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ABSTRACT

Epidermal growth factor receptor (EGFR) is highly expressed in head and neck squamous cell
carcinoma (HNSCC) and non-small cell lung cancer (NSCLC) and is a key regulator of tumor cell
growth and survival. Erlotinib, also known as tarceva, (a first-generation) and afatinib, also known
as giotrif, (a second-generation) are tyrosine kinase inhibitors (TKIs) of EGFR. These TKIs are
recognized therapeutic agents in these tumor types, as they inhibit EGFR signaling but show
limited activity as single agents. Novel strategies will likely require EGFR-TKIs combination with
an agent(s) that will enhance their therapeutic efficacy. Recently, we have demonstrated that
combining statins, inhibitors of the mevalonate pathway, with erlotinib enhanced EGFR inhibition
and induced synergistic cytotoxicity through the activation of cellular integrated stress response
pathway (ISR) regulated by the induction of activating transcription factor 3 (ATF3). In our Phase
I clinical trial, combining rosuvastatin with erlotinib, while demonstrating clinical activity, this
treatment also showed statin-induced myopathies likely the result of diminished ubiquinone levels,
which limited their utilization. Therefore, alternative strategies are warranted. Targeting
geranylgeranyl diphosphate (GGPP) synthesis or its incorporation, a downstream mevalonate
metabolite, represents such an approach with the potential to circumvent statin-associated
toxicities but retain the efficacy in combination with EGFR inhibitors. In this project, we evaluated
the effect of the combination of geranylgeranyl transferase-I inhibitor (GGTI-298) with the EGFR
inhibitor, tarceva, (aim 1) and a GGPP synthase inhibitor, digeranyl bisphosphonate (DGBP), with
the EGFR inhibitor, afatinib, (aim 2). For aim 1, we demonstrated that GGTI-298 treatment
induced ATF3 expression in SCC9 and SCC25 cells and in a cohort of ex-vivo tumor tissues.
Furthermore, GGTI-298 and tarceva induced synergistic cytotoxicity in SCC cells that was

dependent on ATF3 expression, as ATF3 deficient murine embryonic fibroblasts (ATF3-/- MEFs)
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displayed attenuated cytotoxicity in response to GGTI-298 alone and in combination with tarceva.
Similarly, SCC9 sub-lines that were selected as resistant to GGTI-298 through prolonged exposure
to this agent also failed to demonstrate synergy with treatment of GGTI-298 in combination with
tarceva. For aim 2, we demonstrated that the specific GGPP synthase inhibitor, DGBP, induced
cytotoxicity in SCC cells. We further demonstrated this specificity as specific shRNA targeting of
GGPP synthase as well as the inhibitor DGBP significantly enhanced the cytotoxic activity of the
EGFR-TKI afatinib in SCC cells. DGBP as well as afatinib treatments induced ATF3 expression
in SCC cells in vitro and in a cohort of ex-vivo tumor tissues. Co-administration of the downstream
metabolite GGPP inhibits the induction of ATF3 and the cytotoxic and apoptotic effects associated
with DGBP treatment. Furthermore, the synergistic cytotoxicity induced by the combination of
DGBP and afatinib in SCC cells was also dependent on the expression of ATF3 through the
induction of cellular stress response pathways. Taken together, these results suggest the potential
clinical utility of combining downstream mevalonate inhibitors (GGTI-298 or DGBP) with EGFR

inhibitors in HNSCC patients as a novel and more refined combination therapeutic approach.
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CHAPTER 1: INTRODUCTION
1.1 Head and Neck Squamous Cell Carcinoma

1.1.1 Epidemiology, Histology and Etiology

Head and Neck Squamous Cell Carcinoma (HNSCC) is the sixth most common form of
cancer (1), with an annual incidence of approximately 932,000 new cases and 379,000 deaths
diagnosed worldwide in 2015 (2,3). Cancer of the head and neck consists of a heterogeneous group
of aggressive epithelial malignancies of different anatomical sites of the upper aerodigestive tract
(Figure 1.1) including lip, oral cavity, nasopharynx, oropharynx, hypopharynx, and larynx (4).
HNSCC represents about 90 - 95% of all head and neck tumors (5), where the tongue is the most
common part of the oral cavity associated with SCC (6). The overall long-term survival remains
poor with an approximately 50% survival rate of HNSCC patients with advanced disease of less
than five years (7). In fact, tongue cancer has an even lower survival rate compared to other parts

of the oral cavity (6,8).



Figure 1. 1 The Anatomy of Head and Neck Cancer.

This figure shows the common anatomical sites of the head and neck cancer. For the National
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The most common identified predisposing factors of HNSCC are tobacco use and alcohol
consumption (9). Recently, infection with human papillomavirus (HPV) has been associated with
a significant subset of HNSCC patients in Canada and other Western countries, especially in the
oropharynx cancers (9,10). HPV is a double-stranded DNA virus that infects the squamous
epithelium. HPV-16 and HPV-18 are primarily associated with the development of HNSCC and
cervical cancer (11). Viral oncoproteins E5, E6, and E7 are accessory proteins that coordinate viral
genome amplification, and they usually contribute to HPV-mediated HNSCC oncogenesis (6,12).
E5 oncoprotein modulates the receptor tyrosine kinase EGFR expression by preventing its
internalization and degradation leading to increased EGFR-induced cellular proliferation (6,13).
E6 oncoprotein is a ubiquitin ligase that targets and degrades the p53 tumor suppressor, thereby
compromising p53-dependent cell-cycle arrest and apoptosis (6,14). E7 oncoprotein binds and
inhibits the tumor suppressor pRb (6,15). The binding of E7 to pRb releases the E2F transcription
factor and inhibits the transcription of the cyclin-dependent kinase (CDK) inhibitors p21 and p27
leading to cell-cycle progression through the G1 phase, thereby enhancing cellular proliferation
(6). The outcome of HPV association has led to the division of HNSCC into two subsets with
distinctive molecular and clinical profiles: HPV-positive cancers (generally are non-smokers with

a better prognosis), and HPV-negative cancers (smokers and a worse prognosis) (16).

1.1.2 Current HNSCC Treatment and Challenges

Due to HNSCC heterogeneity, treatment planning and prognostication are often
challenging to obtain (17). The standard treatment of HNSCC is based on the anatomical locality
of the primary tumor, and TNM staging of the disease (1,18). The prognosis of HNSCC patients
usually depends on the stage of cancer at presentation. Based on the TNM system, HNSCC is

classified into three broad stages: early stage (I/II), locally-regionally advanced stage (LA stage,



III/TVA), and recurrent/metastatic disease stage (R/M stage, [VB) that are determined by the extent
of the tumor, the presence of lymph-node, and tumor metastatic disease (7). HNSCC treatment
involves several modalities including surgery, radiotherapy (RT), and chemotherapy (CT)
depending on the overall health status of the patients. Surgery frequently involves either classic
open surgery or minimally invasive procedures, depending on the anatomy and tumor features, to
resect the tumor in which clear margins can be achieved and function is preserved or improved
(4). Radiation therapy ranges from 60Gy — 70Gy and utilizes ionizing radiation that induces DNA-
damage which activates the DNA damage response, and induces cell death (4,19). The US Food
and Drug Administration (FDA) approved five conventional CT drugs for HNSCC including
cisplatin, 5-fluorouracil (5-FU), methotrexate, docetaxel, and bleomycin (1). Cisplatin is a member
of the platinum family that covalently binds and damages DNA through their alkylating group (1).
5-FU, bleomycin, and methotrexate are antimetabolites, which prevent DNA/RNA synthesis (1),
and docetaxel is a member of taxane family that inhibits microtubules disassembly and arrests cells

in the G2/M phase which leads to apoptosis (1).

Generally, patients harboring early stage disease, representing approximately 30% of all
HNSCC patients, are potentially curable with a single treatment (either surgery or RT); while
advance stages require a combined modality of surgery, RT and CT depending on the expected
outcomes and the treatment toxicities (7). Cisplatin-based chemo-radiotherapy (CRT) is the
standard treatment option for the LA-HNSCC which represents the majority of HNSCC cases
(7,16). However, these therapies are aggressive, and about 10 - 30% of these LA-HNSCC cases
develop metastasis, mostly in the lung (7,20). Treatment options for the R/M HNSCC patients are
limited, and involve palliative platinum-based CT with best supportive care with median overall

survival (OS) of approximately 7 months (7,21,22). However, these treatment options lack



specificity for tumor cells and are often associated with toxicities during or shortly after treatment
(e.g., fatigue, nausea, alopecia, neutropenia, anemia, mucositis, dermatitis, hoarseness of voice,
and myelosuppression) without improving the OS (7,23). Due to the significant challenges
associated with these conventional therapies, new selective and effective treatments with limited
side effects are urgently required. Therefore, the treatment of advanced HNSCC has expanded to
include biological molecular targeted therapies. These agents act specifically against key
components of cellular pathways involved in tumor growth, progression, and survival (24). One
such approach revolves around targeting the activity of epidermal growth factor receptor (EGFR)
whose overexpression (90 — 100% of tumor) in HNSCC can drive tumor cell proliferation and
survival (1,16,25). EGFR is a well-recognized therapeutic target in HNSCC, and its targeting has

therapeutic potential.

1.2 Epidermal Growth Factor Receptor

1.2.1 Structure and Function of EGFR

EGFR, also referred to as erbBl(avian erythroblastosis oncogene B) and HER1 (human
epidermal growth factor receptor), is a cell surface receptor that belongs to ErbB receptor tyrosine
kinase (RTK) family (26,27). This RTK family includes four members: ErbB1 (EGFR/HER1),
ErbB2 (HER2/Neu), ErbB3 (HER3), and ErbB4 (HER4) (28,29) that share 37% sequence identity
(28-30). Where EGFR, ErbB2, and ErbB4 contain catalytic kinase domains and can form
heterodimeric pairs with each other (29-31), ErbB2 has no known binding ligand, and the structure
of its extracellular region differs significantly from EGFR, while ErbB3 contains an impaired
kinase catalytic domain (28,31). Both ErbB2 and Erb3 can pair and form heterodimers with the

other ErbB family members (28-30). RTKs are the key regulators for cellular communication and



coordination of complex cellular processes such as proliferation, survival, differentiation,

migration, and apoptosis (27).

EGFR is one of the most studied RTK in biology (30), and it plays essential roles in the
control of cellular functions during embryogenesis and in the regulation of metabolic and
physiological processes (27). EGFR is expressed in a range of tissues mostly epithelial,
mesenchymal, and neuronal origin, and in different organs such as the skin and the gastrointestinal
tract (28,31-33). EGFR was discovered in the 1960s by Stanley Cohen, and it was the first receptor

to be characterized as a protein-tyrosine kinase (31,34,35).

EGFR (Figure 1.2) is a 170 kDa plasma membrane glycoprotein (35) (containing 1186
amino acids) encoded by the EGFR gene at the 7p12 locus (28,31). It consists of a heavily
glycosylated extracellular ligand-binding domain (~620 residues) at the N-terminus, a single short
hydrophobic lipophilic transmembrane domain (~24 residues) that allows for anchorage to the cell,
and an intracellular domain (~270 residues) that is flanked by juxtamembrane (~40 residues) and
a continuous kinase active site (~232 residues) with multiple phosphorylation sites at the C-
terminus. Autophosphorylation sites include seven tyrosine residues (Tyr-845, 992, 1045, 1068,

1086, 1148, 1173) (28,31). Phosphorylation of EGFR on serine (Ser-1142) and threonine (Thr-

654) residues are involved in a mechanism for regulation of receptor kinase activity and
internalization (28,31). Glycosylation is crucial for protein-protein interactions that occur between
protein ligand and its cognate receptor (36). The extracellular domain is composed of four
subdomains (Figure 1.2): DI (L1), DII (CR1), DIII (L2), and DIV (CR2) (28,31). These domains
are alternately arranged from the N- to the C-terminus as follows: L1-CRI1-L2-CR2, where
domains I and III are involved in the ligand binding, and domains II and IV are cysteine-rich

domains involved in receptors dimerization (28,31).



Figure 1. 2 The domains of EGFR.

This figure shows the structure of EGFR, where EGFR receptor is comprise of: [1] the extracellular
region that consists of 4 domains at the N-terminal: D1 (L1), D2 (CR1), D3 (L2), and DIV (CR2),
[2] Transmembrane domain, and [3] intracellular domain, which contains juxtramembrane, tyrosine
kinase, and regulatory region at the C-terminal. Figure adapted and modified from Kathryn M.
Ferguson, 2008 (282).
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1.2.2 Dimerization and Activation of EGFR

EGFR is activated either by ligand-dependent or —independent manner depending on the
context. In the absence of ligand, where the activation signal is missing, the extracellular domain
of EGFR exists in equilibrium state between the auto-inhibited closed (tethered where domain II
that is required for dimerization is buried into domain IV by the intramolecular interactions) and
open confirmation (untethered where domain II is exposed and available for dimerization) (37,38).
ErbB2, which has no ligand-binding domain, has a conformation that resembles the ligand-

activated state, making this receptor constitutively active (39).

Ligand-induced dimerization is a typical process for ErbB RTK activation and induction
of downstream signal transduction cascades (38,40). There are several polypeptide growth factor
ligands with similar structures, that bind and activate ErbB receptors, which are divided into four
groups (31). The first group binds to EGFR and consists of the epidermal growth factor (EGF),
epigen (EPG), transforming growth factor-a (TGF-a), and amphiregulin (AR); the second group
binds to EGFR and ErbB4 and consists of betacellulin (BTC), heparin-binding epidermal growth
factor-like growth factor (HB-EGF), and epiregulin (EPR); the third group binds to ErbB3 and
ErbB4 and consists of neuregulin-1 (Nrg-1) and neuregulin-2 (Nrg-2); and the fourth group binds
to ErbB4 and consists of neuregulin-3 (Nrg-3) and neuregulin- 4 (Nrg-4) (31). Moreover, EGFR
has been shown to be activated by cellular stresses (41,42), and G-protein coupled receptors

(GPCR) (43). EGF is the ligand with the highest affinity for the EGFR receptor (28).

Under normal conditions (Figure 1.3), EGF binds to its receptor and shifts the equilibrium
towards dimer formation, in which two EGF ligands bind simultaneously to both DI and DIII of
the extracellular domain, and stabilize the receptors in their untethered form (38,39). This binding

draws the receptors closer to one another and induces conformational changes in the receptors,
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where DII (CR1) becomes exposed allowing for receptor homo-dimerization between two EGFR
proteins or hetero-dimerization between EGFR and another ErbB family member (38,39).
Following receptor dimerization (Figure 1.4), the Tyr kinase domain becomes activated leading to
auto- or trans-phosphorylation of Tyr residues on the intracellular catalytic domain (39). This
phosphorylation involves the transfer of the y-phosphate of adenosine triphosphate (ATP) to Tyr
hydroxyl groups on downstream target proteins, initiating signaling cascades (39). EGF-EGFR
complex then migrates from the caveolae/raft component of the cell membrane to the bulk
membrane component and clusters into clathrin-coated pits and subsequently internalizes in
endosomes, in which EGFR will either be targeted for lysosomal degradation or recycled back to

the cell surface starting a new signaling cascade (29,39).
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Figure 1. 3 EGFR dimerization.

This figure explains how EGF ligand induces EGFR dimerization. (i) Unligated EGFR form a
tethered conformation, in which DII is buried into DIV. (ii) EGF binds to DI and DIII of EGFR
simultaneously and induces spatial rearrangement of DII and DIV forming extended
conformation. (iii) Consequently, the dimerization arm of DII becomes expose to interact with
another receptor. Figure adapted and modified from Chetan Yewale et al. 2013 (36) © with

permission from Elsevier.
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1.2.3 Signal Transduction via EGFR

Upon EGFR dimerization and phosphorylation of Tyr residues, the kinase domains at the
carboxy tail provide specific docking sites for recruiting downstream cytoplasmic signaling
proteins containing Src homology-2 (SH2) domain, leading to the activation of intracellular
signaling pathways (36). These include the Rat Sarcoma/
Rapidly Accelerated Fibrosarcoma/Mitogen-activated protein kinase kinase/Extracellular signal

regulated kinase (Ras/Raf/MEK/ERK), Phosphoinositide 3-kinases/Protein kinase B

(PI3K/AKT), Janus kinase/Signal transducer and activator of transcription (JAK/STAT), and
Phospholipase Cy/Protein kinase C (PLCy/PKC) (28,44). Importantly, the Ras/Raf/MEK/ERK and
PI3K/AKT mediate signals implicated in cellular proliferation, survival, apoptosis, angiogenesis,
migration, as well as cell motility (Figure 1.4) (44).

The Ras/Raf/MEK/ERK pathway, also referred to as MAPKinase pathway, plays an
essential role in regulating cell proliferation and survival (45—47). It can be activated by a variety
of growth or stress factors (46). An important adaptor protein that mediates the induction of this
signalling pathway is the adaptor protein growth factor receptor-bound protein 2 (Grb2), which is
constitutively bound to guanyl nucleotide exchange factor-Son of sevenless (GEF-Sos) (45-47).
Upon EGFR activation, Grb2 docks to the phosphorylated Tyr-1068 and Tyr-1086 EGFR amino
acid residues (45—47) and together with Sos are recruited to the plasma membrane and brought
into close proximity with the guanine nucleotide-binding protein Ras (45—47). Sos accelerates the
exchange of the inactive guanosine diphosphate (GDP) for the active guanosine triphosphate
(GTP) and transforms Ras-GDP into its active conformation Ras-GTP (45—-47). The activated Ras
recruits the serine/threonine kinase Raf to the plasma membrane where it can be phosphorylated

and activated (45—47). As a result, MEK and ERK (also referred to as MAPK) are subsequently
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phosphorylated and activated (45—47). Active ERK translocates to the nucleus and regulates the
expression of many downstream genes involved in cell proliferation (Myc, Ets, and CREB) and
apoptotic regulatory molecules (Bad, Bcl-2, and caspase 9) (45-47).

The PI3K/AKT pathway is involved in cellular proliferation, survival, and migration
(45,48). PI3K is a dimeric enzyme that contains both kinase (p110) and adaptor (p85) subunits
(45,48). Following EGFR activation, p85 binds to the phosphorylated Tyr residues via its SH2
domain (45,48), then, recruits p110 to the plasma membrane leading to the activation and
phosphorylation of the serine/threonine kinase AKT (45,48). Activation of AKT prevents
apoptosis by phosphorylating and inactivating the pro-apoptotic protein BAD and caspase-9
(45,48). Up regulation of the PI3K or deletion of phosphatase and tensin homolog (PTEN), a
negative regulator of the PI3K/AKT signaling pathway, can lead to cellular transformation in many

cancers including HNSCC (49).
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Figure 1. 4 EGFR signaling pathway.

This figure demonstrates the two major pathways activated by EGFR activation. Two EGF ligands
bind to 2 EGFR in 2:2 stoichiometry, which leads to receptor dimerization and phosphorylation of Tyr
residues at the C-terminus of the EGFR. Phosphorylation of Tyr resides leads to the activation of
MAPK (ERK) and AKT pathways. These pathways drive crucial cellular functions, such as
proliferation and survival. Consequently, EGF-EGFR complex internalizes and either undergoes
lysosomal degradation or EGFR recycles back to the cell membrane to start a new cycle. Red stars
indicate phosphorylation. Figure adapted and modified from Javier Martinez-Useros and Jesus Garcia-

Foncillas, 2015 (7).

16



Ligand Binding Dimerization Autophosphorylation

cell membrane

cytoplasm
CRaFD

¥

.@ Downstream

J signaling
WW nucleus

proliferation
survival
migration
adhesion

Degradation Internalization invasion
angiogenesis

17



1.2.4 Role of EGFR in HNSCC

The complexity and the importance of EGFR signaling pathway in cell growth and survival
highlights its potential role in cancer development as it can provide constant signals for cell
proliferation, survival, angiogenesis, and metastasis, which are the essential hallmarks of cancers
(50). While EGFR signaling is tightly controlled in healthy cells, EGFR dysregulation has been
observed in HNSCC, non-small-cell lung cancer (NSCLC), glioblastoma, pancreatic, renal,
colorectal, breast, ovarian, prostate, and bladder carcinomas (33). About 1x10* — 1x10° EGFR is
expressed per normal cell, but tumor cells can express more than 2x10° receptors per cell (36).
This dysregulation can result from different mechanisms such as receptor overexpression,
overproduction of growth factor ligands, ligand-independent receptor activation, cross-talk with
other receptors, activating mutations, alterations in the dimerization process, limited endocytosis
of activated receptor, and deficiency of specific phosphatases deactivating the phosphorylated

EGFR tyrosine residues (7,9,28).

High EGFR expression has been associated in HNSCC with advanced tumor stage,
resistance to standard therapies (chemo- and radiotherapy), and with poor patient prognosis
(18,25,51). A correlation between high EGFR expression and a reduction in overall survival rates
has been demonstrated in HNSCC patients (25,26). Increased EGFR expression has been linked
to poor OS, short disease-free survival, and higher locoregional relapse rates (25,52). In addition
to EGFR overexpression, higher ErbB2 and ErbB3 expression was also reported in HNSCC and
had been linked to reduced treatment response and poor outcomes in laryngopharyngeal cancer
(25,53). Therefore, EGFR is a suitable target for the development of more efficacious therapies in

HNSCC.
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1.3 EGFR Targeted Therapies

Currently, EGFR is the only molecular target in HNSCC for which there are pharmacologic
therapeutic interventions approved by the FDA (54). There are 2 classes of EGFR-targeted
therapies (Figure 1.5): monoclonal antibodies (mAbs) and receptor tyrosine kinase inhibitors

(TKIs) (1). These 2 therapeutic approaches have shown limited but promising clinical results.

1.3.1 Monoclonal Antibodies

mAbs are intravenously (IV) administrated (28) and function by competing with EGFR-
native ligand through binding of the extracellular ligand-binding domain of the EGFR, preventing
both receptor dimerization and EGFR downstream signaling (25,51). EGFR mAb binding leads to
increased EGFR internalization and lysosomal degradation (24), and can also enhance the function
of the immune system via opsonization of cancer cells (51). The most common mAb studied in
HNSCC is cetuximab (IMC-225, Erbitux; IM-Clone Systems, Bridgewater, NJ, USA) (16,55).
Cetuximab is a chimeric mouse-human monoclonal IgG antibody that binds to the EGFR at its
extracellular ligand-binding domain, with an affinity of approximately 5 to 10-fold higher than
that of its endogenous ligands (56). It then blocks EGFR Tyr kinase phosphorylation and
downregulates EGFR-mediated transduction pathways (28). Cetuximab demonstrated beneficial
preclinical activities both in vitro and in vivo as a single agent and in combination with chemo- or
radiotherapy in a variety of human cancer cells including HNSCC, colorectal, pancreatic, prostate,
and ovarian cancer cells (16,28,57). To date, cetuximab is approved by the FDA and European
Medicines Agency (EMA) for HNSCC in three specific applications: [1] in combination with
radiation for LA- advanced disease, [2] as a monotherapy for R/M disease after failure of platinum
chemotherapy, and [3] in combination with cisplatin plus 5-FU for the first-line therapy in R/M

HNSCC (2,9,25).
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1.3.2 Receptor Tyrosine Kinase Inhibitors

Tyrosine kinase represents an excellent target for the development of cancer drugs (7)
where tyrosine kinase inhibitors (TKIs) are generally ATP mimetics that are low molecular weight
compounds that are orally administrated (31). They inhibit the intracellular kinase domain of the
EGEFR by either reversibly or irreversibly binding to the ATP binding site at K745 (58) and prevent
the autophosphorylation of the receptor’s kinase activity and its downstream signaling (31). The
most clinically advanced TKIs in HNSCC are gefitinib (ZD1839, Iressa, AstraZeneca;
Wilmington, DE), erlotinib (OSI 774, Tarceva, Genetech; South San Francisco, CA), and afatinib

(BIBW2992, Giotrif/Gilotrif, Boehringer Ingelheim; Germany) (9).

Both erlotinib (tarceva) and gefitinib (iressa) are first-generation low-molecular-weight
quinazoline-based TKIs that act as reversible competitive inhibitors of ATP. The FDA has
approved these TKIs for the treatment of NSCLC in 2003 and 2004, respectively (59,60). The
antitumor activity of erlotinib as a single agent or in a combinational therapy has also been
observed in patients with advanced HNSCC and NSCLC and has shown promising clinical activity
(25,60,61). The MTD of erlotinib on an extended daily schedule is 150 mg/daily (60), and in 2005,
a double-blinded phase III trial, BR.21, erlotinib demonstrated improved OS compared to placebo
in NSCLC patients as a single agent (62). However, in HNSCC, erlotinib as a monotherapy showed
limited activity in two phase II trials in patients with R/M disease (16,63,64). The most common
side effects observed with erlotinib and gefitinib are an acneiform skin rash, diarrhea, mucositis,
and anemia (60). Investigations of these first-generation inhibitors have yielded somewhat
disappointing results in R/M HNSCC, with overall response rates of 1.4 — 10.6% (7,63,65,66). Of
interest, these reversible EGFR TKIs are especially effective in NSCLC patients with activating

EGFR mutations in exons 18 to 21 encoding the tyrosine kinase domain of the EGFR. According
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to a recent systematic review in a total of 53 studies, the prevalence of these activating mutations
in HNSCC is about 2.8%, which is not so common (67,68). However, one conflicting report in
2017 by Al-Ali group showed that 57% out of its 47 Saudi HNSCC cases harbor EGFR mutations
in exons 19 to 21, and these activating EGFR mutations were correlated with advanced stage
tumors, indicating the involvement of the geographical areas in the commonality of these
mutations (69). The presence of these activating mutations show enhanced ATP binding that also
improves the binding and sensitivity to erlotinib and gefitinib and increases the progression-free
survival in this subset of 10% of NSCLC patients (60,70,71). However, some of these NSCLC
patients develop resistance against these TKIs, due to the emergence of T790M mutation in EGFR
that hinders TKI binding (72—-74). This resistance could be avoided to some extent via treatment

with the second-generation drugs like afatinib (75).

Afatinib (giotrif) is a second-generation irreversible small oral molecule ATP-competitive
4-anilinoquinazoline derivative TKI (76) that covalently binds to the kinase domains of EGFR,
HER2, and HER4 (76). Importantly, afatinib is a potent inhibitor of both the wild-type and the
activating mutant EGFR. The FDA approved afatinib for the first-line therapy of metastatic
NSCLC patients who have EGFR exon 19 deletions or exon 21 substitution (EGFR#3R) (76,77).
It is also approved by EMA as a monotherapy for LA-HNSCC or metastatic NSCLC patients with
EGFRT™ (73,72). In a recent study, afatinib was able to overcome cetuximab-resistance in
HNSCC cells (79), and in a Phase II randomized study, afatinib demonstrated antitumor activity
comparable to cetuximab in R/M HNSCC (80). Afatinib has been tested clinically in a variety of
solid tumors, where the MTD is 40 mg/daily (76). Afatinib has shown encouraging Phase II and
III clinical outcomes in the treatment of HNSCC (77,81). Interestingly, several studies have

demonstrated that afatinib treatment significantly improved the OS compared to erlotinib (60,75—
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77,82,83). Generally, HNSCC patients show limited response to EGFR-TKIs treatment, especially
in the context of EGFRW! disease (60,76,77,84). Therefore, enhancing the efficacy of these EGFR-
TKIs likely requires their incorporation in novel rational combination-based therapeutic

approaches.
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Figure 1. 5 Common drugs in HNSCC.

This figure shows the current FDA approved targeted therapies against HNSCC include mAb
cetuximab, the first-generation EGFR-TKIs (erlotinib and gefitinib) and the second-generation
afatinib. Figure adapted and modified from Javier Martinez-Useros and Jesus Garcia-Foncillas,

2015 (7).
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1.4 Mevalonate Pathway

1.4.1 Biochemistry of the Mevalonate pathway

Mevalonate pathway (MVP) (Figure 1.6) also known as the isoprenoid biosynthetic
pathway (IBP) is ubiquitously expressed in all living organisms (85). This metabolic pathway is
crucial for many cellular functions including regulation of gene expression, electron transport,
reproduction, and signal transduction (85,86). This pathway converts mevalonate into sterol
isoprenoids, such as cholesterol, and non-sterol isoprenoids (85).

The first step in this pathway is the synthesis of the 3-hydroxy-3-methylglutaryl-CoA
(HMG)-CoA from acetyl-CoA through acetoacetyl-CoA (85,86). 3-hydroxy-3-methylglutaryl-
CoA reductase (HMGR) enzyme catalyzes the conversion of HMG-CoA to mevalonate (85,86).
HMGR is the rate-limiting enzyme of this pathway and one of the most highly regulated enzymes
in nature (85,86). Mevalonate is converted to mevalonate diphosphate by mevalonate kinase
(MVK) and phosphomevalonate kinase (PMVK) enzymes (85,86). Isopentyl diphosphate (IPP) is
formed by the decarboxylation of mevalonate diphosphate by diphosphomevalonate
decarboxylase enzyme (85,86). IPP is then converted to dimethylallyl diphosphate (DMAPP) by
IPP isomerase enzyme in a reversible reaction (85). IPP and DMAPP are referred to as the simple
isoprenoids, because they contain a single 5-carbon unit (85,87). IPP and DMAPP are condensed
to form the 10-carbon geranyl diphosphate (GPP) (85,86). The addition of IPP to GPP leads to the
production of the 15-carbon farnesyl diphosphate (FPP) by farnesyl diphosphate synthase (FDPS)
enzyme (85,86). FPP is used in the production of ubiquinone (also called: co-enzyme Q10) (85).
The addition of IPP to FPP by geranylgeranyl diphosphate synthase (GGDPS) enzyme leads to the
production of the 20-carbon geranylgeranyl diphosphate (GGPP) (85,86). Alternatively, the

addition of IPP to FPP by dehydrodolichyl diphosphate synthase (DHDDS) results in the GGPP

25



isomer (2Z,6E,10E- GGPP) that is utilized for dolichol synthesis (85). Squalene synthase (SQS)
condenses two FPP molecules to make squalene (85,86). Squalene is used by human and animal
cells in the de novo production of cholesterol biosynthesis through 19 additional reactions (85,86).

The end products of MVP are essential for cellular homeostasis (86,87). Cholesterol serves
as a precursor for the synthesis of steroid hormones, lipoproteins, vitamin D, and bile acid and it
is an essential component of the cell membrane in maintaining cell membrane structure, integrity,
and fluidity (86,87). Dolichol is a carrier molecule of oligosaccharides in N-linked protein
glycosylation used for the production of glycoproteins (86,87). Ubiquinone is an inner component
of the mitochondria that involved in mitochondrial respiration and electron transport chain to form
ATP (86,87). IPP is an essential substrate for the modification of certain tRNAs that promotes
translation fidelity in ribosomes (86,87). The intermediate isoprenoid FPP and GGPP are used in
the post-translational modifications of prenylated small-GTPases proteins for their activation and

their cellular localization to the plasma membrane in order to activate downstream signaling

pathways (86—88).
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Figure 1. 6 Mevalonate pathway.

This figure shows a schematic diagram of the mevalonate pathway. HMGR is the rate-limiting
enzyme in this pathway, and statins are the inhibitor for HMGR. Statins deplete cholesterol synthesis
and downregulate all downstream isoprenoids such as FPP and GGPP. Bisphosphonate is another
drug that targets and inhibits the activity of FPP synthase, therefore inhibits both FPP and GGPP.

Figure adapted and modified from T.Zhao, 2011 (283).
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1.4.2 The Statin family

Several studies have demonstrated that generally cancer cells have elevated activity of
MVP suggesting that malignant cells are highly dependent on MVP metabolites compared to their
normal cell counterparts (86,89,90). Statins are competitive inhibitors targeting HMGR (91),
where they bind to the active site of HMGR with up to a 1000x times higher affinity than its natural
substrate (91). They are lipid-lowering drugs that are widely prescribed to reduce cholesterol levels
and reduce the morbidity and mortality of cardiovascular diseases (86,92). The statin family drugs
are divided mainly into two groups depending on their origin and biochemical characteristics: type-
1 involves statins derived from fungal fermentation such as mevastatin (Compactin), lovastatin
(Mevacor), pravastatin (Lipostat), and simvastatin (Zocor). Type-2 includes chemically synthetic
statins such as fluvastatin (Lescol), rosuvastatin (Crestor), atrovastatin (Lipitor), cervistatin
(Baycol), and pitavastatin (Livalo) (86). In 1971, Akira Endo identified Mevastatin as the first
cholesterol-lowering drug (91). Both types of statins share a common side chain that exists either
in a closed ring (inactive, lactone prodrug) form or an open ring (active, acid) form, where the
open active form blocks the catalytic domain on HMGR by mimicking the intermediate reaction
formed within the active site of the reductase enzyme (93). All statins are administrated orally as
active hydroxyl acids, except lovastatin and simvastatin, which are administrated as lactone
prodrugs and then hydrolyzed to hydroxy acid form (92,94).

Multiple studies have shown the anticancer effects of statins as a monotherapy or in
combination with several anticancer agents (86,92,95) in a variety of cancers both in vitro and in
vivo including cancer models of HNSCC (96,97) and NSCLC (98). The antitumor effect of statins
result from the decreased levels of mevalonate and its downstream products, which affects critical

cell functions such as membrane integrity, cell signaling, protein synthesis and cell cycle
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progression (86,95). Our laboratory has previously identified high dose statins as potent inducers
of tumor specific-apoptosis particularly in various pediatric malignancies, acute myeloid leukemia
and SCC cells (99—-102). These observations led directly to 2 Phase I clinical trials in AML and
SCC patients (99,103); these trials suggested the therapeutic potential of statins would also require
their utilization in combination based therapeutic strategies.
1.4.3 Statins and EGFR-TKIs Combination

HMG-CoA reductase and EGFR-targeted therapies may be linked due to the potential of
mevalonate metabolites to affect the function or expression or localization of EGFR or proteins
downstream of the EGFR signaling pathway (Figure 1.7) (104,105). Cholesterol is required for the
proper functioning and localization of the EGFR (106). Dolichol is involved in the glycosylation
of the EGFR, which allows the receptor to change conformation and bind its ligand properly (85).
FPP and GGPP are involved in farnesylation and geranylgeranylation post-translational
modifications of the small-GTPases which are required for their activation (86,107). Once
activated, these prenylated proteins can then regulate RTK mediated cell proliferation, cell
survival, intracellular trafficking and cell motility (86). Therefore, depletion of mevalonate
metabolites through inhibition of HMG-CoA reductase has the potential to inhibit both the EGFR

and its downstream signaling cascades.
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Figure 1. 7 The mevalonate pathway and EGFR link.

This figure demonstrates how EGFR pathway is connected to mevalonate pathway. The end products of
mevalonate pathway are vital for EGFR signaling such as dolichol for EGFR glycosylation, cholesterol
for membrane fluidity, FPP and GGPP are involved in the post-translational modification (PTM) and
activation of Ras and Rho/Rab GTPase proteins, respectively. PTM of these GTPase proteins include (i)
prenylation of the cys residue at -CAAX in the C-terminal by either Ftase or GGTase, (ii) cleavage of —
AAX by RCE1 and (iii) methylation of the cys by ICMT. Activated Ras involved in ERK and AKT
pathways, which are important for cells proliferation and survival. Activated Rho is crucial for actin
organization and cells motility, while activated Rab involved in EGFR internalization and degradation.
Yellow star indicates prenylated protein. Figure adapted and modified from Javier Martinez-Useros and

Jesus Garcia-Foncillas, 2015 (7) and Mingyun Shen, 2015 (123) © with permission from Elsevier.
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To this end, we have demonstrated that the addition of lovastatin to gefitinib (iressa)
induced synergistic cytotoxicity in a panel of HNSCC, NSCLC, cervical and colon carcinoma cell
lines through the induction of a potent apoptotic response (104,105,108). Interestingly, this
combination is robust and specific as demonstrated by our Prestwick Library screen of 1200
approved FDA compounds. The purpose of the original screen was to identify an agent that would
increase the cytotoxicity of lovastatin in HNSCC cell lines SCC9 and SCC25 and the NSCLC
A549 cell line (Table 1.1) (109). From this screen, we identified gefitinib and erlotinib as 2 of only
12 enhancers of lovastatin-induced cytotoxicity (109). The reverse screen identified 2 mevalonate
pathway inhibitors as enhancers of erlotinib in these same cell lines (109). We subsequently
assessed the effect of statin usage in patients enrolled in BR.21 Phase III trial, the first Phase III
study to demonstrate a survival advantage in NSCLC patients with erlotinib, and showed a survival
advantage in patients with statin usage in the erlotinib treated patients (105). These pre-clinical
data taken together were the basis of our recently completed Phase I study at the Ottawa Hospital
Research Institute evaluating rosuvastatin and erlotinib in combination (ClinicalTrials.gov
Identifier: NCT00966472) (110). These agents were chosen based on their superior clinical
performances (110). Patients with a wide variety of solid tumors were assessed including breast,
prostate, and pancreatic cancers that are not generally considered to be sensitive to EGFR-TKI
treatments (100,111). Of particular interest, there were six evaluable patients in this trial with
NSCLC and SCC. Three were on study the for greater than 150 days with 2 of these patients on
study for greater than 275 days (110). For these patients with advanced disease that have failed all
standard therapies, this represents a significant improvement over expected outcomes for single-

agent erlotinib treatment (62). However, statin-induced myopathy in approximately 30% patients
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limited the utilization of this approach suggesting that a more refined therapy that mimics the
efficacy but circumvents the toxicity of statins is warranted.

The incidence of statin-related myopathologies ranges between 5 — 29% of all treated
patients (110) and is a dose-dependent side effect of all statins (112). Statin-treated patients
frequently display decreased muscle coenzyme Q10, a mevalonate metabolite, suggesting that
statin treatments may lead to mitochondrial dysfunction (113,114). Patients are also susceptible to
statin-induced myopathy due to variations in genes encoding proteins involved in statin uptake and
biotransformation such as cytochrome P450 (113). Evaluating downstream mevalonate pathway
inhibitors and/or delineating the downstream regulators of statin-induced apoptosis may uncover

such therapeutic targets.
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Table 1.1 High throughput Prestwick Library Screen Hits.

This table explains the library screen of 1200 FDA approved compounds in a combination of either
lovastatin or erlotinib in SCC9 and SCC25 HNSCC cell lines. The screen was done using MTT cell
viability assay. Hits were determined as an agent that enhanced the cytotoxic effect of either drugs to
a greater extent than the drug alone. Agents that enhances lovastatin cytotoxicity are shown in the
upper panel, whereas erlotinib enhances are shown in the lower panel. Table adapted and modified

from Khalil Dayekh, 2014 (109) © with permission from American Association for Cancer Research.
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Enhancers of Lovastatin-Induced Cytotoxicity

EGFR Cardiac Chemotherapy | Microtubule Block Protein
Inhibitors | Glycoside Polymerization | Transport
gefitinib lanatoside daunorubicin colchicine monensin

tarceva doxorubicin

Enhancers of Erlotinib-Induced Cytotoxicity

Mevalonate | Anti- Chemotherapy | Microtubule Block Protein
Pathway Metabolites Polymerization | Transport

fluvastatin methotrexate gemcitabine colchicine monensin

alendronate floxuridine doxorubicin
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1.5 Downstream Target of Mevalonate Pathway

1.5.1 Protein Prenylation

The core products of MVP are FPP and GGPP, which are post-translational moieties
incorporated into small-GTPase proteins through protein prenylation (115) (Figure 1.7).
Prenylation is divided into two types: farnesylation (resulting from the addition of FPP) and
geranylgeranylation (resulting from the addition of GGPP) and it plays essential roles in membrane
localization and activation of these small-GTPase proteins (115). The last four amino acids (-
CAAX) at the C-terminal of small-GTPase proteins determines the type of prenylation (116). FPP
and GGPP are covalently attached to cysteines at the C-termini of small-GTPase proteins (115).
Farnesylation is catalyzed by farnesyl transferase (FTase) enzyme, where FTase uses FPP as a
prenyl group to transfer a FPP moiety to the -CAAX motif (C is cysteine, A is an aliphatic residue,
and X is either serine, alanine, methionine, glutamine, or cysteine) of their target proteins (Ras and
RhoB) (88,115,117). Geranylgeranylation is catalyzed by geranylgeranyl transferases I (GGTase-
I) and -II (GGTase-I1, also known as Rab GGTase) where GGTases-I uses GGPP as a prenyl group
to transfer GGPP moiety to the -CAAX motif (X is either leucine or isoleucine) of their target
proteins (RhoA, Racl, and Rapl), while proteins with -CC or -CXC C-termini are doubly
geranaylgeranaylated by GGTase-II and use GGPP as a prenyl group to transfer GGPP moiety to
Rab proteins (88,115,117). Following prenylation, the three C-terminal amino acids (-AAX) are
cleaved from the small-GTPase proteins by Ras-converting enzyme 1 (Rcel) enzyme
(88,115,117). Then, the new C-terminus is methylated by isoprenylcysteine carboxyl
methyltransferase (ICMT) enzyme (88,115,117). In the case of proteins that are

geranylgeranylated by GGTase-II, GGTase-II substrates have two cysteines at their C-termini that
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are both geranylgeranylated which requires Rab escort protein (REP) in order to present the

unprenylated substrate to GGTase-II (88,115,117).

1.5.2 Prenylated Small-GTPases

According to a recent estimate, more than 200 proteins, 2.0% by mass, are prenylated in
mammalian cells (115). The largest group of prenylated proteins is the monomeric small-GTPase
proteins superfamily (117) including Ras, Rho, Rab, Arf, and Ran (118). The change between
GDP-bound inactive and GTP-bound active forms, the binary switches of all small-GTPase protein
function, contributes to intracellular signaling cascades that drive cellular proliferation,
differentiation, survival, motility, transformation, and apoptosis (86,119). Ras GTPase proteins,
which includes H-, K-, and N-Ras, are critical mediators of cell proliferation and differentiation;
Ras homologous (Rho) proteins, which includes RhoA, Racl, and Cdc42, play roles in gene
expression, actin cytoskeleton reorganization, cell shape, and cell movement; Ras-like protein in
brain (Rab) and Secretion Associated Ras Related GTPasel A/ADP-ribosylation factor (Sarl/Arf)
proteins are mediators of vesicle transport; while Ras-related nuclear proteins (Ran) are involved
in the transport of macromolecules between the nucleus and cytoplasm and in the microtubule
organization during cell division (119). Dysregulation of these proteins has been associated with
tumor carcinogenesis and progression in many cancers (119).
1.5.3 Inhibitors of Prenylated Proteins

Interest in blocking Ras farnesylation as anticancer drugs was driven by the realization that
a significant percentage of human cancers (8 - 93% depending on the tumor type) harbor activating
oncogenic mutations in the RAS genes (120), and that Ras GTPase proteins require farnesylation
modification for their transformation (121). This led to the discoveries of prenytransferase

inhibitors (PTIs) as potential anticancer drugs including farnesyltransferase inhibitors (FTIs) that
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inhibit the transfer of FPP, and geranylgeranyltransferase-1 inhibitors (GGTIs) which directly
inhibit the transfer of GGPP (117,121,122). Several selective PTI inhibitors have been developed
and tested for their antitumor effects both in vitro and in vivo (86,115,123). Several FTIs have been
developed and effectively prevented proper functioning of Ras proteins (123). Clinically, tipifarnib
(R115777), the first FTIs tested in clinical trials for various cancers showed significant antitumor
activity with acceptable toxicity in hematological malignancies; yet the results of Phase III trials
were disappointing without improvement in the OS in patients with solid tumors (123—125).

Most GGTIs are CAAX-competitive inhibitors (123). A number of GGTIs have been tested
both in vitro and in vivo, including GGTI-298 and GGTI-2418 (123). GGTIs have been shown to
impair tumor cell proliferation and induce cell cytotoxicity in cell cultures and animal models
(123,126,127). GGTI-2418 is the only GGTI inhibitor that has entered Phase I clinical trials, and
in contrast to statins, GGTI-2148 did not show any muscle pathology in treated patients
(123,128,129). Given these results, further investigation of GGTIs as antitumor agents in HNSCC
is warranted and may provide an approach to enhance efficacy of EGFR-TKIs without the muscle
toxicities with high-dose statins observed during our Phase I combination trials.

An alternative way to impair protein prenylation is through depletion of FPP and GGPP
cellular pools. FPP synthase is readily targeted by nitrogen-containing bisphosphonates (NBPs)
(130). Generally, NBPs are used in the treatment of bone-related diseases including osteoporosis,
Paget’s syndrome, and bone metastases due to their high affinity for binding to calcium (130).
NBPs function by inhibiting the formation of FDPS, thus depleting FPP pools and other
downstream isoprenoids including GGPP (130). Zoledronate (ZOL), a heteroaromatic compound,
is one of the most commonly studied FDPS inhibitor, and it was approved for multiple myeloma

and metastatic bone cancers (130).
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To understand the mechanism of statins and NBPs by which they interfere with cancer cell
progression, add-back experiments, which consists of adding exogenous downstream mevalonate
metabolites, have been performed in various cell lines in vitro (131). It was found the addition of
exogenous GGPP, not FPP, prevented cellular apoptosis induced by statins and NBPs; therefore,
the anticancer effects of both drugs were correlated with the depletion of GGPP and inhibition of
protein geranylgeranylation (131). Likewise, when statins and ZOL potentiate the anticancer
effects of some CT agents, the addition of GGPP prevented the synergy that was observed with
the drug combination (132,133). These observations highlight the importance of GGPP in cancer
cell function and survival (86,131).

Our collaborator Dr. David F. Wiemer at the University of lowa has developed a compound
library of GGDPS inhibitors (131). One such compound is digeranyl bisphosphonate (DGBP)
(134) that specifically depletes GGPP cellular pool and subsequent protein geranylgeranylation
(135). DGBP is a first-generation agent, where it was the most potent inhibitor described when
these studies were initiated (136). DGBP is a synthetic experimental structural diphosphate analog
chemical inhibitor (135). DGBP has a different molecular target, selectivity, and cellular effects
compared with other bisphosphonates, where it specifically inhibits the activity of GGPP synthase
(135). Previous work on DGBP showed that DGBP significantly reduces MDA-MB-231 breast
cancer cell migration and motility (137). Also, DGBP was found to induce apoptosis in a variety
of cancer types (131,135,138-140). The exogenous addition of GGPP prevented most of the
effects observed with DGBP, suggesting specific inhibition of GGDPS by DGBP. Most
importantly, a recent published work showed that inhibiting GGDPS by VSW1198, another
GGDPS inhibitor, was associated with a transient liver but not muscle toxicity as seen in statin

treatment (141). This temporary liver toxicity was likely a consequence of higher drug levels in
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the liver, and was observed for one week post injection, and it was associated with slight elevation
of transaminase levels only, which linked to the standard pattern seen in hepatic injury (141,142).
These data indicated that GGDPS can be targeted and represents a further downstream MVP target

with the potential to enhance EGFR-TKIs efficacy.

1.6 Metabolic Stress Pathways

Healthy cells can adapt to environmental changes such as the availability of nutrients and
growth signals (143,144). Under metabolic stress, cellular stress pathways can be activated and
attempt to alleviate the stress or if the stress cannot be overcome to induce apoptosis (144—148).
The common stressors that trigger metabolic stress are glucose deprivation, amino acid starvation,
growth factor withdrawal, hypoxia, and conditions that affect ATP synthesis (147-149). A number
of signaling pathways regulate the cellular response to these stressors including growth factor
signaling (EGFR/AKT signaling pathway) (148,149), the Liver Kinase B1 (LKB1)/AMP-
Activated Protein Kinase (AMPK) pathway that is a sensor of cellular energy (ATP) levels
(144,148), and the Integrated Stress Response (ISR) (147,148,150). These stress pathways share
common downstream targets including the inhibition of global protein translation and the
induction of cell-cycle arrest and apoptosis (144,147,148,151).

1.6.1 The LKBI/AMPK Pathway

The LKB1/AMPK pathway (Figure 1.8) serves as a metabolic checkpoint in the cell, that
is activated under conditions of low ATP resulting from low nutrients and leading to arresting cell
growth (144). LKBI is serine/threonine kinase 11 (STK11) that was originally identified as a
tumor suppressor gene on human chromosome 19p13, which is inactivated and responsible for

Peutz-Jeghers syndrome (PJS) (144,152). It is also mutated in a variety of cancers, particularly in
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30% NSCLC (144,153,154) and 20% of cervical carcinomas (144,155). LKBI acts as a master
upstream kinase, directly phosphorylating and activating AMPK (144,146). During nutrient
starvation and under low energy levels, when intracellular AMP increases and intracellular ATP
decreases, LKB1 complexes with its two regulatory subunits, STRAD and MO25, and directly
phosphorylates and activates AMPK (144,146). LKBI1 is involved in HNSCC carcinogenesis
(156), and tumors with low basal levels of AMPK activity respond well to cetuximab treatments

(157).
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Figure 1. 8 LKB1/AMPK signaling pathway.

This figure demonstrates the activation of LKB1/AMPK pathway. Under low ATP, STRAD and MO25
bind to the LKB1 and export the complex into the cytoplasm. Then, AMP binds to LKB1 complex and
activates AMPK. AMPK then phosphorylates the TSC2 (tumor suppressor tuberin) and inhibits the
activation of mTOR (mammalian target of rapamycin), leading to the inhibition of translation initiation
factor 4E binding protein 1 (4EBP1). Consequently, this leads to the inhibition of global protein
translation. Figure adapted and modified from S.E. Korsse, M.P. Peppelenbosch, W. van Veelen, 2013

(284) © with permission from Elsevier.
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1.6.2 The Integrated Stress Response Pathway

The integrated stress response (ISR) pathway (Figure 1.9) is a conserved signaling pathway
in all eukaryotic cells, which is activated by a wide range of physiological and pathological
changes (147). Hypoxia, glucose starvation, amino acid deprivation, endoplasmic reticulum (ER)
stress, viral infection and oncogene activation are the most common stressors activating this
pathway (147,150,158—-161). The core event in this pathway is the phosphorylation of the catalytic
subunit of the eukaryotic translation initiation factor 2 (elF2c) (147) that inhibits global protein
translation. In mammalian cells, elF2a phosphorylation is catalyzed by a family of four
serine/threonine (S/T) kinases (162) including general control non-derepressible 2 (GCN2), PKR-
like ER kinase (PERK), double-stranded RNA-dependent protein kinase (PKR), and heme-
regulated elF2a kinase (HRI) (150,162). These kinases act as early responders to different stress
stimuli (147). All four elF2a kinases share homology in their kinase catalytic domains but retain
different regulatory domains depending on their response to distinct stresses (147,162). GCN2 is
highly conserved from yeast to humans, and it is activated by the binding to the uncharged de-
acetylated transfer RNAs (tRNAs) via histidyl-tRNA synthase related domain in response to amino
acid starvation (147,158,160). PERK is activated by sensing ER stress such as the accumulation
of the unfolded proteins (147). PKR is activated by double-stranded RNA (dsRNA) during viral
infection (163). ER stress, growth factor depletion, cytokines, and bacterial infection have also
been shown to activate PKR, but in a dsRNA-independent manner (147,164). HRI is mainly
expressed in erythrocytes, and it detects heme reduction during erythrocyte differentiation (165).

Each of these kinases phosphorylates elF2a (150). elF2a phosphorylation prevents the
assembly of the preinitiation complex (PIC) and leads to a reduction in global protein synthesis,

whereas the phosphorylation of elF2a enhances the translation of specifically selected genes
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including activating transcription factor 4 (ATF4), allowing cell survival and recovery
(147,150,166). However, if the intensity of the stressor or its duration were severe, ATF4 would
adapt and bind additional components aiding apoptosis (147,150,166). Conversely,
dephosphorylation of elF2a leads to signal termination of the ISR, and it returns protein synthesis
back to normal (147,167).

ATF4 is a basic leucine zipper (bZIP) transcription factor that belongs to the activating
transcription factor/cyclic AMP response element binding protein (ATF/CREB) family (168). It is
an unstable protein with a short half-life (approximately less than 1 hour) under normal conditions
(168,169). ATF4 is the key protein in cellular fate in response to ISR activation (169). One of the
best-studied mechanisms of ISR-mediated apoptosis is through ATF4-mediated activation of
C/EBP homologous protein (CHOP, and also known growth arrest DNA damage-inducible gene
153 (GADDI153)) (147). CHOP belongs to CCAAT/enhancer-binding protein transcription factor
that is up regulated in response to cellular stress and promotes apoptosis through the up regulation
of BH3-only pro-apoptotic BCL-2 family PUMA (direct p53-mediated apoptosis), or up regulation
of the death receptor (DR5S) (147,150,170,171). CHOP regulates the expression of PUMA in
response to ER stress (170). In two different studies, PUMA suppressed tumor growth of HNSCC
cells and sensitized these cells to cisplatin as well as erlotinib through the induction of apoptosis
(172-174). Biochemically, PUMA induces both p53-dependent and -independent apoptosis in

various human cancers through mitochondrial dysregulation and caspase activation (172,173).
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Figure 1. 9 Integrated stress response pathway.

This figure explains the activation of ISR and ATF3 pathway. During environmental stresses, PKR,
HRI, PERK, and GCN2 kinases are activated, which lead to the phosphorylation of elF2c.
Consequently, elF2a phosphorylation leads to global translational attenuation and the
translation/activation of non-Cap-dependent mRNA (ATF4) to relieve the stress. If the levels of the
stress are too high, ATF4 leads to the activation of ATF3 and CHOP leading to apoptosis. ATF3 is

also activated by other mechanisms including MAPKinases and DNA damage response.
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1.6.3 Activating Transcription Factor 3

Activating transcription factor 3 (ATF3) is another member of ATF/CREB family of bZIP
transcription factors (175) Its leucine zipper motif is responsible for the homo- or hetero-
dimerization with other ATF/CREB family members. The ATF3 gene is located on chromosome
1q, and its 181 amino acids form a 21 kDa protein (175). Its mRNA level is low or undetectable
in most cells, but is significantly increased upon the exposure of cells to stress signals (176). In
vitro studies have shown that ATF3 has dual functions in cancer by promoting either cell death or
survival under defined physiological or pathological conditions (177). In response to DNA damage
agents, UV, or anticancer drugs, ATF3 has been shown to induce cell apoptosis and inhibit
tumorigenesis in NSCLC, breast, ovarian, and colon carcinomas (177,178).

ATF3 is commonly induced by three cellular pathways (Figure 1.9): the DNA damage
response (p53), the MAPKkinase pathway (p38, JNK, and ERK), and the ISR (179,180). Chemo-
or radiotherapeutic agents induce DNA damage and trigger the activation of p53 then ATF3, which
are involved in cell cycle arrest, DNA repair and apoptosis (179). Cisplatin was shown to activate
ATF3 through the MAPKinase pathway, and ATF3 was essential for cisplatin-induced

cytotoxicity (179—-181). Under ER stress or amino acid starvation, the kinases PERK or GCN2

phosphorylate elF2a and activate the ISR pathway leading to ATF4 induction, followed by the up
regulation of ATF3 and CHOP leading to apoptosis (147,182). ATF4 is a known upstream
regulator of ATF3 (147), where ATF4 deletion blocks the expression of both ATF3 and CHOP in
response to ER stress and amino acid starvation, while the depletion of ATF3 had no impact of
CHOP expression during these stressors (182). Recently, it has been shown that ATF3 activation

is required for the activation of PUMA and DRS5 (175).
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1.6.4 Statins and the Metabolic Stress Pathways

Previous work in our laboratory have shown that lovastatin treatment in HNSCC cells in
vitro induced apoptosis through the induction of metabolic stress (Figure 1.10). First, we showed
the involvement of lovastatin in the growth factor withdrawal which is manifested through the
inhibition of ligand-induced EGFR (105); where lovastatin inhibited ligand-induced EGFR
dimerization, internalization, trafficking, and autophosphorylation, as well as inhibited EGF-
induced AKT phosphorylation in HNSCC cells (104,105). The effect of lovastatin on EGFR
dimerization was regulated by lovastatin’s ability to target the cytoskeleton through targeting the
Rho proteins (105), which confirms the link between the mevalonate pathway and EGFR signaling.

Second, we demonstrated the involvement of lovastatin in the induction of LKB1/AMPK
pathway that senses ATP depletion (148); lovastatin treatment in HNSCC cells impaired
mitochondrial function, decreased ADP/ATP ratios, and induced the expressions of LKB1 and
AMPK. Additionally, the cytotoxic effects of lovastatin were attenuated in LKB1 null MEFs
indicating a role for this pathway in regulating lovastatin-induced cytotoxicity. Interestingly,
combining metformin, a drug that is used to treat type-2 diabetes and a potent inducer of LKBI,
to gefitinib enhanced cytotoxicity of gefitinib only in LKB1 expressing HNSCC cell lines (148).

Third, found that lovastatin treatment induced GCN2 activation of the ISR pathway (166).
Lovastatin treatment induced elF2c phosphorylation and inhibited global protein translation (166).
Lovastatin induced the expression of ATF4, ATF3 and CHOP in HNSCC cells (166,183). This
was the first study to demonstrate that lovastatin is a potent inducer of the ISR (166). Taken
together, lovastatin included cellular apoptosis via metabolic stress induction, representing

potential viable therapeutic targets.
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Figure 1. 10 Statins and metabolic stress pathways.

This figure demonstrates the effect of lovastatin in the metabolic stress pathways: EGFR withdrawal,
LKB1/AMPK activation, and the integrated stress response. Lovastatin can modulate the activity of these
three metabolic stress pathways by dysregulating the expression and activity of key regulators of these
pathways. The green arrow indicates activation while red arrow indicates inhibition of the proteins.
Figure adapted and modified from TT Zhao, 2010 (105) with permission from © Springer Nature; Laurie
Ma, 2012 (148); and Nima Niknejad, 2007 (166) with permission from © American Society for
Biochemistry and Molecular Biology.
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1.7 Rationale

Treatment of advanced HNSCC has mainly consisted of a combination of surgery and
radiation, or combined radiation with chemotherapy (25). Unfortunately, these standard therapies
are associated with significant patient toxicities without improving the OS of these patients
(25,184). EGFR-TKIs have been evaluated as potential therapies in a number of cancers, including
HNSCC, where EGFR is overexpressed and plays a vital role in HNSCC pathogenesis (25).
Unfortunately, as a monotherapy, EGFR-TKIs have yielded limited results (16). Since the end
products of mevalonate pathway are crucial for EGFR activation (104), previous studies from our
laboratory have demonstrated that the combination of the mevalonate pathway inhibitor,
lovastatin, with EGFR-TKIs induced robust synergistic cytotoxicity (104). However, the use of
high-dose statins in combination with erlotinib in our recent Phase I clinical trial although
demonstrating clinical activity was limited due to significant statin-induced muscle pathologies
(110). Downstream mevalonate pathway targets that can recapitulate the efficacy of statins without
inducing muscle pathologies may represent a more refined therapeutic approach. Our recent data
demonstrated that the downstream mevalonate metabolite GGPP could rescue statin induced
cytotoxicity and their synergy in combination with EGFR-TKIs. Importantly, depletion of the
mevalonate metabolite ubiquinone likely triggers statin-induced muscle pathologies. Therefore,
targeting GGPP synthesis or its incorporation may recapitulate the efficacy of statin without

affecting ubiquinone levels whose depletion drives their muscle pathologies.
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1.8 Hypothesis

Inhibiting GGPP synthase and/or GGPP protein modifications affects tumor cell

proliferation and survival, and in combination will enhance the inhibitory effect of EGFR-TKI.

1.9 Overall objective of this study

To identify agents that recapitulate the efficacy of statin-induced apoptosis and enhance

the activity of EGFR-TKIs but circumvent their associated toxicities.

1.10 Specific Aims

1) Evaluate downstream mevalonate pathway enzyme geranylgeranyl transferase-1 (GGTase-I) as

a therapeutic target in combination with EGFR-TKIs.

2) Evaluate downstream mevalonate pathway enzyme geranylgeranyl diphosphate (GGPP

synthase) as a therapeutic target in combination with EGFR-TKISs.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Tissue Culture

The SCC (SCC9, SCC25, CAL27 and HeLa), NSCLC (Calu6, H23, A549, HCC4006,
HCC827, and HCC1975) and the human normal fibroblast (WI-38) cell lines were purchased from
American Type Culture Collection ATCC (Rockville, MD). SCC9 and SCC25 are HPV- HNSCC
and obtained from the tongue of 25- and 70- year-old males, respectively. SCC9 and SCC25 are
good HNSCC cell models because they overexpress wild-type EGFR. Both SCC9 and SCC25
were the foci of this study and were authenticated employing short tandem repeat genetic profiling
(Centre for Applied Genomics, Toronto, ON). According to ATCC, Cal27 were initially identified
as SCC, however, Zeng’s group have identified Cal27 as an oral adenosquamous carcinoma cell
line (185). These lines (SCC9, SCC25, and Cal27) are wild-type EGFR and have CDKN2A4, Kras
and 7P53 mutations in their genomes (186). HeLa, a cervical SCC, is HPV+ and it is the most
widely used model cell line for studying cancer biology. It is a good model of squamous cell
carcinoma, which although derived from different tissue type (i.e. cervical), it is a similar tumor
type to those of which I mainly studied; and herein, because it is easily transfectable, it was used
as a transfection model for shGGDP synthase using pLKO-Tet-On (Invitrogen). In addition,
numerous attempts to transfect HNSCC cell lines failed, and thus we were forced to used
alternative relevant model system as a result. The adenocarcinoma NSCLC cells (Calu6, H23,
A549) are wild-type EGFR and Kras mutant. The lung adenocarcinoma cell lines (HCC4006,
HCC827, and HCC1975) are wild-type Kras and mutant to EGFR; where HCC4006 harbour the
EGFR AL747-E749 mutation, HCC827 are mutated in EGFR at AE746-E750, and HCC1975
contain two-point mutations in EGFR L858R and T790M. These mutant EGFR NSCLC cell lines

were a generous gift from Dr. Ming Tsao (Princess Margaret Cancer Centre, Toronto, ON) and C.
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Addison (Ottawa Hospital Research Institute, Ottawa, ON). SCC9, SCC25, and Cal27 cells are
sensitive to lovastatin-induced apoptosis, HeLa is moderately sensitive, while NSCLC cells are
relatively resistant to lovastatin. WI-38, a normal human lung fibroblast, is a control cell line was

used to compare the basal expression levels of GGPP and HMGCR in the tumor and normal lines.

The murine embryonic fibroblasts (MEFs) ATF3-/- are deficient in ATF3 expression
through gene knockout and their wild-type counterparts ATF3+/+ were kindly provided by Dr. T.
Hai, (Ohio State University, Columbus, OH), which were previously described in (187). The
primary MEFs were isolated from day-13.5 wild type C57BL/6 or ATF3 knockout embryos and
immortalized following the 3T9 protocol (187). CHOP-/- MEFs (188), and GCN2-/- MEFs
(158,189) were kindly provided by Dr. D. Ron (Skirball Institute, New York), while ATF4-/-
MEFs (158,190) were kindly provided by Dr. D. Park (University of Ottawa, Ottawa, Ontario,
Canada). All these MEFs shared the same genetic background, where they were all derived from
the C57BL/6J mice strain, and the genomic region encoding the ATF3, ATF4, GCN2, and CHOP
was replaced in embryonic stem cells using a neomycin resistance replacement cassette, yielding
a null allele. In addition, it was not mentioned if the cassette has any effect on the expression of
neighbouring gene loci (158,187,188,190). These MEF cells were used to determine the effect of
the absence of ATF3 expression on lovastatin, GGTI-298, DGBP, and afatinib cytotoxicity. The
SCC9 GGTI-298 resistant clones designated (GGTI-R1 to R4) were derived from continuous
treatment of the parental SCC9 cell line with 10uM GGTI-298 for 28 days and surviving single
cells were isolated and propagated in control media. All cells except the EGFR-mutant NSCLC
cells were grown and maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Media
Services, Ottawa Regional Cancer Centre); ATF4-/- and GCN2-/- needed special media

requirements and were maintained in DMEM with 10% non-essential amino acids (NEAA)
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solution (Thermo Fisher scientific, Waltham, Massachusetts, USA). EGFR mutant NSCLC
(HCC4006, HCC827, and HCC1975) cells were grown and maintained in Roswell Park Memorial
Institute medium (RPMI) (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Both medias
were supplemented with 1% (v/v) penicillin/streptomycin (Sigma Aldrich, St Louis, MO, USA)
and 10% (v/v) fetal calf serum (Hyclone). Incubation settings were maintained at 37°C and 5%

COzin a HERA cell incubator (Kendro Laboratory Products, Newton, CT).

2.2 Drug Compounds

Erlotinib hydrochloride (tarceva) was purchased from BioVision (Mountain View, CA).
Afatinib was purchased from Selleck Chem (Houston, TX). Both tarceva and afatinib were
suspended and diluted to 10mM stock in dimethyl sulfoxide (DMSO). Lovastatin was obtained
from Apotex (Toronto, ON) and suspended in ethanol to 10mM. GGTI-298 was purchased from
Sigma-Aldrich (St Louis, MO, USA) and suspended in DMSO to 10mM solution. DGBP was
kindly provided by Dr. D. Wiemer and Dr. R. Hohl (University of lowa, Iowa City, IA) and
suspended in distilled water to 10mM. SCC, NSCLC, WI-38, as well as ATF3+/+ and ATF3-/-
MEFs, cells were exposed to GGPP and mevalonate, which were purchased from Sigma-Aldrich
(St Louis, MO, USA) and were used as previously described in (191). All drug concentrations and
treatment times throughout the thesis were determined based on what has been previously reported

in the literature to be optimal and from our own laboratory results from the MTT cells viability

assay (97,104,121,135,192).

2.3 (4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) Assay

All the cell lines were seeded on 96-well flat-bottomed plates (Corning Costar #3595,

Corning, NY, USA) in 75ul/well. Cells were seeded at different densities (previously determined
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by optimization) due to variation in doubling rates and differences in metabolic activity. The cells
were left to incubate overnight at 37 °C and 5% CO?2 to allow for attachment and recovery. On the
next day, for aim 1, cells were either pretreated with either 10uM solvent control, 1pM or 10uM
lovastatin (with or without 10uM GGPP or 100uM mevalonate) or SuM GGTI-298 for 24hrs
followed by tarceva (0.001-10uM) for 48hrs; or a combination treatment of 1uM or 10uM tarceva
with GGTI-298 (1-10uM) for a total of 72hrs. For aim 2, cells were treated with either afatinib
(0.001-10uM) or DGBP (1-30uM) alone for 48hrs or 72hrs, respectively; or the combination of
both drugs for 72hrs consisting of either pre-treatment with 20uM DGBP followed by afatinib
(0.001-10uM) or DGBP (1-30uM) pre-treatment for 24hrs followed by SuM afatinib for further
48hrs; or a combination of DGBP (1-30uM) and 10uM GGPP co-administration for a total of
72hrs. Drugs were prepared at 2X concentration in 75l and added to the plates already containing
75ul of media for a final volume of 150pl. Each treatment condition was performed in a total of 8
technical replicate wells for every biological replicate. Following treatments, 42ul of 10pug/ml
MTT tetrazolium reagent (Sigma-Aldrich) dissolved in phosphate buffered saline (PBS) was added
and incubated for 2 hours at 37°C followed by cell lysis and MTT solubilization with 84ul of lysis
solution (0.01N HCI in 10% sodium dodecyl sulphate (SDS) (Sigma-Aldrich, St. Louis, MO)) at
37°C for 24hrs. MTT activity was measured by reading absorbance at 570 nm using a BioTek
Synergy MX plate reader and analyzed using Gen5 software (BioTek, Winooski, VT). Cellular
viability was assessed, where the values of the mean were calculated as the percentage of viability
relative to a blank column of wells (no cells), which represents no viability, and an untreated
column of wells as well as the DMSO treated control column wells which represents the healthy
cells. The combination effects of lovastatin with tarceva, GGTI-298 with tarceva, or DGBP with

afatinib were determined by the Chou-Talalay method (193) using CalcuSyn (also called
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CompuSyn) computer software (Biosoft, Cambridge, GBR). The dose-effect curves of each drug
alone and in combination were produced by MTT assay results. These data were entered into the
CalcuSyn software and combination index (CI) values were graphed on fraction affected-CI (Fa-

CI) plots. A CI <1 is synergistic interaction, CI = 1 is additive, and CI > 1 is antagonistic.
2.4 Trypan Blue Exclusion Cell Viability Assay

Cells were seeded at 1x10° - 2x10° cells/well depending on the cell type. Next day, the cells
were treated at 90% confluency with medium, 10uM solvent control, or with [1] 10uM lovastatin;
[2] 10uM tarceva; [3] SuM GGTI-298; [4] 10uM GGTI-298; [5] SuM afatinib; [6] 20uM DGBP;
[7] 100uM mevalonate; [8] 10uM GGPP, or combination treatment of [1] 100uM mevalonate or
10uM GGPP10puM with 10uM lovastatin; [2] 100uM mevalonate or 10uM GGPP with 10uM
GGTI-298; [3] 100uM mevalonate or 10uM GGPP with 10uM GGTI-298 + 10uM tarceva; [4]
20uM DGBP with 5uM afatinib; [5] 20uM DGBP with 10uM GGPP. Then, the treated cells were
incubated for 48hrs and 72hrs (depending on the treatment condition) at 37°C and 5% COs..
Following treatment, the media were aspirated, and the cells were washed with 3ml of PBS. The
PBS was aspirated and 200ul of trypsin (Cellgro, Manassas, VA, USA) was added to each well
for 4-10 minutes at 37°C depending on the level of adherence of each cell type. Cells were then
resuspended in 800ul of media and cell suspension was then transferred into a sample cup and
cells were counted using the Vi-CELL® XR cell viability analyzer (Beckman Coulter, Mississauga,
ON) by performing the trypan blue dye exclusion method to determine cell number and viability
per well. In this assay, a cell suspension is mixed with the trypan blue, where viable cells with
intact cell membranes will exclude the dye, whereas dead cells will not (194). The average and

standard deviation for each cell line and treatment were calculated and plotted on a graph using
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GraphPad Prism. For each cell line, biological triplicates of this experiment were performed in 6-

well tissue culture plates (Corning Incorporated, Corning NY).

2.5 Western Blotting Analysis

Cells were treated for either 24hrs, 48hrs, or 72hrs (depending on the drug), then on a cold
surface, media was aspirated and cells were washed with cold PBS, followed by lysis with RIPA
buffer (50mM Tris-Cl, 150mM NaCl, ImM EDTA, 1% (v/v) Triton X-100, 0.25 % (w/v) sodium
deoxycolate and 0.1% (w/v) SDS and pH 7.5) supplemented with 1X protease inhibitor cocktail
(Sigma Aldrich), 17.5mM beta-glycerophosphate and 0.2mM Sodium orthovanadate (Sigma-
Aldrich, St-Louis, MO, USA). When probing with phospho (EGFR or AKT) antibodies, cells were
stimulated for 15 minutes with 50ng/ml Epidermal Growth Factor (EGF) diluted from a 50pg/ml
stock in 10 mM acetic acid/0.1% bovine serum albumin (Sigma) before lysis with RIPA buffer
(100). Plates were scraped using rubber policemen and the lysis solution was transferred to a
1.5mL tube. The homogenized samples were placed on ice for 30 minutes and then centrifuged for
30 minutes at 14000 RPM at 4°C. Supernatants were collected into 1.5mL tubes and stored at -
80°C. Total protein concentration was quantified using Pierce BCA protein assay protocol
(Thermo Scientific) and protein absorbance read on a BioTek Synergy MX plate reader and
analyzed using Gen5 software (BioTek, Winooski, VT) at 562nm. Protein samples were resolved
by SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes (Immobilon-P,
Millipore, Billerica, MA, USA). Blocking the membrane was performed with 5% BSA (Bovine
Serum Albumin) (Sigma-Aldrich) in Tris-Buffered Saline with 0.1% Tween-20 (TBS-T) and
Western blotted with the following primary antibodies overnight at 4°C: anti-B-actin from Sigma-
Aldrich (St. Louis, USA); anti-HMG-CoAR, anti-GGPS1 (E-1), anti-cdc42 (B-9), anti-Rab5 (D-

11), anti-Rap1 (E-6), anti-pan-Ras (C-4), anti-PUMA (BBC3) (G-3) and anti-ATF3 (C-19) from
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Santa Cruz (Dallas, USA); anti-pY20 and anti-Racl from Transduction Laboratories, BD
Bioscences (Mississauga, ON); anti-EGFR, anti-Akt, anti-pAkt (Ser 473), anti-LKB1, anti-pLKB1
(Ser 428), anti-AMPK, anti-pAMPK (Thr 172), anti-RhoA (67B9), anti-PARP, and anti-caspase3
from Cell Signaling Technology (Lake Placid, NY, USA). All the antibodies were diluted 1/1000,
except for anti-actin (1/10000), anti-ATF3 (1/500), anti-Ras (1/500), and anti-Rapl (1/500).
Dilution of antibodies was made in 5% BSA. Blots were washed 3 times with TBS-T for 5 minutes
each wash, then incubated for 1 hour at room temperature with the appropriate HorseRadish
Peroxidase (HRP)-tagged secondary antibody (anti-rabbit (1/3000) and anti-mouse (1/3000),
Jackson ImmunoResearch, West Grove, PA, USA). Visualization of the protein bands was
performed using the Clarity Western ECL substrate (BioRad) and developed using the Syngene
Bio-Imaging System (Syngene, Frederick, MD). Densitometric analysis was performed using the
Imagel software from National Institute of Health (NIH, Rockville, Maryland, US). The density
of the non-phosphorylated antibody band and the density of the phosphorylated antibody band
were each normalized with that of the actin antibody band, then the normalized density of the
phosphorylated band was divided by the normalized density of the non-phosphorylated band. The
density of the rest of the antibodies used throughout the thesis were normalized with that of the
actin antibody. Error bars reflect the standard deviation from the mean (+SD) from 3 independent

experiments. All the densitometric data are found in the appendix 1.

2.6 Scratch Wound Assay

SCC25 and SCCOI cells were seeded into 6-well tissue culture plates and grown in DMEM
supplemented with 10% FBS and 1% Pen/Strep at a density that ensures a confluent state (~90%)
the next day. The following day, the cell monolayers were scratched using a P20 pipette tip. Media

were removed, and cells were washed twice with warm PBS. Cells were then treated as control or
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with 5SuM GGTI-298. Five images per well were taken using a digital camera attached to an Eclipse
TE2000-U microscope (Nikon, Mississauga, ON) for time 0 hours. Additional images were taken
at 24 hours post-wounding and during treatment. Wound diameters for the 5 images taken for each
condition, were measured and averaged and percentage wound closure was calculated using the
following formula: [(average wound diameter at 24 hours — average wound diameter at 0 hours) /

wound diameter at 0 hours] x 100.
2.7 Propidium Iodide Flow Cytometry

One million of SCC9 and SCC25 cells were seeded in 10cm plates and incubated overnight
to allow for attachment and recovery. The following day, cells were treated either with 10uM
GGTI-298 alone or in combination with 10uM tarceva for 48 hours. Adherent and cells in
suspension were collected by centrifugation and fixed in 3ml of cold 80% ethanol overnight at -
20°C. Prior to analysis, cell pellets were washed with PBS resuspended in staining buffer
containing 25ug/ml propidium iodide (Sigma-Aldrich) and 40pg/ml RNase A (BioShop,
Burlington, Ontario, Canada) and incubated for a minimum of 1 hour in the dark at room
temperature. Data (10000 events) was acquired on an EPICS XL flow cytometer (Beckman
Coulter, Brea, California, USA) with FL2 laser channel and analyzed with Modfit software (Verity

Software House, Topsham, ME, USA).
2.8 Fluorescence Microscopy

In a six-well tissue culture dish, SCC25 were seeded at 2x10° cells in each well containing
a lecm x lcm microscope coverslip. The following day, cells were treated with solvent control
media, 1uM, or SuM GTTI-298 and were incubated for 24h at 37°C. Following treatments, cells

were fixed with 4% PBS buffered paraformaldehyde for 15 minutes at 37°C followed by three
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washes with PBS. The cells were then permeabilized using 0.1% Triton X-100 (Sigma) in PBS for
15 minutes and followed by 3 washes with PBS. In order to label the actin cytoskeleton, cells were
incubated with 100uL/well of reconstituted rhodamine-conjugated phalloidin (Cytoskeleton) in
PBS for 15 minutes at room temperature. After 2 washes with PBS, the coverslips were mounted
on microscope slides with DAPI (diluted in 50% glycerol) containing immunofluorescent
mounting medium. Cells were then visualized with fluorescent microscopy (AxioCam HR, Carl

Zeiss).

2.9 Transcriptome Analysis (RNAseq)

SCC25 cells were treated with either 10uM lovastatin or 10uM GGTI-298 for 24hrs. Total
RNA was isolated employing the RNeasy Isolation Kit (Qiagen). mRNA expression profiling was

determined using NuGen reagents (www.nugeninc.com). After amplification, libraries compatible

with Illumina NGS methods were prepared using the Ovation Ultra Low Library Prep Kit
(NuGen). The quality of each library was assessed using a Bioanalyzer 2100 (Agilent

Technologies). Kappa Library Quant Kits (KappaBiosystems; www.kapabiosystems.com) were

used for library quantitation. Cluster generation and 2 x 36 bp paired-end sequencing were
performed over a single lane using the Illumina GAIlx or HiSeq Genome Analyzer workstation.
We obtained approximately 42 million reads per sample with 89-90% of reads mapped back to the
genome. The Illumina CASAVA pipeline was used to generate fastq sequence files.
TopHat/Cufflink pipeline was used for mapping reads to the genome and quantification of gene
expression (195). Computational assessments were conducted by the Ottawa Bioinformatics Core
Facility. Following analysis Gene Ontology enrichment analysis was performed using PANTHER

(www.pantherdb.org ) (196).
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2.10 Design and Expression of short-hairpin RNA for GGDPS

Two 20 and 2I1-mer sequences targeting GGDPS mRNA are; #l- 5°-
ATCCTTCCCACTATTTCACC-3’ and #2- 5’-TTCCCACTATTTCACCACAGA-3’ (GenBank
accession number is AB016043.1) were cloned into Lentiviral vector ‘“all-in-one” pLKO-
doxycycline-inducible shRNA system (Invitrogen) to generate stable cell lines with controlled
shRNA expression. As a control, we employed the GFP-targeted oligonucleotide
5'CATGCGTCCACTCTTCCTC-3" (accession number NC 011521). These sequences were
BLAST confirmed for specificity. The forward and reverse synthetic 60 nt oligonucleotides
(Integrated DNA Technologies, Coralville, IA) were designed, annealed, and inserted into the
Agel/EcoRlI sites of pLKO vector, following the manufacturer’s instructions (Oligoengine, Seattle,
WA). These constructs express a 20 and 21 mer targeting 2 independent locations within GGPDS
mRNA or GFP (control shRNA) mRNAs. The Lentiviral packaging cell line, 293T (Clonetech
Laboratories, Mountain View, CA) was used for stable virus production according to the
manufacturer’s instructions. Briefly, packaging cells were transfected with GGPDS-shRNA
plasmids#1 and #2, or GFP-shRNA plasmid using FuGENE® HD Transfection Reagent (Promega,
Madison, Wisconsin, USA). After generation of stable clones, HeLa cells were infected with viral
supernatant using 4ug/ml polybrene. Stably transfected clones expressing ShRNAs were selected

using 1pg/ml puromyecin.
2.11 Quantitative RT-PCR

SCC25 and SCCO cell lines were treated with either GGTI-298 or lovastatin for 24hrs and
mRNA extracted using the RNeasy® kit (Qiagen, Germantown, MD, USA) following the
manufacturer’s protocol. The concentration of RNA was quantified using Take3 Micro-Volume

plate and BioTek Synergy MX plate reader and analyzed using Gen5 software (BioTek, Winooski,
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VT). One pg of total RNA was used for reverse transcription to cDNA using a High Capacity
cDNA reverse transcription kit (Applied Biosystems) in an ABI Thermal Cycler (Applied
Biosystems, Foster City, USA). The total PCR reaction volume of 20ul contained 2ul of cDNA,
1ul TagMan Gene Expression Assay Primer/Probe (20x), 10ul of TagMan Universal PCR Master
Mix (2x) (Applied Biosystems, 4304437) and 7ul of RNase-free water. The endogenous control
for the assay was the housekeeping gene, human GAPDH (20x) (Applied Biosystems,
HS4333764-F). The reaction was performed in a 7500 Real-Time PCR system (Applied
Biosystems). TagMan Primers/Probes; HMG-CoAR, HS00168352; GGPPS1, HS01536492;

ATF3, HS00231069; PUMA/BBC3, HS00248075; RhoB, HS03676562.

2.12 Ex-Vivo Tumor Analysis

Tumor tissue from HNSCC (HN), NSCLC (LU), melanoma (MEL), ovarian (OVCA) and
thymus (THY) cancer patients undergoing routine surgical procedures were obtained and analyzed
in this study that was approved by the Ottawa Hospital Research Ethics Board (Protocol#
20120559-01H). Areas containing tumor were identified by routine pathological gross
examinations. Approximately 2mm cores were obtained using a sterile biopsy punch that was
further sliced with a scalpel to obtain approximately 2x1x1mm tumor slices. The slices were
randomized, and 3 slices were placed into each well of 24-well plate and cultured in DMEM
(HyClone) supplemented with 10% heat-inactivated FBS (Medicorp) and 100-units/ml-
antibiotic/antimycotic solution (Sigma). After 48h drug treatments with either 10ul GGTI-298,
25ul GGTI-298, 50ul DGBP or 25l afatinib, the tumor slices were processed for RNA extraction
and RT-PCR analysis of ATF3 mRNA levels as described above in triplicate. Initial tumor cell
viability was assessed by addition of a 10% Alamar Blue (Invitrogen) solution and measured in

Synergy Mx Monochromator-Based Multi-Mode Microplate Reader using Gen5 software, both
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from Biotek Instruments (Winooski, VT) at 560 nm excitation wavelength and 590 nm emission

wavelength.

2.13 Graphical and Statistical Analyses

The presented graphical data and statistical analyses were plotted and analyzed using
GraphPad Prism software versions 6.0 and then 8.0 (GraphPad, La Jolla, CA) of 2-3 independent
performed biological experimental replicates. Statistical differences for single comparison were
determined using two-tailed unpaired t-test with a 95% confidence interval. Statistical differences
for multiple comparisons were determined using a non-parametric one-way or two-way ANOVA
test, depending on the experiment, with a 95% confidence interval using the Bonferroni multiple
comparison test correction. Significance between columns for trypan blue exclusion viability assay
and for RT-qPCR data were determined by one-way ANOVA using Bonferroni multiple
comparison test. For MTT viability curves, significance was determined by two-way ANOVA
employing a Bonferroni multiple comparison test. Results with p<0.05 were deemed significant.
Statistically significant differences were determined as P < 0.05 from 2-3 independently performed
biological experiments. In each replicate, cells consistently showed significance and no variability

in significance was seen from experiment to experiment.
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3. Inhibition of GGTasel Enhances Tarceva Efficacy in Squamous Cell Carcinoma Cells:

Potential Novel Combination Therapeutic Approach

Stephanie Zahr!?*, Lenah Mukhtar!?, Khalil Dayekh', Jennifer E.L. Hanson', Stephanie
Johnson-Obaseki®, Michael J. Odell®, Carolyn Nessim*, Patrick J. Villeneuve*, Glenwood D. Goss®
and Jim Dimitroulakos'?".

Centre for Cancer Therapeutics at the Ottawa Hospital Research Institute; and “Faculty of
Medicine and the Department of Biochemistry at the University of Ottawa, Ottawa, Ontario,

Canada. Departments of *Otolaryngology, *Surgery and *Medical Oncology the Ottawa Hospital,

Ottawa, Ontario, Canada

# Contributed equally to this work

*Correspondence should be addressed to J.Dimitroulakos, E-mail: Jim.Dimitroulakos@rmp.uhn.ca
Key words: geranylgeranyl transferase, GGTI, EGFR, erlotinib, Head and Neck Cancer,

mevalonate pathway

Contribution of Authors: The content of this manuscript was written by Dr. J. Dimitroulakos with
the help of L. Mukhtar and K. Dayekh. L. Mukhtar performed the experiments of Figures 1A, 1B,
1C, 6A, 6B, 7B, 8A, 8B, and 8C. S. Zahr performed the experiments of Figures 2A, 2B, 2C, 3A,
3B, 4A, 4B, 4C, 4D, 5A, and 5B. K. Dayekh performed the experiments of Figures 7A, and 7C. J.
Hanson performed the experiments of Figures 7D, 9A, 9B, and 9C. S. J-Obaseki, M. Odell, C.
Nessim, P. Villeneuve, and D. Goss provided the ex. vivo tissues samples. J. Dimitroulakos helped
in the synergy analyses of Figures 3 and 5. Number of these figures are supplemental figures in

the manuscript.

Final manuscript draft awaiting submission

67



Summary

Targeting the epidermal growth factor receptor (EGFR), with inhibitors such as tarceva
(also known as erlotinib), represents a promising therapeutic option in advanced squamous cell
carcinomas (SCC). However, they lack significant efficacy as single agents. Recently, we
identified the ability of statins, which target mevalonate synthesis, to induce synergistic
cytotoxicity with tarceva in SCC cells through activation of a cellular stress pathway regulated by
the activating transcription factor 3 (ATF3). The resulting Phase I trial of rosuvastatin and tarceva,
while showing clinical activity, also showed statin-induced muscle pathology which limited this
approach and was likely the result of diminished ubiquinone levels. Downstream mevalonate
pathway enzymes may represent novel therapeutic targets in SCC cells. Geranylgeranyl
pyrophosphate (GGPP), a common protein-lipid membrane anchor was a key regulator of
lovastatin-induced synergy in combination with tarceva. Employing an inhibitor of the GGTase-I
enzyme, GGTI-298 treatment induced ATF3 expression in SCC9 and SCC25 cells and in a cohort
of ex-vivo tumor tissues. Furthermore, GGTI-298 and tarceva induced synergistic cytotoxicity in
SCC cells that was dependant on ATF3 expression as ATF3 deficient murine embryonic
fibroblasts displayed attenuated cytotoxicity in response to GGTI-298 alone and in combination
with tarceva. Similarly, SCC9 sub-lines that were selected as resistant to GGTI-298 through
prolonged exposure to this agent also failed to demonstrate synergy with GGTI-298 in combination
with tarceva. These results suggest the potential clinical utility of combining GGTI-298 inhibitor

with tarceva in SCC patients as a novel and more refined combination therapeutic approach.
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3.1 GGPP Reverses Lovastatin Induced Synergy with Tarceva

Two HNSCC cell line models, SCC9 and SCC25, were employed in this study to evaluate
the potential of mevalonate pathway metabolites to reverse the cytotoxicity of lovastatin both alone
(Figure 3.1A) and in combination with tarceva (Figure 3.1B). Employing the MTT cell viability
colorimetric assay (197), SCC9 and SCC25 cells were treated with lovastatin alone or in
combination with either 100uM mevalonate or 10uM GGPP co-administered for 48hrs to assess
effects on cell viability. In both cell lines, mevalonate and GGPP co-administration reversed
lovastatin-induced cytotoxicity as cell viability returned to approximately 100% (Figure 3.1A). In
the combination treatment, SCC9 and SCC25 cells were first pre-treated for 24hrs with solvent
control, 10uM lovastatin (alone), 10uM lovastatin+100uM mevalonate or 10uM lovastatin+10uM
GGPP followed in each case by tarceva treatment (0.001-10uM) for further 48hrs. In both cell
lines, mevalonate and GGPP addition reversed lovastatin-enhanced cytotoxicity in combination
with tarceva in these cell lines as cell viability returned to the levels induced by tarceva alone
(Figure 3.1B). These results also demonstrate the specificity of these mevalonate metabolites, as
cytotoxicity was not affected in tarceva treatment by their co-administration. Based on these data,
the basal expression levels of mevalonate metabolites were tested in SCC, NSCLC, and WI-38
cell lines (Figure 3.1C). Using Western blot, all the cancer cell lines expressed both GGDPS and
HMGR at the protein level, while in WI-38, the expression of these two enzymes was less than the
cancerous cell lines (Figures 3.1C). H23 and HeLa had the highest expression of these proteins.
These results were supported by a graphical representation of densitometric quantification of 3
independently performed biological replicates as shown in the appendix (Figure S1) in which
HMGCR and GGDPS levels were normalized to actin levels. These results suggested that GGPP

synthase and HMGR might be involved in the tumorigenesis of the cancerous cell lines.
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Figure 3. 1 The effect of add back downstream mevalonate metabolites on lovastatin.

(A) MTT cell viability assay of the co-administration of 100uM mevalonate or 10uM GGPP
in SCC9 and SCC25 cells following 48hrs of lovastatin treatments. (B) MTT assay results are
showing the effect of 10uM lovastatin induced cytotoxicity in combination with tarceva
(erlotinib) by the co-administration of either 100uM mevalonate or 10uM GGPP in SCC9 and
SCC25 cells. Pre-treatment with lovastatin (10uM) alone or in combination with either 100uM
mevalonate or 10uM GGPP for 24hrs was followed by the addition of tarceva for a further
48hrs. (C) Representative Western blot analysis of basal expression of HMG-CoAR and
GGPS1 in a variety of SCC (SCC9, SCC25, Cal27, and HeLa), NSCLC (Calu6, H23 and A549)
and a normal fibroblast (WI-38) cell lines. For the Western blots, actin expression is used as a
loading control. The quantification of the band intensities is found in appendix S1. The error
bars represent the standard deviation from the mean (+SD) of 3 biological replicates (n=3).
Statistical significance determined by two-way ANOVA with P<0.05 and with Bonferroni’s
post-hoc. Asterisks in the MTT graphs are determined to have a statistically significant
difference when comparing the single treatment to the control treated cells or by comparing

the combination drugs to a single drug for each cell line.

P- value: *P<0.05, **P<0.01, ***P<0.001.

70



MTT Activity (%control)

MTT Activity (%control)

SCC9

*k
ek

-]
=
L

60 4
404
=& lovastatin
20+ == +100uM mevalonate
=¥~ +10uM GGPP
0 L] L] Ll L] L
0 5 10 15 20 25
uM lovastatin
SCC9
120 -~ tarceva

=@~ +10uM lovastatin
=&~ +lovastatin+100uM mevalonate
~¥= +lovastatin+10uM GGPP

100

80
—a
60 —_—
' ek
40
__. %
20
0 L L] " L) L] .
0 5 10 15 20 25
uM tarceva

MTT Activity (%control)

MTT Activity (%control)

Y
O
&

SCC25

120+
100
80_ i dek
=@~ lovastatin
60+ =#— +100uM mevalonate
40- =¥= +10uM GGPP
20+ ®
0 T T Y 1
0 5 10 15 20 25
pM lovastatin
120 SCC25
100
=@~ tarceva

=®= +10puM lovastatin
=d#= -+ovastatin+100uM mevalonate
== +lovastatin+10uM GGPP

40+

20\ i

0 . —_— —p

0 2 4 6 8 10
uM tarceva

F§ e d d

HMG-COAR s e s s U o @
GGPS] dlS GHD s GIND G GHND e

actin | QD G D W S G S

71



Based on these results, we focussed on the potential of targeting the downstream
mevalonate pathway enzymes that specifically incorporate GGPP to proteins. GGTase-I has a
number of well-established clinically relevant specific inhibitors including GGTI-298 (198,199)
that was evaluated in this study. We initially evaluated the specificity of GGTI-298 to target
specific GGTase-1 modified proteins including RhoA, Cdc42, and Racl that play significant roles
in actin cytoskeleton reorganization (200). The effects of inhibiting protein geranylgeranylation
with GGTI-298 were evaluated in SCC9 and SCC25 cells by Western immunoblotting. Lack of
GGPP modification can result in mobility shifts due to the lack of protease cleavage of three
terminal amino acids following GGPP addition (121). RhoA, Cdc42, and Racl showed a slight
shift in the mobility on the gel following either 10uM lovastatin or SuM GGTI-298 treatments in
both SCC9 and SCC25 cells. This effect was reversed with the co-administration of 10uM GGPP
with lovastatin but not with GGTI-298 (Figure 3.2A). Rab5 is doubly geranylgeranylated with
RabGGTase (GGTase-1I) and was used as a control. The shift in mobility on the gel for rab5 is
observed in the lovastatin treated cells but not the GGTI-298 treated cells (Figure 3.2A). Hence,
GGTI-298 specifically targets the prenylation of geranylgeranylated proteins mediated by

GGTase-1, such as the RhoA.

These Rho (RhoA, Cdc42) and Rac GTPase proteins regulate a wide variety of cellular
processes including cytoskeletal organization and play a role in cell motility and invasion (201).
We next evaluated the effects of GGTI-298 on cell migration of SCC9 and SCC2S5 cells in a scratch
wound assay. Confluent cell monolayers were scratched to create a wound opening, and five
different areas were evaluated along the wound opening from which the average diameter was
calculated. Percentage wound closure at 24 hours was calculated in comparison to the wound

diameter at time Ohr (Figure 3.2B). GGTI-298 significantly reduced the migration of SCC9 and
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SCC25 cells as compared to untreated cells. Cell counts of SCC9 and SCC25 treated with SuM
GGTI-298 showed no significant change in cell number compared to the control treated cells after
24hrs of treatment (Figure 3.2B); hence, the treatment of GGTI-298 inhibited HNSCC cells
migration and motility. In an attempt to determine the effects of protein geranylgeranylation on
cytoskeletal organization, actin architecture was visualized with rhodamine-conjugated phalloidin,
which has a high affinity for F-actin following 1uM and SpM GGTI-298 treatment for 24 hours in
SCC25 cells. Increasing concentration of GGTI-298 caused stress fiber dissolution as visualized

by fluorescence microscopy (Figure 3.2C).
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Figure 3. 2 The effects of GGTI-298 on RhoA prenylation, actin organization, and cellular

migration, and viability.

(A) Lovastatin and GGTI-298 treatments induce enhanced expression and mobility shifts of Rho
family of proteins (RhoA and Cdc42 and Racl), visualized by Western blot analysis of SCC9 and
SCC25 cell lines. Treatments were with 10uM lovastatin or SuM GGTI-298 for 24hrs. Rab5
mobility shift was evident only with lovastatin treatment. Treatment with 10uM GGPP alone or
in combination with 10uM lovastatin or 5SuM GGTI-298 were also evaluated with co-
administration of 10uM GGPP. Expression levels of actin were assayed as the loading control.
(B) SCCY and SCC25 migration was measured as percentage wound closure as described in
Methods section. Average wound closure measurement at five different points along wound edge
was quantified at time points Ohr and 24hrs. Bars represent pooled mean with standard error.
GGTI-298 significantly reduced cell migration in SCC9 (p<0.001) and SCC25 (p<0.001) cells.
Treatment of SuM GGTI-298 in SCCY and SCC25 had no significant effect of cell viability
evaluated by trypan blue exclusion cell viability assay following 24hrs of treatment.
Representative phase contrast images are also shown following 24hrs of treatment at x10
magnification. (C) Fluorescence microscopy examining the effects of increasing concentrations
of GGTI-298 on actin cytoskeletal organization in SCC25 cells. Rhodamine phalloidin staining
of solvent control, 1uM, and 5uM GGTI-298 for 24 hours. Nuclei were counterstained with
DAPI. Original magnification x60. Scale bar = 20 pm. Statistical significance was determined by
one-way ANOVA with P<0.05 and with Bonferroni’s post-hoc analysis. Data in this figure were
obtained by Stephanie Zahr.
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3.2 Synergistic Cytotoxicity of GGTI-298 and Tarceva in SCC Cells

The sensitivity of SCC9 and SCC25 HNSCC cell lines to the combination of GGTI-298
with tarceva was initially determined by MTT assay. Previous studies have demonstrated that
lovastatin in combination with iressa (gefitinib) enhances cytotoxicity in HNSCC cells (105). We
reassessed the combination of lovastatin with the receptor tyrosine kinase inhibitor, tarceva by
MTT assay. Cells were treated with tarceva (0.5-10uM) for 48hrs either alone or with 1uM or
10uM lovastatin pre-treatment (24hrs) in combination for a total of 72hrs (Figure 3.3A and B). We
showed dose dependant inhibition of SCC growth with increasing the concentration of tarceva in
both cell lines; however, the addition of lovastatin enhances the cytotoxicity effects of tarceva in
these tested cell lines (Figure 3.3A and B). To understand the nature of this combination effect,
the Chou-Talalay analysis method was used to distinguish between additive and synergistic
interactions (193). Fraction effect (on cell viability) plots were generated to show the combination
effect (CI). Clvalues of 1 are additive, less than 1 are synergistic, and more than 1 are antagonistic.
In HNSCC cell lines, SCC9 and SCC25, tarceva in combination with 1uM lovastatin demonstrated
that the decrease in cell viability with these agents in combination determined by MTT assay was

consistently synergistic in nature (Figure 3.3A and B).
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Figure 3. 3 The synergistic relationship between lovastatin and tarceva in SCC cells.

MTT assay and Combination Index analyses demonstrating synergistic cytotoxicity with
tarceva and (0.5 and 10uM) lovastatin in combination treatment of SCC9 (A) and SCC25
cell lines (B). The cell lines were pre-treated with 1 or 10uM lovastatin for 24hrs
followed by tarceva combination treatments for a further 48hrs. The Fraction Affected/
Combination Index Plots were determined by MTT analysis where Combination Indices
(CI) <1 are considered synergistic, CI >1 are considered antagonistic, and CI=1 are
considered additive. Statistical significance was determined by two-way ANOVA with
P<0.05 and with Bonferroni’s post-hoc. Asterisks in the MTT graphs are determined to
have a statistically significant difference when comparing the single treatment to the
control treated cells or by comparing the combination drugs to a single drug for each cell

line.
P- value: *P<0.05, **P<0.01, ***P<0.001.

Data in this figure were performed and analyzed by Stephanie Zahr.

77



>

SCCY
=120
E 100
8 =& tarceva
g 80 == + 1uM lovastatin
-~ =i~ + 10pM lovastatin
£ 60
=
g 40
<
e
= 20
= 0
pM tarceva
tarceva + 1uM lovastatin
10 e
. 0.8 | uM tarceva
ﬁ 1 0.001
2 0.01
& 054 3 o
< 4 05
F 04l 5 10 3
o 6 5.0 4 g
02 T 10 e
0
) 0.2 04 06 08 10
’ Fractional Effect ’ '

78

=~

MTT Activity (%ocontrol)
b L =) =
[—] = = =

=

1.0

0.8 |

0.6 _|

04 _|

Cl+/-1.96 s.d.

0.2 _]

SCC25

-8~ tarceva

=#= + 1uM lovastatin
@8- -+ 10pM lovastatin

pM tarceva

tarceva + 1uM lovastatin

T T T T
0.2 04 0.6 0.8 1.0
Fractional Effect



The results of (Figure 3.3) were compared to the effects of combining varying
concentrations of GGTI-298 (0.1-10uM) pre-treatment for 24hrs either alone or with 1uM or
10uM tarceva in combination for a further 48 hours (Figure 3.4A) in SCC9 and SCC25 cell lines.
We demonstrated that GGTI-298 single treatment, similar to our results with lovastatin, showed a
more potent cytotoxic response in SCC25 cells compared to SCC9 cells. The combination of
GGTI-298 with tarceva showed significant cytotoxicity in both cell lines (Figure 3.4A) that
mimicked the effects of lovastatin in combination with tarceva in these cells (Figure 3.3). We
confirmed the sensitivity of the HNSCC cell lines to the combination of GGTI-298 with tarceva
by trypan blue exclusion cell viability assay (194). Cells were treated with a control, 10uM tarceva,
10uM GGTI-298 single treatments or the combination of 10uM tarceva with 10uM GGTI-298 for
48hrs (Figure 3.4B). The combination of tarceva with GGTI-298 showed enhanced cytotoxicity in

both SCC9 and SCC25 cells compared to either agent alone.

Using flow cytometric analysis of propidium iodide-stained DNA in SCC9 and SCC25 cell
lines, we evaluated the role of the induction of apoptosis as the mechanism by which the
combination of GGTI-298 and tarceva induces enhanced cytotoxicity. Apoptotic bodies that
contain nuclear fragments are visualized as a pre-Gl peak in the DNA histogram that is
characteristic of this programmed cell death modality (202). Similarly, SCC9 and SCC25 cell lines
with the combination of 10uM GGTI-298 and 10uM tarceva showed a significant increase in the
induction of pre-G1 apoptotic bodies with this combination compared to either agent alone (Figure
3.4C). To further confirm that the combined enhanced cytotoxicity with tarceva and GGTI-298
were due to induction of apoptosis, we evaluated the cleavage of apoptotic marker poly ADP ribose
polymerase (PARP) by Western blot analysis. SCC9 and SCC25 cells were treated with 1uM,

5uM, and 10uM GGTI-298 alone or in combination with 10uM tarceva for 48 hours (Figure 3.4D).
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In this assay, increased levels of cleaved PARP (cPARP) represent an increase in apoptosis. Thus,
the combination of 1, 5 or 10uM GGTI-298 with 10uM of tarceva showed a significant increase

in the levels of cPARP compared to either agent alone.

To understand the nature of this combination effect, the Chou-Talalay analysis method was
used to distinguish between additive and synergistic interactions (Figure 3.5). In HNSCC cell lines,
SCC9 and SCC25, GGTI-298 in combination with either 1 or 10uM tarceva demonstrated that the
decrease in cell viability with these agents in combination determined by MTT assay was
consistently synergistic in nature (Figure 3.5A and B). Therefore, the combination of GGTI-298
and tarceva displayed enhanced synergistic cytotoxicity in HNSCC cells likely through targeting

of protein geranylgeranylation.
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Figure 3. 4 The effects of GGTI-298 on tarceva-induction of cytotoxicity and apoptosis in
SCC cells.

(A) MTT assay evaluating cytotoxicity of GGTI-298 and (1 and 10uM) tarceva in combination
in SCC9 and SCC25 cell lines. The cell lines were pre-treated with 0.1-10uM GGTI-298 for
24hrs followed by either 1uM or 10uM tarceva combination treatment for a further 48hrs. (B)
Cell viability was further assessed employing trypan blue exclusion assay showing enhanced
cytotoxicity with GGTI-298 and tarceva combination treatment compared to each agent alone
with the same treatment strategy as above. (C) Flow cytometric analysis of sub-G1 apoptotic
fraction as determined by propidium iodide staining of cellular DNA content comparing the
response of SCC9 and SCC25 cell lines treated as in (B). Bar graph representation and standard
error from 3 independent studies. (D) Western blot analysis of PARP cleavage (cPARP) upon
48hr treatment with increasing concentrations of 1uM, 5uM, and 10uM GGTI-298 alone or in
combination with 10uM tarceva for 24hrs in SCC9 and SCC25 cells. Actin is used as a loading
control. Statistical significance was determined by two-way ANOVA with P<0.05 and with
Bonferroni’s post-hoc. Asterisks in the MTT graphs are determined to have a statistically
significant difference when comparing the single treatment to the control treated cells or by
comparing the combination drugs to a single drug for each cell line, while significant

differences between column groups are displayed as P-values above the comparison.
P- value: *P<0.05, **P<0.01, ***P<0.001.

Data in this figure were obtained by Stephanie Zahr.
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Figure 3. 5 The synergistic relationship between GGTI-298 and tarceva in SCC cells.

Fraction Affected/ Combination Index Plots determined by MTT analysis of cell viability show
the synergistic effect of GGTI-298 (0.1-25uM, 24hr pre-treatment) in combination with 1uM
or 10uM tarceva (further 48hr treatment) in SCC9 and SCC25 cells. Combination Indices
(CI)<1 are considered synergistic, CI>1 are considered antagonistic, and CI=1 are considered

additive. Data in this figure were obtained by Stephanie Zahr.
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3.3 GGTI-298 Induces Multiple Stress Pathways

In our recent work, we have demonstrated the ability of lovastatin to induce metabolic
stress through [1] the activation of the ISR regulated by the induction of ATF3 (166), [2] the
inhibition of ligand-induced EGFR/AKT activation (105), and [3] the activation of energy stress
through the induction of LKB1/ AMPK (148). Here, we evaluated the effect of GGTI-298 on the

key regulators of the growth factor withdrawal and the energy stress pathways (Figure 3.6).

We first evaluated the effect of GGTI-298 treatment on the phosphorylation status of EGFR
and the downstream signaling cascade target AKT, which has a role in cell survival (45,48).
Serum-starved SCC25 cells were treated with 1uM tarceva as a control or GGTI-298 (0.5uM,
1uM, 5puM, and 10uM) for 24hrs followed by 50ng/ml EGF stimulation for 15mins and compared
with untreated control cells with and without EGF stimulation. The phosphorylation of EGFR and
functional activation of the AKT pathways were evaluated by Western blot analysis, employing
phospho-specific antibodies recognizing the active form and control antibodies for total EGFR and
AKT. The addition of GGTI-298 inhibited ligand-induced activation of EGFR and AKT proteins
as the phosphorylated pEGFR and pAKT levels were decreased as shown by Western blot analysis
(Figure 3.6A). These results were supported by a graphical representation of densitometric
quantification of 3 independently performed biological replicates as shown in the appendix (Figure
S2) in which pEGFR and pAKT levels were normalized to total EGFR and AKT levels, confirming

the downregulation of these phosphorylated proteins following GGTI-298 treatment.

Next, we evaluated the potential of GGTI-298 to activate LKB1/AMPK in SCC25 cells by
evaluating their phosphorylation levels (Figure 3.6B). LKB1/AMPK pathway is the sensor for
cellular energy status pathway, which is activated under low intracellular ATP associated with

nutrient deprivation or hypoxia. Treatment of SCC25 cells with 10uM lovastatin as a control or

85



(0.5uM, 1uM, 5uM, and 10uM) GGTI-298 induced the expression levels of phosphorylated LKB1
and AMKPa in a dose-dependent manner. These results were supported by a graphical
representation of densitometric quantification of 3 independently performed biological replicates
as shown in the appendix (Figure S2) in which pLKB1 and pAMPK levels were normalized to
total LKB1 and AMPK levels, confirming the upregulation of these phosphorylated proteins

following GGTI-298 treatment. The same results were seen in SCC9 cells (data not shown).
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Figure 3. 6 The effects of GGTI-298 on EGFR, AKT, LKB1 and AMPK phosphorylation.

(A) Representative Western blot analysis of EGFR and AKT phosphorylation following
treatment with increasing concentrations of GGTI-298 and with 1uM tarceva as a control for a
total of 24 hours in serum-free media in SCC25 cells. Total EGFR and AKT were used as a
loading control. (B) Representative Western blot analysis of LKB1 and AMPK phosphorylation
following treatment with increasing concentrations of GGTI-298 and with 10uM lovastatin as
a control for a total of 24 hours in SCC25 cells. Total LKB and AMPK were used as a loading
control, along with actin used as a loading control to total protein levels. The quantification of
the band intensities is found in appendix S2. The error bars represent the standard deviation

from the mean (+=SD) of 3 biological replicates (n=3).
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3.4 ATF3 is a GGTI-298 Regulated Gene

In order to gain further insight on the common potential mechanism of action of lovastatin
and GGTI-298 in SCC25 cells, we performed RNA-seq full transcriptome analysis (203) of
untreated control compared to either 24hr 10uM lovastatin or 10uM GGTI-298 treatment. From
the analysis, we identified 213 genes which that were differentially expressed following 10mM
lovastatin as a single drug treatment (Log>N+2). Among these 213 genes, 93 genes were
upregulated, and 120 genes were downregulated. Additionally, 372 genes were differentially
expressed following 10mM GGTI-298 as a single drug treatment (Log>N+2). Among these 372
genes, 268 genes were upregulated, and 104 genes were downregulated. The gene ontology
summary is found in the appendix II (Fig S18 and S19).

Significant differences in expression of greater than two-fold that were common to both
treatments were identified and included 65 genes that were differentially expressed. Among these
65 genes, 26 induced genes were found in relevant pathways, such as growth factor signaling,
apoptosis regulators, death ligand pathway, and calcium homeostasis. The gene ontology summary
is found in the appendix II (Fig S20 A and B), and Table S1. ATF3 was one of the top 20 genes
that were significantly induced in both lovastatin and GGTI-298 treatments (FDR = 6.18E-10). Of
significance, ATF3, known ATF3 target genes (PUMA/BBC3, RhoB, Fas, DDIT4) and regulators
of ATF3 expression (JNK, JUND, c-JUN) (176,204) were significantly induced in both lovastatin
and GGTI-298 treatments (Figure 3.7A). Western blot analyses confirmed GGTI-298 induction of
ATEF3 that was dose-dependent in both SCC9 and SCC25 cells following 24hrs of treatments (0.5-
10uM) (Figure 3.7B). These results were supported by a graphical representation of densitometric
quantification of 3 independently performed biological replicates as shown in the appendix (Figure

S3) in which ATF3 levels were normalized to actin levels, confirmed the upregulation of the ATF3
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levels following GGTI-298 treatment. Next, we employed quantitative RT-PCR to validate the
differential expression of two ATF3 target genes identified by our RNA-seq screen above. Both
lovastatin and GGTI-298 treatments (1 and 10uM for 24hrs) induced significant PUMA/BBC3

and RhoB expression in both SCC9 and SCC25 cells (Figure 3.7C).

To evaluate the potential of GGTI-298 to induce ATF3 mRNA expression in a more
clinically relevant model, we assessed ex-vivo HNSCC tumor tissue in culture from 3 different
HNSCC patients undergoing surgery at our Institute (HNO1-03). We also similarly evaluated a
melanoma sample (MEL-01), 2 ovarian carcinomas (OVCAO01-02) and a thymus tumor (THY-01).
Tissue samples were processed (183) following surgical excision into 2x Imm slices, randomized
with 3 tissue slices evaluated per treatment (Figure 3.7D) and analyzed by quantitative RT-PCR
performed in triplicate. In the ex-vivo tissue samples evaluated, 5 of 7 showed induction of greater
than 1.5-fold of ATF3 mRNA levels following 10 and 25uM GGTI-298 treatments for 48hrs.
Taken together, these data demonstrate that GGTI-298 treatment induce both ATF3 expression
and its target genes in SCC9 and SCC25 cells as well as induce ATF3 expression from a variety

of tumor tissues ex-vivo.
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Figure 3. 7 The role of ATF3 in GGTI-298 activity.

(A) Table of a subset of genes that were up regulated by both 10uM lovastatin and 10uM
GGTI-298 treatments for 24hrs in SCC25 cells identified by RNA-seq analysis. The list
includes the transcription factor ATF3 and its target genes BBC3/PUMA, RhoB, Fas, and
DDIT4 as well as genes that regulate ATF3 expression including JNK, JUND and c-JUN
(highlighted in red font). (B) Representative Western blot analysis of ATF3 expression
following 24hr treatment of 0.5-10uM GGTI-298 with 10uM lovastatin treatment as a
comparator. Actin expression is employed as a loading control. The quantification of the
band intensities is found in appendix S3. The error bars represent the standard deviation
from the mean (+=SD) of 3 biological replicates (n=3). (C) Quantitative RT-PCR analysis of
1 and 10uM treatment for 24hrs of both lovastatin and GGTI-298 in SCC9 and SCC2S5 cells.
mRNA levels were determined and normalized to GAPDH levels. BBC3/PUMA and RhoB
gene expressions were evaluated. (D) ATF3 mRNA was also analyzed by Q-RT-PCR
following solvent control, 10 and 25uM GGTI-298 in surgically excised ex-vivo tissues from
3 HNSCC (HN), 1 melanoma (MEL), 2 ovarian carcinomas (OVCA) and 1 thyroid cancer
(THY) patients. Fold changes were calculated following normalization to gapdH levels
(AACt) and expressed as means (£SD) (n = 3). The error bars represent SD from the mean
of three replicates. Data in figures 7A and 7C were obtained by Khalil Dayekh; data in figure

in 7D were done by Jennifer Hanson.
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RNA-seq Analysis- Common Lovastatin and GGTI-298 Regulated Genes
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3.5 Key Role of ATF3 in GGTI-298 Cytotoxicity and Synergy with Tarceva

In this study, we developed a series of GGTI-298 resistant clones from the SCC9 cell line
(designated GGTI-R1-4). The lethal concentration (LC) 50 (MTT activity reduced by 50%) in
GGTI-298 treated cells for 48hrs was approximately 12uM for the SCC9 parental line and greater
than 50uM for each of the 4 resistant sub-lines (GGTI-R1-4) (Figure 3.8A). Next, using Western
blot, we assessed the effects of GGTI-298 in the 3 metabolic stress pathways mentioned above
(Section 3.3) by evaluating whether the expression levels of the key proteins in these pathways
were altered in the parental SCC9 compared to their resistant clones. Following 24hr of 10uM
GGTI-298 treatment, as expected, the parental SCC9 cell line showed downregulation of pEGFR
and pAKT (Figure 3.8B). In addition, the expression of pLKB1, ATF3, and RhoA were induced
following GGTI-298 (Figure 3.8B). However, the expression of these key proteins was altered in
the resistant clones (Figure 3.8B). These results were supported by a graphical representation of
densitometric quantification of 3 independently performed biological replicates as shown in the
appendix (Figure S4) in which pEGFR, pAKT, pLKBI1 levels were normalized to total EGFR,
AKT, and LKBI1 levels; whereas ATF3 and RhoA levels were normalized to actin levels. Of a
particular interest, the induction of ATF3 in response to GGTI-298 treatment in the parental SCC9
was also evident in GGTI-R1 and R3 but absent in GGTI-R2 and R4 (Figure 3.8B), suggesting a
potential role for ATF3 as well as other targets in regulating GGTI-298 cytotoxicity in SCC9 cells.
Employing the MTT viability assay, we confirmed that in the parental SCC9 cells, 5SuM GGTI-
298 24hr pre-treatment followed by 48hr treatment with 0.5-10uM tarceva enhanced the
cytotoxicity of tarceva in these cells (Figure 3.8C). In the SCC9-GGTI-R1 and R2 sub-lines,

GGTI-298 treatments failed to enhance tarceva induced cytotoxicity (Figure 3.8C). This suggests
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a potential role for ATF3 in regulating GGTI-298 cytotoxicity and synergy with tarceva in HNSCC

cells.
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Figure 3. 8 Characterization of SCC9 resistant sub-lines and the effects of GGTI-
298 and ATF3 on parental SCC9 and GGTI-resistant clones.

(A) MTT viability assay comparing the response of parental SCCO cells to its resistant
variants GGTI-R1-4 cell lines after GGTI-298 treatment. Cells were treated with 0.5—
10uM GGTI-298 for 48hrs, and cell viability was assessed with the activity of the control
untreated cells taken to be 100%. (B) Representative Western blot analysis of SCC9 cells
and GGTI-R1-4 treated for 24hrs showing different expression levels of pEGFR, pAKT,
pLKB1, RhoA, and ATF3. The quantification of the band intensities is found in appendix
S4. The error bars represent the standard deviation from the mean (£SD) of 3 biological
replicates (n=3). Lack of ATF3 induction was seen in 2 out of the 4 resistant sub-lines.
Actin expression is employed as a loading control. (C) MTT analysis of parental SCC9
cells (left panel) and its sub-lines GGTI-R1 and R2 (right panel) following 48hrs
treatments with tarceva with or without a 24hr pre-treatment with SuM GGTI-298. The
error bars represent the standard deviation from the mean (£SD) of 3 biological replicates
(n=3). Statistical significance was determined by one-way ANOVA (A) or two-way
ANOVA (C) with P<0.05 and with Bonferroni’s post-hoc. Asterisks in the MTT graphs
are determined to have a statistically significant difference when comparing the single
treatment to the control treated cells or by comparing the combination drugs to a single

drug for each cell line.

P- value: *P<0.05, **P<0.01, ***P<0.001.
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To establish the role of ATF3 in regulating the cytotoxicity of both lovastatin and GGTI-
298, we evaluated the cytotoxic effects of these agents in ATF3 null (-/-) cells and their respective
wild-type (+/+) murine embryonic fibroblast (MEF) counterparts. MTT cell viability assays
demonstrated ATF3-/- MEFs to be resistant to both lovastatin and GGTI-298 treatments (0.1-
25uM, 48hrs) (Figure 3.9A). Then, we evaluated ATF3 expression levels following 5 and 10uM
24hr treatments for both lovastatin and GGTI-298 in wild-type and ATF3-/- MEFs. These agents
readily induced ATF3 only in the wild-type cells that was also associated with cleaved PARP (a
marker of apoptosis) and PUMA/BBC induction that were significantly attenuated in the ATF3
null cells as determined by Western blot analysis (Figure 3.9B). Employing these MEFs cell lines,
we also evaluated the potential of either lovastatin (1uM, 24hr pre-treatment) or GGTI-298 (5uM,
24hr pre-treatment) to enhance the cytotoxicity of tarceva (0.001-10uM, further 48hr treatment)
using the MTT assay. With both agents’ significant cytotoxicity was observed only in the wild-
type MEFs but not in the ATF3-/- deficient MEFs (Figure 3.9C). These results demonstrate a role
for ATF3 in regulating both the cytotoxicity induced by GGTI-298 as well as its ability to enhance

the cytotoxicity of tarceva.
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Figure 3. 9 The effects of GGTI-298 on ATF3 null MEFs vs. wild-type.

(A) MTT analysis of wild-type and ATF3-/- MEFs following 48hr treatment with 0.1-25uM
lovastatin or GGTI-298. (B) Western blot analysis of ATF3 expression, PARP cleavage
(cPARP) and PUMA/BBC3 in wild-type and ATF3-/- MEFs following 1 and 10uM treatment
of both lovastatin and GGTI-298 for 24hr. Actin expression is employed as a loading control.
(C) MTT analysis of wild-type and ATF3-/- MEFs following 48hrs treatment with tarceva
with or without a 24hr pre-treatment with 1uM lovastatin (left panel) or SuM GGTI-298

(right panel). Data in this figure were obtained by Jennifer Hanson.
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Conclusions

In this study, we first evaluated the effects of GGTI-298 on the metabolic stress pathways
that regulate statin-induced cytotoxicity. GGTI-298 induced ATF3 expression in SCC9 and
SCC25 and in a cohort of ex vivo tumor tissues from different solid malignancies. Importantly,
ATF3 expression regulated both GGTI-298 cytotoxicity and its synergy with tarceva in HNSCC
cells. Additionally, SCC9 sub-lines that were selected as resistant to GGTI-298 also failed to
demonstrate synergy with GGTI-298 in combination with tarceva. In conclusion, these results
suggest the potential clinical utility of combining GGTI inhibitor with tarceva in SCC patients as

a novel and more refined combination therapeutic approach.

Alternatively, targeting GGPP synthase will deplete cellular pools of GGPP similar to
statin treatment and could also represents a viable therapeutic target as well with the potential to
more closely mimic the anticancer effects of statins and may show improved specificity and
minimize off-target effects of GGTI treatment in HNSCC patients. In Chapter 4 we investigated

the combinational effects of GGPP synthase inhibitor and EGFR-TKI in HNSCC.
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Summary

Epidermal growth factor receptor (EGFR) drives growth and cell survival and is highly
expressed in head and neck squamous cell carcinomas (HNSCC), representing a viable therapeutic
target. Erlotinib (also known as tarceva), a first-generation, and afatinib (also known as gilotrif), a
second-generation, EGFR inhibitors demonstrate limited activity as single agents in HNSCC.
Combination therapies will be required to enhance their efficacy. Recently, we demonstrated that
combining statins, inhibitors of the mevalonate pathway, with tarceva induced synergistic
cytotoxicity through the induction of cellular stress responses regulated by the activating
transcription factor 3 (ATF3). In our Phase I clinical trial combining rosuvastatin with tarceva,
clinical activity was shown, but statin-induced myopathies limited the efficacy of this approach.
In this study, we have demonstrated that depletion of geranylgeranyl diphosphate (GGPP), a
downstream mevalonate metabolite, is responsible for both lovastatin and the specific GGPP
synthase inhibitor, digeranyl bisphosphonate (DGBP)-induced cytotoxicity in squamous cell
carcinoma (SCC) cells. We further demonstrated that both specific shRNA targeting of GGPP
synthase, as well as the inhibitor DGBP, significantly enhances the cytotoxic activity of afatinib
in SCC cells. DGBP as well as afatinib treatment induced ATF3 expression in SCC cells in vitro
and in a cohort of ex-vivo tumor tissues. In addition, DGBP treatment induced apoptosis that is
mediated through cleavage of apoptotic proteins caspase 3 and PARP. Co-administration of GGPP
inhibits the induction of ATF3 and cytotoxicity associated with DGBP treatment. Furthermore, the
synergistic cytotoxicity induced by the combinations of DGBP and afatinib in SCC cells was
dependent on their enhanced expression of ATF3 in combination through the induction of cellular
stress response pathways. This strategy suggests the potential clinical utility of combining GGPP

synthase inhibitors with afatinib in SCC.
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4.1 GGPP Reverses Lovastatin Induced Cytotoxicity

The co-administration of mevalonate rescues the cytotoxic effect of lovastatin (105).
Herein, we expanded this biochemical add back approach by testing other downstream mevalonate
metabolites in SCC and NSCLC cell lines employing the MTT (Figure 4.1A) and trypan blue
exclusion cell viability assays (194) (Figure 4.1B). Cells were treated with varying concentrations
of lovastatin (1-20uM for MTT or 10uM for trypan blue) alone, or with the combination of
commercially available mevalonate metabolites (10uM GGPP or 100uM mevalonate) for 48hrs.
In both assays, the exogenous addition of GGPP or mevalonate rescued the cytotoxic effect of
lovastatin in the cell lines tested. The co-administration of both metabolites prevented lovastatin-
induced cytotoxicity as cell viability remained to 90-100% (Figures 4.1A and B). These results
demonstrated that the depletion of GGPP pools significantly contributes to the anti-tumor effects
of lovastatin. Based on these results, we focused on the potential of targeting GGPP synthesis as a

therapeutic approach to enhance EGFR targeted therapy.
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Figure 4. 1 GGPP rescues lovastatin cytotoxicity in SCC and NSCLC cells.

(A) MTT cell viability assay of the co-administration of 100uM mevalonate or 10M
GGPP in SCC (SCC9, SCC25, and HeLa) and NSCLC (A549, Calu6, and H23) cell
lines following 48hrs of lovastatin treatment. (B) Trypan blue exclusion cell viability
assay of SCC9, and SCC25 cell lines confirming the MTT assay after the add-back
experiment. Cells were treated with control, 10uM lovastatin, 100uM mevalonate,
10uM GGPP, or the combination of 10uM lovastatin and 100uM mevalonate or
10uM lovastatin and 10uM GGPP for 72hrs. The error bars represent the standard
deviation from the mean (£SD) of 3 biological replicates (n=3). Statistical
significance was determined by two-way ANOVA with P<0.05 and with
Bonferroni’s post-hoc. Asterisks in the MTT graphs are determined to have a
statistically significant difference when comparing the single treatment to the control
treated cells or by comparing the combination drugs to a single drug for each cell
line, while significant differences between column groups are displayed as P-values

above the comparison.

P- value: *P<0.05, **P<0.01, ***P<0.001.
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4.2 Inhibition of GGDPS Induces Cellular Cytotoxicity

We evaluated whether depletion of intracellular GGPP pools, by directly targeting GGPP
synthase, mimics statin-mediated anti-tumor activities. We first expressed two distinct sShRNA
sequences specifically targeting the GGPP synthase gene (GGDPS1, GGDPS1-shl and GGDPSI-
sh2) and GFP as a control using a doxycycline-inducible shRNA system to control shRNA
expression in HeLa cells (Figure 4.2). We believe that an inducible expression system is required
to ensure their consistent and robust inhibition, and to allow expansion of cells and to obtain stable
clones in case knocking out impairs cells growth. Also as GGDPS enzyme plays important roles
in maintaining cellular homeostasis (131,205), an inducible system without continuous expression
of the shRNAs would be more appropriate in this context for analyzing their effects on EGFR
activity. Stable clones were generated and tested for GGDPS1 knockdown following treatment
with varying concentrations of doxycycline. Effective depletion of GGDPSI1 protein levels were
assessed by Western blot (Figure 4.2A) analyses. Unlike the control, GGDPS1 was downregulated
at the protein level in a concentration-dependent manner following increasing doxycycline
concentration after 48hrs (Figures 4.2A) with both shRNAs tested. Densitometric quantification
of blotted GGDPS1 levels normalized to actin highlighted the reduction of GGDPS1 expression
following doxycycline treatments (Figure 4.2B), with more than 70% reduction in the GGPP levels
after 1000ng/ml doxycycline treatment. Next, the effect of knocking down GGPP synthase on
HeLa tumor cell-sensitivity to afatinib was evaluated by MTT cell viability assay (Figure 4.2C).
HeLa cells were pretreated with 1000ng/ml doxycycline for 48hrs followed by afatinib treatment
for 72hrs. In both doxycycline-treated HeLa-GGDPS1-shl and -sh2 cells, the cytotoxic effects of
afatinib were significantly enhanced (Figure 4.2C) demonstrating that targeting GGDPS

augmented afatinib cytotoxicity. In the control HeLa-GFP cells, doxycycline treatment did not
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significantly enhance the cytotoxic effect of afatinib (Figure 4.2D). To exclude the effect of
doxycycline on cell viability, HeLa cells were treated with doxycycline series (100-2000ng/ml)
for 96hrs; doxycycline treatment alone did not affect cell viability in these transfected cells (Figure

4.2D).
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Figure 4. 2 Knockdown GGPDS in HeLa.

(A) HeLa cells stably expressing GFP as a control, GGDPS1-shl or GGDPS1-sh2 were
treated with doxycycline series for 48hrs confirming the knockdown of GGDPS at protein
level by Western blotting (triplicate biological replicates were performed in all cases). In both
blots, actin was used as a loading control. (B) Densitometry analysis of GGDPS1 levels
normalized to actin. (C) MTT cell viability demonstrating the effect of the addition of afatinib
to doxycycline series in HeLa cells expressing GGDPS1-sh1l or GGDPS1-sh2. The addition
of doxycycline enhanced the cytotoxic effect of afatinib treatments. (D) MTT cell viability
demonstrating the effect of the addition of afatinib to doxycycline series in HeLa cells
expressing GFP-sh. The addition of doxycycline did not significantly enhance the cytotoxic
effect of afatinib treatments (Left). MTT cell viability demonstrating the effect of doxycycline
series in HeLa cells expressing GFP-sh control or GGDPS1-shl or GGDPS1-sh2.
Doxycycline did not affect the cell viability in these transfected cells (Right). The error bars
represent the standard deviation from the mean (£SD) of 3 biological replicates (n=3).
Statistical significance was determined by two-way ANOVA with P<0.05 and with
Bonferroni’s post-hoc. Asterisks in the MTT graphs are determined to have a statistically
significant difference when comparing the single treatment to the control treated cells or by
comparing the combination drugs to a single drug for each cell line, while significant

differences between column groups are displayed as P-values above the comparison.

P- value: *P<0.05, **P<0.01, ***P<0.001.
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As a therapeutic approach, digeranyl bisphosphonate (DGBP) specifically inhibits the
activity of GGDPS thus resulting in depletion of GGPP cellular pools (134,135). Herein, we
evaluated the potential of DGBP as a more clinically relevant therapeutic approach to enhance the
activity of afatinib. The anticancer effects of DGBP have been previously reported as a single
agent in a limited set of tumor cell lines (131,135,138,140,206). Initially, we specifically tested
the sensitivity of SCC and NSCLC cells in contrast to the normal human fibroblast (WI-38) cell
line to DGBP using MTT cell viability assay following 72hrs treatment. In this analysis, we
demonstrated that DGBP induces cytotoxicity in SCC and NSCLC cells in a concentration-
dependent manner (Figure 4.3). Varying sensitivities were observed in SCCs, where SCC25 were
most sensitive, SCC9 and HeLLa were moderately sensitive; NSCLC cells were relatively resistant,

while WI-38 cells were not affected (Figure 4.3).
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Figure 4. 3 MTT assay evaluating DGBP cytotoxicity in SCC and NSCLC cells.

(A) MTT assay and IC50 calculations evaluating the cytotoxicity of SCC (SCC9, SCC25,
and HeLa) and WI-38 cell lines after treating the cells with DGBP series for 72hrs. (B) MTT
assay and IC50 calculations evaluating the cytotoxicity of NSCLC (H23, HCC4006,
HCC827, and HCC1975) cell lines after treating the cells with DGBP series for 72hrs. WI-
38 are resistant to the cytotoxic effects of DGBP.
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To confirm target specificity with these DGBP treatment, biochemical add-back
experiments with GGPP co-administration were performed to assess its effects on DGBP induced
cytotoxicity in these SCC cells using both MTT cell viability and trypan blue exclusion assays
(194) (Figure 4.4A and B). SCC cells were treated with varying concentrations of DGBP (1-30uM
DGBP) in the presence or absence of exogenous 10uM GGPP for 72hrs. Co-treatment with GGPP
prevented the cytotoxic effects of DGBP, with cell viability remaining at approximately 100% as
determined by MTT assay (Figure 4.4A). For trypan blue exclusion assay, cells were treated with
solvent control, 20uM DGBP, 10uM GGPP, or the combination of 20uM DGBP and 10uM GGPP
for 72hrs. In concert with the MTT assay, the addition of GGPP negated the cytotoxic effects of
DGBP (Figure 4.4B). These results demonstrated the importance of GGPP cellular pool depletion

as a key regulator of DGBP-induced cytotoxicity.

To further assess the specificity of DGBP to targeting GGDPS, we evaluated its ability to
target the GGPP modification of Rapl and RhoA proteins, which play significant roles in gene
expression and actin cytoskeleton reorganization, respectively (135,140). Since the inhibition of
GGPP can cause the accumulation of FPP, which is the substrate for Ras protein farnesylation, we
evaluated DGBP effects on Ras protein as well. The pan-Ras antibody recognizes both
farnesylated and non-farnesylated forms of Ras protein, and the inhibition of Ras farnesylation is
usually indicated by the appearance of an upper-slower migrating band (135). Using Western
blotting, the effect of inhibiting protein geranylgeranylation with DGBP was evaluated in these
SCC cell lines. Western blot analysis of Rap1 and RhoA proteins confirmed their induction along
with a slight shift in gel mobility for Rap1 following DGBP treatment indicative of the absence of

their prenylation (Figure 4.4C).
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The upregulation and mobility shift are associated with lack of geranylgeranylation in a
number of studies (121), where lack of GGPP modification can result in mobility shifts due to the
lack of protease cleavage of three terminal amino acids (-aax) following GGPP addition, where
Rap1 show a slight shift in the mobility on the gel following DGBP treatment. This mobility shift
was not clearly seen in RhoA. Similarly to a recent study (138), we found treatment with 20uM
DGBP for 48hrs increased expression of Rapl and RhoA in SCC cells (Figure 4.4C). As expected,
DGBP did not affect the farnesylation or expression of Ras protein (Figure 4.4C). These changes
in protein expression were reversed by the addition of exogenous 10uM GGPP (Figure 4.4C).
These results were supported by a graphical representation of densitometric quantification of 3
independently performed biological replicates as shown in the appendix (Figure S5) in which
RAPI1, RhoA and pan-Ras levels were normalized to actin levels. Although our data showed the
induction of Rap1 and RhoA expression, these proteins remain inactive due to their lack of GGPP,
as our previous study and a recent report by Agabiti et al suggested that the induction of RhoA or
Racl by lovastatin or DGBP resulted in inactive RhoA or Racl protein, respectively (105,138).
This confirmed DGBP ability to inhibit the geranylgeranylation of small-GTPase proteins such as

Rapl and RhoA, but not the farnesylation of Ras, through the depletion of cellular GGPP pools.

Next, to determine whether DGBP has preferential effects on the viability of malignant
versus normal cells, we tested lovastatin and DGBP activities on normal human fibroblast (WI-
38) cells. Using MTT assay, WI-38 were treated either with lovastatin series (1-10uM) for 48hrs
or DGBP series (1-30uM) for 72hrs with or without GGPP metabolite (Figures 4. 5A and B). In
contrast to the pattern observed after lovastatin treatment (Figure 4.5A), DGBP treatment did not

show significant effects on cell viability (Figure 4.5B). Similar data were obtained using trypan
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blue exclusion assay (194) (Figure 4.5A and B) where lovastatin decreased cell viability in WI-

38, while DGBP not, indicating DGBP affects only cancer cells not the normal cells.
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Figure 4. 4 The effect of biochemical add back GGPP on DGBP in SCC cells.

(A) MTT analysis demonstrating the co-administration of exogenous 10uM GGPP to DGBP series
showing rescuing in the cytotoxic effect of DGBP in SCC cell lines. (B) The biochemical add-back
experiment was further assessed employing trypan blue exclusion assay and showed the addition of
exogenous 10uM GGPP prevented the cytotoxicity of 20uM DGBP in SCC cell lines. The error bars
represent the standard deviation from the mean (+SD) of 3 biological replicates (n=3). Statistical
significance was determined by two-way ANOVA with P<0.05 and with Bonferroni’s post-hoc.
Asterisks in the MTT graphs are determined to have a statistically significant difference when
comparing the single treatment to the control treated cells or by comparing the combination of drugs
to a single drug for each cell line, while significant differences between column groups are displayed
as P- values above the comparison. P- value: *P<0.05, **P<0.01, ***P<0.001. (C) Representative
Western blot demonstrating the induction of Rap1 and RhoA expression, but not Ras protein, in SCC
cell lines following treatment with 20uM DGBP. The addition of exogenous 10uM GGPP returned
the expression levels of Rapl and RhoA to the basal level. Expression levels of actin were assayed
as the loading control for total protein normalization. The quantification of the band intensities is
found in appendix S5. The error bars represent the standard deviation from the mean (+SD) of 3
biological replicates (n=3). Statistical analysis was performed by one-way ANOVA using the

Bonferroni multiple comparison test. P- value: *P<0.05, **P<0.01.
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Figure 4. 5 Comparison between lovastatin and DGBP effects on the human normal
fibroblast.

(A) MTT and trypan blue exclusion cell viability assays of the co-administration of 100uM
mevalonate or 10uM GGPP in WI-38 cell line following 48hrs of lovastatin treatments.
(B) MTT and trypan blue exclusion cell viability assays of the co-administration of 10uM
GGPP in WI-38 cell line following 72hrs of DGBP treatments. The error bars represent
the standard deviation from the mean (+SD) of 2 biological replicates (n=2). Statistical
significance was determined by two-way ANOVA with P<0.05 and with Bonferroni’s
post-hoc. Asterisks in the MTT graphs are determined to have a statistically significant
difference when comparing the single treatment to the control treated cells or by comparing
the combination of drugs to a single drug for each cell line, while significant differences

between column groups are displayed as P-values above the comparison.
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4.3 ATF3 is the Key Role for DGBP Cytotoxicity

In our recent reports, we identified ATF3 as a key regulator of lovastatin-mediated
cytotoxicity in SCC cells (109,166,183,191). To assess the role of ATF3 in regulating the
cytotoxicity of DGBP, we evaluated the ability of DGBP to induce ATF3 expression by Western
blotting in SCC9 and SCC25 following treatment with varying concentrations of DGBP (1- 30uM
DGBP) for 48hrs and 72hrs (Figure 4.6A). ATF3 expression was up regulated in both cell lines in
both a time- and concentration-dependent manner (Figure 4.6A). The up regulation of ATF3 was
accompanied by an increase in the levels of cleaved PARP (cPARP), a marker of cellular apoptosis
in both cell lines (Figure 4.6A). These results were supported by a graphical representation of
densitometric quantification of 3 independently performed biological replicates as shown in the
appendix (Figure S6) in which ATF3 and cPARP levels were normalized to actin and PARP levels,

respectively, confirming the upregulation of these proteins following DGBP treatment.

Next, we evaluated the ability of afatinib to induce ATF3 expression by Western blotting
in SCC9 and SCC25 following treatment of the cells with varying concentrations of afatinib (1-
10uM afatinib) for 48hrs (Figure 4.6B). ATF3 expression was up regulated in both cell lines, and
this induction also occurred in a concentration-dependent manner (Figure 4.6B). The up regulation
of ATF3 was accompanied by an increase in the levels of cleaved PARP (Figure 4.6B). These
results were supported by a graphical representation of densitometric quantification of 3
independently performed biological replicates as shown in the appendix (Figure S7) in which
ATF3 and cPARP levels were normalized to actin and PARP levels, respectively, confirming the

upregulation of these proteins following afatinib treatment.
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Figure 4. 6 The effects of DGBP and afatinib on ATF3 expression in SCC cells.

(A) Representative Western blot analysis demonstrating the up regulation of ATF3,
and cPARP expression in SCC9 and SCC25 following 48hrs and 72hrs treatments
with DGBP series (1-30uM). The quantification of the band intensities is found in
appendix S6. The error bars represent the standard deviation from the mean (+SD)
of 3 biological replicates (n=3). Statistical analysis was performed by one-way
ANOVA using the Bonferroni multiple comparison test. *P<0.05, **: p<0.01. (B)
Representative Western blot analysis demonstrating the up regulation of ATF3, and
cPARP expression in SCC9 and SCC25 following 48hrs with afatinib series (1-
10uM). In all blots, actin is used as a loading control. The quantification of the band
intensities is found in appendix S7. The error bars represent the standard deviation
from the mean (£SD) of 3 biological replicates (n=3). Statistical analysis was

performed by one-way ANOVA using the Bonferroni multiple comparison test.
*P<0.05, **: p<0.01.
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In addition to SCC, we have also evaluated ATF3 expression in NSCLC adenocarcinoma
cells following treatments with DGBP and afatinib by Western blot. In NSCLC cell lines (H23,
HCC4006, and HCC827), ATF3 expression was induced in these NSCLC cells following
treatment with either drug (10uM afatinib or 20uM DGBP) similarly to the positive control (2ug
cisplatin), which is a known ATF3 inducer. ATF3 induction was accompanied by the cleavage of
the apoptotic marker PARP (Figure 4.7A). These results were supported by a graphical
representation of densitometric quantification of 3 independently performed biological replicates
as shown in the appendix (Figure S8) in which ATF3 and cPARP levels were normalized to actin
and PARP levels, respectively, confirming the upregulation of these proteins following DGBP and

afatinib treatment.

To evaluate the potential of DGBP and afatinib to induce ATF3 mRNA expression in a
more clinically relevant model, we assessed ex-vivo tumor tissues from 3 HNSCC (HN01-03) and
2 NSCLC (LUO01-02) patients that underwent surgery at our Institute. Tissue samples were
processed (183) following surgical excision into 2x1mm slices, randomized with 3 tissue slices
evaluated per treatment and analyzed by quantitative RT- PCR performed in triplicate. In the ex-
vivo tissue samples evaluated, 4 of 5 treated patient samples showed greater than 1.5-fold induction
of ATF3 mRNA levels following 48hrs treatment with 50uM DGBP or 25uM afatinib (Figure
4.7B). Taken together, these data demonstrate that both DGBP and afatinib treatments induce

ATEF3 expression in ex-vivo tumor samples and SCC cell lines.
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Figure 4. 7 The effects of DGBP and afatinib on ATF3 expression in NSCLC cells.

(A) Representative Western blot analysis demonstrating the up regulation of ATF3, and
cPARP expression in H23, HCC4006, and HCC827 NSCLC cells following 48hrs treatment
with DGBP or afatinib, or 24hrs treatment with 2ug cisplatin. In all blots, actin is used as a
loading control. The quantification of the band intensities is found in appendix S8. The error
bars represent the standard deviation from the mean (£SD) of 3 biological replicates (n=3).
Statistical analysis was performed by one-way ANOVA using the Bonferroni multiple
comparison test. ¥*P<(0.05, **: p<0.01. (B) Quantitative RT-PCR analysis of ATF3 mRNA
expression following solvent control, 50uM DGBP and 25uM afatinib in surgically excised
ex-vivo tissues from 3 HNSCC (HN) and 2 NSCLC (LU) patients. Fold changes were
calculated following normalization to gapdH levels (AACt) and expressed as means (£SD).

The error bars represent SD from the mean (+SD) of 3 biological replicates (n=3).

124



A H23 HCC4006 HCC827

— -.- ATES

PARP
— A s e S,

B
ATF3 mRNA expression
10-
E°
i control
= 25uM afatinib
£ o 50uM DGBP
S
7z
=
=]
o
<
e
<
[~

HN-01 HN-02 HN-03 LU-01 LU-02

125



To confirm the importance of ATF3 in mediating the cytotoxicity of DGBP, we employed
ATF3 knockout mouse embryonic fibroblasts (ATF3-/- MEFs) and their respective wild-type (WT
MEFs) counterparts. We evaluated ATF3 expression levels by Western blotting following DGBP
treatment (1- 30uM DGBP) for 48hrs. ATF3 expression was up regulated in the WT MEFs and
was also associated with increased cPARP which was attenuated in the ATF3-/- counterparts
(Figure 4.8A). These results were supported by a graphical representation of densitometric
quantification of 3 independently performed biological replicates as shown in the appendix (Figure
S9) in which ATF3 and cPARP levels were normalized to actin and PARP levels, respectively,

confirming the upregulation of these proteins in the wild type in contrast to the ATF3 null MEFs.

Caspase activation is a hallmark of the induction of apoptosis (207). Caspases regulate
apoptosis through targeted degradation of cellular apoptotic proteins PARP (207). To confirm the
cytotoxic effects of DGBP resulted from increased apoptosis, the cleavage of caspase3 was
evaluated by Western blotting in WT and ATF3-/- MEFs (Figure 4.8B). DGBP markedly increased
ATEF3 expression, cleaved PARP and cleaved caspase3 at 20uM following 48hrs. Interestingly,
ATEF3 expression, cPARP, and c-caspase3 activation were diminished by the co-incubation with
10uM GGPP in WT MEFs, while attenuated in the ATF3-/- MEFs (Figure 4.8B). These results
were supported by a graphical representation of densitometric quantification of 3 independently
performed biological replicates as shown in the appendix (Figure S10) in which ATF3, cPARP
and cCaspase3 levels were normalized to actin, PARP, and Caspase3 levels, respectively
confirming the involvement of GGPP inhibition in the apoptotic effects of the DGBP. Taken

together, ATF3 is a novel mediator for DGBP cytotoxicity.

Next, to confirm the role of GGPP depletion in the cytotoxic and apoptotic effects of

DGBBP, the cleavage of both PARP and caspase3 were evaluated by Western blotting in SCC cells
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(Figure 4.9). DGBP markedly increased ATF3 expression, cleaved PARP and cleaved caspase3 at
20uM following 72hrs, and the addition of GGPP prevented the expression of these proteins
(Figure 4.9). These results were supported by a graphical representation of densitometric
quantification of 3 independently performed biological replicates as shown in the appendix (Figure
S11) in which ATF3, cPARP and cCaspase3 levels were normalized to actin, PARP, and Caspase3
levels, respectively. These results confirmed the involvement of GGPP in the apoptotic effects of
DGBP, where lack of GGPS1 causes depletion of cellular GGPP pool, and that causes the apoptotic

effect of DGBP.
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Figure 4. 8 ATF3 is a key regulator of DGBP activity.

(A) Representative Western blot analysis demonstrating the up regulation of ATF3, and
cPARP expression in WT and ATF3 null MEFs following 48hrs treatment with DGBP
series (1-30uM). The quantification of the band intensities is found in appendix S9. The
error bars represent the standard deviation from the mean (+SD) of 3 biological
replicates (n=3). Statistical analysis was performed by one-way ANOVA using the
Bonferroni multiple comparison test. *P<0.05, **: p<0.01. (B) Representative Western
blot demonstrating the induction of ATF3, cPARP, and caspase3 expression in WT and
ATF3 null MEFs cell lines following the treatment of 20uM DGBP. The addition of
exogenous 10uM GGPP returned the expression levels of ATF3, cPARP, and caspase3
to the basal level. Expression levels of actin were assayed as the loading control. The
quantification of the band intensities is found in appendix S10. The error bars represent
the standard deviation from the mean (£SD) of 3 biological replicates (n=3). Statistical
analysis was performed by one-way ANOV A using the Bonferroni multiple comparison

test. *P<0.05, **: p<0.01.
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Figure 4. 9 Add back GGPP prevented DGBP apoptotic effects in SCC cells.

Representative Western blot demonstrating the induction of ATF3, cPARP, and
caspase3 expression in SCC cell lines following treatment with 20uM DGBP. The
addition of exogenous 10uM GGPP returned the expression levels of ATF3,
cPARP, and caspase3 to the basal level. Expression levels of actin were assayed
as the loading control. The quantification of the band intensities is found in
appendix S11. The error bars represent the standard deviation from the mean
(£SD) of 3 biological replicates (n=3). Statistical analysis was performed by one-

way ANOVA using the Bonferroni multiple comparison test. *P<0.05, **: p<0.01.
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4.4 DGBP Induces ATF3 Through the Activation of the ISR Signaling Pathway

We evaluated the role of ATF3 and the integrated stress response (ISR) pathway, (an
important inducer of ATF3 expression), as potential mediators of DGBP induced cytotoxicity.
Previously, we demonstrated that lovastatin treatment of SCC cells induces ATF3 expression
through the ISR via activation of GCN2 (general control nonderepressible 2), leading to the
expression of ATF4, ATF3, and CHOP, which regulate the induction of apoptosis by the ISR
(147,150,166). In this study, we employed knockout mouse embryonic fibroblast models (GCN2-
/-, ATF4-/-, and CHOP-/-MEFs) and compared them to the wild-type and ATF3-/- MEFs to
evaluate the role of the ISR as potential regulators of DGBP- or afatinib- induced ATF3 expression
and cytotoxicity. Treatment of wild-type MEFs with DGBP (1-30uM) or afatinib (1-10uM)
resulted in the up regulation of ATF3 and cleavage of PARP that was attenuated in MEFs lacking
GCN2-/-, ATF4-/- and ATF3-/-. As expected, the levels of ATF3 were not affected in CHOP-/-
MEFs as CHOP is downstream of ATF3 in this pathway (166) (Figure 4.10A). These results were
supported by a graphical representation of densitometric quantification of 3 independently
performed biological replicates as shown in the appendix (Figures S12-S15) in which ATF3 and
cPARP levels were normalized to actin and PARP levels, respectively, confirming the

upregulation of these proteins in the wild type in contrast to the other null MEFs.

Next, we evaluated the cytotoxic effects of DGBP and afatinib in these MEFs using an
MTT cell viability assay (Figure 4.10B). This series of MEFs were treated with DGBP (1-30uM)
and afatinib (1-10uM) for 48hrs. Following these treatments, wild-type MEFs demonstrated
enhanced sensitivity to both drugs, compared to the null MEFs tested (GCN2, ATF4, ATF3, and
CHOP) (Figure 4.10B). These results were confirmed using trypan blue exclusion assays and by

comparing responses to either vehicle control or 20uM DGBP (for 72hrs) or SuM afatinib (for
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48hrs) (Figure 4.10C). Taken together, these results demonstrated that activation of the ISR
pathway mediates the cytotoxicity of both DGBP and afatinib through the activation of GCN2,

ATF4, ATF3, and CHOP; this drives cellular induced apoptosis.
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Figure 4. 10 DGBP and afatinib induce ATF3 through the ISR Pathway.

(A) Representative Western blot demonstrating ATF3 induction following DGBP and
afatinib treatment in WT and GCN2, ATF4, and CHOP null MEFs (triplicate biological
replicates were performed in all cases). In all blots, actin is used as a loading control.
Figure 4-8A was reproduced here in Figure 4-10A for comparison to the other cell lines
and for convenience to the reader. The quantification of the band intensities is found
in appendices S12, S13, S14, and S15. The error bars represent the standard deviation
from the mean (£SD) of 3 biological replicates (n=3). Statistical analysis was
performed by one-way ANOVA using the Bonferroni multiple comparison test.
*P<0.05, **: p<0.01. (B) MTT assay comparing the responses of WT and all null
MEFs following treatments of the cells with either DGBP series or afatinib series. (C)
Trypan blue exclusion cell viability assay of WT and all null MEFs cell lines, where
cells were treated with control, 20uM DGBP, or 5SuM afatinib for 48hrs. The error bars
represent the standard deviation from the mean (+SD) of 2 biological replicates (n=2).
Statistical significance was determined by two-way ANOVA with P<0.05 and with
Bonferroni’s post-hoc. Asterisks in the MTT graphs are determined to have a
statistically significant difference when comparing the wile type to the null MEFs,
while significant differences between column groups are displayed as P-values above

the comparison.

P- value: *P<0.05, **P<0.01, ***P<0.001.
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4.5 DGBP Synergistically Enhances Afatinib Cytotoxicity

In our recent work, we identified that lovastatin and tarceva induced synergistic
cytotoxicity in SCC cells that was dependent on ATF3 expression (109,166). Our goal in this study
is to identify more specific agents that enhance EGFR-TKIs activity without the toxicities
associated with high-doses statin used in our clinical trial (110). First, the sensitivity of afatinib
was tested on SCC, NSCLC, and WI-38 cell lines using MTT cell viability assay following 48hrs
treatment (Figure 4.11). From this analysis, we found that afatinib induces cytotoxic effects in
SCC cells in a concentration-dependent manner, where SCC9 and SCC25 were sensitive, HeLa
were moderately sensitive (because they have less EGFR gene compared to SCC9 and SCC25),
while WI-38 were resistant (Figure 4.11A). The NSCLC HCC4006 and HCC827 cell lines were
highly sensitive (Figure 4.11B); HCC1975 were moderately sensitive, while H23 were resistant

(Figure 4.11C).

Next, we evaluated the sensitivity of SCC cell lines to the combination of DGBP with
afatinib by MTT assay. Cells were treated with afatinib (1-10uM) for 48hrs either alone or with
20uM DGBP pre-treatment (24hrs) in combination for a total of 72hrs (Figure 4.12A). We
demonstrated that the addition of DGBP enhances the cytotoxic effects of afatinib in the SCC cell
lines tested (Figure 4.12A). Next, employing MTT after pre-treating SCC with DGBP series (1-
30uM) for 24hrs following by the addition of S5uM afatinib for 48hrs, we observed similar results
to those previously observed where the addition of afatinib enhanced the cytotoxicity of DGBP in
SCC (Figure 4.12B). The enhanced cytotoxicity of this combination was confirmed by trypan blue
exclusion cell viability assay. SCC cells were treated with control, SuM afatinib or 20uM DGBP
alone or in combination for 72hrs and the average number of the viable cells was calculated from

3 independent biological experiments. The results show that in all SCC cell lines tested, the
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combination of DGBP with afatinib was significantly better at inhibiting cell viability than either

drug alone (Figure 4.12C).

To determine the nature of this combination, the Chou-Talalay analysis was employed to
determine if the cytotoxic effect of DGBP and afatinib in combination was either an additive,
synergistic, or antagonistic interaction. Fraction affected (from cell viability) plots were generated
to show the combination index (CI) (Figure 4.12D). In all 3 SCC cell lines, the combination of
DGBP and afatinib demonstrated a reduction in the cell viability as determined by MTT assay
which was synergistic (Figure 4.12D). The same experiments of (Figure 4.12) were replicated on
the NSCLC cell lines (H23, HCC4006, and HCC827); where the sensitivity of NSCLC cell lines
to the combination of DGBP with afatinib was evaluated by both MTT and trypan blue exclusion
assays (Figure 4.13). NSCLC cells were treated with afatinib (0.001-10uM) for 48hrs either alone
or with 20uM DGBP pre-treatment (24hrs) in combination for a total of 72hrs (Figure 4.13A). The
addition of DGBP augments the cytotoxic effects of afatinib in the NSCLC cell lines tested (Figure
4.13A). Next, employing MTT after pre-treating NSCLC with DGBP series (1-30uM) for 24hrs
followed by the addition of S5uM afatinib (for H23) or 0.05uM (for HCC4006 and HCC827) for
48hrs resulted in similar effects to those observed in SCC cells, where the addition of afatinib
enhanced the cytotoxicity of DGBP in NSCLC (Figure 4.13B). The enhanced cytotoxicity of this
combination was confirmed by trypan blue exclusion cell viability assay. NSCLC cells were
treated with control, SuM afatinib (for H23) or 0.05uM (for HCC4006 and HCC827), or 20uM
DGBP alone or in combination for 72hrs and the average number of the viable cells was calculated
from 3 independent biological experiments. The results show that in all NSCLC cell lines tested,
the combination of DGBP with afatinib was significantly better at inhibiting cell viability than

either drug alone (Figure 4.13C).
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Next, the Chou-Talalay analysis was used to determine if the cytotoxic effect of DGBP and
afatinib in combination was either additive, synergistic, or antagonistic interactions. In all 3
NSCLC cell lines, the combination of DGBP and afatinib demonstrated that the reduction in the
cell viability as determined by MTT assay was synergistic (Figure 4.13D). Taken together, the
combination of afatinib with DGBP showed enhanced cytotoxicity and decreased viability in all

mentioned cell lines compared to either agent alone (Figure 4.13).
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Figure 4. 11 MTT assay evaluating afatinib cytotoxicity in SCC and NSCLC cells.

(A) MTT assay and IC50 calculations evaluating cytotoxicity of SCC (SCC9, SCC25, and
HeLa) and WI-38 cell lines after treating the cells with afatinib series for 48hrs. (B) MTT
assay evaluating cytotoxicity of NSCLC (HCC4006 and HCC827) cell lines after treating
the cells with afatinib series for 48hrs. (C) MTT assay evaluating cytotoxicity of NSCLC
(H23 and HCC1975) cell lines after treating the cells with afatinib series for 48hrs. Note that
lower concentrations of afatinib were used in HCC4006 and HCC827 as these cells were
highly sensitive to afatinib. The error bars represent the standard deviation from the mean

(£SD) of 3 biological replicates (n=3).
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Figure 4. 12 The synergistic relationship between DGBP and afatinib in SCC cells.

(A) MTT analysis demonstrating the cytotoxicity of the combination of afatinib and
20uM DGBP in SCC cell lines. Cells were treated with either afatinib series (0.001-
10uM) alone for 48hrs or pretreated with 20uM DGBP for 24hrs following by afatinib
series for further 48hrs a total of 72hrs. (B) MTT analysis demonstrating the cytotoxicity
of the combination of DGBP and 5uM afatinib in SCC cell lines. Cells were treated with
either DGBP series (1-30uM) alone for 72hrs or pre-treated with DGBP series for 24hrs
following the addition of 5uM afatinib for further 48hrs a total of 72hrs. (C) Trypan blue
exclusion cell viability confirming the enhancement of the combination of DGBP and
afatinib effects compared to each agent alone. The error bars represent the standard
deviation from the mean (xSD) of 3 biological replicates (n=3). Statistical significance
was determined by two-way ANOVA with P<0.05 and with Bonferroni’s post-hoc.
Asterisks in the MTT graphs are determined to have a statistically significant difference
when comparing the single treatment to the control treated cells or by comparing the
combination drugs to a single drug for each cell line, while significant differences
between column groups are displayed as P-values above the comparison. P- value:
*P<0.05, **P<0.01, ***P<0.001. (D) Fraction Affected/ Combination Index Plots
determined by MTT analysis of cell viability show the synergistic effect of DGBP (1-
30uM, 24hr pre-treatment) in combination with SuM afatinib for a total of 72hs in SCC
cell lines. Combination Indices (CI) <1 are considered synergistic, CI >1 are considered

antagonistic, and CI=1 are considered additive.
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Figure 4. 13 The synergistic relationship between DGBP and afatinib in NSCLC

cells.

(A) MTT analysis demonstrating the cytotoxicity of the combination of afatinib and
20uM DGBP in NSCLC cell lines. Cells were treated with either afatinib series (0.001-
10uM) alone for 48hrs or pretreated with 20uM DGBP for 24hrs followed by afatinib
series for a further 48hrs for a total of 72hrs. (B) MTT analysis demonstrating the
cytotoxicity of the combination of DGBP and 5uM afatinib (for H23) or 0.05uM (for
HCC4006 and HCC827). Cells were treated with either DGBP series (1-30uM) alone
for 72hrs or pre-treated with DGBP series for 24hrs following the addition of SuM (for
H23) or 0.05uM (for HCC4006 and HCC827) afatinib for a further 48hrs for a total of
72hrs. (C) Trypan blue exclusion cell viability confirmed the enhancement of the
combination of DGBP and afatinib effects compared to each agent alone. The error bars
represent the standard deviation from the mean (+=SD) of 3 biological replicates (n=3).
Statistical significance was determined by two-way ANOVA with P<0.05 and with
Bonferroni’s post-hoc. Asterisks in the MTT graphs are determined to have a
statistically significant difference when comparing the single treatment to the control
treated cells or by comparing the combination drugs to a single drug for each cell line,
while significant differences between column groups are displayed as P-values above
the comparison. P- value: *P<0.05, **P<0.01, ***P<0.001. (D) Fraction Affected/
Combination Index Plots determined by MTT analysis of cell viability show the
synergistic effect of DGBP (1-30uM, 24hr pre-treatment) in combination with SpM
afatinib for a total of 72hs in NSCLC cell lines. Combination Indices (CI) <1 are
considered synergistic, CI >1 are considered antagonistic, and CI=1 are considered

additive.
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We then evaluated the potential role of the ISR, and in particular ATF3, as mediators of
the synergy between DGBP and afatinib combination treatments. Elevated and sustained
expression of ATF3 can drive cellular apoptosis and combining ATF3 inducing-agents may
enhance their cytotoxicity (12, 15). SCC9 and SCC25 cells were treated with afatinib (1, 5, 10uM)
for 48hrs either alone or in combination with 20uM DGBP for a total of 72hrs. DGBP treatments
enhanced ATF3 induction by afatinib in both cell lines, and this induction was accompanied by
the enhancement in the levels of cPARP (Figure 4.14A). These results were supported by
densitometric quantification shown in the appendix (Figure S16 and S17) in which ATF3 and
cPARP levels normalized to actin and PARP levels, respectively, confirming the upregulation of

these proteins following DGBP and afatinib combinational treatment.

Using WT and ATF3 null MEFs, we also evaluated the potential of adding 20pM DGBP
(24hrs pre-treatment) to enhance the cytotoxicity of 48hrs afatinib (0.5-10uM) treatment by
employing the MTT assay. Significant enhancement in afatinib cytotoxicity was observed only in
the WT but not in the ATF3-/- null MEFs after the addition of DGBP (Figure 4.14B). These MTT
results were confirmed using Trypan blue exclusion assay where following treatment with solvent
control, SuM afatinib and 20uM DGBP alone or in combination for 72hrs; the average number of
viable cells was calculated from 2 independent experiments. As seen in Figure 4.14C, synergistic
inhibitory effects were seen on cell viability using the drugs combination, while non-significant
effects were observed in ATF3-/- cells regardless of drug treatment. Taken together, these results
demonstrate ATF3 as a mediator of DGBP and afatinib-mediated cytotoxicity and importantly as

a mediator of DGBP and afatinib synergistic cytotoxicity.
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Figure 4. 14 The addition of DGBP enhances afatinib-induction of ATF3 in SCC

cells.

(A) Representative Western blot analysis of SCC9 and SCC25 demonstrating ATF3 and
cPARP expressions following the combination treatment of DGBP and afatinib for
72hrs, where the addition of 20uM DGBP to afatinib series (1-10uM) enhances ATF3
expression. In all blots, actin is used as a loading control. Afatinib treatment alone as
shown in Figure 4-6B is shown again here in Figure 4-14A for comparison purposes and
for convenience to the reader to assess the levels of induction of ATF3 expression and
PARP cleavage following afatinib alone vs. the combination of afatinib and DGBP. The
quantification of the band intensities is found in appendices S16 and S17. The error bars
represent the standard deviation from the mean (+=SD) of 3 biological replicates (n=3).
Statistical analysis was performed by one-way ANOVA using the Bonferroni multiple
comparison test. *P<0.05, **: p<0.01. (B) MTT analysis of wild-type and ATF3-/-
MEFs following 48hrs treatment with afatinib with or without a 24hr pre-treatment with
20uM DGBP. (C) Trypan blue exclusion assay confirming the enhancement of the
combination of DGBP and afatinib effects compared to each agent alone in the WT only.
The error bars represent the standard deviation from the mean (+SD) of 2 biological
replicates (n=2). Statistical significance was determined by two-way ANOVA with
P<0.05 and with Bonferroni’s post-hoc. Asterisks in the MTT graphs are determined to
have a statistically significant difference when comparing the single wile type to the
ATEF3 null MEFs, while significant differences between column groups are displayed as

P-values above the comparison.

P- value: *P<0.05, **P<0.01, ***P<0.001.
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Conclusions

In this study, we evaluated the effect of targeting GGPP synthase on afatinib cytotoxicity,
where we demonstrated that DGBP significantly enhances the cytotoxic activity of afatinib in SCC
and NSCLC cells. DGBP as well as afatinib treatment induced ATF3 expression in SCC and
NSCLC cells in vitro and in a cohort of ex-vivo tumor tissues. We also showed that the co-
administration of GGPP inhibited the induction of ATF3 and the cytotoxic and apoptotic effects
associated with DGBP treatment. Furthermore, the synergistic cytotoxicity induced by the
combinations of DGBP and afatinib in SCC and NSCLC cells was dependent on their enhanced
expression of ATF3 in combination through the induction of ISR pathway regulated by GCN2. In
conclusion, this study suggests the potential clinical utility of combining GGPP synthase inhibitors

with afatinib in SCC and NSCLC.
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CHAPTER 5: DISCUSSION

Despite improvements in cancer therapy involving better surgical techniques, radiation
therapy, and chemotherapeutic agents, many patients with advanced stages will succumb to their
disease. The use of EGFR targeted therapy in treatment regimens of cancers with a high EGFR
expression, such as HNSCC and NSCLC, has demonstrated promising outcomes in both in vitro
and in vivo cancer models (25,27,78). The treatment for advanced stage HNSCC may benefit from
strategies that involve targeting the EGFR, which plays a role in their proliferation and survival
(1,60,208). EGFR-TKIs have been widely used in the treatment of HNSCC; however, they have
demonstrated limited efficacy as single agents, and a combinatorial treatment approach is likely
required to enhance EGFR-TKI efficacy (9,25). This current study, in combination with our
previous work (104,105,108,109,148,209), suggests that treatment of advanced stage HNSCC will
benefit from a novel combination strategy by targeting of the EGFR in concert with the mevalonate

pathway.

The mevalonate pathway is an important cellular metabolic pathway whose end products
play an essential role in maintaining cellular homeostasis and proliferation, and are essential in
mediating EGFR activation and its downstream signaling pathways (87). Malignant cells appear
highly dependent on the sustained availability of the mevalonate metabolites (86,108). Deregulated
or elevated activity of HMG-CoA reductase has been demonstrated in a variety of different tumor
types including HNSCC (86). The statin family of drugs are potent inhibitors of HMGR that are
widely used to treat hypercholesterolemia. As cancer therapeutic agents, statins can directly block
tumor cell growth, invasion and metastatic potential both in vitro and in vivo at high doses (5-10x
the hypercholesterolemia dose) (86,95,210,211). These studies led to a Phase I study of lovastatin

monotherapy in 88 patients with solid tumors comprised of mostly breast and prostate cancer
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patients, where the MTD was determined to be 25 mg/kg/day, a dose that is 25x higher than the
hypercholesterolemia treatment dose (212). No objective responses were observed in this patient
cohort. However, gastrointestinal dysfunction and musculoskeletal system diseases that include
myalgia and muscle weakness were associated with a high-dose of statin (212). Supplementation

with ubiquinone reduced the severity but did not decrease the incidence of muscle toxicity (212).

Our laboratory and clinical studies provide an excellent example of the re- iterative process
utilizing bench to bedside evaluations and going back to the bench to refine our bedside approach.
Initially, we identified HMGR, the rate-limiting enzyme of the mevalonate pathway, as a retinoid
responsive gene and that its targeting with the statin family of agents demonstrated that a subset
of retinoid responsive cancers, including neuroblastoma, acute myeloid leukemia, juvenile
monomyelocytic  leukemia, pediatric solid malignancies (rhabdomyosarcoma and
medulloblastoma), HNSCC and SCC of the cervix, are susceptible to lovastatin-induced apoptosis
and cell-cycle arrest in G1 within therapeutically achievable levels (97,101,102,213). Others
demonstrated similar results in medulloblastoma, neuroblastoma, mesothelioma, and

glioblastomas (100,111).

These results rekindled the interest of HMGR inhibitors as anticancer agents and resulted
in the clinical evaluation of lovastatin in retinoid responsive cancers. Our initial clinical trials
utilizing high dose lovastatin as a single agent in a Phase I setting were performed at the Princess
Margaret Hospital in AML (99) and SCC (103). In the 6 AML patients treated with lovastatin, one
patient displayed a remarkable durable response where control of blast cell population for greater
than 200 days was observed (99). The other 5 AML patients treated displayed significant dose-
limiting toxicity (DLT) consisting of reversible muscle toxicity in all cases that were not reported

to this extent in previous Phase I studies in the solid tumors tested (212). In our completed Phase
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I trial in recurrent SCC, (103), 23% of our patients exhibited stable disease of greater than 3
months, and 4 had DLT exclusively from muscle toxicities (103). Our clinical results suggested
that the most effective use of statins would be as part of a combined modality approach. Thus,
agents targeting the mevalonate pathway required the identification of rationale combination

therapeutic strategies.

Our previous studies have demonstrated such an approach where statins enhanced the
cytotoxicity of EGFR-TKIs in combination through the induction of enhanced apoptotic response
in various malignancies, including HNSCC. Combination of lovastatin and gefitinib represented
an attractive possibility. To this end, our laboratory was the first to demonstrate that targeting
mevalonate synthesis with statins inhibited the activation and downstream signaling of the EGFR
in a mechanism distinct from EGFR-TKIs (104,108). Additionally, by targeting Rho family protein
prenylation and their cellular localization, activation and function, lovastatin inhibited ligand-
induced dimerization and activation of the EGFR and its downstream target AKT in SCC cell lines
(105). Furthermore, we demonstrated synergistic cytotoxicity of lovastatin in combination with
EGFR-TKIs in SCC and NSCLC cell lines (104,105,108). This combination is robust and specific
as a 1200 compound screen that we performed employing FDA approved drugs showed that
gefitinib and erlotinib enhanced lovastatin-induced cytotoxicity (2/7 hits identified) (109).
Importantly employing the same library to identify enhancers of erlotinib cytotoxicity, two

mevalonate pathway inhibitors were identified as enhancers (2/8 hits identified) (109).

Statin-induced ATF3 expression was a key regulator of its cytotoxicity and synergy with
EGFR-TKIs (105,166). ATF3 is a stress-inducible gene that is a member of the CREB/CAAT-
binding family of transcription factors, and it is usually expressed at basal levels in normal cells,

but rapidly induced by a variety of cell stressors including the ISR and can regulate its apoptotic
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response (177,183). A recent study found ATF3 and ATF4 are important regulators that induce
pro-apoptotic protein Noxa by cisplatin treatment of HNSCC in a p53-independent manner (214).
Importantly, we assessed the effect of statin usage in patients enrolled in the National Cancer
Institute of Canada Clinical Trials Group (NCIC- CTG) study BR.21 (62), the first Phase III study
to demonstrate a survival advantage in NSCLC patients with erlotinib from 4.7 to 6.7 months (62).
In the erlotinib arm of this trial, patients on statins to control serum cholesterol performed better
regarding overall survival than non-statin users further demonstrating the potential of this

therapeutic strategy (105).

The pre-clinical data generated from our work was the basis for the recently completed
Phase I study at OHRI Institute evaluating rosuvastatin and erlotinib in combination (110). These
agents were chosen based on their superior clinical performances (215). This trial assessed the
safety of this approach and to determine the Phase II dose to be employed in subsequent clinical
analyses. Patients with a wide variety of solid tumors were assessed including breast, prostate, and
pancreas that are not generally considered to be sensitive to EGFR-TKI treatments (111,213). The
high dose of rosuvastatin used had undesirable muscle pathologies in 34% patients (110). Of
particular interest, there were 6 evaluable patients in this trial with NSCLC and SCC. While 3 were
on study for less than 2 months, 3 were on study for greater than 150 days with 2 of these patients
on study for greater than 275 days (110). For these patients with advanced disease that have failed
standard therapies, this represents a significant improvement over expected outcomes for single

agent erlotinib treatments (62).

Notwithstanding statins benefit in cancer treatment, where they positively induce apoptosis
and prevent tumor progression in a variety of cancers (122), they have also been associated with

muscular complaints including benign myopathy or myalgia to myositis, and possibly life-
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threatening rhabdomyolysis (114,216). According to Thompson and co-workers, there are 3
possible mechanisms of statin-induced muscle pathology: [1] reduction of the levels of ubiquinone,
[2] reduction of the cholesterol content of skeletal muscle membranes, or [3] reduction in FPP,
which is required for the activation of small GTP-binding regulatory proteins, where muscle fibre
degeneration has shown to be linked to dysregulation of small-GTPases (113,217,218). Yet,
several observational and clinical studies have suggested that statin treatment is associated with
muscle damage likely by decreasing the production of ubiquinone that plays an important role in
the mitochondrial respiratory chain (114,216,219). Although CoQ10 supplementation is the
standard therapy option in this matter, conflicting evidence of its efficacy are shown as well, where
other studies demonstrated CoQ10 supplementation does not reduce myopathic symptoms in

statin-treated patients (114,220).

Interest in targeting protein geranylgeranylation was prompted from the realization in
previous studies highlighting the importance of GGPP in maintaining cellular homeostasis.
Biochemical add-back approaches determined which end products downstream of the mevalonate
pathway metabolites are essential for statin-induced cytotoxicity. We demonstrated that GGPP co-
administration reverses the apoptotic effects of lovastatin, its inhibitory effects on EGFR function,
its induction of metabolic stress, and its synergistic cytotoxicity in combination with EGFR-TKIs
(105). Supplementing cells with other mevalonate metabolites such as cholesterol, squalene,
dolichol, ubiquinone, and IPP did not show any effect in mitigating lovastatin-induced apoptosis

(221).

The goal of this study was to identify novel therapeutic strategies that can recapitulate the
efficacy of statins in combination with EGFR-TKIs while circumventing the muscle toxicities

associated with statin usage. In summary, this study demonstrated that targeting GGPP synthesis
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or activity show synergistic cytotoxicity in combination with EGFR-TKIs that was regulated by

ATEF3 and the ISR pathway.
5.1 GGTI - Effects on EGFR Activity and Synergy with EGFR-TKIs

In this initial study, we focused on targeting protein geranylgeranylation as targeting GGPP
incorporation represents a viable therapeutic target in combination with EGFR-TKIs.
Geranylgeranylation is a crucial biochemical post-translational modification for the cellular
localization and functional activation of small G proteins to enhance their hydrophobicity in order
to bind to cellular membranes (123,222). Over the past 2 decades, several reports showed that
these small G proteins contribute to tumor proliferation, development, progression, invasion, and
metastasis (123,222,223). Geranylgeranyl transferase I is a heterodimeric prenyl transferase that

is essential for the prenylation of these small G proteins (223).

Inhibitors of GGtase-I are clinically advanced agents and are available for clinical
evaluations and as such were the primary focus of this study. GGTI-298 is a peptidomimetic-based
GGTI that contains aminobenzoic acid (223). It has been reported that the administration of GGTI-
298 as a monotherapy impairs tumor formation in cell cultures and in animal models by arresting
cancer cells at GO/G1 phase of the cell cycle and inducing apoptosis through the upregulation of
p21wvaieirl CDK inhibitor and the downregulation of AKT phosphorylation, respectively, in oral
SCC, breast, bladder, and pancreatic cancers (117,126,223-225). Additionally, conditional
knockout of the GGtase-I disrupted actin cytoskeleton, reduced cell migration, reduced tumor cell

proliferation and improved survival in mice with oncogenic K-Ras®!?P

-induced lung cancer
(223,226). Also, GGTI-298 has been reported to inhibit the processing of RhoA and RalB and

impaired oral SCC, prostate, and pancreatic cell migration and invasion, which led to decreased

disease progression (223,227). GGTI-2418, is another small molecule peptidomimetic inhibitor
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which was designed based on the CAAL termini of RhoA and RhoC (129,223). Importantly, the
GGTI-2418 completed a first-in-human Phase I clinical trial on 14 patients with advanced solid
tumors in the does-escalation cohort (129). The administration of GGTI-2418 was safe and well
tolerated at all the tested dose levels with some evidence of disease stability, where 4/14 patients
had stable disease for up to 6.7 months (129). GGTI-2418 administration showed minimal side
effects, with nausea and diarrhea as the main adverse event and importantly without demonstrating
muscle pathologies. Plasma concentrations of GGTI-2418 achieved in this trial exceeded
concentrations required for the in-vitro inhibition of GGtase-I, and durable stable disease was
achieved in three colorectal cancer patients as well as one hepatocellular patient (128). Therefore,
during this study, we focused on the potential of the commercially available first-generation
analogue GGTase-I inhibitor GGTI-298 to enhance tarceva cytotoxicity. GGTI-298 and GGTI-
2418 are identical drugs, and we used GGTI-298 because GGTI-2418 was not commercially

available at that time when we start working on this project.

Biochemical add-back approaches have been widely used to pinpoint that GGPP mediates
the cytotoxic and apoptotic effects of several mevalonate pathway inhibitors (131,140,191). Our
previous studies demonstrated that GGPP reversed lovastatin effects on HNSCC and AML cell
viability (191,221). Interestingly, supplementing AML cells with other mevalonate metabolites
did not affect lovastatin’s apoptotic effects (221). In the study presented here, we confirmed our
previous findings, where GGPP rescued the cytotoxic effects of lovastatin alone or in combination
with tarceva in HNSCC SCC9 and SCC25 (Figure 3.1 A and B). In this study we also observed
the overexpression of the key enzymes of the mevalonate pathway in the cancerous cell lines but

not in the normal cell line (Fig 3.1 C), which in line with the literatures (131,222).

155



A growing number of studies demonstrated the interaction between RhoA and various
signaling molecules on cell proliferation and apoptosis (228-230). The Rho family, a widely
studied group of small-GTPase proteins were shown to influence gene expression of various
proteins involved in cell signalling, regulation of actin cytoskeleton and cell mobility, and in cell
cycle progression and cell survival (118,201,227). The activation of this family is important for
cancer cell transformation. There are 5 members of Rho GTPase proteins: RhoA, RhoB, and RhoC,
Racl, and cdc42, which are highly homologous and share about 85% of amino acid sequence
(227). RhoA is involved in the actomyosin contractility; RhoB modulates cellular trafficking and
survival; RhoC plays a role in cell locomotion; while Racl and cdc42 transduce extracellular
signals to lamellipodia and filopodia, respectively (118,227). These RhoA proteins are post-
translationally modified by the GGTase-I enzyme; therefore, they are important targets of the

inhibitor GGTI-298.

A number of in vitro studies highlighted the importance of actin cytoskeleton to EGFR
activation (105,231,232). Since the bioactivity of RhoA modulates actin organization, RhoA could
potentially play a role in EGFR activation. Using immunofluorescence microscopy, F-actin
showed the ability to colocalize with EGFR (105,231,232). This reveals the mechanism by which
actin cytoskeleton forms a matrix that stabilizes EGFR dimerization and facilitates the interaction
of EGFR and its downstream signaling proteins (233-235). Previous work in our lab delineated
the mechanism of lovastatin-induced inhibition of EGFR activation through the actin cytoskeleton
(105). In that model, it was found that lovastatin treatment diminished GGPP cellular pool, which
affects RhoA geranylgeranylation, its localization and activation. Lovastatin significantly induced
the expression of Rho proteins RhoA, and Cdc42, but not Racl (105). Using a colorimetric RhoA

activation assay, it was shown that lovastatin inhibited EGF-induced RhoA activation in SCC9
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and SCC25 HNSCC cells (105). Consequently, the inactivation of RhoA resulted in the
disorganization of the actin cytoskeleton, the inhibition of ligand-induced EGFR dimerization and
trafficking, and subsequently, the inhibition of EGFR activation and its downstream signaling via
AKT phosphorylation (105). An inhibitor of ROCK, a downstream effector of RhoA, Y-27632
also showed similar inhibitory effects of lovastatin (105), which supports the involvement of RhoA
in the EGFR dimerization and actin disorganization. Additionally, using a co-immunoprecipitation
assay, the same study demonstrated that F-actin was pulled down with EGFR in control-treated
cells, but not in lovastatin-treated cells suggesting that EGFR has direct interaction with the actin
cytoskeleton (105). The addition of GGPP reversed all lovastatin’s effects on EGFR activation

(105).

In this study we assessed the effects of GGTI-298 on the prenylation of RhoA, Racl, and
Cdc42 in SCC9 and SCC25. Using Western blot analysis, the expression of the 3 proteins was
induced along with a slight shift in gel mobility following GGTI-298 treatment indicative of the
absence of their prenylation (Figure 3.2 A). Although our data showed the induction of RhoA
protein expression, it remains non-functional due to their lack of GGPP, as supported by our recent
report suggesting that the induction of RhoA by lovastatin resulted in inactive RhoA protein (105).
The co-administration of GGPP reversed lovastatin effects on these Rho proteins, but not the
effects of GGTI-298, confirming that these proteins are geranylgeranylated and the incorporation
of GGPP in the post-translation modification of small-GTPase proteins and not the levels of
intracellular GGPP was regulating this response. We also observed that GGTI-298, similarly to
our work with lovastatin (105), impaired actin cytoskeleton organization and reduced cell
migration through its ability to inhibit RhoA protein geranylgeranylation (Figure 3.2B and C). This

phenomenon is likely the mechanism regulating GGTI-298 inhibitory effects on ligand-induced
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dimerization and trafficking of the EGFR in the cells (data not shown). Targeting the
geranylgeranylation of RhoA is likely the mechanism by which GGTI-298 inhibited EGFR
dimerization. A study in 2011 demonstrated that GGTI-298 increased the expression of, but also
a reduction in the membrane localization of RhoA and RalB, but not Ras in oral SCC cells (227).
Our results in Figure 3.2 also confirmed their findings, where GGTI-298 suppressed oral SCC
migration and invasion supporting the utility of GGTI in the inhibition of SCC invasion and
metastasis (227). Moreover, a recent report also showed that GGTI-298 inhibited RhoA activation
in the NSCLC A549 cells (222) further supporting our findings. Furthermore, that study also
demonstrated that the downregulation of RhoA with small interfering RNA (siRNA) impaired the
phosphorylation of EGFR supporting our suggestion that GGTI-298 may exert its effects on EGFR

through a similar mechanism whereby inactive RhoA results in inhibition of EGFR activity (222).

As stated, the end products of mevalonate pathway play a crucial role in EGFR signaling.
Our previous work demonstrated the synergistic effects between the HMGCR inhibitor, lovastatin,
with the EGFR inhibitor, gefitinib. In this study, using MTT cell viability assay, treatment with
GGTI-298, similar to lovastatin (Figure 3.3), synergistically enhanced cytotoxicity with the
combination of tarceva in HNSCC (Figure 3.4A). To confirm our MTT data, the non-enzymatic
trypan blue exclusion assay was performed corroborating the enhanced reduction of cell viability
following these treatments in combination (Figure 3.4B). To confirm that apoptosis induction was
regulating this combination effect, flow cytometric analysis of propidium iodide-stained cells
showed the enhanced accumulation of apoptotic cells, which contain nuclear fragments, at the pre-
G1 phase in cells treated with the combination treatments of lovastatin and tarceva (Figure 3.4C).
At the molecular level, the combination of both drugs also resulted in the enhancement of cleaved

apoptotic protein PARP by Western blotting (Figure 3.4D). PARP is a nuclear DNA repair protein

158



and a direct target of caspases upon initiation of apoptosis that is cleaved during apoptosis by
activated caspases resulting in the emergence of a signature cleaved 89 kDa fragment (207). Our
data also seems to corroborate the results obtained from a study conducted on NSCLC using the
combination of GGTI-298 with another EGFR-TKI, gefitinib (222). Similar to our findings, GGTI-
298 synergistically enhanced the antiproliferative effects of gefitinib in NSCLC cell lines A549
and HCCS827 (222). These synergistic effects were also observed to induce apoptosis and to inhibit

cellular migration in these NSCLC cells (222).

In this study we focused on the metabolic stress pathways that we identified previously
(105,148,166) as playing a role in regulating statin-induced apoptosis (Figure 1.10): [1] the
EGFR/AKT pathway; [2] the LKB1/AMPK pathway; and [3] the ISR pathway. In our recent work,
we identified these three metabolic stress pathways were modulated by statin treatment. Firstly,
our study in 2010 demonstrated that growth factor withdrawal manifested through the inhibition
of EGFR and its downstream signaling target AKT by lovastatin (105). Secondly, our study in
2012 revealed the role of lovastatin in the energy stress response pathway (148). The LKB/AMPK
pathway senses ATP depletion, which is associated with LKB1 and AMPK activation (148). LKB1
is a CAXX containing FPP modified protein, where FPP modification plays a role in its membrane
localization and activity (146). Lovastatin treatment in HNSCC, similar to a known inducer of
LKB/AMPK pathway Metformin, impaired mitochondrial function and decreased ADP/ATP
ratios, and induced expression and activation of the LKB1 and AMPK upon cellular shortage
(148). Upon LKB1 activation of AMPK, AMPK directly phosphorylates TSC2, raptor, and mTOR
leading to the suppression of signaling from the mTORC1 complex (144). This inhibition results
in the increased levels of non-phosphorylated 4EBP1 with its continued binding to the eukaryotic

translation initiation factor 4E (eIlF4E) inhibiting cap-dependent translation (144). Thirdly, our
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studies in 2007 and 2013 exhibited the role of lovastatin in the Integrated Stress Response (ISR)
pathway that is also activated by a wide variety of insults (166,183). Our study was the first to
demonstrate that lovastatin induced the ISR through GCN2 activation in SCC cells associated with
elF2a phosphorylation, inhibition of protein translation, enhanced expression of ATF4, ATF3 and

CHOP and subsequent induction of apoptosis (166).

Herein, the elucidation of the additional mechanism(s) by which GGTI-298 induces tumor
cell apoptosis was uncovered; we demonstrated the role of GGTI-298 in dysregulating the
expression of key proteins in the three metabolic stress pathways. In the study presented here, we
confirmed the previous findings (105,222), where GGTI-298 treatment induced growth factor
withdrawal through the inhibition of the phosphorylation of EGFR and AKT proteins (Figure
3.6A). Interestingly, GGTI-298 treatment enhanced the inhibitory effects of tarceva on the
activation of EGFR and AKT (data not shown). Similar to this notion, Liu et al also showed GGTI-
298 augmented the inhibitory effects of gefitinib on the activation of EGFR and AKT in NSCLC
cell lines (222). Additionally, in this study we also demonstrated that GGTI-298 treatment played
a role in the energy stress pathway through the up regulation of the phosphorylation of LKB1 and
AMPK proteins (Figure 3.6B), which aligned with our recent findings (148). Similar to our
previous work (166,183), we also showed that GGTI-298 activity involves in the ISR pathway
through the induction of ATF3 expression (Figure 3.7B). Therefore, the ability of GGTI-298 to
modulate the activity of multiple metabolic stress pathways is a novel finding with the potential to

regulate GGTI-298 -induced tumor cell apoptosis.

To gain further insight into the common potential mechanism of action of lovastatin and
GGTI-298, RNA-seq analysis was performed in SCC cells treated with either agent. ATF3 and

ATEF3 regulated genes were up regulated following treatments of SCC25 cells with either of these
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agents (Figure 3.7A). Furthermore, ATF3 null MEFs were resistant to lovastatin and GGTI-298
treatment in comparison to their wild-type counterparts demonstrating a role for ATF3 in
regulating GGTI-298 cytotoxicity (Figure 3.9). Interestingly, these results supported our previous
work, where we showed that by knock down ATF3 in HeLa, the cells become resistant to lovastatin
treatment in comparison to the GFP control cells (183), which highlights the importance of ATF3
in lovastatin activity. In addition, numerous attempts to transfect HNSCC cell lines failed, and thus
we were forced to used alternative relevant model system as a result. ATF3 expression was also
up regulated in a more clinically relevant ex vivo models of HNSCC and other tumor tissues
(Figure 3.7D). Additionally, evaluating the key proteins of the three metabolic stress pathways in
SCC9 GGTl-resistant clones identified ATF3 induction as the only pathway differentially
expressed compared to the parental SCC9 (Figure 3.8). We also found that GGTI-298 treatment
induced synergistic cytotoxicity with tarceva in HNSCC which was regulated by the induction of
the ATF3. This strategy suggested the potential clinical utility of combining GGTIs with tarceva

in HNSCC as a therapeutic strategy.

Although other pathways seem to be dysregulated in the SCC9 GGTl-resistant clones
(Figure 3.8B), of clinical significance, our recent report demonstrated that lovastatin
synergistically induced the cytotoxic effects of gefitinib in the LKB1+/+, LKB1-/- MEFs, as well
as in the LKB1-deficient HeLa cells (148). This suggests that while the energy stress LKB1/AMPK
pathway regulates lovastatin cytotoxicity, the ability of lovastatin to affect a number of cellular
stress pathways can overcome the lack of LKBI1, which highlights the broad therapeutic
applications of statins through their pleiotropic effects on different cellular signaling pathways

(148).
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As stated, the small-GTPase proteins Rho, RaplA, Racl, Rab, and Cdc42 are
geranylgeranylated. Post-translational modification of these proteins is required for their
localization and biochemical functions that play a critical role in oncogenesis and cancer metastasis
(236). Of a particular interest, Rab proteins, including rab5 and rab7, unlike other prenylated
proteins that are modified at their terminal cysteine residue with a single moiety, are modified by
the addition of two GGPP moieties at two cysteine residues by RabGGTase (118,131). They play
vital roles in the internalization and trafficking of amino acid transporters and their aberrant
transport has been associated with the induction of cellular stress (118). Rab 5 is a key regulator
of protein trafficking to early endosomes, and it was shown to regulate EGFR internalization
following its ligand activation (237-239); rab7 regulates transport from late endosomes to
lysosomes (118). Endocytosed EGFR can then be recycled back to the cell surface or be targeted
for degradation via transport through late endosomes to lysosomes regulated by rabl1 and rab7,
respectively (238,239), suggesting inhibition of their GGPP modifications. Currently, few specific
RabGGTase inhibitors are available (240,241). Phosphonocarboxylates have been shown to inhibit
this enzyme (240,241) with lower potency than described for GGTIs. Due to the lack of available
inhibitors of RabGGTase at the time when the experiments initiated in our lab, a former student in
the lab employed an RNA interference method to silence this gene. In preliminary results, similar
to our results with lovastatin treatment of SCC9 and SCC25 cells, it was shown that siRNAs
targeting of RabGGTase inhibited GGPP modification and endosomal localization of rab5 and
rab7. However, targeting RabGGTase failed to enhance the cytotoxic effects of either lovastatin

or tarceva (Data not shown).

Another approach that may show improved specificity and minimize off-target effects of

statins is by direct targeting of GGPP synthase, which will deplete cellular pools of GGPP similar
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to statin treatment and could also represent a viable therapeutic target that more closely mimics

the anticancer effects of statins.

5.2 Targeting GGPP Synthase - Potential as Novel Enhancer of EGFR Inhibitors

In the second part of the study, we focused on targeting GGPP synthesis as a representative
viable therapeutic target in combination with EGFR-TKIs. GGDPS is a prenyl synthase enzyme
that catalyzes the condensation of FPP and IPP to form GGPP via an ionization-condensation-
elimination mechanism (131). Several studies, including our own, have linked the apoptotic and

anticancer effects of statins to the depletion of GGPP (105,131,138).

In this study, we expanded on the biochemical add-back experiment in Figure 3.1 by testing
this approach in NSCLC cells; as expected we confirmed that the addition of exogenous GGPP
through add-back approaches prevented lovastatin-induced cytotoxic effects in SCC and NSCLC
as well (Figure 4.1). Interestingly, when we repeated the experiments of Figure 3.1 on SCC9 and
SCC25 at a later date using newly thawed younger passaged cells, we noticed that these SCC9 and
SCC25 were more sensitive to lovastatin treatment in Figure 4.1 than in Figure 3.1. We think that
this difference in sensitivity is due to a couple of reasons: [1] The age of the cells: in Figure 3.1,
the cells were already in culture prior to my receipt of them, older, and had higher passage number;
whereas in Figure 4.1, the cells were freshly newly thawed, younger, and had lower passage
number. [2] The heterogeneity of the cells: HNSCC is known to be heterogenous, therefore, if we
culture them for too long, they might change, suggesting cells used in Figure 3.1 maybe a different
subpopulation with more resistance to lovastatin. [3] The efficacy of lovastatin: at the time when
the experiment of Figure 3.1 performed, lovastatin drug was already reconstituted in the freezer,
and with multiple freezing/thawing events, the drug could lose its efficacy; whereas in Figure 4.1,

the drug was freshly made and aliquoted into smaller volumes in part due to less frequent freezing-
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thawing cycles, therefore it is more effective. Although some discrepancy was seen in SCC9 and
SCC25 in Figures 3.1 and 4.1, were there was a slight difference in the (~1.3-fold difference).
However, both figures demonstrated the same principle where we showed does-dependent
cytotoxic effects of lovastatin in SCC9 and SCC25, and that the addition of GGPP rescued the

cytotoxic effects of lovastatin in both figures.

Targeting GGPP synthase via blocking the intermediate enzymes of the mevalonate pathway
will deplete cellular pools of GGPP similar to statin treatment and may represent a viable
therapeutic approach in combination with EGFR-TKIs. In this study, we evaluated the effects of
combining inhibitors of GGPP synthase in combination with an irreversible second-generation
EGFR-TKI, afatinib. We chose afatinib for these experiments, as recently published results
demonstrated the superiority of afatinib efficacy to erlotinib in NSCLC when compared head-to-

head in the Lux-Lung-8 clinical trial (82,83).

A number of inhibitors of GGPP synthase have been developed (131,135,140) with DGBP
being a first-generation agent, where it was the most potent inhibitor described when these studies
were initiated (136). DGBP is a synthetic experimental structural diphosphate analog chemical
inhibitor (134,135). DGBP has a different molecular target, selectivity, and cellular effects
compared with other bisphosphonates such as zoledronate which inhibits farnesyl pyrophosphate
synthesis, where DGBP specifically inhibits the activity of GGPP synthase (135). Due to its bulky
structure, DGBP is more lipophilic than statins and NBPs; therefore, it requires more time to enter
the cells (135). DGBP has been previously shown to induce apoptosis of cancer cells including

prostate, breast, and lymphocytic leukemia (131,135,137—-140,206).

Previous work on DGBP showed that DGBP was found to induce apoptosis through the
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activation of cleaved PARP and cleaved Caspase-3 and increased annexin V and PI staining in a
variety of cancers (131,135,138-140). Also, DGBP significantly reduces MDA-MB-231 breast
cancer cell migration and motility (137). It was also shown that DGBP induces autophagy in PC3
prostate and MDA-MB-231 breast cells through the up regulation of LC3-II expression (242).
Interestingly, a recent report demonstrated that inhibitors of GGDPS disrupted Rab
geranylgeranylation, which impairs protein trafficking processes leading to the induction of
unfolded proteins and ultimately activating the unfolded protein response pathway (UPR) leading
to cellular apoptosis (136,141,243,244). Importantly, exogenous addition of GGPP prevented most

of the effects observed with DGBP, suggesting specific inhibition of GGDPS by DGBP.

In a mouse model of prostate cancer, a DGBP analog disrupted Rapla geranylgeranylation
and decreased tumor burden up to 50% in the adrenal gland and prolonged survival compared to
the vehicle-treated mice (245,246). Interestingly, in a recent report by Agabiti and co-workers,
DGBP did not affect the human normal blood mononuclear cells (PBMCs) in contrast to ZOL
(138). A recent work published by Haney et al in early 2019 showed that targeting GGDPS by
RAM?2061, another GGDPS inhibitor, impairs cellular invasion, induces apoptosis through the
activation of cleaved PARP and cleaved Caspases-3,8,9 and increased annexin V and PI staining
in vitro (142). The same group also demonstrated that GGDPS inhibitor induces the UPR pathway
through the upregulation of ATF4, ATF6, CHOP, PERK and IREla expression in pancreatic
ductal adenocarcinoma cells in vitro and slowed pancreatic tumor growth in vivo (142). Moreover,
there was no evidence of hematological, renal, cardiac, muscular, or neurological toxicities
associated with this inhibitor (142). These data indicated that GGDPS can be targeted to interfere
with the progression of cancer cells; therefore, it is another candidate agent to be used to enhance

EGFR-TKIs efficacy.
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In this study, we initially evaluated the cytotoxicity of DGBP in SCC and NSCLC cells
(Figure 4.3), where DGBP induces cytotoxicity in SCC and NSCLC cells in a concentration-
dependent manner. Then, we demonstrated that the co-administration of exogenous GGPP through
add-back approaches prevented the cytotoxic effects of DGBP in SCC cell lines (Figure 4.4A and
B), which is aligned with previous findings (138), suggesting the role of GGPP in the cytotoxic
effect of DGBP. In addition, our data confirmed the previous findings (135,137,138,140-142),
where we showed that DGBP inhibited the prenylation of geranylgeranylated proteins Rapl and
RhoA small-GTPases, which led to changes in their expression (Figure 4.4C). Increased
accumulation of unprenylated forms of Rho proteins by limiting geranylgeranylation of these G-

proteins may disrupt Rho-dependent regulation of cytoskeletal organization (247).

Although our data showed the induction of RhoA and Rapl expression, they remain non-
functional due to their lack of GGPP, as our previous study and a recent report by Agabiti et al
suggested that the induction of RhoA or Rac1 by lovastatin or DGBP resulted in inactive RhoA or
Racl protein, respectively (105,138). More importantly, our findings as shown in Figure 4.5 are
similar to the results obtained by Agabiti et al (2017), thereby supporting our hypothesis that
targeting GGDPS by DGBP would demonstrate tumor cell specificity as it did not display
cytotoxicity in the normal fibroblast cell line, WI-38. These results coincide with our results in
Figure 3.1C and those reported literature, that the basal levels of GGDPS is higher in the cancerous
cells than the normal cell line (WI-38), which indicates the involvement of this enzyme in the
tumorigenesis of the cancer cell lines. Therefore, GGDPS is a useful target. Additionally,
lovastatin targets HGMCR, so it depletes all the downstream metabolites of the mevalonate
pathway including both the GGPP and FPP cellular pools which may affect cellular functions

important for normal cell survival. Also, according to our recent clinical trial (110), which showed
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that lovastatin has cytotoxic effects on the normal tissue, leading to the muscle pathology.
However, DGBP specifically targets GGPP cellular pool only and did not affect the viability of

the normal cells, thereby making it a better drug than lovastatin for clinical use.

Previously in Dr. Dimitroulakos’ lab, it was shown that lovastatin-induced apoptosis of
SCC cells is regulated by the induction of the ISR that activates ATF3 expression (166). Elevated
and sustained expression of ATF3 drives apoptosis through the expression of apoptosis enhancing
proteins that include CHOP/GADD153 (180,183). As we demonstrated in our recent report,
combining lovastatin and salubrinal, an agent that can sustain the activity of ATF3, enhanced
ATF3 induction and induced synergistic cytotoxicity in SCC25 cells (183). These results suggest
that combining inducers of ATF3 through different mechanisms may enhance their apoptotic
responses. Our data confirmed our previous studies (166,183), where we also demonstrated a
similar mechanism of action to statins that was dependent on ATF3, where DGBP treatment
induced ATF3 expression in human SCC cell lines in vitro (Figure 4.6A and Figure 4.7A) and in
surgically resected human tumor tissues ex-vivo (Figure 4.7B) that more closely mimics the
clinical setting. These findings were replicated in the NSCLC cells; interestingly, DGBP treatment
induced ATF3 expression in human NSCLC cell lines in vitro (Figure 4.6B) and in surgically

resected human tumor tissues ex-vivo (Figure 4.7B).

In this study, the pro-apoptotic role of ATF3 in regulating DGBP cytotoxicity was
confirmed through evaluating ATF3 null MEFs that demonstrated attenuation of DGBP
cytotoxicity in the absence of ATF3 (Figure 4.8). Our data confirmed the recent findings
(138,141,142), where DGBP treatment induced apoptosis through the activation of cleaved PARP
and cleaved Caspase-3 (Figure 4.9), which indicate the importance of the ATF family in GGDPS-

inducing apoptosis. Interestingly, as we show in Figure 4.9, the co-administration of exogenous
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GGPP inhibits the induction of ATF3 and apoptotic effects associated with DGBP treatment in

SCC cells.

As stated in (166), there is a potential link between the mevalonate pathway and the ISR
pathway to affect cellular homeostasis, where depletion of the mevalonate downstream
metabolites by lovastatin treatment have the potential to trigger cellular ISR leading to apoptosis
(166). Cholesterol plays a role in the membrane integrity of ER proteins and the alteration of the
cholesterol composition can induce ER stress (166). Dolichol is required for the N-linked
glycosylation of ER proteins for their proper maturation, and the inhibition of glycosylation has
been demonstrated to result in ER stress in vitro (87,166,248). GGPP is vital for the localization
and activation of Rab family proteins that plays critical roles in ER homeostasis, where they
regulate the internalization and trafficking of amino acid transporters and their perturbation have
also been shown to induce ER stress (166,248). Ubiquinone is an important antioxidant that play
a role in mitochondrial respiration, and the inhibition of this metabolite resulted in oxidative
cellular stress (166). In addition, isopentyladenine is crucial for some tRNA modifications for
protein production (166,249). Interestingly, a number of studies have shown that targeting the
mevalonate metabolites by statins or NBPs resulted in elevated ER stress and the activation of the
UPR pathway (236,250-253). Thus, a previous study in our lab hypothesized that the depletion of
mevalonate downstream metabolites by lovastatin treatment have the potential to trigger cellular

stress resulting in apoptosis (166).

Previously, our lab showed that lovastatin treatment activates the GCN2 kinase that senses
amino acid deprivation (166), and that GCN2 phosphorylates e[F2c, which inhibits the recycling
of elF2 to its active GTP- bound form leading to the inhibition of global translation and ATF4

induction allowing cell recovery (166). We have also showed that GCN2 regulates lovastatin-
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induced ATF3 induction and cytotoxicity in the MEFs cell lines (166). According to the literature
review, it is still not clear how GCN2 is exactly activated by lovastatin treatment. However, one
possibility is that cancer cells lose their ability to uptake amino acids following lovastatin
treatment, due to either the attenuation or the inactivation in the expression of cell surface receptors
or the modulation of amino acid permeases thereby leading to activation of GCN2 (166,254). Some
studies support this hypothesis, where they found that modulating mTOR signaling by statins,
thereby blocking the leucine amino acid transporter (LAT1), enhances cisplatin-ISR induction and

its cytotoxicity in Hep-2a HNSCC cells (254-257).

An alternative possible mechanism of lovastatin-induction of the GCN2 is through tRNA.
As stated above, IPP, one of the mevalonate pathway end products, is crucial for some tRNA
posttranscriptional modification in the isopentylation of the adenosine at position 37 (the site
immediately 3’ of the anticodon), creating NS-isopentyladenosine (i°A) (258,259).
Isopentenyltransferase enzyme (IPP transferase), an intermediate in cellular isoprenoid
biosynthesis, is responsible for isopentenylation of this adenosine (258,259). This modified
isopentyladenine is required for efficient amino acid translation by stabilizing tRNA.mRNA
interactions, decoding the UGA and the synthesis of selenoprotein (selenocysteine), and for
efficient binding of aminoacyl-tRNA to ribosomes (258,260-262). Lovastatin treatment of
cultured cells in vitro decreased selenoprotein expression in a selenoprotein-specific pattern (261—
263). Therefore, if we deplete the mevalonate pathway, we would deplete all its end products, no
tRNA modification would occur, and that would lead to amino acids starvation and ultimately to
GCN2 and ISR activation. GCN2 is not only activated by the reduction of cellular levels of charged
tRNAs, but the increase in the binding affinity of GCN2 to the uncharged tRNA can also produce

similar effects as amino acid deprivation thereby increasing its its kinase function (264,265). Some
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studies showed that treating yeast cells with the mTOR inhibitor rapamycin increased the binding

affinity of the uncharged tRNA to the phosphorylated levels of GCN2 (254,266-268).

In this study, we also demonstrated that DGBP significantly induced ISR and ATF3
expression in WT MEFs that are sensitive to its cytotoxic and apoptotic effect, which was also
regulated by GCN2 (Figure 4.10). Our findings are supported by recent work (142), which
highlights the importance of the IRS pathway in the GGDPS inhibitory effect. It is likely that
DGBP, similar to lovastatin, may target intracellular protein trafficking, and thus, may limit the
levels of accessible free amino acids from recycled proteins and/or inhibit their uptake, thereby
promoting the activation of GCN2. During amino acid deprivation, the uncharged tRNA
accumulates and binds to the regulatory binding region within GCN2 homologous to histidyl-
tRNA synthetase (HisRS) enzyme, leading to enhanced kinase catalytic activity of the GCN2 and
its activation (160,162,269). In support of this notion, GCN2 was also shown to be activated by
UV exposure in mouse embryonic fibroblasts and human keratinocytes (166,270). Moreover,
similar to our previous finding (166), CHOP-/- MEFS attenuated the cytotoxic effects of both
DGBP and afatinib (Figure 4.10), which confirm the role of the ISR in the drug-induced apoptosis

(166).

In some studies such as the one published in 2010 by Koromilas group (271), they noticed
that the wild type MEFs of PERK, PKR, and GCN2 did not produce identical responses following
glucose deficiency. However, the observed different responses of these wild type MEFs were
attributed to differences in the genetic background of the cells (271). Although we did not have
the isogenic wild type pairs for the other MEFs (ATF4, GCN2, and CHOP), all these MEFs shared
the same genetic background, whereby they were made in the C57BL/6J mouse strain, [ speculate

that we would have similar results if these wild type paired MEFs were available to me. Moreover,
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this is a common practice where a lot of labs have used a single wild type MEF from the same
mouse strain of the same ISR pathway, so they are appropriate control (158,160,166,182,272—

275).

In this study, we evaluated the cytotoxicity of afatinib in SCC and NSCLC cells (Figure
4.11). This study is the first to demonstrate that afatinib treatment of SCC and NSCLC cells induce
a potent ISR regulated by ATF3 (Figures 4.6B, 4.7A). Afatinib significantly induces the ISR and
ATEF3 expression in SCC and NSCLC cell lines that are sensitive to their cytotoxic and apoptotic
effects, and thus may represent a novel ATF3 dependent agent. We have also shown that ATF3
mRNA expression is induced in a subset of HNSCC and lung ex vivo tumor tissues by afatinib
treatments (Figure 4.7B). The pro-apoptotic role of ATF3 in regulating afatinib-induced
cytotoxicity was confirmed through evaluating ATF3-depleted MEFs that demonstrated
attenuation of afatinib cytotoxic effects (Figure 4.10). Remarkably, afatinib treatment significantly
induces the ISR and ATF3 expression in WT MEFs that are sensitive to its cytotoxic and apoptotic
effect, which was regulated by GCN2 (Figure 4.10). It is still not clear how GCN2 is exactly
activated by afatinib treatment. In 2010, Ye ef al demonstrated that amino acid or glucose
starvation, activated the GCN2-elF2a and upregulated ATF4 expression and its downstream target
genes involved in amino acid synthesis and transportation in tumor cells; thereby this GCN2-
elF2a-ATF4 pathway is critical for tumor cells survival and proliferation in response to glucose
deficiency (160). Another study in 2010 by Muaddi ef a/ demonstrated that the phosphorylation of
elF2a at Serine 51 is an important modulator of cell fate, where GCN2 plays a proapoptotic role
whereas PERK and PKR are cytoprotective targets in response to glucose deprivation (271). It has
been shown that the interplay between the oncogene AKT/PKB and tumor suppressor P53

pathways is involved in the apoptotic effects of glucose deficiency, where under low glucose, ATP
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supply decreases, so protein folding becomes less efficient in the lumen of endoplasmic reticulum
(ER), leading to the accumulation of unfolded or misfolded proteins, and that leads to the activation
of the GCN2 to cope with the stress induced by protein misfolding (271). In 2011, Mounir et al
demonstrated the role of AKT in the activation of the PERK-elF2a-ATF4 pathway. During this
study, they found that the direct inhibition of the PIK3-AKT pathway, either pharmacologically
using LY294002 or genetically using si-RNA, increased the phosphorylation and activation of the
elF2c in MEFs and mammalian glioblastoma cells lines (276). On the other hand, the treatment
with the mTOR inhibitor KU0063794 or the MEK inhibitor PD98059 did not affect the induction
of elF2 a, suggesting that the induction of el[F2a abundance was specific to the inhibition of PI3K
(276-278). The effect of AKT inhibition could also modulate GCN2 activation. A similar study in
budding yeast demonstrated the indirect role of TOR in the activation of GCN2-elF2c pathway,
where the inhibition of TOR by rapamycin induces the dephosphorylation of GCN2 at Serine 577,
leading to the activation of GCN2-elF2c pathway (276,279). To support this notion, in 2016,
Gandin et a/ demonstrated that during nutrient starvation, mMTORC1 phosphorylates the beta
subunit of elF2 and recruits NCK1 phosphatase to elF2, which then decreases and inactivates
elF2a  phosphorylation and strengthens translational ternary complex recycling (280).
Additionally, a recent findings by Liu et al (81), revealed that afatinib downregulated AKT
phosphorylation by activating the PERK-elF2a-ATF4 pathway, and diminished the expression of
anti-apoptotic protein MCL-1 thereby mediating apoptosis in HNSCC cells (81). Another study
demonstrated that erlotinib and gefitinib activated the eIF2a-ATF4 pathway in A549 NSCLC cells
(281). Interestingly, our results confirmed these findings where we showed that afatinib
downregulated AKT phosphorylation leading to the accumulation of mis-folded proteins and the

activation of the GCN2-elF20-ATF4-CHOP pathway resulting in apoptosis. These results
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including ours indicated the importance of the ISR pathway in the cytotoxic effects mediated by

EGFR-TKIs in the HNSCC and NSCLC cells.

Interestingly, similar to our findings in chapter 3, in this study, we demonstrated that both
specific shRNA targeting of GGPP synthase (Figure 4.2), as well as treatment with the inhibitor
DGBP significantly and synergistically enhanced afatinib-induced SCC and NSCLC cells
cytotoxicity (Figures 4.12 and 4.13). Using MTT cell viability assay, treatment with DGBP,
similar to lovastatin (Figure 3.3) and GGTI-298 (Figure 3.4), synergistically enhanced cytotoxicity
with the combination of erlotinib in HNSCC (Figure 4.12) and NSCLC (Figure 4.13). To confirm
our MTT data, the non-enzymatic trypan blue exclusion assay was performed validating the
enhanced reduction of cell viability following these treatments in combination in comparison to
either agent alone (Figures 4.12C and 4.13C). In Figure 4.13, different sensitivity was observed in
these NSCLC. H23 cells are EGFRWT and Kras mutant lung adenocarcinoma, and it is known in
the literature that cells with the wild type EGFR are generally more resistant to EGFR-TKIs in
contrast to the EGFR mutant cells, which are more sensitive than the WT cells (36). On the other
hand, HCC827 and HCC4006 are lung adenocarcinoma that have an acquired EGFR mutation in
the exon 19 in the kinase domain of the EGFR (E746-A750 deletion) and (L747-E749 deletion),
respectively, and are generally more resistance to EGFR-TKIs. However, a recent study in 2019
showed that clinically, patients with EGFR mutation (L747-E749), similar to that mutation in
HCC4006, showed superior outcomes when treated with afatinib than patient with EGFR mutation
(E746-A750), similar to that mutation in HCC827. These findings are in line with our results in

Figure 4.13, where HCC4006 were more sensitive than the HCC827 to afatinib treatment.

In this study, the pro-apoptotic role of ATF3 in regulating cytotoxicity of DGBP and

afatinib combination was confirmed through evaluating ATF3 null MEFs that demonstrated
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attenuation of the cytotoxic effects of both drugs in combination (Figure 4.14). Importantly,
combinations of DGBP and afatinib in SCC cells showed enhanced ATF3 induction compared to
either agent alone (Figure 4.14), suggesting that independent induction of ATF3 may regulate this
synergistic cytotoxic effect in SCC cells. This study is also the first to demonstrate that both DGBP
and afatinib treatments induce ATF3 expression and that ATF3 plays a role in regulating the
apoptotic responses in SCC cells. This strategy suggested the potential clinical utility of combining

GGPP synthase inhibitors with afatinib in SCC as a therapeutic strategy.

5.3 Conclusion and Future direction

Overall, our findings in this study have successfully demonstrated that targeting protein
geranylgeranylation activity with GGTI-298 or GGPP synthesis with DGBP affects EGFR
function through distinct mechanisms. Combining downstream mevalonate inhibitors with EGFR-
TKIs resulted in synergistic enhancement of the cytotoxic effects of both first-generation and
second-generation EGFR-TKIs. ATF3 plays an essential role in regulating this synergistic
relationship mediated by the integrated stress response (Figure 5.1). This study is the first to
demonstrate that combining downstream mevalonate metabolites with EGFR-TKIs of SCC and
NSCLC induce a potent ISR regulated by ATF3. More importantly, our findings taken together
provide new insight into a potential novel combination strategy for advanced SCC and NSCLC by
combining inhibitors of downstream mevalonate pathway enzymes with EGFR-TKIs. In the
future, expanding these pre-clinical studies will provide invaluable data that will play a role in
developing this novel therapeutic strategy. Additionally, the application of targeting GGPP
synthesis and activity in combination with EGFR-TKIs in ex vivo HNSCC and NSCLC human
biopsies and in vivo HNSCC and NSCLC models will allow the validation of the efficacy and

toxicity of this combination strategy, and the ability to test the effect of the combination on the

174



muscle pathology. These pre-clinical evaluations will allow translation of this combination-based

approach into clinical studies to evaluate the potential of this novel combination therapy.
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Figure 5. 1 Overall proposed model of the study.

This figure outlines the overall model of the study. Inhibiting GGPP cellular pools by statins
or GGPP synthase inhibitors affect the GGPP modification of the Rab proteins, which impair
protein trafficking leading to the induction of unfolded protein response and ultimately the
activation of the ISR and GCN2. The activation of GCN2 will induce the phosphorylation of
elF2a and ATF4, leading to the inhibition of the global protein translation and ultimately to
ATEF3 activation and cellular apoptosis. Additionally, inhibiting the GGPP modification of
RhoA proteins will affect EGFR activation, and the downstream signaling through AKT,
which leads to the inhibition of the global protein translation and cellular apoptosis through
the ATF3 activation. On the other hand, the inhibition of EGFR activity by EGFR-TKIs
would lead to the inhibition of the AKT pathway, leading to the activation of the GCN2-
elF2a-ATF4 pathway, then the inhibition of the global protein translation, ATF3 activation
and apoptosis. Combining the two inhibitors EGFR-TKIs with the mevalonate pathway
inhibitors would lead to synergistic cytotoxicity that was regulated by enhancing the induction

of ATF3 expression and the apoptosis than either agent alone.
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APPENDIX I

Supplemental Figure S1. Densitometry analysis of Figure 3-1C demonstrating HMG-CoR and GGPSI1

levels normalized to actin levels. Error bars and £SD are from the mean of three replicates.
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Supplemental Figure S2. Densitometry analysis of Figure 3-6 demonstrating phosphorylated EGFR, AKT,
LKB1 and AMPK levels normalized to their corresponding total EGFR, AKT, LKB1 and AMPK levels.

Error bars and £SD are from the mean of three replicates.
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Supplemental Figure S3. Densitometry analysis of Figure 3-7B demonstrating ATF3 levels normalized

to actin levels. Error bars and £SD are from the mean of three replicates.
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Supplemental Figure S4. Densitometry analysis of Figure 3-8 demonstrating phosphorylated EGFR, AKT,
LKB1 and AMPK levels normalized to their corresponding total EGFR, AKT, LKB1 and AMPK levels, as

well as ATF3 and RhoA levels to actin level. Error bars and £SD are from the mean of three independent

experiments.
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Supplemental Figure S5. Densitometry analysis of Figure 4-4C demonstrating Rapl, RhoA, and

pan-Ras levels normalized to actin levels. Error bars and £SD are from the mean of three replicates.

A B C
SCCY SCC25 HeLa

Fold change
i T
Fold change
s i

z
T
Fold change
T
{

Rapl Rho pan-Ras Rapl RhoA pan-Ras Rapl RhoA pan-Ras
W conrol WuMDGEP IR 10uM GGPP W ool NuMDGEP I 10pM GGPP W control NpM DGBP I 10uM GGPP
| 20uM DGBP + 10uM GGPP 20uM DGBP+ 10pM GGPP | 20uM DGBP + 10uM GGPP

182



Supplemental Figure S6. Densitometry analysis of Figure 4-6A demonstrating ATF3 and cPARP levels

normalized to actin and total PARP levels, respectively. Error bars and £SD are from the mean of three

replicates.
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Supplemental Figure S7. Densitometry analysis of Figure 4-6B demonstrating ATF3 and cPARP levels

normalized to actin and total PARP levels, respectively. Error bars and £SD are from the mean of three

replicates.
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Supplemental Figure S8. Densitometry analysis of Figure 4-7A demonstrating ATF3 and cPARP levels

normalized to actin and total PARP levels, respectively. Error bars and £SD are from the mean of three

replicates.
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Supplemental Figure S9. Densitometry analysis of Figure 4-8 A demonstrating ATF3 and cPARP levels

normalized to actin and total PARP levels, respectively. Error bars and £SD are from the mean of three

replicates.
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Supplemental Figure S10. Densitometry analysis of Figure 4-8B demonstrating ATF3 and cPARP and
cCaspase3 levels normalized to actin and total PARP and Caspase3 levels, respectively. Error bars and £SD

are from the mean of three replicates.
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Supplemental Figure S11. Densitometry analysis of Figure 4-9 demonstrating ATF3 and cPARP and
cCaspase3 levels normalized to actin and total PARP and Caspase3 levels, respectively. Error bars and £SD

are from the mean of three replicates.

SCC9 SCC25 HelLa

ATF¥actin

ATF3/actin

cPARPPARF

o
I pARP B cPARP B PARP B cPARP
3
]
o
&
4‘\
L
B Cispase3 B cheaved Caspascd B Cuspase3 B cleaved Caspase B Caspasct I cleaved Capased

188



Supplemental Figure S12. Densitometry analysis of Figure 4-10A demonstrating ATF3 levels normalized

to actin following DGBP treatment. Error bars and £SD are from the mean of three replicates.
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Supplemental Figure S13. Densitometry analysis of Figure 4-10A demonstrating cPARP levels normalized

to total PARP levels following DGBP treatment. Error bars and £SD are from the mean of three replicates.
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Supplemental Figure S14. Densitometry analysis of Figure 4-10A demonstrating ATF3 levels normalized

to actin levels following afatinib treatment. Error bars and £SD are from the mean of three replicates.
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Supplemental Figure S15. Densitometry analysis of Figure 4-10A demonstrating cPARP levels normalized

to total PARP levels following afatinib treatment. Error bars and £SD are from the mean of three replicates.
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Supplemental Figure S16. Densitometry analysis of Figure 4-14A demonstrating ATF3 levels normalized

to actin. Error bars and £SD are from the mean of three replicates.
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Supplemental Figure S17. Densitometry analysis of Figure 4-14A demonstrating cPARP levels normalized
to total PARP levels. Error bars, £SD from the mean of three replicates.
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APPENDIX II

Supplemental Figure S18. Venn diagram demonstrating the number of the genes that were differentially

expressed following the treatment of SCC25 with 10uM lovastatin or 10uM GGTI-298.
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Supplemental Figure S19. GO analysis of the differentially expressed genes following (A) 10uM
lovastatin and (B) 10uM GGTI-298 in SCC25 highlighting the top 8 terms showing fold enrichment
based on the FDR values and (Log2N=+2).
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Supplemental Figure S20. (A) Venn diagram demonstrating the subset of the genes that were
differentially induced following the 24hrs treatment of SCC25 with 10uM lovastatin and 10uM
GGTI-298. (B) GO analysis of the differentially upregulated genes following 10uM lovastatin and
10uM GGTI-298 in SCC25 highlighting the top 16 terms showing fold enrichment based on the FDR
values and (LogoN+2).
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APPENDIX III

Supplemental Table S1. A table highlights the gene names of the 26 upregulated genes following
the 24hrs treatment of SCC25 with 10uM lovastatin and 10uM GGTI-298.

GO biological process complete Gene Gene name
AMIGO2 Amphoterin-induced protein 2
ACTN2 Alpha-actinin-2
ATF3 Cyclic AMP-dependent activating transcription factor ATF-3
Apoptosis Regulagtor BBC3/PUMA Bcl-2-binding c?mponent 3
BMF Bcl-2-modifying factor
LGALS7 Galectin-7
rhoA Transforming protein Ras homolog family member A
rhoB Transforming protein Ras homolog family member B
Fas Fatty acid synthase-Tumor necrosis factor receptor superfamily member 6
TRAIL-R TNF-related apoptosis-inducing ligand-receptor

Death Ligand Path
cath Ligand rathways TRADD Tumor necrosis factor receptor type 1-associated DEATH domain protein
FLICE-like inhibitory protein

FLIP

EGF Epidermal growth factor

FGF Fibroblast growth factor ligand

NGF Beta-nerve growth factor

FGFR Fibroblast growth factor receptor
PDGFR Platelet-derived growth factor receptor beta

Growth Factor Signaling -
Ras rat sarcoma viral oncogene
c-Jun N-terminal kinases

JNK

JUND Transcription factor jun-D

c-JUN cellular human protein that encoded by the JUN gene
DDIT4 DNA damage-inducible transcript 4 protein
S100A8 Protein S100-A8
S100A9 Protein S100-A9

Calcium H tasi
aicium Homeostasts SLCBA1 Sodium/calcium exchanger 1
MAL T-cell surface glycoprotein CD8 alpha chain CD8A
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