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Abstract

Lung cancer remains the leading cause of cancer-related deaths worldwide. Despite the recent
advances in cancer therapies, the 5-year survival of non-small cell lung cancer (NSCLC)

patients hovers around 20%. Inherent and acquired resistance to therapies (including radiation,
chemotherapies, targeted drugs, and combination therapies) has become a significant obstacle in
the successful treatment of NSCLC. c-Myc, one of the critical oncoproteins, has been shown to be
heavily associated with the malignant cancer phenotype, including rapid proliferation, metastasis,
and chemoresistance across multiple cancer types. The c-Myc proto-oncogene is amplified in
small cell lung cancers (SCLCs) and overexpressed in over 50% of NSCLCs. c-Myc is known

to actively regulate the transcription of cancer stemness genes that are recognized as major
contributors to tumor progression and therapeutic resistance; thus, targeting c-Myc either directly
or indirectly in mitigation of the cancer stemness phenotype becomes a promising approach for
development of a new strategy against drug resistant lung cancers. This review will summarize
what is currently known about the mechanisms underlying c-Myc regulation of cancer stemness
and its involvement in drug resistance and offer an overview on the current progress and future
prospects in therapeutically targeting c-Myc in both SCLC and NSCLC.
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Introduction

There are two pathological subtypes of lung cancer. The non-small cell lung cancer
(NSCLC) subtype, which includes adenocarcinomas, squamous cell carcinomas, and large
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cell carcinomas, accounts for 80-85% of all cases. Adenocarcinomas are the most common
type of NSCLC and present in the outer parts of the lung. It is less associated with smoking
than the other subtypes and more frequently found in women. Though it frequently spreads
to the lymph nodes and distant tissues, one third of this type of cancers are often at stage

I when diagnosed. Squamous cell carcinomas arise in the central area of the chest in

the bronchi and are heavily associated with smoking. This type of cancer originates from
the bronchi, similar to the one from epidermal cells, and forms a large cavity within the
lung. Large cell carcinomas are a form of undifferentiated carcinoma and are the least
common of NSCLC. It can present in any area of the lung and is known to proliferate and
metastasize faster than the other subtypes. Small cell lung cancer (SCLC) is the other major
pathological subtype that is marked by a very high proliferation rate and strong propensity
for metastasis. It is also strongly associated with tobacco smoke exposure. Lung cancer
frequently shows no symptoms in its early stages, when it is more easily treated. Advanced
disease is characterized by shortness of breath, fatigue, chest pain, and a persistent cough.

Despite being the second most common form of cancer behind breast cancer, lung cancer
remains the highest cause of cancer-caused death, accounting for almost 25% of cancer
deaths worldwide, more than colon, breast, and prostate cancers combined.? In 2020, there
were a total of 2.21 million new cases of lung cancer and 1.80 million deaths.2 The number
of new lung cancer cases has been trending down, but the survival rate still hovers around
20% internationally, despite recent major advances in immunotherapy (immune checkpoint
inhibitors that target programmed death-1 [PD-1] and programmed death ligand 1 [PD-L1])
and targeted therapies (inhibitors that target cancer cells harboring specific mutant forms of
proliferative signaling proteins such as epidermal growth factor receptor [EGFR], BRAF,
and KRAS). The current standard of care involves surgical resection of tumor followed by
chemotherapy (usually dual etoposide and platinum) to eliminate residual cancer cells. If the
cancer has reached advanced stage and is too large to be removed, combination radiation
and chemotherapy are used to first shrink the tumor.3 Immune checkpoint inhibitors are
now often administered after four to six cycles of chemotherapy, in addition to any

specific inhibitors that would be warranted based on genetic testing.# Notwithstanding
these new therapies, a subset of cancer cells is frequently either inherently resistant or
acquires resistance; and often the stage of cancer, graded by its level of differentiation and
invasiveness, is correlated to the level of resistance.>

As one of the important oncogenic proteins for cancer growth, c-Myc also plays a

crucial role in lung cancer development, progression, and drug resistance. This review will
summarize what is currently known about the mechanisms underlying c-Myc regulation of
cancer stemness and its involvement in drug resistance and offer an overview on the current
progress and future prospects in therapeutically targeting c-Myc in both SCLC and NSCLC.

c-Myc oncoprotein

The ¢-myc gene was initially discovered 40 years ago as the retroviral v-myc oncogene that
was responsible for the transformation of fibroblasts in cell culture.® Later, it was found
that v-myc was not a virus specific gene, instead retrovirally acquired from the mammalian
c-myc gene.”- 8 Over time, Myc dysregulation in many types of cancers was unveiled,

Chin Med J Pulm Crit Care Med. Author manuscript; available in PMC 2023 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wallbillich and Lu

Page 3

initially by genetic amplifications and chromosomal translocations but eventually through
upstream and downstream pathways as well.% In normal cells, the c-myc gene (located on
chromosome 8, band q24.21, with three exons plus two introns) is responsive to various
mitogenic and developmental signals. The promoter of the ¢c-myc gene responds to various
upstream signaling pathways, such as Wnt/-catenin, Janus kinase/signal transducer and
activator of transcription (JAK/STAT), RAS/RAF/mitogen-activated protein kinase (MAPK),
transforming growth factor-8 (TGF-), Notch, and nuclear factor-xB (NF-xB). The protein
acts as a transcription factor for the regulation of gene expression involved in a whole

host of processes, such as cellular proliferation, metabolism, and differentiation.19 The
alterations that occur in cancer, be they chromosomal or non-chromosomal, generally result
in a heightened expression of the c-Myc protein (as little as two-fold relative to normal)

that plays a significant role driving the unrestrained growth that characterizes oncogenesis.1!
This “quantitative” dysregulation contrasts with other oncogenic proteins, such as Ras, Src,
and the tumor suppressor p53, whose specific mutations often affect the function of these
proteins.12-14

c-Myc is a member of the superfamily of basic helix-loop-helix leucine zipper (0 HLHLZ)
DNA binding proteins. It is a global transcriptional regulator with the ability to regulate
(either positively or negatively) the expression of 10-15% of the genome, including
proteins, both ribosomal and non-ribosomal, and non-coding, regulatory RNAs.1> As a
transcription factor, c-Myc directly binds to DNA at E-box domains (CACGTG or similar
sequences) as a heterodimer with one of its bHLHLZ interacting partners, Max being

the most common. As mentioned previously, the genes under its regulation span a host

of processes: cell cycle, differentiation, apoptosis, metabolism, DNA repair, ribosomal
biogenesis, protein translation, messenger RNA (mRNA) transcription, cellular migration,
angiogenesis, immune response, and stemness.16 In addition to its role as a transcription
factor, there have also been reported non-transcriptional roles in DNA synthesis and protein
translation.1’

c-Myc is a 62 kDa protein with 439 amino acids [Fig. 1]. It is characterized by four
conserved domains that are shared by L-Myc and N-Myc. These are denoted as Myc
homology boxes (MBs). The N-terminus contains MBI and MBI and is a largely
unstructured domain involved in gene transactivation and repression as well as protein
regulation. MBI and MBI are located at amino acids (aa) 45-63 and 129-143, respectively.
They are largely responsible for the regulation and transcriptional functions of c-Myc.

MBI is notable for containing T58 and S62, the phosphorylation of the former being

critical for the ubiquitin-proteasomal degradation of c-Myc, whereas the phosphorylation

of the latter promoting its stability. While deletion of MBI only partially stifles the
oncogenic role of c-Myc, MBI is critical for driving transformation and activating its major
target genes.18 19 MBI interacts directly with the large scaffold protein—transformation/
transcription domain-associated protein (TRRAP)—that forms a complex with histone
acetyl transferases, such as general control non-derepressible 5 (GCN5) and Tip60, and
increases acetylation at histone promoters, promoting transcription. c-Myc also binds
directly to the histone acetyl transferases p300 and CreB-binding protein (CBP).20 MBII can
also interact with other factors, such as positive transcription-elongation factor-b (P-TEFb)
that is an RNA polymerase Il pause release factor.1’
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The middle segment of c-Myc contains a region rich in proline, glutamic acid, threonine,
and proline residues (PEST), MBIII and MBIV, a calpain cleavage site, as well as a
nuclear localization sequence. Less is known about MBIl and MBIV, however, previous
reports have shown that they play roles in mediating apoptosis, transformation, transcription
repression, and modulating DNA binding.2! Cleavage by the calpain protease has been
shown to generate a cytoplasmic form of c-Myc, called Myc-nick (c-Myc-n), which plays
arole in promoting cancer cell survival under hypoxia and other stressful conditions.22
The C-terminus contains the bHLHLZ region that dimerizes with the HLHLZ region of
Max to form a stable four helix bundle. This heterodimer can specifically interact with
DNA by formation of induced fit helices through bonding of the basic regions to residues
inside the major grooves of DNA. The Myc—Max interface also serves as a binding region
for other factors, such as Miz-1 and Skp2 that influence c-Myc transcription and stability,
respectively.23

As a master regulator of cell proliferation and survival pathways, c-Myc is implicated

in many of the known resistance mechanisms, which will be discussed in the next

section. Accordingly, c-Myc protein level has been previously shown to correlate with
cancer resistance,24 and there are numerous ongoing trials to target c-Myc directly and
indirectly to increase the effectiveness of chemotherapy and other therapeutics.24 25 These,
as summarized in Table 1, and future directions will be discussed following a description of
c-Myc mediated resistance mechanisms that are highlighted in Fig. 2.

c-Myc mediated resistance mechanisms

There are several characteristic features of cancer stem cells that are recognized to
contribute to therapeutic resistance, including increased drug efflux transporters, more active
DNA repair capacity, increased metastasis, immune escape, altered metabolism, increased
autophagy, etc. c-Myc has been shown to mediate these and others, which are detailed in the
section below and highlighted in Fig. 2.

Dual role in genetic instability and DNA damage repair

One of the key mechanisms by which c-Myc applies oncogenic stress is through its
enabling of uncontrolled cell division. Cell division, though a highly faithful process,

is not perfect and generates DNA replication errors that either go uncorrected or are
inaccurately corrected, leading to mutations, such as point mutations, gene amplification,
and chromosomal translocations. Logically, the higher the mutational burden and genetic
instability of a tumor, the higher the chances are of acquiring resistance genes [Fig. 2].26
One of the most important resistance genes is the efflux pump, notably P-glycoprotein,
which allows cancer cells to reduce their intracellular concentration of chemotherapy
drug.2’ As a transcription factor, c-Myc induces expression of a variety of cell cycle,
DNA synthesis, and protein translation target genes as well as other factors, such as Cks1
and Cull, which block cell cycle inhibitors. Active c-Myc has been shown to drive serum
starved GO cells into S phase in the absence of any growth promoting mitogens, one of
the hallmarks of cancer.28 In a non-transcriptional role, c-Myc has been found to be an
“illegitimate licensing factor” present at the initial sites of DNA replication.2® As such, the
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increased rate of DNA replication can lead to an excess of replication errors, evidenced
by the increase in chromosomal abnormalities (deletions, inversions, and aneuploidy) that
occurs following c-Myc induction.39 More lines of evidence come from the increase

in double strand breaks (DSBs) that occur following c-Myc overexpression, observed
experimentally by an increase in yH2AX foci, a variant of histone H2A protein family
and biomarker for DSBs.3! It is also thought that c-Myc can induce DSBs by increasing
reactive oxygen species (ROS) as well as by disrupting non-homologous end joining (the
major DSB repair mechanism in mammals).32 33 c-Myc also downregulates cell cycle check
point proteins, such as bridging integrator 1 (BIN1), which monitor for DNA replication
errors and would normally lead to senescence or apoptosis. In addition, c-Myc regulates
anti-apoptotic proteins such as B-cell leukemia/lymphoma-2 (Bcl-2) that can prevent the
propagation of cells with DSBs.

Paradoxically, following the excessive DNA damage caused by some chemotherapy agents,
c-Myc has been shown to promote genomic instability and DSB repair. c-Myc localizes to
the promoters of DSB-repair genes, such as Rad51, BRCA2, and DNA-dependent protein
kinase catalytic subunit (DNA-PKcs), and promotes their transcription.34 There is also active
research on whether c-Myc is essential for the DNA repair process, as there is already

some evidence of decrease in kinase activity of ataxia-telangiectasia mutated (ATM) and
DNA-PKcs when c-Myc is experimentally reduced.3® Overexpression of c-Myc is also
associated with elevated poly ADP-ribose polymerase (PARP) expression, and as such there
has been some success in combining chemotherapy with PARP inhibitors.38: 37 Finally,
c-Myc expression is often elevated in the resistant fraction following cisplatin treatment,

as it not only promotes survival through the acquiring of chemo-resistance genes and
upregulation of DNA repair proteins, but also has been found to be stabilized in certain
cancers by chemo-induced gain or loss of micro-RNAs (miRNAs, such as miR-145) that
target c-Myc.38

Role in metastasis

Metastasis accounts for more than 90% of cancer deaths worldwide. Lung cancer (both
NSCLC and SCLC) is one of the most lethal forms of cancer due to its high rate of
metastasis.3° Primary tumors that gain a metastatic phenotype are highly associated with
drug resistance, and thus metastatic pathways have become a major target for anti-cancer
drug discovery. Metastasis is both a complex and inefficient process involving cancer cell
loss of polarity and subsequent gain of motility, intravasation, circulation, extravasation,
seeding, and then repolarization and proliferation in tissue distant from the primary tumor.
Previous studies, both in vitroand in vivo, have demonstrated that c-Myc, cooperating with
a host of other transcription factors and downstream targets, plays a major role in promoting
many of the individual steps of metastasis. This section will go through what is currently
known about how c-Myc promotes the different stages of metastasis, both within the tumor
cells themselves and the tumor infiltrating cells, which include tumor infiltrating stromal
cells, notably cancer-associated fibroblasts (CAFs), and tumor-infiltrating immune cells,
comprising many types of innate immune cells, particularly tumor-associated macrophages
(TAMs), as well as some types of adaptive immune cells [Fig. 2].
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Role in epithelial-to-mesenchymal transition (EMT)

The EMT is a natural, reversible biological process that occurs in a variety of normal
biological processes: in embryonic development, organ morphogenesis, wound healing, and
tissue fibrosis. It involves an intricate transcriptional program, coinciding with significant
epigenetic changes (i.e., major chromatin remodeling), which results in a loss of epithelial
characteristics (polarity and cell-to-cell adhesion) and gain of mesenchymal characteristics
(non-polarity and cell motility).40 Alterations in specific signaling pathways and cytoskeletal
rearrangement are also a necessary component of the EMT process.*? EMT is thought

to be at least one way in which cancer cells gain the motility necessary for invasion,
although it is clear from Jn vivo experiments that it is not the only mechanism at play.*2
EMT-inducing transcription factors (EMT-TFs) repress the transcription of endothelial genes
(notably CDHZ1 encoding for E-cadherin) that are involved in cellular adhesion, polarity,

and cytoskeletal organization and activate the transcription of mesenchymal-associated
genes (such as N-cadherin and vimentin). EMT-TFs include SNAIL, slug, zinc finger

E-box binding homeobox (ZEB) 1, ZEB2, Twistl, Twist2, E47, and Tcf 3. A network

of miRNAS (such as miR-34 and miR-200) and long non-coding RNA (IncRNAS) (such

as metastasis associated lung adenocarcinoma transcript 1 [MALAT1] and HOX transcript
antisense intergenic RNA [HOTAIRY]) are involved in the EMT process as well at a

variety of levels: directly targeting the endothelial and mesenchymal proteins themselves,
regulating EMT-TFs, and altering the activity of epigenetic remodeler enzymes. Epigenetic
remodeling enzymes that are involved in EMT include: DNA methyltransferase 1 (DNMT1),
lysine-specific demethylase 1A (LSD1), polycomb repressive complexes 1 and 2 (PRC1/2),
suppressor of variegation 3-9 homolog 1 (SUV39H1), SET domain containing protein

8 (SET8), sirtuin 1 (SIRT1), and histone deacetylase 1/2 (HDAC1/2). Regarding drug
resistance, the anti-apoptotic proteins Bcl-2 and B-cell lymphoma-extra large (Bcl-X ) have
been shown to promote EMT by increasing ROS production.#3 Also, the expression of
EMT-TFs has been directly linked to drug resistance in lung cancers. Slug was shown to be
involved in drug resistance to a traditional EGFR tyrosine kinase inhibitor in NSCLCs.44

Unsurprisingly, c-Myc has been shown to interact with many of these EMT-related factors.
Chromatin immunoprecipitation-quantitative polymerase chain reaction (CHIP-gPCR) and
luciferase reporter experiments have confirmed c-Myc to directly promote the transcription
of SNAIL, the so-called “master regulator” of EMT.#%: 46 |n addition, it has been shown to
be indirectly associated with ZEB1/2 transcription.*” c-Myc also associates with epigenetic
remodeling enzymes to increase transcription of the EMT-TFs and promote metastasis.
Dotl1-like (DOT1L), which methylates H3K79 to activate transcription, cooperates with
c-Myc/p300 to further unwind the chromatin in the promoter regions of SNAIL and ZEB1/2,
by acetylating H3.48 Recently, GATA zinc finger domain containing 2B (GATAD2B),

a member of the nucleosome remodeling complex, was shown to directly interact with
c-Myc in a KRAS-driven lung cancer to promote EMT-driven metastasis.* c-Myc directly
induces the transcription of miRNASs that promote EMT. In breast cancer, c-Myc directly
stimulates miR-9 that in turn downregulates E-cadherin expression.®0 Further, c-Myc
transcriptionally represses miR-200 that in turn downregulates ZEB1/2, while the latter
reduces E-cadherin expression.®? LncRNAs also interact with c-Myc to promote EMT. Actin
filament-associated proteinl antisense RNA1 (AFAP1-AS1), which is highly upregulated in
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many lung cancers, directly binds to a negative regulator of c-Myc, Smad nuclear-interacting
protein 1 (SNIP1), preventing its ubiquitination and promoting its stability, thus promoting
the transcription of SNAIL and ZEB 1/2.52 c-Myc also interacts with signaling proteins

that promote EMT. Proto-oncogene serine/threonine-protein 1 (PIM1) is a serine/threonine
kinase that has oncogenic activity in different types of cancer.53 It has been shown to be
induced in breast cancer cells by the interleukin (IL)-6-STAT3 signaling pathway and to
promote EMT. c-Myc was shown to be a cofactor of PIM1, and knockdown of c-Myc
significantly reduced the PIM1-mediated EMT.%4 Ubiquitin conjugating enzyme E2 O
(UBE20) is an E2 ubiquitin conjugating enzyme that is known to promote EMT in breast
cancer cells. It was recently shown that UBE20 exists in a positive feedback loop with
c-Myc through the UBE20/adenosine 5" -monophosphate (AMP)-activated protein kinase
a? (AMPKa2)/mechanistic target of rapamycin complex 1 (mTORC1)-Myc axis. Many of
the CAFs and TAMs within the tumor stroma participate in paracrine signaling with cancer
cells by secreting cytokines upregulated by c-Myc, notably TGF-g, which directly promotes
EMT within the tumor, with c-Myc being shown to cooperate with SMAD proteins in
upregulating EMT master regulator SNAIL.45: 55

Role in extracellular matrix (ECM) remodeling

In addition to EMT, there are other major processes that are necessary for successful
metastasis, including but not limited to remodeling of the ECM components, angiogenesis,
and immune system modulation and evasion. Adhesion to ECM components (such

as collagen, elastin, and fibronectin) must be overcome for tumor cell motility and
dissemination. c-Myc upregulates a variety of proteases that can cleave these ECM
molecules, most notably matrix metalloproteinases (MMPs) and cathepsins.®%: 57 MMP-9
is the key MMP family member involved in the degradation of collagens and fibronectins
to facilitate tumor migration. Though not a direct transcriptional target, c-Myc expression
in tumors and TAMs has been shown to drive MMP-9 secretion. Recently, Hu and Lu®®
showed the INcRNA brain cytoplasmic RNA 1 (BCYRNL) is activated by c-Myc to
promote metastasis in NSCLC by secretion of MMP-9 and MMP-13.58 Pello er aP® used
a genetically engineered mouse model to delete c-Myc in myeloid precursor cells and
demonstrated that this inhibits the maturation of TAMs, decreases MMP-9 expression, and
limits tumor metastasis.>® c-Myc expression has been shown repeatedly to be important for
the recruitment and maturation of TAMs, which have many roles in promoting metastasis,
including MMP secretion. c-Myc was shown to cooperate with EMT-TF Twistl to induce
chemokine C-C motif ligand 2 (CCL2) and IL-13 secretion by hepatic cell cancer (HCC)
cells, which elicit the recruitment and polarization of TAMSs. /n vivo blockade of these
two cytokines drastically reduced TAM infiltration and subsequently abrogated HCC
metastasis.5°

Role in angiogenesis

Angiogenesis is another key step in the metastatic cascade. Tumors often exist in poorly
vascularized microenvironments, lacking access to a blood supply that provides not only
the necessary oxygen and nutrients for survival but also the opportunity for cancer cells
to intravasate and circulate. c-Myc upregulates both vascular endothelial growth factor
(VEGF) and hypoxia inducible factor-1a (HIF-1a), which act in concert to increase the
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leakiness of surrounding blood vessels and to recruit endothelial cells for the formation of
new ones. TAMs predominately occupy the hypoxic areas of tumors, where they secrete
VEGF, and are thus thought to be one of the principal mediators of angiogenesis in

lung adenocarcinomas.8! There is also evidence of VEGF inducing the recruitment and
polarization of TAMs in the presence of certain cytokines, which can further promote

the “angiogenic switch” or the continuous growth of vasculature within tumors.52 c-Myc
expression in CAFs has been shown to promote the secretion of cytokines that induce

the formation of blood vessels by recruiting endothelial cells.53 There are other c-Myc
induced proteins and non-coding RNAs that promote angiogenesis. The study of Ciribilli
and Borlak® identified 25 novel target genes of c-Myc in a transgenic mouse model of lung
cancer, some of which, such as G-protein couple receptor Adora2B, induced angiogenesis by
either inducing VEGF or downregulating negative regulators of HIF-1a.54

Role in immune evasion

Immune evasion involves a series of wholesale changes in the cancer cells and tumor
microenvironment to prevent immune clearance of tumor cells. Early clearance of tumor
cells must be overcome for successful metastatic invasion, and c-Myc has been linked to
many of the immune escape processes. The upregulation of immune checkpoint regulators,
such as programmed death ligand 1 (PD-L1) and CD-47, has been linked to c-Myc
expression in many cancers, including lymphomas, leukemias, and NSCLCs.6% 66 Ras and
c-Myc have also been shown to cooperate in promoting lung adenocarcinoma progression by
promoting an anti-inflammatory, immunosuppressive environment. It was recently shown
that IL-23 and CCL9, both of which are upregulated upon c-Myc deregulation in a
genetically engineered mouse model of mutant K-Ras driven lung adenoma, are largely
responsible for reshaping the immune stromal cell population. 1L-23 rapidly diminishes
T-cells, B-cells, and natural killer (NK)-cells; on the other hand, CCL9 potentiated
macrophage influx, which promoted angiogenesis through VEGF expression and T-cell
exclusion by surface expression of PD-L1.87 |L-23 additionally has been associated

with the recruitment of T helper cell 17 (Th-17) lymphocyte, which can convert into
immunosuppressive T regulatory cells.%8 Also, in lung adenomas, c-Myc has also been
shown to downregulate the major histocompatibility complex (MHC) class I, which is an
activator of NK-like cells.59

Role in metabolic reprograming

The altered metabolism of rapidly proliferating cancer cells has been recognized as a
hallmark of cancer since Warburg’s initial proposal in the 1920s.70 This was initially
recognized as a means for tumor cells to accumulate biomass precursors by the shuttling
of glycolytic intermediates into the pentose phosphate pathway (PPP) but has since been
shown to also have a role in drug resistance.”! As c-Myc directly regulates membrane
glucose transporters as well as many key glycolytic enzymes, it also mediates this mode

of tumor resistance [Fig. 2]. One mechanism of resistance is through the protection of
tumor cells from oxidative damage by ROS, which are produced in higher quantities in
rapidly proliferating cells. The PPP byproduct nicotinamide adenine dinucleotide phosphate
(NADPH) serves as a precursor to glutathione, which can neutralize these harmful ROS by
acting as a reducing agent. Also, oxidative phosphorylation (OXPHOS) is a source of ROS
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species; so, by shifting metabolism toward glycolysis, tumor cells can indirectly become
protected by reducing a source of ROS. EMT and its role in conferring drug resistance have
already been discussed, but the shift to a glycolytic metabolism has been shown to be a
prerequisite for the EMT process and the associated cancer stem cell phenotype.’?

Many of the c-Myc regulated glucose transporters and glycolysis enzymes serve non-
enzymatic functions in protecting cells from DNA damage and apoptosis that are induced
by anti-tumor drugs [Fig. 2]. Glucose transporter-1 (GLUT1) has been shown to be involved
indirectly in promoting the DNA damage repair (DDR) pathway by facilitating chromatin
remodeling.”3 Hexokinase 11 (HKI1) was shown to directly bind to the mitochondrial
membrane, inhibiting the release of cytochrome ¢ and subsequent apoptosis that is

induced by Bax.”* Pyruvate kinase M2 (PKM2), in addition to promoting the shunt of
glycolytic intermediates into the PPP, has been shown to transcriptionally promote the
expression of the anti-apoptotic proteins Bcl-xL and Bcl-2.75 76 Autophagy is a catabolic
“self-eating” process that cells can utilize to survive under different types of stressors,
including apoptosis-inducing chemotherapy and other antitumor drugs. Although c-Myc is
involved in upregulating negative regulators of autophagy, such as mechanistic target of
rapamycin (mTOR), some of its glycolytic downstream targets can promote autophagy.
HKII has been shown to bind to mTOR and inhibit its function, thereby promoting
autophagy.’” In addition, lactate dehydrogenase A (LDHA) promotes the formation of the
autophagosome.’8 Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) has been shown
to enhance mitophagy, the specific autophagy of mitochondria, which is a source of ROS
and is also necessary for cytochrome-c-mediated apoptosis.”® In addition to the enzymes
themselves, the metabolic byproducts of glycolysis, namely pyruvate and lactate, have

also been shown to have a role in mediating antitumor drug resistance. Pyruvate was
shown to regulate the major drug efflux transporter P-glycoprotein, increasing the efflux of
doxorubicin in tumor spheroids.80 Lactate, through its role as an HDAC inhibitor, has been
shown to upregulate the DNA repair pathway mediating drug resistance.8! In addition, the
acidification of the tumor-surrounding stroma by lactate increases the efficiency of the efflux
pumps.82

Another metabolic hallmark of c-Myc upregulation is the increase in glutamine uptake and
subsequent glutaminolysis that characterizes rapidly proliferating tumor cells [Fig. 2]. A
strong dependence on glutamine by lung cancers, including cisplatin resistant strains of
lung cancer, has been described previously.83 84 c-Myc upregulates glutamine transporters,
such as alanine-serine-cysteine transporter 2 (ASCT2) and L-type amino acid transporter
1 (LAT1), as well as glutaminases, like glutaminase 1 (GLS1), which are needed to
convert glutamine to glutamate for subsequent conversion into a-ketoglutarate, fueling

the tricarboxylic acid (TCA) cycle, the intermediates of which are needed for synthesis

of purines, pyrimidines, fatty acids, and proteins. When the conversion of glutamate

to a-ketoglutarate occurs within the mitochondria, ammonia is also produced, which

is a diffusible regulator of autophagy, supporting cell survival under chemotherapy.8®

This diffusion can occur not only between tumor cells but also with tumor-associated
stromal cells such as CAFs and TAMs. Indeed, in K-Ras driven lung cancers, it was
shown that cancer cells lacking glutamine could derive this metabolic precursor from
surrounding stroma.8 Glutamine-derived glutamate is also critical for redox control in
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tumors. Glutamate is a component of reduced glutathione, a tripeptide of glutamate,
cysteine, and glycine, which is the major scavenger of oxidative species, namely ROS,
that are induced by DNA damage effected by antitumor drugs. c-Myc also upregulates
the glutamate-cystine antiporter solute carrier family 7 member 11 (SLC7A11), which is
responsible for the import of cystine that is converted into cysteine in the cell. Much the
same as the glycolytic switch acting a prerequisite for EMT, silencing of GLS1 has been
shown to impair metastasis in lung cancers.8”

Therapeutic targeting of c-Myc in NSCLC and SCLC

Historically, c-Myc has been considered an “undruggable” target. This is due to it being a
transcription factor, featuring significant structural disorder and lacking a specific inhibition
site, as a kinase would have in its enzymatic active site, for example. Also, c-Myc resides
predominately in the nucleus, making monoclonal antibody therapy unfeasible. Targeting
c-Myc through other means, such as targeting c-Myc transcription, c-Myc translation, and
c-Myc stability, as well as c-Myc transcriptional activity, has shown promise in treating lung
cancer, with several clinical trials completed and ongoing [Table 1].

Transcriptional inhibitors

Bromodomain and extraterminal (BET) family member bromodomain-containing protein 4
(BRD4) is a transcriptional regulator that recruits the P-TEFb to the c-terminus of RNA
polymerase for its phosphorylation and subsequent release from a gene’s promoter, thus
promoting transcription. The Myc oncogene family is under the regulation of BRD4, and
there have been numerous /n vitroand /n vivo studies showing the effectiveness of BET
inhibitor (BETi) against Myc-driven cancers.88-92 Recently, a phase 1 and 2 clinical trial
was completed to study the optimal dosing for the BETi molibresib in patients with solid
tumors, including NSCLCs and SCLCs.%3 There is also an ongoing clinical trial examining
another specific BETi in advanced squamous cell lung carcinomas (ClinicalTrials.gov:
NCTO05607108). Some evidence of BETi resistance in K-Ras driven NSCLC has recently
been found due to concurrent activation of mMTOR upon BETi treatment, but combination
therapy with mTOR inhibitor was shown to improve sensitivity to BETi.%

A feature of Myc dysregulated cancers is the attainment of super-enhancers as distal cis-
regulatory elements that act to significantly amplify c-Myc transcription.®® Super-enhancers
are populated by an abundance of common transcription factors but transcriptional activators
unique to this area are the less common cyclin dependent kinases CDK7 and CDK9. For
this reason, small molecule inhibitors to these kinases have been developed to target super
enhancer regulatory elements and the proto-oncogenes under their transcriptional control.
The covalent CDK?7 inhibitor THZ1 was found to be highly effective against SCLC in a
combination /in vival in vitro study by suppressing the expression of proto-oncogenes such
as c-Myc, SRY-box transcription factor 2 (SOX2), and nuclear factor | B (NFIB).% Three
different CDK9 inhibitors were shown to be effective against lung cancer cell lines and
organoids with mutations in K-Rasor EGFR as well as osimertinib and AMG510 resistant
lung adenocarcinoma cells.” c-Myc protein levels were not found to be affected but other
proteins associated with promoting the cancer stemness state, myeloid cell leukemia 1
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(Mcl-1), Sox2, and Sox9, were found to be decreased. There is currently a phase 1 clinical
trial of a selective CDK-7 inhibitor, SY 5609, underway to study its effectiveness against
advanced stage solid tumors, including SCLC, in adults (ClinicalTrials.gov: NCT04247126).

An alternative approach to targeting the Myc transcriptional machinery is to stabilize
secondary structures in the Myc promoter, which must be unwound first prior to
transcription. For proto-oncogenes such as c-Myc, guanine-rich DNA sequences in

the proximal promoter region fold into four-stranded secondary structures known as
G-quadruplexes, and these three-dimensional structures present binding sites for small
molecules.%8 APTO-253 is a small molecule inhibitor that has been shown to inhibit c-Myc
expression by stabilizing G-quadruplexes in DNA.%? A phase 1 trial demonstrated the anti-
tumor activity of this compound against metastatic solid tumors, including NSCLC, as well
as good tolerability at the requisite dosage.100 There have been several more recent studies
characterizing novel G-quadruplex stabilizing small molecules /in vitro due to their promise
as potent inhibitors of oncogenes such as c-Myc and K-Ras.191-103 DEAD-box helicase 5
(DDX5) is a protein from the family of double-stranded RNA helicases, which has been
found to be overexpressed in many types of cancers, including lung, and has been shown to
unwind the G-quadruplex in the Myc gene promoter.194 Thus, compounds that inhibit this
protein could also present a promising area of research for reducing c-Myc transcription in
cancers that show high DDX5 expression.

Translational inhibitors

c-Myc mRNA has some unique features that allow for its pharmacological inhibition. Its 5’
untranslated regions (UTR) contains complex secondary structures, namely G-quadruplexes,
which requires the eukaryotic initiation factor 4F (elF4F) complex for its successful
translation.1%%5 mTOR is a serine/threonine kinase that serves as the catalytic subunit

of the mTORCL1 protein complex, which phosphorylates its two major effector proteins

S6 kinase beta-1 (S6K1) and eukaryotic initiation factor 4E-binding protein 1 (4EBP1),
both of which facilitate elF4F-mediated translation. A major effector protein of SK61

is eukaryotic translation initiation factor 4B (elF4B), a member of the elF4F complex,
which aids eukaryotic translation initiation factor 4A (elF4A), a helicase that unwinds the
MRNA secondary structure prior to translation initiation. Also, 4EBP1 blocks the binding
of eukaryotic initiation factor 4G (elF4G) to eukaryatic initiation factor 4E (elF4E), but
this negative regulation is attenuated when 4EBP1 is phosphorylated by mTORC1, allowing
for the initiation of translation. Thus, an indirect strategy to target c-Myc translation is to
pharmacologically inhibit the mTOR kinase or one of the mTORCL effector proteins.

Traditional inhibitors of mMTOR, rapamycin and its analogs, have proven to be clinically
unfeasible due to issues with toxicity and stability. Next generation inhibitors of mTOR,
such as MLNO0128, have been extensively studied recently both /n vivo, showing tumor
reduction in an Ex-Myc-driven transgenic mouse model, and in phase 1 and 2 clinical
trials, with promising results for many types of advanced stage solid tumors.106-109 While
studies for lung cancer are lacking, there is a clinical trial ongoing examining the efficacy
of this drug against NSCLC (ClinicalTrials.gov: NCT04250545). MLN0128 effectively
inhibits mTOR phosphorylation of 4EBP1, allowing elF4G binding to elF4E; however,
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there are elFAE-independent mechanisms for c-Myc mRNA translation initiation, and

so treatment with MLNO0128 may fail to sufficiently inhibit c-Myc translation in some
cancers.110 Inhibiting elF4A directly can overcome this pitfall because unwinding the
5'UTR G-quadruplexes is indispensable for c-Myc translation. Two inhibitors of elF4A
currently under evaluation are silvestrol and eFT226. Silvestrol has been evaluated /in
vitro and in vivo, showing potent reduction in c-Myc mRNA translation and tumor size,
respectively.111. 112 eFT226 is also being studied and is currently the subject of a major
phase 1-2 clinical trial evaluating the drug against advanced stage solid tumors, including
NSCLC (ClinicalTrials.gov: NCT04092673).

Targeting the stability of c-Myc mRNA is a newer research area that is being explored.
There is a family of proteins that bind to specific sequences of the 3'UTR, called
cytoplasmic polyadenylation elements (CPEs), which act to destabilize mRNA. These are
so-called cytoplasmic polyadenylation binding (CPEB) binding proteins. A very recent
study that utilized gene ontology and enrichment analysis in examining miRNA sequencing
data from NSCLC tumors showed that CPEB3 was a significantly downregulated protein
compared to healthy lung.113 Identifying strategies to reactivate this protein thus could be

a promising strategy for targeting c-Myc in lung cancer. In addition to proteins that bind

the 3'UTR, there are proteins that bind to coding sequences of mMRNA, called coding region
instability-binding proteins (CRI-BPs), which act to protect mRNA from endonuclease
activity. Insulin-like growth factor 2 mRNA binding protein (Igf2bp) was recently identified
as a CRI-BP regulating c-Myc RNA stability using a mouse model of lung adenocarcinoma,
in which expression of this protein enhanced tumor progression and metastasis.114 There
are ongoing /n vitro cell studies to identify small molecule inhibitors of this protein in lung
and other cancers such as melanoma. Recently, a small molecule inhibitor was isolated and
subsequently shown to decrease the mRNA level of not only c-Myc but also K-Ras in lung
cancer cells.115 This is another area of research that may prove to be fruitful in the future for
targeting c-Myc and its associated oncogenes in lung cancers.

Targeting proteins that stabilize c-Myc

The stability of c-Myc (a short-lived protein with a 20-min half-life) is governed by
phosphorylation at two residues on its N-terminus. Phosphorylation at S62 by several
kinases promotes c-Myc stability, whereas phosphorylation at T58 by glycogen synthase
kinase 3 (GSK3) promotes its degradation by the ubiquitin-proteosome system (UPS).
K-Ras is upstream of extracellular signal-regulated kinase (ERK), one of the kinases that
phosphorylate S62, and, in addition, K-Ras activates phosphoinositide 3-kinase (P13K)/Akt
that phosphorylates and inactivates GSK3. Thus, the frequent activating mutations in K-Ras,
which are observed in lung cancer, can be easily tied to the overactivation of c-Myc that

is frequently found in the same tumors, and explains the efficacy that has been observed

in targeting c-Myc in K-Ras driven lung tumors.116-118 Another protein that is important
in regulating the turnover of c-Myc is protein phosphatase 2A (PP2A), which must
dephosphorylate S62 after T58 phosphorylation for UPS-mediated degradation to occur.
The major E3 ligase that recognizes and binds to phosphorylated T58 is the S-phase kinase
associated protein 1 (SKP1)-cullin-1-F-box and WD repeat domain-containing 7 ubiquitin
ligase complex (SCF Fbw7), which leads to degradation of c-Myc by the 26S proteosome.
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There are also several other kinases, deubiquitinases, and c-Myc interacting proteins that are
involved in this process that can be pharmacologically targeted to decrease c-Myc protein
stability in lung cancer. A summary of these is described below and shown in Table 1.

Deubiquitinases such as ubiquitin specific protease (USP) 28, USP36, and USP37
antagonize E3 ligase activity and stabilize c-Myc. A number of these have been found

to be overexpressed in lung cancer.119-121 Specific inhibitors to USP28 have been recently
developed and shown to be effective against lung cancer cell lines as well as in an ex

vivo murine lung slice culture system.122. 123 poJo-like kinase 1 (PLK1) is serine-threonine
kinase involved in the cell cycle, which phosphorylates c-Myc and contributes to its stability.
PLK1 has also been found to be overexpressed in lung cancers and associated with poor
prognosis.124 125 |nhibitors for PLK1 have been developed and tested in phase 11 clinical
trials. Volasertib was tested in patients with metastatic NSCLC and Bl 2536 was examined
in patients with relapsed SCLC, both with minimal efficacy, which unfortunately has

been the trend for this class of inhibitor with lung cancers.126-128 New inhibitors have
continued to be developed, and there is an ongoing clinical trial with a novel PLK1 inhibitor,
onvansertib, in patients with chemo-resistant SCLC (Clinical Trials.gov: NCT05450965).
Aurora kinase A (AURKA) is another cell-cycle related kinase that stabilizes c-Myc

and found to be overexpressed in many types of cancers, including lung.129 Alisertib
(MLNB8237) is a selective inhibitor against AURKA and has shown modest efficacy against
lung cancer in clinical trials. In a phase Il study, MLN8237 as a monotherapy treatment
yielded a 21% objective response rate in 48 patients with SCLC.130 More recently, alisertib
was combined with EGFR tyrosine kinase inhibitor osimertinib in a phase I clinical trial,
with preliminary results showing that alisertib may improve disease control in patients

with lung adenocarcinomas resistant to osimertinib monotherapy.13! PP2A, as previously
mentioned, promotes c-Myc degradation. There are two endogenous PP2A inhibitors,
su(var)3-9, enhancer of zeste, trithorax (SET)/inhibitor 2 of PP2A and cellular inhibitor

of PP2A (CIP2A), which are overexpressed in several types of tumors, including lung.132
FTY720, a SET inhibitor, was shown to increase cell death in A549 cells and xenografts.133
PIN1 was shown to mediate c-Myc-DNA binding,134 although it was previously shown to
potentially mediate PP2A-facilitated c-Myc degradation.35 Thus, a covalent small-molecule
inhibitor of PIN1 was recently developed, which was shown to selectively target cancer cells
in vitro as well as in a mouse model of lung tumorigenesis.136

Targeting c-Myc transcriptional activity

For c-Myc to act as a transcription factor, it must form a heterodimer with one of its
bHLHLZ binding partners, notably Max. Several labs have identified small molecules in
screens, which are able to block the Myc—Max interaction.137-139 These compounds, such as
MY Ci975, have been tested in several cancer cell lines, including lung, with half maximal
inhibitory concentration (1C50) values close to 10 gmol/L or less. Several have also been
studied in Myc-driven mouse models and showed anti-tumor activity. More promising is

the recent success of OmoMyc, a 90 amino acid mini-protein, which mimics the bHLHLZ
domain of c-Myc with four key mutations, which allows OmoMyc to bind directly to

c-Myc or Max. It can form heterodimers with c-Myc or Max, in addition to forming
homodimers with itself, which abrogates c-Myc transcriptional activity, essentially acting as
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a dominant negative form of c-Myc.140 In a paper published by Peptomyc,141 the company
founded by OmoMyc’s inventor, the researchers show that purified OmoMyc effectively
penetrates cancer cells and blocks c-Myc transcriptional activity. In contrast to standard

of care therapies, OmoMyc only targets cancer cells while sparing normal cells due to

the low level of endogenous c-Myc in differentiated cells. These preclinical data along
with the effectiveness of OmoMyc in various models of NSCLC with different mutational
backgrounds gave rise to a phase I clinical trial of OmoMyc in 2020, which enrolled 22
patients with advanced solid tumors, including NSCLC, showing a halt of tumor growth in
8 of the patients with minimal side effects.118. 142 Based on these results, this version of
OmoMyc (OMO-103) is rapidly proceeding to a phase Il trial.

Conclusions and perspective

Herein, we have described the mechanisms by which c-Myc promotes cancer therapeutic
resistance, acting to promote a cancer stemness phenotype, in the realms of DNA damage
and repair, EMT and metastasis, and cancer metabolism [Fig. 2]. As most subtypes of lung
cancer remain notoriously difficult to treat, c-Myc remains an attractive target. Due to the
issues described herein, it was long considered undruggable, as were many proteins before
it, but considerable progress has been made to indirectly target it, with many of the drugs
mentioned having completed clinical trials showing a direct anti-cancer effect [Table 1].
Going forward, efforts to target c-Myc more directly with peptides, like OmoMyc, will no
doubt gain prominence, as many of the more indirect methods will suffer from off-target
effects. Development of drug resistance still remains a concern, but this can also be assuaged
by more directly targeting c-Myc, considering its central role in regulating many different
pathways that promote tumorigenesis.
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Fig. 1.

Schematic of c-Myc protein. MB domains, calpain cleavage site, and bHLHLZ domain are
depicted with corresponding amino acid coordinates. BD: Binding domain; bHLHLZ: Basic
helix-loop-helix leucine zipper; MB: Myc homology box; NLS: Nuclear localization signal.
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Fig. 2.

Mechanisms underlying c-Myc mediated therapeutic resistance. The three general
mechanistic aspects, including DNA damage and repair, metastasis, and cancer metabolism,
which account for c-Myc-mediated cancer stemness phenotype and therapeutic resistance,
are highlighted with examples as described in the review text. ATM: Ataxia-telangiecta-
sia mutated; CCL: Chemokine C-C motif ligand; DDR: DNA damage repair; DNA-
PKcs: DNA-dependent protein kinase catalytic subunit; DSB: Double strand break;

EMT: Epithelial-to-mesenchymal transition; GLUT1: Glucose transporter-1; HIF-1a:
Hypoxia inducible factor-1a; HKII: Hexokinase I1; IL: Interleukin; LDHA: Lactate
dehydrogenase A; IncRNA: Long non-coding RNA; miR: MicroRNA; MMP-9: Matrix
metalloproteinase-9; NADPH: Nicotinamide adenine dinucleotide phosphate; PARP: Poly
ADP-ribose polymerase; PD-L1: Programmed death ligand 1; TAMs: Tumor-associated
macrophages; TGF-g: Tranforming growth factor-g; VEGF: Vascular endothelial growth
factor; ZEB: Zinc finger E-box binding homeobox.
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