according to weight, sex, and tumor
burden at treatment onset. For the assessment of the therapeutic potential of Omomyc after
topical administration, mice were intranasally treated with Omomyc (2.37 mg/kg) three
times per week for four consecutive weeks or every second day for the short-term 3-day
(two doses) and 1-week (three doses) treatments. To evaluate the therapeutic potential of
Omomyc after systemic administration, mice were treated intravenously with the indicated
dose of the Omomyc mini-protein four times per week for four consecutive weeks.
Paclitaxel was administered intraperitoneally twice per week at 5 mg/kg. Investigators
responsible for monitoring the mice were blinded to their treatment groups. Ki67, CC3, and
CD3 positivity was measured from representative fluorescent microscopy images for each
animal and captured at 20x magnification.

Statistical analysis

All analyses and graphs were performed using the GraphPad Prism 5 software. Normal
distribution of the data was assessed for each group using D’ Agostino-Pearson test.
Differences in samples’ average values were analyzed using Student’s #test or analysis of
variance (parametric) for normally distributed data or Mann-Whitney or Kruskal-Wallis test
otherwise. Ftest was used to calculate the difference in the variances of the groups. We did
not use statistical methods to predetermine sample size in animal studies, but we did make
efforts to achieve scientific goals using the minimum number of animals. Original data are
provided in data file S2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The Omomyc mini-protein forms highly stable DNA binding homodimers and
heterodimerswith MAX in solution.

(A) Overlay of the H-15N-HSQC of 15N-Myc® in the absence (red) and in the presence
(black) of Omomyc. (B) Far—ultraviolet (UV) CD spectra of c-Myc® (red, 8 uM monomer

units), Omomyc (green, 8 uM monomer units), the arithmetic sum of both red and green

® Experimental Max®/Omomyc

spectra (gray), and the spectrum of an equimolar mix of c-Myc® and Omomyc at a total
concentration of 16 UM in monomer units (black) recorded at 25°C. (C) Thermal

denaturation of the solutions described in (B). (D) Thermal denaturation of the solutions

described in (B) to which equimolar amounts (in dimer units) of an E-box DNA duplex were
added. Contribution of the DNA to the denaturation curves was removed. (E) Overlay of the
1H-15N-HSQC of 15N-Max° in the absence (blue) and in the presence (black) of Omomyc.

(F) Far-UV CD spectra of Max® (blue, 8 uM monomer units), Omomyc (green, 8 uM

monomer units), arithmetic sum of both blue and green spectra (gray), and experimental

equimolar mix of Max® and Omomyc at a total concentration of 16 UM in monomer units
(black) recorded at 25°C. (G) Thermal denaturation of the solutions described in (F). (H)
Thermal denaturation of the solutions described in (F) to which equimolar amounts (in

dimer units) of E-box DNA duplex were added. All thermal denaturations were monitored at

222 nm.
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Fig. 2. The Omomyc mini-protein spontaneously penetratesinto human NSCL C cells.
(A) Lung adenocarcinoma H1299, H1975, and A549 cell lines were treated with 0.32, 0.64,

3.2, or 12.8 pM Omomyc-AF488 for 15 min in serum-free medium, trypsinized, and
analyzed by flow cytometry. (B) H1299, H1975, and A549 cells were treated with 3.2 uM
Omomyc-AF488 for 4 hours, stained with Hoechst 3342, washed, mounted, and analyzed by
confocal microscopy. Scale bar, 10 um. (C) NSCLC cell lines were preincubated at 4° or
37°C and treated with 0.64 pM Omomyc-AF488 for 15 min at the same temperature,
trypsinized, and immediately analyzed by flow cytometry or pretreated with inhibitors
(Blebb, blebbistatin; Chlor, chlorpromazine; Cyt D, cytochalasin D; EIPA, 5-
ethylisopropylamiloride; MB methyl-p-cyclodextrin) of endocytosis or lipid raft-mediated
macropinocytosis (M, macropinocytosis; Cav, caveolin-mediated; Clat, clathrin-mediated)
and then treated with 0.64 uM Omomyc-AF488 for 15 min in the presence of the inhibitor
followed by trypsinization and analysis by flow cytometry. Inhibition of entrance (%)
compared to vehicle-treated cells at 37°C is shown for each cell line. (D) Dose response of
the NSCLC panel of cells and of MYC-independent SH-EP cells to increasing
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concentrations of Omomyc as measured by resazurin dye colorimetric assay. The median
inhibitory concentration (ICsq) was 5.9 uM for H1299, 8.2 uM for H1975, 11.4 uM for
A549, and 25.6 uM for SH-EP cells. (E) Quantification of cell cycle phase populations from
flow cytometric analysis of Pl incorporation after 3 days of treatment with 12.8 uM
Omomyc (OMO) compared to vehicle control (CTRL). All experiments were performed at
least twice for each condition. Mean and SD are shown in (D) and (E), and statistical
significance was calculated by a two-tailed unpaired Student’s ¢test.
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Fig. 3. Omomyc disrupts MY C transcriptional regulation and binding to promoter s of itstarget
genes.

(A and B) GSEA comparing gene expression of vehicle-treated versus Omomyc-treated
NSCLC cells. Representative plots of MYC signatures enriched in the vehicle samples
compared to the treated samples are shown in (A). Normalized enrichment scores (NES) and
g values of well-characterized MYC signature gene sets are listed in (B) and were calculated
from technical triplicates. (C to E) MYC chromatin immunoprecipitation (ChIP)—
guantitative polymerase chain reaction (qQPCR) from H1299 (C), H1975 (D), and A549 (E)
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cells treated for 72 hours with 12.8 UM Omomyc (red) or vehicle (black) is shown for
typical MYC target proximal promoter regions [Chromosome 8 “gene desert” region (Chr8),
nucleolin (Ncl), nucleophosmin (Npm1), interferon-related developmental regulator 2
(Ifrd2), and MY B proto-oncogene-like 2 (Mybl2); vehicle-treated (black) and Omomyc-
treated (red)]. (C to E) Mean and SD are shown, and statistical significance was calculated
by a two-tailed unpaired Student’s #test. ***P < 0.005 and ****P< 0.001. (F and G) MYC
ChlIP sequencing (ChlIP-seq) from A549 cells treated for 48 hours with 12.8 pM Omomyc or
vehicle (CTRL). (F) MYC occupancy at selected MY C target proximal promoter regions:
ribosomal protein L23 (RPL23), chromobox protein homolog 5 (CBX5), heterogeneous
nuclear ribonucleoprotein A1 (HNRNPAL), and eukaryotic translation initiation factor 4B
(EIF4B). The ChlP-seq enrichment is displayed as reads per million (RPM). (G) Global
analysis: MYC ChIP-seq RPM were calculated in the region (x1 kb) around the
transcriptional start site (TSS) of all active promoters (/7= 32292), in 50-base pair bins. The
promoters are sorted by the RPM in the full 2-kb promoter region in the vehicle sample. The
panel on the right shows promoters with a MYC ChIP-seq peak in the vehicle condition (n7=
3014).
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Fig. 4. Omomyc displays efficacy in a lung adenocar cinoma mouse model upon intranasal
administration.

(A) Quantification of Omomyc-DFO-89Zr detected in the lungs of healthy mice as a function
of time is represented as %ID. Mean, SD, and number of animals are shown. (B)
Immunofluorescence of lung tissue from mice treated with the Omomyc mini-protein. A
specific anti-Omomyc antibody confirms the presence of Omomyc in the lung cells 4 hours
after administration. Arrowheads indicate positively stained nuclei. Scale bars, 10 um.
Higher magnification of the area surrounded by a white dashed line is shown in the right
panel. (C) 3D rendering of mMPET/mCT imaging of lungs of a tumor-bearing mouse 24 hours
after intranasal administration of Omomyc-DFO-89Zr (2.37 mg/kg). CT data are displayed

in gray scale and Omomyc-DFO-89Zr mPET data in color scale (7= 2 mice were analyzed).
The color scale is expressed as %1D/g for Omomyc-DFO-89Zr uptake. See the
accompanying supplementary movie for a rotating representation (Movie S1). (D) Graphical
representation of total cells scored as proliferating (Ki67-positive) cells in the lung of mice
treated for 3 days or 1 week with Omomyc (2.37 mg/kg) or vehicle (VEH). Median,
interquartile range (IQR), and number of animals are shown. Two-tailed unpaired Mann-
Whitney test was used to analyze statistical differences between the groups. (E) GSEA
comparing gene expression in lung tumors from vehicle-treated versus Omomyec-treated
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mice. NES and false discovery rate (FDR) g values of MYC signatures and other relevant
gene sets are shown. Four representative plots are shown.
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Fig. 5. Omomyc reduces tumor burden in aK Ras®12D_driven lung adenocar cinoma mouse
model.

Mice bearing KRas-SL-G12D/*_induced lung tumors were treated for 4 weeks with Omomyc
(2.37 mg/kg) or vehicle administered intranasally. (A) Representative transverse planar CT
images from each experimental group taken at treatment onset and endpoint with tumors
circled by yellow dotted lines. (B) Relative tumor volumes (RTVs) of vehicle-treated (open
circles) and Omomyc-treated (black dots) mice were measured weekly. Mean normalized to
size at treatment onset and SEM are shown. Longitudinal growth within a group was
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analyzed by Kruskal-Wallis test. In contrast to the vehicle-treated group (P = 0.0002), the
Omomyec-treated tumors did not show significant growth throughout treatment (P= 0.1579).
For analysis at endpoint, two-tailed unpaired Mann-Whitney test was used to assess
statistical significance of the difference between the groups (**~ < 0.01). (C) Tumor grade
was blindly assessed by histological and pathological analysis of hematoxylin and eosin—
stained slides of lungs of treated mice and is represented as a pie chart for each group. (D to
G) Ki67 (D), CC3 (E), and intratumoral CD3-positive cells (F) of representative animals
were quantified by immunostaining at endpoint. Median, IQR, and number of mice are
shown. Statistical significance was calculated using a two-tailed Mann-Whitney test. (G)
Representative images are shown. Scale bars, 20 um for Ki67 and CC3 panels. Scale bars,
50 pm for CD3 panel.

Sci Transl Med. Author manuscript; available in PMC 2019 May 17.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Beaulieu et al.

(mm3)

Relative volume

% Survival

14007 o
1200{ ~ OMO
10001 l
8001 l
6001 l
400/ 3% II
200{ _ 5T I "’
o0&
0
0 5 10 15 20 25
Time (days)
100
75
50
- VEH
25] - PTX
- OMO
~ OMO +PTX
0
0 5 10 15 20 25 30

Time (days)

P <0.0001

P =0.0468

P=0.1917

(mm?3)

Relative volume

Avg Ki67* cells/field

1400
1200
1000
800
600
400
200

350
300
250
200
150
100

50

o

== VEH
- PTX
~ OMO
- OMO +PTX

¥r
Jre=s %*F ;

dh ok sk

0 5 10 15 20 25 30
Time (days)

P =0.0006
P =0.0006

P =0.0175
— P =0.0041
o

; D P =0.0175

¢ %
(]
OMO
VEH PTX OMO + PTX

Relative volume (mm 3 )

Avg CC3* cells/field

3500
3000
2500
2000
1500
1000

500

150

100

50

Page 27
P < 0.0001
P =0.0489
P =0.0002
a
o
o o P =0.0084
olo o
(m} (1]
u] ®
o4o® ® m
o e d
o o
o oo .
OMO
VEH PTX OMO +PTX
P =0.0006
P =0.0111

VEH

PTX

Fig. 6. Intravenoustreatment with Omomyc and combination with paclitaxel display superiority
to chemotherapy in a lung adenocar cinoma xenogr aft model.

(A) RTV is reduced in mice with established disease (H1975 xenografts) treated with
Omomyc (60 mg/kg) four times per week (OMO, green dots) (1= 14 per group). (B) RTV
of vehicle-treated (open circles), paclitaxel (PTX)-treated (open squares), Omomyc-treated
(120 mg/kg; green dots), and combination-treated (OMO + PTX; red squares) mice
measured twice per week (/7= 20 per group). Mean and 95% confidence interval are shown,
and statistical significance compared to vehicle-treated group at each time point was
calculated by a two-tailed unpaired Student’s ftest (A and B). *£< 0.05, **P< 0.01, ***P<
0.005, and ****P < 0.001. (C) Tumor volume at experimental endpoint (30 days). Mean and
SD are shown. (D) A Kaplan-Meier survival curve is shown, and the statistical significance

was determined by a log-rank test. (E and F) Ki67 (E) and CC3 (F) positivity was quantified
by immunostaining at endpoint for seven representative animals per group. Median and IQR

are shown.
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