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Abstract

Gastrointestinal malignancies such as liver and pancreatic cancers are the deadliest
due to late detection and drug resistance. Nucleoside analogues, like Gemcitabine, are the
conventional therapy despite their little impact on survival and off-target toxicity. A novel class of
nucleoside analogues able to evade drug resistance mechanisms has been developed by the
Guindon group and biologically screened in our lab. Some of these proprietary molecules were
further equipped with a lipoate moiety designed to target cancer cell metabolism. LCB2151 and
LCB2179 have emerged as the lead molecules in this class, with an 1Cso of 10-15 puM in the
Gemcitabine-resistant human pancreatic (Capan-2 & Panc-1) cancer cell lines. The focus of this
project is deciphering the cellular mechanisms activated by LCB2151 in these pancreatic cancer
lines. A series of biased molecular approaches, like gene expression profiling, and unbiased large
throughput proteomic and metabolomics analyses were applied to identify potential targets and
affected pathways. Results collectively show that LCB2151 evades drug resistance mechanisms,
increases pro-apoptotic markers and impairs mitochondrial respiration as early as 6 hours
posttreatment. Furthermore, MS/MS analyses reveal that LCB2151 alters the levels of several
metabolites in the central carbon metabolism pathway and identifies the citric acid cycle enzyme
a-ketoglutarate dehydrogenase as a potential molecular target of LCB2151. Understanding the
exact mechanism of action of our lead molecule along with extensive testing on murine cancer

models, will surely pave its way to clinical testing and evaluation.
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1. Introduction

1.1. Gastrointestinal Cancer

Cancer remains a serious health challenge in societies worldwide. Gastrointestinal (Gl)
tumours are one of the major causes of morbidity and mortality. Almost 30% of cancer incidence
and 32% of cancer deaths worldwide are due to GI malignancies, both of which rise exponentially
with age (Mislang et al., 2018). These tumours can originate anywhere in the Gl tract from the
esophagus to the rectum (Szucs and Jones, 2018). Of the GI cancers, carcinomas of the pancreas
and liver are more likely diagnosed at later stages and have some of the lowest 5-year net survival

estimates of 8% and 19% in Canada, respectively (Canadian Cancer Statistics 2018).

1.1.1. Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is the deadliest of liver cancers. It is the fifth most
common cancer in men, the ninth most common in women worldwide, and the second leading
cause of cancer-related deaths (Torre et al., 2015). HCC has one of the highest mortality rates:
high incidence ratios accompanied by the lowest 5-year overall survival rate among all cancers
(Kamangar et al., 2006). The pathogenesis of HCC involves a complex interplay between genetic
and environmental perturbations (Lee et al., 2017a). HCC incidence is largely correlated with rates
of hepatitis B and C infections. Important causative factors include alcoholic and non-alcoholic
steatohepatitis, associated with the development of chronic inflammation and cirrhosis (Kikuchi
etal., 2014). Frequently altered oncogenic pathways in HCC are the canonical wingless/integrated
(Wnt) signaling and cell cycle pathways. At the genetic level, CTNNB1 and TP53 mutations are

present in 25-30% of HCCs (Zucman-Rossi et al., 2015).



Generally, GI cancer patients present in advanced stages when effective therapeutic options
are limited (Jindal, 2018). HCC is more lethal and difficult to treat due to the scarring and
inflammation associated with chronic liver disease (Lee et al., 2017a). As for most localized Gl
cancers, resection of the tumour is the preferred curative therapy. However, this is rarely an option
due to the extent of the disease and liver dysfunction at diagnosis (Jindal, 2018; Szucs and Jones,
2018). Liver transplantation is another option for localized tumours but is avoided due to the
chances of rejection and immunosuppression (Jindal, 2018). The prognosis for patients with
advanced tumours is very poor and treatment with radiotherapy and chemotherapy does not
significantly improve outcome. By this time the cancer is refractory to treatment, for which there
is also associated toxicities (Lee et al., 2017a). Sorafenib is the main FDA approved targeted
therapy for HCC despite the very low partial response rate of 2% and improvement in survival rate

of only 3 months (Llovet et al., 2008).

1.1.2. Pancreatic Cancer

Pancreatic cancer (PC) is an even more aggressive disease characterized by delayed
diagnosis, metastasis, resistance to therapy and high mortality (Di et al., 2018). It is the fourth
leading cause of cancer-related deaths worldwide with an incidence close to 338,000 each year
and the highest incidence in men in high-income countries (Roth and Berlin, 2018; Torre et al.,
2015). In the USA alone, the American Cancer Society projected 43,090 estimated deaths for 2017
(Roth and Berlin, 2018). If the mortality rates continue this trajectory, PC will become the second
leading cause of deaths from cancer by 2030, surpassing liver, breast, prostate and colorectal
cancer (Rahib et al., 2014). The outcomes for pancreatic ductal adenocarcinoma (PDAC) have not
changed for the last 40 years. The five-year survival rate remains under 10% which is among the

lowest of solid cancer types (Amrutkar and Gladhaug, 2017; Kleeff et al., 2016; Siegel et al.,



2017). Less than 2% of patients survive more than 5 years and the median overall survival time is
4-6 months in patients with metastatic disease (Bilimoria et al., 2007; Siegel et al., 2014; Uccello

etal., 2018).

1.1.2.1. Characteristics

Pancreatic cancer is derived from the glandular tissue of the pancreas. Almost 90% of
pancreatic cancers are PDAC arising from the ducts of the pancreas (Kamisawa et al., 2016;
Zijlstra et al., 2016). It can be either localized to the pancreas (local disease), locally advanced
(confined to the area around the pancreas but involving adjacent structures such as lymph glands),
or metastatic (spread to distant areas) (Roth and Berlin, 2018). A hallmark of PDAC is a poorly
vascularized, dense and fibrous stroma that can account for nearly 90% of the tumour volume
(Kadaba et al., 2013; Neesse et al., 2011). It is known to interact closely with the encapsulated
malignant cells. Not only is the stroma difficult to penetrate by the immune system, but it also acts
as a physical barrier for drug delivery (Dimou et al., 2012; Stromnes et al., 2014). A broad
heterogeneity of genetic mutations in addition to the dense stromal environment contribute to
tumour growth and dissemination (Kong et al., 2012; Nielsen et al., 2016). PDAC is associated
with two main types of morphologically distinct precursors: pancreatic intraepithelial neoplasia
(PanIN) and intraductal papillary mucinous neoplasm (IPMN). Progression of PanIN into invasive
cancer is well characterized (Bardeesy et al., 2006; Kopp et al., 2012; Morris et al., 2010) and is
paralleled by successive aggregation of genetic mutations (Kleeff et al., 2016; Oldfield et al.,
2017). Early activation of K-Ras oncogene is found in 80-95% of PDAC patients by major hot
spot mutations at KRAS codon 12 (G12D, G12V, and G12R) or other less frequent variants
resulting in the development of PanIN (Biankin et al., 2012; Collisson et al., 2011; Hruban et al.,

2000; Witkiewicz et al., 2015). Progression to higher grade lesions and then to invasive PDAC is



driven by subsequent acquisition of inactivating mutations in tumor suppressor genes CDKN2A,
TP53 and SMAD4/DPC4 (Patra et al., 2017). Almost all PDAC patients carry one or more of these

four frequently-mutated driver genes (Oldfield et al., 2017).

1.1.2.2.  Diagnosis

Most patients have advanced disease when they are diagnosed with an extremely poor
prognosis. Patients commonly present with vague, non-specific symptoms that consist of
abdominal pain, weight loss and jaundice, which worsen over time and are generally identified too
late. (Howard and Jordan, 1977; Warshaw and Castillo, 1992). Upon physical examination,
another common sign is an enlarged liver present in fewer than half of patients (Chin et al., 2018).
Extent of the disease is classified as localized (resectable), borderline resectable, locally advanced,
and metastatic. A resectable tumour shares a boundary with the superior mesenteric vein or portal
vein, but does not produce vein contour irregularity (Al-Hawary et al., 2014). Unfortunately, 80%
of patients are diagnosed with metastatic or non-resectable disease (Jemal et al., 2010). With better

neoadjuvant therapy, more patients will be classified as borderline and qualify for resection.

1.1.2.3.  Treatment

Despite efforts to improve the treatment and outcome of PDAC patients, little progress has
been made (Stathis and Moore, 2010; The Lancet, 2011). Surgical resection remains the only
curative therapy offering prolonged survival, for which only 15-20% of patients are eligible
(Krempien et al., 2006). The role of adjuvant chemotherapy in advanced PDAC is well established
and currently remains the standard of care for these remaining cases (Roth and Berlin, 2018).
Unfortunately, PDAC is one of the most chemoresistant cancers, and conventional therapies have

little impact on the course of disease (Adamska et al., 2017). The aim of chemotherapy in the



metastatic setting is mainly for symptom control and survival prolongation with tolerable side
effects (Uccello et al., 2018). The benefits of radiotherapy alone or in combination as a palliative
treatment is usually uncertain (Sultana et al., 2007). Until recently, chemotherapeutic options were
all single agents including Gemcitabine (Gem), 5-fluorouracil (5-FU) and capecitabine. Gem has
been the standard first-line treatment for PDAC sine 1997, preferred for its modest survival
advantage of up to 5.65 months and a more acceptable toxicity profile (Burris et al., 1997). Major
limitations of Gem include high dosage, rapid inactivation in the blood, and development of
chemoresistance (Maksimenko et al., 2015; Moysan et al., 2013). Nowadays, there are several
more effective options that clinicians can consider of which Gem in combination with other
cytotoxic agents is the predominant one. The MPACT trial demonstrated superior efficacy of
combination of the stromal-targeting nanoparticle albumin-bound paclitaxel (nab-paclitaxel) plus
Gem versus Gem monotherapy (8.5 vs 6.7 months) (Chantrill et al., 2015; Von Hoff et al., 2013).
FOLFIRINOX is another standard combination of drugs that have proven to substantially increase
survival in metastatic PDAC patients (prodige/accord trial )(Conroy et al., 2011). It comprises of
5-Fluorouracil (a pyrimidine analog acting in a similar way of Gem), Leucovorin (a folinic acid
which acts to reduce its side effects), Oxaliplatin (a DNA repair inhibitor), and Irinotecan (a
topoisomerase inhibitor which blocks DNA duplication). The slightly better outcomes of
FOLFIRINOX compared to Gem (median overall survival of 11.1 vs 6.8 months) come at the cost
of increased hematologic toxicity and fatigue, limiting it to patients under 75 years old with a good

performance status (Gourgou-Bourgade et al., 2013).

1.2. Nucleoside Analogues in Cancer Therapy


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fluorouracil
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pyrimidine-antagonists
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dna-repair
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/topoisomerase

Phosphorylated nucleosides are the building blocks of DNA and RNA. Nucleoside
analogues (NAs) are anti-metabolite drugs that mimic their endogenous counterparts.
Incorporation of NAs into deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) interferes with
chain lengthening in actively replicating cells. Over the past few decades, NAs have been used to
treat a variety of cancers and most drugs share a common metabolic pathway.

1.2.1. Gemcitabine: Characteristics and Mechanism of Action

Gem or 2'-Deoxy-2',2"-difluorocytidine (dFdC) is one of the most important nucleoside
analogues in cancer therapy. It is a cytidine (pyrimidine) analogue with a unique spectrum of anti-
proliferative activity (Adamska et al., 2018; Genini et al., 2000). Intracellular uptake of Gem, a
hydrophilic prodrug, is mediated by the SLC29 family of integral membrane proteins termed
human nucleoside transporters (Figure 1). Gem is known to be transported by five transporters,
primarily by human equilibrative nucleoside transporter 1 (hENT1, SLC29A1) (Mackey et al.,
1998). Once inside the cytoplasm, Gem is phosphorylated into Gem-monophophoryl (dFdCMP)
by deoxycytidine kinase (dCK), which is considered the rate-limiting step in its activation. The
molecule is subsequently di- and tri-phosphorylated to dFdCDP and dFdCTP, respectfully. The
major active metabolite dFdCTP acts as a competitive substrate for endogenous deoxycytidine
triphosphate (dCTP), allowing it to be incorporated and locked into DNA in a process called
“masked chain termination”. Polymerases are unable to proceed, and normal mechanisms of DNA
repair are unable to remove Gem, thus inhibiting DNA synthesis and leading to cell death. Gem
also possesses the unique ability to enhance its own activation, termed “self-potentiation”. The
dFdCDP metabolite inhibits the ribonucleotide reductase (RR), a regulatory enzyme for DNA

synthesis that converts CDP to dCDP (Heinemann et al., 1990; Xu et al., 2006). Inhibition of RR
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Figure 1. Nucleoside analogue metabolism and mechanisms of resistance. To act as
antimetabolites, NAs first enter the cell through diffusion or with transporters. The first
phosphorylation by dCK is rate-limiting. A second and third phosphorylation results in the
formation of the di- and triphosphate metabolites which are converted to the deoxy metabolite

using ribonucleotide reductase (RR). Resistance pathways result from a decrease and/or increase
in various key enzymes.



depletes the pool of deoxyribonucleotides, favouring Gem incorporation into DNA (Heinemann et

al., 1992). A positive feedback loop is created that increases the cytotoxicity of Gem.
1.2.2. Common Eide Effects and Toxicity of Antineoplastic Treatments

Rapid catabolism and development of cell resistance in the body pose as serious challenges
for NA chemotherapy. Gem has low membrane permeability and once inside, most of Gem is
inactivated by rapid deamination by cytidine deaminase (CDA) (Shipley et al., 1992). The other
phosphorylated metabolites are also reduced by cellular 5'-nucleotidase or converted by
deoxycytidylate deaminase and then rapidly cleared in the bloodstream. To compensate for these
limitations, doses of Gem are high (about 1000 mg/m?) and regularly must be increased, in turn
generating severe toxicity and a narrow therapeutic index. Some side-effects include
breathlessness, neutropenia, hepatoxicity, nausea and kidney failure (Galmarini et al., 2002;
Moysan et al., 2013; Song et al., 2005). Lung toxicity has been reported with mortality rates at
20%. It tends to be quick in onset with an average onset of less than two months of Gem initiation,
progressing quickly to respiratory failure (Sherrod et al., 2011). NA-induced replicative stress may
not be specific to cancer cells either. In fact, rapidly dividing normal cells, including those in the
bone marrow, gastrointestinal tract, and hair follicles, are often damaged by Gem as well resulting
in myelosuppression, mucositis, and hair loss (Alexander et al., 2016; Galmarini et al., 2002; Song
et al., 2005). Another unwanted scenario may be the accumulation of cells that incorporate NAs
but survive therapy, potentially making tumours more aggressive. If these are not concerning
enough, multi-agent regimens are associated with more severe cytotoxic side effects (Conroy et
al., 2011). Despite these concerns, combination therapies with Gem are more likely to emerge as
treatment of choice, especially for pancreatic cancer.

1.2.3. Recurrent Resistance Determinants to Nucleoside Analogues



Development of NA resistance is the main reason for the inefficacy of current treatments
for pancreatic cancer. Pancreatic cells are most susceptible to Gem compared to any other
anticancer agents however, most patients develop resistance within weeks of treatment initiation.
In addition to the abundant fibrotic stroma surrounding the tumour being widely considered as a
physical barrier to delivery of Gemcitabine, several resistance mechanisms have been reported and
well-established (Kleger et al., 2014; de Sousa Cavalcante and Monteiro, 2014; Walker and Ko,
2014). Chemoresistance mechanisms in Gem treatment are associated with transport and
metabolism and include reduced uptake, increased efflux, reduced activation or increased
deactivation. The most studied mechanisms are the downregulation of hENT1 and of the rate-
limiting enzyme dCK as well as upregulation of CDA and RR. Gem sensitivity can be predicted

using a model based on the ratio of these parameters (Nakano et al., 2007) (Figure 1).

1.2.3.1.  Nucleoside Transporters: Equilibrative Nucleoside Transporters and

Multidrug-Associated Proteins

Specialized human equilibrative transporters (hENTS) are required for hydrophilic NAs
like Gem to pass through the lipid bilayer of plasma membrane (Griffiths et al., 1997a, 1997b).
hENT1 transports Gemcitabine with high affinity and low capacity (Mackey et al., 1999). Reduced
hENTL1 expression in cancer is a well-established phenomenon that leads to limited intracellular
influx of Gemcitabine in vitro and in vivo (Mackey et al., 1998). Upregulation of hRENT1 in cancer
cell lines enhances the cytotoxic effect of Gem, while deficiency of hENT1 results in development
of resistance to Gem (Achiwa et al., 2004; Mackey et al., 1998). Higher tumour expression of
hENT1 in pancreatic cancer patients is associated with better overall survival compared to patients
with low hENT1 expression (Morinaga et al., 2012; Spratlin et al., 2004). CO-101 a lipid-drug

conjugate of Gem, was rationally designed to enter cells independently of hENT1. However, it



failed to demonstrate superiority over Gem in a population of metastatic pancreatic cancer patients

with low hENT1 expression (Poplin et al., 2013).

Another major mechanism governing intracellular concentration of Gem in pancreatic
cancer is the regulation of efflux. High expression of several multidrug-associated resistance
proteins (MRPs) have been linked to poorer outcome in a variety of cancer types. MRPs are ATP-
binding cassette (ABC) pumps in the plasma membrane that mediate the outflow of a large range
of chemotherapeutics including Gem (Misra et al., 2005). Their normal function is to mediate
transport of amphiphilic anions overexpressed in some types of cancers including pancreatic (Borst
etal., 2000; Deeley and Cole, 1997; Miller et al., 1996). The ABCC family (MRP) consists of nine
transporters, MRP1-9 (Gottesman et al., 2002). Of these, MRP-1 overexpression was found in
human PDAC cell lines with the most frequent hotspot p53 mutations (Dhayat et al., 2015). Loss
of proapoptotic wild-type p53 activity and overexpression of oncogenic mutant p53 lead to
transcriptional activation of MRP-1, supporting its role in PDAC chemoresistance (Freed-Pastor
and Prives, 2012; Wang and Beck, 1998). Another study in Capan-2 pancreatic cancer cell line
found that MRP-1 plays a significant role in removal of Gem from Capan-2 cells. (Kohan and
Boroujerdi, 2015). Discovery of MRP-1 in chemoresistance lead to its development into a drug
target. Studies indicate that MRP-1 inhibitors could significantly elevate intracellular
concentrations of chemotherapy drugs (Zhang et al., 2015b).

1.2.3.2.  Expression of Deoxycytidine Kinase and Cytidine Deaminase

DCK is the rate-limiting enzyme of Gem’s intracellular activation (Shipley et al., 1992). A
clear correlation has been demonstrated between dCK levels and Gem sensitivity in both human
and murine xenografts (Bergman et al., 1999; Haperen et al., 1994; Qin et al., 2009). Low pre-

treatment levels of dCK tumour protein corresponds with a higher degree of Gem resistance in
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pancreatic cancer patients and significantly decreased overall survival (Maréchal et al., 2010;
Nakano et al., 2007; Ohhashi et al., 2008). Expression of dCK is considered stable even after
development of resistance to Gem (Sebastiani et al., 2006). It has been reported that Gem-resistant
human ovarian and pancreatic cancer cell lines show a loss of dCK mRNA and frequent
inactivation of dCK (Ohhashi et al., 2008; Ruiz van Haperen et al., 1996). Knockdown of dCK in
pancreatic cancer cell lines resulted in enhanced Gem resistance, while overexpression restored
Gem sensitivity (Funamizu et al., 2010; Kroep et al., 2002; Saiki et al., 2012). It has been of interest
to study the regulation of dCK to increase its analogue-activating activity. The expression and
activity of dCK is enhanced by association with the RNA-binding stress-response protein Hu
antigen R (HUR) (Costantino et al., 2009; Richards et al., 2010). Low HuR expression is reported
to put patients at a seven-fold increased risk of cancer death compared to patients with high HUR
levels (Costantino et al., 2009; Williams et al., 2010). The selective protein kinase inhibitor
Masitinib also interacts with dCK to surprisingly activate the enzyme and sensitize Gem-refractory
cancer cells when treated in combination. The resulting growth inhibition in human PDACSs has
been shown in vitro and in vivo (Humbert et al., 2010). A phase I11 trial of Masitinib plus Gem has

even confirmed a survival benefit for advanced pancreatic cancer patients (Deplanque et al., 2015).

Deactivation of NAs is equally a contributor to chemoresistance. Major inactivation of
Gem occurs through CDA via removal of the -NH2 group from pyrimidine (Shipley et al., 1992).
The uracil metabolite dFdU is degraded, excreted out of the cell and is the only Gem metabolite
found in urine of cancer patients (Abbruzzese et al., 1991). CDA levels are also found to correlate
with clinical outcome as well as preclinical responses of cancer patients to Gem (Amrutkar and
Gladhaug, 2017; Tibaldi et al., 2012). In this case high levels of CDA correspond to decreased

overall survival. Several in vitro studies report that upregulation of CDA results in Gem resistance,

11



while lowering CDA levels restores Gem sensitivity (Eda et al., 1998; Funamizu et al., 2010;
Weizman et al., 2014). Low levels of CDA mRNA were found in neuroblastoma cell lines highly
sensitive to Gem and inhibiting CDA with tetrahydrouridine significantly increased Gem
cytotoxicity in other human cancer cell lines (Eda et al., 1998; Funamizu et al., 2010; Ogawa et
al., 2005). There is an urgent need to develop treatments that overcome the resistance caused by

decreased activation and increased deactivation that current NA-based therapies face.

1.2.3.3.  Expression of Ribonucleotide Reductase

Ribonucleotide reductase (RR) is among the most extensively studied molecular targets
commonly associated with Gem resistance that is not directly related to its metabolism. Conversion
of ribonucleotides to deoxynucleotides (ANTPs) by RR is essential for DNA synthesis and repair.
RR is a holoenzyme that consists of two subunits: RR subunit M1 (RRM1) possesses a binding
site for enzyme regulation and RR subunit M2 (RRM2) is involved in conversion activity. Gem
(dFdCDP)-induced inhibition of RR (RRM2) is an important mechanism in the potentiation of
Gem activity (Heinemann et al., 1990, 1992). However, high levels of RRM1 or RRM2 are
associated with Gem resistance and correlate with a worse prognosis in pancreatic cancer patients
(Amrutkar and Gladhaug, 2017; Aye et al., 2015). Increased expression of RRM1 was found in
Geme-resistant cell lines of pancreatic, biliary, colon and non-small lung cancer, whereas in Panc-
1 cell line, overexpression of both M1 and M2 subunits was necessary for development of
resistance to Gem (Bergman et al., 2005; Davidson et al., 2004; Nakahira et al., 2007; Nakano et
al., 2007; Wang et al., 2015). On the other hand, knockdown of M1 in MiaPaCa-2 could completely
restore Gem sensitivity (Nakahira et al., 2007). As for M2, overexpression results in increased
Gem resistance, while M2 knockdown leads to enhanced Gem sensitivity in vitro and in human

cancer xenografts in mice models (Jonckheere et al., 2012).
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1.2.4. Development of Novel Gemcitabine Derivatives

Chemical modification of nucleoside analogs began shortly after they were first approved
for clinical use and novel chemotherapeutic agents are now being tested in many early phase trials.
Numerous chemical modifications and encapsulation designs of the Gem molecule have been
proposed to overcome three important determinants of resistance to Gem: downregulation of
hENT1, downregulation and inactivation of dCK and deaminase-induced deactivation (Allain et
al., 2012). Modifications of the Gem molecule are mainly based on prodrug and nanocarrier
approaches that are aimed at improved bioavailability and efficacy (Amrutkar and Gladhaug,
2017). Resulting drugs have demonstrated their potential to improve clinical outcomes of the
traditional Gem-based therapy (Hung et al., 2012; Moysan et al., 2013). Recent advances have
been made in conjugating hydrophilic NAs to lipids. For instance, a group has conjugated Gem
monophosphate to an amido-containing phospholipid moiety, producing the drug KPC34 (Pickin
et al., 2009). KPC34 was designed to have dCK-independent activation and hENT1-free uptake
with improved pharmacokinetics. In vitro and in vivo studies show that KPC34 is as effective or
superior to Gem in treating several types of cancer (Pickin et al., 2009). Similarly, Neopharm
synthesized a novel Gem-cardiolipin conjugate (NEO6002) that displayed higher antitumour
activity in a pancreatic cancer mouse model and enhanced uptake and efficacy by prolonged
release of Gem in various human PC cell lines (Ali et al., 2005; Chen et al., 2006). Another
lipophilic prodrug, Gem-elaidic acid conjugate CP-4126 (CO-101) has been shown to be absorbed
by cancer cells independent of hENTL1 levels, yet in randomized phase Il study CP-4126 was not
superior to Gem with respect to survival in patients with metastatic PDAC and low hENT1
expression (Bergman et al., 2011; Poplin et al., 2013; Stuurman et al., 2013). To bypass the rate-

limiting step in the Gem activation pathway catalyzed by dCK, monophosphate forms of Gem
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have been developed (Wu et al., 2007). Screening a series of prodrugs identified NUC-1031 6f
whose activation was less dependent on dCK than Gem and resistant to CDA-mediated
degradation (McGuigan et al., 2011). A phosphoramidate ProTide moiety has since been added
(ProTide 6f), which is currently under clinical development in a phase I/11 study (Slusarczyk et al.,
2014). Another example of an attempt to bypass inactivation of Gem is bio-conjugation with
sgualene, a natural and biocompatible lipid. The spontaneous formation of nanoparticles were able
to overcome limitations to Gem in human pancreatic cancer cell lines. (Couvreur et al., 2008;
Réjiba et al., 2011). This strategy was extended with the development of monophosphate prodrug
SQ-dFdCMP nano-assemblies that displayed reduced tumour growth in xenograft mouse models
of pancreatic cancer (Maksimenko et al., 2015). Altogether, chemical modifications of Gem show

strong potential in overcoming resistance to cancer therapy.

1.2.4.1.  Nucleoside Analogue Chemistry: Synthesis and Conformational Aspects

Existing approaches to synthesize modified nucleosides was limited by the natural pool of
nucleosides and control of stereochemistry, which is particularly challenging. Dr. Guindon’s
medicinal chemistry group developed an novel acyclic methodology as a more efficient route for
the formation of NAs, specifically those bearing an all-carbon stereogenic quaternary centers
(Dostie et al., 2016). Their lab has since developed a series of novel NAs in search of new
antimetabolites that may serve as anticancer agents. By varying the nucleobase and introducing
various prodrugs and lipophilic carriers, the newly synthesized NAs are designed to circumvent
the major known resistance pathways of cancer cells encountered by Gem (Figure 2). The base is
protected with a lipophilic amide that will prevent deamination by CDA and will also allow
hENT1-independent penetration in to the cell by passive transport. Next, the amide could be

cleaved by proteases freeing the nucleoside. A monophosphate prodrug could then avoid the rate-
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Figure 2. Summary of drug design rational. Our novel molecules consisting of a lipoate moiety
attached to a nucleoside analogue. The resistance pathways (dCK or CDA) are overcome through
installation of a phosphoramidate moiety (Monophosphate Prodrug) and the presence of lipoate
chain. The released nucleoside analogue in the cell interferes with DNA replication, while the
lipophilic attachment disrupts mitochondrial metabolism.
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limiting step of activating phosphorylation by dCK (ex Sofosbuvir), while the lipophilic moiety
could interfere with mitochondrial metabolism. Lastly, a stereogenic quaternary center at C2’ or
C3’ of the furanose ring increases plasticity of the molecule and hinders the interaction with RR,
which transforms NAs into different metabolites. In a collaborative effort, we have screened
hundreds of molecules that has identified two bioactive lead molecules: LCB-2151 and LCB-2179
(Figure 3). Remarkably, both are the only known molecules to achieve 100% cell killing of Gem-
resistant cell lines with or without KRAS mutation. The objective of my project is to elucidate their

mechanisms of action to advance their development into the clinic.

1.3. Cancer Cell Metabolism

Glucose, the most widely available catabolite, can be metabolized multiple ways to
generate adenosine triphosphate (ATP) and substrates for anabolic reactions involved in generating
cellular components (Ahn and Metallo, 2015; Pietrocola et al., 2015). Either it can be metabolized
through glycolysis to generate lactate in the cytoplasm or through glycolysis followed by further
metabolism of pyruvate via the tricarboxylic acid (TCA) cycle and oxidative phosphorylation
(oxphos) in the mitochondria (Martinez-Outschoorn et al., 2017) . Glycolysis with lactate
production generates 2 moles ATP per mol glucose versus 36 moles ATP per mol glucose through
mitochondrial oxphos (Vander Heiden et al., 2009). Cells frequently use both pathways, although
typically one pathway dominates in a given cell, depending on nutrient availability (Goodwin et
al., 2014; Sonveaux et al., 2008; Vander Heiden et al., 2009; Whitaker-Menezes et al., 2011). It is
a thermodynamic trade-off between yield and rate of ATP production required by the cell. ATP
is rapidly synthesized by glycolysis (100X faster than oxphos) but the yield is lower than synthesis
by oxphos (Cox and Bonner, 2001). Under aerobic conditions, normal cells predominantly

catabolize glucose through mitochondrial oxphos to generate ATP (Ahn and Metallo, 2015).
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Figure 3. Structure of two lead prodrugs. A. LCB2151 is the lead molecule in the single pro-
drug series, containing a lipophilic moiety. B. LCB2179 is the lead molecule in the dual pro-drug
series, containing a lipophilic moiety and a phosphoramidate moiety (monophosphorylated

prodrug).
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Tumour cells are characterized by uncontrolled rapid proliferation. Compared to their
normal counterparts, they require metabolic adjustments to fuel growth and division, exhibiting
characteristic features in the way they utilize nutrients. This metabolic reprogramming has more
recently been recognized as an essential hallmark of cancer and extensively reviewed in the major
tumour types (Cairns et al., 2011; Christofk et al., 2008; Deberardinis et al., 2008; DeBerardinis
et al., 2008; Hanahan and Weinberg, 2011; Vander Heiden et al., 2009). Cells within tumours can
reprogram their metabolism to enhance glycolysis or oxphos. Glucose happens to be the most
abundant energy source in the blood and is the substrate commonly used by tumour cells (Boroughs
and DeBerardinis, 2015). Elevated aerobic glycolysis and reduced oxphos is therefore most
observed metabolic reprogramming (Yu and Li, 2017). Elevated glycolysis relative to the
surrounding tissue has been exploited for diagnostic imaging of tumours in the clinic by 2-
[*8F]fluoro-2-deoxy-D-glucose (**F-FDG) positron emission tomography (PET) (Vander Heiden
et al., 2009). Tumours also exhibit metabolic coupling, the transfer of catabolites from one
compartment to another to overcome the metabolic stress imposed by a nutrient depleted
environment. Overall, their metabolic flexibility allows tumours to generate ATP while
maintaining reduction-oxidation (redox) balance and committing resources to biosynthesis of
molecules such as nucleotides, lipids, as well as reduced nicotinamide adenine dinucleotide
phosphate (NADPH) for macromolecular synthesis (Amelio et al., 2014). The commonly observed
metabolic phenotype in cancer is induced by several factors including alterations in oncogenes and
tumor suppressor genes. Onco-proteins and tumor suppressors such as the PISK/Akt/mTOR
signaling pathway, Myc, Ras, PTEN, hypoxia-inducible factor (HIF-1a ) and p53, are involved in
the regulation of this metabolic adaptation (Coller, 2014; Galluzzi et al., 2013; Jones and Schulze,

2012; Lu et al., 2015). They are responsible for changes in the expression levels of metabolic
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enzymes, expression of alternative enzyme isoforms and mutations in genes encoding metabolic
enzymes (Pavlova and Thompson, 2016). Although in many cases metabolic processes in cancer
are similar to the ones in healthy tissues, metabolic phenotype of cells within tumours is distinct
from that of their normal counterparts. There is less metabolic heterogeneity than variance in the
genetic landscape of tumours, making metabolism-based therapies a more attractive anticancer
strategy than treatment based on the complex and highly variable genetic profiles of tumours
(Martinez-Outschoorn et al., 2017). Moreover, resistance to cell death is a hallmark of malignant
cancers associated with altered metabolism. (Hanahan and Weinberg, 2011; Viale et al., 2014).
The rational design of anticancer drugs targeting metabolic enzymes could be required to improve
cancer-treatment outcomes by overcoming drug resistance (Elia et al., 2016; Galluzzi et al., 2013).
In fact, these approaches have led to the development of several molecules that are now entering
clinical trials (Kim et al., 2016).

1.3.1. Glycolysis, TCA Cycle and the Warburg Effect

The first to observe the elevated uptake of glucose that characterizes the majority of cancers
was German physiologist Otto Heinrich Warburg (1883-1970) in 1927 (Vander Heiden et al.,
2009; Warburg et al., 1927). The so called ‘“Warburg Effect’ describes the ability of malignant
cells to maintain elevated glycolytic rates in the presence of sufficient oxygen (Figure 4). This
hypothesis seems counterintuitive for rapidly dividing cells. Why they choose a less efficient route
to generate ATP has not been satisfactorily answered and the exact purpose of this metabolic
adaptation remains unclear. What has been clarified is Warburg’s initial assumption of defective
non-functional mitochondria in cancer. For decades, mitochondria were a mere bystander of the
oncogenic process. Today, we know that most cancer cells contain metabolically efficient

mitochondria that are required to sustain high proliferation rates, to provide ATP and intermediate
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conditions. Glutamine metabolism is crucial for cancer cell growth via the generation of
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20



metabolites for anabolic reactions critical to cancer growth, with 10-15% of glucose carbons
entering the TCA cycle (Hitosugi and Chen, 2014; Vander Heiden et al., 2009). Better known
today as “aerobic glycolysis”, it is clear that the metabolic reprogramming in cancer cells now
goes beyond the Warburg effect to include increased flux through the pentose phosphate pathway
(PPP), high glutamine consumption, reduction/oxidation (redox) imbalance and elevated rates of
lipid biosynthesis (Chaiswing et al., 2014; Galluzzi et al., 2013; Schulze and Harris, 2012;
Warburg, 1956; White, 2012). Even though ~85% of glucose carbon is excreted as lactate, the
generation of acetyl-CoA from pyruvate remains critical for cancer growth. Pyruvate
dehydrogenase complex (PDH) catalyzes pyruvate to acetyl-coA and is essential for converting
glucose carbons into lipids and other TCA intermediates (Pardee et al., 2014a). There is a need
for replenishing (anaplerosis) the TCA cycle with carbon sources other than glucose to fulfil these
processes. Glutamine is another substrate for the bioenergetic pathways that support tumour
growth. Together, increased glucose and glutamine consumption by tumours have been proposed
to provide carbon and nitrogen precursors to sustain the biosynthesis of building blocks required
for proliferation. Cells can utilize glutamine after its conversion to a-ketoglutarate that enters the
TCA cycle via alpha-ketoglutarate dehydrogenase complex (KGDH) (Pardee et al., 2014a). It is
predicted that simultaneous inhibition of PDH and KGDH would deprive cancer cells of their

ability to metabolize carbon via the TCA cycle.

1.3.2. Key Metabolic Enzymes Involved

Most glycolytic enzymes are deregulated in cancer cells and play important roles in tumour
progression. For instance, a number of studies correlate overexpression of the glucose transporter
GLUTL1 with increased glycolysis in cancer (Medina and Owen, 2002). There has been a rapidly

growing interest in targeting glycolytic enzymes in cancer therapy. Drugs that target glycolytic
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enzymes, are being studied in preclinical studies and even tested clinically, for example the
GLUTL inhibitor Silibinin (Deep and Agarwal, 2013; Galluzzi et al., 2013; Marchiq and
Pouyssegur, 2016; Ooi and Gomperts, 2015). Branching from glycolysis is the PPP that is required
for the synthesis of ribonucleotides and NADPH (Stincone et al., 2015). Enzymes crucial for the
diversion of glycolysis to PPP, such as phosphophructokinase-1 (PFK-1), have become emerging

therapeutic targets as they are also upregulated in cancer cells (Lincet and Icard, 2015).

1.3.2.1.  Phosphofructokinase-1

PFK-1 catalyses the rate-limiting conversion of fructose-6-phosphate (F6P) to fructose 1,6-
bisphosphate (F1,6BP) in the third step of glycolysis. It plays a key regulatory role in controlling
the node that determines the entry of metabolites into glycolysis or the associated PPP pathway
(Mor et al., 2011). Shunting metabolism towards PPP leads to increased ribose-5-phosphate for
the synthesis of nucleotides and of NADPH, which is essential for scavenging reactive oxygen
species, preventing cancer cells from oxidative stress (Yi et al., 2012; Yu and Li, 2017).
Mammalian PFK-1 contains two allosteric sites for its substrate ATP: the catalytic site and the
inhibitory allosteric site. Hence, ATP exerts inhibitory effects on PFK-1 at different levels,
depending on the metabolic state of the cell. When the ATP/ADP ratio is high, the inhibitory effect
is elevated, which is also potentiated by other metabolites such as citrate and lactate (Costa Leite
et al., 2007; Marcondes et al., 2010; Marinho-Carvalho et al., 2009). The most potent allosteric
activator of PFK-1 is fructose-2,6-bisphosphate (F2,6BP), which is produced by
phosphofructokinase-2 (PFK-2, PFKFB3). Affinity of PFK-1 for F6P increases upon binding of
F2,6BP to PFK-1 and ATP-mediated inhibition of PFK-1 is lost (Deprez et al., 1997). PFK-2 is
generally overexpressed in human cancers and has received attention recently as a therapeutic

target (Clemetal., 2013; Yalcinetal., 2014). For example, inhibition of PFK-2 by 3-(3-pyridinyl)-
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1-(4-pyridinyl)-2-propen-1-one (3PO) rapidly reduces glucose uptake, lactate secretion and
intracellular ATP in leukemia cells (Clem et al., 2008). PFK-1 is also upregulated by activation
of c-Myc oncogene, stimulating the Warburg Effect (Osthus et al., 2000). On the other hand,
hypoxia induces glycosylation (O-GIcNAcylation at S529) of PFK-1 to inhibit enzymatic activity
and redirect glucose flux towards PPP (Yi et al., 2012). Overall, blocking glycolysis affects
oxphos by decreasing the concentration of pyruvate which integrates into the TCA cycle to

produce ATP.

1.3.2.2.  Pyruvate Dehydrogenase Complex

Pyruvate is the product of glycolysis that fuels mitochondrial oxygen consumption. In the
mitochondria, pyruvate is oxidized by pyruvate dehydrogenase complex (PDH) to form acetyl co-
A. Acetyl co-A can be oxidized to support ATP generation through oxphos, or its carbon can be
diverted to anabolism (Martinez-Outschoorn et al., 2017). Considered the gatekeeper of pyruvate
entry into the mitochondria, PDH is a huge complex with a core structure formed by more than 60
subunits including PDHALl (El), dihydrolipoyl acetyltransferase (E2), dihydrolipoyl
dehydrogenase (E3), E3-binding protein (E3BP), pyruvate dehydrogenase kinase (PDK) and
pyruvate dehydrogenase phosphatase (Patel and Roche, 1990). As the gatekeeper of pyruvate entry
into the mitochondria, PDH regulation is especially well understood. It is one of four enzymes
using lipoate as cofactor and its regulatory mechanisms are unique to this complex among the other
lipoate enzymes (Kikuchi et al., 2008; Yeaman, 1989). Cyclic acylation/reduction of lipoate in the
PDH complex modulates PDH activity by regulating the kinases (PDKSs) that inactivate it. High
levels of acyl and/or reduced lipoate (indicating high PDH saturation) stimulate PDKSs to inactivate
the E1a component of PDH via phosphorylation, blocking pyruvate entry into the complex (Roche

etal., 2001). There are four PDKSs and each has a distinct response to lipoate intermediates of PDH
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(Roche and Hiromasa, 2007). PDKSs are overexpressed in many cancers leading to inactivation of
PDH (Hitosugi et al., 2011; Zachar et al., 2011). Pyruvate metabolism is being targeted in cancer
therapy using modulators of the TCA cycle. Dichloroacetate (DCA), a pyruvate analogue and
PDK-1 inhibitor stimulates PDH activity and suppresses tumour growth by shifting the Warburg
phenotype to oxphos (Kinnaird and Michelakis, 2015; Velpula et al., 2013). Despite these results,
current evidence shows that cancer cells retain functional mitochondria and the capacity for oxphos
in spite of the Warburg effect (Bensinger and Christofk, 2012). Persistence of PDH activity is vital
to cancer cell survival and was found to be essential for growth of lung tumours driven by
oncogenic Ras in mice (Davidson et al., 2016). Inhibition of residual PDH activity rather than

stimulation is another therapeutic angle to be considered.

1.3.2.3.  Alpha-Ketoglutarate Dehydrogenase Complex

The need in cancer cells for biosynthetic intermediates leads to a TCA cycle functioning
in a reverse mode, favouring tumour growth (Metallo et al., 2011; Mullen et al., 2011; Sun and
Denko, 2014). To replenish the TCA cycle intermediates in support of anabolic processes, cancer
cells rely on glutamine as an alternative carbon donor for lipid synthesis (DeBerardinis et al., 2007;
Mullen et al., 2011). Glutamine is also important for synthesis of glutathione, an abundant
antioxidant in cancer cells required for redox homeostasis and survival in response to oxidative
stress (Martinez-Outschoorn et al., 2017). Glutamate from glutathione is a critical precursor for
nonessential amino acids and increased activity of the enzymes involved is observed in cancer
(DeBerardinis and Cheng, 2010; Weinberg et al., 2010). Lastly, transformed cells maintain the
ability to metabolize glutamine oxidatively, accounting for the majority of ATP production under
hypoxic condition (Altman et al., 2016; Fan et al., 2013; Son et al., 2013). Entry of glutamine-

derived carbon into the TCA cycle is controlled by KGDH (DeBerardinis et al., 2008). Once
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glutamine is converted to a-ketoglutarate (KG), KGDH catalyzes the oxidative production of
succinyl-coA in the mitochondria. KG can also be carboxylated to isocitrate then citrate, which is
transported to the cytoplasm for fatty acid synthesis (Han et al., 2016). KGDH consists of 3 types
of subunits: 2-oxoglutarate dehydrogenase (OGDH, E1), dihydrolipoamide succinyl transferase
(DLST, E2) and dihydrolipoamide dehydrogenase (DLD, E3) (Reed and Hackert, 1990). OGDH
is the rate-limiting component for the overall enzymatic reaction (Huang et al., 2003). LA is bound
to the DLST subunit that acts as a cofactor in transesterification reaction producing succinyl-Co-
A and DHLA, the reduced form of lipoic acid (LA). DLD catalyzes the restoration of oxidized LA
(Reed and Hackert, 1990). In contrast to PDH, KGDH is not regulated by phosphorylation but
rather primarily by allosteric processes to adjust mitochondrial metabolism through energy status
sensing (Strumilo, 2005). Its activity is finely regulated by levels of ATP, ADP, inorganic
phosphate (Pi) and by the reduced nicotinamide adenine dinucleotide (NADH)/NAD+ ratio, where
low energetic conditions have a stimulating effect. Succinyl Co-A, Ca+, ROS and variations in
mitochondrial pH appear to also be involved in the control of KGDH activity (Vatrinet et al.,
2017a). Intriguingly, KGDH can both sense and generate ROS. Increased ROS levels inhibit
KGDH function via modification of LA bound to E2. The E3 subunit is the site of superanion
production that causes generation of a thiyl radical on the reduced lipoic acid bound to E2, to
ultimately undergo self-inactivation under high NADH conditions (McLain et al., 2011; Starkov
et al., 2004). Inhibition of KGDH (OGDH/E1) suppresses cancer cell growth and inhibition of
glutamine metabolism increased the sensitivity of cancer cells to chemo- and radiotherapy by
increasing oxidative stress (lzaki et al., 2008; Li et al., 2015a, 2015b; Mullen et al., 2014; Sun and
Denko, 2014). These findings lend support for further investigation of KGDH as a therapeutic

target in resistant cancers.
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1.4. Role of Mitochondrial Biogenesis in Cancer

It is now clear that mitochondria play a key role in all steps of oncogenesis. (Lu et al., 2015;
Vyas et al., 2016). Not only are they a major source of ATP, mitochondria also have the ability to
provide building blocks for anabolism via anaplerosis, the capacity to produce ROS and hold a
central position in regulated cell death signalling. In view of the vital role of mitochondrial function
in sustaining cancer cell survival, mitochondrial metabolism now stands out as a promising target
for the development of novel antineoplastic agents. Drugs targeting mitochondrial oxidative stress
are currently being explored. Reactive Oxygen Species (ROS) are primarily generated as by-
products during mitochondrial electron transport chain (ETC) and regulate key cellular processes
such as cell death, invasiveness and metabolism. ROS at low levels can promote proliferation, but
elevated ROS production causes oxidative stress, which can include lipid peroxidation, DNA
damage and protein oxidation, leading to cell death (Martinez-Reyes et al., 2016). Cancer cells
have enhanced antioxidant systems to maintain ROS homeostasis in high oxidative stress
environments (Cairns et al., 2011; Sun et al., 2013). NADPH is produced via the PPP and is central
to the ability of cancer cells to control ROS by re-generating antioxidants such as glutathione (Fan
etal., 2014; Scarbrough et al., 2012). Redox signaling is extensively studied in altered tumor cells.
For example, Ras-driven cancer cells with a heightened antioxidant system, including stimulation
of the NADPH-generating PPP, are among the most difficult to treat and there is also evidence for
redox-dependent changes associated with malignancy-related metabolic alteration in breast cancer
development (Schafer et al., 2009; Watson, 2013). Considering that cancer cells, with tightly
regulated redox homeostasis, are more vulnerable to excessive ROS levels than normal cells,
disruption of redox balance and mitochondrial function by promoting oxidative stress is an

attractive therapeutic strategy to eradicate vulnerable cancer cells (Trachootham et al., 2009).
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1.4.1. Lipoic Acid in Cancer

The short-chain fatty acid alpha-lipoic acid (LA) is an endogenous disulfide compound
synthesized de novo in the mitochondria, where it serves as an essential cofactor for mitochondrial
enzymes that are key to maintaining TCA carbon flow (Ziegler et al., 1995). Specifically, LA is
covalently bound as a lipoamide to DLAT and DLST subunits of the PDH and KGDH complexes,
respectively. It contains two sulfur atoms and either can exist in higher oxidation states (Dwivedi
et al., 2014; Mignini et al., 2013). LA and its reduced counterpart dihydro lipoic acid (DHLA)
form a potent redox couple (Durand and Mach, 2013). LA is synthesized in the liver and other
tissues with high metabolic activity such as the heart and kidneys and is found in every cell (Akiba
et al., 1998; Yamada et al., 2011). Both water and fat soluble, LA crosses biological membranes
easily, reaching all parts of the cell. In humans, LA is primarily metabolized by S-methylation and
R-oxidation (Teichert et al., 2003). In addition to its catalytic roles, LA occupies a unique position
in cancer biology. A number of studies have demonstrated that LA and derivatives thereof are
capable of antitumor activity in vitro and in vivo, while non-transformed primary cells are hardly
affected (Jeon et al., 2016; Sen et al., 1999). The mode of cell death was further characterized and
revealed the intrinsic apoptosis that is p53-independent (Dérsam et al., 2014). Further studies
show evidence that LA is able to generate ROS, contributing to LA-induced cell death in lung,
breast, colon and ovarian cancer cells (Dozio et al., 2010; Kafara et al., 2015; Moungjaroen et al.,
2006; Trivedi and Jena, 2013). In addition, LA was found to activate adenosine monophosphate-
activated kinase (AMPK) in various tissues, which inhibits cancer cell proliferation (Li et al.,
2015c; Park et al., 2008). Altogether, LA triggers apoptotic cell death, likely initiated by increased
ROS production and is associated with p53 activation and deregulation of the ratio between anti-

/pro-apoptotic factors (Simbula et al., 2007). The anticancer effects of LA seem to require high
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mM concentration ranges to be induced (Gruzman et al., 2004). In contrast to antineoplastic agents
used in cancer chemotherapy, LA does not damage DNA, but targets mitochondria. When tested
in combination with hydroxycitrate and with Gem chemotherapy, LA improves effectiveness
against pancreatic tumor development (Guais et al., 2012). This in vivo data suggests a possible
advantage in using a combination of treatment targeted at lipoate-dependent cancer metabolism
with classical chemotherapy.

1.4.2. Lipoic Acid Derivatives in Cancer Therapy

LA is difficult to apply in clinical use as it is easily oxidized and unstable (Hiratsuka et al.,
2013). Lipoate analogs have been explored as improved chemotherapeutic agents that selectively
disrupt mitochondrial metabolism of cancer cells. With variable substituents on the carboxyl group
or disulfide bonds, LA analogues show notable anticancer activities and low toxicity. (Gruzman
et al., 2004). To provide a few examples of LA analogues in action, the zinc complex of reduced
lipoamide DHL-TauZnNa inhibited the proliferation of HT-29 cells in vitro and in vivo and a
substituted lipoamide 17m showed antitumour activity in a xenograft model using S180 mouse

sarcoma cells (Hiratsuka et al., 2013; Zhang et al., 2010).

1.4.3. CPI-613: Mechanism of Action, Clinical Status and Limitations

The most promising member of a novel class of anti-cancer lipoate derivatives is currently
6, 8-bis(benzylthio)octanoic acid (CPI-613). Structurally similar to lipoate, CPI1-613 strongly
disrupts mitochondrial metabolism with selectivity for tumour cells in various cancer cell lines and
in human cancer (lung & pancreatic) xenograft models (Lee et al., 2014). Multiple redundant cell
death pathways, including apoptosis, are induced by CP1-613. Malignant cell death is preceded by
ATP depletion and AMPK activation, but not in normal cells (Pardee et al., 2014a; Zachar et al.,

2011). The regulatory targets of this agent are KGDH and PDH, each through distinct mechanisms

28



(Stuart et al., 2014; Zachar et al., 2011). Collectively, these two complexes control that majority
of carbon flux through the TCA cycle and are differentially regulated in cancer cells. In contrast
to recently described agents that attempt to upregulate PDH function, CPI-613 may Kill cancer
cells by hyper-stimulation of tumour-specific PDH regulatory processes. Inhibition of PDH
correlates with stimulation of PDKSs and lipoate-responsive regulatory phosphorylation of the Ela
subunit of PDH. CPI-613 also attacks the second lipoate-containing, mitochondrial enzyme
complex, KGDH by a redox mechanism selectively in tumour cells (Stuart et al., 2014) . A burst
of ROS generated by the E3 subunit is induced, inactivating KGDH via redox modification of the
endogenous lipoate residues of the E2 subunit. Taken together, this single drug simultaneously
attacks two essential tumor mitochondrial metabolic enzymes, behaving as a ‘cocktail of one’. The
drug was well tolerated in Phase I trials in patients with hematologic malignancies but showed no
efficacy in a phase Il study in patients with relapsed or refractory small-cell lung cancer who have
failed 1st line chemotherapy (Lycan et al., 2016; Pardee et al., 2014a). Further clinical trials are
currently running with CPI-613 to (a) assess its side effects and best dose when administered
together with chemotherapy (FOLFIRINOX) in patients with metastatic pancreatic cancer and to
(b) monitor its safety and efficacy in patients with advanced and/or metastatic solid tumors (Alistar
etal., 2017).

1.4.4. The Potential of Nucleoside Analogues with a Lipoate Moiety

Targeting multiple metabolic pathways simultaneously through combination therapy might
be a novel anticancer approach. LA derivatives are likely to synergize with, and compliment
current chemotherapy drugs, most of which interfere with DNA replication to limit tumour growth,
especially considering that LA itself was shown to potentiate the killing effects of the anticancer

drug 5-FU (Do6rsam et al., 2014). In review, LCB2151 and LCB2179 are novel molecules
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combining nucleoside analogues bearing all carbon quaternary centers with lipoate-derived
adducts. They are designed to target two critical pathways for cancer cells: i) proliferation, via the
antiproliferative effect of the nucleoside analogue and ii) mitochondrial metabolism, via the lipoate
adduct. We selected a lipophilic carrier derivative of CPI1-613 as the lipoate adduct. The structure
of CPI-613 was modified to block B-oxidation and aromatic para-oxidation to increase the potency
of our analogues. Early screening of this series of analogs led to the most active compound,

LCB2151.

1.5. Objective, Hypothesis and Aims

Objectives: To decipher the mechanisms of action of newly developed nucleoside
analogues that have shown great cytotoxic potency in various pancreatic and hepatic cancer cell

lines.

Hypothesis: Strategically designed proprietary nucleoside analogues can overcome cancer
cell resistance mechanisms and interfere with cancer cell metabolism, resulting in higher

specificity and efficacy than the current pancreatic anticancer therapies.

Aims:

a) Characterize structure-activity relationship of lead molecules in human cancer cell lines
b) Measure global drug-induced changes in cellular pathways of treated cancer cells

c) Validate potential molecular targets and key pathways involved in the mechanism of action
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2. Materials and Methods
2.1. Cell Culture

HepG2, Capan-2 and BxPC-3 cell lines were obtained from the American Type Culture
Collection (ATCC). Panc-1 cell line was obtained from Dr. John Bell’s Lab. HepG2 was cultured
in Eagle’s Minimum Essential Medium (ATCC); Capan-2 was cultured in McCoy’s 5SA Medium
(ATCC); BxPC-3 was cultured in RPMI 1640 (ATCC); and Panc-1 was cultured in Dulbecco’s
Modified Eagle Medium (DMEM). All growth media were supplemented with 10% fetal bovine
serum and 2% penicillin/streptomycin. When confluent, cells were washed twice with 1X
Phosphate-Buffered Saline (PBS), detached from the bottom of the plate with 0.05% trypsin,
centrifuged at 500g for 5 minutes at room temperature to remove the trypsin and cell pellet was
resuspended in the appropriate growth medium to be passaged. The cells were kept in a humidified

chamber at 37°C with 5% COa-.
2.2. Growth Inhibition Determination

Cells were plated in 96-well plates at a density of 10,000 cells/well in 100ul of media.
Media was replaced after a 24 hour incubation and cells were treated in triplicate with increasing
concentrations of drug. All wells contained the same final amount of DMSO vehicle. The plates
were then incubated for 96 hours in a humidified chamber at 37°C with 5% CO.. Cell viability was
measured using the CellTiter-Glo® 2.0 Assay (Promega, WI) by quantitation of ATP present in
each well. Each plate is incubated at room temperature for 30 minutes before addition of 100ul of
reagent to each well. The plates were covered in aluminum foil and placed on a rotator for 10 min.

Readings were done in a GloMax® luminometer (Promega, WI). Each well was corrected over
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the vehicle-treated wells and the average of each treatment was calculated. Growth inhibition

curves were generated using the program GraphPad (Prism).

2.3. Consecutive Treatments

After 24 hours of incubation, the cells were treated in triplicates with increasing concentrations
of Gemcitabine or vehicle and incubated for 96 hours. Media was changed, and remaining cells
were re-treated with LCB2151 10puM, Gemcitabine 0.2uM or vehicle. After 48 hours, well

viability as measured using Celltiter-Glo® 2.0 Assay (Promega, WI) as previously described.

2.4. Cell Entry Determination

After 24 hours incubation, media was replaced for Panc-1 cells with media containing
10puM of human equilibrative nucleoside transporter inhibitor S-(4-Nitrobenzyl)-6-thioinosine
(NBMPR, Sigma N2255) or vehicle. Cells were immediately treated in triplicates with increasing
concentrations of LCB2151, LCB2179, Gemcitabine or vehicle. The plates were then incubated
for 96 hours in a humidified chamber at 37°C with 5% CO2. Cell viability was measured and

analyzed as previously described.

2.5. Drug Activation Determination

Two small interfering RNAs (siRNAs) targeting independent sequences of human DCK
(siDCK) gene were designed and synthesized by Sigma. Panc-1 cells were plated in a 6-well plate
at a density of 500,000 cells/well. After 24h, cells were transfected with siDCK using
Lipofectamine RNA iMAX (Invitrogen) according to manufacturers recommendations at final
concentrations of 10nM and 20nM. After 24 hours cells were collected to measure mRNA levels
of DCK (see Quantitative RT-PCR of methods section 2.6). Non-targeting siRNA was used as a

control. Protein levels of dCK were measured after 24 and 42 hours of the same treatments (see
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protein extraction and western blot method) with anti-dCK 1/1000 (Abcam, ab96599).
Transfection was carried out with siDCK setl or scramble at 0.5pmol/well. After 24 hours, cells
were treated in triplicate with increasing concentration of LCB2151, LCB2179, Gem or vehicle.

24 hours later, cell viability was determined and analyzed.
2.6. RNA Extraction & Quantitative RT-PCR

Capan-2 and BxPC-3 cells were plated in 6-well plates at a density of 5x10"5 cells/well.
After 24 hours of incubation, media were changed, and cells were treated with LCB2151 15 pM,
LCB2179 15 uM, Gem 1 uM or vehicle for a total of 4 replicates per condition. At 6 or 18 hour
time points, wells were washed twice with PBS 1X before scraped and collected with 500mL
TRIzol (Thermo Fischer Scientific). 200uL of chloroform was added to each tube, vortexed for 15
seconds and let to sit at room temperature for 2 minutes. Samples were spun at 12,0009 for 15
minutes at 4°C. The top phase was transferred to a new tube and equal volumes of isopropanol
were added. Samples were shaken 10 times before sitting at room temperature for 10 minutes.
Samples were spun at 12,000g for 10 minutes at 4°C. Supernatant was discarded, and pellet was
washed with 75% ethanol three times, spun at 8,000g for 5 minutes at 4°C each wash. The final
pellet was resuspended in 25mL Diethyl Pyrocarbonate (DEPC)-treated water. RNA concentration
and quality were determined using Nano-Drop ND Spectrophotometer (NanoDrop). cDNA was
generated using QuantiTect Reverse Transcription kit (Qiagen). mRNA levels were quantified by
QPCR in Rotorgene 6000 apparatus (Corbett). The reactions were performed in duplicate for each
sample using the RotorGene SYBR Green PCR Kit (Qiagen, 205310). Gene expression was
normalized against the internal reference gene RNPS1. Results were expressed as fold change
relative to cells treated with vehicle, which was set as 1 for each gene. The sequences of the specific

primers are detailed in Table 1.
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Table 1. List of Oligo Sequences for QPCR.

Gene Sense Antisense
ABCC1 ACTTCGTTCTCAGGCACATC TGATCCGAAATAAGCCCAGG
ABCC2 TCATCGTCATTCCTCTTGGC ACGGATAACTGGCAAACCTG
SLC29A1 ATGAAGTAACGTTCCCAGGTG CCACTCTATCAAAGCCATCCTG
CDA AAGGGTACAAGGATTTCAGGG ACAATATACGTACCATCCGGC
RRM1 ACCGCCCACAACTTTCTAG CCAGTAGCCCGAATACAACTC
DCK GTTGGTTTTCAGTGTCCTATGC TTTATCTTCAAGCCACTCCAGAG
BID (isoform 1) TGACCACATCGAGCTTTAGC ATTAACCAGAACCTACGCACC
BIK CTGGGTCTGGCTTTCATCTAC CTGTTCGCAGGACACCC
BAX (isoform alpha) AAGTCCAATGTCCAGCCC GACATGTTTTCTGACGGCAAC
BBC3 (isoform 1) CGACCTCAACGCACAGTAC CCTAATTGGGCTCCATCTCG
DIABLO (isoform 1) TTGGTCTTTCAGAGATGGCAG GTGATTCCTGGCGGTTATAGAG
ENDOG CCCCACCTCAACCAGAATG ATTTCCCATCAGCCTCTGTC
TP53 TCATCCAAATACTCCACACGC GCCATCTACAAGCAGTCACAG
MCL1 AAGGACAAAACGGGACTGG ATATGCCAAACCAGCTCCTAC
XIAP GGGTCTTCACTGGGCTTC GCACGGATCTTTACTTTTGGG
BCL2 TTGTGGCCTTCTTTGAGTTCGGTG GGTGCCGGTTCAGGT ACTCAGTCA
BCLXL GTGGAAAGCGTAGACAAGGAG CTGCATTGTTCCCATAGAGTTC
NFKB1 GAACCACACCCCTGCATATAG GCATTTTCCCAAGAGTCATCC
CXCL1 CATCCAAAGTGTGAACGTGAAG GTCACTGTTCAGCATCTTTTCG
CDKNI1A GGCGTTTGGAGTGGTAGAA TGTCACTGTCTTGTACCCTTG
CCND2 ACTTGTGATGCCCTGACTG ACTTGGATCCGTCACGTTG
CCNE1 TCTTGAGCAACACCCTCTTC TTCTTGTGTCGCCATATACCG
CCNE2 CTGCCTTGTGCCATTTTACC GTCTTCAGCTTCACTGGACTAG
SOD1 TGTGGCCGATGTGTCTATTG GCGTTTCCTGTCTTTGTACTTTC
NCF2 AGGTAGTTGCAGGGAACAAG CGTGTGCTATTTGGGTTTGTG
UCP2 TCCTGAAAGCCAACCTCATG GGCAGAGTTCATGTATCTCGTC
BECN1 AAGAGGTTGAGAAAGGCGAG TGGGTTTTGATGGAATAGGAGC
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2.7. Assessing Mitochondrial Function

Panc-1 cells were seeded (4x1074 cells/well) into 24-well assay plates (Seahorse
Bioscience) and grown over night. Cells were treated with 15 uM LCB251, 15 uM LCB2179, 0.75
MM Gemcitabine or vehicle and incubated at 37 °C. At 6 hours cells were washed and DMEM
culture media was replaced with Seahorse assay buffer (bicarbonate-free DMEM, 5 mM D-
glucose, 4 mM L-glutamine, 1 mM sodium pyruvate; pH 7.4) and incubated in a non-CO-
incubator at 37 °C for 45 minutes. The sensor cartridge was hydrated with XF calibrant solution
one day prior to experiment and left in a non-CO incubator at 37 °C overnight. Oxygen
consumption rate (OCR) measurements were determined using a Seahorse XF24 Extracellular
Flux Analyzer (Seahorse Bioscience, Agilent Technologies) before and after sequential injections
of the following inhibitors: 2 ug/ml oligomycin (Sigma-Aldrich), 1 uM FCCP (Sigma-Aldrich),
and 1 uM antimycin A (Sigma-Aldrich). Cells were lysed with 50 pL of 0.5N NaOH to conduct
protein quantification determination (Bradford assay). Rates were normalized to the protein

content in each well.

2.8. Capacity of the Glycolytic Pathway

Panc-1 cells were seeded (4x10™cells/well) and treated with similar concentrations of
LCB2151, LCB2179 and Gemcitabine. Wells were washed, and DMEM culture medium was
replaced with assay medium (DMEM supplemented with 1mM L-glutamine, pH 7.4) and
incubated in a non-CO- incubator at 37 °C for 45 minutes. The sensor cartridge was hydrated with
XF calibrant solution one day prior to experiment and left in a non-CO_ incubator at 37 °C
overnight. Extracellular acidification rate (ECAR) was measured by a XF24 extracellular flux
analyzer (Seahorse Bioscience, Agilent Technologies). Glucose (10mM); Oligomycin (1 uM) and

2 deoxyglucose (50mM) were sequentially injected into each well in accordance with the
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manufacturer’s standard protocol for the Glycolysis Stress Test (Agilent Seahorse XF). Cells were
lysed with 50 pL of 0.5 N NaOH to conduct protein quantification determination (Bradford assay).

Rates were normalized to the protein content in each well.
2.9. Detection and Quantification of Total Glutathione Ratios

Panc-1 cells were plated (1x1076cells/well), incubated overnight and then treated with
LCB2151 (10,15,20 uM), LCB2179 (10,15,20 puM), Gemcitabine (0.5, 1, 2 uM) or vehicle for 2
and 6 hours. Cells were lysed and measurements of total and reduced glutathione levels were
carried out in parallel on separate plates using the GSH/GSSG-Glo™ luminescence based kit
(Promega, V6611), according to the manufacturer’s instructions. The luminescence signal was
recorded with the GloMax luminometer (Promega). The GSH/GSSG ratio was calculated using
the formula provided by the manufacturer. GSSG contribution to the total glutathione
concentration was multiplied by two and this value was subtracted from total glutathione amount
to generate the GSH concentration in the samples. Readings were normalized to vehicle-treated

wells.
2.10. Detection of Hydrogen Peroxide

Panc-1 cells were treated with Gemcitabine (1 pM) or vehicle for 6 hours. ROS level was
detected through the measurement of H>O: in the cells, according to the non-lytic instructions of
the ROS-Glo™ H»0O; Assay luminescence-based kit (Promega, G8820). The luminescence signal
was recorded with the GloMax luminometer (Promega). Cells were then lysed, and cell viability
was measured. All readings were normalized to amount of ATP, and then treated wells were

normalized to vehicle-treated wells.

2.11. Large Scale Proteomics Analysis
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2.11.1. Sample Preparation

Panc-1 cells were seeded onto 10cm culture plates at a density of 2x1076 cells per plate
and left overnight to incubate. The next day cells were treated with LCB2151 20 uM or vehicle.
Cells were washed twice with 1X PBS and scraped into new tubes at 6, 9, and 12 hour time points.
Each treatment was performed in triplicate for each time point. Two plates were pooled for a single
replicate. Cells were lysed and whole cell protein extraction was performed according to the RIPA
protocol. Protein concentration was normalized to 1ug/uL and analyzed by HPLC-ESI-MS/MS for
large scale protein profiling by the Proteomics Resource Center (Faculty of Medicine, University

of Ottawa) who performed experimental steps 2.11.2.-2.11.5.

2.11.2. Chemicals

Urea, dithiothreitol (DTT), ammonium bicarbonate (ABC), and iodoacetamide (IAA) were
all purchased from Sigma (St. Louis, MO). HPLC grade water and acetonitrile (ACN) were from
J.T baker. Formic acid (FA) and citric acid were obtained from Merck (Darmstadt, Germany).
Trypsin was purchased from Promega (Madison, WI1). All of the chemicals were of analytical

purity grade except ACN and FA, which were of HPLC grade

2.11.3. Filter Aided Sample Preparation (FASP) for Trypsin Digestion

FASP method was modified for exosomal protein digestion. Briefly, samples were loaded
onto a 3K filter (Amicon® Ultra-0.5, MilliPore), 8M urea was used to displace the original buffer
(Liebler and Ham, 2009). Protein reduction and alkylation were done sequentially in the filter.
Urea was then replaced by 50mM ammonium bicarbonate, and a mass ratio of 1:50 between trypsin
and protein was used for digestion at 37°C overnight, with continuous shaking. Digested peptides

were then desalted on mini tip column packed in house with 10um ReproSil-Pur C18 beads (200
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A; Dr. Maisch GmbH, Germany) and dried down in SpeedVac (ThermoFisher Scientific, San Jose,
CA). Dried samples were reconstituted in 20ulL 0.5% (v/v) FA, and 4uL was loaded for MS

analysis.
2.11.4. Liquid Chromatography — Mass Spectrometry Analysis

Eksigent 2D+ nanoLC system (Dublin, CA) was hooked up with LTQ-orbitrap Elite mass
spectrometer (Thermo Electron, Waltham, MA), equipped with a nano-electrospray interface
operated in positive ion mode. The solvent system consists of buffer A of 0.1% FA in water, and
buffer B of 0.1%FA in 80% acetonitrile. Dried down protein digests were acidified with 0.5%
(v/v) formic acid and loaded on a 75 um L.D. x 150 mm fused silica analytical column packed in-
house with 1.9um ReproSil-Pur C18 beads (100 A; Dr. Maisch GmbH, Ammerbuch, Germany) at
a flow rate of 500nL/min for 15min. Then the flow rate was changed to 200nL/min to perform the
peptide separation. Gradient elution was set as 5-35% buffer B in_2 hours. The spray voltage was
set to 2.0 kV and the temperature of heated capillary was 300 °C. The instrument method consisted
of one full MS scan from 300 to 1800 m/z followed by data-dependent MS/MS scan of the 20 most
intense ions in ion trap by CID, a dynamic exclusion repeat count of 1 in 30 seconds, and an
exclusion duration of 30 seconds. The full mass was scanned in Orbitrap analyzer with R = 60,000
(defined at m/z 400) for MS1. To improve the mass accuracy, all the measurements in the orbitrap
mass analyzer were performed with a real-time internal calibration by the lock mass of background
ion 445.120025. The charge state rejection function was enabled, and charge states with unknown
and single charge state were excluded for subsequent MS/MS analysis. All data were recorded

with Xcalibur software (ThermoFisher Scientific, San Jose, CA).

2.11.5. Data Analysis
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The peak lists of the raw files were processed and analyzed with software MaxQuant
(Version 1.5.3.30) against Uniprot protein database of human (2017 March Release), including
commonly observed contaminants (Cox and Mann, 2008). Cysteine carbamidomethylation was
selected as a fixed modification; the methionine oxidation, protein N-terminal acetylation
ubiquitination, arginine methylation were set for variable modification. Enzyme specificity was
set to trypsin, not allowing for cleavage N-terminal to proline. Up to two missing cleavages of
trypsin were allowed. The precursor ion mass tolerances were 7 ppm, and fragment ion mass
tolerance was 20 ppm. Razor and unique peptides were used for LFQ quantitation. FDR was set
0.01 on protein, peptide and modification-specific site, A minimum length of seven amino acids
was used for peptides identification. For protein identification, if the identified peptide sequence
of one protein was equal to or contained another protein’s peptide set, these two proteins were

grouped together by MaxQuant and reported as one protein group.

2.12. Central Carbon Metabolism Analysis

2.12.1. Sample Preparation

Panc-1 cells were seeded onto 150x22 mm plates at a density of 10x1076 cells per plate
and incubated overnight. The next day, cells were treated with 20 uM LCB2151 or vehicle for 6
hours. Cells were washed twice with 1X PBS and spun each time at 500g for 5 minutes. Two plates
were pooled for a single replicate and five replicates were collected for each treatment. Cell pellet
was flash frozen in liquid nitrogen and stored at -80°C until Central Carbon Metabolism Analysis
(Creative Proteomics, USA). All further steps up to and including 2.12.5. are performed by
Creative Proteomics (USA). Cell pellets in each tube were lysed at 30 Hz below 0 °C for 1 min x
2, with the aid of two 3-mm metal balls, on a MM400 Mill Mixer. The metabolites were then

extracted in 1 mL of 80% methanol for each sample with ultra-sonication of the tubes in an ice-
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water bath for 5 min. The samples were clarified by centrifugation at 15,000 rpm and 4 °C in a
5420 R Eppendorf centrifuge for 15 minutes. The clear supernatants were collected for the
following UPLC-MRM/MS analyses and the protein pellets were used for protein assay using a
standardized BCA procedure.

2.12.2. UPLC - MRM/MS

All the quantitative analyses were conducted by ultrahigh-performance liquid
chromatography—tandem mass spectrometry (UPLC-MS/MS) using multiple-reaction monitoring
(MRM). The LC-MS system was an Agilent UHPLC system or a Waters Acquity UPLC system,
coupled to a Sciex 4000 QTRAP mass spectrometer. The interface was an atmospheric pressure
nebulizing electrospray ionization (ESI) source with detection in either positive- or negative-ion
mode. Injection volumes were 10 or 20uL and the column temperatures were 40 or 45 °C,
depending on the analytical methods and corresponding measured metabolites.

2.12.3. Quantitation of CCM Carboxylic Acids

Quantitation of CCM carboxyl acids was performed by chemical derivatization-UPLC-
MRM/ MS using 3-nitrophenylhydrazine (3-NPH) as a pre-analytical derivatizing reagent. The
derivatization followed a protocol as described in the publication by Han et al., 2013 (Han et al.,
2013). The measurements were by UPLC-MRM/MS on a C-18 UPLC column (2.1 mm I.D. x 100
mm, 1.7 um) with negative-ion detection. The mobile phase was 0.01% formic acid in water (A)
and acetonitrile (B) for binary-solvent gradient elution. The concentrations were calculated from
linearly regressed calibration curves of individual acids which were prepared with the use of their
standard substances and 9 stable isotope-labeled carboxylic acids as internal calibration (IS) for
internal calibration.

2.12.4. Quantification of Glucose and Reduction Sugar Phosphates
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Selective quantitation of glucose and 5 sugar phosphates (glucose-6P, mannose-6P, ribose-
5P, eryuthrose-4P, and glycerylaldehyde-3P) was performed by pre-column AEC derivatization —
UPLC-MRM/MS method according to an approach as described in Analytical Chemistry (Han et
al., 2013).

2.12.5. Quantitation of Other 30 Phosphate-Containing CCM Metabolites

Quantitation of other phosphate-containing metabolites including sugar phosphates,
phosphor-carboxylic acids, glycerol-phosphates, nucleotides, and enzyme co-factors, etc. was
performed using a custom-developed reversed-phased UPLC-MRM/MS method with negative-
ion detection (unpublished yet). The concentrations were calculated from the calibration curves of
the individual compounds, which were prepared with the use of their standard substances.

2.13. Whole Cell Protein Extraction

After overnight incubation, the cells were treated with drugs or vehicle at the indicated
concentration. The medium was removed from the plates after the desired time point and wells
were washed with 1X PBS. 250 pL of 1X RIPA buffer (50mM Tris pH 7.5; 150mM NaCl; 1%
NP-40; 0.25% desoxycholate; 0.1% SDS; ddH»O) with freshly added EDTA-free Halt phosphatase
and protease inhibitor cocktail (Thermo-Fischer Scientific, Cat 78430) was added to each well and
the cells were scraped. Two wells were pooled per replicate in an Eppendorf and passed through a
syringe fitted with a 21G needle. Each tube was vortexed for 20 seconds and left on ice for 30
minutes. Samples were vortexed again for 20 seconds and centrifuged at 12,000 g for 15 minutes
at 4°C. The supernatant containing the total proteins was transferred to another microcentrifuge
tube and stored at -80°C. The DC Protein Assay (Briorad, 5000111) was used to quantify all

proteins.

2.14. Immunoprecipitation
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Two plates were pooled per condition and whole cell protein was extracted. Lysates
(1ug/uL) were incubated with 30ug antibody (anti-DLST, abab72790 or anti-PDH-E2, ab110332)
overnight at 4 °C. Protein-antibody mixture was added to pre-cleared PureProteome Protein S/G
Mix Magnetic Beads (Millipore) and shaken for 4 hours at 4 °C. Beads were washed with lysis
buffer and boiled with 2X SDS loading buffer for 3 minutes to elute proteins. Protein lipoylation
was analyzed by western blot using 1:1000 dilution anti-lipoic acid (Abcam, ab58724) corrected

over total protein.

2.15. Western Blot

Whole cell extracts were placed at 95 °C in 6X SDS loading buffer and loaded onto TGX
Stain-Free FastCast acrylamide gels (Biorad) and resolved by electrophoresis. Proteins were then
transferred to nitrocellulose membranes using the Tans-Blot Turbo System (Biorad) for 10
minutes. The membrane was blocked for 1 hour in 5% milk tris-buffered saline with tween (TBST)
at room temperature. Primary antibodies (anti-lipoic acid, Abcam, ab58724; anti-nucleolin, Cell
Signalling, 14574; anti-pyruvate dehydrogenase E2, Abcam, ab110332; anti-DLST, Abcam,
ab72790; anti-COX 1V, Abcam, ab33985; anti-PFKP, Abcam, ab204131) were diluted in in 5%
milk TBST to the recommended dilution and shaken overnight at 4cC. Membranes were incubated
for 1 hour at room temperature with secondary antibodies (1:25000) conjugated with Horseradish
peroxidase in 1% milk TBST. Visualization was done using Clarity ECL substrate (Biorad) as per

manufacturer’s instructions for 3 minutes incubation.
2.16. Alpha-Ketoglutarate Dehydrogenase Activity
KGDH activity was measured using an assay kit (BioVision, Inc., Cat K678-100). Panc-1

cells were plated at a density of 1x1076 cells/well in 6-well plates. Cell pellet was lysed in kit
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buffer according to manufacturer’s instructions and lysate was passed through a 10kDa
Amicon® Ultra-0.5 centrifugal filter (Millipore Sigma) to retain KGDH protein and wash away
excess NADH, a source of background, as recommended by the manufacturer. Recovered protein
was topped up to 100uL with assay buffer and 50uL was loaded into each well of 96-well plate.
The absorbance at 4 = 450 nm was measured in kinetic mode every 10 minutes up to 60 minutes
at 37°C. Two time points in the linear range of the plot were used to calculate the activity of the
samples. The reaction rate of KGDH was expressed in nmol NADH/min/ml or mU/ml. One unit
(U) of a-ketoglutarate dehydrogenase is the amount of enzyme that generates 1.0 umol of NADH

per min at pH 7.5 at 37°C per ug protein content.

2.17. Statistical Analysis

Data are means = standard error of the mean (SEM)., with p < 0.05 by Student's t test being
considered as statistically significant. Dose response curves, SEM, ECsoand ICsg are generated by
GraphPad (Prism). One-way ANOVA was used to calculate statistical significance of Seahorse

(Agilent) data on GraphPad (Prism).

3. Results

3.1. Aim 1: To Elucidate the Structure-Activity Relationship of Novel Nucleoside Analogues

3.1.1. Antiproliferative Efficacy of Novel Nucleoside Analogues

Nucleoside analogues synthesized by the Guindon laboratory were tested in human cancer cell
lines to determine their anti-neoplastic effects. Four cell lines were selected based on commonly
mutated genes found in human liver (HepG2) and pancreatic (BxPC-3, Capan-2, Panc-1) cancers,

such as TP53 and KRAS (Table 2) (Hu et al., 2018; Rao et al., 2017). Panc-1 was of additional
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Table 2. Mutations in human canner cell lines. The four human cancer cell lines HepG-2 (liver),

BXPC-3, Capan-2, Panc-1 (pancreatic) and their genotype for commonly mutated genes found in
cancer: TP53 and KRAS.

- HepG-2 Liver (NRAS) Q61L
—— BxPC-3 Pancreas Y220C WT

—-e- Capan-2 Pancreas WT G12v
- Panc-1 Pancreas R273H G12D
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interest to us because not only does it harbour mutations in both genes, but it is also used in the
mouse xenograft model for pancreatic cancer that is being developed by our collaborators in the
Dr. Bell Laboratory (Ottawa Hospital Research Institute). Cell viability was assessed by measuring
ATP levels after 96 hours of incubation with molecules at increasing doses (Figure 5). LCB2151
(Figure 5B) and LCB2179 (Figure 5C) were able to kill up to 99% of cells, most remarkably
Capan-2 cell line that shows the highest resistance to gemcitabine (Gem) which causes no growth
inhibition in this assay (Figure 5A). In this cell line, the concentration at which they reach 50% of
their maximum effectiveness, ECso, was 16.84 uM for LCB2179 and 26.32 uM for LCB2151
(Table 3). Having the highest potency and thus the lowest ECso values of the molecules tested in
this screening study, LCB2151 and LCB2179 were selected as lead molecules to continue with

structure-activity studies.

LCB2151 possesses a quaternary center at C3’and a lipoate derivative attached via an amide
bond with the amine of the nucleobase (cytosine) (Table 4). The presence of the lipoate should
protect the nucleobase against deamination by CDA (cytidine deaminase) which converts the
cytidine nucleobase into its uracil equivalent. The lipophilic character of LCB2151 (from the
lipoate) should allow the molecule to penetrate the cell irrespective of the presence of nucleoside

transporters.

Lipoic acid and some of its derivatives, CPI-613, are also known to have antioxidant activity
for mitochondrial cell metabolism albeit at very high concentration. Guindon’s laboratory has
synthesized a novel lipoate analogue (LCB2152) containing a Gem-dimethyl in the beta position
to prevent B-oxidation. In addition, the thiol moieties are protected with benzyl groups.

Substitution of the benzyl groups with a para-CFz will also prevent oxidation at this position.
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Figure 5. Cytostatic Activity of lead molecules in Human Cancer Cell Lines. Percentage of
growth inhibition of (A) gemcitabine, (B) LCB-2151 and (C) LCB-2179 in four human cancer cell
lines: HepG2 (hepatocellular carcinoma cell line), BXxPC-3, Capan-2 and Panc-1 (pancreatic ductal
adenocarcinoma cell lines). Cell viability was measured using the Celltiter-Glo assay (Promega)
to determine ATP levels. Gemcitabine has a limited efficacy, especially in Capan-2, while lead

molecules LCB2151 and LCB2179 reach up to 99% growth inhibition in most cell lines. N=1
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Table 3. Dose response measurements of lead molecules in human cancer cell lines. The
concentration at which 50% of the maximum growth inhibition (Max %) is reached (ECso) and the
concentration at which 50% growth inhibition is reached (ICso) are presented for each cell line
after 96 hours treatment: Capan-2, BXxPC-3, Panc-1 (pancreatic adenocarcinoma cell lines), and
HepG2 (hepatocellular carcinoma cell line). The 1Cso and ECso are almost identical for LCB2151
and LCB2179, because they reach up to 99% growth inhibition in most cell lines. Values are
measured by GraphPad Prism software.

molecule - pancreas liver

Capan-2 Panc-1 BxPC-3 HepG2

LCB2151 EC,,uM 2632 1506 1278  12.84
IC,, uM 2200 1517 1332  12.00
Max%  97.00 9811  96.83  96.83
LCB2179 EC,,uM 1684  12.86  7.70 13.93
IC,,uM  17.09 1351 845 15.00

Max % 96.08 99.68 98.20 70.92

Gem EC., UM  0.89 0.64 0.24 0.69
IC., UM X X 0.09 1.12
Max%  2.91 36.61  84.63 5577
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Table 4. Summary of lead molecules and controls for cell assays. Molecules classified by
structural components. Dose response of all molecules was performed at 6 and 96 hours.
Concentration at which molecules reach 50% of maximum inhibition are indicated for each time

point (ECso).
2151
2152
LCB from
Dr.
1180
Guindon
Lab
2216
2179
CPI-613
Clinically ~ (R) Lipoic
Available Acid
Gemcitabine

22.17

30.22

23.08

Max

Inhibition

6h, %

98.02

13.75

12.01

~10

13.6

14.76

~ 213

0.0639

Max

56.82

96.89

99.68

8.6

43.5

Inhibition
96h, %
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These two structural features could modify the lipophilic character of our novel analogue and its

mechanism of action, if cleaved from the nucleobase.

Molecules and controls including clinically available CP1-613, lipoic acid and Gem were tested
in Panc-1 cell line for 6 and 96 hours (Figure 6). LCB2151 kills up to 80% of cell by 6 hours
(Figure 6A) and both LCB2151 and LCB2179 consistently kill up to 100% of cells by 96 hours
(Figure 6B). Although we have no evidence that our novel lipoate analogue, LCB2152, is cleaved
from LCB2151 in cell culture providing the free nucleoside (LCB1180), both LCB2152 and
LCB1180 were also tested in Panc-1. Interestingly, 80 uM LCB2152 induced a 40% cell death
after 96 hours while CPI-613 was inactive at this concentration (Figure 6B). A 200 uM dose of
CPI-613 was necessary to reach 40% cell death and 300 uM was needed for 80% inhibition (Figure
6D). Lipoic acid was inactive in this cell line (Figure 6D) along with the free nucleoside LCB1180
(Figure 6B). Gem shows no activity in this cell line at 6 hours and reaches a plateau of 40% killing
at 96 hours (Figure 6C). When the sugar analogue of LCB2151 is replaced with a natural

nucleoside, as in LCB2216, a similar activity and potency is observed (Figure 6A and 6B).

LCB2179, differs from LCB2151 by having the stereogenic quaternary center at C2’ and a
monophosphate prodrug at C5’. The presence of a prodrug will avoid the rate-limiting
monophosphorylation step by dCK. LCB2179 also possesses the lipoate derivative (LCB2152)
attached as an amide to the cytosine nucleobase. LCB2151 is a deoxy nucleoside analogue while

LCB2179 is a ribonucleotide analogue, therefore they should have different mechanisms of action.

Our results have helped identify two novel molecules with the ability to kill a panel of Gem-
resistant cell lines harboring prevalent mutations in humans with better efficiency than clinically

and commercially used drugs.
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Figure 6. Dose response of lead molecules and controls for cell assays. Panc-1 cell line was
treated with increasing concentration of lead molecules LCB2151, LCB2179, structural
derivatives of LCB2151 (LCB1180, LCB2152, LCB2216), commercially available compounds
((C) Gemcitabine, (D)CPI-613, (D) Lipoic Acid) or vehicle for (A) 6 and (B) 96 hours to measure
and compare bioactivity. LCB2216 shows more activity than LCB2151 or LCB2179 at 6 hours
and LCB2152 starts to show moderate activity at 96 hours. Data mean of triplicates, N=1.
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3.1.1. LCB2151 can Kill Gemcitabine-Resistant Cell Lines

A major challenge for cancer patients is the high risk of relapse arising from the resistant cells
that remain after chemotherapy. These forms of cancer can be even more aggressive than the first
encounter. It is therefore crucial that new chemotherapy agents eradicate the highest percentage of
cancerous cells possible to lessen the risk of relapse. My previous results show that all cell lines
in our panel are resistant to Gem to various degrees (Figure 5A). Previous work done in our lab
showed that LCB2151 kills up to 60% of resistant Capan-2 cells remaining immediately after Gem
treatment. It was important to test if these results can be replicated in different human cancer cell
lines, with new conditions. In all cell lines, HepG2, BxPC-3 and Capan-2, growth inhibition
plateaus with doses up to 1.5 uM of Gem after 96 hours of incubation (Figure 7A). Cells were
therefore pre-treated with Gem at 1.5 uM for 96 hours. After this, the remaining cells were re-
treated with 0.2 uM of Gem or 15 uM of LCB2151. After a 48 hour incubation, growth inhibition
was measured. LCB2151 kills 37% of both remaining HepG2 and BxPC-3 cells and 60% of the
Capan-2 cells (Figure 7B). Consecutive Gem treatment does not show cytotoxicity above 17% in
any cell line tested, supporting that LCB2151 is able to evade the mechanisms of Gem-resistance

in a variety of cancer cell lines.

3.1.1. LCB2151 and LCB2179 can Enter the Cell Independently of a Transporter

A key mechanism of nucleoside analogue resistance in pancreatic cancer is the downregulation
of the hENT1 transporter (Amrutkar and Gladhaug, 2017). Gem is very hydrophilic and is known
to be dependent on this transporter to enter cancer cells and initiate its intracellular activation. To
bypass this mechanism of resistance, LCB2151 and LCB2179 were synthesized with a lipoate
moiety. The goal of this lipophilic moiety is to allow the analogue to pass through the membrane

without the need of a transporter. Using the pan-nucleoside transporter family inhibitor
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Figure 7. Consecutive treatments in human cancer cells. (A) Percentage of growth inhibition
of HEPG2, BXPC3 and CAPAN?2 cells treated with increasing dose of gemcitabine for 96h.
(B)Percentage of growth inhibition of the remaining cells after a 96h pre-treatment of 1.5 uM
gemcitabine (concentration that reaches plateau of killing), treated with 15 uM of LCB2151 or 0.2
MM Gemcitabine for 48hrs. LCB2151 was able to kill gemcitabine-resistant cells after 48h and
most remarkably up to 60% of the most resistant cell line capan-2. Data are mean of triplicates.
N=1. Capan-2 results courtesy of Claudia Teran, MSc.
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Nitrobenzylthioinosine (NBMPR) to mimic drug resistance, we previously showed that LCB2151
activity was independent of hENT1 levels in HepG2 (less resistant) and Capan-2 (most resistant)
cell lines, while Gem activity was abrogated by the presence of inhibitor. I chose to replicate these
results in the Panc-1 cell line harbouring both the TP53 and KRAS mutations. Cells were treated
with Gem, LCB2151, LCB2179 or vehicle for 96 hours, with or without the presence of NBMPR
and growth inhibition was measured. While the modest Gem activity was abrogated as expected
(Figure 8A), both the activity of LCB2151 (Figure 8B) and LCB2179 (Figure 8C) were unchanged
by the presence of NBMPR. My results support the hypothesis that LCB2151 and LCB2179 enter
cells independently of hENT1 in Panc-1 cells, bypassing a major chemotherapy-induced

mechanism of resistance in cancer cells.

3.1.2. LCB2151 and LCB2179 Activities are Independent of the Rate-Limiting Step by

Deoxycytidine Kinase

In addition to deficiency of nucleoside transporters, deficiency of nucleoside kinases such
as dCK is related to a decrease in tumor sensitivity of nucleoside analogues (Maréchal et al., 2012).
Lower expression of dCK was shown to be associated with shorter overall survival in pancreatic
cancer patients receiving Gem-based therapy. dCK expression at both the mRNA (DCK) and
protein level is used as a biomarker to predict tumor cell sensitivity to Gem (Fujita et al., 2010;
Sebastiani et al., 2006). The novel compound LCB2179 was designed to bypass the rate-limiting
step catalyzed by dCK by being monophosphorylated and thus could be activated independently
of dCK if metabolised through the traditional pathway. To confirm this hypothesis, a study was
done to downregulate the expression of DCK. Unlike hENT1 there are no inhibitors specific to
dCK that are commercially available, although several research groups have initiated programs to

identify small-molecule dCK inhibitors (Nomme et al., 2013). Alternatively, the role of dCK in
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Figure 8. Inhibition of hENT1 in Panc-1 cells. Dependency of molecules on the hENT1
transporter for cell entry was assayed by inhibiting hentl with the Nitrobenzylthioinosine
(NBMPR). (A) Percentage of Growth Inhibition of Pancl cells treated with increasing
concentrations of either Gemcitabine, 10uM of NBMPR, or Gemcitabine and 10 puM of NBMPR
for 96hrs. (B) Percentage of Growth Inhibition of Panc-1 cells treated with increasing
concentrations of either LCB2151, 10uM of NBMPR, or LCB2151 and 10 pM NBMPR for 96hrs.
(C) Percentage of Growth Inhibition of Panc-1 cells treated with increasing concentrations of either
LCB2179, 10uM of NBMPR, or LCB2179 and 10 uM NBMPR for 96hrs. NBMPR treatment
abolishes gemcitabine activity, while LCB2151 and LCB2179 growth curves are unaffected. ATP
measured using Celltitre-Glo (Promega). Data are means of triplicates. N=1
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cancer and chemoresistance has been studied by generating DCK knockout mice, lentiviral and
siRNA-mediated DCK knockdown in cancer cell lines (Saiki etal., 2012; Shang et al., 2017a; Toy
et al., 2010). 1 chose to knockdown DCK by transfecting Panc-1 cell line with two SiRNA sets
designed specifically for DCK (siDCK-1 and siDCK-2) or a scrambled sequence (ctrl) in Panc-1
cell line. After 24 hours, DCK mRNA expression was reduced by up to 95% (Figure 9A) and dCK
protein expression was reduced after 24 & 48 hours (Figure 9B). Interestingly, treatment of Panc-
1 cells with dCK knocked down, shows that LCB2151 (unexpectedly) and LCB2179 (expectedly)
are unaffected by lowered dCK expression (Figure 9C). The caveat of this experiment was that
Panc-1 is highly resistant to Gem, which is dependent on dCK for activation, therefore Gem could
not be used as a positive control. Control options are discussed in the Discussion section to verify

that the dCK knockdown was successful and this must be performed next.

3.1.3. LCB2151, LCB2179 and Gemcitabine Show Differential Gene Expression of Key

Cellular Pathways in KRAS + and KRAS — Cancer Cell Lines

From a medicinal chemistry standpoint, lead molecule LCB2151 is structurally different from
LCB2179 and both are different from Gem. While both molecules reach up to 99% cell killing of
Geme-resistant cell lines (Figure 5A-C), we see signs that they work through distinct pathways from
each other and from Gem. To elucidate the mechanism of action, changes in the mRNA expression
of genes in major cellular pathways were analyzed. Genes of interest were selected through an in-
depth literature search and organized into markers of resistance, apoptosis, proliferation and
cellular stress (Table 5). Pancreatic cancer cell lines Capan-2 (KRAS+, most resistant) and BxPC-
3 (KRAS-, least resistant) were treated with LCB2151, LCB2179, gemcitabine or vehicle for 6 and

18 hours. mMRNA was collected, and expression levels were measured using gPCR. The results
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Figure 9. siRNA mediated knockdown of DCK in Pancl cells. Panc-1 cells were transfected
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another 72h. Cell viability was measured using CellTire-Glo (Promega). Data are a mean of
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Table 5. Genes measured in pancreatic cancer cell lines for expression profile. Genes
measured for the genetic profile analysis of pancreatic cancer cell lines BxPC-3 and Capan-2,
treated at two time points with lead drugs or gemcitabine, are grouped into key markers of

resistance, anti/pro-apoptosis, cell proliferation and stress.

Pro-apoptosis Anti-apoptosis Proliferation __| ____stress _|

Protein

Multi-resistance
protein 1 (MRP1)

Multi-resistance
protein 2 (MRP2)

Human
equilibrative
nucleoside
transporter 1
(hENT1)
Cytidine
deaminase

Ribonucleotide
reductase subunit
M1

Deoxycytidine
kinase

Gene

ABCC1

ABCC2

SLC29A1

CDA

RRM1

DCK

Protein

BH3 interacting-
domain death
agonist (BID)

Bcl-2-interacting
killer (BIK)

Bcl-2- associated X
protein (BAX)

p53 upregulated
modulator of
apoptosis (PUMA)

Diablo 1AP-Binding
Mitochondrial
Protein

Endonuclease G

Tumor Protein P53

Gene

BID

BIK

BAX

BBC3

DIABLO

ENDOG

TP53

Protein Gene
BCL2 Family MCL1
Apoptosis
Regulator (MCL1)

X-Linked Inhibitor XIAP
Of Apoptosis

BCL2, Apoptosis BCL2
regulator

Bel-xL, B-cell BCLXL
lymphoma-extra

large

Protein

Nuclear Factor
Kappa B Subunit 1

C-X-C Motif
Chemokine Ligand 1
(GRO1)

Cyclin Dependent
Kinase Inhibitor 1A
(p21)

Cyclin D2

Cyclin E1

Cyclin E2

Gene

NKFB1

CXCL1

CDKN1A

CCND2

CCNE1

CCNE2

Protein Gene
Superoxide 50D1
Dismutase 1
Neutrophil cytosolic  NCF2
factor 2, p67phox
Uncoupling Protein UCp2
2
Beclin 1 BECN1
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show that lead molecules LCB2151 and LCB2179 have distinct gene expression profiles from one

another and from Gem in both cell lines.

3.1.3.1. Resistance Markers

The differential regulation markers by Gem and our lead compounds are striking. Gem in
BxPC-3, but not our compounds, upregulates ribonucleotide reductase subunit M1 (RRM1) and
cytidine deaminase (CDA) (Figure 10A). RRML1 will increase the pool of deoxynucleotides able
to compete with Gem while CDA will deactivate it. Therefore, these enzymes will decrease the
potential activity of Gem. Nucleoside transporter, SLC29A1, and DCK , the rate-limiting enzyme
for nucleoside activation, are also upregulated by Gem. These should increase the potential activity
of Gem, a trend that is noted when Capan-2 resistant cells are treated with Gem (Figure 10B).
Clearly these markers are not at the origin of Gem resistance. LCB2151 also activates nucleoside
transporter SLC29A1 in Capan-2 while decreasing it in BXPC-3 cell line. These markers alone are

not useful in explaining the increase of cell death by lead molecules in resistant cell lines.

3.1.3.2.  Pro- and Anti-Apoptosis Markers

In BXPC-3 cells (Figure 10C), Gem significantly increases DIABLO and BBC3 (PUMA) which is
not seen in Capan-2 cells (Figure 10D). However, LCB2151 increases BBC3 in both cell lines
while also increasing BAX and BIK in Capan-2. Clearly, in Capan-2, pro-apoptosis markers are
increased in the presence of LCB2151 as opposed to Gem. Importantly, BCL2, an anti-apoptosis
marker, is reduced in LCB2151 Capan-2 treated cells (Figure 10F) and not in BxPC-3 (Figure
10E). This increase in ratio between BAX and BCL2 and its resulting effects is worth following
since it has been suggested to overcome Gem resistance in pancreatic cancer cells (Schniewind et

al., 2004). Interestingly, mitochondrial driven apoptosis increases complex Il activity, which
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Figure 10. Drug-induced gene expression profiles of pancreatic cancer cell lines.
MRNA expression levels of genetic markers of resistance, pro/anti-apoptosis, proliferation and
stress measured in BXPC-3 (KRAS+) and Capan-2 (KRAS-) treated with 15 uM LCB2151, 15 uM
LCB2179, 1 uM of Gemcitabine or DMSO vehicle for 6 and 18 hours. (A) BxPC-3 resistance gene
profile, (B) Capan-2 resistance gene profile, (C) BxPC-2 pro-apoptotic gene profile, (D) Capan-2
pro-apoptotic gene profile, (E) BXPC-3 anti-apoptotic gene profile, (F) Capan-2 anti-apoptotic
gene profile, (G) BxPC-3 proliferation gene profile, (H) Capan-2 proliferation gene profile, (I)
Capan-2 cellular stress gene profile. Bars represent a mean of four replicates, N=1. Results were
normalized to the housekeeping gene RNPS1 mRNA expression, and calibrated to the results with
DMSO (fold change of 1). *p < 0.05 using t-test.

62



oxidizes succinate to fumarate (Ehinger et al., 2016). As described later, succinate levels are

affected in LCB2151 treated cells.
3.1.3.3.  Proliferation Markers

Microarray studies indicate that CPI1-613 downregulates the mRNA expression of pro-
proliferative Cyclin D3 (CCND3), E1 (CCNEL), E2 (CCNEZ2) of BxPC-3 pancreatic cancer cells
but not of non-transformed NIH-3T3 mouse fibroblast cells (Lee et al., 2014). It would be
interesting to determine the effects that our lead molecules have on these proliferation markers.
The analysis of proliferation markers shows significant differences between the lead molecules
and Gem (Figures 10G and 10H). Cell lines treated with Gem upregulated both proliferative genes
CCNE1, CCNE2 and CCND3 and the growth arrest gene of p21, CDKN1A. Anti-proliferative
CDKN1A was increased by LCB2151 in both cell lines at 18 hours while decreased by LCB2179
in only Capan-2 at 18 hours. Overall, LCB2151 and LCB2179, which both contain our lipoate
analogue, show a statistically relevant decrease in only CNNE2 at 18 hours in BXxPC3 and Capan-

2.
3.1.3.4.  Cellular Stress Markers

The effect of our lead molecules on mitochondrial biogenesis was tested next. Since they
contain a lipoate moiety designed to interfere with mitochondrial bioenergetics, increased
expression of oxidative and other stress markers was expected. Previous investigation into the
mechanism of LCB2151 demonstrated an upregulation of Neutrophil Cytosolic Factor 2 (NCF2)
and a downregulation of cytoplasmic superoxide dismutase (SOD1) in HepG2 cell line treated with
LCB2151 for 12 hours (C.Teran MSc Thesis). SODL1 is involved in one of the reducing pathways

of the cell and NCF2/p67°"* (NADPH oxidase) is shown to induce ROS production (Crapo et al.,
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1992; Roy et al., 2015). These genes were tested in addition to the marker mitochondrial
uncoupling protein 2 (UCP2) in Capan-2 cell line at 18 hours (Figure 101). Both lead molecules
but not Gem reduced UCP2 levels , which is overexpressed in pancreatic cancer and promotes
cancer progression (Donadelli et al., 2015). NCF2 expression is increased by LCB2151 treatment,
while SOD1 remains unchanged under these conditions. None of the markers tested were
significantly changed by Gem, consistent with reports that it does not increase NCF2 in HepG2

cells (Dalla Pozza et al., 2012).

Overall changes in gene expression reveal significant differences, generally associated with

more favourable anti-tumour outcomes of the lead molecules as compared to Gem.

3.2. Aim 2: Adaptations to Cellular Pathways in Response to Drug Treatment

Our group has identified two novel compounds, LCB2151 and LCB2179, with anticancer
activity that exceed the leading chemotherapy agent Gem in vitro. It is increasingly clear that our
lead compounds have a different mechanism of action from each other and from that of Gem.
Immediate efforts were focused on elucidating the mechanism of action of LCB2151 in the widely
used Panc-1 cells using a combination of proteomics, central carbon metabolism as well as
mitochondrial bioenergetics (oxidative stress determination, Seahorse XF analysis). Together,
these approaches provided key insights into the mechanism of action of these proprietary

anticancer agents.

3.2.1. LCB2151 Alters Whole-Cell Protein Expression in Cell Pathways after 6 Hours

Gene profile analysis was a biased method to investigate changes in cellular pathways
predicted to be affected by the lead molecules. Proteomics combined with computational

bioinformatics was a non-biased strategy adopted to investigate the specific mechanisms by which
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LCB2151 efficiently eradicates chemoresistant pancreatic cancer cells. Panc-1 cell line was treated
with 20 uM LCB2151 or vehicle for 6 hours and whole cell extracts were submitted for mass
spectrometry-based large-scale proteomic analysis. To pass the threshold of significance, Q50
proteins had to be detected in 2 of 3 replicates in each condition. A total of 1327 Q50 proteins
were identified, of which 1010 proteins (76.1%) were shared, 296 (22.3%) were detected only in
LCB2151-treated samples and 12 (1.6%) were only detected in vehicle-treated samples (Figure
11A). Principal component analysis (PCA) shows that the LCB2151-induced proteome is unique
from the vehicle-induced proteome (Figure 11B), suggesting major changes at the protein level in

various cellular pathways.

Shared Q50 proteins were analysed by fold change with a 1.5-fold cut off. LCB2151 treatment
upregulated 33 proteins (more than 1.5-fold) and 1 protein was downregulated (more than 50%)
according to the threshold (Figure 11C). Organization of the shared proteins into cellular pathways
reveals 8 cellular pathways that are altered by LCB2151 treatment including redox state, carbon

metabolism and respiration, cancer apoptosis, transport, transcription and translation (Table 6).

Functional network analysis of the unshared 296 proteins only detected in LCB2151-treated
samples generates a complex functional network (Figure 12). Of these, 212 proteins were further
sorted into 107 biological pathways using the String database for analyses, summarised in Table
7. Most proteins were upregulated in metabolic processes such as fatty acid (ex. acyl-CoA
synthetase long-chain family member 3), glucose (ex. Hexokinase 1) and nucleotide (ex.
Polyribonucleotide nucleotidyltransferase 1) metabolism. Additionally, proteins involved in gene
expression, transport, response to stress, cell cycle and oxidative stress were upregulated by
LCB2151. Interestingly, DLST protein was detected and matched to 11 biological pathways

including metabolism and oxidation-reduction processes.
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Figure 11. Analysis of total Q50 identified proteins. Panc-1 cells were treated with LCB2151
20 puM or vehicle for 6h. Whole cell protein extracts went through large scale protein analysis. A
total of 1327 Q50 proteins (identified in 2 or more samples of triplicates) were identified. (A) Of
those, 1010 proteins (76.1%) common to both treatment groups. Furthermore, 296 proteins
(22.3%) and 21 proteins (1.6%) were uniquely identified in the LCB2151-treated and vehicle-
treated groups, respectfully. Venn diagram generated using Venny 2.1 software. (B) Control
proteome is clearly segregated from LCB2151-treated proteomes by PCA using proteomic data
from the shared 1010 proteins. PCA analysis performed using Metaboanalyst (v4.0) software. (C)
Fold change analysis of shared Q50 proteins. Threshold for analysis was cut-off at a 1.5-fold
change. After LCB2151 treatment, 33 proteins were upregulated more than 1.5 fold and 1 protein
was downregulated more than 0.5 fold. N=3
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Table 6. Major cellular pathways of shared Q50 proteins. Panc-1 cells were treated with
LCB2151 20 uM or vehicle for 6 hours. Whole cell protein extracts went through large scale
protein analysis. Shared Q50 proteins that passed the 1.5 fold-change cut-off were organized based

on major cellular pathways. Analysis was aided using String database and GenATLAS. N=3

Protein | Fold Change
Redox State
Thioredoxin 1.5707
5H3 domain-binding glutamic acid-rich-like protein 3 1.552
Carbon Metabolism and Respiration
Glutamine--fructose-6-phosphate aminotransferase [isomerizing] 1 1.6154
Isocitrate dehydrogenase [NADP] cytoplasmic 1.5542
Cytochrome b-cl complex subunit 2, mitochondrial 1.8058
Cancer Apoptosis
Coiled-coil-helix-coiled-coil-helix domain-containing protein 2;Putative coiled-coil-helix-coiled-
coil-helix domain-containing protein CHCHD2P9, mitochondrial 0.3324
Transport
Rho-related GTP-binding protein RhoG 1.7472
Dynactin subunit 2 1.7163
Tubulin alpha-1C chain 1.52
Importin-4 1.652
Coatomer subunit delta 1.5203
Brain-specific angiogenesis inhibitor 1-associated protein 2 1.5864
Transcription and Translation
DMNA replication licensing factor MCM7 1.8611
Fukaryotic translation initiation factor 3 subunit H 1.8165
265 proteasome non-ATPase regulatory subunit 5 1.733
Small nuclear ribonucleoprotein F 1.7254
Asparagine--tRMA ligase, cytoplasmic 1.6941
[Nucleclar RNA helicase 2 1.6772
Pre-mRMNA-processing-splicing factor 8 1.5761
Heterogeneous nuclear ribonucleoprotein D-like 1.621
Splicing factor 3A subunit 3 1.5351
Metastasis
INodal modulator 1;Nodal modulator 3;Nodal modulator 2 2.8798
Protein CYRG61 2,803
6-phosphogluconolactonase 1.9505
Plasminogen activator inhibitor 1 1.9469
Platelet-activating factor acetylhydrolase |B subunit beta 1.8494
Epidermal growth factor receptor;Receptor protein-tyrosine kinase 1.7625
Eukaryotic translation initiation factor 5B 1.721
Heterogeneous nuclear ribonucleoprotein A3 1.6968
General
Putative heat shock protein HSP 90-beta 2 1.5146
Tumor protein D54 1.5553
Cancer Favorable Prognosis

RRP12-like protein 1.8134
IMyb-binding protein 1A 1.7147
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Figure 12. Functional network of proteins only found in LCB2151-treated group. Panc-1 cells
were treated with LCB2151 20 uM or vehicle for 6h. Whole cell protein extracts went through
large scale protein analysis. 296 proteins were only identified in LCB2151-treated panc-1 samples.
A complex functional network of these proteins was generated using String database (v10.5). N=3
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Table 7. Major biological pathways of unshared Q50 proteins in LCB2151-treated group.
Panc-1 cells were treated with LCB2151 20 uM or vehicle for 6h. Whole cell protein extracts
went through large scale protein analysis. Of the 296 unshared Q50 proteins in LCB-2151 treated
samples, 212 were organized based on biological pathways. Most proteins upregulated by
LCB2151 are involved with metabolism. (*) denotes pathways where DLST is involved.
Analysis was aided using String database. N=3

Pathway Observed . . .
G Example of Protein Protein Function
Description Gene Count

*metabolic process

gene expression

transport

response to stress

cell cycle

*oxidation-
reduction process

117

59

58

57

32

22

detoxification of alcohol-derived acetaldehyde

Aldehyde dehydrogenase 1 family, member B1 00 3l T ok AT

Polyribonucleotide RNA-binding protein implicated in nucleotide
nucleotidyltransferase 1 metabolism
acyl-CoA synthetase long-chain family synthesis of cellular lipids and degradation via
oI member 3 beta-oxidation
Solute carrier family 25 (mitochondrial carrier; role in protecting cells against oxidative
phosphate carrier), member 24 stress- induced cell death
. glucose transport, localizes to the outer
Hexokinase 1 . .
membrane of mitochondria
. . . deamination of adenosine to inosine in
0.0248 Adenosine deaminase, RNA-specific double-stranded RNA (dsRNA)
. . . Oxidoreduct ired for t
0.000912 HIV-1 Tat interactive protein 2, xldoreductase required for tumor
suppression
. . regulates the biogenesis and the activity of
0.00181 Stomatin (EPB72)-like 2 g 8 ! ¥
mitochondria
0.000518 Malignant T cell amplified sequence 1 Anti-oncogene that playfs arolein cell cycle
regulation
. . In cooperation with TP53 is involved in
0.0301 Peptidylprolyl isomerase F P

activating oxidative stress-induced cell death
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This data set is a valuable tool and can be analyzed multiple ways, continuously revealing new
information. Using publicly available software we have been able to show that LCB2151 has a
significant effect on the proteome of cancer cells, driven by changes in expression of proteins
involved in mostly metabolic pathways. We are in the process of acquiring Ingenuity® Pathway
Analysis (IPA®, Qiagen) analysis and search tool that will provide further in-depth analysis,
integration, and interpretation of data derived from ‘omics’ experiments such as proteomics. With
the increased power of tool we hope to uncover effected pathways and identify candidate targets

of our drugs, without repeating the experiment.

3.2.2. LCB2151 Treatment Targets Two Key Enzymatic Steps in Central Carbon

Metabolism

Considering that LCB2151 is designed to interfere with cancer cell metabolism and that its
treatment upregulated protein expression related to metabolic processes, investigation was focused
on changes in carbon metabolism and mitochondrial biogenesis induced by LCB2151. A high-
throughput analysis of the glycolysis and TCA pathways was done using Panc-1 cells
treated/untreated with 20 uM LCB2151 for 6 hours. This involved identifying and quantifying 50
metabolites (quintuplet samples) by HPLC-MS/MS (Creative Proteomics). The results indicate
that LCB2151 treatment led to significant changes in approximately half of the metabolites,
increasing 14 and decreasing 9 significantly (Table 8). A map of central carbon metabolism
combining proteomic and metabolomic analyses identifies two enzymatic reactions targeted by
LCB2151 (Figure 13). The first is apparent inhibition of the reaction catalyzed by cytoplasmic
phosphorofructokinase-1 (PFK-1), the rate-limiting step of glycolysis (Figure 14A). The substrates
glucose-6-phosphate and fructose-6-phosphate are increased by 3.17 and 2.21-fold, respectively,

while the product fructose 1,6-bisphosphate is decreased by 0.29-fold, a surprising result. The

70



=N 9eordin ur poutoy1ad sem sisATeue orwodjoad

pUB JUdU)BAI) OB J0J s1edr[dar ¢ Jo oFeIoAR UR SeM SISA[RUR 9JI[OQRIDJA] "WAL} dPISA] JUnowe d3ueyd P[oJ Y} YIM IN0J0d [qqnq Aq PajedIpul dJe
Sa3ueyd P[oJ SI[0GeIdW PUE INOJOD JUOJ AQ PIAILIIPUL AIB SUOISSAIAX UIdJ0I] "(SIBIS MO[[QA) SUOIJOBAI JI[OQRIdW OM] JO UONIQIYUI S[BOAI (MITAIIAO
ue) 19Js0d 9A0QE ) UI PAUIqUIOD BJBP OIWO[0QRIdW PUR 1)1 ‘(MR JO ANSIOATU()) SISA[RUR S AQ SINOY § JB PAINSLIW OS[B SBM UOISSaIdXd
U101 *(SO1Wo0101d 9ANBAI)) SIN/SIN-OTdH Aq painseawr a1om sAemyjed WSI[OqeIdOW UOGIRD [RNUID G UL SAI[OGRIAW ()G "SINOY 9 I0J S[OIYFA 10
INNQT 1S12-9DT1 Aq P1ean 219M S[99 [-OuRd *Bjep d1u0d)0.ad pue duo[oqe)duw SuruIquiod WsI[0qe)ou UoqIed [BIIUID JO MIIAIIAQ €] 2In31

dn Ajueoybiubis

Ajuo sajdwes 15Tz Ul paynuap]
a|dwes yjoq u| paynuapl
SU19301d

puaga

eIIPUOYI0MW wsejdoji)

Aemyieg eydsoud 950judd

wisijoqelad uoqgJe) jedjua)d



Glycolysis

Phosphoglucose 1.02
isomerase

Phosphofructoklnase 1

Legend TCA Cycle
Protei Metabolites 0.43
roteins .
Identified in both sample —
Signigficantly Up _ . 2.12
Identified in 2151 samples only _ \l
Succinyl-CoA
synthetase
_-. 2‘02
a-hydroxyglutaric acid 1.41
L4 0.58
'

X a-ketoglutarate
N\ 2.26 _dehydrogenase

Figure 14. LCB2151 targets two metabolic reactions in central carbon metabolism. Panc-1
cells were treated with LCB2151 or vehicle for 6 hours before undergoing proteomic and
metabolomic analyses (A) Cytoplasmic phosphofructokinase-1 targeted by LCB-2151.
Metabolomic analysis reveals an increase of PFK-1 substrates Glucose-6-phosphate and fructose-
6-phosphate and a decrease of the product fructose-1,6-bisphosphate. (B) Mitochondrial o-
Ketoglutarate dehydrogenase targeted by LCB-2151. Proteomic analysis only detected a-KGDH
subunit E2 (DLST) expression in LCB-2151 treated samples. Metabolomic analysis reveals an
increase of o -KGDH substrate o -ketoglutarate and a decrease of products succinyl Co-A and
downstream succinate. Combined results suggest inhibition of the TCA cycle in the mitochondria
at the level of a -KGDH. Fold changes are measured with respect to vehicle-treated samples. Red,

decrease; green, increase. N=5
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Table 8. Central Carbon Metabolism Analysis. Panc-1 cells were treated by LCB-2151 20 uM
or vehicle for 6 hours. 50 metabolites in 5 central carbon metabolism pathways were measured by
HPLC-MS/MS (Creative Proteomics). Metabolite analysis was an average of 5 replicates for each
treatment. Fold-change was calculated between vehicle and LCB2151-treated samples. Green,
upregulated & red, downregulated. p<0.05 considered significant. N=5

Metabolite fold change p-value
Phosphocreatine 0.000
Glucose-6P 0.004
ADP 0.000
Mannose-6P 0.012
a-Ketoglutaric acid 0.001
Fructose-6P 0.000
GTP 0.034
GDP 0.000
Acetoacetic acid 0.005
Ribulose-1,5bisP 0.010
6P-Gluconate 0.002
Glucosamine-6P 0.019
Acetylglucosamine-1P 0.006
a-Hydroxyglutaric acid 0.028
NAD+ 0.001
Succinyl-CoA 0.041
Pyruvic acid 0.003
Ribulose-5P 0.020
Succinic acid 0.000
NADH 0.005
DHAP 0.006
Glycerol-3P 0.000
total_Glucose-bisP/Fructose-bisP 0.010
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second is apparent inhibition of the reaction catalyzed by mitochondrial KGDH of the TCA cycle
(Figure 14B). The substrate a-ketoglutarate is increased by 2.26-fold, while the products succinyl-
CoA and downstream succinate are decreased by 0.58 and 0.43-fold respectively. Inhibition of
KGDH was an expected outcome since LCB2151 is designed with a lipophilic CP1-613 derivative.
As mentioned before, CPI-613 was reported to interfere with the metabolism of cancer cells, albeit
at high concentration, through inhibition of PDC and KGDH, and increased intracellular ROS
(Stuart et al., 2014; Zachar et al., 2011). Meanwhile, pyruvate dehydrogenase complex (PDH) does
not appear to be affected by LCB2151. This is consistent with in vitro studies (Reaction Biology
Corporation, Pennsylvania) that revealed no significant effect of LCB2151 on PDK1-4 enzymatic
activity (data not shown), which regulate PDH. Inhibition of PFK-1 by LCB2151 is an unexpected
result that merits further investigation, since neither Gem (nucleoside analogue) nor CPI-613

(lipoate) were reported to interfere with this pathway.

3.2.1. LCB2151 Significantly Impairs Mitochondrial Respiration of Panc-1 Cell Line

Our lab investigated oxidative and glycolytic metabolic characteristics of Panc-1 cell lines
treated with LCB2151, LCB2179, Gem or vehicle for 6 hours (Figure 15). Mitochondrial function
was assessed in real-time by measuring oxygen consumption rate (OCR) after performing the Mito
Stress Test using the Seahorse XF Analyzer (Agilent) technology in high glucose medium.
LCB2151 significantly lowers maximal respiration (Figure 15B), ATP production (Figure 15E)
and spare respiratory capacity (Figure 15F). Meanwhile, basal respiration (Figure 15A), proton
leak (Figure 15D) and non-mitochondrial oxygen consumption (Figure 15C) remain unaffected in
cells treated with LCB2151. Under these conditions, neither LCB2179 nor Gem seem to cause any

significant mitochondrial impairment.

3.2.2. LCB2151 Decreases Glycolytic Capacity of Panc-1 Cell Line

74



>
w

Basal Respiration Maximal Respiration

&

o
&
o

£ | 3
'§, 304 g;_. 304
" : 1
2 204 220
332 - 82 +H
E 10+ 1 E 104 -I-
: :
0 T T = o T )
DMSO 2151 2179 Gemcitabine DMSO 2151 2179 Gemcitabine
C  Non Mitochondrial Oxygen Consumption D Proton Leak
_20- 20+
£ £
a
2 154 815
o o
k] s
5 2104 5 2 104
o3 o=
S E 1
s o 8 ° =
g — ; T g,
- = T T
DMSO 2151 2179 Gemcitabine DMSO 2151 2179 Gemeitabine
E ATP production F Spare Respiratory Capacity
20+ 155
£ £
B £
a 154 g 1D' —I—
xS T x ©
Q g 10+ 09 54 <k
°: 2 g °t
E 54 . E ) -
z == 5 —p—
X 2
0- T T 5 T T T T
DMSO 2151 2179 Gemcitabine DMSO 2151 2179 Gemcitabine

Figure 15. Seahorse XF24 analyzer bioenergetic determinations for in PANC1 cells treated
with 2151 for 6 hours. Oxygen consumption rate (OCR) normalized to protein content are
presented for basal respiration (A), maximal respiration (B), non-mitochondrial oxygen
consumption (C) proton leak (D), ATP production (E) and spare respiratory capacity (F). LCB2151
significantly lowers ATP production, spare capacity and coupling efficiency of treated cells. N=3,
data are presented as mean = SEM. * p<(0.05, Student’s t test comparing DM SO vs 2151. Statistical
analysis done using GraphPad Prism 7 one-way ANOVA. Concentrations: 2151:15uM; 2179:
15uM and Gemcitabine: 0.75uM.
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It is suggested by the previously described metabolomics data, that LCB2151 interferes
PFK-1 in the cytoplasm. Thus, an impairment of the cells ability to increase glycolysis to meet
metabolic and bioenergetic demands should be observed. The glycolysis stress test was performed
in Panc-1 cells starved of glucose and pyruvate that were treated for 6 hours to measure in real-
time the capacity of the glycolytic pathway by driving cells toward glycolysis when glucose is re-
introduced to the media. Extracellular acidification rate (ECAR) measurements show that
LCB2151 treatment reduces the glycolytic reserve of the cells (Figure 16C), defined as the
difference between glycolysis under basal condition and maximal glycolytic capacity (Mookerjee
etal., 2016). This reserve is unused in the basal state but could be recruited in response to increases
in ATP demand. Therefore, by reducing glycolytic reserve LCB2151 would render cells more
sensitive to ATP depletion. Basal glycolysis (Figure 16A) and maximal glycolytic capacity (Figure

16B) were not significantly affected by LCB2151.

3.2.3. LCB2151 Decreases the GSH/GSSG Ratio in Panc-1 Cell Line

Analysis of mMRNA levels showed that LCB2151 treatment increases levels of NCF2, an essential
component of NADPH oxidative function, and reduces the levels of SOD1 in HepG2 cell line, as
well as UCP2 in Capan-2 cell line after 12 and 18 hours, respectively. Together with potential
inhibition of KGDH in the mitochondria (Figure 11B), it can be suggested that LCB2151 treatment
induces oxidative stress. Glutathione (GSH) is an abundant antioxidant found in all human cells,
involved in protection of cells from oxidative stress (Griffith, 1999; Pompella et al., 2003; Sies,
1999). A change in GSH levels is important in the assessment of toxicological responses and is an

indicator of oxidative stress, potentially leading to apoptosis or cell death. Certain chemicals react
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Figure 16. Glycolysis Stress test determinations for in PANC1 cells treated with 2151 for 6
hours. (ECAR) is measured in cells are incubated in the glycolysis stress test medium without
glucose or pyruvate and after sequential injections of saturating 1-glucose (10mM), 2-oligomycin
(1 uM) and 3-2 deoxyglucose (50mM). (A) The glucose-induced response reported as the rate of
glycolysis under basal conditions. (B) Subsequent increase in ECAR revealing the cellular
maximum glycolytic capacity after inhibiting ATP synthase. (B) ECAR after inhibition of
glycolysis. The difference between glycolytic capacity and glycolysis rate defines glycolytic
reserve. LCB2151 appears to decrease glycolytic reserve of cells. N=3, data are presented as mean
+ SEM. Statistical analysis done using GraphPad Prism 7 one-way ANOVA shows no significant
changes in glycolysis by any treatment, compared to vehicle DMSO. Concentrations: 2151:15uM;
2179: 15uM and Gemcitabine: 0.75uM.
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with GSH to increase the oxidized glutathione (GSSG) levels, decreasing the ratio of reduced to
oxidized glutathione (GSH/GSSG). The redox state induced by LCB2151 was assessed by directly
measuring reduced glutathione as well as the oxidized form in cells to calculate the
glutathione/glutathione disulfide ratio (GSH/GSSG) using a luminescence-based GSH/GSSG-
Glo™ assay (Promega). Panc-1 cells were treated with Gem, LCB2151 and LCB2179 for 2 and 6
hours (Figure 17). As shown in Figure 17A, no changes were observed at 2 hours. However,
LCB2151 resulted in a significant decrease of the GSH/GSSG ratio after 6 hours (Figure 17B),

indicative of an oxidizing cellular environment.

3.2.4. LCB2151 Induces More H20- Production than Gemcitabine or CP1-613

The role of ROS in pancreatic ductal adenocarcinoma (PDAC) depends on its concentration in
cells. ROS facilitates cancer progression and promotes the malignant phenotype, while excessive
ROS changes mitochondrial morphology, potentially leading to cell death (Martinez-Useros et al.,
2017). Gem causes strong induction of ROS accumulation in various pancreatic cancer cell lines
(Mihailidou et al., 2017). However, a study associated lower levels of ROS with resistance to Gem
and other chemotherapies in PDAC cells (Donadelli et al., 2011). In addition, CPI-613 targets
KGDH by a strong mitochondrial ROS burst, resulting in KGDH inactivation due to
glutathionylation of its sulfhydryl groups (Stuart et al., 2014). To support the hypothesis that
LCB2151 interferes with mitochondrial metabolism associated with generation of oxidative stress,
the amount of generated ROS was tested. Panc-1 cell line was treated for 6 hours with LCB2151
along with its controls, LCB2179, Gem, CPI-613 or vehicle. ROS levels were detected through
measurement of hydrogen peroxide (H202) directly in cultured Panc-1 cell line using the ROS-
Glo™ H:0: bioluminescent assay (Promega). This study shows that LCB2216 (natural nucleoside

+ lipoate) is the most potent ROS inducer (Figure 18). LCB2151 produces more ROS than Gem
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Figure 17. Reduced GSH/GSSG ratio in LCB2151-treated cells after 6h. Pancl cells were
treated with vehicle or increasing dose of gemcitabine, LCB2151 and LCB2179 for (A) 2h and (B)
6h . GSH/GSSG ratios was determined as an indicator of oxidative stress using the luminescence-
based system GSH/GSSG-Glo™ Assay (Promega). LCB2151 induces a decrease in the
GSH/GSSG ratio after 6h treatment, indicative of an increase in oxidative stress. Data are a mean
of duplicates corrected over vehicle treatment.
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Figure 18. H202 production in Panc-1. Cells were treated with 15 pM of LCB1180, LCB2151,
LCB2179, LCB2152, LCB2216 and 1 uM Gem, 200 uM CPI-613 or vehicle for 6h. ROS level
was detected by ROS-Glo™ H»0, Assay (Promega) following the non-lytic protocol. ROS level
was detected through the measurement of H20: in the cells, because most of ROS converted to
H20, and easy to be detected due to the long half-life, according to the instructions of the kit (ROS-
Glo™ H,0; Assay, Promega)(Alfadda and Sallam, 2012). LCB2216 induced more ROS than any
other treatments. The data represented as mean values * standard deviation of triplicates in single
experiment. Relative luminescence units (RLU) were first corrected over cell viability (Celltitre-
Glo, Promega) and then over vehicle treatment (fold change of 1).
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and CPI-613, and the same amount as LCB2152 (lipoate alone). Gem reduces ROS, while
LCB2179 and LCB1180 (nucleoside alone) do not induce any change in ROS levels. The sum of
results presented thus far show that LCB2151 acts through a unique mechanism that disrupts

mitochondrial metabolism pathways in resistant pancreatic cancer cells.

3.3. Aim 3: To Validate the Molecular Targets of LCB2151 in Pancreatic Cancer Cells.

3.3.1. Proteomics and Metabolomics Validation: Effect of LCB2151 on DLST Protein

Expression

With possible inhibition of the metabolic reaction catalyzed by KGDH (Figure 14B) and
detection of DLST subunit protein expression via proteomics after a 6 hours treatment with
LCB2151 (Table 7), it was important to check protein levels of DLST by western blot to validate
the large-scale results. | treated Panc-1 cells with LCB2151 20 uM or vehicle for 6 hours, the same
conditions as the metabolomics and proteomics experiments, and additionally for 9 & 12 hours.
DLST protein levels are not significantly changed after up to 12 hours of LCB2151 treatment
(Figure 19A & 19B). Contrarily, DLST is also detected in vehicle treatments, and this experiment
does not validate proteomics results, detecting DLST only in LCB2151-treated samples after 6

hours (Table 7). Another antibody recognizing a different epitope of DLST should be tested.

3.3.1. LCB2151 and Derivatives Change Enzymatic Activity of KGDH Complex

Changes in DLST protein levels do not directly indicate that KGDH activity may be altered.
To confirm if LCB2151 inhibits the overall KGDH complex activity, whole-cell lysates of treated
Panc-1 cells were analyzed for KGDH enzymatic activity using an assay kit (Biovision). Stuart et
al report that CPI1-613 treatment of H460 cells produced a significant, reproducible reduction in

KGDH activity in the resulting lysates and it is currently marketed as a KGDH inhibitor
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Figure 19. Validation of proteomics and metabolomics for DLST protein expression. Panc-1
cells were treated with LCB2151 20 uM or vehicle for 6h, 9h and 12h. (A) Western blot of whole
cell protein extracts comparing DLST protein expression to mitochondrial marker COXIV protein
expression. (B) Quantification of DLST protein expression corrected over COXIV and then over
vehicle (fold change of 1) for each time point. DLST protein expression slightly increases over
time after LCB2151 treatment. N=2
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(Egawa et al., 2018; Stuart et al., 2014). Our lipoate analogue is a derivative of CPI-613, therefore
testing LCB2151, LCB2152 (lipoate alone) and LCB2216 (natural nucleoside + lipoate) is of

interest.

After a 6 hour treatment LCB2216 reduced KGDH activity by 40% compared to vehicle
(Figure 20). The effect of LCB2151 and LCB2152 treatments on KGDH activity is highly variable
and will need to be repeated. Removal of excess NADH with a 10 kDA filter column to reduce
background may have also washed away the drugs (smaller than 10kDa), and we are therefore
seeing the residual post-translational effects of the treatment on KGDH rather than the direct
effects of our drugs. This will need to be addressed in future experiments where extracted KGDH

protein is treated with drug in vitro immediately before reading the enzymatic activity.
3.3.2. LCB2151 Decreases Lipoylation of a-Ketoglutarate Dehydrogenase Complex

LCB-2151 could on its own, or as the free lipoate LCB2152, interfere with the homeostasis of
KGDH lipoylation which is necessary for its activity (Stuart et al., 2014). For instance, it could
interfere with the ligase responsible for adding the lipoate onto the enzyme, thus inhibiting the
enzyme and leading to a decrease in lipoylation. Also, LCB2152 could be incorporated thus

replacing the “natural” lipoate.

To test if LCB2151 interferes with KGDH lipoylation, an antibody that recognizes native
lipoate was used. Panc-1 cells were treated with vehicle or increasing concentrations of LCB2151
and Gem for 6 hours. DLST was immunoprecipitated from whole cell extracts and western blot
analysis revealed bound lipoic acid levels (Figure22A). Quantification of LA over total DLST
shows that lipoylation of DLST decreases up to 50% with increasing doses of LCB2151 (Figure

21B). Defects in PDH and KGDH lipoylation was shown to inhibit their activity and repress
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Figure 20. Changes in KGDH enzymatic activity. Panc-1 cells were treated with 15 pM
LCB2151 and derivatives containing the lipoate moiety (LCB2152, LCB2216) for 6 hours. KGDH
enzymatic activity was measured by colorimetric assay (BioVision) from whole cell extracts.
LCB2151 and derivatives all lower enzymatic activity after 6h, LCB2216 the most, which contains
the natural nucleoside attached to the lipoate of LCB2151. Positive control (pos ctrl) supplied by
assay Kit. Performed in triplicate and each replicate was read in duplicate in a single experiment.
Readings were normalized over protein concentration. N=1
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Figure 21. Lipoylation levels of a-ketoglutarate dehydrogenase and pyruvate dehydrogenase.
Panc-1 cell line was treated with increasing doses of LCB2151 (10, 20 & 30 uM) or Gemcitabine,
Gem (0.5, 1 & 2 pM) for 6 hours. (A) o -KGDH subunit E2 (DLST) and (C) PDH subunit E2
(PDH-E2) was immunoprecipitated from whole cell protein extracts. Levels of lipoylation was
measured by blotting for protein-bound lipoic acid. Quantification of lipoic acid over (B) DLST
expression shows a decrease in lipoylation by LCB2151 compared to vehicle, suggesting
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mitochondrial function (Burr et al., 2016; Paredes et al., 2018). The decrease in KGDH lipoylation
we see could contribute to KGDH inhibition, consistent with decreased OCR measured previously
(Figure 15). Surprisingly, Gem initially decreases lipoylation (Figure 21B), then levels recover to
normal with increasing dose. This could be due to a replicative stress response that is alleviated

once resistance mechanisms are activated.

The same assay was performed for the second LA-dependent enzyme PDH by
immunoprecipitating the E2 subunit and revealing lipoic acid (Figure 21C). Quantification of
lipoic acid over total PDH-E2 subunit showed no trends in lipoylation levels after LCB2151
treatment, consistent with the metabolomics data showing no significant inhibition of the reaction
catalyzed by PDH (Figure 21D). Unexpectedly, there is a drop in lipoylation at high doses of
LCB2151 and Gem, bringing attention to the different role of lipoylation for KGDH and PDH
regulation that could be explored. The selectivity of our antibody to LCB2152 or LCB2151 will

have to be measured to confirm that only lipoylation of the native lipoate is measured.

3.3.3. Proteomics and Metabolomics Validation: LCB2151 Decreases Protein

Expression of Phosphofructokinase-1

Experiments have been initiated to investigate the second LCB2151 target, PFK-1, that
controls the rate-limiting step of glycolysis in the cytoplasm. Metabolomics analysis suggested
inhibition of the reaction catalyzed by PFK-1 at 6 hours of LCB2151 treatment. While PFK-1
detection did not pass the threshold of significance in the proteomics analysis, the peptides
detected in some samples were predominantly of the platelet type (PFKP). Human PFK-1 is a
tetramer enzyme that has three isoforms: muscle (M), liver (L) and platelets (P) (Vora et al.,

1985). It has been demonstrated that PFKP is the predominant isoform in human glioblastoma
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cells and human breast cancer tissues which positively correlated with the total activity of PFK-
1 in both cases (Lee et al., 2017b; WANG et al., 2013). Knowing that PFKP is the predominant
isoform in human cancers supported selection of the anti-PFKP antibody to reveal protein levels
of PFK-1 in Panc-1 cell line. Cells were treated with vehicle or LCB2151 for 6 and 12 hours.
Western blot quantification shows a 40% decrease in PFKP expression by 12 hours (Figure 22A
& 23B). Significance will have to be determined by repeating the assay. This reduction in
expression correlates to the inhibition of PFK-1 suggested by metabolomics analysis (Figure
14A). Enzymatic inhibition in response to LCB2151 treatment remains to be confirmed by

performing a PFK-1 enzymatic activity assay with LCB2151 and derivatives.

3.3.4. A Photoaffinity Probe to Test Direct Target Binding of LCB2151

Identification of direct binding targets of a lead molecule is often the limitation to decipher its
mechanism of action. Our results suggest that LCB2151 inhibits PFK-1 and KGDH in carbon
metabolism, however it is unknown whether this is due to direct binding or secondary effects.
Photoaffinity labelling (PAL) provides a non-bias approach to drug target identification that can
be performed in live cells and has been applied to a variety of anti-cancer compounds (Colca et
al., 2013). A photoaffinity probe (PAP) of LCB2151, LCB2212 has been designed by the Guindon
group. This probe has been designed to covalently bind to its targets upon UV-radiation (Figure
23A). Obviously, it is important that modifications to LCB2212 to not change the mechanism of
action from the parent molecule LCB2151. Cancer cell lines HepG2, Panc-1 and BxPC-3 were
treated with LCB2151 or LCB2212. Dose response curves show that the activity of LCB2212 is
comparable to the parent molecule after 96 hours (Figures 24B-24D). Subsequent attachment of a
biotin affinity tag using Cu(ll)-catalysed azide-alkyne cycloaddition will allow purification of
target proteins from cell lysates and final identification by tandem mass spectrometry.
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Figure 22. Validation of proteomics and metabolomics for PFK-1 protein expression. Panc-
1 cells were treated with LCB2151 20 uM or vehicle for 6 and 12 hours. (A) Western blot of whole
cell protein extracts comparing PFK platelet subtype (PFKP) protein expression to mitochondrial
marker COXIV protein expression. (B) Quantification of PFKP protein expression corrected over
COXIV and then over vehicle (fold change of 1) for each time point. PFKP protein expression
decreases over time after LCB2151 treatment. N=2.
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(Breinbauer and Kohn, 2003; Shi et al., 2012). Continuation of the PAL experiment with LCB2212
will confirm direct binding targets of LCB2151 in carbon metabolism and possibly identify new

targets in other cellular pathways.

4. Discussion

4.1. Current State of the Treatment for Gastrointestinal Cancers

Gastrointestinal (GI) cancers remain a major health issue worldwide. Hepatocellular
carcinoma (HCC) is the most common primary liver cancer, accounting for 90% of cases, and is
considered a highly resistant cancer to therapy. Pancreatic ductal adenocarcinoma (PDAC) is the
most prevalent form of pancreatic cancer and is currently the fourth leading cause of cancer-
associated mortality (Ghaneh et al., 2007; Rahib et al., 2014). The nucleoside analogue (NA)
Gemcitabine (Gem) is the recommended first-line chemotherapeutic agent for PDAC patients with
limited efficacy due to increasing instances of intrinsic and extrinsic resistances, whose
mechanisms are extensively studied (Akada et al., 2005; Ju et al., 2015; Koay et al., 2014). Even
if screening and detection improve, there is a need for ameliorated chemotherapy agents to improve

patient outcomes (Siegel et al., 2017).

4.2. Strategies to Overcome Drug Resistance

Despite advances in Gem-based treatment, there has been no significant improvement in
the overall survival (OS) and chemotherapy refractory pancreatic cancer has continued to increase
(Gresham et al., 2014; Siegel et al., 2015, 2017). To overcome NA resistance, we have embarked
on the conceptualization and synthesis of a novel family of NAs in collaboration with the Guindon
medicinal chemistry research group. These proprietary molecules are NAs bearing all-carbon

quaternary centers with lipoate-derived adducts. They are inducing a controlled conformational
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bias and some are additionally phosphorylated prodrugs that would overcome the dCK rate-
limiting step in their activation. Additionally, a lipophilic moiety is attached to the nucleobase to
protect the nucleoside against CDA inactivation and allow cell penetration independently of
transporters. Once inside the cell, the NA could interfere with cell proliferation and the lipophilic
attachment could interfere with mitochondrial metabolism. Alteration of cellular metabolism is a
hallmark of cancer, a phenomenon first described by Warburg as increased glucose consumption
and lactic acid secretion by rapidly-dividing cancer cells (Warburg et al., 1927). Entry of carbon
into the TCA cycle becomes tightly regulated by pyruvate dehydrogenase (PDH) and alpha-
ketoglutarate dehydrogenase (KGDH) complexes that rely on a-lipoic acid (LA) as a cofactor. Our
lipoate is an LA analogue based on the commercially availably and clinically tested derivative
CPI-613, designed to simultaneously target the activity of these key metabolic enzymes in cancer

(Stuart et al., 2014; Zachar et al., 2011).

4.3. Characterization of the Structure-Function Relationship of Lead Molecules

PDAC is well characterized genomically, and the most common driver mutations are
oncogenic mutations in KRAS, mutated in approximately 95% of advanced and/or metastatic
pancreatic carcinomas, and loss of tumour suppressors TP53, CDKN2A and SMAD4 (Waddell et
al., 2015; Yachida et al., 2010; Zeitouni et al., 2016). Our panel of human cancer cell lines vary in
the most common KRAS and TP53 mutations and are all Gem-resistant to various degrees. Not
only do we identify one, but two molecules that can kill up to 100% of the most resistant cell lines,
namely pancreatic Capan-2 and Panc-1, with ECso values between 12-20 puM. This dose is
significantly lower than that required for CPI-613, which is in late phase clinical trials and only

targets metabolism (Lycan et al., 2016; Pardee et al., 2014b). This was the first sign that our
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molecules act though a different mechanism than Gem and CPI-613, which made their exact

mechanism of action very interesting to investigate further.

While both lead compounds are composed of a NA attached to a lipophilic moiety, it is
worth noting that the NA is not chemically identical on these two molecules, and LCB2179 is
additionally monophosphorylated. These small changes could have major impacts on their
mechanism of action, therefore to begin structure-activity analysis we focused on our most
consistently performing molecule LCB2151 in Panc-1 cell line. Cell-killing profiles reveal that the
lipoate component plays a key role in the anti-cancer activity of the drug (Figure 6). The lipoate
alone shows modest activity (LCB2152), yet when attached to the natural nucleoside cytidine
(LCB2216) we see the highest potency. The NA is a bulkier structure than cytidine, possibly
leading to steric hinderance, taking more time to achieve the same effect. On the other hand, the
nucleobase of LC2151 alone (LCB1180) is inactive, suggesting that the molecule is not cleaved to
exert its effects. These findings are consistent with previous results that do not detect LCB1180 by
mass spectrometry in whole cell lysates from cells treated with LCB2151. The nucleobase could
also be important for localization and trafficking of the molecule inside the cell, and specifically
within the mitochondria (Carling et al., 2011; Gandhi and Samuels, 2011; Kakuda, 2000; Lam et
al., 2005). LCB2152 could not be measured in this experiment because lipids were not extracted
with metabolites, although lipid extraction for mass-spec detection is available and would be

valuable to perform next.

4.4. Overcoming Gemcitabine-Induced Drug Resistance Mechanisms

Based on our results it is evident that LCB2151 and LCB2179 indeed follow a unique
mechanism, and that they both follow a different mechanism than Gem or CPI1-613. The ability of

LCB2151 to Kill the cells that survive Gem treatment is the first piece of evidence. After HepG2,
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BxPC-3 and Capan-2 cell lines received a 96 hour high-dose treatment of Gem, subsequent
LCB2151 treatment was able to kill more remaining cells than re-treatment with Gem. The fact
that Gem was still able to kill some remaining cells is due to the short length of a single pre-
treatment, which most likely did not eradicate all the Gem-sensitive cells before continuation. To
be certain that only resistant cells remain, a Gem-resistant cell line should be generated by
passaging cells with increasing concentrations of Gem over several weeks, as demonstrated in the
MiaPaCa-2 pancreatic cancer cell line, before sequential treatment with LCB2151 (Samulitis et
al., 2014). Nevertheless, this assay suggests that LCB2151 can bypass cellular mechanisms of
resistance already activated by Gem. Clinically, this novel agent could be used to treat refractory

tumours in patients previously treated with a Gem-based regimen to improve overall survival rates.

Low expression of hENT1 is a main factor that contributes to Gem resistance in cell lines
and in patients (Spratlin et al., 2004). Therefore, it is important to find novel therapeutic strategies
to overcome Gem resistance induced by low hENT1 expression. Gem is naturally hydrophilic and
would not permeate the cellular lipid bilayer by passive diffusion, whereas our molecules are
designed with a lipoate moiety to allow for passive diffusion across the membrane. In this study,
we used S-(4-nitrobenzyl)-6-thioinosine (NBMPR) to simulate low hENT1 expression. Previous
work in our lab showed that LCB2151 maintains activity in the presence of NBMPR in HepG2
liver cancer cell line. My work replicates this effect in the more resistant cell line Panc-1, with not
only LCB2151 but LCB2179 as well. A similar strategy was used to recently prove that Gem-
loaded human serum albumin nanoparticle can be taken into BxPC-3 cells through endocytosis
and bypass the transport of hRENT1, while Gem activity is abrogated (Guo et al., 2018). Lastly, our
gene profile analysis shows that hENT1 mRNA expression is increased by Gem in BxPC-3, but

only by LCB2151 in the most resistant Capan-2 at 18 hours. Gem may be failing in resistant
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tumours because it cannot be transported into the cell, while LCB2151 may be a useful primary

treatment, increasing the import of a secondary agent into the resistant tumour cells.

Deficiency of dCK is another factor that contributes to NA resistance and its expression in
both protein and mRNA levels serve as a biomarker to predict tumor cell sensitivity to Gem
(Ciccolini et al., 2010; Fujita et al., 2010; Jordheim and Dumontet, 2007; Maréchal et al., 2012).
We recapitulated this chemoresistance by siRNA-mediated knockdown of dCK in Panc-1 cell line
to show that both LCB2179 and unexpectedly LCB2151 act independently of dCK levels, unlike
Gem theoretically (Figure 9). These results emphasize that LCB2151 could be acting primarily
through the lipoate-dependent mechanism and does not follow the classical NA mechanism that
requires dCK for activation. We cannot draw the same conclusions for LCB2179, which is
monophosphorylated, yet it is the only molecule to lower dCK mRNA expression (Figure 10A),
suggesting this feature still plays a role in the classical NA mechanism. A limitation is that residual
dCK protein remains in the cell, which could be enough for LCB activation but not for Gem.
Although, a study on cervical cancer Hela cells that were treated with sShRNA-DCK reported a
comparable protein knockdown sufficient to observe significant effects on proliferation and

apoptosis (Shang et al., 2017b).

The group investigating pro-tide technology report the ability of the novel agent 6f to
bypass the requirement for dCK-mediated activation in pancreatic cells, however they mimic low
dCK expression using the kinase inhibitor 2T2D instead of a knocking it down (Slusarczyk et al.,
2014). There is no evidence that this inhibitor is specific to dCK and has not been used in any other
published studies, making it an unreliable comparison for our study. Despite these uncertainties,
the ProTide NUC-1031 (6f) is currently advancing through phase I/ll clinical studies, with

promising early efficacy signals and a favorable safety profile (Ghazaly et al., 2013). Under our
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conditions, the cells were already highly resistant to Gem, suggesting their dCK expression was
low to begin with. Therefore, these results could be confirmed by repeating this knockdown in a
less resistant cell line such as BXPC-3 or in non-cancerous pancreatic cell line with normal dCK
expression , in which siRNA-mediated knockdown of DCK vyielded Gem resistance (Saiki et al.,
2012). Taken together and with the proper controls, LCB2151 and LCB2179 could overcome Gem
resistance induced by low hENT1 and dCK expression in pancreatic cancer, leading to their

potential for clinical application.

4.5. LCB2151 and LCB2179 Generate Unique Genetic Profiles of Cancer Cell Markers

To analyze the effects of our lead molecules on gene expression a candidate gene approach
was used to measure changes in the same genes in Capan-2 (most resistant) and BxPC-3 (least
resistant) cell lines. Capan-2 carries the KRAS mutation (KRAS-) and WT TP53 (TP53 +). On the
other hand, BxPC-3 has WT KRAS (KRAS +) but a mutated TP53 (TP53 -). Activating mutations
in KRAS gene are found in nearly all PDAC cases and is essential for PDAC growth and
deactivating mutations in TP53 gene were found in 77% of PDAC cases (Sausen et al., 2015;
Waters and Der, 2018). Comparison of the changes brought about by LCB2151 and LCB2179 and
Gem in these cell lines allowed us to examine the role of p53 and Ras in the lead molecules’

mechanism of action.

Consistent with the cell killing profile, Gem upregulated markers of drug resistance such
as RRM1 and CDA, while our lead molecules did not (Figure 10A & 10B). Clinical studies have
shown that high levels of RR subunits M1 or M2 are associated with a poor prognosis in both
pancreatic and lung cancers (Ashida et al., 2009; Chantrill et al., 2015; Wang et al., 2014). Previous
studies have also indicated that increased CDA levels may also contribute to Gemcitabine

resistance in PDAC (Weizman et al., 2014). An increase of these genetic markers would increase
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the pool of deoxynucleosides to compete with in DNA synthesis and increases Gem deactivation,
leading to the cellular resistance profile we observe in our panel of cell lines. Lead molecules

promisingly avoid activation of these cellular resistance mechanisms at the mRNA level.

Previous work in our lab showed no significant changes in TP53 levels induced by
LCB2151 treatments in HepG2 cells at the mRNA or protein level and a lack of p53 activation.
This contrasted with Gem that induced robust p53 expression and is known to be p53 dependent.
Further results confirmed apoptosis as the mechanism of cell death, which led us to propose that
LCB2151 induces p53-independent apoptosis, similar to CPI1-613 (Pardee et al., 2014b). My
results differ where LCB2151 induces TP53 expression in the resistant Capan-2 cell line,
suggesting that p53 plays a more significant role in the mechanism of LCB2151 in resistant
tumours harbouring KRAS mutations. This result is expected given the significant upregulation of
BBC3 by LCB2151 (Figure 10 C and 10D), which causes rapid p53-dependent apoptosis and
growth inhibition (Nakano and VVousden, 2001). Contrarily, LCB2179 lowers BBC3 in the resistant
cells, matching a lack of p53 induction and highlights the difference in mechanism of our lead
molecules (Figure 10D). In vitro and in vivo studies demonstrated that Gem requires PUMA
transcription to instigate an apoptotic programme yet primary colon or pancreatic cancer patient
sample analysis revealed the activation of p53 in tumour tissues in the absence of the PUMA
protein (unlike Bax protein) (Hill et al., 2013). This provides an explanation for Gem-resistance
and raises the possibility that targeting the Bax-dependent pathway could offer an improved
therapy. LCB2151 upregulates BAX in the resistant cell line Capan-2, unlike Gem (Figure 10D).
This supports the possibility that LCB2151 is targeting a Bax-dependent pathway and provides an
explanation for why it can kill Gem resistant cells. Lastly, lead molecules lower anti-apoptotic

genes BCL2 and BCLXL, whereas Gem raises them (Figure 10F). These changes in the pro-: anti-
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apoptotic marker ratio would direct cells towards apoptosis more efficiently than Gem and could

attribute the observed potency of lead molecules to this difference.

Dysregulation in genes involved in cell proliferation can also attribute to chemoresistance
of tumour cells (Garrido-Laguna and Hidalgo, 2015; Kleeff et al., 2006). In our study, Gem
treatment upregulated most proliferative genes (cyclins E1, E2, D3 & CXCL1), while LCB2151
did not or even decreased some of these markers such as Cyclin E2 (CCNE2) and CXCL1.
Although both drugs induce growth arrest p21 (CDKN1A) gene expression, perhaps the
overexpression of proliferative genes by Gem is enough to drive unwanted proliferation, unlike
LCB2151. Microarray studies report that CP1-613 down-regulated the expression of Cyclin D3,
E1l and E2 in BXPC-3 but not in non-transformed mouse fibroblasts (Lee et al., 2014). LCB2151
more closely recapitulates the genetic profile of CPI-613 than Gem (Figures 10G & 10H),
supporting the notion that the lipoate plays a key role in the mechanism of action of LCB2151
rather than it being metabolised via the classical NA pathway, which leads to resistance in Gem-
resistant cell lines. It would be expected therefore, that if non-cancerous fibroblasts were treated
with LCB2151, the decrease in proliferation markers would also not be seen. This is yet to be
tested but would reveal the selectivity of our molecule. Meanwhile, gene analysis of LCB2179
shows that it also decreases CCNEZ2, but with no effect on p21 gene expression (Figures 10G &
10H). This again demonstrates that none of the three molecules share an identical mechanism of
action, although LCB2151 and LCB2179 are more cytotoxic than Gem in cancer cells. Overall
changes in gene expression reveal differences, generally associated with more favourable anti-

tumour outcomes of lead LCB molecules over Gem.

Analysis of the gene markers for cell stress was an early indication that lead

molecules disrupt the redox balance in cancer cells through suppression of UCP2 expression and

97



enhanced expression of NCF2/p67 to promote an oxidized environment. Uncoupling protein 2
(UCP2) sustains the Warburg effect and is overexpressed in pancreatic cancer cells (Brandi et al.,
2016). Mitochondrial uncoupling mediated by UCP2 was also found to inhibit cell death, rendering
pancreatic cancer cells as well as HCC patients resistant to Gem (Yu et al., 2015, 2016). These
findings imply that UCP2 is a great therapeutic target for future anti-cancer drugs. It is also
possible that inhibition of UCP2 could act synergistically with other agents for pancreatic and liver
cancer therapy. LCB2151 also decreases NCF2 gene expression (Figure 101), coding for p67P"
the cytosolic component of NAPDH oxidase complex whose activation generates reactive oxygen
species (ROS) (Bedard and Krause, 2007; Kim and Cho, 2014). These results are consistent with
previous results from our lab showing that NCF2 is upregulated in HepG2 cell line by LCB2151
and not by Gem (MSc Thesis, C. Teran). Contrarily, several studies report that Gem treatment also
significantly increased mRNA expression of NADPH oxidases in pancreatic cancer cell lines,
albeit using a 100X higher dose of Gem and in less resistant KRAS+ cell lines (Zhang et al., 2016).
Nevertheless, it is suggested that blockade of such a signaling pathway in combination with Gem
treatment may enhance the efficacy of chemotherapy by suppressing pancreatic cancer stem cells
(Zhang et al., 2016). LCB2151, containing a derivative of Gem attached to a lipoate analogue

supports this hypothesis with its enhanced cell killing profile.

The role of ROS in PDAC depends on the concentration in the cells. A moderate ROS level
facilitates cancer progression, while over-production of ROS can damage cancer cells dramatically
and leads to cell death via apoptosis (changes in mitochondrial morphology and potential)
(Afanas’ev, 2010; Zhang et al., 2015a). In contrast, lower levels of ROS were associated with
resistance to Gem and other chemotherapies in PDAC cells (Donadelli et al., 2011). In agreement

with these observations, Gem reduced H2O> production in treated Panc-1 cell lines (Figure 18).
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We also noticed higher induced H20> levels in the LCB2151-treated samples compared with Gem
or CPI1-613, reported to induce a burst of ROS associated with redox modification of KGDH and
correlating with KGDH inactivation (Stuart et al., 2014). Next, we need to determine the source

of H202 generated by LCB2151 and its impact on our potential target KGDH.

Moreover, levels of H>O generated by LCB2151 matched the levels by the lipoate
LCB2152, whereas the lipoate attached to the natural nucleoside, LCB2216, surpasses all other
drugs in this measurement, emphasising that the lipoate plays a key role in the mechanism of
LCB2151 (Figure 18). Interestingly, LCB2179 did not increase H2O> production, matching the
effects of the NA LCB1180. Knowing NADPH oxidase is a major source of intracellular ROS in
pancreatic cancer cells, these results agree with the gene expression of stress markers where
LCB2151 significantly increased NCF2 by 11-fold but LCB2179 did not (Figure 101) (Vaqguero et
al., 2004). Once again, this data demonstrates that LCB2151 and LCB2179 act through unique
mechanisms of action. A similar study found that the antifungal agent Ciclopirox olamine (CPX)
caused a pronounced decrease in cell proliferation and increased tumour regression in pancreatic
cancer models over Gem alone, which was accompanied by a higher induction of ROS (Mihailidou
et al., 2017). Thus, LCB2151 might be increasing oxidative stress by generating ROS to levels

where they are toxic to cancer cells, which may be an effective way to treat Gem-resistant tumours.

4.6. LCB2151 Induces Global Changes to Metabolism and Cell Stress Pathways in Cancer

Having explored the structure-function relationship of lead molecules and seeing
significant changes at the mRNA expression level prompted a non-bias investigation into
LCB2151-induced changes at the protein level. Comprehensive large-scale proteomic analysis can
provide a system-wide view of signaling networks and assist in understanding drug mechanisms

of action and interactions in pancreatic cancer research. By designing a NA with a lipoate
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derivative, we would expect the lipoate to interfere with mitochondrial metabolism pathways and
the NA to cause replicative stress. Not surprisingly, the majority of proteins effected by LCB2151
(296 unshared and upregulated Q50 proteins) mainly related to metabolic pathways (Table 7). Of
these proteins, DLST was only detected in LCB2151-treated samples at 6 hours. This could be an
early compensatory mechanism by the cell to overcome enzyme complex inhibition by LCB2151.
Proteomic results are also consistent with the transcript analysis that indicated gene expression
changes related to apoptosis (ex. mitochondrial chchd2p9) and redox state homeostasis (ex.
thioredoxin) (Table 6). A proteomic analysis of Gem-resistant Panc-1 cells versus Gem-sensitive
pancreatic cells identify an overexpression of proteins involved in biosynthesis and detoxification
in Panc-1 cells, while pathways responsible for biomolecule degradation are downregulated (Chen
et al., 2011). This might provide an explanation for the rapid proliferation of Gem-resistant cells,
which require more building blocks than Gem-sensitive cells. A more recent proteomic analysis
of Gem in Panc-1 cells identified that pathways relating to DNA damage response, DNA repair,
anti-apoptosis, pro-migration/invasion were implicated as underlying mechanisms for Gem
resistance (Zhu et al., 2018). Considering that LCB2151 does not induce the same pathways as
Gem and instead induces additional functional pathways in metabolism supports the hypothesis
that LCB2151 is evading drug resistance mechanisms by acting through a different mechanism of
action than Gem, resulting in better efficacy. In depth analysis of the protein pathways will surely

reveal more details into the mechanism(s) of action of LCB2151.

Carbon metabolism controls synthesis of nucleotides, aminoacids, S-adenosylmethionine
(SAM), glutathione, and other cellular processes important for rapidly proliferating malignant cells
(Locasale, 2013). Moreover, it can contribute to the energy balance, providing molecules of ATP

and NADH (Tedeschi et al., 2013; Vazquez et al., 2011). Gem-resistant pancreatic cancer cells are
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characterized by an increased glycolytic phenotype and dependence on glucose, which is fed
through the non-oxidative arm of the pentose phosphate pathway (PPP) (Nath et al., 2013).
Thereby, targeting central carbon metabolism could overcome Gem resistance in pancreatic
cancer. The combination of proteomics results showing alterations in metabolic pathways, of
structure-function analysis showing the important role of the lipoate, and together with the
strategic design of our lipoylated molecule to target mitochondrial metabolism made it crucial to
focus on the effects of LCB2151 on central carbon metabolism. The experimental design was
matched to the proteomics analysis in order to get a snapshot of the mechanism of action of
LCB2151 at the level of mMRNA, the protein, and now metabolites at 6 hours. Results suggest
inhibition of two important metabolic reactions in central carbon metabolism when mapped out
(Figure 13): (i) phosphofructokinase-1 (PFK-1, rate-limiting glycolysis step in the cytoplasm) and
(i) KGDH (TCA cycle in the mitochondria) (Figures 14A and 14B). Interfering with not only
glycolysis, but also mitochondrial respiration would have severe impacts on cancer cells, who
tightly regulate these two processes for rapid growth and proliferation. It would be remarkable if
the single agent LCB2151 proves to attack two important metabolic pathways simultaneously in
cancer cells. With KGDH as an expected target of LCB2151 and the reported attack on KGDH by

CPI1-613, KGDH became our primary molecular target to validate (Stuart et al., 2014).

4.7. Proposed Mechanisms for the Interference of Mitochondrial Respiration by LCB2151

The a-KGDH is at the crossroad of numerous metabolic routes and is also interconnected
with the respiratory chain of the tumor cell. It catalyses the oxidative decarboxylation of a-
ketoglutarate to succinyl-CoA exploiting the reduction of NAD" to NADH (DeBerardinis et al.,
2007; Fendt et al., 2013; Mullen et al., 2011; Wise et al., 2011). One of its components, the E2

subunit DLST requires lipoic acid as cofactor. High levels of ROS lead to enzyme inactivation and
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reduced cell proliferation. We propose that LCB2151 inhibits KGDH through three possible
mechanisms: (i) inhibitory levels of ROS production, (ii) direct binding of the lipoate derivative
to dihydrolipoamide succinyltransferase (DLST) or (iii) inhibition of lipoyl transferases. We have
begun to investigate whether the apparent inhibition we see is a result of one, two or all three

possibilities.

The most important known regulator of a-KGDH is NADH/NAD" ratio that controls ROS
levels, placing the enzyme on the front line to adapt to variations in ETC efficiency (Vatrinet et
al., 2017Db). Since a-KGDH is a TCA enzyme found in the mitochondria, it was important to first
test the effects of LCB2151 on mitochondrial function. Our analyses in Panc-1 revealed that
LCB2151 significantly impacted mitochondrial respiration as demonstrated in Figures 15B, 15E
and 15F. These findings are consistent with our mRNA and proteomic analysis as well as a study
that shows inhibition of maximal respiration and ATP depletion as a consequence of CPI-613
exposure, from which the lipoate moiety of LCB2151 is derived (Pardee et al., 2014b). Insight
into the mechanism of mitochondrial dysfunction induced by LCB2151 suggests that cells are
more sensitive to oxidative stress. KGDH has been shown to be a sensitive target of oxidative
damage where an increase in ROS levels inhibit a-KGDH function due to glutathionylation of
lipoic acid, a required cofactor covalently linked to the E2 subunit. (Applegate et al., 2008).
Glutathionylation of the lipoyl moiety prevents oxidative damage to the E1 component and may
contribute to oxidative damage by E3-mediated ROS production (Mailloux et al., 2016). We
showed that the lipoate (LCB2152) is capable of increasing H.O. and even more potently when
attached to the natural nucleoside (LCB2216) (Figure 18). Accordingly, LCB2151 decreases
GSH/GSSG ratio in panc-1 cells (Figure 17) , which could also be indicative of oxidative stress

(Schafer and Buettner, 2001). Lastly, studies show that reduction in intracellular GSH content
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causes an inhibited Panc-1 invasiveness (Fujita et al., 2017). Taken altogether, the observed

cytotoxicity of LCB2151 in cancer cells could be partially due to impaired redox control of a-

KGDH .

A second option is that LCB2151 binds directly to KGDH via the E2 subunit, competitively
preventing the natural LA cofactor from binding, and thus inhibiting overall complex activity.
Attachment of exogenous lipoic acid to the lipoyl-dependent enzymes is catalysed by a lipoate
ligase in a two-step ATP-dependent reaction. The first step involves the activation of lipoic acid
to form lipoyl-AMP. The conserved lysine residue on the apodomain then reacts at the activated
carbonyl of lipoyl-AMP to form the lipoamide bond and release AMP (Morris et al., 1994). Taking
advantage of an antibody that recognises lipoylated proteins, | measured lipoylation of DLST in
cells treated with LCB2151. Preliminary results show a dose dependent decrease in lipoylation of
DLST (Figures 22A and 22B), which is necessary to confirm in mitochondrial extracts using an
optimized protocol (see supplemental information). Work on polymerase-6 interacting protein 2
(Poldip2) in breast cancer shows that preventing KGDH complex lipoylation inhibits enzymatic
activity and represses mitochondrial function. On the other hand, increasing mitochondrial
lipoylation increases respiration (Paredes et al., 2018). In agreement, we see reduced KGDH
enzymatic activity (Figure 20) in synchrony with reduced lipoylation levels and mitochondrial
dysfunction induced by LCB2151. Noteworthy is that LCB2216 showed a reduction in enzymatic

activity, emphasising the important role of the lipoate in the mechanism of LCB2151.

The last proposed mechanism for KGDH inhibition is interference of LCB2151 with
lipoyltransferases. Lipoyltrasferase 1 (LIPT1) is a mitochondrial protein that participates in the
mammalian salvage pathway of lipoylation. That is to say, it catalyzes the transfer of the lipoyl

group from lipoyl-AMP to the specific lysine residue of lipoyl domains of lipoate-dependent
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enzymes in oxidative catabolism, namely the DLST subunit of the a-KGDH complex (Paredes et
al., 2018). Two cases of LIPT1 mutations in humans showed low lipoylation of the PDH and
aKGDH complexes resulting in severely decreased PDH and o-KGDH enzyme activities (Soreze
et al.,, 2013, 2013; Tort et al., 2014) . These plausible mechanisms will all be addressed by
performing a non-bias photoaffinity labelling (PAL) to identify direct binding targets of LCB2151
using the photoreactive probe LCB2212 that shows the same activity as its parent molecule in
pancreatic cancer cell lines (Figure 23). The identification of putative protein hits is a crucial step
toward a better understanding of the protein interaction profile of LCB2151, which could

ultimately lead to the development of a novel class of anticancer therapeutics.

4.8. Proposed Mechanism for the Interference of Glycolysis by LCB2151

Studies in pancreatic cancer cell lines describe synergistic anticancer effects with
glycolytic inhibitors and standard-of-care drugs, such as Gem (Cheng et al., 2014). Their findings
reinforce a therapeutic strategy that combines glycolytic inhibitors and standard-of-care drugs,
such as Gem. The second potential target of LCB2151 in glycolysis, PFK-1, is currently being
investigated. It is the main regulator of glycolysis and catalyzes the formation of fructose-1,6-
bisphosphate (F16BP) from fructose-6-phosphate (F6P) in the cytoplasm of prokaryotic and
eukaryotic cells. The regulation of PFK-1 is complex, being influenced by more than 20 effectors
(Schoneberg et al., 2013; Sols, 1981; Tejwani, 1978). The physiologically most relevant activators
of PFK-1 are AMP and fructose-2,6-bisphosphate (F26BP) and inhibitors are ATP and citrate
(Reinhart and Lardy, 1980; Schoneberg et al., 2013; Usenik and Legisa, 2010; Zancan et al., 2007,
2008). Interestingly, F26BP concentration was significantly decreased by LCB2151 in Panc-1 cells
after 6 hours, corresponding to an increase in immediate upstream metabolites F6P and glucose-

6-phosphate (G6P) (Table 8).
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It is reported that caspases impair glycolysis, resulting in decreased levels of ATP during
apoptosis of cancer cells. The caspase-dependent inhibition of glycolysis was found to occurs
between PFK and pyruvate kinase (PK), because neither G6P nor F6P were modified upon the
induction of apoptosis (Pradelli et al., 2014). Since we did see a significant change in the
concentration of these metabolites, inhibition of PFK-1 could be an early effect of LCB2151 and
not a secondary effect due to induction of apoptosis. Moreover, inhibition of PFK-1 in several
cancer cell lines redirected glucose flux through the pentose phosphate pathway resulting in a
growth advantage of the cancer cells (Yi et al., 2012). Promisingly, we did not see activation of
this pathway in our metabolomics analysis at 6 hours (Figure 13), encouraging us to focus next on
the role of PFK-1 in the LCB2151 mechanism. In our validation efforts, we observed that protein
expression of PFKP is decreased by LCB2151 treatment (Figure 22), known to positively correlate
with total enzymatic activity in cancer cells (Lee et al., 2017b). Decreased PFK-1 activity, yet to
be measured, would be expected to inhibit glycolysis. Despite all indications, we did not observe
a strong impairment of glycolysis by LCB2151 (Figure 16). Possible cellular recovery mechanisms
of glycolysis need to be investigated and thus we cannot yet conclude that LCB2151 inhibits

glycolysis at the level of PFK-1.

As with KGDH, multiple direct and indirect mechanisms of PFK-1 inhibition are possible.
To begin, the enzyme may recognize the NA of LCB2151 as fructose. Fortunately, the crystal
structure of human PFK-1 in the physiologically active state is reported that characterizes the
structure and molecular basis of the enzyme mechanism and allosteric regulation (Kloos et al.,
2015). This knowledge may serve as a useful guide to model how LCB2151 could be interacting
with PFK-1. On the other hand, the lipoate moiety of LCB2151 could also be playing a role in this

inhibition. Glycolysis and fatty acid $-oxidation are coordinately regulated by specific metabolites
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of each bioenergetic network (Hue and Taegtmeyer, 2009). Moreover, glycolytic flux was shown
to be regulated by modulation of PFK-1 activity by interaction with fatty acids (Jenkins et al.,
2011). Noteworthy, the lipoate moiety of LCB2151 is chemically protected from B-oxidation and
could thus interfere with this process. In light of recent preliminary results in our Lab that show
LCB2151 is affecting B-oxidation, PFK-1 could be influenced indirectly by interfering with fatty

acid metabolism.

The last possibility needed to be addressed is the indirect inhibition of PFK-1 via regulation
of 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFK-2, PFKFB3). PFKFB3 activates
glycolysis by synthesizing F26BP, an allosteric activator of PFK-1(Van Schaftingen et al., 1982).
PFKFB3 plays a crucial role in many types of tumor cells, particularly through the oncogenic Ras
signaling pathway (Kole et al., 1991; Telang et al., 2006). Most studies have demonstrated that
cancer cell growth, proliferation, migration and metastasis are promoted when PFKFB3 expression
is increased (Minchenko et al., 2014). Thus, there has been an increased interest in the
identification and development of PFKFB3 inhibitors. 3PO and its derivative PFK158 have been
shown to reduce glucose metabolism and exhibit potent antitumor activity in several human cancer
xenograft models (Chen et al., 2016; Li et al., 2017; Zhu et al., 2016). Interestingly, binding
competition between 3PO and F6P for the binding area of PFKFB3 is possible and could also be
a possibility for LCB2151 and F6P (Clem et al., 2008). The role of LCB2151 in glycolysis by
acting through a similar mechanism as 3PO would be promising since it demonstrates a good safety

profile in addition to efficacy in vivo (Clem et al., 2008).

Another noteworthy conclusion is with respect PDH, which appears to be unaffected by
LCB2151. A steady-state metabolomics analysis in BXPC-3 cells demonstrated that treatment with

CPI1-613 reduced citrate levels, consistent with the inhibition of PDH activity by this compound
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(Stuart et al., 2014; Zachar et al., 2011). In comparison, we did not observe any changes in citrate
nor metabolites directly related to the PDH reaction at the metabolic level by LCB2151 (Table 8)
that could explain PDH inhibition. Additionally, lipoylation of PDH was not changed significantly
by LCB2151 treatment (Figure 21C and 21D). These results are consistent with in vitro studies
carried out in parallel that reveal no significant effect of LCB2151 on PDK1-4 enzymatic activity
(data not shown), which regulate PDH. It is possible that PDH activity is affected by LCB2151 at
a different time point than KGDH or PFK-1, which was focused around 6 hours treatment. Since
the lipoate of LCB2151 is designed to target lipoate-dependent enzymes such as PDH, it is worth

testing treatments at earlier or later time points to rule this out.

4.9. Experimental Limitations and Future Work

This study on LCB2151 in carbon metabolism and cellular stress pathways has so far given
great insight into its mechanism of anticancer action. However, there are other cellular pathways
that LCB2151 is designed to target that have yet to be investigated in depth. These pathways
include DNA/RNA synthesis, known to be the target of Gem mechanism, as well as fatty acid
metabolism. The lipoate moiety of our NAs is designed to be resistant to beta-oxidation, thus
avoiding degradation and prolonging the activity of our drug. As mentioned, preliminary results
using seahorse technology (Agilent) suggests that LCB2151 is severely interrupting the process of
lipid metabolism. We could have potentially developed anticancer agents that target multiple
cellular pathways at once, making it crucial to investigate all metabolic pathways of the cell.
Execution of the PAL assay will ultimately reveal the direct molecular targets of LCB2151. We
now have access to powerful molecular tools such as proteomics, metabolomics and genomics

assays that can be utilized to support these targets.
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A limiting factor in our study is the number of molecules and variety of cancer and non-
cancer cell lines we can test at once by hand. Testing in a cell line array such as the NCI1-60 Human
Tumour Cell Lines Screen would generate biological response patterns, which can be utilized to
select compounds that most likely interact with a specific molecular target (Su et al., 2011). To
better determine the safety profile and selectivity of our drugs in addition to efficacy, the transition
into an in vivo mouse model of pancreatic cancer is underway. A promising pilot study in a BXPC-
3 xenograft mouse model in nonobese diabetic/severe combined immunodeficiency (NOD-SCID)
mice showed a 30% tumour growth arrest and that 20% of these regressed or disappeared in
LCB2151-treated mice (n=3, data not shown). All the Gem-treated mice died after 3™
intraperitoneal injection due to organ failure, while all the LCB2151-treated mice survived. The
next step is to test our novel compounds in human pancreatic cancer xenograft models established
by our collaborators at the Bell Lab (llkow et al., 2015; Murphy et al., 2012). These mice bear
MiaPaCa-2 or Panc-1 tumours that should allow us to see and compare the translation of our in
vitro results using the Panc-1 cell line model. In vivo studies will also help with the optimization

of the chemical structure of LCB2151 for maximum specificity, efficacy and safety.
4.10. Conclusion

Gl cancers, namely liver and pancreatic tumors, share a poor prognosis due to late detection
and high incidence of drug resistance. Of great concern is pancreatic cancer by marked rapid
resistance to the cornerstone therapy, Gem, demanding for the development of more effective drug
treatments. An increasing understanding of the mechanisms underlying drug resistance is a
prerequisite for the development of novel agents that could bypass these mechanisms for the
treatment of patients with relapsing or refractory disease. In collaboration with the Guindon Lab,

we are developing novel anticancer drugs designed to interfere with mitochondrial energetics and
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DNA replication, while able to bypass cellular mechanisms of resistance in cancer. To date, we
have identified two lead molecules LCB2151 and LCB2179 that show high efficacy in Gem-
resistance pancreatic cancer cell lines, likely through unique mechanisms of action. The single
agent prodrug LCB2151 simultaneously interferes with metabolism in cancer cells, while avoiding
key resistance mechanisms. Similar approaches as those achieved for LCB-2151 are planned to
determine the mechanism of action of LCB-2179. Elucidating the anticancer mechanism of action
of these proprietary molecules will pave the way for in vivo and clinical studies leading to superior

cancer therapies than is currently available to patients.
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5. Supplemental Information

5.1. Methods: Mitochondrial Isolation

Samples were collected at various time points. Media was removed, cells were washed and
scraped in 1X PSB. Mitochondria were extracted as previously described (Frezza et al., 2007).
Cell suspension was centrifuged at 600g at 4 °C for 10 minutes and pellet was resuspended in ice-
cold IB: (0.01M Tris-MOPS,1mM EGTA/Tris, 10mM sucrose, pH 7.4). Samples were
homogenized by passing through a 23G needle and vortexed. Homogenate was centrifuged at 600g
for 10 min at 4 °C. Supernatant was centrifuged it at 7,000g for 10 min at 4 °C. Pellet was washed
in ice-cold 1B and homogenate was centrifuged at 7,000g for 10 min at 4 °C. The supernatant
contained the nuclear and cytoplasmic fractions. Final pellet containing mitochondria was

redistributed in appropriate buffer for the assay.

5.1.1. Optimization of Mitochondrial Extraction for Analysis of Mitochondrial Proteins

As the two potential targets of LCB2151 reside in different compartments of the cell, KGDH in
the mitochondria and PFK-1 in the cytoplasm, the efficiency of a mitochondrial isolation protocol
outlined by Frezza et al. was tested to better validate the large-scale proteomics and metabolomics
results, and to help elucidate the mechanism of action of LCB2151 (Frezza et al., 2007).
Mitochondrial isolation was performed on untreated Panc-1 cell line and the cytoplasmic/nuclear
fraction was reserved for analysis of protein content (Figure 19). The mitochondrial fraction was
identified by the mitochondrial marker COXIV and further by lipoate-dependent enzymes DLST
and PDH-E2 that localize in the mitochondrial matrix (Kim et al., 2018). Probing of nucleoli and

alpha-actin confirmed isolation of the nuclear and cytoplasmic fractions, respectfully. This is a
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valuable technique to apply to future assays such as immunoprecipitation, western blot and

enzymatic assays for the investigation into the mechanism of action of LCB2151.

nucleolin o
alpha actin b gt
N PDH E2 _—— — e
COXIV | "

Figure S1. Mitochondrial isolation optimization. Mitochondria were isolated from
untreated panc-1 cells according to the protocol by Frezza et al. 2007. Two concentrations of
mitochondrial extract were loaded into gel, 20ug and 30ug of protein, and 20ug of cytoplasmic
and nuclear extracts were loaded for each sample. Sample A mitochondria were resuspended in
isolation buffer only and Sample B mitochondria underwent an additional protein extraction step.
Cytoplasmic marker alpha-actin and nuclear marker nucleolin (top blots) identify the isolation of
cytoplasmic and nuclear extracts while mitochondrial markers DLST, PDH-E2 and COXIV
(bottom blots) identify isolation of mitochondrial extracts. M, mitochondrial fraction; CN,
cytoplasmic and nuclear fraction; A, Sample A; B, Sample B.
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