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ABSTRACT

EVALUATION OF POTENTIAL THERAPEUTICS FOR NON-SMALL CELL LUNG CANCER USING
3D TUMOR SPHEROID MODELS

By
Hayden Eric Stoub

The development of novel and improved therapies for cancers requires robust means of
investigation that both effectively recapitulate tumor biology while also utilizing resources efficiently.
3D tissue culture methods, namely spheroids and organoids, have emerged as an effective bridge
between conventional in vitro methods and in vivo animal models in cancer research. This thesis
provides background into lung cancer and the current landscape of 3D in vitro models of cancer, as
well as detailing two studies in which multicellular tumor spheroids were used to investigate the

therapeutic potential of candidate compounds.

The first study uses an NCI-H358 multicellular tumor spheroid to investigate three compounds:
Apigenin, a plant derived flavonoid; MSU42011, a novel retinoid x receptor (RXR) agonist; and
CEP-1347, a mixed lineage kinase (MLK) inhibitor. It was found that Apigenin alone decreased the
viability of spheroids, and that the combination of Apigenin and CEP-1347 synergistically decreased

viability and increased cell death within the spheroids.

The second study uses a murine lung adenocarcinoma tumor spheroid model to investigate
the effects of MSU-71, a novel inhibitor of the nuclear factor erythroid 2-related factor (NRF2) pathway,
on macrophage-induced invasion and migration. This compound blocked both migration in
conventional experiments along with spheroid invasion, indicating its potential efficacy in preventing
LUAD progression. This study also adapted the spheroid invasion model for use in multiple human
LUAD cell lines and THP-1 conditioned medium. The findings presented herein demonstrate the

versatility and value of 3D tumor spheroid models in the cancer drug development field.
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CHAPTER 1. Literature review of lung cancer



Lung Cancer Epidemiology & Etiology

Lung cancer is the leading cause of cancer deaths globally and is the first and third
most frequently diagnosed cancer for males and females, respectively, worldwide
[GLOBOCAN 2020]. In the United States, lung cancer cases constitute the second most
frequently diagnosed cancer and the leading cause of cancer deaths, with 235,760 new cases

and 131,880 deaths in 2021 [SEER 2021].

While random errors during DNA replication constitute a substantial part of all cancer
risk [Tomasetti & Vogelstein, 2015], lung cancer etiology is influenced by both semi-
modifiable risk factors unique to lung tissue, as well as fully modifiable environmental risk
factors [Wu et al. 2018]. Based on data from The Cancer Genome Atlas (TCGA) project, the
mutational burden of lung cancer is only exceeded by that of melanoma [Castle et al. 2019].
This is understandable considering both sites experience high environmental exposure
relative to other cancers. Most mutations in melanoma, for example, result from melanocyte
exposure to ultraviolet radiation, whereas lung cancer mutations result primarily from inhaled

carcinogens from smoking and pollution.

Tobacco smoke is the most well recognized lung cancer risk factor [Cummings &
Proctor, 2014][CDC, 2014]. Tobacco smoke contains over 70 known carcinogens, including N-
nitrosamides,  formed during nicotine combustion [Bade & Dela Cruz, 2020]. These
compounds activate canonical cancer signaling pathways such as mitogen activated protein
kinase (MAPK), phosphoinositide 3-kinase (PI3K) and nuclear factor k B (NFkB) pathways, in

addition to forming DNA adducts, resulting in mutations and subsequent tumorigenesis



[Akopyan & Bonavida, 2006]. The most recent statistics indicate that 21% of Americans use

tobacco products, with 16.7% using combustible tobacco products [Cornelius et al. 2020].

As with all cancers, early detection correlates with improved lung cancer outcomes
[Inage et al. 2018]. Upon initial radiological finding of a potential lung malignancy, patients
are evaluated based on clinical risk factors including age, smoking history, previous medical
history, family history, occupational exposure, and comorbidities, alongside radiological
findings such as nodule size, shape, and density, any parenchymal abnormalities, as well as
metabolic activity as assessed through positron emission tomography [NCCN, 2021].
Radiomic signatures, patterns observed in the radiographic studies of lung cancer patients,
have increasingly been leveraged to predict molecular alterations [Li et al. 2019][Tu et al.
2019], as well as cancer dissemination [Dou et al. 2018][Coroller et al. 2017], and prognosis

[Huang et al. 2018][Li et al. 2020][Bortorollo et al. 2021].

Histological Subtypes of Lung Cancer

Despite the increasing clinical utility of molecular diagnostics, lung tumor histology
remains a key component of clinical decision making. Histologic characteristics of lung
tumors indeed often correlate with molecular alterations as well as tumor phenotype and
prognosis [Zheng 2016][Borczuk et al. 2003]. Upon radiological evidence of lung nodules
>6mm, histological analysis is performed on samples collected through sputum cytology,
non-invasive and image guided biopsies, thoracocentesis, or open surgical samples stained

with hematoxylin and eosin (H&E) [NCCN, 2021]. Morphology of the H&E-stained specimens



has conventionally served as the primary diagnostic criteria, but immunohistochemical

staining is now used as a routine tool in forming differential diagnoses [Travis, 2020].

The World Health Organization 2015 guidelines for lung tumor classification list 77
distinct histological types and subtypes of lung cancer [Travis et al. 2015]; broadly, lung
cancers are classified into small cell (SCLC), comprising 10% of lung tumors and non-small

cell lung cancers (NSCLC), comprising about 90% of lung tumors [Zheng, 2016].

Adenocarcinoma

The largest subtype of NSCLC, lung adenocarcinomas (LUAD), accounts for
approximately 50% of all US lung cancer cases [Travis, 2020]. LUAD histopathology is
characterized by glandular growth pattern and immunohistochemistry (IHC) staining positive
for thyroid transcription factor 1 (TTF-1) and negative for p40 [Yatabe et al. 2019].
Adenocarcinoma in situ (AlS) and minimally invasive adenocarcinoma (MIA) are typically
treated surgically with no further intervention. In addition to surgical resection, patients with
invasive adenocarcinoma may receive chemotherapies including cisplatin or carboplatin,
combined with pemetrexed, or paclitaxel, and radiotherapy. Targeted therapies are used
based on the presence of their oncogenic targets as indicated through
immunohistochemistry [NCCN, 2021] and DNA sequencing. With complete surgical
resection, AlS and MIA have a 100% five-year survival rate [Noguchi et al. 1995]. The five-year
survival rate of all lung adenocarcinoma combined is 28.5%, ranging from 70% for localized

disease to 8.4% for disease with distant metastases at time of diagnosis [SEER, 2021].



Prominent oncogenes in lung adenocarcinoma include KRAS, EGFR, ALK, ERBB2, and
BRAF; alterations in these genes are, practically speaking, mutually exclusive among tumors
[Greulich 2010]. Importantly, targeted therapies directed against oncogenic EGFR, ALK, HER2
and BRAF are available and used clinically. TP53, KEAP1, and STK11 are prominent tumor
suppressors that are deleted, mutated, or otherwise inactivated in LUAD [Inamura 2017]

[Greulich 2010].

Relative to other NSCLC tumors, adenocarcinoma has a higher level of CD45+
immune cell infiltration, with increased CD3+ T-cell and CD19+ B-cell infiltration, and
decreased infiltration of macrophages and monocytes [Stankovic et al. 2019]. Single-cell RNA
sequencing has recently allowed for higher resolution analysis of cell-specific roles in tissue
and vessel remodeling, lymphoid immune response, and tumor progression in lung

adenocarcinoma [Kim et al. 2020].

Squamous Cell Carcinoma

Squamous cell carcinoma (SCC) represents roughly 25% of NSCLC cases in the United
States, and is subdivided into keratinizing, non-keratinizing, and basaloid subtypes [Travis,
2020]. SCC is also confirmed through p40/TTF-1 differential IHC staining (SCC staining p40-
and TTF-1+) [Yatabe et al. 2019], and exhibits positive cytokeratin (CK) 5, CKé, and pé3
immunostaining based on level of differentiation [Zheng 2016]. TCGA analysis revealed
statistically significant mutations in TP53, CDKN2A, PTEN, PIK3CA, KEAP1, KMT2D, HLA-A,
NFE2L2, NOTCH1, RB1, and PDYN. Notably, TP53 is mutated in 90% of tumors, and pathway

analysis revealed enrichment in oxidative stress response pathways (34% of tumors), PI3K/



AKT signaling (47% of tumors), and cyclin dependent kinase inhibitor 2A (CDKN2A)

downregulation (72% of tumors) [Inamura 2017].

Like adenocarcinoma, SCC resection is followed by treatment with cisplatin or
carboplatin in combination with either gemcitabine or paclitaxel [NCCN, 2021]. SCC tumors
rarely harbor actionable mutations in EGFR, ALK, ERBB2, and BRAF, limiting available targeted
therapies [Chan & Hughes, 2015]. The five-year survival for all SCC is 21.7%, ranging from
46.8% for localized disease to 5.8% for disease with distant metastases at the time of

diagnosis [SEER, 2021].

SCC is more heavily infiltrated by CD117+ mast cells and CD3+ T-cells than other
histological subtypes [Banat et al. 2015]. Importantly, SCC maintains a high rate of HLA-A
mutations [TCGA, 2012], increasing neoantigen recognition for natural killer (NK) and T-cell
mediated killing. Whole tumor exome sequencing has also been used to develop clinically
leverageable indices that predict responsiveness to immunotherapy in squamous cell

carcinoma along with other histological subtypes. [Karasaki et al. 2017].

Small Cell Carcinoma

Small cell lung carcinoma (SCLC) constitutes 13% of all lung cancers, and is further
subdivided into homogeneous SCLC tumors and heterogeneous SCLC/NSCLC tumors
[Travis, 2020]. SCLC most often presents centrally as an invasive perihilar mass with

substantial necrosis and hemorrhage [Travis, 2020].



SCLC cells are small in comparison to other lung tumor types. Relatively high numbers
of mitotic cells are usually observed in SCLC, an important differentiator of SCLC from other
neuroendocrine type tumors [Travis et al. 2015]. Assessment of tumor grade and overall
diagnosis of SCLC can be performed through H&E staining, although relevant IHC markers
include pankeratin and neuroendocrine markers CD56, chromogranin, and synaptophysin
[Yatabe et al. 2019]. Owing to the high amount of cell division, robust Ki67 staining is also a
hallmark of SCLC [Travis, 2020] [Zheng 2016]. Importantly, the adenocarcinoma marker TTF-1
expression is observed in 90% of SCLC, making it unsuitable for positive confirmation of

SCLC [Zheng 2016].

SRY-box transcription factor 2 (SOX2) amplification has emerged as a hallmark
molecular alteration in most SCLC [Rudin et al. 2012]. Both classic tumor suppressors TP53
and RB are nearly universally inactivated in SCLC [George et al. 2015]. Other hallmark
molecular alterations include RLF-MYCL1 fusion protein as well as mutations in histone
modifiers CREBBF, EP300, and KMT2A [Inamura 2017]. Finally, NOTCH signaling is repressed in
25% of SCLCs, downregulating neuroendocrine differentiation through ASCLT [Crabtree et al.

2016].

After initial evaluation, SCLC patients are clinically stratified into “limited” or
“extensive” stage groups based on TNM characteristics. Surgical resection is only indicated
for patients diagnosed with stage I-lIIA disease, which comprise <5% of SCLC cases. Systemic
therapy for limited stage SCLC consists of cisplatin and etoposide, with the option of

carboplatin substitution if cisplatin is poorly tolerated. Primary therapy for extensive stage



SCLC consists of carboplatin and etoposide, with the addition of programmed death ligand 1
(PD-L1) checkpoint inhibitors atezolizumab or durvalumab. Radiotherapy concomitant with
systemic chemotherapy is used for both limited and extensive stage groups, with a shorter
delay of the start of radiotherapy associated with improved survival. Notably, because of the
propensity for SCLC to metastasize to the brain, prophylactic intracranial radiotherapy
protocols have been developed for extensive stage groups [NCCN, 2021]. The five-year
survival for all SCLC is only 6.9%, owing to most diagnoses occurring in advanced stages of
the disease. Five-year survival of localized disease is 29.3%, versus <3% for disease with

distant metastases [SEER, 2021].

Because of the scarcity of resected tumors to study, the microenvironment of SCLC is
not as well characterized as other lung cancer subtypes. Absolute counts of immune cell
populations have been observed to be similar to other histological subtypes [Banat et al.
2015]. Genetically engineered mouse models of SCLC have shown lower numbers of tumor
infiltrating leukocytes relative to other subtypes, and a low level of innate immune cell
expansion. The main immune population is T-cells, with a notable increase in yd-T cells [Busch
et al. 2016]. Immune checkpoint molecules are frequently expressed by tumor infiltrating
lymphocytes, and are associated with high forkhead box P3 (FoxP3) + T-cell presence, a cell
population known to protect tumors [Rivalland et al. 2017]. Checkpoint inhibitors are
routinely used in SCLC therapy regimens, due to the high mutational burden of the cancer,
which results in higher levels of tumor neoantigen formation [Calles et al. 2019]. However,

SCLC has long been known to harbor mutations in HLA-A, B, and C, along with B2-



microglobulin, preventing effective major histocompatibility complex formation and allowing

tumors to evade immune surveillance [Doyle et al. 1985].

Large Cell Carcinoma

Large Cell Lung Cancer (LCC) constitutes 1.5-3% of lung cancers and is defined as a
poorly differentiated carcinoma that is not otherwise classifiable as another histological

subtype by light microscopy, IHC, or mucin staining [Travis 2020].

LCC is characterized by negative IHC staining for TTF-1 (excluding LUAD), p40
(excluding SCC), and mucin (excluding mucinous LUAD) [Travis 2020]. Given the small
fraction of tumors LCC represents, many molecular analyses of histological subtypes do not
focus expressly on the subtype. The pattern of molecular alterations in LCC closely resemble
LUAD with frequent mutations in TP53, EGFR, KRAS, STK11, KEAP1, BRAF, and PIK3CA, and
prominent ALK rearrangements [Hwang et al. 2014] [Rossi et al. 2014] [Jordan et al. 2017; via

cBioPortal].

Treatment guidelines for LCC are identical to those for adenocarcinoma, with systemic
cisplatin and pemetrexed chemotherapy along with radiotherapy indicated after surgical
resection [NCCN, 2021]. The overall five-year survival of LCC is 18.3%, with localized disease
survival at 53.6% and survival for disease with distant metastases at 5.4% [SEER, 2021].
Literature on the immune hallmarks of LCC is sparse; compared to LUAD and SCC, LCC

tumors exhibit higher inducible nitric oxide synthase (iNOS), as well as the expression of



interleukins IL-1B, IL-4, IL-6, and IL-8 [Almatroodi et al. 2015], cytokines indicative of a pro-

inflammatory microenvironment.

Prominent Molecular Alterations in LUAD

All cancers maintain some level of genomic, genetic, and epigenetic aberrancy
compared to otherwise healthy tissue; however, lung cancers are remarkable for their high
mutational burden [Castle et al. 2019]. With the development of therapeutic resistance, a
wider battery of available targeted therapies is necessary. This section provides details on the
most common molecular alterations in LUAD: TP53, EGFR, KRAS, and ALK (Figure 1.1).

Background on KEAP1 and STK11 can be found in Chapter 3.

TP53 54% _
EGFR 30% 1' F bh :h
KRAS 28% | P P ) I I |h I M

STK11 18% N n )| I ||-| - o | — hl

KEAP1 18% IR 1 | 11 B m - bl L AT

ALK 8% 0 I [T

Genetic Alteration ¥ Inframe Mutation (putative driver) ¥ Inframe Mutation (unknown significance) ~ ® Missense Mutation (putative driver)
Missense Mutation (unknown significance) Splice Mutation (putative driver) Splice Mutation (unknown significance)

B Truncating Mutation (putative driver) M Truncating Mutation (unknown significance) | Structural Variant (putative driver)

Structural Variant (unknown significance) I Amplification I Deep Deletion No alterations

Figure 1.1 Prominent molecular alterations in LUAD. Genetic profiling of common genetic
alterations in 915 LUAD tumor samples collected from 860 patients from [Jordan et al. 2016];
Figure generated from Non-Small Cell Lung Cancer (MSKCC, Cancer Discov. 2017) dataset
[cBioPortal].

p53

The well characterized tumor-suppressor gene, p53, is often referred to as “the
guardian of the genome”, and is mutated in 50-70% of lung malignancies, with particularly
high frequency in smokers and SCC [Gibbons et al. 2014] (Figure 1.1). p53 plays numerous
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roles as both a sensor of DNA damage, as well as an effector of tumor-suppressive processes.
DNA damage specifically activates p53, which can in turn guide cellular responses ranging
from apoptosis, cell cycle arrest, and senescence, to DNA repair and cell survival depending

on the stimulus and extent of DNA damage [Vousden & Lane 2007].

DNA damage causes activation of three members of the PI3K-like kinase family:
ataxia-telangectasia mutated (ATM), ataxia telangectasia and Rad3-related (ATR), and the
DNA-protein kinase complex. ATM binds with MRE11 Homolog, Double Strand Break Repair
Nuclease (Mre11), MRE11 Homolog, Double Strand Break Repair Nuclease (Rad50), and
Nibrin to double-stranded DNA breaks. After autophosphorylation, ATM activates p53 by
phosphorylating Ser15 and Ser20 (the latter mediated through CHK2). ATR is activated by
single-strand DNA breaks, binding with the topoisomerase TOPBP1, replication protein a
(RPA) family, and the 9-1-1 complex, and activates p53 by phosphorylation of Ser15. DNA-PK
complex associates with the Ku70/80 heterodimer on double-stranded DNA breaks and
phosphorylates p53 at Ser37. Phosphorylation of p53 at these sites prevents degradation by

MDM2 and facilitates p53's activation of DNA repair mechanisms [Shi & Danson, 2020].

p53 plays a role in all major forms of DNA repair, which positions it as an important
bulwark against the accumulation of mutations and more broadly against genomic instability
[Williams & Schumacher, 2016]. Genomic instability, a hallmark of cancer, is increased when
p53 is compromised, which can be due to loss of p53 function as well as gain of function p53
mutants. Whereas disruptions in the G1/S cell cycle checkpoint are observed in p53-null cells,

p53 mutant cells also have perturbed M phase checkpoint, promoting aneuploidy [Hanel &
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Moll, 2012]. As part of this M phase checkpoint, p53 transcriptional targets p21 and the
mitotic checkpoint BubR1 activate and control centrosome homeostasis [Ho et al. 2020].
Additionally, p53 putatively plays a surveillance role for centrosomes as evidenced by direct
association with the complex. p53 is also responsible for balancing homologous
recombination and non-homologous end joining repair mechanisms, important repair
mechanisms combatting genomic translocations and amplifications [Moureau et al. 2016][Ho

et al. 2020].

When p53 is unable to successfully mediate DNA repair, its role switches to promote
apoptosis guarding against the replication of abnormal cells. This is accomplished through
transcriptional upregulation of pro-apoptotic factors such as BCL2-associated X (Bax), BCL2-
binding component 3 (PUMA), and Phorbol-12-myristaate-13-acetate-induced protein 1
(NOXA), as well as direct activation of Bax by p53 and inhibition of anti-apoptotic factors

Bcl-2 and Bcl-XL [Aubrey et al. 2017][Fridman & Lowe, 2003].

While clinically efficacious drugs targeting p53 have heretofore been unsuccessful,
numerous tool compounds to restore p53 function have been developed or discovered. The
primary mechanism by which these compounds act is by inducing conformational changes
that stabilize the protein structure and restore DNA binding capabilities [Parrales & lwakuma,

2016].
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KRAS

The RAS family of genes-consisting of isoforms KRAS, NRAS, and HRAS-code for small
guanine triphosphatases (GTPases) that, in their GTP bound form, activate numerous
signaling pathways including MAPK and PI3K [Uprety & Adjei, 2020]. KRAS is mutated in
approximately 30% of all lung cancers (Figure 1.1), with the majority of mutations resulting in
the alteration of Gly12 which lies in the GTP binding domain [Campbell et al. 2016; accessed
through cBioPortal]. These mutations “lock” KRAS in the GTP-bound conformation, disrupting
GTP hydrolysis, resulting in constitutive activation of downstream signaling pathways
[Zeitouni et al. 2016]. The degree to which various cancer cell lines with oncogenic KRAS are
dependent on KRAS has recently been elucidated, revealing two molecular subtypes, KRAS-
dependent and RSK-dependent cell lines with distinct morphological and metabolic
phenotypes. The effectors which oncogenic KRAS engages are proposed to determine these

phenotypes [Yuan et al. 2018].

KRAS has an emerging role as an important modulator of multiple elements of the
tumor microenvironment [Carvalho et al. 2018][Dias Carvalho et al. 2020]. The tumor
microenvironment of KRAS mutant mouse models of lung cancer is heavily infiltrated by
myeloid cells, whereas the microenvironment of SCLC-predominantly KRASWT tumors-are
more infiltrated by CD3+ T-cells [Busch et al. 2016]. In a conditional KRASG'2D mouse model
of lung cancer, using the chemokine 10 (CC10) promoter to localize KRAS mutation to club
cells-a cell type exclusive to lung tissue and often the source of LUAD malignancy-KRAS

mutation resulted in the elevation of the chemokines CCL2, CCL3, CXCL1, CXCL2, along with
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tumor necrosis factor a (TNFa), and vascular endothelial growth factor (VEGF) in
bronchoalveolar lavage fluid [Ji et al. 2005]. KRAS also appears to drive Th17 T-cell infiltration
and IL-17 upregulation [Chang 2015], which is a necessary step in lung cancer progression
[Chang et al. 2014]. KRAS-mutant lung tumors also display upregulated IL-10 and
transforming growth factor  (TGFR), which directly inhibits NK cells along with suppressing
CD8+ cytotoxic T cells through the activity of regulatory T-cells [Deng et al. 2020]. To what
degree these suppressive factors are secreted from tumor cells directly or through M2-like
tumor associated macrophages is still unclear. The effects of KRAS on the tumor
microenvironment have also been researched in other KRAS-mutant malignancies such as
pancreatic cancer [Hou et al. 2020], colorectal cancer [Park et al. 2021], and esophageal

cancer [Essakly et al. 2020].

Translational research into KRAS-targeted therapy development has only recently
been successful. Small molecule drugs have been investigated that bind to KRASG12C by
forming a covalent bond to the thiol group on the cysteine of the mutant protein [Lito et al.
2016]. This finding led to the development and US Food and Drug Administration (FDA)
approval of the first targeted therapy for KRAS, sotorasib [Hong et al. 2020][Skoulidis et al.
2021]. While this represents a monumental advance in targeting a specific type of KRAS
mutant found in lung cancers, therapeutic resistance can arise. Furthermore, there are still no

clinically approved therapeutics that target KRAS mutant alleles other than KRASG12C,
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EGFR

Epidermal growth factor receptor (EGFR) is a transmembrane receptor tyrosine kinase
(RTK) and part of the broader ERBB family of RTKs. ERBB family members are commonly
altered in lung cancer either through mutation (EGFR) or amplification (ERBB2) [Skoulidis &
Heymach 2019]. These kinases are primarily known to activate MAPK signaling through the
RAS/RAF/MEK axis, but can also activate other cancer-relevant pathways such as the PI3K/Akt
axis, phospholipase C (PLC)-y pathway, and signal transducer and activator of transcription
(STAT) pathway signaling [Schlessinger 2004]. The activation of RTKs is mediated by the
dimerization of individual RTKs, stabilized by the ligand EGF in the case of EGFR [da Cunha

Santos et al. 2011].

EGFR is mutated in 14% of lung cancers (Figure 1.1) and has been successfully
targeted therapeutically. The progress of EGFR inhibitor development is mainly attributable
to the understanding of the protein structure and the structural impacts of specific mutations
[Castellanos et al. 2017]. Perturbation of regulatory regions of the protein such as the aC-
helix, activation loop, or adenosine triphosphate (ATP) binding regions are where mutations

arise, and drugs bind selectively to mutant EGFR [Yun et al. 2007].

The L858R missense and E746-750 residue deletions represents 90% of the EGFR
mutations. Gefitinib and erlotinib [Pao et al. 2004] were the first EGFR inhibitors to reach FDA
approval for NSCLC treatment in 2003 and 2004, respectively [Roskoski 2019]. Ten years later,
a second-generation inhibitor, afatinib, which binds covalently to the L858R mutant EGFR to

inactivate it, was approved [Roskoski 2019]. This mechanism is shared by third generation
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inhibitor, osimertinib [Le & Gerber, 2019]. Resistance to these inhibitors, most notably
through a T790M mutation [Kim et al. 2012a], has driven the development of third
[Piotrowska et al. 2015] and fourth generation inhibitors [Wang et al. 2017] that inhibit the
resistant EGFR variants. Small molecule tyrosine kinase inhibitors have the additional benefit

of being orally available.

EGFR mutant lung cancer has also been successfully targeted with EGFR-directed
monoclonal antibody therapies, namely cetuximab and panitumumab [Ciardiello & Tortora
2008]. Monoclonal antibodies (MABs) targeting oncogenes were first used against another
RTK in breast cancer, HER2 [Cameron et al. 2017]; The HER2 antibody-chemotherapy drug
conjugate Trastuzumab-deruxtecan has recently shown promise for relapsed HER2+ NSCLC
[Li et al. 2021]. The ability for EGFR and HER2 to heterodimerize has spurred research into the

efficacy of MAB combination therapies [Privitera et al. 2015] [Romaniello et al. 2018].

ALK

Rearrangements in the anaplastic lymphoma kinase (ALK) gene are present in
approximately 8% of NSCLC patients (Figure 1.1) [Chia et al. 2014]. The most prominent ALK
fusion partner is echinoderm microtubule-associated protein like-4 (EML4), which constitutes
approximately 30% of all ALK rearrangements [Sasaki et al. 2010]. Apart from translocations,
activating point mutations in the kinase domain of ALK are also seen in numerous cancers
[Hallberg & Palmer, 2018]. Like EGFR, ALK fusion proteins activate numerous downstream
oncogenic signalling pathways including MAPK, PLC-y, JAK/STAT, and PI3K pathways [Della

Corte et al. 2018].
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The first ALK inhibitor to gain FDA approval-crizotinib-targets ROS1 and cMet in
addition to ALK [Gristina et al. 2020]. So successful was the initial PROFILE 1001 that an
expansion cohort was added to the dose escalation phase of the trial [Shaw et al. 2019].
Development of the second generation ALK inhibitors ceritinib and alectinib led to their
approval as second-line therapies for crizotinib resistant NSCLC and later as first-line
treatments [Gristina et al 2020]. Ensartinib is another second generation ALK inhibitor that has
recently been developed with broader inhibitory activity against MET, AXL, ABL, EPHA2, LTK,
ROS1, and SLK. Finally, entracitinib, a third generation ALK inhibitor with additional activity
against TRKA-C and ROS1, was developed to combat intracranial metastases, owing to its
ability to cross the blood brain barrier [Gristina et al 2020]. Like EGFR inhibitors, ALK
inhibitors can be administered orally and are well tolerated compared to cytotoxic

chemotherapies.

Models used in lung cancer research

One of the goals of cancer research’! is to leverage basic biological knowledge to
develop effective therapies that improve quality of life, length of survival, or preferably both.
Drug discovery has evolved over time from a phenomenological and descriptive practice to
evidence-driven discoveries of refined mechanisms and precision medicines. Critical to this
empirical approach are models of cancer that allow investigators to better understand how

drugs and drug-candidates affect biology at the various levels of organization. This section

1Some may argue this is indeed the only goal of cancer research as cancer is an objectively tragic phenomenon to
befall a person. While | do not intend to thoroughly arbitrate the philosophy of science surrounding biomedical
research, there are interpenetrating utilitarian and moral arguments to be made for the necessity of basic research
to translate into findings that lift humanity. For the purposes of this thesis, | will define the telos of cancer research
as a pursuit of a cure to this terrible set of diseases.
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provides background on conventional preclinical cancer models (cell lines and mouse
models) as well as the new generation of 3D tissue culture models that have enabled more

productive drug discovery efforts to emerge.

Lung Cancer Cell Lines

The NCI-60 cell line panel, which was developed as an initiative for novel drug
development in cancer research, includes nine human non-small cell lung cancer lines
[Shoemaker 2006]. Starting in 2016, the National Cancer Institute (NCI) has begun to phase
out the original NCI-60 in favor of cell lines generated from patient derived xenograft (PDX)
tumors grown in nude mice with the idea that PDX lines are closer to the tumor of origin,
rather than being grown ex vivo for extended periods of time [Ledford 2016]. The main
strengths of tumor cell lines are their ease of use, affordability, and genetic fidelity to the
original tumor [Gazdar et al. 2015]. Human cell lines can be xenografted for in vivo studies
but require immunodeficient mice. Cell lines derived from mouse models of lung cancer are
also useful in both in vitro applications and syngeneic in vivo applications, the Lewis Lung
Carcinoma (LLC1) cell line, which harbors mutant NRAS, being the most prominent example

[Bertram & Janik, 1980].

Mouse models

Injection of DNA adduct forming carcinogens such as vinyl carbamate (VC) or ethyl
carbamate (EC) is a widely used model for spontaneous NSCLC generation. VC
carcinogenesis is in part driven by hotspot mutations of KRAS, and can elicit lung tumor

formation even in relatively resistant mouse strains such as C57BL6 [Massey et al. 1995]. A/J
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mice are frequently used as the higher CYP2E1 levels facilitate more bioactivation of VC,
resulting in more efficient carcinogenesis [Forkert 2010]. Genetically engineered mouse
models (GEMMs) of lung cancer are limited, and widespread use has been mostly restricted
to SCLC [Rudin et al. 2019][Lorz et al. 2021] and SCC [Singh et al. 2018]. KRAS mutation is
commonly used as a driver for LUAD oncogenesis and has been combined with mutations
STK11 [Ji et al. 2007], p53 [Busch et al. 2016], and EGFR [Busch et al. 2016], while RB has
been ablated in neuroendocrine GEMMs [Lazaro et al. 2017]. The ability to develop GEMM
models of LUAD is hampered by mouse mortality rates prior to tumor formation, poor
recapitulation of human pre-invasive disease, and lack of genetic disruption brought on by

tobacco exposure [Gazdar et al. 2015].

3D in vitro models

The aim of three-dimensional culture methods is to recapitulate the biology of the
system being modeled more accurately. With varying degrees of sophistication, 3D cultures
more accurately emulate cell-cell and cell-matrix interactions, metabolic and pharmacological
spatial gradients, tissue differentiation and architecture, and multicellular systems. The two
main classes of 3D culture systems are multicellular spheroids and organoids. While there is
some semantic overlap of the two, spheroids are usually generated from established cancer
cell lines, do not retain the architecture of the tissue of origin, and are genetically clonal in
contrast to organoids that are either derived from stem cells or resected tumor tissue, and

often retain histological integrity, and are genetically heterogeneous [Gunti et al. 2021].
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Multicellular Spheroids

Multicellular spheroids are 3D structures that are generated from cancer cell lines.
Numerous methods to generate spheroids have been developed; multi-cell aggregates can
be formed either through centrifugation or through the hanging drop method wherein a
small drop containing cells are inverted allowing cells to aggregate at the bottom of the drop
via gravity. These methods are relatively low cost in resources and time, and yield spheroids
of consistent size and quality. Spinning bioreactor and rotating wall cultures allow for high
numbers of spheroids to be generated, but yield a range of spheroid sizes and cannot be
used for cells with low cohesion [Gunti et al. 2021]. Other methods of spheroid generation
have been developed utilizing microfluidics, magnetic levitation, or 3D printing, However the

cost and scalability for these methods are prohibitive for large scale use [Lv et al. 2017].

In extracellular matrix (ECM)-supplemented spheroid culture, integrin expression by
the cells allows for the loose aggregation of spheroids, followed by an upregulation of
cadherins. Once sufficient E-cadherin expression is achieved, spheroids take on a smooth
epithelium-like outer surface [Lin et al. 2006]. Large (=500um) spheroids also exhibit nutrient/
waste gradients and display a continuum of proliferating, quiescent, and necrotic cells [Nunes
et al. 2018]. Finally, 3D tumor spheroids also exhibit gradation in penetrance of drugs and
demonstrate the shortcomings of 2D cultures in modeling biological responses to therapies

[Nunes et al. 2018][Ekert et al. 2018].

Experiments using tumor spheroids to investigate migration and invasion fall into two

general categories. In planar surface experiments, the behavior of 3D tumor spheroids is
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characterized as they interact with a 2D surface. This method has been used to investigate
ECM-tumor cell interactions, specifically the effects of matrix substrates with different
biophysical characteristics such as collagen | and Matrigel [Vinci et al. 2012] [Leggett et al.
2017]. Embedded multicellular spheroids allow for visual characterization of invasion through
a matrix-like collagen or Matrigel [Lim et al. 2020] [Leggett et al. 2017]. The unique
advantages of this technique over conventional migration and invasion experiments such as
wound healing and transwell assays are manifold; wound healing assays and unmodified
transwells do not test the ability of cancer cells to remodel ECM, and transwell assays bias
results toward single-cell migration due to the small pore size. Spheroid invasion assays using
Matrigel, or a similar substrate have the added advantage of more accurately recapitulating
the cellular changes along the epithelial-mesenchymal spectrum that are present in vivo

[Leggett et al. 2017].

Tumor organoids

Organoids are distinct from tumor spheroids in that they are derived either from stem
cells or tumor tissue rather than established cell lines. Similar to many spheroid culture
methods, organoids require supplementation with laminin and collagen rich basement

membrane extract [Schutgens & Clevers, 2020]. In stem cell derived organoids, careful

control of growth factor cocktails drives differentiation2 and organization of the organoids.
These organoids generated from untransformed cells, are genetically editable with systems

like clustered regularly interspaced palindromic repeat/Cas9 (CRISPR/Cas9) and have been

2 The imperfect differentiation process can produce interesting, even if unintended, results, an example being
neural lineage cells being produced when differentiating kidney organoids [Wu et al. 2018].
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used to model the impact of early mutations on tumorigenesis [Gunti et al. 2021]. Chemical
carcinogenesis has also been investigated using lung organoids grown ex vivo and re-

implanted into mice [Naruse et al. 2020].

Organoids can also be generated directly from tumor tissue and subsequently
expanded [Sato et al. 2011]. Tumor derived organoids better capture tumor heterogeneity
than cell line-derived counterparts, with one study showing that tumor derived organoids
generated from single cells had significant genetic heterogeneity as well as diversity in DNA
methylation and the transcriptome [Roerink et al. 2018]. Promising advances have also been
made in the commercial development of tumor-derived organoids for personalized oncology

[Ding et al. 2022].

3D tumor models in drug development

A major limitation to 3D culture methods in drug development is scalability for both
resources and time; cultivation and expansion of organoids and some spheroids requires
basement membrane extract that is costly to generate. High throughput applications of 3D

culture models are therefore necessary for use in drug development.

Multicellular tumor spheroids exhibit gradients in both nutrients and waste products.
Similarly, drug penetration is not homogenous throughout tumor spheroids, which allows for
more accurate modeling of pharmacodynamics for drug development [Sant & Johnson
2017]. Indeed, 3D culture models have been shown to be less sensitive to certain compounds

than 2D monolayers [Nath & Devi 2016][Lovitt et al. 2015]. However, some compounds have
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exhibited increased potency in tumor spheroids, such as trastuzumab in HER2+ breast cancer
[Pickl et al. 2009] and MAPK pathway inhibitors blocking thyroid cancer invasion [Ingeson-
Carlsson et al. 2015]. The specific change in sensitivity to these compounds is attributable to

metabolic, proliferative/cell cycle, and oxidative stress conditions present in the spheroid.

Both tumor spheroids and organoids are valuable tools for studying cancer stem cells.
Spheroid media can be refined to select for cancer stem cells through growth factor addition
and serum deprivation, and these spheroids can closely resemble tumor derived organoids
when grown in agar coated vessels [Ryu et al. 2019]. Organoids, often derived from
pluripotent stem cells, are similarly able to be enriched for cancer stem cells, and have been

used to investigate their effects on metastasis in vivo [Schutgens & Clevers 2020].

The ability to characterize toxicity ex vivo has been advanced by "body on a chip”
organoid technology, combining multiple tissue types of organoids to mimic drug
metabolism and tolerability, even demonstrating drug transporter expression in intestinal

organoids [Gunti et al. 2021][Onozato et al. 2018].

Drug screening studies performed in tumor derived organoid platforms can be used
as a predictor for clinical response [Vlachogiannis et al. 2018], an attribute being increasingly
leveraged in personalized medicine [Wang et al. 2021a][Hsu et al. 2021]. Using conventional
luminescence-based viability assays, high throughput drugs screening platforms using
organoids have been used to correlate ICsq values of potential therapeutics to oncogenic

mutations [van de Watering et al. 2015]. Chemotherapy resistance has been studied in both
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spheroids [Nunes et al. 2019] and organoids with clonal analysis of organoids revealing the
presence of therapeutic resistance, even in organoids derived from treatment naive tumor

samples [Roerink et al. 2018].

Biobanks of genetically and histologically characterized organoids, alongside
matched healthy tissue, have been generated for colorectal, pancreatic, liver, bladder,
prostate, ovarian, and breast cancer [Schutgens & Clevers 2020]. While one biobank of mixed
tissue types contains one lung organoid line [Pauli et al 2017], as of 2021 there are currently
no open access organoid banks of exclusively lung tumor derived organoids. Additionally,
lung cancer organoids have yet to be characterized into molecular subtypes as has been

done with breast cancer and PDAC organoids [Schutgens & Clevers 2020].

3D tumor culture models are powerful tools that bridge the gap between traditional
2D cell culture methods and in vivo methods of investigation. This thesis details two spheroid
models to investigate compounds with potential therapeutic use in LUAD. The study in
Chapter Two uses multi-parameter analysis of an NCI-H358 spheroid model to determine the
effects of three exemplar compounds on LUAD viability. Chapter Three details the use of a 3D
tumor spheroid invasion assay to test the novel NRF2 pathway inhibitor MSU-71 for its effects
in blocking invasion. Both models demonstrate advancements in drug development that help

bridge the gap between in vitro experimental methods and in vivo models of cancer.
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CHAPTER 2. Apigenin and CEP-1347 synergize to prohibit growth and reduce LUAD viability
in a 3D tumor spheroid model
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Introduction

One of the perennial challenges of drug research and development in cancer is
balancing efficacy with collateral damage to healthy tissue. Targeted therapies have shown
major promise in this area, aiming at the molecular characteristics of tumor cells that set them
apart from the surrounding tissue. In the case of LUAD, the EGFR inhibitors gefitinib and
erlotinib have shown efficacy in cancers with EGFR alterations that drive progression
[Castellanos et al. 2017]. Recently, the FDA has approved the first therapeutic targeted at
inhibiting KRASG12C found in LUAD [FDA 2020], with multiple other approaches other KRAS
mutants in development [Moore et al. 2020]. However, the G12C mutation represents only
the specific molecular alteration is not ubiquitous across patients (or even within tumors [Lim
& Ma, 2019]), and resistance can often quickly develop, highlighting a continued need for

new therapeutic options.

This Chapter describes the development of a 3D LUAD tumor spheroid model and its
application to testing compounds of potential therapeutic utility. These compounds represent
three areas of small molecule drug development, each with specific advantages: dietary
components, which are regulated with substantially less complexity3 than mainstream
pharmaceuticals and are more easily deliverable to consumers; novel compounds, which can
be patented and offer commercial incentive for development; and repurposed drugs, which
are uniquely able to leverage prior safety validation from early phase clinical trials, putting

them at lower risk for failure in later stages of drug development.

Iu

3 Dietary supplements do not need FDA approval. “Complexity” in this context translates to “expenditure of time

and capital”.
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Flavonoids & Apigenin

Apigenin is part of the broader flavonoid family of phytochemicals, which are found in
fruits, vegetables, especially Chinese celery, and herbs such as parsley [Ahmed et al. 2021].
Apigenin is also available as a commercially sold dietary supplement. Apigenin has emerged
as a compound of interest for both cancer prevention [Shukla & Gupta 2020] and treatment

[Imran et al 2020]JAhmed et al. 2021].

Apigenin’s anti-cancer effects are multi-faceted and differ across cancer types. In
breast cancer, apigenin has been shown to potentiate or elicit apoptosis in estrogen receptor
positive (ER+) breast cancer cells [Maduni¢ et al. 2015], HER2+ breast cancer [Way et al. 2004]

[Seo et al. 2014], and triple negative breast cancer (TNBC) [Sudhakaran et al. 2020]. Apigenin

has been shown to prevent melanoma migration, invasion, and metastasis [Piantelli et al.
2005], an effect mediated through inhibition of the STAT3 signaling pathway [Cao et al. 2016].
In ovarian cancer, apigenin was shown to inhibit migration and invasion by increasing the rate
of focal adhesion kinase degradation [Hu et al. 2008]. Apigenin also targets multiple Akt
signaling axes, such as the CD26/Akt/Snail-Slug axis to prevent NSCLC migration in vitro and
tumor progression in vivo [Chang et al. 2018]. In multiple cancer cell lines, including A549
(lung), SK-Hep1 (Liver), and MDA-MB-231 (TNBC) cells apigenin prevents HGF-mediated Akt
phosphorylation, and through the PI3K/Akt pathways inhibit integrin B4 function, prevents

MDA-MB-231 invasive growth in vivo [Lee et al. 2008].

In lung cancer, apigenin has been shown to decrease viability through multiple

mechanisms. Apigenin has a well-defined role in promoting apoptosis through caspase 8
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activation and subsequent mitochondrial- and caspase 3-dependent apoptosis programs in
NSCLC cell lines [Lu et al. 2010][Lu et al. 2011]. However, the concentrations of apigenin

alone that elicit apoptosis (40 uM-120 uM) are far higher than what is achievable in vivo.

Apigenin has been shown to be an effective sensitizer to traditional chemotherapies.
In the context of TNBC, apigenin sensitized 3D spheroid and organoid models to doxorubicin
by downregulating efflux pumps ABCC4 and ABCG2 [Sudhakaran et al. 2020]. In lung cancer,
apigenin has been shown to re-sensitize cisplatin resistant A549 cells in a p53 dependent
manner [Li et al. 2021]. Also, in a p53 dependent manner, apigenin enhances tumor-necrosis
factor related apoptosis-inducing ligand (TRAIL)-induced apoptosis of NSCLC cell lines by
upregulating the expression of TRAIL receptors DR4 and DR5 [Chen et al. 2016].
Mechanistically, apigenin potentiates DR5-initiated apoptosis by inhibiting heat shock protein
70 (Hsp70), a negative regulator of DR5. This involves a shift in splice variants of cellular FLICE
inhibitory protein (c-FLIP) away from c-FLIPs, in favor of c-FLIP. which also negatively regulates
DRS5, and directly promotion DR5a splicing [Voss et al. 2021]. Finally, apigenin has been
shown to sensitize lung cancer cells to radiotherapy in both 2D and 3D cultures [Watanabe et
al. 2007]. The radiosensitizing effects of apigenin appear to be mediated through both

glycolytic pathways and inhibition of AKT signaling [Bao et al. 2015] [Zhao et al. 2021].

In addition to its effects directly on tumor cells, apigenin has recently shown promise
as a modulator of the tumor microenvironment. In lung cancer, apigenin has been shown to
downregulate programmed death 1 (PD-1) expression through STAT3 inhibition [Jiang et al.

2021]. PD-L1 is downregulated by apigenin in melanoma cells and tumor associated
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dendritic cells [Xu et al. 2018]. In a mouse model of pancreatic cancer, apigenin increased
expression of master myeloid regulator SH2 Domain-Containing Inositol 5'-Phosphatase 1
(SHIP-1), decreased myeloid derived suppressor cells, and increased tumoricidal M1
macrophages in the tumor microenvironment, resulting in a reduced tumor burden of the
mice [Villalobos-Ayela et al. 2020]. Apigenin also inhibits the secretion of a wide range of pro-
inflammatory factors from tumor cells [Patil et al. 2015], many of which are deeply
interconnected with the tumor immune microenvironment. While there is an increasingly
robust literature on apigenin’s effects on myeloid cells per se, the potential of apigenin as a
modulator of immune components within the tumor microenvironment remains a largely

unexplored research niche.

Apigenin’s therapeutic relevance extends to include other lung pathologies such as
reversing pulmonary fibrosis caused by paraquat immunotoxicity [Liu et al. 2018]. In a rat
model of bleomycin-induced pulmonary fibrosis, apigenin delivered via nanoparticle was
effective in reducing IL-8, TNFa, and TGFp in addition to lowering collagen IA transcript levels
[Zhang et al. 2017]. A similar study demonstrated that this effect may be mediated through
upregulation of PPARy [Zhou et al. 2016]. Quercetin, a 3-hydroxyflavone structurally like
apigenin, has been investigated for therapeutic potential in treating SARS-CoV-2 infection

[Colunga Biancatelli et al. 2020] and ensuing inflammatory complications [Diniz et al 2020].

Rexinoids

Rexinoids are a class of both endogenous and synthetic compounds that act as

selective agonists of the retinoid X receptor (RXR) [Leal et al. 2021]. As type Il nuclear

42



receptors, RXRs are bound to their respective sites on DNA. Transcriptional regulation occurs
when the ligand for RXR binds, which allows for dissociation of corepressors and their
replacement with coactivators—often histone acetyltransferases—which allow DNA to open

making sites more available for transcription [Sever & Glass, 2013].

Early research into nuclear receptors revealed a multitude of “orphan” nuclear
receptor proteins-including RXR for which no ligand was readily apparent. Identification of
the ligands for these receptors began with 9-cis retinoic acid, the ligand for RXR. With further
research in ligand identification for orphan receptors, rapid progress has been made in the
development of compounds targeting them. [Evans & Mangelsdorf, 2014]. Another key
discovery was the finding that RXR can heterodimerize with a multitude of other nuclear
receptors including the retinoid acid receptor (RAR), liver x receptor (LXR), peroxisome
proliferator-activated receptor (PPAR), thyroid hormone receptor (TR), and vitamin D receptor
(VDR), pregnane x receptor (PXR), and constitutive androstane receptor (CAR) family proteins

[Leal et al. 2021][Delfosse et al. 2021].

RXR mediates many cancer-relevant processes which has generated interest in the
drug development realm. Much of the early work on RXR agonists demonstrated the
effectiveness of the compounds at inducing differentiation in myeloid leukemia, mainly
through RXR:RAR heterodimerization [Shiohara et al. 1999][Mehta et al. 1996][Dawson et al
1994]. Differentiation and growth arrest through RXR:RAR heterodimerization has also been
shown in the context of neuroblastoma [Giannini et al. 1997]. Combinations of

pharmacological agonists for RXR (bexarotene) and PPARy (rosiglitazone) inhibited cell
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proliferation and induced differentiation of human colorectal cancer cells in vitro, and slowed
growth of colorectal cancer cell xenografts in vivo [Cesario et al. 2006]. The efficacy of
combining these therapies is notable considering RXR:PPAR heterodimers are “permissive”
heterodimers insofar as they only require one ligand to either partner, in contrast to “non-

permissive” heterodimers that require both ligands to initiate transcription [Pérez et al. 2011].

Two hallmarks of cancer-evasion from immune detection and tumor-associated
inflammation-highlight how tumor cells sculpt and interact with the microenvironment and

vice versa [Hanahan & Weinberg 2011]. The rexinoids LG100268 and LG101506 were shown

to decrease inflammatory cytokine release from lipopolysaccharide (LPS) stimulated
RAW264.7. cells [Cao et al. 2016]. Another study revealed bexarotene, LG100268, and
pyrimidine derivatives of the two compounds suppress nitric oxide synthesis as well as
downregulate LPS-induced release of cytokines and chemokines, IL1b, IL6, and CCL9 in
RAW264.7 cells [Zhang et al. 2019]. In addition to their in vitro anti-inflammatory properties,
rexinoids have shown in vivo efficacy in modulating the tumor microenvironment. In an
MMTV-neu mouse model of HER2+ breast cancer, LG100268 decreased infiltration of
myeloid derived suppressor cells (MDSCs), increased cytotoxic CD8+/helper CD4+ T-cell
ratios, decreased ex vivo expression of Treg marker FOXP3 in CD4+ T-cells, and elicited a 50%

increase in PD-L1 expression in tumors [Leal et al. 2019].

Bexarotene is the only rexinoid clinically in use, with FDA and European Medicines
Agency (EMA) approval as a second-line treatment in cutaneous T-cell lymphoma [Gniadecki

et al 2007]. A 2003 Phase Il clinical trial of patients with metastatic breast cancer showed
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limited clinical benefits in 20% of patients [Esteva et al 2003]. In a proof-of-concept clinical
study, bexarotene reduced biomarkers cyclin D1, Ki6é7, and EGFR in patient tumors, an effect
that correlated with drug penetrance into the tumor [Dragnev et al. 2007]. Another Phase |l
trial in advanced NSCLC showed limited survival benefits when bexarotene was combined
with the EGFR inhibitor erlotinib. This survival benefit was notably correlated with the
presence of hypertriglyceridemia [Dragnev et al. 2011]. Indeed, elevated plasma triglycerides
have remained a canonical side-effect of bexarotene. In Phase | clinical trials,
hypertriglyceridemia was controlled with the HMG-CoA reductase inhibitor atorvastatin
[Assaf et al 2006]. RXR:LXR heterodimer-mediated transcription of SREBP has emerged as the
likely culprit of the hyperlipidemic side effects in rexinoids [Marshall et al. 2015]. A major aim

of new rexinoid development is the mitigation of these adverse metabolic side effects.

MSU42011 is a novel rexinoid that has comparable anti-inflammatory properties to
bexarotene but results in significantly lower levels of plasma cholesterol and triglycerides in
preclinical models. In a vinyl-carbamate induced murine lung cancer model, MSU42011 was
more effective than bexarotene in reducing tumor burden and modulating tumor myeloid
populations as both a single agent and in combination with cytotoxic chemotherapy

[Moreland et al. 2020].

MLK Inhibitors

Mixed lineage kinases (MLKs) are a subset of the mitogen activated protein kinase
kinase kinases (MAP3Ks). As components of MAPK signaling, MLKs have been shown to be

activated by receptor tyrosine kinases (RTKs), Toll-like receptors (TLRs), G-protein coupled
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receptors (GPCRs), chemokine and cytokine receptors including tumor necrosis factor rectors

(TNFRs) [Gallo et al. 2020]. Naturally, MAP3Ks are kinases that phosphorylate, as their name

indicates, MAP2Ks. MLK3, encoded by the MAP3K11 gene, is the most well characterized
MLK family member and engages the three main MAPK pathways. MLK3 activates c-jun N
terminus kinase (JNK) through phosphorylation of MKK4/7 [Rana et al. 1996] [Tibbles et al.
1996], p38 through phosphorylation of MKK3/6 [Tibbles et al. 1996][Kim et al. 2004], and
extracellular signal-related kinase (ERK) by either direct phosphorylation of MKK1/2 [Chadee
& Kyriakis 2004], or by acting as a scaffold for MKK1/2 induced ERK activation [Chadee et al.

2006]. MLK3 has also been shown to activate the NFkB pathway [Hehner et al. 2000].

MLKs play multifaceted roles in cancer. Pan-MLK inhibitors CEP-1347 and CEP-11004
have been shown to inhibit the growth of HRAS mutated NIH-3T3 cells [Nehu et al. 2002] and
Hela cells [Cha et al 2006], without affecting untransformed cells. The generality of this
finding was confirmed in studies showing that CEP-1347 decreased viability ER+ breast
cancer cells but not normal mammary epithelial cells [Wang et al 2013]. This decrease in
viability from CEP-1347 is attributable to G2/M arrest; and induction of apoptosis was
accompanied by an increase in Bax expression [Wang et al 2013]. Mitotic catastrophe has
emerged as a possible link between cell cycle arrest and programmed cell death, wherein
aneuploid cells undergo apoptosis to prevent proliferation of potentially problematic
polyploid populations of cells [McGee, 2015]. Considering the pan-MLK nature of CEP-1347

and CEP-11004, it remains unclear as to which MLK(s) are the most critical target(s) in cancer.
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Apart from effects on viability, MLK3 plays important roles in cancer cell invasion,

migration, and metastasis [Gallo et al. 2020]. MLK3 activates JNK, which in turn

phosphorylates paxillin, promoting focal adhesion turnover, a necessary step in cell migration
[Chen & Gallo, 2012]. Through both JNK and ERK, MLK3 activate AP-1 family transcription
factors, notably fos-related antigen 1 (Fra-1), to upregulate matrix metalloprotease (MMP)
expression and modulate epithelial to mesenchymal transition (EMT) [Rattanasinchai et al.
2017]. Furthermore, CEP-1347 has been shown to inhibit migration in a gastric cancer wound
healing model [Mishra et al. 2010] and in a 3D tumor spheroid model of glioblastoma [Misek

etal. 2017].

CEP-1347 was previously investigated for therapeutic potential for Parkinsons disease,
but failed to garner approval due to lack of efficacy [PRECEPT 2007]. Nevertheless, the
validated safety profile of CEP-1347 [Parkinson Study Group, 2004] makes it a valuable
candidate compound for drug repurposing in other diseases [Okada et al. 2015]. Other MLK
inhibitors such as URMC-099 are better able to cross the blood-brain barrier [Goodfellow et
al. 2013], and are under active investigation for neuroprotective effects in the neurological
complications of acquired immunodeficiency syndrome (neuro-AIDS) [Eggert et al. 2010],
autoimmune encephalitis [Bellizi et al. 2018], and traumatic neurocognitive disorders [Miller-
Rhodes et al. 2019]. Like apigenin, MLK inhibitors have a robust literature on their effects on
tumor cells and a growing body of work on their effects in immune cells, yet the effects of
MLK inhibitors, and indeed the role of MLKs themselves, in the tumor microenvironment

remains an underexplored frontier.
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Accurate characterization of candidate therapeutics for their anti-tumor properties is
an important step in the drug development pipeline. This chapter details the optimization of
a 3D multicellular KRAS mutant LUAD spheroid platform that combines image-based growth
analysis with physiological and biochemical measures of viability. Apigenin, MSU42011, and
CEP-1347, representing three classes of compounds with therapeutic potential, were tested

both as single agents and in combination for their impacts.

Materials & Methods
Compounds Cell lines

Apigenin was purchased from Sigma (St. Louis, MO); MSU42011 was obtained from
the lab of Karen Liby (Michigan State University); CEP-1347 was purchased from Cephalon,
Inc. (North Wales, PA). NCI-H358 human lung adenocarcinoma cells were purchased from
American Tissue Culture Collection (ATCC). ATCC lung adenocarcinoma cell lines NCI-H23
and A549 cells were a gift from the lab of Eran Andrechek (Michigan State University). All cell
lines were grown in complete growth medium consisting of RPMI (Gibco cat. 21875034)
supplemented with 10% FBS (Gibco cat. 26140079) and 500U/ml penicillin/streptomycin

(Gibco cat. 15070063) at 37°C and 5% CO.,.

3D Tumor Spheroids & Imaging

Spheroids were generated by seeding dissociated cells in a v-bottom 96-well plate
(Greiner bio-one, cat. 651101) with NCI-H358 cells at a density of 2000/well. Plates were then
centrifuged at 500g for 5 min and supplemented with 2% Matrigel (Corning cat. 356231).

Spheroids were grown for 4 days at which time treatments were initiated (day 0). Brightfield
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images of individual spheroids were taken with a BZ-X-800E All-in-one fluorescence
microscopy system (Keyence, Osaka, Japan) on day 0, as well as 3- and 6-days post treatment.
Images were analyzed with Fiji (NIH, Bethesda, MD) by converting images to 8-bit, converting
images to binary, removing outliers, and analyzing for Feret diameter (longest continuous
segment between two points on edge of spheroid). Change in diameter (spheroid AD) of

spheroids were calculated as spheroid AD = D final - D initial-

Viability Assays

Viability in 2D culture was determined using a metabolite-coupled viability assay with
1000 cells/well seeded in a 96-well plate. Once cells had adhered overnight, treatments were
administered, and plates were incubated for 48 h. At endpoint, 30 pl CellTiter AQueous One
Solution Cell Proliferation Assay (MTS, Promega cat. G3580) was added and plates were
incubated for 30 min, at which point the absorbance at 490nm was read using a Synergy

Neo2 Multi-Mode Microplate Reader (BioTek Instruments Inc., Winooski, VT).

Cell viability of spheroids was assayed by transferring spheroids into a black-walled
96-well plate and using CellTiter-Glo 3D Cell Viability Assay (Promega cat. G9681) at 3- and 6-
days post-treatment per manufacturer's protocol. After visually confirming successful
spheroid dissociation and lysis, luminescence was read using the Synergy Neo2 Multi-Mode

Microplate Reader.

Live/Dead Staining

Spheroids at 6-days post treatment were co-stained with 2uM CalceinAM (Thermo

Fisher cat. C3100MP) to visualize live cells and 2ug/ml propidium iodide (PI) to visualize PI-
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permeable dead cells (Molecular Probes cat. AAJ66764MC). After incubation at 37°C for 1h,
spheroids were washed with PBS and transferred to a flat-bottom 96 well plate and imaged
with a BZ-X-800E All-in-one fluorescence microscopy system (Keyence, Osaka, Japan).
Exposure levels were set for each experiment by auto-exposing the spheroid with the highest
fluorescence intensity and maintaining a consistent exposure level throughout the imaging
session. Z-planes through the entire spheroid were taken and a max intensity projection was
generated using the full-focus feature. Images were analyzed with Fiji by calculating the
spheroid mean fluorescence intensity (MFI) and normalizing to spheroid area of max intensity

projection.

TNBC Organoids

Tumor organoids were generated from human TNBC patient-derived xenografts

grown in NOD-SCID-y (NSG) female mice as previously described [Sudhakaran et al. 2020].

Organoids were generated from primary tumors and peritoneal metastases and embedded
in type | rat tail collagen (Corning cat. 354236) and grown for 3 days with treatments or
vehicle. Organoids were then fixed with 3.7% formaldehyde and stained with rhodamine
phalloidin-Alexa546 (Thermo cat. R415) and 4’,6-diamidino-2-phenylindole (DAPI) (Sigma cat.
D9542). Organoids were then imaged on the Olympus FluoView 1000 confocal laser
scanning microscope system, configured on an Olympus IX81 inverted microscope with
Olympus FluoView 1000 Advanced Software (Olympus America, Inc., Center Valley, PA). A z-
series of 17-24 images were taken and max-intensity projections and merged images were

generated in Fiji.

50


https://pubmed.ncbi.nlm.nih.gov/33011162/

15004
A 1500 - B T
T 2
= cells seeded 5 [Matrigel]
5 < 1000 - 0%
£ 1000 —— 10,000 £ o
|- —— 5000 a - 1%
= 500 / — 2000 g 50 e e s % 2%
5 % = 1000 £ ~ 3%
< (7]
% o - 500 0 1 T T 1 1
T T T T T Vv ™ G 2
A\ N ¢ SRR R S
AR R Y
Results
C
» +2% Matrigel
4 day growth
2D NSCLC Culture Seed 96-well Spin 500 rcf Ready for
v-bottom plate 5 min. Treatment

Figure 2.1. Optimization of conditions for generation and growth of NCI-H358
spheroids. To generate spheroids with initial size of <500um diameters, NCI-H358 cells
ranging from 500-10,000 cells per well (A) were seeded into the wells of 96-well v-bottom
plate, aggregated by centrifugation at 500 g and supplemented with Matrigel, ranging in
concentration from 0-3% (B). Growth was tracked for 12 days by imaging spheroids and
measuring diameter. The final spheroid generation scheme is shown in panel (C).

Optimization of NCI-H358 spheroid model

To adapt the previously used spheroid viability model [Dubois et al. 2017] for non-
small cell lung cancer, cell lines were screened to determine the best candidate cell line for
the model. The NCI-H358 cell line was selected for its prior use in 3D tumor spheroid models
[Kim et al. 2012b][Meenach et al. 2016] and its status as a KRASG'2C mutant, the most

common KRAS mutation in NSCLC. NCI-H358 is notably p53-null, and WT for EGFR, ALK,

KEAP1 and STK11

To optimize conditions for spheroid growth, NCI-H358 cells were seeded at various

densities and spheroid growth was monitored over 12 days (Figure 2.1A). A treatment
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threshold of 500um diameter after 4 days was desired to allow for sufficient room for further
growth after treatment. Based upon these spheroid growth rate data, the optimal seeding
density was determined to be 2000 cells/well. Differing concentrations of Matrigel were also
tested for effects on spheroid growth rate, with 2% Matrigel final concentration being
selected (Figure 2.1B). A schematic for optimized NCI-H358 spheroid generation is shown in

Figure 2.1C.

Spheroid treatment timeline and analysis pipeline
To evaluate spheroid viability in response to treatments with compounds, images were
taken at the time of treatment (t=0), at 3 days post-treatment, and at 6 days post-treatment.

Six spheroids per treatment group were generated on day 4, grown until time of treatment

A CellTiter Glo B
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A\ < <
T o ) \ T, ) T - )
N W= W T W -
— — Em S | QG |
. ® 3 [
Day -4 Day 0 Day +3 Day +6 ‘
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Spheroids Treat spheroids Assay viability Assay viability

Figure 2.2. Treatment and analysis timeline of NCI-H358 spheroid viability
experiments. (A) Spheroids (n=6) were generated over four days to allow for growth and
spheroid coalescence. On Day 0, images were taken of spheroids and treatments were
administered. At Day 3, images were taken of all spheroids, and endpoint analysis was
performed on half (n=3) of the spheroids. Differential live/dead cell staining was performed
using CalceinAM and propidium iodide. After lysis of spheroids, viability was assessed with
CellTiter Glo 3D. Images and endpoint analyses of the remaining spheroids were repeated
on Day 6 (n=3). (B) Representative image at day 0 (top). Fiji was used to convert to binary
image and after removing outliers (bottom), area and Feret diameter were quantified (see
methods for details).
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(day 0) and imaged on day 3. Three of the spheroids were lysed for viability analysis and the
remaining 3 spheroids were imaged on day 6 prior to lysis for viability assay (Figure 2A). This
allowed for image-based analysis of all six spheroid on day 3 and three spheroids on day 6,

leading to a larger number of replicates for spheroid AD at day 3.

To assess spheroid AD, spheroids were imaged and analyzed with ImageJ (Figure
2.2B). As a visual readout of viability/death, spheroids at their endpoint (day 3 or 6) were first
stained with CalceinAM (viable) or propidium iodide (PI; dead), transferred to a flat bottomed
96-well plate, appropriate for fluorescence imaging, and once imaged, dissociated, lysed,

and assayed with CellTiter Glo.

Assaying viability in 2D Culture

To determine the appropriate concentrations of each compound to test in the 3D
model, NCI-H358 along with A549 and NCI-H23 cells were treated with apigenin (Figure
2.3A), MSU42011 (Figure 2.3B), or CEP-1347 (Figure 2.3C) for 48h. NCI-H358 and A549 cells
showed significant decreases in viability when treated with 50uM Apigenin (45.65% reduction
for NCI-H358; 22.36% reduction for A549), and no significant effects from CEP-1347 or
MSU42011 at the indicated concentrations (Figure 2.3D). NCI-H23 cells showed no significant

changes in viability with the three compounds.

Effects on viability in 3D Culture
Apigenin. After generation and growth over four days, NCI-H358 spheroids were

treated with 50uM, 25uM or 12.5uM apigenin or vehicle. At day 3, the spheroid AD of DMSO

spheroids was 141.4um. A significant reduction in spheroid growth was observed upon
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Figure 2.3. Compound structures and 2D viability measurements. Chemical structures
of (A) apigenin, (B) MSU42011 and (C) CEP-1347. NSCLC lines NCI-H358, A549, and NCI-
H23 were seeded in 2D culture in triplicate and treated with compounds or vehicle (DMSO)
at indicated concentrations for 48h and assayed for viability with MTS reagent (D). Relative
viability was quantitated as Aago of selected well + mean Ageo of DMSO wells. N=3 biological
replicates. Statistical analysis via one-way ANOVA with Dunnett post-test; * p<0.05.

treatment with 25uM, as measured by spheroid AD. Notably, 50 ym apigenin induced
spheroids regression, (spheroid AD -41.97um) at day 3 compared with day O (Figure 2.4A). A
decrease in viability as measured by CellTiter Glo was also observed in the 50 uM treatment

group (38% reduction) (Figure 2.4C).

At day 6, vehicle treated spheroid AD was 237.2um. A negative spheroid AD,
indicating spheroid regression was again seen in the 50uM apigenin group (-56.11pm) and

reduced growth was observed in the 25uM apigenin group (75.77pm) (Figure 2.4B). Spheroid
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Figure 2.4. Apigenin reduces size and viability of NCI-H358 spheroids. NCI-H358
spheroids were generated and treated with apigenin at indicated concentrations. Spheroids
were imaged and analyzed for change in diameter at day 3 (A) and day 6 (B) and assayed
for relative viability with CellTiter Glo 3D at day 3 (C) and day 6 (D). Each data point
corresponds to an individual spheroid. For each experiment n=2-6 spheroids, N=2-3
biological replicates. Statistical analysis by one-way ANOVA with Tukey post-test; ** p<0.01,
*** 5p<0.005, **** p<0.001.

viability measured by CellTiter Glo was also further decreased in the 50uM apigenin treated
spheroids on day 6 with a 74% decrease in viability compared to vehicle (Figure 2.4D). Taken
together, these data demonstrate apigenin’s ability to inhibit the growth of NCI-H358
spheroids and at high concentrations to promote regression of spheroids. This is consistent

with the idea that high concentrations of apigenin can promote apoptosis.

55



MSU42011. To assess effects of the rexinoid MSU42011 on viability in the 3D model,
NCI-H358 spheroids were treated with 1000nM, 250nM, or 62.5nM MSU42011 or vehicle

control (DMSO). No significant effects on A diameter or viability were observed on day 3

(Figure 2.5A, 2.5C).

At day 6, spheroids treated with 1000nM MSU42011 had a larger A diameter of
363.3um compared to vehicle-treated spheroids which only had a A diameter of 218.7um
(Figure 5B). Also at day 6, 250nM MSU42011 displayed a 54.6% increase in viability

compared to vehicle. Notably, viability of spheroids treated with 1000nM MSU42011 was not
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Figure 2.5. MSU42011 does not reduce growth or viability of NCI-H358 spheroids.
NCI-H358 spheroids were generated and treated with the rexinoid MSU42011 at the
indicated concentrations. Spheroids were imaged and analyzed for spheroid AD (A-B) and
assayed for relative viability with CellTiter Glo 3D (C-D). Each datapoint corresponds to a
spheroid. For each experiment n=2-6 spheroids, N=2-3 experiments. Statistical analysis via
one-way ANOVA with Tukey post-test; * p<0.05, ** p<0.01
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significantly from vehicle treated spheroids (Figure 2.5D). These data indicate that MSU42011
does not inhibit the growth of NCI-H358 spheroids and may in fact modestly promote

spheroid growth under these experimental conditions.

Combination treatments in 3D culture

Apigenin + MSU42011. In a prior in vivo lung cancer prevention study, mice treated
with a combination of celery-based apigenin-rich (CEBAR) diet and MSU42011 had
significantly reduced tumor burden compared to control (Liby and Doseff labs, unpublished).
Stemming from this result, NCI-H358 spheroids were treated with a combination of apigenin
and MSU42011; growth was quantified by spheroid spheroid AD, and viability was assessed
using CellTiter Glo. Relative cell death was quantified by staining with propidium iodide (PlI),
along with the cell viability counterstain CalceinAM. On day 3, both single agent and
combination treated spheroids showed similar viability, and only 25pM apigenin
concentration showed a decrease in A diameter. Spheroids treated with 25uM apigenin and
1TuM MSU42011 in combination were not significantly different from either of the two single-

agent groups (Figure 2.6A, C).

On day 6, viability of combination treated spheroids did not differ significantly from
control. However, combination treated spheroids had significantly lower viability compared to
MSU42011 alone, but it was not statistically different from treatment with apigenin alone
(Figure 2.6B). The growth of spheroids measured as A diameter (105pm) in response to
combination apigenin and MSU42011 was also significantly lower than that of spheroids

treated with MSU42011 alone (361.3um) (Figure 2.6D). Despite the finding that addition of
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Figure 2.6. Lack of synergy of apigenin and MSU42011 in NCI-H358 spheroids.
Spheroids were generated as previously described, treated, and assayed for viability (A-B)
and imaged in brightfield (BF) to determine spheroid AD (C-D) on post-treatment days 3
and 6. Spheroids were also stained with CalceinAM (green) and propidium iodide (P, red),
as indicators of viability and death, respectively. Pl fluorescence intensity was quantified and
normalized to spheroid area (F). Two representatives shown, N=3 spheroid experiments with
n=2-6 spheroids per experiment. Scalebar = 200pm. (E) Statistical analysis via one-way
ANOVA with Tukey post-test, * p<0.05, ** p<0.01, *** p<0.005, **** p<0.001.
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MSU42011 did not impact efficacy of apigenin in reducing tumor spheroid growth, the
combination treatment significantly increased cell death, as measured by fluorescence

intensity of propidium iodide (Pl), when compared to treatment with MSU 42011 alone.

The combination treatment trended toward increased cell death over treatment with
apigenin alone, but this did not reach statistical significance (Figure 2.6E-F). In summary, the
combination of apigenin and MSU42011 does not synergize to inhibit spheroid growth.
However, apigenin did effectively suppress both tumor spheroid growth and the increased

viability induced by MSU42011.

It should be noted that small Calcein AM staining spheroid-like bodies were observed
in the vicinity of the H358 spheroids, which were more prominent in the combination
treatment group. This observation is difficult to interpret as spheroids are transferred from
their original plate to a flat-bottomed 96-well plate for imaging. These bodies may be
fragments from the original spheroid sheared off by pipetting or could alternatively be

smaller spheroids that formed from incomplete aggregation during spheroid generation.

Apigenin+CEP-1347 The effects of apigenin, CEP-1347 and the combination thereof
were investigated in a tumor organoid invasion pilot experiment. In brief, human TNBC
xenografts were grown in NSG mice, and subsequently harvested to generate organoids as

described [Sudhakaran et al. 2020]. In a pilot experiment presented here, lymph node

metastases were harvested and used to generate spheroids which were subsequently
embedded in 3D collagen and treated with vehicle, apigenin (25 pM), CEP-1347 (400 nM), or

combination for 3 days. Compared to untreated organoids, the apigenin or CEP-1347 treated
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Figure 2.7. Apigenin and CEP-1347 synergize to decrease viability in NCI-H358
spheroids. (A) Organoids generated from triple-negative breast cancer xenografts (see text
for details) were stained with DAPI (blue) and phalloidin (red) and showed marked
reductions in size and invasiveness when treated with apigenin, CEP-1347, and in
combination (scalebar = 100um). N=1 experiment with n=3 image fields per treatment
group. NCI-H358 spheroids were generated as previously described, treated, and assayed
for viability (B-C) and imaged in brightfield (BF) to determine spheroid AD (D-E) on post-
treatment days 3 and 6. (F) Spheroids were stained with CalceinAM (green) and propidium
iodide (PI, red) (two representatives shown, scalebar = 200pum). (G) Pl fluorescence intensity
was quantified and normalized to spheroid area. N=3 spheroid experiments with n=2-6
spheroids per experiment. Statistical analysis via one-way ANOVA with Tukey post-test, *
p<0.05, ** p<0.01, *** p<0.005, **** p<0.001

60



spheroids appeared less invasive, and organoids treated with the combination were
substantially smaller than the untreated group (Figure 2.7A). The apparent regression
observed in combination treatment of CEP-1347 and apigenin prompted investigation into

the effects of the combination in the 3D LUAD spheroid model.

Thus, the combination of apigenin and CEP-1347 was investigated using the NCI-
H358 spheroid model. At day 3, no significant differences in viability were observed between
control and 25pM apigenin, 400nM CEP-1347, or the combination (Figure 2.7B). At day 3
spheroid AD was diminished by 25uM apigenin (57.57um), but not by 400nM CEP-1347
treatments (96.36pm) compared to control (146.58um). Spheroid AD upon combination

treatment at 3 days was comparable to apigenin treatment alone (56.49um) (Figure 2.7D).

At day 6, spheroids treated with 400nM CEP-1347 alone had a significant reduction in
viability of 26% measured through CTG. When combined with 25uM apigenin, the viability
was further reduced to 53% of control (Figure 2.7C). Contrastingly, spheroid AD at day 6 of
CEP-1347 treatment was not significantly different from vehicle (163.5um for CEP-1347,
240.8um for vehicle) (Figure 2.7E). Finally, Pl fluorescence of combination spheroids (31.57)
was significantly higher than CEP-1347 alone (18.26) or apigenin alone (13.48, SEM+0.928)

(Figure 2.7F-QG).

Taken together, these data indicate that apigenin can decrease spheroid growth as
measured by spheroid AD while CEP-1347 is effective in decreasing viability as measured by
CTG. The combination of apigenin and CEP-1347 synergizes to decrease both measures of

viability and increases cell death as measured by Pl staining.
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Discussion

The revolution in targeted cancer therapies has led to the development of more
efficacious treatments with improvements in side-effects. However, whether by tumor cell-
intrinsic mechanisms mitigating cytotoxic chemotherapy and radiation or through target
alteration or pathway circumvention in targeted therapy, most lung cancers develop

resistance [Wang et al. 2021b]. The development of novel therapies is necessary to overcome

this challenge.

In the initial viability study with 2D culture, apigenin significantly decreased the
viability of NCI-H358 and A549, but not NCI-H23 cells. One potential explanation for this
difference between these KRAS mutant cell lines is the differential engagement KRAS
effectors. Yuan et al [2018] used an siRNA screen to determine the dependency of KRAS
mutant cancer cell lines and identified the KRAS-subtype which is dependent on KRAS and
the RSK-subtype which are dependent upon RSK rather than KRAS. Interestingly, A549 and
NCI-H358 cell lines are classified as KRAS-subtype, while NCI-H23 is an RSK-subtype cell line.
The findings from the 2D viability experiments suggest that these subtypes may be important
to apigenin’s effects on viability. Testing other cell lines that have known KRAS or RSK
dependency may clarify whether KRAS dependency is necessary for apigenin to exert its

effects on viability.

Comparison of 2D viability assays and 3D spheroid viability assays reveal differences
between the two methods. For 2D viability, the MTS assay which measures the substrate
reduction by NADH, typically correlates with the number of cells, but can also be modulated
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by metabolic processes independent of cell number [McGowan et al. 2011]. The 3D
approach addresses this by measuring multiple dimensions of viability including a metabolic
equivalent (ATP through CellTiter Glo 3D), a physical growth dimension (spheroid AD), and
testing membrane permeability (Pl penetrance). Concordance between these measurements
can confirm results, and discordance between them can aid in determining mechanisms by
which compounds are acting. Whereas there was no significant change in spheroid AD,
CEP-1347 treatment did elicit a remarkable decrease in CTG viability and increased cell death
stain Pl, albeit non-significantly (Figure 2.7). This effect was robustly amplified with the
addition of Apigenin, which underscores the potential for effective combined use of these

two compounds.

The combination treatment with MSU42011 and Apigenin was initiated by data from a
prior in vivo study that indicated potential benefit for lung cancer prevention from the
combination of MSU42011 and CEBAR, a dietary formulation of apigenin (data not shown). In
the tumor spheroid model, it did not appear that these drugs were beneficial in combination,
and the effect of 25uM apigenin seemed to outweigh any effect from 1uM MSU42011 (Figure
2.6). The spheroid model, however, lacks input from immune components, which both

compounds have been shown to modulate in vivo.

The combination treatment with CEP-1347 and Apigenin was prompted by data from
a prior collaborative study examining the effects of apigenin on TNBC PDX-derived
organoids [Sudhakaran et al. 2020]. In a pilot study, lymph node metastases from the

orthotopic PDX TNBC model were used to generate organoids and investigate the impact of
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CEP-1347 and apigenin on organoid invasion in 3D collagen (Figure 2.7A). These organoids
were used to investigate the effects of compounds on invasion. Both single agent apigenin
and CEP-1347 decreased the invasive phenotype as well as spheroid size. A substantial
reduction in organoid size was observed in the apigenin+CEP-1347 combination treatment.
The combination treatment in this spheroid model resulted in a reduction in viability greater

than the sum of the individual effect sizes at day 6 (Figure 2.7C, E, & Q).

All three of the compounds used in this chapter also have potential anti-tumor
immunomodulatory activity. Apigenin downregulates inducible PD-L1 expression [Jian et al.
2021], giving the compound potential as a sensitizer for checkpoint inhibitors. Lung cancers
are generally considered good candidates for immunotherapy, stemming from their high

mutational burden [Castle et al. 2019]. Rexinoids, and specifically MSU42011, have been

shown in other cancers to increase the level of CD8+ cytotoxic T-cells, and enhance the

efficacy of anti-PD-L1 and -PD1 checkpoint inhibitors [Leal et al. 2021]. Finally, CEP-1347 has
been shown to re-educate macrophage-like cells in neuroinflammation and liver inflammation

contexts [Gallo et al. 2020], indicating potential use of the compound in re-educating tumor

associated macrophages.

In summary, the 3D tumor spheroid model adapted here was able to capture effects
on viability from compounds that were not readily apparent in a traditional 2D viability assay.
The incorporation of immune components into this assay may shed more light on

compounds with immunomodulatory mechanisms. Finally, deeper mechanistic investigations
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are merited for the apigenin+CEP-1347 combination treatment, as this combination showed

synergistic decreases in all viability dimensions.
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CHAPTER 3. Testing a novel NRF2 inhibitor to prevent invasion and migration using a 3D
tumor spheroid invasion model
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Introduction

As a malignancy of a vital organ, lung cancer metastasis has received comparably less
investigation than metastasis in cancers of non-vital organs such as breast and skin. Lung
cancer can metastasize elsewhere in the lung, as well as to the pleura, lymph nodes, liver,
adrenal gland, bone, and brain [Popper 2016]. The overall relative five-year survival rate of
lung cancer is 21.7%, comparatively low in relation to other cancers. However, the five-year
survival rate of those with distant metastases is an abysmal 6.3%, compared to nearly 60% in
those with localized disease [SEER, 2021]. Thus, understanding and interrupting lung cancer

metastasis is critical to reducing mortality.

NRF2 axis alterations in LUAD

Nuclear Factor Erythroid 2-Related Factor 2 (NRF2) is a transcription factor encoded by
the NFE2L2 gene and is responsible for regulating cellular responses to oxidative stress.
Under normal conditions, NRF2 is sequestered by Kelch-like ECH associated protein 1
(KEAP1), which mediates the degradation of NRF2 through Cul3 E3 ligase [Kansanen et al.
2013]. Under conditions of oxidative stress, KEAP1 undergoes the oxidation of cysteine
residues leading to its release of NRF2, allowing NRF2 to translocate to the nucleus, bind
antioxidant response elements (AREs), and initiate transcription of effector genes [Kansanen
et al. 2013]. Molecular alterations in the NRF2 axis, such as KEAP1 inactivation (Figure 3.1A),
NFLE2L2 amplification, or CUL3 inactivation, occur in roughly 25% of NSCLC (Chapter 1;
Figure 1.1). The role of NRF2 in cancer is complex; NRF2 plays an important role in

preventing cancer initiation by combatting ROS-induced DNA damage and thus may prevent
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cancer initiation. Once cancer has been initiated, however, NRF2 upregulation promotes
cancer progression by conferring resistance to cell death as well as reprogramming
metabolism and redox balance [Satoh et al. 2013]. KEAP1 mutations vary in both the level of
NRF2 activation [Wilson et al. 2021] and effects on cellular physiology [Probst et al. 2015].
Oncogenic KRAS has also been shown to increase transcription of NFE2L2 [Tao et al. 2014]

reinforcing the importance of NRF2 pathway activation in lung cancer.
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Figure 3.1. NRF2 pathway alterations in NSCLC. (A) Frequency of NRF2 and related
pathway alterations (B) Co-occurrence of KEAP1 and STK11 molecular alterations in NSCLC.
(€) Overall survival of LUAD patients comparing tumors with KEAP1 mutation, STK11
mutation, both, and neither. Reproduced from Wohlhieter et al. 2020 under Creative
Commons Attribution Non-Commercial No-Derivatives License.
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Metastasis & the NRF2/BACH1 axis

NRF2 has been implicated in the metastatic process at multiple levels. NRF2 induces
EMT in cancer cell lines by downregulating E-cadherin [Arfmann-Knibel et al. 2015] and
upregulating N-cadherin, the latter of which is achieved through the NRF2 target NOTCH1
[Zhao et al. 2017]. Activation of NRF2 is correlated with activation of the migration promoting
the RhoA/ROCK pathway [Zhang et al. 2016], and increases in MMP2 and MMP9, important
matrix metalloproteases that degrade ECM [de la Vega et al. 2018]. Finally, reciprocal NRF2
activation between tumor cells and macrophages has been shown to induce EMT, indicating
a key role for NRF2 in the tumor microenvironment [Feng et al. 2018]. The key NRF2-induced
gene product HMOX1, heme oxygenase-1 (HO-1), metabolizes intracellular free heme, which

also allows for accumulation of BACH1 protein [Igarashi et al. 2021].

A recent pair of publications found that BACH1, stabilized by NRF2 activation, drives
formation of metastases in lung cancer under conditions of chronic antioxidant treatment
[Anderson & Simon, 2019][Wiel et al. 2019][Lignitto et al. 2019]. Degradation of BACH1 is
coordinated by the F-box protein FBXO22 of the E3 ubiquitin ligase complex, whose binding
to BACH1 is stabilized by intracellular heme [Lignitto et al. 2019]. BACH1 itself inhibits
HMOXT transcription, completing a negative feedback loop [Sun et al. 2002]. In pancreatic
cancer (PDAC), BACH1 directly represses expression of the genes encoding Claudin 3
(CLDN3) and claudin 4 (CLDN4), which are important for maintaining cell-cell tight junctions
[Sato et al. 2020]. BACH1 regulates EMT-related transcription factors FOXA1 and SNAI2 in

PDAC [Sato et al. 2020]. SNAI2 upregulation by BACH1 has also been observed in ovarian
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cancer [Han et al. 2019]. In NSCLC, BACH1 upregulates GAPDH and HK2 to induce glycolysis-
dependent metastasis [Wiel et al. 2019] However, the detailed mechanism linking glycolysis

and metastasis is yet to be fully elucidated.

Ferroptosis

Evasion of programmed cell death is one of the original six hallmarks of cancer
[Hanahan & Weinberg, 2001]. In addition to apoptosis, an iron-dependent death process
known as ferroptosis has recently been identified as a relevant cell death mechanism in
cancers. In the presence of overwhelming oxidative stress, such as in response to
chemotherapy or when antioxidant defenses are impaired, lipid peroxidation and ferroptotic
cell death can ensue [Dixon et al. 2012]. The cystine/glutamate antiporter, encoded by the
SCL7A11 gene, is a transcriptional target of NRF2 [Hassannia et al. 2019], and plays a key role
in maintaining cellular glutathione (GSH) [Anandhan et al. 2020], the primary cellular
antioxidant. NRF2 transcriptional targets also include the heme metabolism gene HMOXT,
iron storage gene FTH1, and multiple iron transport systems, which further protect against
oxidative damage and ferroptosis [Anandhan et al. 2020]. Thus, KEAP1 mutant LUADs, which

show high NRF2 activity, are predicted to be resistant to ferroptosis.

Serine-threonine kinase 11 (STK11) is mutated in approximately 17% of LUAD (Figure
3.1A). Co-mutation of KEAP1 and STK11 occurs, which occurs in roughly 10% of LUAD (Figure
3.1A), profoundly negatively impacts overall survival (Figure 3.1B) as well as portending poor
response to both checkpoint inhibitors and chemotherapy [Papillon-Cavanaugh et al. 2020].

A recent study provides evidence that loss of STK11 and KEAP1 synergistically protects KRAS
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mutant NSCLC cells from ferroptosis [Wohlhieter et al. 2020], a result confirmed through a
genetically engineered mouse model that showed concomitant mutations of KEAP1, STK11,

and KRAS dramatically reduces survival [Singh et al. 2021].

Pharmacologically targeting NRF2

Because of the dual nature of NRF2, with activation preventing cancer initiation in
normal cells, but promoting survival of existing tumor cells by protecting them from cell
death, both activators and inhibitors of NRF2 have garnered interest. Activators of NRF2 are
plentiful and generally act by inhibiting KEAP1 directly or inhibiting the interaction between
NRF2 and KEAP1 [Roblendinos-Antén et al. 2019]. Contrastingly, there are fewer inhibitors of
NRF2, many of which are also ligands of other nuclear factors such as the glucocorticoid
receptor (dexamethasone), the retinoid-a receptor (all-trans-retinoic acid) and retinoid-X
receptor (bexarotene and other rexinoids). Brusatol, a plant-derived quassinoid, inhibits NRF2
by blocking protein translation, which inevitably leads to inhibition of other high turnover

proteins [Roblendinos-Antén et al. 2019].

A screen conducted by Liby et al. using a tert-butylhydroquinone (tBHQ) stimulated
ARE-luciferase reporter gene identified the novel compound MSU38225 as a NRF2 pathway
inhibitor. This compound reduced total NRF2 in addition to blocking its nuclear localization.
In combination with carboplatin, MSU38225 significantly lowered tumor burden in an in vivo
xenograft model of A549 LUAD and reduced histological markers of proliferation along with
intratumoral NRF2 protein expression [Zhang et al. 2021]. MSU-71, a derivative of MSU38225

modified for improved solubility, was shown to be more potent than MSU38225 in reducing
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viability of both A549 and NCI-H460 LUAD cells. Importantly, both cell lines harbor co-

mutations of KEAP1, STK11, and KRAS, which portend poor survival (Figure 3.1B-C).

While MSU38225 and other NRF2 inhibitors have been investigated for their effects
on tumor burden and cancer cell viability, the effects of NRF2 inhibitors on lung cancer
metastatic potential have not been examined. This chapter investigates the effects of NRF2
pathway inhibitors on LUAD migration and invasion. This chapter details the application of an
established 3D tumor spheroid invasion assay [Lim et al. 2020] to investigate the effects of
MSU-71 on macrophage-induced LUAD invasion, as well as the adaptation of the model to

human LUAD and macrophage cell lines.

Materials & Methods
Compounds & Cell Lines

MSU38225 and MSU-71 were synthesized by the lab of Aaron Odom (Michigan State
University) and were obtained through the lab of Karen Liby (Michigan State University). Both
compounds were dissolved in vehicle (DMSO) and were validated to be =98% pure through

gas chromatography with flame ionization detection.

LLC1/LL2-luc cells were obtained from ATCC and RAW246.7-gfp cells were a gift from
the lab of Sophia Ran (Southern lllinois University); both lines were maintained in DMEM
(Gibco, cat. 11995065) supplemented with 10% FBS (Gibco cat. 26140079) and 500U/ml
penicillin/streptomycin (Gibco cat. 15070063). ATCC lung adenocarcinoma cell lines A549,
NCI-H23, and NCI-H1975 cells were a gift from the lab of Eran Andrechek (Michigan State

University), NCI-H358 cells were obtained from American Tissue Culture Collection. These
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lines were maintained in RPMI-1640 (Gibco, cat. 21875034) supplemented with 10% FBS
(Gibco cat. 26140079) and 500U/ml penicillin/streptomycin (Gibco cat. 15070063). THP-1
cells were obtained from ATCC (Michigan State University) and were maintained in
RPMI-1640 (Gibco, cat. 21875034) supplemented with 5% low-endotoxin FBS (Gibco cat.
26140079) and 500U/ml penicillin/streptomycin (Gibco cat. 15070063). All cell lines were

grown at 37°C and 5% CO:..

Transwell Migration Assays

A549 cells were dissociated and resuspended in serum free medium (RPMI) and 5x104
cells added to the upper chamber of each transwell (8um pore size; VWR, cat. 10769-234). In
the bottom chamber, medium containing 5% FBS was used as a chemoattractant. Treatments or
vehicle control were added to both the upper and lower chambers. After allowing cells to migrate
for 24h, transwell inserts were fixed with 3.7% formaldehyde, stained with DAPI (300 nM) and
imaged with a BZ-X-800E All-in-one fluorescence microscopy system (Keyence, Osaka, Japan).
Images were analyzed with Fiji (NIH, Bethesda, MD) by stacking all images, converting to 8-bit
and binary (using threshold setting “moments”), removing outliers (2.0px, radius 50) and
analyzing particles. The number of particles was taken as the number of migrated cells and
was spot checked against unprocessed images to ensure analysis was accurate. See

Appendix for Fiji image analysis macro script (Supplemental Information A1).

In transwell migration experiments where the effects of THP-1 cells on tumor cell
migration were tested, 105 THP-1 cells were seeded in the bottom of a 24-well plate and

differentiated into MO macrophages with 100ng/ml PMA for 72h prior to the initiation of the
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migration assay. After differentiation, MO THP-1s were rinsed three times with warm PBS and

the migration experiment was conducted as indicated above.

Spheroid Generation

LLC1/LL2-luc, A549, H23, H358, or H460 cells were dissociated and resuspended at a
density of 4 x 105 cells/ml in their respective complete growth medium supplemented with
0.24% methylcellulose (Thermo Fisher cat. S25427). On the lid of a petri dish, cells were
carefully plated in 25ul drops containing 1000 cells for each spheroid at a spacing that
prevented coalescence of drops. The lid was then inverted and placed on top of the petri
dish containing 10 ml sterile H,O. After incubation for 3 days, spheroids were ready for use

and were transferred for embedding using a cut 200 pl-pipette tip.

Conditioned Media Generation

To generate RAW 264.7 macrophage conditioned medium (mCM), 4x106 RAW246.7-
gfp cells were seeded into a 10 cm plate in complete growth media (8 ml) and incubated for
48h. After conditioning, medium was centrifuged at 500g for 5 min to remove cellular debris.
To generate THP-1 MO conditioned media, 6x106 THP-1 cells were seeded into a 10 cm plate
in 10 ml of their growth medium and differentiated with 100 nM phorbol 12-myristate 13-
acetate (PMA) for 48h. Once differentiated, THP-1 MO macrophages were rinsed three times
with PBS and éml of fresh growth medium was added. After conditioning for 48h, medium
was centrifuged at 500g for 5 min to remove cellular debris. To generate THP-1/tumor cell co-

culture medium, 3x10¢ tumor cells were added to THP-1 MOs during conditioning.
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Spheroid Embedding & Invasion Assay

In a 96-well plate, 30ul of Matrigel (Corning) was added to wells. The plate was then
briefly vortexed to ensure full well coverage by the Matrigel and large bubbles were
eliminated using a high-gauge needle. After incubation at 37°C for 60 min to polymerize
Matrigel, an additional 30 pl of Matrigel was added to wells, followed promptly by the
addition of the spheroid in 20pl media. After another 60min incubation, 100ul of medium

(normal or mCM) with treatment or vehicle was added.

After spheroid embedding and treatment, spheroids were imaged (day 0 images), and
then allowed to grow at 37°C and 5% CO,. After three days of growth, spheroids were
imaged again (day 3 images) and analyzed using Fiji (NIH, Bethesda, MD). Analysis was

conducted by outlining the perimeter of the spheroids with free-draw tool in Fiji and

analyzing the region of interest for area, perimeter, and circularity4.

Results
Transwell migration assay

To test the effects of the novel NRF2 pathway inhibitor, MSU-71, on NSCLC cell
migration, a transwell migration assay using 5% serum as chemoattractant was performed on
A549 cells with vehicle, 10uM of previously published [Zhang et al. 2021] NRF2 pathway
inhibitor MSU38225 or 10uM of the novel inhibitor MSU-71. Both compounds significantly
reduced migration by approximately 75% (p<.005) (Figure 3.2A). To further investigate the

novel compound, a dose response transwell migration experiment was performed with

4 Circularity is defined as 4 (area+perimeter?)
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MSU-71 at 1, 5, and 10 uM. MSU-71 reduced cell migration by more than 2-fold at 5uM
concentration (p=0.104), and statistically significantly reduced migration by 80% in the 10uM
treatment (p<0.05) (Figure 3.2B).
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Figure 3.2. NRF2 pathway inhibitors reduce NSCLC transwell migration. A549 cells
were seeded in serum-free medium with (A) 10uM of NRF2 pathway inhibitors MSU38225
or MSU-71; or (B) 1uM, 5uM and 10uM of MSU-71 in the top chamber of transwells. Media
containing treatments and 5% FBS as a chemoattractant was used in the bottom chamber
and cells were allowed to migrate for 24 h, at which point filters were fixed, unmigrated
cells removed, and remaining cells were stained with DAPI, and imaged (9 fields per
transwell insert, 2 representatives shown). Vehicle for both drugs was an equivalent volume
of DMSO as the largest volume of treatment used. Scale bars = 200um. n=2 transwell inserts
for each condition, N=2-3 experimental replicates. Statistical analysis via one-way ANOVA
with Dunnett post-test, **** p<0.001.
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Spheroid invasion assay validation
To optimize initial conditions, spheroids were generated via the hanging drop method
with either 1000 or 2000 cells per spheroid. It was determined that spheroids initiated with

1000 cells were optimal for measuring extent for growth and invasion over the assay time of

72 h (data not shown).
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Figure 3.3. Validation of LLC1/LL2-luc spheroid invasion assay. Spheroids generated
from LLC1/LL2-luc cells were embedded in Matrigel and treated with control (normal
medium) or RAW264.7 conditioned medium. (A) Spheroids were imaged at the time of
treatment (day O, corner inset image) and at 3 days-post treatment (scale bar = 200pum). Two
representative spheroids per treatment are shown. Images were then analyzed in Fiji for (B)
circularity, (€) P:A ratio, (D) perimeter, and (E) area. Each datapoint indicates a single
spheroid, with datapoints of the same symbol corresponding to spheroids within the same

experimental replicate. n=2-3 spheroids per experiment for N=3 experiments. Statistical
analysis via unpaired t-test, * p<0.05, **** p<0.001.
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Spheroids were embedded in Matrigel and treated with either control (normal growth
medium) or RAW264.7 conditioned media (mCM) and imaged. After three days of
incubation, spheroids were imaged again (Figure 3.3A) and quantitative image analysis of
circularity was performed as a measure of invasion. The circularity of mCM treated spheroids
significantly decreased compared to control (Figure 3.3B), indicating a greater level of
invasion. The perimeter:area (P:A) ratio, perimeter, and area of mCM treated spheroids all
increased compared to control (Figure 3.3C-E). These data indicate that mCM can induce

substantial spheroid invasion, which can be quantified as a decrease in circularity.

NRF2 inhibitor effect on invasion

To test the effects of novel NRF2 inhibitors on tumor spheroid invasion, spheroids
were embedded and treated with 10 pM MSU38225, 10 uM MSU-71 or vehicle (DMSQO) and
imaged. After three days of incubation, spheroids were imaged again (Figure 3.4A).
Consistent with results in Fig. 3.3, mCM treatment resulted in significantly increased invasion
as measured by a decrease in spheroid circularity. Treatment with MSU38225 slightly
increased circularity, and MSU-71 treatment completely blocked mCM-induced invasion
(Figure 3.4B). Both compounds significantly reduced spheroid perimeter (Figure 3.4D), and
MSU-71 significantly reduced spheroid area compared to mCM alone (Figure 3.4E). Taken
together, these data indicate that MSU-71, and potentially MSU38225, are effective at

decreasing spheroid invasion and that MSU-71 may also decrease spheroid viability.
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Figure 3.4. NRF2 inhibition blocks RAW CM-induced invasion of LLC1/LL2-luc
spheroids. LLC1/LL2-luc spheroids were generated, embedded in Matrigel, and treated
with control (normal medium), or RAW264.7 conditioned media * NRF2 inhibitors

MSU38225 or MSU-71. A) Spheroids were imaged at the time of treatment (day 0, corner
inset image) and at 3 days-post treatment (scale bars = 200um). Images were then analyzed
in Fiji for circularity (B), P:A ratio (C), perimeter (D), and area (E). n=2-3 spheroids per
experiment for N=2 experiments. Statistical analysis via one-way ANOVA with Tukey post-
test, *p<0.05, **p<0.01, ***p<0.005 **** p<0.001.

Interestingly, treatment with MSU-71 decreased both invasion and size of spheroid, as
determined by circularity and area, respectively. This supports the idea that NRF2 inhibition

may reduce both viability and metastatic potential in lung cancer.

Adaptation for human 3D tumor spheroids
To adapt the LLC/LL2 tumor spheroid invasion platform to human cell lines, spheroids
were generated from dissociated A549 cells via the hanging drop method. To generate

macrophage conditioned media, the human monocyte-like line THP-1 was first differentiated
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by treatment with phorbol ester. After differentiation, CM was generated over 48h from THP-1
“Mo"” macrophages (Mg macrophage CM) or from a co-culture of A549 and THP-1 Mgs at a 1:2
ratio (tumor:macrophage), referred to as co-culture CM (co-culture CM). Spheroids were
embedded and treated with control (RPMI+5% FBS), My macrophage CM or co-culture CM
and imaged (day 0). After three days spheroids were imaged again (Figure 3.5A) and
analyzed in the same fashion as LLC1/LL2 spheroids (Figure 3.5B-E). My macrophage CM
induced invasion of A549 spheroids, as quantified by a significant decrease in spheroid
circularity compared with control medium. This indicates that macrophage secreted factor(s)
increased tumor spheroid invasion. In contrast to findings in the murine system, Mo
macrophage CM did not increase spheroid area compared with control, indicating the lack of
a growth effect. The perimeter was increased, resulting in an increase in the P:A, another
metric for invasiveness. Taken together, A549 spheroids display significant increases in

invasion when treated with either My macrophage CM or co-culture CM.

Discussion

The importance of NRF2 pathway alterations to LUAD metastasis has become
increasingly apparent. NRF2 pathway alterations are present in about 15% of LUAD (Figure
1.1), primarily resulting from KEAP1 mutations that result in constitutive activation of NRF2.
Importantly, oncogenic KRAS—present in up to 20% of lung cancers—can also increase NRF2
activity [DeNicola et al. 2011][Tao et al. 2014], indicating ever a greater fraction of lung

cancers have upregulated NRF2 pathway. NRF2 has been connected to LUAD invasion,

89



migration, and metastasis primarily through its relationship with BACH1 [Wiel et al. 2019]. The
hypothesis investigated in this chapter is that the NRF2 pathway is critical for LUAD invasion.
To explore this hypothesis, the impact of NRF2 pathways inhibitors on LUAD cell migration
and macrophage-induced 3D tumor invasion was evaluated. The data show that MSU-71
profoundly blocks invasion, consistent with the ascribed roles for NRF2 in LUAD metastasis
animal models. There could, however, be hitherto unidentified targets of MSU-71 that
contribute to the effects observed. Further experiments examining the impact of MSU-71, or
related compounds, on NRF2 targets that orchestrate metastasis, such as BACH1, will shed

mechanistic light on these issues.

The role of NRF2 in the tumor microenvironment is less straightforward than its
function in tumor cells [de la Vega et al. 2018]. NRF2 is involved in feedback loops between
tumor cells and macrophages, wherein tumor cells elicit in macrophages an M2 phenotype
and macrophages in turn elicit EMT of the tumor cells [Feng et al. 2018]. Macrophage
conditioned medium has previously been used to promote invasion of LUAD tumor
spheroids [Lim et al. 2020]. The studies presented in this chapter show that the addition of
THP-1 macrophages to the bottom chamber of transwell migration assays significantly
increases the migration of A549 cells (Figure A1). While NRF2 signaling in tumor cells is
important for metastatic potential, it is unclear how NRF2 signaling in macrophages affects
the metastatic phenotype. Myeloid-specific NRF2 ablation has been shown to increase lung
metastases from subcutaneous 3LL tumors (line derived LLC1) [Hiramoto et al. 2014]. Thus, a

rationale could be made for activation of NRF2 in macrophages as a therapeutic strategy in
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LUAD. Drugs developed to modulate the physiology of only tumor associated macrophages
could potentially be formulated for strategic drug delivery with nanoparticles, which are

preferentially taken up by phagocytic macrophages [Walkey et al. 2012].

Spheroids can be readily formed from both the A549 and LLC1/LL2 lines for use in 3D

invasion assays [Madajewski et al. 2015] [Takahashi et al. 2020]. A549, one of the most widely
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Figure 3.5. Spheroid invasion assay in a human lung adenocarcinoma line. A549 cells
were used to generate spheroids, which were then embedded in Matrigel and treated with
control (normal media), THP-1 Mg CM, or THP-1/A549 co-culture CM. (A) Spheroids (two
representatives per treatment shown) were imaged at the time of treatment (day 0, corner
inset image) and at 3 days-post treatment (scale bars = 200um). Images were then analyzed
in Fiji for circularity (B), P:A ratio (C), perimeter (D), and area (E). Each datapoint indicates a
single spheroid, with like shapes being from the same batch of spheroids/CMs. n=2-3
spheroids per experiment for N=2 experiments. Statistical analysis via one-way ANOVA with
Tukey post-test, * p<0.05, ** p<0.01, *** p<0.005, **** p<0.001.
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used human LUAD cell lines, has mutations in KRAS as well as in KEAP1, and STK11, allowing
for the study of oncogenically upregulated NRF2. The murine LLC1/LL2 has become a
valuable syngeneic model of KRAS mutant LUAD, and the luciferase-expressing line used
here has utility for in vivo imaging systems (IVIS). While LLC1/LL2 cells have wildtype KEAP1,
oncogenic KRAS is known to sufficiently upregulate NRF2 transcription via AP-1 as has been

demonstrated in other engineered murine cell lines and in vivo mouse models [DeNicola et

al. 2011][Tao et al. 2014].

A key feature of developing a quantitative invasion assay was selection of a metric that
distinguishes invasion from growth. The collective cell migration seen in the LLC1/LL2
spheroids (Figure 3.3A) necessarily increases the perimeter of the spheroids; however,
measurement of perimeter alone (Figure 3.3C) can also capture spheroid growth absent
invasion. Taking this into consideration, circularity was selected as the optimal metric.
Circularity—defined as 4n(area+perimeter2)—captures the invasiveness of the spheroids while
also controlling for non-invasive growth. Notably, a decrease of circularity corresponds to an
increase of invasion since the perimeter increases more rapidly relative to the area (Figure
3.3B). A second metric, perimeter:area (P:A) ratio (Figure 3.3C), provides a second, more
intuitive readout of invasion, where an increase in the value reflects an increase in invasion.
Area (Figure 3.3E) can also be used as a measure of spheroid growth and viability, as change

in spheroid diameter (AD) was in Chapter 2, assuming all spheroids start at the same size.

In this study, macrophage conditioned medium robustly induced LUAD 3D tumor

spheroid invasion, which was effectively blocked by MSU-71. The components within the
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macrophage conditioned medium that are responsible for this effect are yet unidentified. In
principle, secreted protein factors or metabolites could induce invasion. An interesting
observation is that the mCM tended to be more acidic than control medium as judged by the
color of the phenol red containing medium. In fact, the metabolites lactate and oxalate have
been implicated in TAM-tumor cell feedback loops resulting in tumor cell EMT [Feng et al.
2018], and the BACH1 target genes HK2 and GAPDH-both glycolytic enzymes—were
identified as essential for NRF2-mediated metastasis [Wiel et al. 2019]. This is an interesting
area that deserves further study, as it may increase our understanding of both NRF2 signaling

and macrophage-mediated cancer metastasis.

While activators of NRF2 are numerous, direct inhibitors of NRF2 are limited. Brusatol,
a phytochemical of the quassinoid family, inhibits NRF2 as well as many proteins with rapid
turnover rates since it acts as a broad inhibitor of translation [Savage 2018]. Brusatol has been
shown to reverse EMT [Aarthi 2019] and may modulate ferroptosis [Kuang et al. 2021]. To
identify novel NRF2 pathway inhibitors, an ARE-luc reporter screen was conducted, and the
initial hit compound from this project, MSU38225, has shown promise in preclinical models of

lung cancer in combination with chemotherapy [Zhang et al. 2021].

MSU-71 was synthesized as a derivative of MSU38225 as part of an effort to develop
NRF2 inhibitors with improved drug-like properties and was shown to be more potent than
MSU38225 in decreasing viability of KEAP-1 mutant cell lines NCI-H460 and A549 (Liby and
Odom labs, in preparation). This improved potency is also seen in the transwell migration

assays where the inhibitory effect of MSU-71 on migration was greater than that of MSU38225
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(Figure 3.2A). In the spheroid invasion model presented here (Figure 3.4), while the 10uM
MSU38225 treatment trended toward decreased invasiveness of LLC1/LL2 spheroids, it did
not reach statistical significance. However, 10uM MSU-71 completely blocked invasion, and
additionally decreased spheroid size overall (Figure 3.4E), indicating that this improved
compound may decrease viability or increase death of tumor cells in the lung spheroids.
More investigation into the effects of MSU-71 needs to be conducted to fully decipher the

mechanisms behind these phenomena.

Adapting the LLC1/LL2 spheroid invasion model to human cell lines required
generation of mCM with human macrophages. The THP-1 cell line is a widely used human
monocytic leukemia line. Rather than directly generating conditioned media as with
RAW267.4 cells, THP-1 monocytes need to be first differentiated into macrophages with PMA,
a protein kinase C (PKC) activator [Lund et al. 2016], which produces unpolarized
macrophages (Mp). Macrophages exist as diverse and heterogeneous populations, and while
tumor associated macrophages (TAMs) display markers associated with both classical (M)
and alternative (M) subtypes, A549 cells have been shown to polarize THP-1 macrophages to

a CD206+ My-like phenotype [Larianova et al. 2020][Guo et al. 2019].

This study marks, to the author's knowledge, the first instance wherein THP-1
conditioned media was used to elicit human NSCLC spheroid invasion. A549 spheroids
became much more invasive when treated with both My macrophage CM and co-culture CM
(Figure 3.5), indicating that factors produced by both unpolarized macrophages and co-

cultured tumor cells/macrophages are sufficient to induce a change in spheroid phenotype.
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The invasion observed in these A549 spheroids was markedly different from the LLC1/LL2
spheroids, potentially indicating a loss of cell-cell junctions, rather than collective invasion.
The human NCI-H23 spheroids did, however, undergo collective cell invasion (Figure A2),
while the NCI-H358 (Figure A3), NCI-H460 (Figure A4), and NCI-1975 (Figure A5) spheroids
had no observable invasion in any condition. Each of these cell lines harbor unique
mutational profiles, which may influence their invasiveness in this model (Table A1). Matrigel
has emerged as the standard ECM for 3D cell culture. However, Matrigel and other laminin-
rich matrices generally restrict tumor cell invasion to lobopodial phenotypes, whereas
collagen—the most abundant protein in the lung ECM [Gétte & Kovalszky 2018]-is typically
more permissive of invasion and mesenchymal phenotypes [Anguiano et al. 2017]. The
addition of Matrigel to the culture medium of normally loosely adherent and epithelioid
LLC1/LL2 cells indeed changes morphology to a more firmly adherent and mesenchymal
phenotype (Figure Ab). Further examination of the impact of ECM that reflects the lung TME

on LUAD spheroid invasion would be worthwhile.

The results of these studies demonstrate the potential efficacy of MSU-71 in inhibiting
lung tumor metastatic potential. While MSU-71 blocks NRF2 signaling, future studies will be
required to identify specific targets of this compound and to elucidate the mechanism(s) by
which it blocks migration and invasion. NRF2 promotes pro-metastatic genes through both
BACH1 dependent and independent mechanisms (Figure 3.6). Expanding these studies by
incorporating additional components and/or cell types of the lung tumor microenvironment

could provide a more complete picture of the effects of NRF2 and MSU-71 (and other
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compounds) on lung cancer progression. Forthcoming pre-clinical mouse model studies with
MSU-71 will provide further useful insights into its in vivo efficacy and ultimately its potential

as a therapeutic in NRF2 driven LUAD.
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Figure 3.6. Mechanistic model of NRF2 inhibitors in NSCLC. NRF2, normally sequestered
and marked for degradation by KEAP1, is liberated by reactive oxygen/nitrogen species
(ROS/RNS), chemotherapy, or other oxidative stressors. NRF2 is also constitutively liberated
by KEAP1 mutation. Transcriptionally active NRF2 promotes expression of genes involved in
protection from ferroptosis, preventing cell death. NRF2 also promotes metastasis-
associated gene expression, either directly, or by stabilization of BACH1 through HO-1.
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Table A1. Human NSCLC cell lines used in chapter 3

Common LUAD Mutations NRF2 Pathway Mutations
Cell Line
TP53 KRAS EGFR STK11 NFE2L2

A549 WT G128 WT WT G333C Q37* WT WT
NCI-H1975 R273H WT T790M WT WT WT WT WT
NCI-H23 M246l1 G12C WT WT Q193H W332* WT WT
NCI-H358 Deletion | G12C WT WT WT WT WT WT
NCI-H460 WT Q61H WT WT D236H Q37* WT T4101
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Figure A1. A549 transwell migration is enhanced by THP-1 macrophages. A549 cells
were seeded in serum-free medium in the top chamber of transwells. Media containing 5%
FBS, differentiated THP-1 macrophages, or the combination of both were used as
chemoattractant in the bottom chamber and A549s were allowed to migrate for 24 h, at
which point filters were fixed, unmigrated cells removed, and remaining cells were stained
with DAPI, and imaged (9 fields per transwell insert). n=2 transwell inserts per experiment,
N=2 experimental replicates. Statistical analysis via one-way ANOVA with Tukey post-test; ****
p<0.001.
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Control
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Figure A2. NCI-H23 spheroid invasion. NCI-H23 cells were used to generate spheroids,
which were then embedded in Matrigel and treated with control (normal media), THP-1 MO
CM, or THP-1/NCI-H23 co-culture CM. Spheroids (two representatives per treatment shown)
were imaged at the time of treatment (day 0, corner inset image) and at 3 days-post treatment
(scale bars = 200um).
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Figure A3. NCI-H358 spheroid invasion. NCI-H358 cells were used to generate spheroids,
which were then embedded in Matrigel and treated with control (normal media), THP-1 MO
CM, or THP-1/NCI-H358 co-culture CM. Spheroids (two representatives per treatment shown)

were imaged at the time of treatment (day 0, corner inset image) and at 3 days-post treatment
(scale bars = 200pm).
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Figure A4. NCI-H460 spheroid invasion. NCI-H460 cells were used to generate spheroids,
which were then embedded in Matrigel and treated with control (normal media), or THP-1 MO
CM. Spheroids (two representatives per treatment shown) were imaged at the time of
treatment (day O, corner inset image) and at 3 days-post treatment (scale bars = 200um).
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Figure A5. NCI-H1975 spheroid invasion. NCI-H1975 cells were used to generate
spheroids, which were then embedded in Matrigel and treated with control (normal media),
THP-1 MO CM, or THP-1/NCI-H1975 co-culture CM. (A) Spheroids (two representatives per
treatment shown) were imaged at the time of treatment (day O, corner inset image) and at 3

days-post treatment (Scale bars = 200pum).

103



Figure A6. Matrigel changes morphology of LLC1/LL2 cells in 2D culture. 105 LLC1/LL2
were plated on a 35mm plate and allowed to loosely adhere overnight, at which point (A)
normal growth medium or (B) medium supplemented with 5% Matrigel was added. After 24h,
cells were imaged (Scale bars = 200pm).
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Supplemental Information 1. Transwell migration analysis macro.

run("Images to Stack", "name=>Stack title=[] use");

run("8-bit");

setAutoThreshold("Moments dark");

//run("Threshold...");

setOption("BlackBackground", false);

run("Convert to Mask", "method=Moments background=Dark calculate");
run("Watershed", "stack");

run("Remove Outliers...", "radius=2 threshold=50 which=Dark stack");

run("Analyze Particles...", "size=10-1000 pixel display summarize add in_situ stack");
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