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ABSTRACT

Fat represents an important source of energy for ovarian cancer (OC) cells and is supplied either
through import from the tumor milieu or via de novo lipogenesis. During fast tumor growth,
when nutrients are scarce, lipogenesis becomes the primary source of fatty acids. Stearoyl-CoA
desaturase (SCD), a rate-limiting enzyme in this pathway converts saturated (SFAs) into
unsaturated fatty acids (UFAs) and is highly expressed in OC. The goal of this study was to
determine how the balance between SFAs and UFAs tightly controlled by SCD, regulates OC
cell survival and tumorigenicity. SCD was knocked down by shRNA or inhibited by using the
small molecule CAY 10566 and global effects on the lipidome and transcriptome were examined
by targeted and untargeted lipidomics, stimulated Raman scattering (SRS), and RNA sequencing.
In OC cells in which SCD was blocked or knocked down, the effects of exogenous SFAs and
UFAs on cell survival and endoplasmic reticulum (ER) stress pathway were assessed by using
annexin V staining, XBP1 splicing assay and Western blotting of PERK/eIF2a/ATF4.
Tumorigenicity was assessed by using an intraperitoneal (i.p.) xenograft model in nude mice.
RNA-seq analysis of SCD knockdown cells cultured under low serum conditions revealed
activation of ER stress response pathways. Targeted lipidomics and SRS microscopy showed
downregulation of UFAs vs. SFAs, while untargeted lipidomics discovered decreased fatty acyl
chain  plasticity among phosphatidylcholines.  Activation of IRElaw/XBP1 and
PERK/elF2a/ATF4 axes was observed in cells accumulating SFAs. Stiff and disorganized ER
membrane was detected by transmission electron microscopy and Stimulated Raman Scattering
microscopy. Annexin V staining demonstrated apoptosis of OC cells under long-term mild ER

stress or short-time severe ER stress induced by increased levels of SFAs. ER stress and
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apoptosis were rescued by addition of UFAs. In vivo SCD knockdown suppressed tumor growth
and treatment with the SCD inhibitor CAY10566 reduced the number of metastases and the
volume of ascites in mice fed with SFA enriched diet, but not in mice fed a balanced diet. Our
data support that OC cells are highly susceptible to unbalanced intracellular SFAs/UFAs,
undergoing ER stress and apoptosis in the presence of excessive intracellular SFAs. SCD
inhibition coupled with a diet rich in saturated fats decreased cancer progression in vivo. These
results support SCD as a key regulator of cancer cell fate during metabolic stress in growing

tumors and point to new treatment strategies targeting lipid metabolism.
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1.1 Ovarian cancer

Epithelial ovarian cancer (OC), an aggressive tumor with origins in the fallopian tube epithelium
[1], is characterized by the propensity of metastasizing early and presenting with disseminated
implants in the peritoneal cavity and infiltrating the omentum, a fat rich organ. Due to the widely
metastatic presentation, OC is rarely curable and most patients die due to the disease. The most
common histological subtype is high grade serous ovarian cancer (HGSOC), which is
characterized by a tumor protein p53 (TP53) mutated signature and deficiency in homologous
recombination [2]. Because of the deoxyribonucleic acid (DNA) repair mechanisms commonly
deficient in HGSOC, these tumors are initially very chemo-responsive to platinum-based therapy
[3, 4]. Most patients reach meaningful near-complete responses and sustained remissions;
however, the majority of women with OC eventually relapse, recurring tumors become chemo-

resistant and ultimately fatal [4, 5].

Many mechanisms have been implicated in development of acquired platinum resistance,
including export pathways, epigenetic modifications, and alterations in DNA damage response.
More recently, it has been hypothesized that a key phenomenon implicated in disease recurrence
in OC and other solid tumors is the persistence of cancer stem cells (CSCs), which are quiescent
and therefore can escape the effects of cytotoxic therapy, survive under the stimulation of certain
factors in the peritoneal environment, and eventually become reactivated and give rise to

recurrent tumors, which are heterogeneous and highly resistant to treatment [6-8].



30

1.1.1 Mechanisms involved in ovarian cancer initiation

Ovarian cancer originates from the fallopian tube epithelium [9] with multiple layers of genetic,
epigenetic and signaling events [10] that contribute to the initiation of the aggressive disease.
From the perspective of tumor suppressors, mutation of TP53, the most frequent genetic
alteration in ovarian cancer, is detectable in 60-80% of all cases. The mutation and
overexpression profile of TP53 is positively correlated with the stage of cancer [11, 12].
Conversely, genetic mutation of phosphatase and tensin homolog (PTEN) is seen in 3-5% of
low-grade ovarian cancer cases [10]. Aplysia ras homology member | (ARHI) is downregulated
in 60% of all cases due to loss of heterozygosity (LOH), hypermethylation at the promoter region
or transcriptional regulation [13]. Pleomorphic adenoma gene 1 like zinc finger 1 (PLAGL1) is
downregulated in 30% of all cases due to LOH and transcriptional regulation [14]. Paternally
expressed 3 (PEG3) is downregulated in 75% of all cases due to LOH, hypermethylation at
promoter region and transcriptional regulation [15]. Homologous recombination-based DNA
repair defects are also seen in 10-15% of all cases, of which BRCA1 DNA repair associated
(BRCA1) mutation accounts for 30-60% of the cases whereas BRCA2 DNA repair associated

(BRCA2) mutation accounts for 15-30% of the cases [16, 17].

From the perspective of oncogenes, 11 out of 15 genes undergo genetic amplification or copy
number variation in ovarian cancer [18]. Of those 11 genes, KRAS proto-oncogene, GTPase
(KRAS), B-Raf proto-oncogene, serine/threonine kinase (BRAF) and phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) are mostly observed in low histological
grade ovarian cancer while TP53, BRCA1 and BRCA2 are mostly observed in high histological

grade ovarian cancer [19].



31
Multiple known signaling pathways are involved in ovarian tumorigenesis. Epidermal growth
factor receptor (EGFR) is rarely activated in ovarian cancer [20]. Erb-b2 receptor tyrosine kinase
2 (ERBB2, HER?2) is amplified in 11% of all cases [21]. Phosphatidylinositol-4,5-bisphosphate 3-
kinase (PI3K) signaling appears active in 70% of all cases, through autocrine and paracrine
signaling caused by protein tyrosine kinase growth factor receptors [10]. Interleukin 6 (IL-6) is
produced by cancer cells and utilized in an autocrine manner to activate Janus kinase 2 (JAK2)
which further phosphorylates signal transducer and activator of transcription 3 (STAT3) to
promote proliferation, anti-apoptosis and angiogenesis in 70% of the cases [22].
Lysophosphatidic acid receptor 2/3 (LPAR2/3) are upregulated in tumorigenic transformation
and bind to lysophosphatidic acid (LPA) produced by cancer cells to generate unsaturated fatty
acids [23]. nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB) signaling is
altered in more than 50% of all cases, mediating anti-apoptosis, anti-oxidation and production of

cytokines like IL-6 and angiogenic factors like interleukin 8 (IL-8) [24].

On top of the molecular events summarized above, ovarian CSCs (OCSCs), hub for the
malignant transformation activities, have been invoked as key regulators of tumor initiation [25].
CSCs, present in the tumor niche, have the capability of self-renewal, of differentiation into
differentiated daughter cells and of plasticity back to CSCs [26], which are critical for tumors to
invade local host tissues and survive unfamiliar microenvironment during the process of
metastasis. As a proof-of-principle, as few as 10 OCSCs, characterized by high aldehyde
dehydrogenase (ALDH) activity and surface expression of CD133 antigen (CD133), were able to

initiate tumor in a mouse subcutaneous xenograft model [27].
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1.1.2 Mechanisms involved in ovarian cancer metastasis

Metastasis of ovarian cancer cells first of all engages epithelial-to-mesenchymal transition (EMT)
[28]. The initial upregulation of zinc finger E-box binding homeobox 2 (ZEB2), snail family
transcriptional repressor 1 (SNAIL), snail family transcriptional repressor 2 (SLUG) repress the
expression of E-cadherin [29], membrane marker for epithelial cells. Conversely, N-cadherin and
P-cadherin are upregulated in cancer cells [30, 31] to prepare for mesenchymal status when
being transported to distant sites in peritoneal fluid or ascites. Clustering of collagen-binding
azB1- and azPi-integrain induces matrix metallopeptidase 9 (MMP9) to cleave ectodomain of E-
cadherin [32] so that cancer cells can detach from the basement membrane. Ovarian cancer cells
are then carried by peritoneal fluid in a passive manner inside the peritoneum and towards
omentum, the preferential metastatic site [28]. Meanwhile, cancer cells secrete vascular
endothelial growth factor (VEGF) to promote the formation of ascites [33] that aids in the
process of dissemination of cancer cells throughout the peritoneum. Once at the secondary site,
the behavior of ovarian cancer cells follow the traditional “seed and soil” theory [34, 35].
Essentially, ovarian cancer cells, the seed, colonize the mesothelium, the soil, that covers all the
organs including omentum and diaphragm in the peritoneal cavity [28]. Disseminated ovarian
cancer cells undergo mesenchymal-to-epithelial transition (MET) to reverse to epithelial cell

status and establish adhesion to the new sites.

1.1.3 Current treatment for ovarian cancer

Current treatment for ovarian cancer involves two strategies: surgery and chemotherapy [36].

The purpose of surgery is to stage the disease [37] and debulk the tumor [38]. Multiple
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procedures are involved in staging including hysterectomy (removal of uterus), bilateral
salpingo-oophorectomy (removal of both ovaries and fallopian tubes), omentectomy (removal of
omentum), tissue biopsy (sampling of lymph nodes in pelvis and abdomen), and liquid biopsy
(sampling of ascites in the peritoneal cavity). Debulking is a process that removes almost all
tumors with the size larger than 1cm so that no visible tumors are present in the primary and

metastatic sites at the end of the procedure.

Adjuvant therapy for ovarian cancer includes chemotherapy and targeted therapy. Chemotherapy
is intended to kill residual tumor cells after debulking, tumor cells at the metastatic sites, and
shrink large tumors for easy removal by surgery. Chemotherapy can be administrated
intravenous or intraperitoneal. Intraperitoneal administration is done through a catheter into the
abdominal cavity to reach a higher drug concentration at the site of disease [39, 40].
Intraperitoneal chemotherapy is usually given to post-debulking stage 111 ovarian cancer patients.
Chemotherapy usually comprises 2 drugs, i.e. platinum and taxanes [41, 42]. Platinum drugs
include mainly cisplatin and carboplatin, the latter of which is more prevalent in the current
medical practice. Taxane-based drug include mainly paclitaxel and docetaxel. Chemotherapy is
usually performed every 3-4 weeks a cycle for 3-6 cycles depending on the stage and type of the

ovarian cancer.

Targeted therapy [43] acts on tumor cells without affecting normal cells as compared to
chemotherapy. Two major targeted therapies are available for ovarian cancer. The angiogenesis
inhibitor bevacizumab which targets VEGF in ovarian cancer cells is administered intravenously.
Bevacizumab has been shown to shrink tumor in advanced stage disease and synergize with

chemotherapy [44, 45]. The second type of targeted therapy is poly-(ADP-ribose) polymerase
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(PARP) inhibitor, mainly olaparib, rucaparib, and niraparib. This family of inhibitors targets the
DNA damage repair process in cancer cells. They work better in tumor cells with BRCA1/2
mutation [46, 47]. For patients with BRCA1/2 mutation, PARP inhibitor can be given after
chemotherapy or with bevacizumab for maintenance therapy [48]. For patients without BRCA1/2
mutation, PARP inhibitor are given to those tumors bearing high genomic instability score or

those patients after initial favorable response to chemotherapy [49].

1.1.4 Metabolism in ovarian cancer

Metabolic alterations have been associated with rapid growth of tumors, early tendency to
metastasize, development of resistance to therapy, and survival of CSCs. While abnormal
glycolysis and glucose metabolism are well understood in these contexts, new data is emerging
associated with the role of lipid metabolism in cancer [50, 51]. Due to the almost symbiotic
relationship between OC and fat in the omentum, lipid metabolism adaptations operative in
HGSOC are of high interest both to advance the understanding of the mechanisms that fuels
peritoneal dissemination, and to achieve the goal of identifying potential new targets for

therapeutic interventions.

The concept of metabolic reprogramming and hence metabolic heterogeneity in cancer cells was
therefore raised beyond the Warburg effect [52-54] which describes cancer cells’ utilization of
glucose via less-efficient lactic acid fermentation in spite of presence of ample oxygen resources.
Metabolic reprogramming enables cancer cells to shift gears among different metabolic status for
fast proliferation at primary site, better survival at distant metastatic sites, and more efficient

energy storage and utilization [55]. This applies particularly to critical steps during cancer
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development such as metastasis [56, 57] and therapeutic resistance, one key challenge in ovarian
cancer treatment. Emerging evidence has associated cancer drug resistance with metabolic
reprogramming [58-60]. For example, increased uptake and utilization of lactate present in the
uterine cervix enhanced DNA damage repair and development of chemotherapy resistance in
cervical cancer [61]. Our group recently unveiled that metabolic reprogramming from glycolysis
to fatty acid p-oxidation mediates the acquisition of resistance to chemotherapy [62] in ovarian
cancer. This finding corroborates with our previous understanding of the role of adipocyte in
cancer drug resistance and underscores the importance of tumor microenvironment in

development of resistance [63].

Chemotherapy resistance has been strongly associated with OCSCs in two ways. Platinum
treatment can induce cancer cell stemness in ovarian cancer [64, 65] and CSCs contribute to
chemotherapy resistance in ovarian cancer [66]. Consequently, identification of metabolic
reprogramming in cancer stem cells could also assist in targeting metabolic vulnerability in this

unique population [66-68].

1.2 Lipid metabolism

1.2.1 Cellular lipid metabolism

Lipids are hydrophobic biomolecules which include fatty acyls, glycerolipids,
glycerophspholipids, sphingolipids, saccharolipids, polyketides, sterol lipids, and prenol lipids
[69]. Three major routes participate in how lipids are routed and used inside the cell: uptake,
lipogenesis, and utilization (Figure 1-1). The metabolism of lipids is closely aligned with that of

glucose and tightly regulated by enzymes which are rate limiting at various steps.
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Overview of the metabolic pathways involved in fatty acid uptake, de novo lipogenesis, and [3-
oxidation. ACC, acetyl-CoA carboxylase; ACLY, ATP-citrate lyase; ACSL, ATP-dependent
acyl-CoA synthetase; CACT, carnitine-acylcarnitine translocase; CD36, fatty acid translocase;
CPT1, carnitine palmitoyl transferase 1; CPT2, carnitine palmitoyl transferase 2; ELOVL, fatty
acid elongase; FADS, fatty acid desaturase; FASN, fatty acid synthase; FABPs, fatty acid
binding proteins; FATPs, fatty acid transport proteins; LDL, low-density lipoprotein; LDLR,
low-density lipoprotein receptor; SCD, stearoyl CoA desaturase. Image created using BioRender

(https://biorender. com/).

Lipids are imported into cells through a variety of fatty acids transporters present on the plasma
membrane [70, 71]. These transporters include low-density lipoprotein receptors, fatty acid
transport proteins (FATPs), fatty acid translocase, and fatty acid binding proteins (FABPS). Low-
density lipoprotein receptors bind to low-density lipoproteins in blood, transport them inside the
cells, where the cholesterol is released after the low-density lipoproteins are broken down [72].
The fatty acid transport protein family includes six members (FATP1-6) with distinct distribution
across tissue types [70]. FATPs contain a functional adenosine monophosphate (AMP)-binding
motif [73, 74] which actively participates in the fatty acid transport. Fatty acid translocase (CD36)
is the predominant fatty acid transporter in many normal cell types, including adipocytes, cardiac
myocytes, enterocytes, and skeletal myocytes (reviewed in [75]) and also in cancer cells. Most of
the time, CD36 works in concert with FABPs to facilitate the import of fatty acids into the cell.
FABPs are fatty acid chaperones also with distinct pattern of expression [71]. So far, nine family
members of FABPs have been identified, including adipocyte, brain, epidermal, heart, intestinal,

ileal, liver, myelin, and testis FABPs. The plasma membrane-bound fragment of FABPs interacts
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with that of CD36 to facilitate the import of free fatty acids sequestered from the extracellular
space. Once inside the cell, fatty acids remain bound to cytosolic part of FABPs until their
delivery to the destination site for storage in lipid droplets, oxidation in mitochondria, lipid

synthesis in the membrane, or transcriptional regulation in the nucleus.

Lipogenesis is the pathway by which lipids are generated in the cell from other metabolites.
Cytosolic citrate resulting from glutamine metabolism and citric acid cycle downstream of
glucose metabolism is cleaved by adenosine triphosphate (ATP)-citrate lyase into acetyl-CoA
[76]. Acetyl-CoA carboxylase (ACC) then turns this metabolite into malonyl-CoA which,
together with acetyl-CoA, is condensed into saturated fatty acids of various lengths by the fatty
acid synthase (FASN) [77]. These newly synthesized fatty acids undergo further elongation via
fatty acid elongases [78]. Until this point, all fatty acids are saturated, bearing carbon-carbon
single bonds. Stearoyl CoA desaturases (SCDs), SCD [79-81] and stearoyl CoA desaturase 5
(SCD5) [82] then convert palmitic acid and stearic acid, two of the major free fatty acids
generated by FASN and fatty acid elongases into palmitoleic acid and oleic acid, respectively,
creating carbon-carbon double bonds at A9 position [82, 83]. Palmitoleic acid and oleic acid are
further reduced into polyunsaturated fatty acids by other fatty acid desaturases. The majority of
those fatty acid species are not present in the cytoplasm in the form of free fatty acids; they are
rather esterified with glycerol into triglycerides and stored in lipid droplets [84]. De novo
synthesized fatty acids participate in different aspects of cellular physiology, such as
construction of cell membranes, biogenesis of energy-storing lipids, and formation of signaling

molecules through post-translational fatty acylation of proteins [85-87].
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Fatty acids represent an important source of fuel in the cell, which is released through a process
called oxidation, which is tightly regulated. Free fatty acids in the mitochondrial inter-membrane
space are converted into acyl-CoA by ATP-dependent acyl-CoA synthetase. Carnitine palmitoyl
transferase 1 tags fatty acyl-CoA with carnitine to form fatty acyl-carnitine which is then
transported into mitochondrial inner membrane via carnitine-acylcarnitine translocase. Once
inside the mitochondrial matrix, fatty acyl-CoA is reformed by carnitine palmitoyl transferase 2
with free CoA. The subsequent fatty acid -oxidation strips one acetyl-CoA group off fatty acyl-
CoA at a time, generating flavin adenine dinucleotide, reduced (FADH,) and nicotinamide
adenine dinucleotide, reduced (NADH) as small and mobile energy storage units that can
participate in different biochemical processes including the generation of ATP via electron
transport chain [88]. Thus, the cell utilizes the stored energy necessary for its metabolic needs. In
cancer, these processes could be augmented to keep up with the increased energetic requirements

of growing tumors or tumors stressed by various cancer treatments [89].

1.2.2 Lipid metabolism in cancer

1.2.2.1 Lipid uptake in cancer

Cancer cells utilize various strategies to boost lipid uptake in order to fulfil their high energetic
needs for cell growth and altered oncogenic signaling. Alterations in lipid uptake were described
in different cancer types, including HGSOC. For example, breast cancer cells were shown to
import exogenous oleic acid through upregulated CD36 and this mechanism alleviated the
apoptotic effects induced by stearoyl CoA desaturase (SCD) inhibition [90]. The very low-

density lipoprotein receptor was found to be overexpressed in clear-cell renal cell carcinomain a
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hypoxia inducible factor 1 subunit alpha (HIF1la)-dependent manner [91], leading to lipid
accumulation in tumor cells. Similar observations were reported by Bensaad et al. in a VEGF
inhibitor-resistant xenograft mouse model of glioblastoma [92]. Chronic VEGF inhibitor therapy
was shown to strongly induce the expression of fatty acid binding protein 3 (FABP3) and fatty
acid binding protein 7 (FABP7), resulting in increased lipid uptake and storage of fatty acids in
lipid droplets. Another report described upregulation of fatty acid binding protein 5 (FABP5) in
malignant prostate cancer versus normal tissue [93] whereas upregulation of FABP5 was found
to be associated with poor prognosis in lung cancer [94]. Stable knockdown of FABP5 in
prostate cancer cells significantly reduced the tumor burden in a xenograft mouse model,
highlighting the significance of lipid uptake to tumor growth in vivo. Pascual et al. found that in
an oral carcinoma model, among slow cycling tumor initiating cells identified by CD44 antigen
(Indian blood group) (CD44) expression, there was a small subpopulation with increased
metastatic potential, which was characterized by abnormal lipid metabolic features. In particular,
these cells were found to have high expression of CD36 and were sufficient and necessary for
metastasis in oral carcinoma [95]. In particular, these cells were found to have high expression of
CD36 and were sufficient and necessary for metastasis in oral carcinoma [95]. CD36" oral
carcinoma cells could initiate tumor metastasis more effectively than CD36" cells, while
retaining the same ability to generate tumors at the primary site. Interestingly, tumor metastasis
was augmented by a fat rich diet, in a CD36-dependent manner and strategies targeting CD36
with neutralizing antibodies were able to decrease the metastatic potential [95], thus pointing to a
potential vulnerability of these highly tumorigenic cells. Similar observation was made by
Montero-Calle et al. in colorectal cancer [96]. Kamphorst et al. discovered that hypoxic and Ras-

transformed cancer cells scavenge fatty acids from serum lysophospholipids in support of rapid
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growth [97]. In addition, Zhou et al. summarized the most recent findings of altered lipogenesis
in hepatocellular carcinoma [98]. Collectively, these findings support that cancer cells rely on

import of fatty acid during proliferation.

The role of lipid uptake has been also studied in OC. Recognizing that the preferred site of
metastasis in OC is the omentum, a fat rich organ, Lengyel’s group characterized the symbiotic
relationship between adipocytes and OC cells [56]. Direct transfer of lipids between adipocytes
and OC cells was shown to be mediated by fatty acid binding protein 4 (FABP4), which was
highly upregulated in metastatic versus primary tumor sites. Depletion of FABP4 was sufficient
for diminishing the metastatic potential of HGSOC cells. More recently, FABP4 was described
by another group as being critical to mediating the metastatic potential of OC both in in vitro cell
migration and invasion assays and in in vivo orthotopic mouse models [99]. Bioinformatics
analyses of The Cancer Genome Atlas (TCGA) dataset using chemotherapy-naive cases of
HGSOC demonstrated that the expression level of miR-409-3p, microRNA, was negatively
correlated with that of FABP4. Mir-409-3p was further predicted to bind to the 3’ untranslated
region (3> UTR) of FABP4 and experimentally validated to be a key regulator of FABPA4.
Metabolomics experiments found higher unsaturation and oxidation of fatty acid species in high
FABP4-expression patient tumor specimens, and these metabolic abnormalities were correlated
with poor overall and progression-free survival. Lastly, the authors used a known inhibitor of
FABP4, tamoxifen, and demonstrated that physiological concentrations could impair the uptake
of free fatty acids and inhibit migration and invasion capability of OC cells, perhaps correlating

with clinical reports indicating that this anti-estrogen has modest anti-tumor activity in OC [99].
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A more recent report focusing on lipid uptake demonstrated the significance of CD36 transporter
mediated fatty acid transport into OC cells [57]. The authors found that human primary
adipocytes induced CD36 messenger RNA (mRNA) level and plasma membrane expression in
OC cells in co-culture. Consequently, fatty acid uptake and lipid droplet accumulation was
enhanced in OC cells. Interestingly, genes involved in endogenous lipid metabolism and
cholesterol biosynthesis were downregulated in tumor cells. These observations indicate that OC
cells, in the presence of primary adipocytes, rely more on the uptake of exogenous lipids and
cholesterol than on de novo lipogenesis. More importantly, knockdown of CD36 suppressed
baseline and adipocyte-induced cellular invasion and migration, as well as adhesion to major
extracellular matrix components of the peritoneum, i.e. type | collagen and laminin. In vivo
experiments demonstrated that CD36 knockdown or treatment with a neutralizing antibody
significantly reduced tumor burden and metastatic nodules in intraperitoneal OC xenograft
models. Together, these data strongly support the significance of increased lipid uptake to tumor

metastasis in this cancer type.

1.2.2.2 Lipogenesis in cancer

While the excessive anaerobic metabolism of glucose, i.e. Warburg effect [100, 101], in cancer
cells has been well described as means to provide energy for proliferation and survival [102],
less is known in terms of lipid metabolism in cancer. Recent cumulative results have pointed to
the concept that cancer cells rely on lipogenesis to adapt to cytotoxic stress in the tumor
microenvironment. This is particularly important in tumor areas where the exogenous supply of
fatty acids is scarce, such as in hypovascular and hypoxic regions [103-109]. Such regions are

abundant in large, rapidly growing tumors. Acetyl-CoA carboxylase and FASN-mediated de



43
novo lipogenesis was reported in breast [110, 111], pancreatic cancer [112], clear cell renal cell
carcinoma [113] and gastric cancer [114]. It was reported that breast cancer cells upregulate
FASN to induce non-homologous end joining DNA repair and to combat genotoxic stress
(chemotherapy and radiotherapy) [111]. More comprehensive lipidomics studies found that
products of de novo lipogenesis were upregulated and incorporated into phospholipids [115] or
phosphatidylcholine lipids [116, 117] in tumor tissues, implying multiple enzymes in the
pathways contributed to the observation. Integration of lipidomics and transcriptomics analyses
demonstrated that tumors from clear cell renal cell carcinoma patients displayed significant
enrichment of fatty acid metabolism pathways with particular upregulation of essential fatty
acids and glycerolipids while downregulation of glycerophospholipids [118]. New untargeted
lipidomics tool like Small Molecule Isotope Resolved Formula Enumerator and ultra-high-
resolution Fourier transform mass spectrometry revealed that sterol and sphingolipids are
upregulated whereas glycerophospholipids are downregulated in primary non-small cell lung
carcinoma [119]. Spatially-resolved metabolic network modeling of tumor microenvironment, on
the other hand, identified spatial separation of fatty acid biosynthesis and unsaturation in whole
tumor samples of prostate cancer patients, granting additional rationale for SCD inhibition-based
therapy [120]. In vivo magnetic resonance spectroscopy was able to distinguish the ratios of bis-
allyl to vinyl hydrogen proton in the fatty acyl groups of unsaturated fatty acids in liver tissue of
transforming growth factor alpha (Tgfa)/c-myc mice and control mice [121]. Upregulation of
unsaturated fatty acids were confirmed by high performance liquid chromatography and mass
spectrometry and upregulation of Scdl and Scd2 were confirmed by Western blot and
microarray. These findings enabled in vivo magnetic resonance spectroscopy as a potential early

detection technique [121]. In addition to fatty acids, lipid metabolism-derived cholesterol serves
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as a signaling molecule for prostate cancer progression [122]. In liver cancer, alterations in lipid
metabolism often take place at the level of a whole class of lipids such as sphingolipids,

phospholipids and steroid hormones [123].

Additionally, fatty acid desaturation, a critical step in the process of lipogenesis [124-126], is
essential for the maintenance of membrane fluidity, inter- and intra-cellular signaling, and
provision of lipid pool for energy generation through oxidation [79, 80, 127-129]. Notably, SCD
vide supra is the rate-limiting enzyme converting saturated fatty acids to unsaturated fatty acids.
SCD was found to be upregulated in various neoplasms [118, 121, 130-144] and its inhibition
prevented cancer cell proliferation when exogenous fatty acids were depleted [105, 145-147].
Depletion of SCD in vivo led to reduction in hepatic lipogenesis, increased insulin sensitivity and
protection from carbohydrate-induced obesity [148, 149]. Expression of SCD was negatively
correlated with that of miR-215 which directly targets upstream of SCD mRNA in colorectal
cancer [150]. Adipocyte also plays an important role in unsaturated fatty acid pool not only due
to its secretion of monounsaturated fatty acids. Adipocyte-induced exosomes under hypoxic
condition were reported to carry less miR-433-3p which targets SCD expression to adjacent

nasopharyngeal carcinoma cells, resulting in enhanced tumorigenesis [109].

Beyond SCD-mediated desaturation, the A6 and A5 desaturases in concert with elongases are
involved in the synthesis of polyunsaturated fatty acids from exogenously acquired alpha-
linolenic and linoleic acid [151] and branched chain fatty acids and normal odd chain fatty acids
[152], which are present in the inflammatory environment associated with tumor initiation [153].
To exemplify the role of polyunsaturated fatty acids, Amézaga et al. examined the phospholipid

profiles of red blood cell membrane from recently diagnosed breast cancer patients and identified



45
-6 fatty acids upregulated in patients than control [154]. Different upstream acyl-CoA
synthetase long-chain family member (ACSL) isoforms, i.e. ACSL1 or ACSL4 or 3° UTR
polymorphism in ACSL1, work with SCD to reprogram colon cancer cells demonstrating more
glycolytic or lower basal respiratory phenotypes and dictated differential clinical outcomes [155-
157]. Recently, our group developed a new imaging approach based on Stimulated Raman
Scattering that allowed us to probe the different lipid species in rare cell populations, such as
stem cells [158, 159]. By using this technology, the lab demonstrated that unsaturated fatty acids
(both monounsaturated fatty acids and polyunsaturated fatty acids) were enriched in OC stem
cells [67]. We found that unsaturated fatty acids were essential for the proliferation and survival
of OC stem cells and that pharmacological inhibition of SCD activity or short hairpin RNA
(shRNA)-mediated knockdown of SCD eliminated OC stem cells and retarded tumor initiation.
The role of SCD in ovarian cancer stem cells was also corroborated in colon cancer [160]. Due to
the association between SCD and different cellular adaptive signaling [161], the concept of
increased lipid unsaturation and the role of fatty acid desaturases in cancer progression are also

supported by work from other groups in different cancer models.

Overexpression of acetyl-CoA synthetase and SCD led to increased cellular monounsaturated
fatty acids and conferred bioenergetic advantages to EMT and confirmed clinical prognosis in
colon cancer, triple negative breast cancer, and aggressive prostate cancer [162]. Interestingly,
phosphorylation of tyrosine 55 by EGFR is essential for the stability of SCD [163] whereas
proteolytic product of SCD spanning amino acids 130-162 could induce transcriptional activity
of androgen receptor (AR) in prostate cancer, promoting proliferation of AR-positive prostate

cancer [164]. SCD inhibitors blocked prostate, breast and lung cancer cell proliferation in low
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serum conditions (limited exogenous supply of fatty acids) [165-168] and these effects were
rescued by addition of exogenous oleic acid. Inhibition of SCD altered the lipid
microenvironment around epidermal growth factor receptor and hence undermined downstream
signaling via AKT serine/threonine kinase 1 (AKT), extracellular signal-regulated kinase (ERK)
and mammalian target of rapamycin (mTOR) in multiple cancer types [169-171]. Similarly,
depletion of oleic acid (but not of palmitic acid) inhibited the proliferation of acute myelogenous
leukemia and lymphoma cells [172]. Our current understanding of fatty acid desaturation
supports that SCD is the sole enzyme responsible for converting saturated fatty acid to
monounsaturated fatty acid. However, Vriens et al. discovered that an alternative fatty acid
desaturation pathway exists in multiple cancer types, including lung cancer, breast cancer,
prostate cancer, and liver cancer [173]. In those cancer cells, palmitic acid can be converted to
sapienic acid by fatty acid desaturase 2 (FADS2). Additionally, inhibition of SCD activity
accounted for less than 50% of the cancer cell proliferation. Their findings unveiled an unknown
property of cancer cells in producing lipids, indicating cancer cell plasticity. Park et al. also
found that excessive palmitic acid competes with alpha-linolenic and linoleic acid for FADS2
[174]. Future endeavors could be directed to the population of cancer cells that utilize this
alternative lipid metabolism pathway to survive SCD inhibitor therapy. A follow-up research by
Triki et al. found that activation of mammalian target of rapamycin complex 1 (mMTORC1)
signaling was sufficient to induce SREBF1 activity and hence upregulation of FADS2 expression

and intracellular sapienic acid level [175].
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1.2.2.3 Fatty acid oxidation (FAO) in cancer

Cancer cells utilize FAO mainly for production of ATP as energy storage and nicotinamide
adenine dinucleotide phosphate, reduced (NADPH) as energy storage and antioxidant reservoir
[176, 177]. Mutations in key FAO enzymes have not been identified yet [178]; nevertheless,
overexpression of CD36 [95], carnitine palmitoyl transferase 1 (CPT1)A [179, 180], CPT1B
[180, 181], CPTA1C [182], carnitine palmitoyl transferase 2 (CPT2) [180], carnitine transporter 2
(SLC22A16, solute carrier family 22 member 16) [183] and ACSL3 [184] were extensively
studied in different cancer types. In addition, high FAO activity was observed in KRAS-mutant
lung cancer [184], breast cancer [185, 186], acute myeloid leukemia (AML) [183], Hepatitis B-
induced liver cancer [187], glioma [188], and low grade astrocytoma [188]. Key FAO enzymes
and intermediate metabolites were found to be upregulated by oncoproteins such as c-Myc [189]
and JAK/STAT3 [181]. Reciprocally, CPT mediates SRC Proto-Oncogene, Non-Receptor

Tyrosine Kinase (SRC) protein activation and SRC-dependence cancer metastasis [190].

The role of FAO in cancer cell growth and survival is mainly through CPT1 functionality.
Phenotypically, inhibition of CPT1 suppresses growth in AML [177, 191], ovarian cancer [192],
liver cancer [193], prostate cancer [194, 195], glioma [176], myeloma [196] and breast cancer
[197]. In ovarian cancer, the metabolic sensor AMP-activated protein kinase (AMPK) senses the
availability of ATP the decrease of which, due to CPT1 inhibition, leads to cell cycle arrest at
G1/G0 phase [192]. In colon cancer [198], breast cancer [199] and ovarian cancer [56] which
metastasize preferentially to the omentum, uptake of free fatty acids facilities FAO in these
cancer cells for survival and proliferation [200]. In prostate cancer [201, 202] and glioma [188,

203] where glycolysis is limited for energy production, FAO is the main source of contribution
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towards respiration activity. Mechanistically, CPT1 inhibition breaks the homeostasis of redox
status, leading to accumulation of oxidative stress and hence apoptosis in myeloid leukemia
[191], glioma [188] and liver cancer [187]. It was also reported that FAO regulates expression of
proteins in the Bcl-2 family [204, 205]. Furthermore, inhibition of FAO leads to accumulation of

long chain fatty acids which exert stress to the ER membrane [206].

FAOQ is also involved in cancer metastasis [95, 198, 207, 208]. Peroxisome proliferator-activated
receptors (PPARs), molecular sensors for fatty acids, bind to fatty acids and serve as
transcriptional regulator of FAO enzymes [198, 209] through promyelocytic leukemia (PML)
gene [210]. During EMT, when cancer cells detach from the basement membrane, cellular
production of glucose uptake, ATP and NADPH drop whereas reactive oxygen species (ROS)
increases. FAO provides the energy to counteract the change during EMT to avoid anoikis [208,

210, 211].

Cancer stem cells rely on FAO for maintaining stemness. Inhibition of CPT1 led to reduction of
quiescent leukemia progenitor cell population in around 50% human primary AML samples
[191]. Leukemia stem cells could be further divided into two distinct populations based on CD36
expression. The CD36-high group of cells had higher FAO activity and thus greater resistance to
drug treatment as compared to the CD36-low group [212]. JAK/STATS3 signaling pathway could
upregulate CPT1B and hence FAO in breast cancer stem cells to boost stem cell self-renewal

[181].

Development of drug resistance, both chemotherapy and targeted therapy, has also been

associated with FAO in cancer cells. Pediatric ALL cells upregulated RagB-mTORC1 pathway
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to activate FAO upon L-asparaginase administration [213]. Cytarabine treatment induced
upregulation of CD36 and hence FAO in AML [214]. Dexamethasone treatment in chronic
lymphocytic leukemia (CLL) cells led to upregulation of PPARa which activated FAO [215]. In
cases where tumor cells experience hypoxia or nutrient stress, cancer cells turned on CPT1C to
boost FAO [182, 216]. CPT1C was also reported to be upregulated in the development of
resistance to imatinib/rapamycin in leukemia [217, 218]. Tamoxifen could induce the
upregulation of FAO in retinoblastoma deficient breast cancer cells [219]. In most cases, co-
treatment of FAO inhibitors re-sensitized cancer cells to either chemotherapy or targeted therapy

[213-215, 218, 220, 221].

Abnormalities in lipid metabolism have been linked to several cancer phenotypes, including
metastatic potential, cancer stemness and resistance to chemotherapy or targeted therapy.

Specific alterations and the cellular mechanisms engaged in these contexts are reviewed below.

1.2.2.4 Specific roles of lipid metabolism in cancer metastasis

Advanced stage OC is typically characterized by omental or peritoneal metastasis. The omentum
is mainly comprised of adipocytes which serve as a chemical attractant for OC cells. Nieman et
al. identified that IL-6, IL-8, monocyte chemoattractant protein-1, and tissue inhibitor of
metalloproteinases-1 are released by omentum to promote the metastasis of OC cells towards
omentum [56]. Specifically, they found that IL-8 from the omentum binds to C-X-C motif
chemokine receptor 1 (CXCR1) on OC cells to induce p38-mitogen-activated protein kinase and
STAT3 phosphorylation, hence initiation of metastasis. The molecular mechanism that

distinguished metastatic tumor from primary tumor relied predominantly on FABP4. FABP4 was
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highly expressed on the membrane of disseminated OC cells at the adipocyte-cancer cell
interface and mediates lipid accumulation in OC cells. Inhibition of FABP4 led to reduced
intracellular lipid accumulation and adipocyte-mediated invasion capability of OC cells. It is
conceivable that the accumulated lipid droplets could be used through oxidation to generate
ample adenosine triphosphate (ATP) for energy consumption during colonization and formation
of micrometastases. In addition to in vitro experiments, knock out of FABP4 in OC cells caused
decreased tumor burden and number of metastatic nodules in intraperitoneal OC mouse models,

convincingly establishing the link between lipid metabolism and the metastatic phenotype.

Besides metastatic OC, altered lipid metabolism was also seen regulating tumor metastasis to
lymph nodes in melanoma by Lee et al. [222] and to central nervous system in acute
lymphoblastic leukemia (ALL) by Savino et al. [223]. Lee et al. utilized subcutaneous xenograft
mouse model and compared the cells isolated at primary site, micrometastatic, and
macrometastatic tumor-draining lymph nodes. RNA-seq analysis revealed that top up-regulated
gene sets in the micro- and macrometastatic tumors were positively correlated with bile acid
metabolism, adipogenesis, fatty acid metabolism, cholesterol homeostasis, and oxidative
phosphorylation. Pathway analysis demonstrated that lymph node metastatic tumors induced
fatty acid oxidation and peroxisome proliferator-activated receptor-o signaling. Further
metabolomic experiments showed that lymph node metastatic tumors accumulated more fatty
acid species compared to tumors at the primary site. Treatment with etomoxir, an inhibitor of
fatty acid oxidation, did not affect the size of primary tumor whereas it significantly suppressed
lymph node metastasis. Notably, etomoxir also suppressed lymph node metastasis after removal

of the primary tumor.
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To identify the underlying mechanism for fatty acid oxidation-dependent metastatic tumor, Lee
et al. knocked down each of the oncogenic genes in the metastasis-prone cells and found that
knockdown of Yesl associated transcriptional regulator (YAP1) significantly reduced fatty acid
oxidation in the metastasis-prone cells. Conversely, overexpression of YAP1 enhanced fatty acid
oxidation in the same cells both in in vitro and in vivo assays. Immunofluorescent imaging
analysis revealed that YAP1 was uniquely localized in the nucleus of cells at the invasive front
but cytoplasm of cells at the primary site [222]. Additionally, Kang et al. used breast cancer cell
spheroids to study metabolic alterations associated with EMT [224]. They found that ceramides,
sphingomyelin, ether-linked phosphatidylcholine and phosphatidylethanolamine  were
significantly altered during mesenchymal state. In addition, polyunsaturated fatty acids were
downregulated in concert with the downregulation of genes like protein tyrosine phosphatase-
like (proline instead of catalytic arginine), member B (PTPLB), peroxisomal trans-2-enoyl-CoA
reductase (PECR), and fatty acid elongase 2 (ELOVL2). Further investigation of human breast
cancer cell lines confirmed their initial findings and drew the conclusion that expression of
ELOVL2 is negatively correlated with breast cancer phenotype [224]. Similar observations were
made by Angelucci et al. where SCD and its product oleic acid were found to be critical for
breast cancer cell migration. Interestingly, SCD5, the other isoform of SCD, was not responsible
for cancer cell migration in their study [225]. Controversially, overexpression of Scd5 in mouse

breast cancer cells 4T1 dampened the metastatic potential and reversed EMT phenotype [226].

Savino et al., on the other hand, found that central nervous system (CNS)-derived ALL cells
demonstrated significant enrichment of genes involved in de novo lipogenesis among which SCD

was highly upregulated given that cerebrospinal fluid serves as a fatty acid-poor
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microenvironment. The consistence of SCD upregulation in CNS metastasis vs primary sites in
their and others’ studies showed that unsaturated fatty acids are critical for adaptation and
survival of ALL cells in the CNS microenvironment. Savino et al. further examined that SCD
overexpressed ALL cells possessed enhanced CNS infiltration whereas suppression of SCD
activity using pharmacological inhibitor SW203668 could alleviate tumor growth [223]. It would
be more interesting to investigate the mechanism underlying the development of fatty acid

metabolism-dominant molecular signature.

Early studies using Fourier transform infrared (FTIR) microspectroscopy revealed the
translocation of palmitic acid from adipocytes to metastatic prostate cancer cells in coculturing
system, depicting the role of fatty acid in tumor metastasis [227]. A more recent study from
Benitah lab found that dietary palmitic acid possesses prometastatic features in oral carcinoma
and melanoma [228]. Specifically, in vitro palmitic acid treatment could prime tumor cells for
subsequent in vivo metastasis after withdrawal of palmitic acid in advance. In another orthotopic
mouse xenograft model, mice were fed with palmitic acid-rich diet after tumor cell implantation
and showed more metastatic tumor burden as compared to those fed with control diet. Vivas-
Garcia et al. unveiled a metabolic switch that controls phenotypic plasticity in melanoma [229].
Interestingly, the microphthalmia-associated transcription factor (MITF)/SCD axis that
upregulated SCD suppressed the metastatic/invasive phenotype while induced the proliferative

phenotype.

The role of lipid metabolism in tumor metastasis was previously reviewed by Mounier et al.

[230]. Additional studies of the role of SCD in metastasis were performed in breast cancer cells
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[231-233], colon cancer cells [234, 235], lung cancer cells [236-238] esophageal cancer cells

[239], and liver cancer cells [240, 241].

1.2.2.5 Specific roles of lipid metabolism in cancer stem cells

A small population residing within heterogeneous tumors is referred to as cancer stem cells and
was reported to mediate OC initiation in vivo [27, 242, 243]. These cancer stem cells which
represent about 1% of the tumor mass have also implicated in tumor progression [242],
resistance to chemotherapy or radiotherapy [242, 244, 245], and metastasis to distant tissues
[246]. The underlying signaling pathways that maintain cancer cell stemness have been
extensively studied, and include the Wnt-p-catenin pathway [247], NF-«B pathway [248], and
Notch signaling [249]. Nevertheless, less is known about the metabolic regulation of cancer stem
cells due to difficulties studying these rare cells by using traditional mass spectrometry-based
methods, which typically require large numbers of cells for analysis. Some early studies
approached this question from a different angle by examining the molecular signatures of

monolayer vs spheroid cells formed by OC cells [250-252].

A recent report from our group utilized stimulated Raman Scattering Microscopy to study OC
stem cells and found that these cells harbor higher level of unsaturated fatty acids and increased
levels of SCD mRNA as compared to non-stem cancer cells [67]. Cancer stem cells possess the
metabolic signature of lipid metabolism [253]. Suppression of fatty acid desaturation by small
molecule inhibitors against SCD downregulated stemness markers in cancer stem cells isolated
from both cancer cell lines and primary patient samples. SCD inhibitor-treated cancer stem cells,

when injected subcutaneously into athymic mice, displayed impaired in vivo tumor initiation
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capacity, delayed time-to-tumor formation, and reduced tumor burden. Additionally, our group
found that OC stem cells relied on de novo biosynthesis of unsaturated fatty acids instead of

uptake of exogenous fatty acids from the immediate environment [67].

In order to identify the molecular mechanisms linking unsaturated fatty acids and OC cell
stemness, OC stem cells treated with vehicle and an SCD inhibitor were probed by using a
pathway-specific quantitative reverse transcription polymerase chain reaction (QRT-PCR) array.
Transcriptional activity of NF-kB was found to be compromised in OC stem cells upon
suppression of SCD enzymatic activity. Furthermore, the NF-kB signaling pathway was shown

to directly regulate the transcription of SCD, through a positive feedback loop.

These observations were corroborated in other cancer types, such as colon cancer [254-257],
breast cancer [258-260], liver cancer [261, 262], bladder cancer [263], gallbladder cancer [264],
chronic myeloid leukemia [265], glioblastoma [266, 267], gastric cancer [268], lung cancer [269,
270] and melanoma [271]. For example, the stemness associated-transcription factor NANOG
Homeobox (NANOG) was shown to suppress mitochondrial oxidative phosphorylation and tilt
the metabolic balance in tumor initiating cells towards fatty acid oxidation to support stem cell
self-renewal [221]. Inhibition of lipogenesis mediated by acetyl-CoA carboxylase was shown to
inhibit mammosphere generation and the ALDH™ stem cell population in a breast cancer model
[272]. ELOVLZ2, an enzyme involved in the biogenesis of poly-unsaturated fatty acids, was
found to be epigenetically upregulated in glioma cancer stem cells. Its inhibition caused
disruption of phospholipids in the plasma membrane leading to altered EGFR signaling and
suppression of tumorigenicity and self-renewal in this cell population, further consolidating the

concept that unsaturated fatty acids play a role in the maintenance of cancer stem cells [273].
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Targeting SCD in breast cancer stem cells, miR-600 down-regulates post-translational
modification of wingless-type MMTYV integration site (WNT), hence reduced self-renewal and
increased differentiation of breast cancer stem cells [274]. Blockage of production of
monounsaturated fatty acid in mouse liver tumor-initiating stem cell-like cells (TICs) prevented
the stabilization of low-density lipoprotein-receptor-related proteins 5 (LRP5) and 6 (LRP6)
mRNA and therefore Wnt/p-catenin signaling pathways critical for self-renewal of the TICs

[275].

Furthermore, while lipid unsaturation is critical to cancer stem cells, it has also been linked to
normal stem cell physiology. FASN was found to be upregulated in neural progenitors and
suppression of its activity affected normal neurogenesis [276]. SCD5 was highly expressed in
brain and increased abundance of phosphatidylcholine and cholesterol esters and decreased those
of phosphatidylethanolamine and triacylglycerol [277]. SCD5 induced cellular proliferation and
meanwhile suppressed neuronal differentiation [277]. Embryonic stem cells, characterized by the
presence of highly unsaturated lipidome, became differentiated in response to in vivo oxidative
processes such as inflammation [278]. These findings were also corroborated by the observations
of lipid droplets in mouse oocytes and early embryos till blastocyst stage by using live Raman
scattering microscopy [279]. Taken together, results from cancer biology and developmental

biology support the concept that lipid unsaturation is associated with stemness.

1.2.2.6 Specific roles of lipid metabolism in drug resistance

Based on the significance of lipid metabolism to cancer stem cells, it was reasonable to

hypothesize that similar deregulation is associated with development of resistance to
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chemotherapy. A report using used OC cell lines Hey, Igrov-1, and SKOV-3 as model for
different levels of cisplatin-resistance, i.e. sensitive, intermediate-resistant and resistant,
described the potential role of lipogenesis to this process [280]. Pre-treatment of cisplatin-
resistant Hey-cis generated in vitro with FASN inhibitor cerulenin reversed platinum resistance
whereas no changes were observed in the parental cells. Exogenous addition of palmitic acid,
one of the major products of FASN, rescued the re-sensitization to cisplatin caused by combined
treatment with cerulenin and cisplatin, supporting the involvement of fatty acid synthesis in this
phenomenon. In a more recent study, Papaevangelou et al. used xenograft models generated from
cisplatin-resistant A2780-cis cells [281]. Intraperitoneal administration of the FASN inhibitor
orlistat together with cisplatin significantly reduced tumor growth and tumor burden in these
tumors. Interestingly, monotherapy with orlistat or with the combination decreased the
abundance of hydrophilic metabolites involved in glutamine metabolism in addition to

decreasing FASN activity and fatty acid production.

The role of fatty acid metabolism was also studied in other cancer types. For example, Wu et al.
found that FASN mediated cellular responses to cisplatin treatment in breast cancer cells [111].
The underlying mechanism involved upregulated specificity protein 1 (SP1) which was
upregulated by FASN and, in turn, induced the expression of poly(ADP-ribose) polymerase 1.
The later promoted recruitment of repair proteins X-ray repair cross complementing 6 (Ku70)
and DNA-dependent protein kinase at sites of double-strand breaks, initiating non-homologous
end joining DNA repair machinery. Peng et al. found that colorectal cancer patients proficient
DNA damage repair bear higher SCD expression and level of most phospholipids than patients

deficient in DNA damage repair [282], implying the importance of SCD and lipid metabolism in
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chemotherapy resistance in colorectal cancer. Similar observations were made by Schlaepfer et
al. in progesterone receptor (PR)-positive breast cancer cells [283]. Essentially, progesterone
analogs induced SCD upregulation and subsequence accumulation of oleic acid in phospholipids
and cellular lipid droplets in PR-positive breast cancer cells. The presence of unsaturated fatty
acids and lipid droplets confer PR-positive breast cancer cells to chemotherapy agent docetaxel.
Similar observation was seen in breast cancer patients [284]. Chemotherapy-induced SCD
upregulation was also detected in liver cancer where researchers found that c-Jun N-terminal
kinases 1/2 and phosphatidylinositol 3 kinase mediated the transcriptional upregulation [285].
ALL cells, when co-cultured with adipocytes, take up secreted monounsaturated fatty acids and
store them as triglycerides and phospholipids. The monounsaturated fatty acids partially protect
the cancer cells from chemotherapy-induced death [286]. Interestingly, adipocytes could alter
leukemia cells’ dependence on glucose metabolism to fatty acid metabolism for energy

generation.

The development of resistance to targeted therapy also engages fatty acid metabolism, especially
unsaturated fatty acid biogenesis. Sorafenib, multikinase inhibitor, was used to treat advanced
liver cancer by disrupting SCD expression and AMPK/mTORC1/sterol regulatory element
binding transcription factor 1 (SREBF1) signaling pathway [287]. Shueng et al. used radioactive
labelling technique revealed that sorafenib-resistant hepatocellular carcinoma cells depend on de
novo synthesis of fatty acids and treatment of FASN inhibitor orlistat could sensitize the cancer
cells to sorafenib treatment [288]. While Ma et al. found that SCD was upregulated in sorafenib-
resistant hepatocellular carcinoma cells and patient-derived xenograft model [289]. Treatment of

SCD inhibitor A939572 could resensitize liver cancer cells to sorafenib. Similarly, Lounis et al.
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found that de novo lipogenesis was enriched in enzalutamide-sensitive prostate cancer and co-
treatment with SCD inhibitor and enzalutamide reduced tumor growth [290]. Zhang et al. found
that SCD inhibition could sensitize cancer cells that are less sensitive to enhancer of zeste 2
polycomb repressive complex 2 subunit (EZH2) inhibitor GSK126 [291]. Hu et al. found that
SCD inhibitor and amodiaquine had synergistic effect in preventing in vitro and in vivo tumor
growth of lung cancer cells [292]. Huang et al. revealed that SCD was upregulated in gefitinib-
resistant non-small cell lung cancer cells than their gefitinib-sensitive counterparts [293]. Co-
administration of 20(S)-protopanaxatriol could re-sensitize lung cancer cells to gefitinib
treatment. Dai et al. identified SCD as key fatty acid metabolism enzyme involved in
temozolomide-resistance in glioblastoma. Combined treatment of SCD inhibitor A939572 and
temozolomide showed enhanced inhibition of growth of glioma cells than individual drugs [294].
Similar observation was also made by Parik et al. where the authors found synergy between
accumulated palmitic acid due to SCD inhibition and temozolomide [295]. New technologies
using single cell mass spectrometry revealed that SCD and unsaturated fatty acids were
upregulated in irinotecan-resistant colorectal cancer and its inhibition led to sensitization to
irinotecan treatment [296]. However, the authors did not further their investigations on the

mechanism behind that.

Furthermore, recent reports have suggested that drug-tolerant cells adopt a mesenchymal state
and are dependent on lipid peroxidation mediated by the lipid hydroperoxidase glutathione
peroxidase 4 (GPX4) [297]. Targeting GPX4 induced ferroptosis which selectively eliminated
the “persister” cells responsible for treatment resistance in vitro and in vivo models. Interestingly,

inhibition of the enzyme SCD in OC cells induced both ferroptosis and apoptosis and combined
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inhibition of SCD with inducers of ferroptosis induced potent tumor inhibition in OC models
[298, 299]. These findings were also supported by in silico computation work from Konstorum et
al. [300]. In addition to OC, aggressive lung cancer with serine/threonine kinase 11 (STK11) and
Kelch like ECH associated protein 1 (KEAP1) co-mutation is more susceptible to inhibition of
SCD in the context of ferroptosis [301]. Likewise, breast cancer cells utilize upregulated tumor
SCD as well as FABP4 derived from tumor endothelial cells for deposition of unsaturated fatty
acids into lipid droplets. These lipid droplets serve as the antioxidant and anti-ferroptotic pool
during tyrosine kinase inhibitor, i.e. sunitinib or sorafenib administration [302]. On the contrary,
breast cancer cells that are tolerant to the anti-tumor effect of statins activated fatty acid
unsaturation genes and cholesterol biosynthesis pathway to store neutral lipids for survival and
proliferation [303]. These examples strongly support the involvement of lipogenesis in response
to chemotherapy and suggest that inhibitors for these pathways may be added to the

armamentarium of cancer therapy.

1.3 Targeting lipid metabolism in ovarian cancer

Given the importance of lipid metabolism in tumor progression and metastasis, much effort has
been laid in the past years on the development of small molecular inhibitors targeting different
enzymes involved in this metabolism network (Table 1). Inhibitors of fatty acid biosynthesis

include inhibitors for SREBF1, ATP-citrate lyase (ACLY), ACC, FASN, SCD, and CPT1.

Multiple inhibitors are under development for SREBF1; however, none has yet entered the
clinical arena. One interesting finding was that lipid extract from N. commune, a blue-green alga,

showed significant reduction of maturation of SREBF1 and hence expression of FASN and SCD
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[304]; yet the chemical composition of the extract remains to be elucidated. Inhibitors for ATP
citrate lyase are being developed as cholesterol lowering drugs, with the most advanced being
ETC-1002, a first in class compound, which completed phase 111 studies, demonstrating efficacy
in blocking cholesterol synthesis [305]. Evaluation of this agent in cancer contexts has not yet
been initiated. Acetyl-CoA carboxylase is indirectly targeted by metformin and directly blocked
by specific inhibitors ND-646 and ND-654. The latter are being studied in preclinical models of
lung cancer and hepatoma, while metformin has been studies extensively in combination with
chemotherapy in clinical trials in breast, ovarian, and endometrial cancer or as a preventive

cancer agent.

Multiple FASN inhibitors are currently in clinical development, including GSK 2194069, IPI-
9119, and TVB-2640. The latter is being studied for the treatment of non-alcoholic
steatohepatitis and was assessed in a phase | clinical trial in patients with solid tumors, either
alone or in combination with paclitaxel. TVB-2640 was reasonably well tolerated and most
common adverse event were alopecia, palmar-plantar rash, and decreased appetite. Responses
were observed in patients with ovarian cancer (5 of 12 patients), breast cancer (3 of 14 patients),
and KRAS mutated lung cancer [306]. Based on these promising results, further development of
this agent includes combinations with bevacizumab in glioblastoma and with paclitaxel and

trastuzumab in breast cancer.

SCD is the most extensively studied for drug development among all the enzymes in lipid
metabolism. A whole spectrum of different classes of inhibitors have been developed and tested

at different stages as summarized in Table 1. One special group of inhibitors not listed here is
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isomers of linoleic acid, they were previously shown to have inhibitory effects on protein

expression or enzymatic activity in human breast cancer cells [307].

CPT1 is the rate limiting enzyme controlling fatty acid oxidation, which is a major source of
energy for several tumor types. The best studied CPT1 inhibitor is etomoxir which has been
evaluated in preclinical models of prostate, breast, and bladder cancer and leukemia [194].
Etomoxir was found to synergize with glutaminase inhibitors in triple negative breast cancer
cells [308]. The agent also inhibited proliferation of prostate cancer cells, especially under
hypoxia [194], and blocked the proliferation of chronic lymphocytic leukemia cells resistant to
ibrutinib [309]. Further exploration of inhibitors blocking fatty acid oxidation in various cancer

contexts is warranted.

Interestingly, inhibition of lipid metabolism can also affect normal cells, particularly the immune
system, including T cells, tumor-associated macrophages, regulatory T cells and myeloid derived
stromal cells (MDSCs). An example is the fatty acid transport proteins which are upregulated in
MDSCs, cells with immunosuppressive roles in tumors [310]. By reducing this cell population,
inhibitors of FATP2, currently under preclinical development, could augment the effects of
immunotherapy by selectively eliminating MDSCs. While at high doses, etomoxir was also
shown to inhibit the survival of T regulatory and T memory cells as well as the polarization of
macrophages, more recent work demonstrated that these effects were independent of CPT1 [311,
312], refuting the previously proposed role of fatty acid oxidation in these processes. Future
development of combinations of immunotherapy strategies with agents targeting lipid

metabolism is a new direction beginning to be explored in cancer treatment.



62
Our current understanding of lipid metabolism, specifically fatty acid desaturation, dictates that
SCD is the sole enzyme responsible for converting saturated fatty acid to monounsaturated fatty
acid. However, Vriens et al. discovered that an alternative fatty acid desaturation pathway exists
in multiple cancer types, including lung cancer, breast cancer, prostate cancer, and liver cancer
[173]. In those cancer cells, palmitic acid can be converted to sapienic acid by fatty acid
desaturase 2. Additionally, inhibition of SCD activity accounted for less than 50% of the cancer
cell proliferation. Their findings unveiled an unknown property of cancer cells in producing
lipids, indicating cancer cell plasticity. Future endeavours could be directed to the population of
cancer cells that utilize this alternative lipid metabolism pathway to survive SCD inhibitor

therapy.

A summary of various lipid metabolism inhibitors that have been tested in preclinical cancer
models is included bellow. While anti-tumorigenic effects have been documented, concerns
regarding systemic toxicity and activation of parallel metabolic pathways have thwarted clinical

development thus far.



Table 1. Inhibitors targeting different enzymes in the lipid metabolism network with their known 1Csy and preclinical models

and clinical studies

Target Compound name ICso Preclinical models or clinical trials Refs
Sterol regulatory element- | Fatostatin 11.2 uM Prostate cancer cells, subcutaneous xenograft | [313-
binding protein 1 mouse model 315]
Betulin 10s> uM | Different types of cancer cells [316]
range Different types of primary tumor cells
Different types of xenograft mouse models
PF429242 24.5 uM Pancreatic cancer cells [317]
ATP citrate lyase Cucurbitacin B 0.3uM Prostate cancer cells [318]
Emodin anthraquinones 3-30 uM Lung cancer cells [319]
ETC-1002 2-13 uM Primary rat hepatocytes, obese female Zucker rat | [320-
Hypercholesterolemia, phase 111 324]

Hypercholesterolemia and type 2 diabetes

mellitus

€9




Furan carboxylate | 4.1 uM Breast cancer stem cells [325]
derivatives
(-)-Hydroxycitrate Liver cancer cells [326-
A Mouse bladder cancer, melanoma and lung cancer | 328]
MEDICA 16 70 uM In vitro biochemical assay [329]
NDI-091143 7nM Precursors tested in liver cancer cells, high-fat | [330,
diet fed mice 331]
In vitro biochemical assay
SB-204990 24-53 uM | Lung cancer cells [332]
Acetyl-CoA carboxylase Benzofuranyl a-pyrone | 17-36 uM | In vitro biochemical assay [333]
(TEI-B00422) Rat liver cells
Liver cancer cells
Metformin NA Advanced pancreatic cancer, phase IB [334-
Prostate cancer, phase Il 341]

Non-small-cell lung cancer, phase Il

Papillary renal cell carcinoma, phase I/11

¥9




Colorectal cancer, phase 1l

High-grade serous ovarian, or peritoneal cancer,
phase 11

Advanced melanoma, phase |

Head and Neck Squamous Cell Carcinoma, phase
I/l

Advanced stage ovarian cancer, phase Il

ND-646 3.5nM Non-small-cell lung cancer cells [342]
ND-654 3nM Liver cancer cells [305]
MEDICA 16 NA Rat [343]
Spiropentacylamide 0.008-5 In vitro biochemical assay [344]
compounds uM Lung cancer cells

Colon cancer cells

Spiro-pyrazole compounds | 6.9-650 In vitro biochemical assay [345,

nM Glioblastoma cells 346]

<9




5-(Tetradecyloxy)-2 Furoic | NA Liver cancer cells [347,
Acid (TOFA) 348]
Fatty acid synthase [349, | 3-Aryl-4-hydroxyquinolin- | 19-15,000 | In vitro biochemical assay [351]
350] 2(1H)-one compounds nM
C75 NA Breast cancer cells, HER2/neu transgenic mice [352-
Ovarian cancer mouse xenograft 356]
C93 (FAS93) 30 pug/mL | Non-small cell lung cancer cells, subcutaneous | [357-
xenograft mouse model, chemically induced lung | 359]
carcinogenesis murine model
Ovarian cancer cells, intraperitoneal xenograft
mouse model or subcutaneous xenograft mouse
model
Cerulenin NA In vitro biochemical assay [360-
Breast cancer cells 363]

99




Polyphenol compounds (e. | 2.33-250 In vitro biochemical assay [364-
g. , epigallocatechin-3- | uM Prostate cancer cells 368]
gallate (EGCG), luteolin) Breast cancer cells, subcutaneous xenograft
mouse model
Fasnall 1.57-7.13 | Breast cancer cells [369]
uM Liver cancer cells
Mammary tumor mice
G28UCM NA Breast cancer cells, subcutaneous xenograft | [370]
mouse model
GSK2194069 15 nM Non-small-cell lung cancer cells [371]
GAKB837149A 15.8 nM In vitro biochemical assay [372]
Imidazopyridine 0.012-50 In vitro biochemical assay [373]
compounds uM Cervical cancer cells

Rat breast cancer cells

Rats

L9




IP1-9119 0.3nM Metastatic castration-resistant prostate cancer | [374]
cells and xenograft mice
JNJ-54302833 28 nM Ovarian and prostate cancer cells, subcutaneous | [375]
xenograft mouse model
Orlistat 100 nM Prostate cancer cells, subcutaneous xenograft | [376-
mouse model 379]
Mouse melanoma cells
Breast cancer cells
Gastric cancer cells, C57BL/6J APC-Min
(multiple intestinal neoplasia) mice
Platensimycin 0.18-0.30 | In vitro biochemical assay [380]
uM Rat liver cells
Type Il diabetes mice
(5R)-Thiolactomycin 2.1-80 Breast cancer cells [381,
pg/mL 382]
TVB-2640 NA Colon cancer, phase | [383-

89




HER2-positive advanced breast cancer, phase Il
Refractory high grade astrocytoma, phase |1

Non-small cell lung cancer, phase |

386]

TVB-3166

0.042-0.1

uM

In vitro biochemical assay

Breast, colorectal, lung, ovarian, pancreatic,
prostate, and hematopoietic cancer cells

Ovarian and pancreatic cancer cell subcutaneous
xenograft mouse model

Patient-derived non-small cell lung cancer mouse

xenograft

[387]

Stearoyl-CoA

[143, 388-390]

desaturase

A939572

6-65 nM

Clear cell renal cell carcinoma cells

Subcutaneous athymic nude mice

[391,

392]

Agrimonolide

NA

Ovarian cancer cells

Subcutaneous mouse xenograft

[393]

2-Aminothiazole

compounds

0.1-8,200

nM

Immortalized human embryonic kidney cells

C57BL/6J mice

[394,

395]

69




Aniline compounds (lead | 49-30,000 | Liver microsomal assay [396,
compound: CVT-11563 & | nM Liver cancer cells 397]
CVT-12012) Sprague—Dawley rats
2-Aryl benzimidazole | 27-4,400 In vitro biochemical assay [398]
compounds nM Liver cells and liver cancer cells

C57BL/6 mice
Azetidinyl pyridazine | 2.3-8,100 | In vitro biochemical assay [399]
compounds nM Liver cancer cells

C57BL/6 mice
Benzimidazolecarboxamide | 0.078-100 | Liver microsomal assay [400]
compounds (lead | uM Liver cancer cells
compound: SAR224) Obese Zucker diabetic fatty rats
Benzothiazole compounds | 0.3-6,000 | Lung cancer cells [5,
(lead compound: | nM 401]
SW001286)

0L




Benzoylpiperidine 2-1,048 Liver microsomal assay [402]

compounds nM Obese Zucker diabetic fatty rats

Benzo-fused spirocyclic | 0.003-10 AKR/J mice [403]

oxazepine compounds uM Rats

Bicyclic heteroaryl | 2-10,600 In vitro biochemical assay [404]

compounds nM Liver cancer cells

BZ36 100 nM Prostate cancer cells [167]

Subcutaneous athymic nude mice

CVvT-11127 NA Lung cancer cells [168,
405]

4,4-Disubstituted piperidine | 1.2-220 Liver microsomal assay [406,

compounds(lead nM Colon cancer cells, subcutaneous athymic nude | 407]

compound: T-3764518) mice

GSK993 0.18 uM In vitro biochemical assay [408]

Liver cancer cells

Obese Zucker diabetic fatty rats

1L




Insulin-resistant Sprague Dawley rats

Icaritin derivative 2 (ICT2) | NA Breast cancer cells [409]
MF-438 3-220 nM | Non-small cell lung cancer cells [271,
Melanoma cells 410,
411]
MK-8245 1.066 uM | Liver cancer cells [412,
Type 2 diabetes, phase | 413]
N- 11-2,700 Liver microsomal assay [414]
benzylimidazolecarboximde | nM Sprague—Dawley rats
compounds
Nicotinic acid compounds | 8-20,000 Liver cells [415]
nM Liver cancer cells
C57BL/6 mice
Sprague—Dawley rats
Oxalamide compounds | 0.3-6,000 | Lung cancer cells [401]
(lead compound: | nM

[44




SW027951)

1-(4-Phenoxypiperidin-1- 0.03-10 NA [416]
yl)-2-arylaminoethanone uM
compounds
Phenoxy  acyclic  link | 2-100,000 | Liver microsomal assay [417]
compounds nM Liver cells

Liver cancer cells

Mice
Phenoxy bispyrrolidine | 3-100,000 | Liver microsomal assay [418]
isoxazole compounds nM Liver cells

Liver cancer cells

Mice
Piperidine arylurea | 0.004-10 Liver microsomal assay [419]
compounds uM
Pteridinone compounds 0.5-30,000 | Liver microsomal assay [420]

nM Liver cancer cells

€L




Pyridazine heteroaryl | 3-7,300 In vitro biochemical assay [421]

compounds nM Liver cancer cells

Pyridin-2-ylpiperazine 10s’  uM | Liver cancer cells [421,

compounds (lead | range 422]

compound: XEN103)

SAR707 39 nM Liver cancer cells [423]

Obese Zucker diabetic fatty rats

Spiropiperidine compounds | 0.03 nM- | Liver microsomal assay [424-
10 uM C57BL/6J mice 426]

Thiadiazole compounds 1-6,500 Rat liver microsomal assay [427]
nM Liver cancer cells

Thiazole compounds (lead | 0.3-100+ Rat liver microsomal assay [428]

compound: MF-152) uM Liver cancer cells

Thiazole-4-acetic acid | 3.0-3,600 | Liver microsomal assay [429]

compounds nM C57BL/6J mice

Sprague Dawley rats

174




Thiazolylpyridinone 14-3,400 Mouse liver microsomal assay [430]
compounds nM Liver cancer cells
Lewis rats
Triazolone compounds 7-10,000 Liver cancer cells [431]
nM Liver microsomal assay
Lewis rats
Peroxisome proliferator- | TPST-1120 NA Different types of advanced cancer, phase | [432]

activated receptor o

SL
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1.4 Summary and research objectives

To summarize, cancer cells thwart physiological metabolic pathways to meet their augmented
energetic needs for limitless proliferation and metastatic spread. When glucose and oxygen are in
short supply, fat becomes convenient fuel. Whether taken up from the tumor microenvironment
or newly synthesized, lipids function as alternative energy source for rapidly growing tumors. A
unique property of ovarian cancer is its tropism to the omentum, a fat-laden organ, which has
been thought to function as feeding soil for rapidly expanding tumors. While lipid uptake by
cancer cells has been studied to some extent, the roles of de novo lipogenesis and of the ensuing
balance between unsaturated and saturated lipids remain not fully understood. Within the de
novo lipogenesis pathway, lipid desaturation is a key step required for the generation of
unsaturated lipids to maintain the membrane fluidity, the integrity of cellular signaling, and the
lipid pool for B-oxidation. SCD converts saturated to unsaturated fatty acids, i.e. palmitic and
stearic acids to palmitoleic and oleic acids, respectively. SCD is upregulated in different cancers,
and its inhibition was shown to suppress cancer cell proliferation, in conditions depleted of
exogenous lipids. However, the mechanisms by which SCD regulates cancer cells’ survival
under stress conditions are not elucidated. The main focus of this thesis work is to study how
lipid metabolism and in particular lipid unsaturation contributes to the aberrant functions of
ovarian cancer cells. We are asking whether and how the disturbance of the dynamic between
saturated and unsaturated fatty acids regulated by SCD impacts the survival and tumorigenicity

of ovarian cancer cells.
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2.1 Cell culture

OVCAR-5 cells were provided by Dr. Marcus Peter, Northwestern University. COV362 and
OVCAR-8 cells were provided by Dr. Kenneth Nephew, Indiana University. PEO1 and PEO4
cells were purchased from MilliporeSigma (cat#: 10032308 and 10032309). OVCAR-3 (cat#:
HTB-161) and SKOV-3 (cat#: HTB-77) cells were purchased from the American Type Culture
Collection (ATCC). FT-190 cells (immortalized human fallopian tube luminal epithelial cells)
were provided by Dr. Ronny Drapkin, University of Pennsylvania [433]. OVCAR-5 cells were
cultured in Roswell Park Memorial Institute (RPMI)-1640 with L-glutamine (Corning cat#: 10-
040-CV) supplemented with 10% fetal bovine serum (FBS) (Corning cat#: 35011CV), 1%
GlutaMAX (Gibco cat#: 35050-061), and 100 ug/mL penicillin/streptomycin (Cytiva cat#:
SV30010). OVCAR-8 cells were cultured in DMEM (Dulbecco’s Modification of Eagle’s
Medium, Corning cat#: 10-017-CV) supplemented with 10% FBS and 100 pg/mL
penicillin/streptomycin. COV362 cells were cultured in DMEM supplemented with 10% FBS, 1%
GlutaMAX and 100 pg/mL penicillin/streptomycin. PEO1 and PEO4 cells were cultured in
RPMI-1640 with L-glutamine supplemented with 10% FBS, 1% GlutaMAX, 2mM Sodium
Pyruvate (Gibco cat#: 11360-070), and 100 pug/mL penicillin/streptomycin. OVCAR-3 cells were
cultured in RPMI-1640 (ATCC cat#: 30-2001) supplemented with 20% FBS, 0.01 mg/mL
insulin human recombinant zinc (Gibco cat#: 12585-014) and 100 pg/mL penicillin/streptomycin.
SKOV-3 and FT190 cells were cultured in medium composed of 1:1 combination of MCDB 105
(MilliporeSigma cat#: M6395) and Medium 199 (Corning cat#: 10-060-CV) supplemented with
10% FBS and 100ug/mL penicillin/streptomycin. All cells were maintained at 37°C in an

incubator with 5% CO, and 100% humidity. Palmitic acid (MilliporeSigma cat#: P0500) was
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dissolved in dimethyl sulfoxide (DMSQ) and treatment of 50 uM palmitic acid under low serum
condition (1% FBS) was intended to recapitulate the concentration of palmitic acid in 10% FBS
media [434]. 10% lipid depleted FBS (Biowest cat#: S162L) was used in some experiments to
validate the findings from low serum condition (1% FBS). Oleic acid (MilliporeSigma cat#:
03008) was added at different doses with the lowest dose of 13 uM equivalent to that in media
containing 10% FBS [434]. All cell lines were authenticated by IDEXX BioAnalytics and were
determined to be free of mycoplasma contamination by IDEXX BioAnalytics or Charles River
Laboratories. In addition, cells were regularly tested for mycoplasma in our laboratory using a

Universal Mycoplasma Detection Kit (ATCC cat#: 30-1012K).

2.2 Reagents

Palmitic acid (cat#: P0500), oleic acid (cat#: O3008), dimethyl sulphoxide (DMSO) (cat#:
D2650), Tween® 80 (cat#: P4780), cisplatin (cat#: 1134357) and carboplatin (cat#: C2538) were
purchased from MilliporeSigma. CAY 10566 (cat#: HY-15823) and PEG300 (cat#: HY-Y0873)
were purchased from MedChemExpress. Saline (cat#: Z1376) was purchased from

Intermountain Life Sciences. Etomoxir (cat#: 11969) was purchased from Cayman Chemical.

2.3 In vitro development of cisplatin-resistant cell lines

SKOV-3, OVCAR-5, COV362, and OVCAR-3 cells were treated with three or four repeated or
increasing doses of cisplatin or carboplatin for 24 hours. Surviving cells were allowed to recover
for 3 to 4 weeks before receiving the next treatment. Changes in resistance to platinum were
estimated by calculating half maximal inhibitory concentration (ICsg) values determined by the

CCK-8 assay (Dojindo cat#: CK04) (Table 2). Specifically, 5,000 OC cells/well were seeded in
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96-well plates and 24 hours after plating, treated with different concentrations of cisplatin (0, 0.5,
1, 2.5, 5, 10, 25, 50, 75, 100, 250, 500 uM) or carboplatin (0, 0.5, 1, 2.5, 5, 10, 25, 50, 75, 100,
250, 500 pg/ml) for 24 hours. Cisplatin was then removed (washed off), cells were cultured for
72 hours and cell viability was measured with CCK8 assay (). ICso values were determined by

logarithm-normalized sigmoidal dose curve fitting using Graphpad Prism 8 (GraphPad Software).

Table 2. Generation of platinum resistant ovarian cancer cells in vitro. 1Cs; of SKOV-3,

OVCAR-3, OVCAR-5 and COV362 parental and cisplatin/carboplatin resistant cells are

shown
Cell line ICso range Cell line ICso range
Cisplatin: 6.5 uM Cisplatin: 11.08 uM
(5.22 uM — 8.18 uM) (9.73 UM - 12.62 uM)
SKOV-3 SKOV-3 cisplatinR
Carboplatin: 4.16 pg/mL Carboplatin: 15.01 ug/mL
(3.10 pg/mL — 5.59 pg/mL) (10.36pg/mL — 21.74 pg/mL)
Cisplatin: 0.0083 uM Cisplatin: 0.35 uM
(0.00044 uM — 0.15 uM) (0.23 uM - 0.52 uM)
OVCAR-3 OVCAR-3 cisplatinR
Carboplatin: 2.86 pg/mL Carboplatin: 15.2 pg/mL
(1.58 pg/mL —5.17 pg/mL) (12.64 pg/mL — 18.29 pg/mL)
Cisplatin: 2.59 uM Cisplatin: 8.38 uM
OVCAR-5 OVCAR-5 cisplatinR
(2.31 uM — 2.82 uM) (7.47 uM — 9.42 uM)
Cisplatin: 3.32 uM Cisplatin: 8.45 uM
COV362 COV362 cisplatinR
(3.05 uM - 3.63 uM) (6.58 uM — 10.84 uM)
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2.4 Human specimens

Primary tumors or ascites from high grade serous OC patients were collected at Northwestern
Memorial Hospital from consenting donors (IRB#: STU00202468). Tumor tissues were minced
into small pieces and digested with in DMEM/F-12 medium (Gibco cat#: 11320-033)
supplemented with 300U/mL collagenase (MilliporeSigma cat#: C7657) and 300U/mL
hyaluronidase (MilliporeSigma cat#: H3506) at room temperature overnight. The next day,
tissues were digested with trypsin (Corning cat#: 25054Cl) at 37°C for 10min, followed by
treatment with 1x red blood cell lysis buffer (Biolegend cat#: 420301) on ice for 10min, and then
with DNase | (MilliporeSigma cat#: DN25) at 37°C for 10min to produce a single-cell
suspension. Cells were resuspended in RPMI-1640 with L-glutamine supplemented with 10%
FBS, 1% GlutaMAX, and 1% Pen/Strep. For ascites, cells were spun down and resuspended in

RPMI-1640 as described above.

2.5 Cell transfection

For generation of gene knockdown or overexpression cells, ovarian cancer cells were seeded at a
density of 40,000 cells per well in a 24-well plate on day 0. On day 1, lentiviral particles
containing shRNAs targeting human SCD (MilliporeSigma cat#: SHCLNV) or scrambled
(control) shRNAs (MilliporeSigma cat#: SHCO001V) or containing human SCD cDNA were
diluted in complete medium containing 8 pg/mL polybrene to obtain a multiplicity of infection
(MOI) of 5. Cells were incubated with lentiviruses for 24 hours followed by removal of

lentiviruses and cultured in complete medium for another 24 hours. On day 3, complete medium
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containing 2.0 ug/mL puromycin (Gibco cat#: A1113803) or neomycin (Fisher Scientific cat#:

10-131-027) was added to cells to start selection of stably transfected cells.
2.6 Construction of SCD expression vector

The SCD coding sequence was amplified by PCR from SCD Human Tagged open reading frame
(ORF) Clone plasmid (OriGene cat#: RC209148) using primers (forward: 5’-GCTCTAGA
GGATCCACCGGTCGCCACCATGCCGGCCCACTTG-3’ and reverse: 5-
GACGTCGACGCGGCCGCTTCAGCCACTCTTGTAGTTTCCATC-3"), and inserted into
pLenti-CMV-Neo vector (Addgene plasmid#: 17447). Lentiviral particles containing the cloned
plasmid were packaged in HEK-293T cells via co-transfection using branched polyethylenimine
(MilliporeSigma cat#: 408719) with pMD2.G (Addgene plasmid#: 12259) and psPAX2
(Addgene plasmid#: 12260). Viral particles were harvested 48hrs and 72hrs post transfection and
pooled for concentration using Lenti-X Concentrator (TaKaRa cat#: 631231). Pellets of lentiviral
particles were resuspended in phosphate buffered saline (PBS) (Cytiva cat#: SH30256.LS),

aliquoted and stored at -80°C.
2.7 Ribonucleic acid (RNA) extraction and real-time qPCR

Total cellular RNA was extracted using TRI reagent according to the manufacturer’s instruction
(MilliporeSigma cat#:T9424). 1 pg of total RNA was used to synthesize complementary DNA
(cDNA) with a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems cat#:
4368814). Genes of interest were amplified by PCR using PowerUp SYBR Green Master Mix
(Applied Biosystems cat#: A25742) on a QuantStudio 5 Real-Time PCR System (Thermo Fisher

Scientific cat#: A28140) and quantified applying the 22" method [435] using glyceraldehyde-
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3-phosphate dehydrogenase (GAPDH) for normalization. Primers used for real-time gPCR are

described [436-439] in Table 3.

Table 3. Primers used for real-time RT-PCR

Target gene Forward (5°- 3°) Reverse (5°- 3")
SCD ACGATATCTCTAGCTCCTATACC | GGCATCGTCTCCAACTTATC
GAPDH GTATGACAACAGCCTCAAGAT | GTCCTTCCACGATACCAAAG

XBP1 (splicing
CCTGGTTGCTGAAGAGGAGG CTCCAGAACTCCCCATGG
assay)

2.8 X-box binding protein 1 (XBP1) splicing assay

Synthesized cDNA as described above was used to measure levels of unspliced and spliced
XBP1 mRNA were measured by regular PCR performed with GoTaq Green Master Mix
(Promega cat#: M7123) on a T100 Thermo Cycler (Bio-Rad cat#: 186-1096). The primers
targeting the spliced XBP1 region (116bp) (Table 3) were designed according to a previous study
[440]. PCR products were resolved by 3.5% agarose (Invitrogen cat#: 16550100) gel
electrophoresis and visualized using GelGreen stain (Biotium cat#: 41005) on an ImageQuant
LAS 4000 machine (GE Healthcare). Densitometric analysis of product bands was performed
using the Gel Analyzer function in Fiji from National Institute of Health (NIH) [441]. For rare
XBP1 splicing event, unspliced and spliced XBP1 mRNA were PCR amplified for total 36

cycles and resolved by 6% agarose gel electrophoresis.
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2.9 Western blot

Cell lysates were prepared using Radio-immunoprecipitation assay (RIPA) buffer. Protein
concentrations were measured with the Bradford reagent (Bio-Rad Protein Assay, cat#: 5000006)
using bovine serum albumin (BSA) as standard. Protein lysates were denatured and 20 pg of
protein per sample were resolved by polyacrylamide-gel electrophoresis and then transferred to a
polyvinylidene difluoride (PVDF) membrane. The membrane was incubated with 5% milk and
then with primary antibody overnight at 4°C, followed by incubation with horseradish peroxidase
(HRP)-conjugated secondary antibody for 1hr at room temperature. Signal was developed using
SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific cat#:
34580) and captured with an ImageQuant LAS 4000 machine. To detect additional proteins,
membranes were treated with Restore Western Blot Stripping Buffer (Thermo Fisher Scientific
cat#: 21059), blocked, and then incubated with primary antibody. Antibodies against SCD
(ab19862, 1:1000) and ATF4 (ab184909, 1:1000) were purchased from Abcam. Antibodies
against PERK (3192, 1:1000), p-eIF2a (3597, 1:1000), elF2a (9722, 1:1000), CHOP (2895,
1:1000), caspase-3 (14220, 1:1000), and cleaved caspase-3 (9664, 1:1000) were from Cell
Signaling Technology. Antibody against GAPDH (H86504M, 1:20,000) was from Meridian Life
Science, Inc. Antibody against B-actin (A1978, 1:20,000) was from MilliporeSigma. GAPDH

and PB-actin were used as loading control.

2.10 Immunohistochemistry (IHC)

SCD protein was detected by IHC staining on ovarian cancer and fallopian tube paraffin-

embedded sections of a tissue array from the Cooperative Human Tissue Network (CHTN) and



85
one built by the Lurie Cancer Center Pathology Core. The OVCA2 Tissue microarray (TMA)
contains 12 cases of serous papillary carcinoma, 12 cases of clear cell carcinoma, 12 cases of
endometrioid adenocarcinoma and 12 cases of mucinous adenocarcinoma, 6 cases of serous
borderline tumor and 6 cases of mucinous borderline tumor. Non-malignant tissue types were
also included, namely 6 cases of proliferative endometrium, 6 cases of fallopian tube fimbriae, 6
cases of ovarian serous cystadenoma and 6 cases of ovarian mucinous cystadenoma. Each
specimen is represented by 4 replicate cores on the array. The Lurie Cancer Center Pathology
Core TMA contains 50 cases of high grade serous carcinoma, 3 cases of low grade serous
carcinoma, 2 cases of endometrium, 6 cases of endometrioid carcinoma, 13 cases of borderline
tumor, 1 case of benign tumor and 10 cases of fallopian tube epithelium. The array slide was
heated at 56°C for 30 minutes to melt the paraffin. Removal of paraffin was completed using
xylene and then sections were rehydrated by immersing the array in decreasing concentrations of
ethanol solutions. Heat-induced antigen retrieval was performed with 10mM sodium citrate
buffer (pH = 6.0) at 95°C for 30 min, followed by cool down at room temperature for 1 hour.
Sections were treated with 3% hydrogen peroxide for 15 minutes, washed with PBS, blocked
with 3% normal goat serum to decrease non-specific binding, and then incubated with anti-SCD
antibody (5ug/mL; ab19862, Abcam), overnight at 4°C. Mouse 1gG was used as negative control
(sc-2025, Santa Cruz Biotechnology) on an ovarian cancer xenograft run in parallel. Sections
were incubated with biotinylated secondary antibody for 15 minutes and then with streptavidin-
HRP of a Dako (K0675, Agilent Technologies) and continued with incubation with Dako DAB+
Substrate Chromogen System (K3467, Agilent Technologies) to generate colored signal.

Sections were counterstained with hematoxylin and imaged with a digital camera attached to a
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compound microscope. SCD staining was scored by a board-certified pathologist (JJW)
recording the level of staining intensity (0, 1+, 2+, or 3+) for each tumor section. Each tumor or
normal specimen was represented by 4 cores, the average of staining intensity for the 4 cores was

calculated for the analysis.

2.11 Metabolomics

OVCAR-5, SKOV-3 wildtype (WT) and cisplatin-resistant and PEO1 and PEO4 cells were
seeded at a density of 500,000 cells on a 10 cm dish, cultured in regular media for 72hrs. Cells
were quickly washed twice with 7mL ice cold normal saline solution with residual solution
completely aspirated. Plates were placed on dry ice and 1mL 80% (v/v) methanol pre-cooled to -
80°C was added to each plate to harvest the cell lysate with a cell lifter. Cell lysate was
transferred to 1.5mL conical tube and subject to three freeze-thaw cycles between liquid nitrogen
and 37°C with 30 seconds vortex after each thaw. Cells were spun down at 20,000 xg for 15
minutes at 4°C. Metabolite-containing supernatant was transferred to a new 1.5mL conical tube
and stored on dry ice until used for analysis at the Northwestern University Metabolomics Core

Facility.

2.12 Lipidomics

OVCAR-5 cells transduced with shRNA targeting SCD vs. control sShRNA cells were seeded at a
density of 400,000 cells on a 10 cm dish, cultured in regular media for 48h, and then in low
serum medium (1% FBS) for an additional 48 hours. Cells were washed twice with ice cold PBS,
harvested in 800 pL ice cold PBS and spun down at 1000 rpm at 4°C for 5min. Supernatants

were discarded and cell pellets were stored on dry ice until used for analysis at the Bindley
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Bioscience Center, Purdue University. Lipidomic analysis was performed using multiple reaction
monitoring (MRM) profiling which has been designed to provide rapid and comprehensive
analysis of several classes of lipids in biological samples [442]. The MRM Profiling method
workflow includes direct injection of diluted lipid extracts and the selection of signature
fragments of lipid classes in a triple quadrupole mass spectrometer. Briefly, lipids were extracted
using the Bligh & Dyer (1959) method [443]. Dried lipid extracts were diluted in the injection
solvent (acetonitrile/methanol/ammonium acetate 300mM 3:6.65:0.35 [v/v/v]) to obtain a stock
solution. The stock solution was further diluted into injection solvent spiked with 0.1 ng/uL of
EquiSPLASH LIPIDOMIX (Avanti Polar Lipids cat#: 330731) for sample injection. The MRM-
profiling methods and instrumentation used have been recently described in previous reports
[444-449]. Data acquisition was performed using flow-injection (no chromatographic separation)
from 8 uL of the diluted lipid extract stock solution delivered using a micro-autosampler
(G1377A) to the electrospray ionization (ESI) source of an Agilent 6410 triple quadrupole mass
spectrometer (Agilent Technologies, Santa Clara, CA, USA). A capillary pump was connected to
the autosampler and operated at a flow rate of 7 pL/min and pressure of 100bar. Capillary
voltage on the instrument was 5kV and the gas flow 5.1L/min at 300°C. The MS data obtained
from these methods was processed using an in-house script to obtain a list of MRM transitions
with their respective sum of absolute ion intensities over the acquisition time. For the reporting
of relative amounts using normalization by the internal standards, the amount of each fatty acid
was expressed as pg/1000 cells. For lipidomics profiling using the relative amounts, cells were
lysed in ultrapure water for lipid extraction. MetaboAnalystR 3.0 [450] was used to process mass
spectrometry peak intensity data for each lipid species. Data on the relative amounts from

different lipid classes were autoscaled to obtain a normal distribution, and evaluated by
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univariate analysis, principal component analysis (PCA), and cluster analysis/heatmap.
Informative lipids were analyzed according to class, fatty acyl residue chain unsaturation level

[451].
2.13 SRS imaging

Stimulated Raman scattering (SRS) imaging was performed to measure isotope labelled cellular
saturated/unsaturated fatty acids on a previously described lab-built system with a femtosecond
laser source operating at 80MHz (InSight DeepSee, Spectra-Physics, Santa Clara, CA, USA) [67,
452]. Briefly, the laser source provides two synchronized output beams, a tunable pump beam
ranging from 680 nm to 1300 nm and a fixed 1040 nm Stokes beam, modulated at 2.3MHz by an
acousto-optic modulator (1205-C, Isomet). SRS spectrum is obtained by controlling the temporal
delay of two chirped femtosecond pulse. A 12.7 cm long SF57 glass rod was used to chirp Stoke
path to compensate for its longer wavelength. After combination, the path of both beams was
further chirped by five 12.7 cm long SF57 glass rods before sent to a laser-scanning microscope.
A 60x water immersion objective (NA = 1.2, UPlanApo/IR, Olympus) was used to focus the
light on the sample, followed by signal collection via an oil condenser (NA = 1.4, U-AAC,
Olympus). For hyperspectral SRS (hSRS) imaging, a stack of 120 images was recorded at
various pump-Stokes temporal delay, implemented by tuning the optical path difference between
pump and Stokes beam through a translation delay stage. Pump beam was tuned to 798 nm for
imaging at the C-H vibration region (2800 ~ 3050 cm™), and to 850 nm for imaging at C-D
vibration region (2100 ~ 2300 cm™). The power of pump and Stokes beam before microscope
was 30mW and 200mW respectively. Raman shift was calibrated by standard samples, including

DMSO, DMSO-d6, palmitic acid-d31 (PA-d31) and oleic acid-d34 (OA-d34). Hyperspectral
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SRS images were analyzed using ImageJ and previously described pixel-wise least absolute
shrinkage and selection operator (LASSO) regression algorithm [453]. In brief, LASSO can
effectively decompose hSRS imaging into maps of different biomolecules by introducing a
sparsity constraint to suppress the crosstalk between different chemical maps. PA-d31 and OA-
d34 was used to provide reference spectrum of SFA and UFA respectively for LASSO unmixing

analysis.

To study cellular uptake of fatty acids by SRS microscopy, cells were seeded on 35 mm glass-
bottom dishes (Cellvis, D35-20-1.5-N) overnight, and then cultured in low serum medium for 24
hours, followed by treatment with 12.5 uM PA-d31 (Cambridge Isotope Lab) for 24 hours.
Rescue experiments were conducted by adding 52 uM oleic acid to the low serum medium
containing 12.5 uM PA-d31 or changing to full serum medium with 12.5 uM PA-d31. For
quantitative SRS imaging, cells were fixed with 10% neutral buffered formalin for 30 min

followed by 3 times of PBS wash.

2.14 Flow cytometry for lipid peroxidation

After treatment with CAY 10566 at the indicated concentrations, cells were stained with 5 uM
BODIPY 581/591 C11 (Thermo Fisher Scientific cat#: D3861) for 2 hours at 37°C. Cells were
then trypsinized and fixed at room temperature for 30 minutes. Flow cytometry analysis was
performed on a Fortessa analyzer with fluorescein isothiocyanate (FITC) channel for oxidized

BODIPY-C11 and PE-YG for reduced BODIPY-C11.
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2.15 Cell viability assay

OVCAR-5 WT cells were seeded at a density of 6,000 cells in a 96-well plate, cultured in regular
media for 48h, and then washed once with 1xPBS and switched to medium containing low
serum (1% FBS) and 21.6 nM CAY 10566, 25 uM Ferrostatin-1 and/or 25 uM Z-VAD-FMK for

an additional 72 hours. CCK-8 was used to determine cell viability after 72 hours.

2.16 FAO assay

FAO was measured using Fatty Acid Oxidation Assay kit (Abcam cat#: ab217602) following the
provided protocol. Briefly, cells were seeded in 96-well plate with 150k cells/well. After
incubation overnight, medium was replaced. 10 uL Extracellular O, consumption reagent and 2
drops of high sensitivity mineral oil (pre-heated at 37°C) were added to each well. Fluorescence
was measured in plate reader at 2min intervals for 180min at excitation/emission = 380/650 nm.
Etomoxir was added at final concentration of 40 uM to block FAO. Oxygen consumption rate
(OCR) is presented as Aforescence intensiy/min/cell and FAO rate is calculated as OCRgao =

OCRotal — OCREwomoxir- At least three replicates were included for each measurement.

2.17 Measurement of OCR and extracellular acidification rate (ECAR) by Seahorse

Cell lines were seeded in a Seahorse XF96 Cell Culture Microplate (Agilent cat#: 101085-004)
at density of 60,000 (OVCAR-5 WT/cisR pair) or 40,000 (PEO1/4 pair) cells per well. After
incubation at 37°C overnight for cell attachment, OCR and ECAR were measured via Seahorse
XFe96 Analyzer (Agilent). Measurement time was 30 seconds following 3 minutes mixture and

30 seconds waiting time. First three cycles were used for basal respiration measurement. Effects
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of 4 uM oligomycin, 4 uM carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), 25
UM rotenone, 50 uM antimycin A, 26.4 uM cisplatin, or 40 uM etomoxir on OC cells OCR and
ECAR were measured. Basal respiration, ATP production and maximal respiration reduction

were calculated following the manufacturer’s instructions.
2.18 Xenograft experiments

Athymic nude mice (strain: Foxn1™), 6-8 weeks old, were obtained from Envigo (Indianapolis,
IN, USA). OVCAR-5 cells, untransformed, or cells stably transduced with shRNAs targeting
SCD or control shRNA were injected intraperitoneally (i.p., 5 million cells) into the mice to
induce tumors. Mice were euthanized 28 days after injection of cells to evaluate tumor growth
and abdominal ascites. To determine the effects of a palmitic acid-enriched diet and SCD
inhibitor combination, athymic nude mice were randomized to be fed with a palmitic acid-
enriched or a control diet beginning one week before i.p. injection of OVCAR-5 cells, and
continued for the duration of the experiment (28 days). Mice were treated i.p. with the SCD
inhibitor CAY10566 (8 mg/kg body weight) or diluent (10% DMSO, 40% PEG300, 5% Tween-
80, 45% saline), every other day during weekdays. The contents of palmitic acid in the palmitic
acid-enriched diet and control were 30% and 11.7% of the total fatty acids, respectively. The
levels of total fat (58g/kg) were the same, and levels of saturated fat, monounsaturated fat,
polyunsaturated fat, stearic acid, and oleic acid were similar (< 2% difference) between the

palmitic acid-enriched and control diets. The diets were custom-made by Teklad (Envigo).

A subcutaneous tumor xenograft mouse model was also used to determine the effect of SCD KD

on tumor development. For this, mice were injected with 2x10° OVCAR-3 cells stably
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transduced with shRNAs targeting SCD or control ShRNA resuspended in 1/1 mix of RPMI 1640
basal medium and Matrigel (Corning cat#: 356234). Tumor length (L), width (W) and height (H)
were measured every three days with digital calipers. Tumor volume was calculated using the

formulaV =L x H x W/2.

2.19 RNA sequencing (RNA-seq)

RNA-sequencing was performed as described previously [436, 437]. RNA was extracted using
TRI reagent. Genomic DNA was removed from 1 ug total RNA with an RNeasy MinElute
Cleanup Kit (QIAGEN cat#: 74204). Thereafter, mMRNA was isolated from total RNA using a
NEBNext Poly(A) mRNA Magnetic Isolation Module (New England Biolabs cat#: E7490S).
This was followed by first strand cDNA synthesis, second strand cDNA synthesis, adaptor
ligation, PCR enrichment, and purification for RNA-seq library preparation (New England
Biolabs cat#: E7770S). RNA-seq library quality was determined with a BioAnalyzer. RNA-seq
libraries were sequenced on an Illumina NextSeq 500 machine producing single-end reads with
75bp read length. lllumina software called bcl2fastq (v2.17.1.14) was used to convert base call
files (*.bcl) to FASTQ format (*.fastq) with the following parameters: -r 4 -d 3 -p 8 -w 4. Raw
RNA-seq reads were aligned to the human reference genome GRCh38 ENSEMBL release 91
[454] using STAR (v2.5.2) [455] and SAMtools (v1.6) [456]. Mapped reads were then counted
using HTSeq (Anaconda v3.6) [457]. Differentially expressed genes (DEGS) between
experimental groups were determined and false discovery rate (FDR) corrected for multiple
hypothesis testing with the edgeR package [458] in R. Pathway analysis based on the DEGs was

performed using Ingenuity Pathway Analysis (IPA) software (QIAGEN). Normalized counts for
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all genes and all biological replicates were exported from R and subject to Gene Set Enrichment

Analysis [459] and Gene Ontology analysis using clusterProfiler [460].

2.20 The Genotype-Tissue Expression (GTEXx) and The Cancer Genome Atlas (TCGA)

ovarian cancer RNA-seq data analysis

Recomputed RNA-Seq by Expectation-Maximization (RSEM) expected counts of fallopian tube
samples (GTEx) and primary tumor samples from TCGA ovarian cancer patients were
downloaded from University of California Santa Cruz (UCSC) Xena Browser. Expression of
SCD (Ensembl ID: ENSG00000099194) was extracted from matrix of all genes and Student’s t
test was performed on log2 transformed RSEM expected counts between fallopian tube samples

and primary tumor samples.

2.21 Cancer Dependency Map data analysis

Dependency score data from clustered regularly interspaced short palindromic repeats (CRISPR)
screening in cancer cell lines was downloaded from Depmap Portal [461]. Ovarian cancer cell
lines were selected and Pearson correlation score was calculated between SCD and

transcriptional regulators identified from IPA (Qiagen).

2.22 Microarray gene expression analysis

SCD expression levels among different ovarian cancer subtypes (clear cell, endometrioid,
mucinous, serous, serous-low malignant potential) and assessed by microarray hybridization and
deposited on the Ovarian cancer database of Cancer Science Institute Singapore (CSIOVDB)

website [462] was analyzed by using the Mann-Whitney U test.
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2.23 Patient Survival Analysis

Progression-free survival (PFS) for women with high grade serous, stages I11-1V ovarian cancer
in the TCGA database was analyzed using Kaplan-Meier Plotter online tool. In total data from

1001 patients were analyzed and dichotomized into two groups: high and low expression.

2.24 Apoptosis assay by IncuCyte imaging

OVCAR-5 cells were seeded on 96-well plates at 500 per well and cultured in an IncuCyte S3
live-cell analysis system. Serum was reduced in the medium to 1% FBS, and Annexin V Green
Dye (Sartorius cat#: 4642) was added for detection of apoptotic cells under different
experimental conditions. Bright field and green fluorescence were captured for four wells and
five images per well at three-hour intervals during a 72hr evaluation period. Cell confluence
were calculated on the images and expressed as apoptotic cells (green cells vs total cells under

bright field).

2.25 Transmission Electron Microscopy

Cells were seeded at a density of 32,000 on glass bottom dishes (Cellvis cat#: D35-14-1.5-N)
and cultured in regular medium for 48 hours. Culture conditions were changed to low serum
medium (1% FBS) for an additional 48 hours. Cells were rinsed twice with PBS and fixed with
0.1M sodium cacodylate buffer, pH 7.3, containing 2% paraformaldehyde and 2.5%
glutaraldehyde. Cells were post-fixed with 2% osmium tetroxide in unbuffered aqueous solution
followed by rinsing with distilled water. Subsequently, cells were en-bloc stained with 3% uranyl

acetate and rinsed with distilled water. Finally, cells were dehydrated in ascending grades of
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ethanol, transitioned with 1:1 mixture of ethanol and resin, and embedded in resin mixture of
EMbed 812 Kit (Electron Microscopy Sciences cat#: 14120), cured in a 60°C oven. Samples
were sectioned on a Leica Ultracut UC6 ultramicrotome. Sections (70 nm) were collected on
200mesh copper grids and post stained with 3% uranyl acetate and Reynolds lead citrate.
Electron microscopic images were captured on a FEI Tecnai Spirit G2 transmission electron

microscope.

2.26 Statistical Analyses

Data were analyzed by two-tailed Student t test or non-parametric U test when necessary. Two-
way ANOVA was used for the analyses of the in vivo experiment with CAY 10566 and palmitic
acid-enriched diet. IHC staining analysis employed the Fisher exact test to compare the groups.
Tumor weights and volumes from the subcutaneous mouse xenograft experiment were log
transformed as paired samples before statistical analysis. P < 0.05 was considered statistically
significant. All statistical analyses except for RNA-seq and lipidomics were performed using

GraphPad Prism v8.0.

2.27 Rigor and Reproducibility

All experiments were performed for at least 3 biological replicates except for western blot
measurements of SCD protein levels in immortalized fallopian tube luminal epithelial cells (FT-
190), immortalized ovarian surface epithelial (IOSE) and eleven ovarian cancer cell lines and
XBP1 splicing and western blot of proteins of the PERK/elF2a/ATF4 axis in shCtrl and shSCD
OVCAR-5 cells cultured under low serum conditions and treated with 50 uM PA for different

time points. Appropriate statistical analysis was applied to determine the significance of the



96
results. Conclusions were drawn from adequate repetition of experiments and from different
observations. Materials and methods have been written in sufficient detail in order for my lab
members and researchers in the scientific community to repeat my experiments. Work that was
done or helped by others have been attributed in the Acknowledgement section as well as in the
figure legends. Permissions for reproducing contents of my own published articles were stated in
the Acknowledgement section. Cell lines, mouse models, primary patient tumors and reagents

were authenticated by external entities and notated.
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This section is largely adapted from Ovarian cancer cell fate regulation by the dynamics between
saturated and unsaturated fatty acids published in Proceedings of the National Academy of

Sciences of the United States of America.

3.1 SCD is highly expressed in OC cell lines and tumors

SCD expression was assessed by using representative cancer cell lines, human OC specimens
included in two tissue microarrays (TMAs), and RNA sequencing data from human specimens
profiled by TCGA [463] and the GTEX Project. SCD expression was significantly higher in
HGSOC profiled by the TCGA (n = 427) compared to normal fallopian tube epithelium (FTE, n
=5, Fig. 3-1 A, left panel) and normal ovarian tissue (n = 93, Figure 3-1 A, right panel). Further,
SCD was highly expressed in OC cell lines as compared to immortalized fallopian tube epithelial
(FT-190) cells and immortalized ovarian surface epithelial (IOSE) cells at both mRNA and
protein levels (Figure 3-1 B and C). IHC analysis demonstrated significant upregulation of SCD
in HGSOC tumors (n = 62) vs. fallopian tube epithelium (FTE) (n = 15), with 46 of 62 tumors
displaying intense staining vs. FTE (Figure 3-1 D, p = 0.0016). Other histological subtypes of
OC also displayed increased SCD expression compared to FTE (p = 0.0027), while non-
malignant ovarian tumors (borderline tumors and cystadenoma) did not overexpress SCD (Table
4). Additionally, analysis of mRNA expression data from a publicly available dataset
(CSIOVDB [462]) showed a significant difference in SCD expression levels between all and
each histological subtype of OC vs. low malignant ovarian tumors, (Figure 3-1 E and Table 5),

further supporting the significance of SCD in OC.
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Figure 3-1 SCD is highly expressed in ovarian cancer.

(A) SCD expression from RNA-seq data in fallopian tube (left) and normal ovary tissue (right)
compared to ovarian cancer tumors in patients from the UCSC Xena Browser. Expression is
shown as RSEM expected counts. Russell Keathley helped with data retrieval. (B, C) gRT-PCR
analysis of SCD expression (mean £ SD, n = 3) (B), and western blot measurements of SCD
protein levels (C) in immortalized fallopian tube luminal epithelial cells (FT-190), immortalized
ovarian surface epithelial (IOSE) and eleven ovarian cancer cell lines. (D) Representative images
of IHC staining for SCD under 20X magnification in fallopian tube fimbriae (left panel),
HGSOC specimens (middle panels). Negative control (IgG) is shown in right panel (tumor

tissue). Scale bar corresponds to 50 um. Dr. Jian-Jun Wei helped with image acquisition and
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scoring. (E) SCD expression levels among clear cell (n = 146), endometrioid (n = 185),
mucinous (n = 78) and high grade serous (n = 2433) ovarian cancer as compared to low
malignant potential serous ovarian tumors (n = 106). Y axis presents relative SCD mRNA
expression levels. Dr. Sandra Orsulic helped with data retrieval. ** p < 0.01, *** p < 0.001, ****

p < 0.0001.

Table 4. Summary of SCD immunohistochemistry staining in gynecologic tissue (graded

from 0 to 3+)

Tissue type Total Number of | Number of | P

number  of | samples  with | samples  with | value®

samples score <=1 score >1
Fallopian tube fimbriae 15 11 4 NA
Serous papillary carcinoma 62 16 46 0.0016
All ovarian cancers (serous, | 101 31 70 0.0027
endometrioid, mucinous, clear
cell)
All non-malignant ovarian tumors | 33 21 12 0.7422

(serous cystadenoma and

borderline tumors)

"Statistical significance was calculated by using the Fisher’s exact test comparing each group

with the control (fallopian tube fimbriae)
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Table 5. Expression of SCD in different histologic subtypes of ovarian cancer compared to

low malignant potential serous ovarian tumors

Mann-Whitney U | Clear Endometrioid | Mucinous | Serous | Serous- Rest
Test Cell LMP
Clear Cell 6.96e-01 1.67e-02 | 1.54e- | 4.25e-09 8.63e-
01 02
Endometrioid 1.99e-02 | 2.38e- | 2.04e-10 1.29e-
01 01
Mucinous 6.86e- | 8.72e-04 8.56e-
02 02
Serous 7.76e-11 5.17e-
02
Serous-LMP 3.35e-
11

Data were obtained from the CSIOVDB: a microarray gene expression database of ovarian

cancer subtype [462].

3.2 SCD knockdown in OC cells

For functional studies, two shRNA sequences targeting SCD (shSCD-1 and shSCD-2) or control
SshRNA (shCtrl) were stably transduced in OVCAR-5, OVCAR-8, OVCAR-3 and PEO1 cells.

SCD knockdown (KD) was verified by quantitative PCR and western blotting (Figure 3-2).
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Figure 3-2 SCD is knocked down in ovarian cancer cell lines.

(A-D) SCD expression measured by gRT-PCR (mean £ SD, n = 3) and western blot in OVCAR-
5 (A), OVCAR-3 (B), OVAR-8 (C) and PEO1 (D) cells transduced with shRNAs (1 or 2)

targeting SCD (shSCD), or control shRNA (shCtrl). ** p < 0.01, *** p <0.001, **** p < 0.0001.

3.3 SCD regulates the balance between SFAs and UFAs in OC cells

Lipidomics and isotopic hSRS assessed the abundance of SFAs and UFAs in OC cells
transduced with shRNA targeting SCD vs. control shRNA and cultured under low serum
conditions to limit the impact of exogenous lipid uptake. A significant reduction in UFAs
(palmitoleic and oleic acids), but no difference in abundance of SFAs (palmitic and stearic acids,

Figure 3-3 A) were recorded in cells transduced with shRNA targeting SCD vs. control sShRNA.
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Further, isotopic hSRS imaging compared the levels of UFAs converted from newly imported
SFAs in shSCD vs shCtrl transduced cells (Figure 3-3 B and C). After being maintained in low
serum medium for 24 hours, cells were cultured with deuterated SFA (PA-d31) for 24 hours. The
C-D bond signal, corresponding to UFAs was measured by hSRS imaging (Figure 3-3 C), and
intracellular deuterated SFA and UFA levels were distinguished through a LASSO unmixing
analysis using the distinctive Raman spectra of PA-d31 and OA-d34, as reference for SFA and
UFA respectively (Figure 3-3 B). Images and quantitative analyses of UFA levels and UFA/SFA
ratio (Figure 3-3 D) show that cells in which SCD was knocked down contain significantly less
deuterated UFA synthesized from newly imported PA-d31, indicating diminished efficiency of

converting SFA to UFA in cells depleted of SCD compared to controls.
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Figure 3-3 SCD is associated with increased levels of free unsaturated fatty acids.

(A) Lipidomics analysis of PA (16:0), palmitoleic acid (16:1), stearic acid (18:0), and OA (18:1)
in shCtrl and shSCD OVCAR-5 cells cultured in medium containing low serum (1% FBS) for 48

hours (means £ SD, n = 4). (B) Representative SRS images in C-H and C-D regions, and LASSO
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mappings of saturated fatty acid (SFA) and unsaturated fatty acids (UFA) in shSCD vs shCtrl
OVCAR-5 cells treated with 12.5 uM PA-d31 and cultured in low serum conditions. Scale bar:
10 pm. (C) Normalized SRS spectra of OA-d34 and PA-d31 (PA-d31) as reference spectrum of
UFA and SFA respectively for LASSO analysis. (D) Quantitative analysis of LASSO mapped
UFA and ratio between UFA and SFA in shSCD vs shCtrl OVCAR-5 cells. Each data point
represents quantitative result from a single cell (n = 12-14). Yuying Tan helped with image

acquisition and data analysis. * p < 0.05, *** p < 0.001, **** p < 0.0001.

To understand which lipid species were most affected by the decrease of UFAs caused by SCD
depletion, lipidomics by MRM profiling [442] measured the abundance of phosphatidylcholines
(PC), phosphatidylethanolamine (PE), sphingomyelin (SM), and triglycerides (TAGS) in
OVCAR-5 cells stably transduced with control or shRNA targeting SCD and cultured under low
serum conditions for 48 hours. After data normalization, PCA confirmed the separation of the
two groups (i.e. shCtrl and shSCD) and heatmaps for each lipid species generated by using
unsupervised hierarchical clustering demonstrated separation and clustering of the two groups
(Figure 3-4, Figure 3-5, Figure 3-6, and Figure 3-7). The most affected (fold-change) lipid
species by SCD depletion were PC and SM, followed by triacylglycerol (TAG) and PE (Figure
3-8 A). A deeper examination of each lipid class revealed that both PC and SM phospholipids
with 1° plasticity (one or two carbon-carbon double bonds within the fatty acid tail) [464] were
significantly less abundant in shSCD compared with shCtrl transduced cells (p < 0.0001, Figure
3-8 B). Further, a significant reduction of 16:1 or 18:1 fatty acyl chains integrated TAGs was

observed in OC cells stably transduced with shRNA targeting SCD compared to cells transduced
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with control shRNA (p = 0.0382, Figure 3-8 C). Combined, the lipidomics analyses coupled with
hSRS imaging demonstrate that cells depleted of this key desaturase, contain less abundant

UFAs, and less plastic lipid species, particularly PC and SM.
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Figure 3-4 Quality control of lipidomics analysis of phosphatidylcholine & sphingomyelin

lipids.

(A-C) Normalization plot, principal component analysis and hierarchical clustering of
phosphatidylcholine & sphingomyelin lipids from lipidomics profiling of shCtrl and shSCD

OVCAR-5 cells cultured under low serum condition for 48 hours.
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(A-C) Normalization plot, principal component analysis and hierarchical clustering of
phosphatidylethanolamine lipids from lipidomics profiling of shCtrl and shSCD OVCAR-5 cells

cultured under low serum condition for 48 hours.
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Figure 3-6 Quality control of lipidomics analysis of triacylglycerols 1.
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(A-C) Normalization plot, principal component analysis and hierarchical clustering of
triacylglycerols 1 from lipidomics profiling of shCtrl and shSCD OVCAR-5 cells cultured under

low serum condition for 48 hours.
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(A-C) Normalization plot, principal component analysis and hierarchical clustering of
triacylglycerols 2 from lipidomics profiling of shCtrl and shSCD OVCAR-5 cells cultured under

low serum condition for 48 hours.
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Figure 3-8 Global and lipid species-specific changes in ovarian cancer cells when restricting

monounsaturated fatty acids.

(A) Volcano plot of changes in phosphatidylcholine and sphingomyelin (PC & SM, green),
phosphatidylethanolamine (PE, blue) and triacylglycerol (TAG, red) relative peak intensities
measured by lipidomics profiling analysis in shSCD vs shCtrl OVCAR-5 cells cultured in low
serum conditions for 48 hours. (B) Normalized peak intensities of phosphatidylcholine (PC)
lipids with differing fatty chain plasticity (0°, no carbon-carbon double bond; 1°, 1 or 2 carbon-
carbon double bonds; 2°, more than 2 carbon-carbon double bonds) in shSCD vs shCitrl
OVCAR-5 cells. ShSCD cells have significantly fewer 1° PC lipids than shCtrl cells whereas no
difference was observed for 0° or 2° PC lipids. (C) Fold change of triacylglycerol (TAG) lipids

containing 16:0 or 18:0 fatty acyl chains integration and 16:1 or 18:1 fatty acyl chains integration
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determined by lipidomics profiling analysis in shSCD vs shCtrl OVCAR-5 cells. * p < 0.05,

sk 1) < 0.0001.

3.4 SCD knock down triggers ER stress response

To further understand the global effects of UFA restriction in OC cells, RNA-seq compared the
transcriptomic profiles of cells transduced with shRNA targeting SCD or control shRNA.
Quality control of RNA-sequencing is included in Figure 3-9. Cells were cultured under low
serum conditions for 48 hours. There were 1513 DEGs (FDR < 0.05), of which 707 were
upregulated and 806 downregulated between OVCAR-5 cells stably transduced with control or
shRNA targeting SCD (Figure 3-10 A). Gene Ontology analysis of significantly upregulated
genes revealed that the ER stress response was the top affected pathway by SCD KD (Figure
3-10 B). Gene Set Enrichment Analysis (GSEA) of all genes also indicated that ER stress
response gene sets (Hallmark Unfolded Protein Response; Reactome IREla Activities
Chaperones, Reactome PERK Regulates Gene Expression, Reactome ATF4 Activities Genes in
Response to Endoplasmic Reticulum Stress) were upregulated in cancer cells in which SCD was
knocked down (Figure 3-10 C). Several genes (DNA damage-inducible transcript 3 (DDIT3),
activating transcription factor 3 (ATF3), protein phosphatase 1 regulatory subunit 15A
(PPP1R15A), CCAAT enhancer binding protein beta (CEBPB)) involved in ER stress response
are highlighted in the volcano plot depicting DEGs between SCD KD and control cells (Figure
3-10 A). Furthermore, upstream regulator analysis performed with IPA software identified

several transcription factors (activating transcription factor 4 (ATF4), DDIT3, Nuclear protein 1,
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transcriptional regulator (NUPR1)) involved in the ER stress response pathway among the top
ones predicted to be activated in OC cells transduced with shRNA targeting SCD vs control cells
(Figure 3-10 D). A heatmap including significant genes in the ER stress response pathway (n =
64 genes) illustrates clear differences in expression levels for these transcripts between cells in

which SCD was knocked down vs. control cells (Figure 3-10 E).
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Figure 3-9 Quality control of RNA-seq analysis.

Quality control of RNA-seq analysis of shCtrl and shSCD OVCAR-5 cells cultured under low

serum condition for 48 hours.
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Figure 3-10 Restricting monounsaturated fatty acids activates the endoplasmic reticulum

stress response pathway.

(A) Volcano plot of changes in gene expression measured by RNA-seq in shSCD vs shCtrl
OVCAR-5 cells. Red dots represent upregulated genes and blue dots, downregulated genes.
Genes of the ER stress response pathway are indicated by lines. (B) Dot plot of the top 15
enriched Gene Ontology terms identified by analysis of upregulated genes (RNA-seq) in shSCD
vs shCtrl OVCAR-5 cells. Dot size corresponds to ratio of genes on the pathway vs total number
of upregulated genes. Background color corresponds to FDR q value. (C) Enrichment plots
generated by Gene Set Enrichment Analysis of gene expression (RNA-seq normalized counts) in
OVCAR-5 shSCD vs shCtrl using Hallmark and C2 gene sets from Molecular Signatures
Database. (D) Top ten significant upstream regulators identified by Ingenuity Pathway Analysis
using DEGs from RNA-seq analysis of OVCAR-5 shSCD vs shCtrl cells. Transcription factors
involved in the ER stress response pathway are in bold characters. (E) Heatmap of expression
(RNA-seq normalized counts) and supervised hierarchical clustering of significant genes of the

ER stress response pathway in shCtrl and shSCD OVCAR-5 cells (n = 3).

Further, exploration of the transcriptomic dataset associated with the Cancer Dependence Map
[461] and Cancer Cell Line Encyclopedia [465] shows that dependency score of key
transcription regulators in the ER stress response pathway such as ATF4 and DDIT3 were
positively correlated with that of SCD (r = 0.3117 and 0.3878 respectively, Figure 3-11 A and B),

indicating that OC cells that are highly dependent on SCD also have higher dependency on
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ATF4/DDIT3. Additionally, expression levels of several important ER stress response genes
(insulin like growth factor binding protein 1 (IGFBP1), endoplasmic reticulum to nucleus
signaling 1 (ERN1), thioredoxin interacting protein (TXNIP), nucleic acid binding protein 1
(NABP1)) were negatively correlated with SCD (Figure 3-11 C-F), corroborating the association

between SCD and ER stress response found through transcriptomic analysis.
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(A, B) Pearson correlation analysis of dependency scores of SCD, ATF4 (A), and DDIT3 (B) in
ovarian cancer cell lines (n = 46 cell lines). (C-F) Pearson correlation analysis between mRNA
expression of SCD with IGFBP1 (C), ERN1 (D), TXNIP (E), and NABP1 (F) in ovarian cancer

cell lines (n = 64 cell lines).

3.5 Excess SFAs caused by depletion or pharmacological inhibition of SCD induces ER

stress

To further investigate how the imbalance between SFAs and UFAs caused by SCD depletion or
inhibition in cancer cells activates the ER stress responses, we next evaluated the two key
sensing mechanisms of this pathway: activation of endoribonuclease inositol-requiring enzyme
la (IREla) and protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK). ER-
spanning transmembrane domain of IREla and PERK are critical sensors of the levels of lipid
saturation in the cell and activate the ER stress response [466]. IRE1a causes splicing of the X-
box-binding protein 1 (XBP1) mRNA which leads to a spliced form (XBP1s) with potent
transcriptional activity [467]. PERK autophosphorylates itself upon ER stress and then
phosphorylates the eukaryotic translation initiation factor 2a (elF2a) to halt translation of
proteins [468]. Translation of ATF4 mRNA, due to its unique 5’ untranslated region (5 UTR)

sequence, is upregulated upon phosphorylation of elF2a [469].

XBP1 splicing was assessed in OVCAR-5 cells stably transduced with shRNA targeting SCD or
control ShRNA or in cells treated with the SCD inhibitor, CAY10566. Increased baseline XBP1s

levels were noted in OVCAR-5 and OVCAR-8 cells transduced with shRNA targeting SCD vs
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control and cultured in low serum medium or in 10% lipid depleted serum for 48 hours (Figure
3-12 A-C). XBP1 splicing was also increased in OVCAR-5 and OVCAR-8 cells transduced with
shRNA targeting SCD vs control even under full serum conditions, but to a lesser degree (Figure
3-12 D and E). Additionally, activation of PERK/ C/EBP homologous protein (CHOP) was

detected in shSCD vs shCtrl stably transduced OVCAR-8 cells (Figure 3-12 F) under low serum

conditions.
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Figure 3-12 The IRE10/XBP1 axis of the ER stress response pathway are activated in

ovarian cancer cells under restricted availability of unsaturated fatty acid.
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(A, B) XBP1 splicing (u, unspliced transcript; s, spliced transcript) measured by RT-PCR and
agarose-gel electrophoresis in OVCAR-5 (A) and OVCAR-8 (B) cells transduced with control
ShRNA (shCtrl) or shRNAs (1 or 2) targeting SCD (shSCD) and cultured in low serum
conditions (1% FBS) for 48 hours. Densitometric analysis of XBP1 splicing products shown in
left panel. Bars represent percent of spliced XBP1 relative to total XBP1 (mean £ SD, n = 3). (C)
XBP1 splicing (u, unspliced transcript; s, spliced transcript) measured by RT-PCR and agarose
gel electrophoresis in OVCAR-5 cells transduced with control shRNA (shCtrl) or shRNAs (1 or
2) targeting SCD (shSCD), cultured in medium containing 10% lipid depleted FBS, and treated
with indicated doses of OA for 48 hours. (D, E) XBP1 splicing (u, unspliced transcript; s, spliced
transcript) measured by RT-PCR and agarose-gel electrophoresis in OVCAR-5 (D) and
OVCAR-8 (E) cells transduced with control shRNA (shCtrl) or shRNAs (1 or 2) targeting SCD
(shSCD) and cultured in full serum conditions for 48 hours. Densitometric analysis of XBP1
splicing products is shown on the right. Bars represent percent of spliced XBP1 (mean = SD, n =
3). (F) Western blot of SCD and proteins of the PERK/elF2a/ATF4 axis in OVCAR-8 shCtrl and
shSCD cells cultured in low serum medium for 48 hours. * p < 0.05, *** p < 0.001, **** p <

0.0001.

Likewise, a dose-dependent increase in XBP1s levels was observed in OVCAR-5 cells treated
with CAY10566 under low serum conditions (Figure 3-13 A and B), in 10% lipid depleted serum
(Figure 3-13 C) and in full serum (Figure 3-13 D). Having hypothesized that the major trigger of
ER stress induced by SCD depletion is the excess of SFAs, XBP1 splicing and activation of

PERK/elF2a/ATF4 were measured in OC cells in which SCD was either knocked down or
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pharmacologically inhibited in the presence of exogenously added SFA (palmitic acid, PA). We
chose a concentration of PA (50 uM) equivalent to that found in media supplemented by 10%
FBS [434]. Further, as the consequences of ER stress depend on both the length of exposure to
cellular stress and the severity of the stress [470], time-dependency was assessed along both the
IRE1o/XBP1 and the PERK/elF2a/ATF4 axes in OC cells supplemented with PA. The XBP1
splicing signal was increased in OC cells in which SCD was knocked down compared with
control cells after supplementation with 50 uM of PA, peaking at approximately 8-12 hours and
diminishing at 24 hours (Figure 3-13 E). Likewise, western blotting analysis of the
PERK/eIF2a/ATF4 axis showed increased phosphorylation levels of elF2a in OC cells in which
SCD was knocked down, starting 2 hours after addition of PA and peaking at 8-12 hours (Figure
3-13 F). The downstream transcription factors ATF4 and CHOP were upregulated starting 4

hours after addition of PA and remaining persistently high up to 24 hours.
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Figure 3-13 The IRE10/XBP1 and PERK/elF2a/ATF4 axes of the ER stress response

pathway are activated in ovarian cancer cells under restricted availability of unsaturated

fatty acid
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(A) XBP1 splicing (u, unspliced transcript; s, spliced transcript) in OVCAR-5 cells cultured in
low serum conditions and treated with SCD inhibitor CAY 10566 for 48 hours. (B) Percent of
spliced XBP1 isoform measured by densitometric analysis of PCR products shown in C (mean +
SD, n = 3). (C) XBP1 splicing (u, unspliced transcript; s, spliced transcript) in OVCAR-5 cells
cultured in medium containing 10% lipid depleted FBS and treated with 21.6 nM CAY10566
and indicated doses of OA for 48 hours. (D) XBP1 splicing (u, unspliced transcript; s, spliced
transcript) in OVCAR-5 cells cultured in full serum conditions and treated with SCD inhibitor
CAY10566 for 48 hours. (E, F) XBP1 splicing (u, unspliced transcript; s, spliced transcript) (E),
and western blot of proteins of the PERK/eIF2a/ATF4 axis (F) in shCtrl and shSCD OVCAR-5
cells cultured under low serum conditions and treated with 50 uM PA for the time periods

indicated. ** p < 0.01, *** p < 0.001, **** p <0.0001.

To confirm these observations in human specimens, we used primary tumor cells dissociated
from freshly obtained HGSOC tumors (Table 6). Treatment with CAY10566 induced XBP1
splicing in primary HGSOC cells and the XBP1s levels were further augmented by addition of

PA (Figure 3-14).

Table 6. Information for the ovarian cancer tumors used in this study

Patient ID | Final pathology report Tumor origin

81 high grade serous carcinoma (stage I11C) | omentum

83 high grade serous carcinoma (stage I11C) | ovary
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Figure 3-14 The IRE1a/XBP1 axis of the ER stress response pathway is activated in
primary tumor cells isolated from ovarian cancer patients under restricted availability of

unsaturated fatty acid.

XBP1 splicing (u, unspliced transcript; s, spliced transcript) in primary cells from tumors of three
ovarian cancer patients cultured in low serum conditions and treated with 3 uM CAY10566

(SCD inhibitor) for 48 hours, or with 1 uM CAY 10566 and 50 uM palmitic acid for 12 hours.

Next, to visualize the status of the ER under these conditions, hSRS imaging was performed after
treating OVCAR-5 cells stably transduced with control or shRNA targeting SCD with PA-d31
under low serum condition (Figure 3-15 A). Most of OVCAR-5 shCtrl cells displayed C-D
signal derived from PA-d31 in lipid droplet (LD) (depicted as a dot, gray arrow), while a
considerable portion of OVCAR-5 shSCD cells displayed the C-D signal on rigid ER (shown as
a linear structure, yellow arrow), consistent with an ER stress related morphology [471]. Both

cell lines contained a small portion of cells harboring detectable C-D signal all over the
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cytoplasm (Figure 3-15 A, blue arrow). After PA-d31 treatment alone under low serum
conditions, the cell population with rigid ER structures represented the major population of
OVCAR-5 shSCD cells, while the cell population with detectable C-D signal in LD was the
majority in OVCAR-5 shCtrl cells (Figure 3-15 A and B). Rescue treatment with UFA (OA or
full serum medium) led to the disappearance of rigid ER and increased PA-d31 accumulation in
lipid droplets for both shSCD and shCtrl OC cells (Figure 3-15 A and B), suggesting that
supplementation with UFAs can rescue SFA-induced ER stress and facilitate SFA storage in LD.
These data support that the balance of intracellular SFA and UFA is essential to prevent ER

stress.

Further, examination of OVCAR-5 cells stably transduced with control or ShRNA targeting SCD
cultured in low serum medium for 48 hours by using transmission electron microscopy (TEM)
demonstrated smooth ER membrane disorganization and irregular and compromised smooth ER
structure in OVCAR-5 shSCD cells compared to shCtrl cells (Figure 3-15 C), confirming the

biochemical and hSRS imaging results.
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Figure 3-15 Visualization of the ER stress response pathway in ovarian cancer cells at

cellular and subcellular level under restricted availability of unsaturated fatty acid.

(A) Representative SRS images in the C-H and C-D regions of OVCAR-5 shCtrl and shSCD
cells cultured in low serum conditions (1% FBS) and treated with 12.5 uM PA-d31, with or
without 52 uM OA, or cultured in medium with full serum (10% FBS) and treated with PA-d31
for 24 hr. Yellow arrows indicate rigid ER, gray arrows indicate lipid droplet (LD), and blue

arrows indicate cytoplasm. Scale bar: 20 um. (B) Percentages of shCtrl and shSCD OVCAR-5
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cells treated as described in (A) showing C-D SRS signal mainly in rigid ER, lipid droplet (LD),
and cytoplasm (n = 139-191). Yuying Tan helped with image acquisition and data analysis. (C)
TEM imaging of smooth ER (donut shaped, red arrows; ski board shaped, blue arrows) in
OVCAR-5 shCtrl vs shSCD cells cultured in low serum conditions for 48 hours. Other

organelles are highlighted (M, mitochondria; N, nucleus; NL, nucleolus). **** p < 0.0001.

3.6 UFAs prevent ER stress in OC cells

To exclude the contribution of potential desaturase-independent functions of SCD to the
induction of ER stress in OC cells, we examined whether the effects of SCD depletion or
inhibition could be rescued by OA, its main enzymatic product. Supplementation with OA
reversed XBP1 splicing in OVCAR-5 cells in which SCD was knocked down (Figure 3-12 C and
Figure 3-16 A), as well as in OVCAR-5 cells depleted of SCD and treated with PA (Figure 3-16
B). Likewise, supplementation with OA reduced the up-regulation of ATF4 and CHOP along the
PERK/elF2a/ATF4 axis observed in OVCAR-5 cells stably transduced with shRNA targeting
SCD and maintained under low serum conditions (Figure 3-16 C and D). Similar rescue effects
of OA on XBP1 splicing were observed in OVCAR-8 and PEOL cells stably transduced with

SshRNA targeting SCD (Figure 3-16 E and F).
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Figure 3-16 SCD knockdown and saturated fatty acid-induced ER stress response is

reversed by exogenous oleic acid.
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(A, B) XBP1 splicing (u, unspliced transcript; s, spliced transcript) measured by RT-PCR and

agarose gel electrophoresis in OVCAR-5 cells transduced with control shRNA (shCtrl) or

SshRNAs (1 or 2) targeting SCD (shSCD), cultured in medium containing low serum, and treated

with indicated doses of OA for 48 hours (A), or with 50 uM PA and indicated doses of OA for
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12 hours (B). (C, D) Western blot of SCD and proteins of the PERK/eIF20/ATF4 axis in shCtrl
and shSCD cells cultured in low serum medium, and treated with different doses of OA for 48
hours (C), or with 50 uM PA and indicated doses of OA for 12 hours (D). (E) XBP1 splicing (u,
unspliced transcript; s, spliced transcript) measured by RT-PCR and agarose gel electrophoresis
in OVCAR-8 cells transduced with control sShRNA (shCtrl) or shRNAs (1 or 2) targeting SCD
(shSCD), cultured in medium containing low serum, and treated with indicated doses of oleic
acid for 48 hours. (F) XBP1 splicing (u, unspliced transcript; s, spliced transcript) measured by
RT-PCR and agarose gel electrophoresis in PEO1 cells transduced with control shRNA (shCtrl)
or shRNAs (1 or 2) targeting SCD (shSCD), cultured in medium containing low serum, and

treated with 50 uM palmitic acid and indicated doses of oleic acid for 12 hours.

Likewise, supplementation with OA reduced XBP1s levels in OVCAR-5 cells treated with
CAY10566 (Figure 3-13 C and Figure 3-17 A), as well as XBP1s levels in cells treated with
CAY10566 and PA (Figure 3-17 B). OA also reduced the upregulation of ATF4 and CHOP
induced by the SCD inhibitor in OVCAR-5 cells maintained under low serum conditions (Figure

3-17 C) or in cells treated with 50 uM PA (Figure 3-17 D).
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Figure 3-17 SCD inhibition and saturated fatty acid-induced ER stress response is reversed

by exogenous oleic acid.

(A, B) XBP1 splicing (u, unspliced transcript; s, spliced transcript) in OVCAR-5 cells cultured in
medium containing low serum and treated with 21.6 nM CAY10566 and indicated doses of OA
for 48 hours (A), or with 8.1 nM CAY 10566, 50 uM PA and indicated doses of OA for 12 hours
(B). (C) Proteins of the PERK/elF2a/ATF4 pathway measured by western blot in OVCAR-5
cells treated as described in (A). (D) Western blot of proteins of the PERK/eIF20/ATF4 pathway

in OVCAR-5 cells treated as described in (B). Arrows indicate the band of interest.

Lastly, to test the sufficiency of SCD in regulating ER stress triggered by an imbalance of SFA

and UFA in OC cells, the enzyme was overexpressed in OVCAR-5 cells. Increased SCD mRNA
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and protein levels were observed in cells stably transfected with pLenti-SCD compared to
pLenti-Ctrl (Figure 3-18 A and B). XBP1 splicing induced by addition of PA in control cells was
significantly reduced by SCD overexpression (Figure 3-18 C and D, p = 0.0277). Collectively,
our data support the significance of the balance between SFAs and UFAs regulated by SCD in

fine tuning the functions of the ER, likely mediated through direct effects on the ER membrane.
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Figure 3-18 Saturated fatty acid-induced ER stress response is reversed by SCD

OVGFGXpFE‘SSiOﬂ.

(A, B) Verification of SCD overexpression by gRT-PCR (A) and western blotting (B) in
OVCAR-5 cells transduced with a SCD expression vector (pLenti-SCD). Cells transduced with
empty vector (pLenti-Ctrl) served as control. Bars represent means + SD, n = 3. (K) XBP1
splicing (u, unspliced transcript; s, spliced transcript) in pLenti-SCD vs pLenti-Ctrl cells cultured

in low serum conditions and treated with 50 uM PA for 12 hours. (L) Percent of spliced isoform
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(mean £ SD, n = 3) calculated by densitometric analysis of PCR products shown in (K). *** p <

0.001.

3.7 SCD depletion or inhibition induces apoptosis of OC cells

It is accepted that long-term exposure to mild ER stress or short-term exposure to severe ER
stress leads to CHOP-mediated apoptosis [470]. We therefore hypothesized that OC cells
depleted of SCD and cultured under low serum conditions over long period of time would
undergo apoptosis. IncuCyte imaging examining Annexin V staining showed increased
percentage of apoptotic cells among OVCAR-5 SCD KD cells cultured in low serum medium
compared with control cells. Supplementation with OA rescued the phenotype (Figure 3-19 A).
Further, addition of PA (50 uM) induced early onset of apoptosis in shSCD cells as compared to
shCtrl cells, and supplementation with OA reversed the phenotype (Figure 3-19 B). Likewise,
CAY10566 induced apoptosis in OVCAR-5 cells; while OA supplementation blocked this effect
(Figure 3-19 C). Addition of PA to CAY10566 caused earlier onset of apoptosis (less than 24
hours) and augmented cell death (Figure 3-19 D), while OA rescued the phenotype (Figure 3-19

D).
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Figure 3-19 Apoptosis induced by SCD inhibition, or treatment with PA, is attenuated by

exogenous oleic acid.

(A-B) Time-lapse imaging of Annexin V staining (bright field signal as inset) to measure

apoptosis in OVCAR-5 cells transduced with control shRNA (shCtrl) or shRNA targeting SCD

(shSCD), cultured in low serum conditions, and treated with 52 uM OA (A), or with 50 uM PA

alone or in combination with 52 uM OA (B). (C-D) Time-lapse of Annexin V imaging (bright

field signal as inset) to measure apoptosis in OVCAR-5 cells cultured in low serum conditions

and treated with 21.6 nM CAY10566, 52 uM OA or combination (C), or with 8.1 nM

CAY10566, 50 uM PA, 52 uM OA, or combinations (D). Values in panels A-D are means + SD,

n=6.*p<0.01, ***p<0.001, **** p <0.0001.
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To confirm the apoptosis phenotype, we examined cleaved caspase-3 levels. Increased caspase-3
cleavage was observed in OVCAR-5 shSCD compared to shCtrl cells (Figure 3-20 A) and this
was reversed by OA (Figure 3-20 A). Caspase-3 cleavage was also induced by CAY10566,

augmented by addition of PA and rescued by repletion of OA (Figure 3-20 B).
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Figure 3-20 Cleavage of Caspase 3 induced by SCD inhibition, or treatment with PA, is

attenuated by exogenous oleic acid.

(A) Western blot of full-length and cleaved caspase-3 in shSCD vs shCtrl cells cultured under
low serum medium and treated with 50 uM PA and indicated doses of OA for 12 hours. (B)
Western blot of full-length and cleaved caspase-3 in OVCAR-5 cells cultured in low serum

medium and treated with 8.1 nM CAY 10566, 50 uM PA and indicated doses of OA for 12 hours.

As the numbers of apoptotic cells appeared insufficient to explain the decreased numbers of
surviving cells (insets Figure 3-19 A and C) and SCD inhibition had been shown to induce non-
apoptotic cell death through ferroptosis [298], we examined whether SCD depletion or blockade

could promote cell death through a combination of apoptosis and ferroptosis. C11 BODIPY
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staining measured lipid peroxidation in cells in which SCD was knocked down or inhibited by
CAY10566. A clear peak shift in the oxidized lipid channel was observed after SCD knockdown
or inhibition (Figure 3-21 A), supporting induction of ferroptosis. Cell viability inhibited by
CAY10566 was not rescued by either a caspase 3 inhibitor (Z-VAD-FMK) or by ferrostatin-1
(ferroptosis inhibitor) alone, but was blocked by the combination of Z-VAD-FMK) and
ferrostatin-1 (Figure 3-21 B). Together these data support that decreased UFAs induced by SCD

blockade or depletion blocks cell survival through both apoptosis and non-apoptotic cell death.
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Figure 3-21 Concurrent onsets of apoptosis and ferroptosis in ovarian cancer cells upon

SCD inhibition.

(A) Histogram of oxidized BODIPY 581/591 C11 dye in OVCAR-5 cells transduced with
control shRNA (shCtrl) or shRNAs (1 or 2) targeting SCD (shSCD), cultured in medium

containing low serum for 48 hours or in OVCAR-5 cells cultured in low serum conditions and
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treated with different concentrations of CAY 10566 (SCD inhibitor) for 48 hours. Dr. Yinu Wang
helped with flow cytometry analyzer setup and data visualization. (B) Cell viability measured by
CCK-8 in OVCAR-5 cells cultured in low serum conditions (1% FBS) and treated with 21.6 nM
CAY10566, 25 uM Ferrostatin-1 and/or 25 uM Z-VAD-FMK for an additional 72 hours. *** p <

0.001.

Lastly, to test the sufficiency of SCD to this phenotype, OVCAR-5 cells in which SCD was
overexpressed (pLenti-SCD) vs control cells (pLenti-Ctrl) were maintained under low serum and
treated with PA. The percentage of apoptotic cells was significantly reduced in cells in which
SCD was overexpressed compared to controls (Figure 3-22), supporting that OC cells with
higher SCD expression could survive the stress induced by SFAs. Together, the data demonstrate
that the UFAs, the direct product of SCD, act as a buffer against SFAs, promoting the survival of

OC cells.
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Figure 3-22 Apoptosis induced by SCD inhibition, or treatment with PA, is attenuated by

SCD overexpression.
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Time-lapse of Annexin V imaging (bright field signal as inset) to determine apoptosis in
OVCAR-5 cells overexpressing SCD (pLenti-SCD) and control cells (pLenti-Ctrl), cultured in
medium containing low serum and treated with 50 uM PA. Values in are means = SD, n = 6.

sk 1) < 0.0001.

3.8 SCD depletion or inhibition suppresses tumor growth in vivo

Whether the observed effects of SCD on cancer cell survival impact tumor progression in vivo
remains unknown. Tumorigenicity of OC cells depleted of SCD was tested by using an
intraperitoneal (i.p.) xenograft model in athymic nude mice. SCD knockdown compared to
control OVCAR-5 cells led to significantly reduced tumor weight (234.3 mg vs. 360.1 mg, p =
0.0343) and tumor volume (209.2 mm?® vs. 404.8 mm® p = 0.0212; Figure 3-23 A and B),
although the numbers of peritoneal metastases (Figure 3-23 C, 208.8 vs. 217.3, p = 0.7602) and

ascites volume (Figure 3-23 D) were similar between groups.
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Figure 3-23 SCD knockdown inhibited growth of ovarian cancer intraperitoneal xenografts

in mice.

(A-D) Total tumor weight (A), total tumor volume (B), total number of metastases (C) and
ascites volume (D) in athymic nude mice intraperitoneally injected with OVCAR-5 cells
transduced with control shRNA (shCtrl) or shRNA targeting SCD (shSCD), and evaluated after
28 days (values are means = SE, n = 14 per group). Dr. Horacio Cardenas helped with cancer cell

injection and mouse dissection. * p < 0.05, ** p < 0.01.

SCD knock down was maintained in vivo, as demonstrated by qRT-PCR (Figure 3-24 A, p =
0.0015) and increased XBP1s levels were detected in xenografts derived from OVCAR-5-shSCD
compared to controls (Figure 3-24 B and C, p = 0.0018), supporting that an increased

susceptibility to ER stress is maintained in vivo in tumors depleted of the enzyme. Similar
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inhibitory effects on tumor growth were observed in a subcutaneous mouse xenograft model
derived from OVCAR-3 cells stably transduced with shRNA targeting SCD vs. shRNA control

(Figure 3-24 D and E).
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Figure 3-24 SCD knockdown induced XBP1 splicing in xenograft tumors and inhibited

growth of ovarian cancer subcutaneous xenografts in mice.

(A) gRT-PCR measurements of SCD expression (mean + SD, n = 6) in a random sample of
tumor xenografts described in (Fig. 3-23 A). (B, C) Agarose gel electrophoresis of XBP1
splicing products (u, unspliced transcript; s, spliced transcript) (B), and percent spliced XBP1
isoform estimated by image analysis of transcript bands (mean = SD, n = 6) (C) in a random
sample of tumor xenografts described in (Fig. 3-23 A). (D, E) Total tumor weight (D) and total
tumor volume (E) in athymic nude mice injected subcutaneously with OVCAR-3 cells

transduced with control shRNA (shCtrl) or shRNA targeting SCD (shSCD) (means + SE, n =7
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per group). Dr. Horacio Cardenas helped with cancer cell injection and mouse dissection. ** p <

0.01.

Interestingly, HGSOC patients with high (n = 590) vs. low (n = 411) SCD expressing tumors in
the TCGA database [472] had shorter progression free survival (PFS; Figure 3-25, p = 0.015),

supporting the potential functional relevance of SCD to OC progression.
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Figure 3-25 Survival of HGSOC patients with dichotomous SCD expression.

PFS Kaplan-Meier plot in HGSOC patients with high SCD (n = 590) vs low SCD (n = 411)

expression.

Our observations that ER stress and apoptosis are augmented in vitro by inhibition of the

desaturase coupled with an excess of SFAs led us to hypothesize that the effects of a
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pharmacological inhibitor targeting this pathway would be enhanced through dietary
modifications tilting the fatty acid (FA) balance towards increased saturation levels. To test this
hypothesis, we used an i.p. model fed a PA rich or control diet, and treatment with CAY 10566 or
diluent. While CAY10566 did not significantly alter the numbers of peritoneal metastases and
the ascites volume in mice fed a control diet (Figure 3-26 A and B), the inhibitor significantly
decreased both the ascites volume (p < 0.0001) as well as the numbers of metastases (p = 0.0003)
in mice fed PA rich diet (Figure 3-26 A and B). Interestingly, an unanticipated, but significant
increase in ascites volume was observed in the group receiving the SFA rich diet compared with
the control diet (Figure 3-26 A, p = 0.0252). No significant differences were observed in total
tumor weights and total tumor volumes (Figure 3-26 C and D). XBP1s levels were not
significantly different in tumors derived from mice fed the control diet and treated with vehicle
vs CAY10566 (Figure 3-26 E and F, p = 0.6370), but were significantly increased in tumors
derived from mice fed PA rich diet and treated with CAY 10566 vs. control (Figure 3-26 G and H,
p = 0.0369). The data support that SCD inhibition or depletion exerts anti-tumorigenic effects

through an ER stress-dependent mechanism caused by decreased levels of lipid desaturation.



143

A B
[
5 & 200q
= I * :" ** T * Vehicle § * % e Vehicle
E 44 . + CAY10566 S 1504 — 1 CAY10566
® . .
Ea{ ° .E LL IO
[ 2 100
; 2+ A g . .
L . 4 . g 504 i *
< . Adh o i
0 1 A% T m_ }9 0 T T
Control Diet PA Diet Control Diet PA Diet
c D
— 10004 1000+
3 * \ehicle E * Vehicle
= 8001 . 4 CAY10566 5 8001 e 4 CAY10566
[=)]
T 600 R S 600 s .
*® [ [<] . a
5 . a Ak > - Iy
£ 4004 A AL E 4004 A A
2 ® ®e < g . t
5__0\7 200 n n At ‘:rg 2004 |e® [%] . A‘
A
i G T T - 'E 0 T T =
Control Diet PA Diet Control Diet PA Diet
E F
DMSO + CAY10566 + ns
Control Diet Control Diet 25+ T 1
N L € 201 .
- e — —-_— e -
é 15+
GAPDH | v w wv - - - o - o B 104
o
a 5 -
@ o —
0 — [
+ % +'*55
jofa) 8o
23 83
Q<€ T e
8 58
G H
DMSO + CAY10566 + %
Palmitic Acid Diet Palmitic Acid Diet 20- [

-— - - -

XBP1 :g

-
T

=}
DMSO + PA Diet-‘}-‘ .

Spliced XBP1 (%)
o o
1
CAY10566 + PA Diet{ mum H—‘ L

Figure 3-26 SCD knockdown and palmitic acid rich diet inhibited growth of ovarian cancer

intraperitoneal xenografts in mice and induced XBP1 splicing in xenograft tumors.
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(A-D) Ascites volume (A), total number of metastases (B), total tumor weight (C) and total
tumor volume (D) in athymic nude mice intraperitoneally injected with OVCAR-5 cells, fed with
a PA-rich diet or control diet, and treated with SCD inhibitor CAY 10566 or vehicle for 28 days.
Values are means = SE, n = 10. Dr. Horacio Cardenas helped with cancer cell injection and
mouse dissection. (E-H) XBP1 splicing products (u, unspliced transcript; s, spliced transcript) (E,
G), and percent intensity of the spliced transcript estimated by image analysis (F, H) in a random
sample (n = 5) of tumor xenografts described in (F). Values are means £ SD. * p < 0.05, ** p <

0.01, **** p < 0.0001.

3.9 Increased FAO rate contributes to cisplatin resistance

Given the importance of metabolic reprogramming in ovarian cancer beyond Warburg effect
summarized in Section 1.1.4 and the role of fatty acid metabolism in drug resistance reviewed in
Section 1.2.2.6, and given that ovarian cancer stem cells are enriched in unsaturated fatty acids
[67], we hypothesized that fatty acid metabolism is involved in cisplatin resistance in ovarian
cancer. More recently, our lab has demonstrated that fatty acid uptake and storage were
significantly upregulated whereas glycolysis and de novo lipogenesis were significantly
downregulated in cisplatin-resistant than sensitive ovarian cancer cells [62]. We sought to
investigate if FAO serves as a major source of energy production during the development of
cisplatin resistance. We have developed multiple pairs of cisplatin-sensitive and -resistant
ovarian cancer cells (Section 2.3) in vitro by repeated cycles of cisplatin treatment and recovery

in wildtype (WT)/parental ovarian cancer cells.
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To characterize FAO in parental and resistant ovarian cancer cells, we measured cellular OCR.
OVCAR-5 cisplatinR cells bore significantly faster oxygen consumption than OVCAR-5 WT
cells (Figure 3-27 A and D, p = 0.00044). To verify that the observed oxygen consumption arises
from FAO, we used etomoxir, an inhibitor of CPT1A that transports FA into mitochondria for
FAO. Etomoxir treatment did not alter oxygen consumption in OVCAR-5 WT cells (Figure 3-27
B); however, it significantly reduced oxygen consumption in OVCAR-5 cisplatinR cells (Figure

3-27 Cand D, p = 0.041).
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Figure 3-27 Fatty acid contributes to cisplatin resistance via increasing FAO.

(A) Oxygen consumption curves of OVCAR-5 and OVCAR-5 cisplatinR over 3 hours. (B, C)

Oxygen consumption curves of OVCAR-5 (B) and OVCAR-5 cisplatinR (C) with 40 uM
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etomoxir treatment over 3 hours. Values are means = SD, n = 4. (D) Quantification of OCR for
OVCAR-5 and OVCAR-5 cisplatinR cells treated with (n = 4) or without (n = 6) etomoxir (40
uM) measured by the Fatty Acid Oxidation Assay kit (Abcam). Yuying Tan helped with

experimental setup and data acquisition. * p < 0.05, *** p < 0.001.

Additionally, FAO was characterized by Seahorse FAO assay to assess the changes in
mitochondrial respiration upon etomoxir treatment. OVCAR-5 cisplatinR cells demonstrated an
overall higher OCR than the parental cells and a clear reduction of OCR after treatment with
etomoxir (Figure 3-28 A). In contrast, OCR of OVCAR-5 WT cells was less sensitive to
etomoxir treatment. Basal respiration, ATP production and maximal respiration were
significantly increased upon etomoxir treatment in OVCAR-5 cisplatinR cells than those in
OVCAR-5 WT cells, indicating a significantly upregulated FAO in resistant cells (Figure 3-28 B,
p =0.0021, 0.018 and 0.0046). Further, Seahorse measurement of OCR in PEO1 and PEO4 cells
corroborates a significant increase of FAO rate in PEO4 cells compared to PEOL1 cells (Figure
3-28 C, p = 8.9x10™). Together, these data support significant increase of FAO in cisplatin-

resistant cells.
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Figure 3-28 Fatty acid contributes to cisplatin resistance by increasing mitochondrial

respiration.

(A) Seahorse XF Analyzer measured OCR profile of OVCAR-5 and OVCAR-5 cisplatinR cells
with or without etomoxir treatment, followed by injections of mitochondrial respiration
inhibitors oligomycin, FCCP, rotenone and antimycin A indicated by arrows. n = 3 technical
replicates. (B) Quantified etomoxir-induced basal respiration, ATP production and maximal
respiration reduction in OVCAR-5 and OVCAR-5 cisplatinR cells. Data are presented as means
+ SD, n = 3 technical replicates. (C) Quantification of OCR for PEO1 and PEO4 cells measured
by Seahorse XF Analyzer. Data are presented as means + SD, n = 6 technical replicates. Yuying

Tan helped with experimental setup and data acquisition. *** p < 0.001.
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To further explore the possibility of increased FAO contributing to cisplatin resistance, we
studied cell viability in response to different doses of etomoxir in cisplatin-resistant and -
sensitive cells. We observed a higher sensitivity to etomoxir treatment in cisplatin-resistant cells
as compared to the sensitive cells, in PEO1 and PEO4 cells (Figure 3-29 A), OVCAR-5 and
OVCAR-5 cisplatinR cells (Figure 3-29 B), and COV362 and COV362 cisplatinR cells (Figure
3-29 C). This result implies a higher dependence on FAO in cisplatin-resistant cells.
Subsequently, we investigated if etomoxir treatment could re-sensitize the resistant cells to
cisplatin treatment. Indeed, we observed a significant shift in the dose-response curve to cisplatin
upon etomoxir treatment in PEO4 (Figure 3-29 D), OVCAR-5 cisplatinR (Figure 3-29 E), and
COV362 cisplatinR cells (Figure 3-29 F), indicating a potential synergy between etomoxir and

platinum drug in treating chemo-resistant OC tumors.
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Figure 3-29 Cisplatin-resistant cells are sensitive to FAO inhibition.
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(A-C) Dose-response to etomoxir for cisplatin resistant cell lines and their parental cell lines
including PEO1 and PEO4 (A), OVCAR-5 and OVCAR-5 cisplatinR (B) and COV362 and
COV362 cisplatinR (C). (D-F) Dose-response to cisplatin with or without supplemental etomoxir
treatment at 40 uM for PEO4 (D), OVCAR-5 cisplatinR (E) and COV362 cisplatinR (F) cells.

Yuying Tan helped with experimental setup and data acquisition.

3.10 Altered pyrimidine metabolism contributes to cisplatin resistance

A recent paper from Sarah-Maria Fendt and Peter Carmeliet laboratories found that in
endothelial cells carbon atoms from fatty acid contributed to de novo DNA synthesis [473]. The
authors revealed that carbon atoms from fatty acids participated in tricarboxylic acid (TCA)
cycle and TCA cycle-derived metabolites including citrate, a-ketoglutarate, fumarate, malate and
amino acids including aspartate, proline, glutamate and asparagine through FAO. Nevertheless,
CPT1A KD did not alter intracellular levels of all amino acids or de novo protein synthesis or
RNA synthesis. Interestingly, isotope-labelled carbon of palmitic acid was incorporated into
uridine monophosphate (UMP) and uridine triphosphate (UTP), a precursor for de novo DNA
synthesis. Furthermore, exogenous treatment of acetate could completely restore the levels of
pyrimidine. Given the relationship between FAO and pyrimidine synthesis and the roles of DNA
synthesis in cisplatin-induced DNA repair and potential involvement in the development of
resistance to cisplatin in cancer cells [474, 475], we hypothesized that pyrimidine synthesis was
significantly altered in cisplatin-resistant ovarian cancer cells as compared to sensitive cancer

cells.



150
We performed metabolomic profiling (hydrophilic panel) of paired cisplatin-sensitive and -
resistant ovarian cancer cells. There were 23 differential metabolites (FDR < 0.05), of which 21
were upregulated and 2 downregulated between OVCAR-5 and OVCAR-5 cisplatinR cells. For
SKOV-3 and SKOV-3 cisplatinR cells, there were 32 differential metabolites (FDR < 0.05), of
which 22 were upregulated and 10 downregulated. For PEO1 and PEO4 cells, there were 90
differential metabolites (FDR < 0.05), of which 62 were upregulated and 28 downregulated.
Pathway analysis of significant metabolites revealed that pyrimidine metabolism is universally
significantly altered in OVCAR-5 vs. OVCAR-5 cisplatinR, SKOV-3 vs. SKOV-3 cisplatinR

and PEO1 vs. PEO4 cells (Table 7).

Table 7. Pathway analysis for metabolomic profiling of OVCAR-5 vs. OVCAR-5 cisplatinR,

SKOV-3 vs. SKOV-3 cisplatinR and PEOL1 vs. PEO4 cells

OVCAR-5 vs. OVCAR-5 cisplatinR

Name of pathway Total Expected | Hits | P value | FDR
metabolites

Pyrimidine metabolism 60 0.37391 |6 7.84e-07 | 6.27e-05

D-Arginine and D-ornithine 8 0.049855 | 1 0.04885 |1

metabolism

Arginine and proline metabolism 77 0.47985 |2 0.081065 | 1

Tryptophan metabolism 79 0.49231 |2 0.084753 | 1

Purine metabolism 92 0.57333 |2 0.10995 |1

SKOV-3 vs. SKOV-3 cisplatinR




151

Name of pathway Total Expected | Hits | P value | FDR
metabolites

Pyrimidine metabolism 60 0.64811 |8 1.02e-07 | 8.15e-06

Alanine, aspartate and glutamate 24 0.25924 |3 0.001949 | 0.067852

metabolism

Purine metabolism 92 0.99377 |5 0.002544 | 0.067852

Arginine and proline metabolism 77 0.83174 |4 0.008476 | 0.16952

Pentose phosphate pathway 32 0.34566 |2 0.04564 | 0.73024

PEO1 vs. PEO4

Name of pathway Total Expected | Hits | P value | FDR
metabolites

Alanine, aspartate and glutamate 24 0.70794 |9 9.29e-09 | 7.43e-07

metabolism

Pyrimidine metabolism 60 1.7698 12 | 7.68e-08 | 3.07e-06

Aminoacyl-tRNA biosynthesis 75 2.2123 12 | 1.01e-06 | 2.11e-05

Nitrogen metabolism 39 1.1504 9 1.06e-06 | 2.11e-05

Purine metabolism 92 2.7138 13 | 1.49e-06 | 2.39%e-05

Our observations demonstrate that platinum-resistant cells undergo complex metabolic

reprogramming. These processes entail changes in choice of nutrients, alternative paths towards

energy production, and source of molecules for biosynthesis of the DNA. Some of the features
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we discovered during acquisition of platinum-resistance provide directions for future

investigation.
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Chapter 4 : Conclusion, Discussion and Future Directions
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Our data based on transcriptomic and lipidomic analyses, SRS and TEM imaging demonstrate
that the imbalance between SFAs and UFAs caused by depletion or inhibition of the enzyme
SCD has a key function in determining cancer cell survival or death and impacts tumor
progression in vivo. These findings hone on a largely understudied metabolic process in cancer
cells and suggest the possibility of using an intervention combining an SCD enzymatic inhibitor
together with a dietary intervention to increase levels of lipid saturation in cancer cells and

trigger a potent anti-tumor effect.

Additionally, we unveiled that platinum-resistant ovarian cancer cells undergo metabolic
reprogramming and become more dependent on FAO for energy production and its end product

for participation into de novo DNA synthesis in the acquisition of platinum resistance.

Our findings have several important consequences.

4.1 Lipid unsaturation in cancer

The role of SCD and lipid unsaturation in cancer patient survival and prognosis has been
extensively documented in epidemiological studies of various cancer types [476-490]. Our
results point to the significance of the process of lipid unsaturation in cancer. Lipid synthesis
includes the synthesis of FA from acetyl-coA mediated by FASN and ACSL, followed by
addition of double carbon bonds catalyzed by FA desaturases. Among the three desaturases, A9
(stearoyl-CoA desaturase-1, SCD) catalyzes the synthesis of monounsaturated fatty acids by
adding one double bond to saturated fatty acids (mostly stearic acid), while the A6 and A5
desaturases are involved predominantly in the synthesis of polyunsaturated fatty acids [491]. The

current study builds on our previous observations that highly tumorigenic ovarian CSCs are



155
enriched in UFAs, caused by SCD upregulation, which in turn, induce pro-survival NF-xB
signaling allowing CSCs to proliferate as spheres and effectively initiate tumors in
immunodeficient mice [67]. Here we show that beyond the previously observed effects on CSCs,
SCD knockdown, and to a lesser extent its inhibition, induces anti-tumor effects in i.p.
xenografts. The intracellular free fatty acids levels of palmitoleic acid and oleic acid were 4.0
fold and 2.4 fold less when cells were depleted of SCD and cultured in low serum condition. The
culturing condition adapted here [434] closely mimics the last step of the metastatic progression
of solid tumors: colonization at secondary tumor sites where nutritional conditions are different
and supply is not optimal. It is possible that the observed repression of tumor growth is due to
reduced intracellular lipid unsaturation in cancer cells when they arrive and establish new

colonies at the secondary tumor sites.

A limitation of the study is that using low serum (1% FBS) culturing medium as performed in
many experiments might introduce some potential confounding factors. It is known that serum
contains a multitude of proteins, organic compounds, metal ions, hormones and fatty acids.
Lowering the serum percentage by 10 fold not only reduced fatty acids in the medium but also
all other components, including growth factors. For example, insulin and insulin-like growth
factors were identified as a risk factor in ovarian cancer [492]. Admittedly, certain patients or
ovarian cancer cell lines might be more sensitive and hence responsive to insulin level in the
serum as compared to others, leading to inconclusive or discrepant findings. In this sense, using
serum that is specifically depleted of free fatty acids would be a better approach to this question.
To mitigate this limitation, we performed several control experiments using lipid depleted serum

and replicated key findings under these conditions.
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Overexpression of ACSL and SCD leading to increased UFA levels was described in association
with epithelial to mesenchymal transition and aggressive clinical prognosis in colon cancer, and
SCD upregulation was observed in basal type breast cancer and aggressive prostate cancer [165,
167]. In renal cell carcinoma, triacylglycerols stored in lipid droplets could release OA and
counter the stress induced by SFAs [107]. Depletion of OA (but not of PA) inhibited the
proliferation of AML and lymphoma cells [172]. Moreover, inhibition of SREBF1 uncoupled
fatty acid synthesis from fatty acid desaturation primarily due to the transcriptional repression of
SCD through SREBF1 [493]. The consequent imbalance between saturated fatty acids and
unsaturated fatty acids could be reversed by addition of oleic acid. However, it remains not clear
how the balance between UFAs and SFAs alter cancer predisposition or cancer progression, a
concept we addressed here. Due to the clinical and anatomical behavior of ovarian cancer, we
used the intraperitoneal mouse xenograft model [494]. Our results indicate that SCD KD
significantly decreased tumor burden in intraperitoneal mouse xenograft. More recently, a study
found that polyunsaturated ether phospholipids were critical in the induction of ferroptosis, non-
apoptotic cell death [495]. This finding implies that certain polyunsaturated fatty acid species are
not pro-survival and further studies of lipid unsaturation in cancer are needed. Taken together,
our findings suggest that imbalance of saturated/unsaturated fatty acids is important for tumor

survival and proliferation.

4.2 Lipid unsaturation-dependent ER stress in tumorigenesis, stemness and metastasis

Our findings demonstrate that the imbalance between SFAs and UFAs impedes cancer cell
survival and in vivo tumor growth through induction of ER stress. We observed that two

branches of the ER stress response, regulated by the PERK and IREla were activated in
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response to SCD depletion or inhibition, and that this activation was augmented in the presence
of SFA supplementation and could be rescued by addition of UFAs. Our observations are
consistent with previous reports [145, 161, 391, 496-498]. More recent studies found that lipid
unsaturation is critical for cancer stem cell maintenance and tumor growth in hepatocellular
carcinoma with high N-MYC expression [499] and in glioblastoma stem cell and corresponding
mouse model [267] via regulation of ER stress. Interestingly, Xie et al. found that SCD inhibition
even phenocopied the suppression of IREla ribonuclease (RNase) activity [500]. Potze et al.
found that inhibition of SCD by betulinic acid specifically increased the saturation of cardiolipin,
major component of the mitochondrial inner membrane lipid, leading to damage of
mitochondrial membrane structure. Subsequently, cytochrome c was released to induce apoptosis
in cancer cells [501]. Similarly, Chen et al. revealed that SCD inhibition triggered biosynthesis
of ceramide in cancer cells, resulting in dysfunction of mitochondria and hence onset of
apoptosis [502]. Zheng et al. had similar observation on SCD inhibition-induced de novo
synthesis of ceramide and identified NF-xB as the underlying mechanism mediating subsequent
apoptosis [503]. On the other hand, one study found that inhibition of SCD in ovarian cancer
partially induced ferroptosis instead of apoptosis [298]. Mechanistically, upregulation of SCD
through hyperactivation of PISK/AKT/mMTOR signaling pathway produced more
monounsaturated fatty acids that protected multiple cancers from ferroptosis [504]. While a
definitive mechanistic explanation is still lacking, our hSRS and TEM imaging suggest that
increased levels of lipid unsaturation in cancer cells alter the morphology of the ER, causing

increased membrane rigidity and potentially direct activation of the sensor proteins.
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We speculate that SCD as the critical desaturase in ovarian cancer cells converts saturated fatty
acids into their monounsaturated counterparts that are universally pro-survival. Further down the
de novo synthesis pathway, polyunsaturated fatty acids are structurally more specialized and
could have distinctive functions depending on their engagement in different cellular processes. In
addition to their involvement in the context of cancer, lipid unsaturation and ER stress participate
in stem cell growth and survival. For instance, neural stem/progenitor cells are susceptible to
lipid accumulation and consequent ER stress [505]. PA treatment will induce ER stress and
apoptosis in human bone marrow-derived mesenchymal stem cells [506]. Interestingly, intestinal
stem cells with diacylglycerol O-acyltransferase 1 (DGATL1) deficiency undergo ER stress
induced by OA [507]. It is possible that cancer stem cells have unique molecular signatures that
make them favor unsaturated fatty acids whereas normal embryonic stem cells are generally

sensitive to lipid accumulation disregard of the unsaturation level.

The role of ER stress in tumor metastasis was recently discovered. Specifically, in orthotopic
xenografts of cervical cancer, hypoxia-triggered metastasis to lymph node was blocked by PERK
inhibition [508]. Another study however found that PERK/elF20/ATF4 axis of the ER stress
response is critical for epithelial-to-mesenchymal transition of breast cancer cells [509].
Importantly, PERK/elF20/ATF4 axis was implicated as a protective means that cells activate
during EMT. Given our observations on combination treatment with SCD inhibitor and palmitic
acid-enriched diet, we were able to conclude that prolonged severe ER stress inhibited metastasis
of ovarian cancer cells. Our study, together with previous reports, unravel the biphasic role of

PERK/elF2a/ATF4 axis of the ER stress response.
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4.3 Stimulated Raman Spectroscopic imaging and image analysis

A powerful tool that allowed us to quantify UFAs and SFAs at the single cell level in this study
was SRS microscopy, an innovative label-free chemical imaging technique which we have
previously employed to characterize metabolic reprograming from glycolysis to fatty acid uptake
and B-oxidation in platinum-resistant cancer cells [452], increased lipid desaturation in OCSCs
[67], and cholesteryl ester accumulation as a metabolic marker for multiple aggressive cancers
[510, 511]. Combined with post-processing methods such as least-square fitting, multivariate
curve resolution and phasor segmentation, hSRS can distinguish different intracellular
biomolecules such as protein and fatty acid [158, 512]. Here, SRS imaging visualized SFA-
induced ER stress in OC cells depleted of SCD and the rescue observed by manipulating the ratio
between SFAs and UFAs. We recognize that highly spatially overlapping biomolecules with
similar spectrum profile such as SFAs and UFAs are difficult to decompose by using
conventional analysis methods. We propose that pixel-wise LASSO unmixing can resolve such
shortcomings, enabling the simultaneous evaluation of multiple metabolites, facilitating better
assessment of cancer cell metabolism and metabolic changes in response to gene modification
and drug treatment. The innovative hSRS-LASSO imaging method utilized here provides a new

way to explore cancer lipid metabolism in deeper detail.

4.4 Customized diet in cancer treatment

The role of diet in cancer treatment has been studied for long time [513] with particular focus on
the Mediterranean diet [514] and the ketogenic diet [515]. The Mediterranean diet provides

ample antioxidants and anti-inflammatory nutrients from food. Conversely, the ketogenic diet
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manipulates the ratio among fat, carbohydrate and protein in the food so that fat serves as the
main source of energy during metabolism. The underlying concept of such diets is to alter
metabolite levels in the tumor microenvironment and create metabolic challenges for tumor cells
to survive. Till now, diet therapy remains speculative as adjuvant cancer therapy. A recent study
however found that caloric restriction diet downregulates SCD expression in pancreatic and lung
tumor in subcutaneous mouse xenograft model. As a result, the balance between saturated fatty
acids and unsaturated fatty acids was broken, leading to inhibited tumor growth [516]. The
authors also raised an important point that SCD inhibition induces cell death only when saturated
fatty acids accumulate. Their observations and speculations were corroborated by our in vitro
and in vivo experiments where prolonged exposure to SCD inhibition or short-term exposure to

SCD inhibition in the presence of extra palmitic acid induced apoptosis.

SCD expression and hence dynamics between saturated and unsaturated fatty acids is highly
regulated by diet and hormone levels [128, 517]. Early attempts to examine the relationship
between SCD and dietary fatty acid composition found that diet rich in saturated fatty acids
induces SCD expression [518], which is agrees with our observation that palmitic acid-rich diet
resulted in significantly higher ascites volume and number of metastases (Fig. 3-26 A-B). Park et
al. found that mice fed with diet containing Panicum miliaceum L. , basically whole grains,
demonstrated reduced lipid anabolism and ratio of unsaturated fatty acids to saturated fatty acids
but increased lipid catabolism [519]. Other recent studies combining intestinal-specific Scdl
knockout (KO) and customized diet showed upregulation of inflammation and fibrosis in liver of

Scdl KO mice. More importantly, intestinal-specific Scdl KO mice developed chemical-induced
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liver cancer [520] or colon cancer upon mutation of one allele of adenomatous polyposis coli

[521].

A more recent study from Benitah lab found that dietary palmitic acid possesses prometastatic
features in oral carcinoma and melanoma [228]. Specifically, in vitro palmitic acid treatment
could prime tumor cells for subsequent in vivo metastasis after withdrawal of palmitic acid in
advance. In another orthotopic mouse xenograft model, mice were fed with palmitic acid-rich
diet after tumor cell implantation and showed more metastatic tumor burden as compared to

those fed with control diet.

A starting point towards the investigation on how lipid unsaturation gauges ER stress, ER stress
response and metastasis is our attempt to combine SCD inhibition with a dietary intervention.
We demonstrate that this intervention resulting in accumulation of toxic SFAs has potent anti-
tumor effects (numbers of metastases and ascites) and induces ER stress responses detectable in
tumor tissue. Whether the effects of the combined intervention target peritoneal dissemination
more than tumor growth, as observed in experiments using SCD knockdown, remains to be

elucidated.

The intraperitoneal mouse xenograft model used in this study is appropriate for examining in
vivo tumor growth and progression. However, it is not the optimal mouse xenograft model to
investigate tumor metastasis, as we reported for which we observed reduced ascites volume and
number of metastases in our combination of SCD inhibitor and customized diet. The
intraperitoneal mouse xenograft model is representative of advanced stage ovarian cancer. In this

model injection of cancer cells in fact bypassed the intravasation, transport and extravasation
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steps during metastatic progression of solid tumors. To better define the effects of the
combination treatment on metastasis, we could utilize the intrabursal orthotopic mouse xenograft
model [522]. Essentially, cancer cells are injected into the ovary bursa which serves as a
containment for the cancer cells. Cancer cells later travel from the ovary to the peritoneal space
to establish their metastatic sites. The proposed combination treatment, as an alternative to
chemotherapy, could potentially restrict the cancer cells at the primary site for surgical debulking.
Yet, intrabursal injection possesses technical challenges as compared to intraperitoneal injection
such as potential leakage of cancer cells from ovary bursa during injection [523]. Additionally,
anatomically mouse ovary is separated from the peritoneal cavity by ovary bursa whereas human
ovary is located in peritoneal cavity without an ovary bursa, adding extra complexity to this
xenograft model and potential failure to observe metastasis due to the confinement by ovary
bursa [522]. The orthotopic model could be studied in the future for investigating the effects of

SCD inhibition on metastasis.

The putative role of diet in cancer treatment has remained a “holy grail” and is based on the
concept that altered metabolite levels in the tumor microenvironment could create metabolic
challenges impeding tumor cells’ survival. The role of saturated lipids in cancer remains
controversial, with the overwhelming belief that saturated fat is pro-tumorigenic. Indeed, a recent
study showed that dietary PA promoted metastasis in oral carcinoma and melanoma models
[228]. Consistent with these observations, we found that the PA-rich diet induced increased
accumulation of malignant ascites, the main vehicle of OC metastasis. However, the combination
of a PA-rich diet and CAY10566 caused a significant reduction in ascites and peritoneal implants.

Given the plasticity and redundancy of metabolic pathways, which have by and large thwarted



163
prior attempts to use metabolic interventions to target cancer, our results highlight the

importance of combination strategies.

Taken together our findings support SCD’s key role in regulating cancer cell fate and

tumorigenicity and point to new modalities to block OC progression.

4.5 Future directions

In 2015 Bowtell et al. wrote a comprehensive review on ovarian cancer pointing out some key
challenges faced by researchers and clinicians [1]. The first and foremost barrier remains
chemotherapy resistance which emerges after initial favorable response to treatment. Our
discovery of the metabolic reprogramming in platinum-resistant ovarian cancer cells, especially
fatty acid oxidation-mediated resistance to platinum opened up new areas for identification of
new drug targets in fatty acid oxidation pathways in addition to CPT1A combined with platinum-
based drugs for treatment. Furthermore, the metabolic index concept introduced in our recent
publication [2] provides an extra tool for predicting patient’s response to chemotherapy,
potentially serving as a new precision medicine tool in the near future. As a promising idea,
future endeavors could focus on the acceleration of the mapping of metabolic index for each

tumor biopsy from the patients.

Another critical factor is tumor microenvironment. Due to the symbiotic relationship between
ovarian cancer cells and adipocytes at metastatic sites, future therapeutic strategy could be
focused on how to halt the communications between cancer cells and adipocytes to disable fast
and adaptive colonization in the peritoneal space. Our mouse intraperitoneal xenograft

experiment with SCD inhibitor administration and customized palmitic acid-rich diet
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demonstrated the possibility of altering cancer cell fate by manipulating the dynamics between
SFAs and UFAs in the tumor microenvironment. Future applications of combination treatment
with targeted therapy and customized diet are one of the areas to explore in addition to dual drug

treatment to enhance cancer cell sensitivity to platinum drugs after tumor relapse.

The combination treatment of SCD inhibitor and customized diet could be too toxic systemically
while using SCD inhibitor alone would trigger ER stress response in the cancer cells. To
overcome the potential development of resistance to SCD inhibition from ER stress response,
key pro-survival molecules the in ER stress response such as IRE1la or splice XBP1 are good
drug targets in this scenario. An alternative combination treatment to be tested could be SCD
inhibitor and an inhibitor of the ER stress response. Most inhibitors targeting the IRE1o/XBP1
axis in the ER stress response are actually designed against IREla endoribonuclease activity
which might have off-target effect beyond shutting down ER stress response. There are ongoing
efforts to develop inhibitors of spliced XBP1 by utilizing the ubiquitin-proteasome system, i.e.
protein-targeting chimeric molecule (PROTACS) [3, 4]. Due to the nature of transcriptional
factors, design of small molecular inhibitors might be difficult and PROTAC-based repression of

spliced XBP1 can be used.

In addition to its role in the tumor, lipid metabolism is also essential to the immune system. For
example, de novo lipogenesis mediates differentiation of T effector cells [5]. Fatty acid
biosynthesis and B-oxidation regulates cluster of differentiation 8 (CD8)" T cell development and
normal function. Cell development decision between regulatory T cell vs. T helper cells from
cluster of differentiation 4 (CD4)" T effectors also depend on fatty acid biosynthesis and B-

oxidation. How the proposed combination treatment of SCD inhibitor and customized diet
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interferes with the immune system is worth future investigation. Leveraging immune competent
mice for studying the combination treatment after tumor implantation is necessary for evaluating

the treatment regimen further.

Apart from ovarian cancer, future approaches towards eradicating other cancers can be
envisioned from Hanahan and Weinberg’s summary of the newly emerging hallmarks of cancer.
Specifically, deregulating cellular energy is now being recognized as an emerging hallmark of
cancer [6]. Our combination treatment, when reflected on the hallmarks of cancer, is targeting
both deregulating cellular energy (SCD inhibitor) and resisting cell death (palmitic acid). A most
recent study from Zender and Dauch laboratories on liver cancer also demonstrated the synergy
between lipotoxiticy and SCD inhibition [524]. For developing future combination treatments, a
potential strategy is to find a synergy between blockers of two hallmarks of cancer. For different
cancers, the strategy and target hallmarks might be different and a scoring system could be

developed to assess the dependency on each hallmark.

We have taken a systematic and multidisciplinary approach towards understanding the role of
lipid unsaturation in ovarian cancer and metabolism in platinum resistance in ovarian cancer.
Lipid metabolism is an essential and key component of ovarian cancer tumor progression and
metastasis. Our findings contribute to future efforts towards developing targeted therapy against
lipid metabolism pathways. Mechanistic studies at the molecular and cellular level will unveil
the interaction between ovarian cancer cells, ovarian cancer stem cells and adipocytes during
metastasis and acquisition of platinum resistance to far greater detail and clarity, expanding our

knowledge of ovarian cancer.
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