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Abstract

Chemoresistance and metastatic potential of ovarian

cancer cells governed by the tumor microenvironment

Youngjin Han
Biomodulation, Department of Agricultural Biotechnology,
College of Agriculture and Life Sciences,

Seoul National University

Ovarian cancer is the most lethal type of gynecologic malignancy with high
rates of mortality. About 70% of patients diagnosed with the cancer show
recurrence of cancer despite the cytoreductive surgery and platinum-based
chemotherapy. This is mainly due to the highly metastatic capacity of ovarian
cancer and extrinsic mechanisms of chemoresistance exerted by extrinsic
factors known as the tumor microenvironment. In this series of studies on the
ovarian cancer tumor microenvironment, the effects of the tumor
microenvironmental factors (hypoxia, inflammation and malignant ascites)
affecting chemoresistance and metastatic potential were investigated.
Mitochondria are often referred to as the power plants of a cell. They are vital
organelles within a eukaryotic cell, constantly undergoing fission and fusion
processes in response to the external stimuli in the surrounding cues.
Dysregulation of mitochondrial fission and fusion processes has been shown to
be linked to onsets and the progression of many serious diseases such as
neurodegenerative diseases, cardiovascular diseases and cancer. Hypoxia is a
critical feature of the tumor microenvironment affecting cancer progression
through modulation of cancer hallmarks. Hypoxia stimulates the production of
reactive oxygen species (ROS), inducing changes in mitochondrial function,
metabolism and structures. In this study, we sought to investigate the effect of
hypoxia on mitochondrial dynamics of ovarian cancer cells. We investigated

alterations in mitochondrial networks under hypoxic conditions (< 1% O2) and



the subsequent effect of the mitochondrial alteration on drug response in
ovarian cancer cells. Hypoxia-induced ROS caused an increase in
mitochondrial fission, a response abolished by free radical scavenging with N-
acetylcysteine (NAC) and Trolox. Also, the treatment of hydrogen peroxide
(H202) decreased inhibitory p-Drpl (Ser637) content and increased
mitochondrial fission. Suppression of mitochondrial fission enhanced the
CDDP sensitivity of hypoxic ovarian cancer cells. Lastly, in tumor spheroids
from malignant ascites or tissues of patients with advanced-stage ovarian cancer,
pre-treatment with Mdivi-1 increased the CDDP sensitivity. Taken together, our
results implicate that hypoxia-induced ROS triggers mitochondrial fission and
CDDP resistance in ovarian cancer cells. Mitochondrial dynamics of cancer
cells adapting to the hypoxic tumor microenvironment could be a promising
target for ovarian cancer treatment.

Next, a growing body of evidence suggests that inflammation is closely
associated with the development and progression of ovarian cancer. Herein, we
postulated that TNF-mediated activation of the alternative NFxB pathway
promotes invasiveness and resistance to cell death induced by TNF. Among the
inflammation-related cytokines, we found that TNF is highly expressed in
ovarian cancer tissues, compared to that in the other types of solid tumors.
Ovarian cancer cells exposed to TNF for 48 hours showed increased colony-
forming capacity and cell cycle progression. Additionally, the gene expression
levels of TNF and it receptors (TNFRSF1A and TNFRSF1B) were elevated in
the metastatic ovarian cancer tissues than the primary tissues from the same
patient. Also, the results from the Matrigel-coated transwell insert assay showed
that TNF promotes invasiveness of ovarian cancer cells. To investigate the
mechanisms involved in this process, we examined the protein expression of
classical (p50:p65) and alternative (RelB:P52) NFkB pathway regulators.
higher expression of the alternative NFKB transcription factor, RelB was
associated with poor survival rates. Using 307 ovarian tumor samples from The
Cancer Genome Atlas (TCGA), we found a significant positive correlation
between the alternative NFKB pathway genes (RelB and P52) and cancer

invasion-related protease (MMP9, PLAU). Protease array revealed that PLAU
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was upregulated by TNF but this response was absent in the RelB knockdown
ovarian cancer cell. Collectively, these findings highlight the involvement of
the alternative NFxB pathway-mediated by RelB expression in metastatic
processes in ovarian cancer cells.

Lastly, to understand cellular interactions, present within the metastatic niche
of the ovarian cancer tumor microenvironment, malignant ascites, we utilized
single-cell RNA sequencing data from 5 patients with ovarian cancer. We
identified 7 distinct cell types based on the expression patterns of cell-type-
specific signatures. Macrophages were the most heterogeneous cell type with
eleven sub-clusters in the ascites tumor microenvironment. Annotation of
macrophage subpopulations was done using MacSpectrum. Also, intra- and
inter-tumoral heterogeneities of OC cells in the ascites were assessed. The
communication between immune and OC cells was predicted through ligand-
receptor interaction analysis with NicheNet. We uncovered that CCLS is
enriched in T cells and NK cells, modulating OC cell survival in the ascites
presumably through SDC4. Average SDC4 expression positively correlates
with OC cell proportion in each sample. Elevated SDC4 expression predicted
poor overall survival of OC patients. Altogether, our study highlights the
potential tumor-promoting role of T cells and NK cells in long-term survival
outcomes, suggesting that SDC4 is a vital molecule for OC cell survival and a
prognostic marker in OC patients.

Keywords: Ovarian cancer, chemoresistance, Tumor microenvironment,
Hypoxia, Mitochondrial dynamics, Malignant ascites, Metastatic Potential,
RelB

Student number: 2015-22697
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1.1 Introduction

Mitochondria, originally prokaryotic cells, are essential power plants of
eukaryotic cells playing vital roles in regulating cellular bioenergetics, calcium
signaling, oxidation-reduction (redox) status and apoptotic pathway (1).
Numerous onsets and progressions of diseases are closely associated with
mitochondrial dysfunctions. For instance, studies have reported changes in
cellular regulation of mitochondrial dynamics in neurodegenerative diseases,
endocrine dysfunction, cardiovascular diseases and cancer (2). Mitochondria
are not static cellular compartments. Rather, they are dynamic organelles
undergoing continuous processes of fission and fusion. Studies on microscopic
analysis have shown that numbers, structures and sizes of mitochondria vary
widely in various types of cells and even within the same cells. This
morphological heterogeneity of mitochondria is closely related to fission and
fusion processes in order to maintain their cellular homeostasis and
mitochondrial DNA integrity at optimal levels (2, 3).

Cancer cells use a distinct cellular and molecular machinery from normal
cells, resulting in acquisition of several phenotypes denoted by the list of cancer
hallmarks (4). Cancer cells show increased ability to proliferate and to survive
from apoptotic stimuli compared to normal cells. The activity of mitochondria
in cancer cells is different from those in normal cells (5). In 1920s, German
biochemist Otto Warburg demonstrated that cancer cells exhibit increased
glycolysis under aerobic condition (6). Since then, the importance of
mitochondrial metabolism has been undervalued in cancer.

The efficient functioning of cellular metabolism is necessary for cancer cells,
developing unique strategy of metabolic regulation for survival and aberrant
proliferation. Altered metabolism could have an impact on the regulation of
mitochondrial dynamics. Expression of adenosine monophosphate (AMP)-
activated protein kinase (AMPK) increases to preserve energy homeostasis
under the low concentration of ATP. Dysfunction of mitochondria can activate
AMPK, triggering the activation of mitochondrial fission factor (Mff), and

increasing mitochondrial fission (7). This suggests that regulation of
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mitochondria dynamics may be related to the metabolic stress as an adaptive
mechanism of cells. Succinate stimulates migration of human mesenchymal
stem cells (hMSCs), increasing capability of tissue regeneration by promoting
migration of the cells through dynamin related protein 1 (Drpl)-mediated
fission of mitochondria (8). Thus, to meet the bioenergetics requirement of cells
in a certain microenvironment, fine-tuning of cellular metabolism by adjusting
mitochondrial structure is necessary. Normal cells homeostatically maintain
structural organization of mitochondria. Likewise, cancer cells retain
homeostatic regulatory mechanisms of mitochondrial dynamics in response to
various stress cues. The tumor microenvironment related to the cancer
progression includes inflammation, hypoxia, nutrient deprivation and oxidative
stress. However, how cancer cells respond to those stress conditions of tumor
microenvironment and subsequent changes in metabolic regulation remains
largely elusive.

Tumor microenvironment is extremely dynamic and unstable owing to
various factors (9). A number of stress signals in the tumor microenvironment
are associated with the mitochondrial dynamics. It would be worthwhile to
delve into altered regulation of mitochondrial network for discovery of
potential therapeutic targets in cancers. Recent findings on context-dependent
regulation of mitochondrial dynamics and the subsequent impact of altered
mitochondrial dynamics on drug sensitivity of cancer will be addressed in this

review.

1.2 Molecular regulators of mitochondrial dynamics

Up till now, a number of molecules involved in regulation of fission and
fusion that determines mitochondrial morphology have been reported (Figure
1). Changes in regulation of mitochondrial morphology by fission and fusion
machineries could bring about altered mitochondrial function and metabolism
(10). Mitochondria consist of outer and inner membranes. Unlike outer
membrane of mitochondria, the inner membrane known as cristae is folded

inwards to maximize the functionality by increasing the surface area (11).
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Fission of mitochondria destabilizes complex structure of folded cristac by

decreasing the number of folds, resulting in reduced mitochondrial function (12,

13). Fission and fusion processes of mitochondria are mediated by different sets
of molecules. The key proteins involved in fission and fusion events are

members of dynamin family and mitochondrial membrane-bound receptors

(14).
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Figure 1. A schematic diagram illustrating dynamic processes of
mitochondria fusion (top) and fission (bottom).

The key regulators of those processes are displayed in the boxes. Mitochondrial
inner membrane fusion is regulated by Opal. Mfn1/2 are responsible for fusion
of mitochondrial outer membrane and mitochondria-ER interaction through the
formation of the homo-/hetero-dimeric complex. For mitochondrial fission,
initial constriction of mitochondria at ER-mitochondria contact sites is
mediated by SpirelC located at mitochondria and IFN1 located at ER through
actin polymerization. Then further constriction of mitochondrial membranes is
facilitated by Drpl. Drpl interacts with Mff expressed at the mitochondrial
outer membrane, forming a multimeric loop around mitochondria. Low to
moderate expression of MIEF1/2 which is also expressed at the mitochondrial
outer membrane enhances recruitment of Drp1l to the mitochondrial fission site.
The final step of mitochondrial fission is driven by the action of Dyn2.
Expressions and activities of those proteins are crucial for maintaining

homeostasis of mitochondrial dynamics.
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1.2.1 Mitochondrial fission

Recent studies have unraveled that actin polymerization at a endoplasmic
reticulum (ER)-mitochondria contact site is involved in the initial step of
mitochondrial fission (15). The ER-bound isoform of inverted formin-2 (INF2)
which recruits and polymerizes actin subunits is located at the interaction site
of ER and mitochondria (16) and Spire1C which induces actin assembly at the
ER-mitochondria contact site initiate the fission process through the
constriction of mitochondria (17). While, actin-depolymerizing protein called
cofilinl prevents Drpl accumulation at mitochondria, counterbalancing
mitochondrial fission by INF2 and Spire1C-mediated actin polymerization (18).
Syntaxinl7 (Synl7), the secretory granule-associated vesicle-soluble N-
ethylmaleimide-sensitive factor attachment protein receptor (SNARE) protein,
present at raft-like structures of ER-mitochondria contact sites increases
translocation and subsequent binding of Drp1 to mitochondrial outer membrane.
In response to nutrient deprivation, interaction between Synl7 and Drpl is
disrupted, resulting in hyperfusion of mitochondria (19).

Mitochondrial fission 1 (Fisl), a known mitochondrial membrane-bound
receptor of Drpl has no or minimal role in induction of mitochondrial fission
in mammalian cells although it is critical for the fission process in budding
yeasts (20, 21). In human cells, localization of Drpl to mitochondria is
mediated through binding of Drpl to mitochondrial elongation factor 1/2
(MIEF1/2) and Mff at the mitochondrial outer membrane (21, 22). MIEFs and
Mff are capable of binding Drp1 independently. MIEFs are able to interact with
both Drpl and Mff simultaneously, serving as an adaptor for Drpl. However,
the expression ratio of Mff to MIEFs affects the fission/fusion status of
mitochondrial structure. Excessive expression of MIEFs could impede
interaction between Drpl and Mff, resulting in highly elongated form of
mitochondria, whereas low to moderate expression of MIEFs enhances
interaction between Mff and Drpl through the formation of trimeric complex
(23-25). Results from yeast two-hybrid analysis for interaction of Mff with
Drpl revealed selective recruitment of Drpl oligomers to Mff (26). These

20



results imply that binding of Drp1 to Mff is crucial for the fission process, and
MIEFs interacting with Mff in mitochondrial outer membrane strengthen
interaction of Mff with Drpl. Furthermore, cardiolipin, the mitochondria-
specific lipid content is involved in recruitment of Drp1 to the site of fission by
altering Drp1 structure and function (27). This type of lipid is normally located
at the inner membrane of mitochondria. However, it becomes exposed to the
mitochondrial outer membrane for fission of mitochondria. Seemingly, both
cardiolipin and mitochondrial adaptor signaling act as important facilitators in
the process of mitochondrial fission (28, 29). Once oligomerized Drpl
molecules are properly positioned around the outer membrane of mitochondria
through the formation of spiral-like shape, GTP hydrolysis of Drpl is driven to
constrict mitochondrial membrane in the tiny loop created by Drpl oligomers
(30). Studies on mechanism of Drpl assembly utilizing cryo-electron
microscopy showed that in the presence of GTP, 13 to 18 monomeric Drpl
molecules constitute oligomeric rings through GTP hydrolysis (31). Constricted
mitochondrial membrane is then subjected to further fission process by the
action of dynamin 2 (Dyn2). Dyn2 has been appreciated to have a chief role in
facilitating cytokinesis and endocytosis at the plasma membrane (32). An
additional function of Dyn2 has recently been found to execute mitochondrial
fission at the final step. Inhibiting Drpl or Dyn2 disrupted mitochondrial
fission/fusion equilibrium in cells resulting in hyperfusion of mitochondrial
compartments (33).

Drpl function and localization are tightly regulated by different types of
PTMs, such as phosphorylation, SUMO (small ubiquitin-like modifier)-ylation,
S-nitrosylation, O-GlcNAcylation and ubiquitination. Various enzymes
responsible for phosphorylation of Drpl have been identified, and the site at
which Drp1 is phosphorylated determines its function and activity. Serine 616
(Ser616) and serine 637 (Ser637) residues are the two major phosphorylation
sites of Drpl protein (34). For human Drpl, phosphorylation at Ser616 is done
by the action of PKC3, CDK1 or ERK. Increased reactive oxygen species (ROS)
production by hypertensive stress led to an increase of mitochondrial fission by

phosphorylation of Drpl by PKCd (35). During mitosis, CDK1-mediated
21
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phosphorylation of Drpl at Ser616 triggered an increase in mitochondrial
fission in order to maintain mitochondrial DNA integrity and evenly distribute
mitochondrial compartments to daughter cells (36). Studies have reported
expression of CDKI1 is related to paclitaxel resistance in cancer (37). ERK
which plays roles in oncogenic and anti-apoptotic signaling pathways has been
shown to phosphorylate Drpl at Ser616, promoting mitochondrial fission (38,
39). While majority of studies have shown phospho-Drpl (Ser616) facilitates
mitochondrial fission, other studies demonstrated suppression of mitochondrial
fission through CDKS5-mediated drpl phosphorylation at Ser616 (40, 41).
Phosphorylation of Drpl at Ser637 could be exerted by several enzymes such
as AMPK, glycogen synthase kinase 3B (GSK3p), calcium/calmodulin-
dependent protein kinase I alpha (CaMKla), proviral integration site for
Moloney murine leukemia virus-1 (Pim-1), Rho-associated protein kinase 1
(ROCK1) and protein kinase A (PKA) (42-46). Phospho-Drpl (Ser637)
exhibited a decrease in GTPase activity and impaired translocation from cytosol
to mitochondria, thereby preventing mitochondrial fission (47).
Dephosphorylation of Drpl at Ser637 is mediated by calcineurin (48).
SUMOylation of Drpl is also involved in regulation of Drpl activity.
SUMOI1 and SUMO2/3 are different forms of SUMO proteins and are
responsible for adding SUMO group onto Drpl. As docking of Drpl to Mff is
the crucial mechanism in mitochondrial fission event, the removal of SUMO2/3
from Drpl by SENP3 increased binding capacity of Drpl to Mff, thereby
stimulating mitochondrial fission (49, 50). Whereas, during apoptosis,
mitochondria-associated protein ligase (MAPL) stabilized Drp1 recruited at the
ER-mitochondria contacts through SUMOylation (51). S-nitrosylation of Drp1
has also been reported to increase GTPase activity of Drpl, inducing Drpl-
mediated mitochondrial fission and this has been shown to be related to
development of Alzheimer’s disease (52). Moreover, O-GlcNAcylation of Drpl
mediated by O-GIcNAc transferase induces mitochondrial translocation of
Drpl (53). Therefore, many types of PTMs on Drpl are determining factors of
Drpl activation status. Overall, mitochondrial fission process is modulated by
the concerted actions of dynamin family molecules, specific lipid contents and
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adaptor molecules embedded in the mitochondrial outer membrane.

1.2.2 Mitochondrial fusion

Fusion of mitochondria is merge of mitochondrial compartments, producing
elongated form of mitochondria. Fusion of mitochondria is also facilitated by
molecules of dynamin superfamily. Mitofusins 1 and 2 (Mfn1/2) embedded in
mitochondrial outer membrane act to fuse two separate mitochondrial
membranes together, initiating the fusion process of mitochondria (54).
Depletion of Mfnl/2 causes the imbalance in the mitochondrial dynamics,
resulting in mitochondrial fission. For outer membrane fusion of mitochondria,
conformational changes of Mfnl induced by GTPase activity facilitate
dimerization of Mfnl, physically bringing two separate mitochondrial
compartments in close proximity (55, 56). After fusion of mitochondrial outer
membranes, optic atrophyl (OPA1l) located at the mitochondrial inner
membrane drives mitochondrial inner membrane fusion (57). Mitochondrial-
associated membrane (MAM) of ER is also involved in fusion of mitochondria.
Mifn2 mostly found in MAM has been shown to function in tethering of
mitochondria to ER (58, 59). A mitochondrial ubiquitin ligase, MITOL (also
known as MARCHS) is located at the mitochondrial outer membrane. MITOL
specifically regulates activity of mitochondrial Mfn2 through ubiquitination.
Knockdown of MITOL increased Drp1-mediated mitochondrial fission in HeLa
cells (60).

Post-transcriptional regulation of Mfnl by microRNAs (miRs) has been
reported to affect the control of mitochondrial dynamics. Translation of Mfnl
was suppressed by miR-140 which targets 3’ untranslated region (3 UTR) of
Mfnl. An increase of miR-140 expression shifted the balance towards fission
of mitochondria and subsequently induced apoptosis in cardiomyocytes (61).
While, apoptosis was inhibited when miR-19b that suppresses mfnl expression
was upregulated (62).

A dynamin-like GTPase Opal is bound to the inner membrane of

mitochondria through N-terminal transmembrane domain. Other protein
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domains including GTPase domain face intermembrane space of mitochondria
(63). Opal which has two cleavage sites, S1 and S2 is cleaved by the
mitochondrial protease OMAI1 and the inner membrane-embedded AAA
protease YME1L respectively. Once cleaved by the activity of the proteases, L-
Opal anchored to mitochondrial inner membrane forms soluble S-Opal, being
released into intermembrane space. Balance of L-OPA1 and soluble S-Opal is
critical for determining the fission/fusion status of mitochondria (64).
Remodeling of the mitochondrial cristae is another major function of OPA1 in
the adaptation of mitochondrial metabolism, monitoring responses to tissues
damages by apoptosis, atrophy and ischemia (13, 65).

While cardiolipin composition at the mitochondrial outer membrane is
involved in the fission by enhancing interaction of Drpl with mitochondrial
outer membrane, a member of the phospholipase D family called mitoPLD
bound to the outer membrane of mitochondria promotes fusion process by
acting on phospholipids of mitochondrial outer membrane (66). The C-terminal
domain of mitoPLD is anchored to mitochondrial outer membrane. The N-
terminal catalytic domain is positioned at the cytosol. The conversion of
cardiolipin into phosphatidic acid is done by mitoPLD, and the increased
activity of mitoPLD results in the suppression of mitochondrial fission

processes (67).

1.2.3 Motility and distribution

Mitochondrial compartments could be transported, employing cytoskeletal
motor system. Daughter cells from budding yeasts inherit mitochondria using
cytoskeletal trafficking system driven by Myo2 (68). Along the track of
cytoskeletal system like actin and microtubule, mitochondria are conveyed
within a single cell or even between two different cells. Several context-
dependent signaling pathways linked to intracellular trafficking of
mitochondria have been identified. In neurons, transport of mitochondria to
synaptic region is activated to maintain calcium concentration and energy

supply at subcellular regions (14).
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For anterograde transport of mitochondria, the kinesin Kif5 is involved,
whereas the retrograde transport of mitochondria is controlled by dynein. In
order to load the mitochondrial compartments onto the cytoskeletal motor
system, adaptor proteins that bridge between mitochondria and motor proteins
are required. Mitochondrial RhoGTPase-1 (Mirol) tethered at the
mitochondrial outer membrane forms a complex with Milton/TRAK, mediating
the interaction between mitochondria and actin cytoskeleton. Although
trafficking of mitochondria in cancer cells is largely unexplored, accumulative
evidence suggests that the mitochondrial trafficking is important in
metastasizing cancer cells (69). Syntaphilin acts as a brake halting the
mitochondrial trafficking by interfering the interaction between Kif5 and
Milton/TRAK (70).

In addition to intracellular trafficking of mitochondria, a growing body of
evidence suggests mitochondria could be transferred from one cell to adjacent
cells via the mode of cell-to-cell interaction termed tunneling nanotube (TNT)
(71). This type of intercellular communication allows cells to exchange copious
cellular components including mitochondria through the tubular structure
created by the extension of plasma membrane (72). The diameter of TNTs
formed between two cells ranges from 50 nm to 380 nm, which is enough space
for a fragment of mitochondria to traverse (73). With the assistance of Mirol,
mitochondria are transferred uni-directionally from one cell to another along
the cytoskeleton through TNTs created between two cells (74). Although the
exact role of intercellular transfer of mitochondrial compartment in cancer
remains largely elusive to date, several studies have reported the establishment

of TNTs are involved in drug resistance and metastasis (75, 76).

1.3 Tumor microenvironment and mitochondrial dynamics

Mitochondrial dynamics is critical for normal cell homeostasis. Thus, defects
in mitochondrial dynamics could lead to development of diseases including
cancer. In cancer, stress signals could alter regulation of mitochondrial

dynamics. Stress-induced signaling pathways interact with the molecular
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machinery of mitochondrial dynamics, determining the resultant morphology
and structure of mitochondria as a process of adaptive mechanism. It has been
documented that the cellular stress in tumor microenvironment contributes to
aberrant regulation of mitochondrial dynamics. The process of mitochondrial
dynamics can be altered by many factors such as cytokines, metabolites and

oxygen availability in tumor microenvironment (Figure 2).
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Figure 2. Context-dependent regulation of mitochondrial dynamics in the
tumor microenvironment and chemical modulators affecting
mitochondrial fission/fusion.

Stress signals involved in regulation of mitochondrial fission and fusion
processes are summarized. Chemical agents affecting mitochondrial

fission/fusion status are listed, possibly enhancing drug-sensitivity of cancer.
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1.3.1 ROS and mitochondrial dynamics

Metabolic byproducts from mitochondria are utilized for biosynthesis of
macromolecules like nucleotides. In cancer, energy metabolism involved in
glucose consumption is altered to a great extent (77). Although cancer cells
exhibit enhanced aerobic glycolysis, mitochondrial metabolism remains highly
functional in cancer cells. Moreover, compared to primary tumor, metastatic
cancer cells, which are generally resistant to anti-cancer drugs, were more
dependent on the mitochondrial oxidative phosphorylation (OXPHOS) system
(78). Mitochondria are thought to be a major source of ROS which are
byproducts of mitochondrial metabolism. Other main contributors of
intracellular ROS production include ER, peroxisome and NADPH oxidases
(NOX) family of enzymes located in the cytosol and the plasma membrane (79).
Genetic alterations like oncogenic mutations drive cancer cells to elevate the
production of ROS (80). Due to the fact that proliferative capacity is greater in
most cancer cells, they require more ATPs than normal cells, causing excessive
generation of ROS through aberrant metabolic regulation (81).

Studies have suggested that mutation and copy number alterations of
mitochondrial DNA (mtDNA) may be associated with metabolic capacity of
cancer. An individual cell contains multiple copies of mitochondrial DNA. Low
copy number of mtDNA in cancer is associated with decreased antioxidant
activity, displaying increased sensitivity to chemotherapeutic agents (82).
Whereas, one meta-analysis showed that elevated copy number of mtDNA in
tumor tissue is associated with better prognosis (83). Although mitochondrial
DNA encodes only a small fraction of cellular proteins, largely involved in the
electron transport chain, in cells and majority of mitochondrial proteins are
from nuclear DNA, mutations in mitochondrial DNA could confer malignant
phenotypes of cancer like drug resistance (84). Moreover, intracellular level of
ROS could affect mtDNA mutation and copy number (85). The damage in
mtDNA by ROS is often repaired through the base excision repair pathway (86).
APE1 is the base excision repair enzyme which is an endonuclease. Under

oxidative stress conditions, APE, which is normally expressed in cytosol,
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translocates into the nucleus, and N-terminal truncated form of APEI
translocates to the mitochondria to prevent mtDNA from being permanently
damaged by oxidative stress. In transgenic mouse model of colorectal cancer,
haplo-insufficiency of the gene coding for APE1 impairs the abundance and the
integrity of mtDNA (87). Additionally, mammalian cells have 3 distinct types
of DNA ligases and among those, ligase III (Lig3) has been shown to function
specifically in DNA repairing process of mitochondria, critical for maintaining
the mtDNA integrity (88). Mitochondria-localized topoisomerase I (Toplmt)
which plays a role in regulating mtDNA replication and mitochondrial
homeostasis is indispensable for maintaining mitochondrial integrity and
activity of cellular energy metabolism. Knockout of Toplmt promoted
generation of ROS and DNA damage in murine embryonic fibroblasts with
decreased production of ATP (89).

To survive from the situation where intracellular ROS level is persistently
high, cancer cells develop their own way of detoxification mechanism (90).
Accumulating evidence suggests that ROS contributes to various oncogenic
signaling pathways in cancer (91). ROS derived from mitochondrial
metabolism is essential for cell proliferation and tumorigenesis in an oncogenic
Kras-driven mouse model of lung cancer (92). Interestingly, several studies
have suggested that dynamics of mitochondria are modulated by ROS. Stem-
like cancer cells showing resistance to conventional anti-cancer agents increase
mitochondrial biogenesis through ROS-mediated up-regulation of PGCla
which plays critical roles in both mitochondrial biogenesis and anti-oxidative
mechanism of cells (93). Treatment of anti-oxidative ascorbic acid attenuated
mitochondrial fission induced by a herbicide, paraquat, in mouse alveolar type
II cells (94). Increased production of ROS triggered by high-fluence low-power
laser irradiation (HF-LPLI) caused mitochondrial dysregulation and
dysfunction in human lung adenocarcinoma cells and African green monkey
SV40-transformed kidney fibroblast cells, favoring mitochondrial fission over
fusion owing to imbalanced expression of mitochondrial fission/fusion

molecules (95).
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1.3.2 Inflammatory microenvironment and mitochondrial

dynamics

Inflammation is a common feature of tumor microenvironment and the pro-
inflammatory cytokines not only modulate mitochondrial metabolism but also
affect the mitochondrial dynamics. Inflammatory cytokines such as interferon-
v (IFN-y), interleukin-6 (IL-6) and tumor necrosis factor-o (TNF-a) are present
at high levels within a malignant tumor (96, 97). Prolonged inflammation
stimulates fission of mitochondria. A member of the large superfamily of
GTPases, guanylate-binding protein 2 (GBP2) has been shown to regulate
mitochondrial dynamics through the direct interaction with Drpl. IFN-y, a
soluble cytokine, induced expression of GBP2 in breast cancer cells. Binding
of GBP2 to Drpl blocked translocation of Drpl to mitochondria, inhibiting
mitochondrial fission and invasion of breast cancer cells (98). Additionally,
cancer cachexia-induced inflammation has been revealed to cause
mitochondrial dysfunction. Proper maintenance of mitochondrial quality is
necessary for the skeletal muscle function. Elevated levels of circulatory pro-
inflammatory cytokines in cancer cachexia induced mitochondrial fission,
promoting excessive production of ROS and reducing efficiency for the ATP
synthesis in skeletal muscle cells (99, 100). Excessive mitochondrial fission
activated AMPK signaling, which can disrupt protein synthesis causing
decreased muscle mass (101).

Development of malignant ascites is a common feature for abdominal cavity
cancers such as stomach and ovarian cancer (102). Ascitic fluid is very common
in ovarian cancer and rich in inflammatory cytokines (103). Ovarian cancer
cells treated with malignant ascitic fluid showed increased invasiveness
through the activation of IL-6 signaling pathway (104). Mitochondrial fission
has been shown to be one of the features of metastatic cancer cells. Thus, it
could be presumed that increased invasiveness in cancer could be explained, at
least in part, by increased mitochondrial fission due to pro-inflammatory

cytokines.
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1.3.3 Reduced blood supply and mitochondrial dynamics

Normal cells lack the ability to survive under harsh conditions such as
oxygen- and nutrient-deprived environment, whereas cancer cells are better
equipped to survive and proliferate in such conditions (105, 106). Loss of
regional blood supply is a common characteristic of malignant tumor. In solid
tumors, the rate of angiogenesis is slower than the proliferation rate of cancer
cells, creating hypoxic and nutrient-depleted areas (107). In oxygen- and
nutrient-deprived environment, the balance between mitochondrial fission and
fusion dynamics are disrupted and the subsequent fragmentation of
mitochondria promotes apoptosis in normal cells (108). In contrast, cancer cells
are equipped with adaptive mechanisms.

As a consequence of reduced blood supply, sub-regions of cancer cells are
exposed to hypoxic and nutritional stress. Hypoxic tumor environment induces
stabilization and activation of hypoxia-inducible fator-1 alpha (Hifla) in cells
(109). Hifla is a transcription factor that regulates expression of numerous
genes. Under hypoxic condition, stabilized Hifla induces upregulation of
various growth factors including basic fibroblast growth factor (bFGF),
platelet-derived growth factor (PDGF) and epidermal growth factor (EGF).
Among the several factors upregulated by Hiflo, PDGF could affect the
regulation of mitochondrial dynamics (110). In vascular smooth muscle cells
(VSMCs), PDGF treatment induces mitochondrial fission, enhancing
proliferative capacity of VSMCs (111). Hypoxia elicits accumulation of the
outer mitochondrial membrane protein FUNDC1 at MAM. This, in turn, causes
recruitment of Drpl to mitochondria and subsequent mitochondrial fission.
Knockdown of FUNDCI1 prevents hypoxia-induced mitochondrial fission in
HeLa cells (112). In metastatic breast cancer cells (MDA-MB-231), hypoxia
promoted Drpl-mediated mitochondrial fission, increasing migration of the
cancer cells (113).

Aside from mtDNA repairing enzymes, studies have suggested
mitochondrial fusion process is required for cells to maintain the integrity of

mtDNA. Hence, dysregulation of mitochondrial dynamics may have an impact
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on the maintenance of mtDNA integrity. Bone morphogenic protein receptor 2
(BMPR?2) regulates sets of molecules related to the mitochondrial function and
mtDNA integrity under hypoxia followed by reoxygenation conditions in
pulmonary arterial endothelial cells. Silencing BMPR2 results in mitochondrial
fission. In the hypoxia followed by reoxygenation model, knockdown of
BMPR2 resulted in the deletion of mtDNA (114). Presumably, BMPR2 could
act, at least in part, as an upstream regulator of mitochondrial dynamics under
hypoxic conditions.

Cancer cells are characterized by the enhanced glycolysis and reduced
OXPHOS for ATP production. The activity of OXPHOS is identified to be
associated with mitochondrial fusion (115). Recent studies have shown that
when cells undergo energy deprivation, mitochondrial fusion increases.
Specific amino acid depletion elicited downregulation of mitochondrial fission
protein, Drpl (116). Furthermore, physical exercise and caloric restriction
induced mitochondrial fusion together with upregulation of the fusion proteins,
Opal and Mfnl (117). When cells undergo energy depletion, mitochondrial
fusion is promoted to maximize efficiency for ATP generation (118). Treatment
of inhibitors of glucose metabolism such as Hank’s balanced salt solution
(HBSS) or 2-deoxy-d-glucose (2-DG) induced mitochondrial elongation in
cancer cells by suppressing mitochondrial translocation of Drp1. Mitochondrial
fusion by metabolic stress promoted an increase of OXPHOS, suppressing
glycolysis through NAD+-dependent SIRT1 activation (119). Low expression
of Mfn2 is linked to the poor prognosis in breast cancer. Limited availability of
nutrients in breast cancer cells caused suppression of MFN2-mediated
mitochondrial fusion, leading to reduced OXPHOS and ROS production. This
phenotypic change of mitochondria allows breast cancer cells to survive in

response to metabolic stress which is common in solid tumors (120).

1.3.4 Intercellular communication and mitochondrial
dynamics
Cross-talk between cancer cells and the cellular components of tumor
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microenvironment has been highlighted. Recent evidence has shown that
mitochondrial dynamics of cell types other than cancer are aberrantly regulated.
Cancer cells educate adjacent fibroblasts to promote aerobic glycolysis, driving
increased secretion of metabolites such as lactate and ketone. Excess lactate in
tumor microenvironment is taken up by cancer cells, being used as a fuel for
mitochondrial metabolism (121). This process of cancer cells mining and
utilizing energy-rich metabolites from cancer-associated fibroblasts (CAFs) is
termed reverse Warburg effect. CAFs exhibit overexpression of Mff. Mft-
overexpressed fibroblast displayed fragmented structure of mitochondria,
weakening mitochondrial function. Through aerobic glycolysis of fibroblast,
fuel metabolites such as lactate, ketone and glutamine are generated and
deposited into extracellular regions of tumor microenvironment (122). Cancer
cells uptake and consume these metabolites for growth as well as metastasis. In
breast cancer xenograft model, administration of 3-hydroxy-butyrate (ketone
body) and L-lactate increased proliferation and lung metastases (121).
Melatonin suppressed mitochondrial fission preventing apoptosis induced by
lipopolysaccharides (LPS) in Human Umbilical Vein Endothelial Cells
(HUVEC) through activation of AMPK/sarcoplasmic endoplasmic reticulum
Ca2+ATPase 2a (SERCA2a) pathway (123). High-mobility group box 1
(HMGBI1) released from necrotic tumor cells promoted cancer growth (124).
HMGBI binds to receptor called advanced glycation endproduct (RAGE)
which is overexpressed in cancer. Activation of RAGE upon binding of
HMGBI1 enhanced phosphorylation of ERK1/2, consequently causing an
increase in mitochondrial ATP generation. This process is vital for the
growth of cancer cells to fulfill the increased bioenergetic demand (125).
Immune cells such as T cells and macrophages are the major cellular
constituents of tumor microenvironment (126). Immune suppression in tumor
microenvironment is one of the cancer hallmarks (4). T cells lose their
mitochondrial function and numbers in tumor microenvironment because
PGCla-mediated mitochondrial biogenesis is blocked. In cancer-specific
effector T cells, the expression of PGCla was decreased by activation of Akt
signaling, leading to loss of anti-tumor activity (127). Changed regulation of
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mitochondrial dynamics in T cell elicits metabolic reprogramming of the cells.
Activated effector T cells with high glycolytic activity, showed fragmented
structure of mitochondria. While, memory T cells with the increased
mitochondrial metabolism, are present with highly fused mitochondrial
structure. Promoting mitochondrial fusion in effector T cells by treating M1
(fusion promotor) and Mdivi-1 gave memory T cell properties. The process of
mitochondrial fusion was required for efficient functioning of mitochondrial
metabolism through the formation of highly organized cristae. During this
process, Opal dictates mitochondrial fission/fusion balance and crista
remodeling, eliciting metabolic shift of T cells, and thereby changing cellular

fate of T cell (128).

1.4 Drug resistance and mitochondrial dynamics in cancer

Cancer cells exhibit characteristics of rapid proliferation and resistance to
cell death (4). Fission of mitochondria plays a significant role in various cellular
functions such as cellular proliferation and intrinsic apoptosis. Thus, both cell
cycle regulation and apoptotic stimuli can affect the mitochondrial dynamics
(129, 130). Aberrant proliferation of cells could result in disrupted regulation
of mitochondrial dynamics. Increased production of mitochondrial ROS has
been shown to be promoted by mitochondrial fission (113). A number of studies
have suggested mitochondrial fission enhances susceptibility of cancer cells to
conventional anti-cancer agents (129). However, mitochondrial dynamics is
regulated in response to the external stimuli, possibly adaptive mechanism of
cancer cells to cellular stresses (131). Cancer sphere cells forming in vivo-like
structure of cancer displayed elevated ROS production and hypoxic gradient
and exhibited fission of mitochondria, implicating cancer cells favor
mitochondria fission over fusion under in-vivo like culture conditions. The
formation of cancer spheres induced chemoresistance of the ovarian cancer
cells to cisplatin (93). Inhibition of mitochondrial fission by Mdivi-1 or Mfn2
gene therapy suppressed tumor growth in the mice xenograft model of human

lung cancer cells (132). Hence, enhancement of mitochondrial fission might not
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always make cancer cells susceptible to apoptotic stimuli. Phytochemicals
targeting mitochondrial dynamics of cancer cells might enhance efficacy of
conventional anti-cancer agents in context-dependent manner. Many molecules
regulating mitochondrial dynamics have been reported to be critical for drug

resistance in cancer (Table 1).
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Table 1. Proteins involved in mitochondrial fission/fusion processes and

their roles in drug resistance of cancer

Relationship
between Associated Refe
Protein Function Site of action expression and cellular renc
drug/apoptotic event/stress es
resistance
Direct and indirect regulators of mitochondrial fission
SpirelC Actin nucleation; ER- Upregulation of DNA damage a7,
regulation of actin ~ mitochondria Spirel/2 in HeLa 133)
assembly at contact zones and HEK293T
mitochondria-ER cells — Induction
contacts of DNA repair
INF2 Actin ER- Downregulation Decreased (16,
polymerization mitochondria in ovarian cancer  expression of 134)
contact zones cells (A2780) — vimentin
Increased
resistance to
cisplatin
Drpl GTP hydrolysis; Mitochondrial ~ Downregulation ROS (135
constriction of outer of phosphorylated )
mitochondria membrane Drpl (Ser637) in
ovarian cancer
cells — Increased
sensitivity to
cisplatin
ROCK1 Formation of Cytosol Inhibition by Y- Small Rho (44,
stress fiber; ROS 27632 in GTPases activity  136)
production; neuroblastoma —
apoptotic cell Development of
death; chemoresistance
phosphorylation of
Drpl at Ser637
Dyn2 Regulation of Mitochondrial ~ Downregulation Hypoxia (33,
endocytosis at the ~ surface in ovarian cancer 137)
plasma membrane; cells by hypoxia
constriction of — Suppression of
mitochondria endocytosis
which is an
energy-requiring
process
Mff Recruitment of Mitochondrial ~ Upregulation in BRCAI1 (21,
Drpl to surface tongue squamous  activation 24)
mitochondrial carcinoma cells
outer membrane — Increased
sensitivity to
cisplatin
MIEF1/2 Recruitment of Mitochondrial ~ Upregulation in Autophagy (23,
Drpl1 to surface 293T and HeLa 25)
mitochondrial cells —
outer membrane Associated with
sensitivity to
apoptotic stimuli
Omal Mitochondrial Intermembrane  Upregulated upon  p53 mutation (138
metalloprotease space of cisplatin )
responsible for mitochondria treatment in
proteolytic chemosensitive
cleavage of OPA1 ovarian and
cervical cancer
cells but not in
the
chemoresistant
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CDK1

Erk

CaMKla

Calcineurin

MAPL

PKC8

SENP3

0O-GlcNAc
transferase

Drpl
phosphorylation at
serine 616

Drpl
phosphorylation at
serine 616

Drpl
phosphorylation at
serine 637

Dephosphorylation
of Drpl at serine
637

Drpl
SUMOylation at
multiple residues;
stabilization of
ER-mitochondria
contact sites via
Drp1 signaling
Regulation of
Drpl
phosphorylation at
Ser616

DeSUMOylation
of Drpl;
enhancement of
Drp1 recruitment
to Mff

Addition of O-
linked N-
acetylglucosamine
at Thr585 and
Thr586 of Drpl;
enhancement of

Cytosol

Cytosol

Cytosol

Cytosol

ER-
mitochondria
contact zones

Cytosol

Cytosol

Cytosol

cancer cells —
Increased
sensitivity to
cisplatin
Upregulation in
pancreatic
adenocarcinoma
— Increased
resistance to
gemcitabine and
hyperproliferation
Upregulation in
non-small cell
lung cancer
(NSCLC) cells —
Increased
resistance to
cisplatin
Upregulation in
chemoresistant
ovarian cancer
cells
Increased
sensitivity to
cisplatin through
Drpl-mediated
mitochondrial
fragmentation
Inhibition in
cervical cancer
cells (HeLa) —
Induction of anti-
apoptotic pathway
Upregulation in
cervical cancer
cells (HeLa) —
Enhancement of
Drpl-dependent
apoptosis

—

Upregulated in
human uterus
sarcoma drug-
resistant cells
(MES-SA/DxS5)
— Increased
resistance to
doxorubicin
Upregulation in
head and neck
cancer when
exposed to
tobacco extract —
Increased cell
proliferation,
angiogenesis and
epithelial-
mesenchymal
transition
Upregulated in
breast cancer
Increased
resistance to
apoptosis

—
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P53 mutation

Inflammatory
signals (galectin-
1, COX-2 and
TGF-B1)

Intracellular
calcium
concentration

Interaction with
FKBP38

ER/mitochondrial
contact
stabilization

Frizzled1 (FZD1)
overexpression

ROS

ER stress

(37,
139)

(38,
39,
140)

(43,
141)

(48,
142)

(51

(143,
144)

(49,
50)

(53,
145)



Drpl translocation

to mitochondrial
surface

Direct and indirect regulators of mitochondrial fusion

Minl

Mifn2

Opal

YMEIL

Cofilinl

Pim-1

CDK5

GTP hydrolysis;
fusion of
mitochondrial
outer membrane

GTP hydrolysis;
fusion of
mitochondrial
outer membrane;
tethering of
mitochondria to
ER

GTP hydrolysis;
fusion of
mitochondrial
inner membrane

Proteolytic
processing of
OPA1

Depolymerization
of actin

Serine/threonine
kinase; inhibition
of Drpl
translocation to
mitochondria

Drpl

phosphorylation at

Ser616

Mitochondrial
outer
membrane

ER-
mitochondria
contact zones

Mitochondrial
inner
membrane

Intermembrane
space of
mitochondria

Mitochondrial
surface

Cytosol

Cytosol

38

Upregulation in
colon cancer cells
(LS174) —
Protection from
apoptotic stimuli
Upregulation in
hepatocellular
carcinoma —
Induction of
apoptosis via
mitochondrial
apoptotic pathway
Upregulation of
L-Opal in
ovarian cancer
cells (OV2008)
— Induction of
apoptosis
Knockdown in
human embryonic
kidney cells
(HEK293) —
Induction of
apoptosis
Upregulation of
phosphorylated
cofilinl in
taxol-resistant
ovarian cancer
cells
(SKOV3/TR2500,
SKOV3/TR30
and A2780/TR)
and primary
ovarian cancer
tissues from
chemoresistant
cases —
Increased
resistance to taxol
Upregulated in
hypoxic
pancreatic ductal
(PCI-10, PCI-35,
PCI-43, KMP-4),
cervical (HeLa)
and colorectal
(HCT-116) cancer
cells —
Stabilization of
mitochondrial
membrane
potential and
resistance to
cisplatin
Inhibition in
tumor spheres of
urinary cancer
cells and
mammary gland

Hypoxia

pS3 activation

p53 activation
induced by
cisplatin

Apoptotic stimuli
(staurosporine
and HzOz)

Persistent
exposure to taxol

Hypoxia

Tumor sphere
formation

(56)

(59)

(138,
146)

(147
)

(18,
148)

(46,
149)

(40,
41)



PKA

Drpl
phosphorylation at
Ser637

Cytosol

adenocarcinoma
cells (T24 and
MCF7) —
Stabilization of
Foxol and
induction of
apoptosis via
Bim-mediated
apoptosis
Upregulation in
doxorubicin-
resistant sarcoma
(MES-SA/Dx5)
and mammary
gland
adenocarcinoma
cells
(MCF7/ADR2)
— Increased
resistance to
doxorubicin

Persistent (42,
exposure to 150)
doxorubicin;

Wnt5a activation
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1.4.1 Mitochondrial fusion and chemoresistance

Several plant-derived compounds elicit disrupted regulation of mitochondria,
showing anti-cancer effect. Treatment of cryptolepine, an active plant alkaloid
from the roots of the shrub Cryptolepis sanguinolenta suppressed the expression
of proteins regulating mitochondrial dynamics, resulting in inhibition of
melanoma cell growth (151). Also, apoptosis of ovarian cancer cells was
augmented by piceatannol, human bioactive metabolite of resveratrol, in
combination with conventional anti-cancer agent, cisplatin, through
enhancement of Drpl-dependent mitochondrial fission (152). Piperlongumine
induced apoptosis in cisplatin resistant ovarian cancer cells through down-
regulation of inhibitory phospho-Drpl (Ser637) (135). Treatment of the lectin,
Sambucus nigra agglutinin on ovarian cancer cells elicited overexpression of
sialic acids on the cell surface leading to activation of AKT/ERK pathways and
inducing mitochondrial fission-mediated apoptosis by stimulating Drpl
translocation to mitochondria (153). Whereas, in neuroblastoma cells,
ginkgolid K isolated from Ginkgo biloba leaves has been shown to prevent
apoptosis induced by ischemic reperfusion injury through inhibition of
mitochondrial fission (154).

Several studies have suggested that induction of mitochondrial fission
sensitizes cancer cells to cell death induced by chemotherapeutic agents.
Inhibition of BCL-2/X1 by ABT-737 enhances sensitivity to cisplatin by
triggering mitochondrial fission and mitophagy formation in cisplatin-
insensitive cholangiocarcinoma cells (155) and metastatic melanoma cells
(156). Prohibitin (Phb1) overexpressed in ovarian cancer has been shown to
promote stabilization of mitochondrial structure. Knockdown of Phb1 disrupts
mitochondrial connectivity by enhancing fission process of mitochondria, and
this, in turn, sensitizes ovarian cancer cells to cell death induced by
staurosporine (STS) (157). Resistance to tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) has been reported in many types of cancer
(158). Compared to treatment with TRAIL alone, co-treatment of TRAIL and

gold nanoparticles sensitized non-small-cell lung cancer cells to TRAIL
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through Drpl-mediated mitochondrial fission (159). Knockdown or inhibition
of Drpl suppressed cisplatin-induced generation of ROS, desensitizing breast
cancer cells to cisplatin (113).

About one-half of cancer from melanoma patients harbor BRAFV600
mutation, displaying highly activated MAPK signaling. Therapy specifically
targeting MAPK pathway for melanoma patients with BRAF mutation has been
incorporated, while a large proportion of patients treated with MAPK inhibitor
showed intrinsic resistance to the therapy. Targeting mitochondrial biogenesis
processes enhanced efficacy of MAPK inhibitor in melanoma cells (160).
Moreover, hyper-fusion state of mitochondria has been found to be associated
with chemoresistant properties of gynecologic cancer cells (161). Thus,
disrupting regulation of mitochondrial fusion and biogenesis might be an
effective therapeutic strategy through sensitization of cancer cells to anti-cancer

agents.

1.4.2 Mitochondrial fission and chemoresistance

Recent studies have suggested that fission of mitochondria are involved in
cytoprotective effect as an adaptive mechanism against cellular stress.
Decreased mitochondrial ROS generation through suppression of
mitochondrial metabolism in cancer cells has been shown to be associated with
chemoresistance. Soluble factors secreted by bone marrow-derived
mesenchymal stem cells trigger mitochondrial fission by activating Erk/Drpl
pathway, giving rise to chemoresistant phenotype in T-cell acute lymphoblastic
leukemia (T-ALL) cells (38). Mitochondrial fission mediated by ROS led to
increased survival of hepatocellular carcinoma cells (162). Downregulation
of Six1 by miR-488 inhibited Drpl-mediated mitochondrial fission, resulting
in sensitization of ovarian cancer cells to cisplatin (163). Collectively, fission-
state of mitochondria may be an important adaptive mechanism of cancer cells
under the circumstances of high level of ROS and could be a therapeutic target

against cancer.
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1.4.3 Mitochondrial trafficking and chemoresistance

TNT-mediated intercellular trafficking of mitochondria has been shown to be
linked to malignant phenotypes of cancer such as survival from apoptotic
signals and invasiveness. Intercellular transfer of mitochondria from healthy
pheochromocytoma (PC) 12 cells to apoptotic cells rescued the apoptotic cells
from cell death (164). Similarly, apoptotic H9¢c2 cardiomyocytes experiencing
ischemic stress was rescued by receiving mitochondrial compartment from
bone-marrow derived mesenchymal stem cells through TNTs (165). Formation
of TNTs between two different bladder cancer cell lines increased metastatic
potential of cancer cells in vivo and in vitro (75). Pasquier et al. have shown
the presence of TNTs in tumor spheroids and cancer explant cultures.
Trafficking of mitochondria between endothelial cells and cancer cells was
associated with an increase of chemoresistant phenotype in cancer (76). In
addition, hypoxia increased formation of TNTs in chemoresistant ovarian
cancer cell lines (SKOV3 and C200) (166).

The results from above studies investigated relationship between
mitochondrial dynamics and chemoresistance in different cancer types may
imply that mitochondrial dynamics is regulated in a context-dependent manner.
The shape of mitochondria is prone to be altered by external stimuli. Various
factors present in tumor microenvironment including hypoxia, ROS and
inflammatory signals have been shown to modulate mitochondrial dynamics,
conferring cellular heterogeneity and chemoresistance. Therefore, profound
understanding of mitochondrial dynamics in relation to the type of cancer and
acellular factors in tumor microenvironment may increase the opportunity of

developing a novel druggable target of drug-resistant cancer.
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1.5 Study summary

Tumor microenvironment has been recognized as an important regulator of
malignant phenotypes of cancer cells, giving rise to intra-tumoral heterogeneity
in many types of cancer.

Cells from different tissues or even the same type of cells from the same
tissue could have different numbers and morphology of mitochondria
depending on external cues present in tissue microenvironment. In chapter 2,
Our study showed the impact of hypoxic tumor microenvironment on
regulation of mitochondrial dynamics as well as its association with cisplatin
resistance in ovarian cancer.

We found a chemoresistance mechanism of ovarian cancer cells under
hypoxia, acquired through mitochondrial fission. We showed that inhibition of
mitochondrial fission significantly increased sensitivity of hypoxic ovarian
cancer cells to cisplatin, whereas normoxic (20% oxygen) cancer cells did not
show the same effect when mitochondrial fission was inhibited. For further
confirmation in clinical samples from patients with advanced ovarian cancer,
we treated mitochondrial fission inhibitor and cisplatin on primary tissue and
ascites-derived spheroids. Taken together, our results indicate that
mitochondrial fission-induced chemoresistance is specific to hypoxic cancer
cells and it could be a druggable target of ovarian cancer to increase the efficacy
of cisplatin.

In chapter 3, to understand a critical cytokine regulator cancer metastasis,
publicly-available data was analyzed and TNF is uncovered to be important
modulator of ovarian cancer microenvironment. We revealed that TNF
singnaling is modulated by RELB. Subsequently, upregulation of RELB
promoted invasive capacity of ovarian cancer cells by regulating PLAU (uPA)
expression.

Ovarian cancer spreads to various organs through fluid accumulated in the
peritoneal cavity termed malignant ascites, aggravating cancer progression. So
in _chapter 4, Our study shows the landscape of molecular and cellular

heterogeneity in the malignant ascites with a specific focus on the anoikis-
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resistant phenotype of cancer cells by interrogating ligand-receptor interactions
between immune and cancer cells enriched in the malignant ascites. We
incorporated a single-cell RNA sequencing data from five malignant ascites
samples to delve into cellular composition, cell-to-cell communication and vital
signaling pathways of cancer cells in the malignant ascites. We identified seven
distinct cell types based on the expression patterns of cell-type-specific
signatures. Macrophages were the most heterogeneous cell type with eleven
sub-clusters. We analyzed signaling pathways enriched in the different clusters
and subtypes of cells. We have implemented a recently published method called
‘NicheNet’ to predict the communication between immune and ovarian cancer
cells. We revealed that CCLS5 is enriched in T cells and NK cells, potentially
governing ovarian cancer cell survival in the ascites through SDC4. We showed
that SDC4 is globally expressed receptor in the cancer cells from the five ascites
samples. This finding was further corroborated by analyzing the recently
published. We found that average SDC4 expression strongly correlates with
ovarian cancer cell proportion in each sample, further supporting the potential
role of SDC4 in cancer cell survival under the ascites microenvironment.
Moreover, elevated SDC4 expression predicted poor overall survival outcomes
of ovarian cancer patients. Thus, we suggest interactions between immune cell-
secreted CCL5 and cancer cell-expressed SDC4 as a novel druggable target of
ovarian cancer which may curtail chances of cancer cell survival in the

malignant ascites microenvironment.
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2. Chapter I1: Mitochondrial fission causes
cisplatin resistance under hypoxic conditions via

ROS in ovarian cancer cells
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2.1 Introduction

Ovarian cancer is the most lethal gynecologic malignancy which is the
leading cause of cancer-related deaths in women (167). The five-year survival
rate of the advanced-stage cancer is below 40% worldwide (168). For past
decades, ovarian cancer survival has not improved due largely to frequent
relapses and the lack of effective screening tools detecting the cancer at an early
stage (169). Although cytoreductive surgery followed by platinum-based
chemotherapy (CDDP or carboplatin) in combination with taxanes (paclitaxel
or docetaxel) is standard of care, the recurrence rate of the advanced-stage
cancer is still around 70% (170). Therefore, a complete understanding of
molecular mechanisms accounting for relapse and subsequent chemoresistance
is critical for establishing the most effective treatment strategies.

The importance of tumor microenvironment in cancer progression has been
increasingly emphasized in recent years. Rapid proliferation of cancer cells and
slow rate of angiogenesis make a tumor hypoxic in most solid tumors. At the
tissue level, the actual oxygen level ranges from 1 to 11%, deviating greatly
from the 20% which is the atmospheric oxygen level. Hypoxia may refer to less
than 1% oxygen tension (171). Cellular homeostasis is adjusted in response to
the oxygen availability in cancer cells by altering intracellular signaling
pathways. For example, the transcription factor, hypoxia-inducible factors 1 a
subunit (HIF-1a) is stabilized by hypoxia and transactivates various target
genes (172). Additionally, more recent studies on ovarian and breast cancer
cells suggest chromatin remodeling is promoted by hypoxia to regulate
expression of gene sets (173, 174). Solid tumors that are more hypoxic show
more malignant behavior through fine-tuning of oncogenic signaling pathways.
The degree of tumor hypoxia varies from patient to patient and is correlated
with poor prognosis in epithelial ovarian cancer (175, 176).

The term ‘mitochondrial dynamics’ refers to changes in shapes and
localization of mitochondria (177, 178). While previous studies have shown
that the structure of mitochondria dynamically change through fission and

fusion processes in response to various microenvironmental cues (179), the
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factors in tumor microenvironment that regulate mitochondrial dynamics is not
entirely understood. However, several key molecules involved in the fission
and fusion of mitochondria have been revealed recently. Mitofusins 1 and 2
(Mifn1/2) are crucial molecules for mediating fusion of mitochondrial outer
membranes and tethering the outer membrane to the endoplasmic reticulum
(ER). Mitochondrial fission is driven by dynamin-related protein 1 (Drpl)
which translocates from cytosol to mitochondrial outer membrane upon
activation. Phosphorylation of Drpl can dictate its activation status. Studies
have shown Drpl phosphorylation at Ser616 activates Drpl and induces
mitochondrial fission (36, 180). Whereas, Drpl phosphorylation at Ser637
inactivates Drpl, thus inhibiting mitochondrial fission (181).

Our previous study has revealed that the formation of tumor sphere enhanced
mitochondrial fission (93). Sphere-forming cancer cells are more resistant to
anti-cancer agents and are exposed to decreasing oxygen gradient towards the
center of the sphere, leading us to postulate that hypoxia could be a critical
factor affecting the mitochondrial dynamics and chemoresistance. To date, the
consequences of hypoxia-mediated changes in mitochondrial dynamics in
relation to sensitivity to anti-cancer drugs have not been explored. In this study,
we demonstrate that mitochondrial fission elicited by Drpl under hypoxia is

associated with CDDP resistance in ovarian cancer cells.
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2.2 Materials and methods
2.2.1 Cell lines

Human ovarian cancer cell lines, SKOV3, OVCAR3 and PAl were
purchased from American Type Culture Collection (Rockville, MD). All three
cancer cell lines were grown in RPMI1640 (WELGENE, Seoul, South Korea)
containing 10% Fetal Bovine Serum (FBS; Gibco, Gaithersburg, MD), 100
U/mL penicillin and 100 pg/mL streptomycin (Invitrogen, Carlsbard, CA).
IOSE385 were generously provided by Prof. Young Kee Shin and grown in
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12;
Gibco) containing 10% FBS (Gibco), 100 U/mL penicillin and 100 pg/mL
streptomycin (Invitrogen). All the cell lines used in this study were
authenticated and tested for mycoplasma. Cells were maintained in 5% CO-
humidified incubator at 37 °C. For hypoxia, cells were grown in the anaerobic

system model 1025 (Thermo Forma, Waltham, MA).

2.2.2 Chemical reagents

CDDP, NAC and Trolox were obtained from Sigma-Aldrich (St. Louis, MO).
Mdivi-1 and M1 were purchased from Merck-Millipore (Burlington, MA,
USA). H2O was purchased from Junsei (Tokyo, Japan).

2.2.3 Bioinformatics

The GEO dataset, GSE14407, was used to analyze mRNA levels of SLC2A1
(Probe ID: 201250 _s_at), VEGFA (Probe ID: 212171_x_at), PDGFB (Probe ID:
216061 x_at), DNMIL (probe ID: 203105 s at) and Mfnl(probe ID:
207098 s at) in 12 normal ovarian surface epithelium tissues and 12 ovarian
cancer tissues obtained through laser capture microdissection. For gene set
enrichment analysis (GSEA), mRNA expression of ovarian cancer tissue
samples (n=12) from GSE14407 was used, and a formatted GCT file was used
as an input for the GSEA algorithm v3.0 (broadinstitute.org/gsea).
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2.2.4 Immunoblotting analysis

Cells were lysed with 2X lysis buffer (10 mM Tris-HCI, 150 mM NaCl, 1
mM EDTA, 1 mM EGTA), 1% Triton X-100, 1 mg sodium deoxycholate,
EDTA-free protease inhibitor cocktail, | mM phenylmethylsulfonyl fluoride
and 1 mM Na3VO4 for 20 min. Protein concentration was measured using BCA
Protein Assay Kit (Thermo Scientific, Waltham, MA). SDS-PAGE was
conducted with the appropriate polyacrylamide gel concentration (6%, 7.5%
and 9% gels). Separated protein samples were then transferred onto
nitrocellulose membrane. Membranes were blocked with 5% dry skim milk
(w/v) in TBS-T for 2 h and incubated overnight at 4°C with specific primary
antibody. Membranes were then washed with TBS-T and incubated with a
horseradish peroxidase-conjugated secondary antibody (1:5000) diluted in 5%
dry skim milk for 2 h at room temperature. Primary antibodies used in this
study are Mfn1 (1:1000; sc-50330, SantaCruz Biotechnology, Santa Cruz, CA),
Drpl (1:1000; #8570, Cell Signaling Technology, Beverly, MA), p-Drp1Ser616
(1:1000; #3455, Cell Signaling Technology), p-Drp1Ser637 (1:1000; #4867,
Cell Signaling Technology), HIF-1a (1:500; MA1-16504, Invitrogen), PARP-1
(sc-7150, SantaCruz Biotechnology) and a-tubulin (1:5000; T5168, Sigma-
Aldrich). Chemiluminescence detection kit (AbFrontier, Seoul, Korea) was
used to detect signals. To obtain protein expression ratios, protein bands were

quantified using Fiji (ImageJ ver. 1.52a).

2.2.5 MTT assay

Cell viability of ovarian cancer cell lines with different treatment groups was
measured by MTT assay. Cells were plated onto 96-well plates and patient-
derived spheroids embedded in Matrigel were seeded on to 24-well plates. For
analysis, 2 mg/mL of MTT dissolved in phosphate-buffered saline (PBS) was
added. After 3 h incubation with MTT, culture medium containing MTT
solution was removed and DMSO was added to solubilize formazan generated.
For patient-derived spheroids, Matrigel was mechanically dissociated by

pipetting thoroughly after addition of DMSO. Optical density values were
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measured at a wavelength of 540 nm using a spectrophotometer (LabSystem,

Helsinki, Finland).

2.2.6 Apoptosis analysis

Apoptosis was measured by flow cytometric analysis using Annexin V-FITC
apoptosis kit (BD Bioscience, San Jose, CA) according to the manufacturer’s
protocol. In brief, cells were trypsinized and centrifuged at 500 x g for 5 min at
4°C. Cell pellets were stained with Annexin V-FITC and propidium iodide (PI)
in PBS. Apoptotic cells were analyzed by BD FACS Canto II flow cytometer
(BD Bioscience).

2.2.7 Analysis of relative mitochondrial activity and mass

Cells were harvested and suspended in serum-free medium with either 200
nM MitoTracker™ Orange (M7510) or 200 nM MitoTracker™ Green FM
(M7514) which were obtained from Molecular Probes, Inc. (Eugene, OR). Cells
were stained by incubation (37°C, 30 min) and washed with PBS to remove
excessive dyes. Relative fluorescence intensity of cells was analyzed using BD

FACS Canto II flow cytometer (BD Bioscience).

2.2.8 Immunocytochemistry and confocal microscopy

Cells and Matrigel-embeded PDS cultured on NuncTM Lab-TekTM II 4-
well chamber slideTM w/ removable wells (Thermo Scientific) were stained
with 250 nM MitoSpyTM Orange CMTM ROS dye (BioLegend, San Diego,
CA) for 20 min at 37°C. Then cells were fixed with 4% paraformaldehyde (PFA)
in PBS, permeabilized with 0.1% Triton X-100, blocked with 10% goat serum
and incubated with the specific primary antibody (1:250) and the Alexa Fluor
488-conjugated secondary antibody (Abcam, Cambridge, United Kingdom).
Cells were stained with 1 pg/mL DAPI (Thermo Scientific) before mounting
the samples with ProLongTM Glass Antifade Mountant (Thermo Scientific).
Prepared samples were visualized with a 63x oil immersion objective lens of
an LSM800 (Carl Zeiss, Oberkochen, Germany) confocal microscope. To
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quantify mitochondrial fission, mitochondrial length from three independent
experiments was measured using ImageJ. Lengths of 123-163 mitochondria

from 12-18 cells in different groups were measured.

2.2.9 Detection of relative ROS levels

Intracellular ROS levels were measured wusing 2,7-dichloro-
dihydrofluorescein diacetate (DCFH-DA; Sigma-Aldrich) which was used to
detect intracellular hydrogen peroxide level. Dihydroethidium (DHE; Sigma-
Aldrich) oxidized by intracellular superoxide and emits fluorescent signal, was
used to compare intracellular superoxide level in groups of cells with different
oxygen status. Cultured cells were washed once and incubated with either
DCFH-DA (20 pM, 30 min) or DHE (5 pM, 10 min). Relative DCF or DHE
fluorescence of cells was analyzed using BD FACS Canto II flow cytometer

(BD Bioscience).

2.2.10 TUNEL assay

To measure DNA damage levels, TUNEL assay was conducted using a
Click-iT™ Plus TUNEL Assay kit (Invitrogen). Cells cultured on Nunc™ Lab-
Tek™ II 4-well chamber slide™ w/ removable wells (Thermo Scientific) were
washed once with PBS and fixed with 4% PFA for 15 min. For permeabilization,
cells were incubated with 0.25% Triton X-100 in PBS for 20 min at room
temperature. Then, TUNEL staining was done according to the manufacturer’s
protocol. Before mounting cover slips onto the slides, cells were stained with
DAPI (1 pg/mL; Thermo Scientific) for 5 min. For quantification of TUNEL

positive cells, 100-150 cells were analyzed from three independent cell counts.

2.2.11 Transfection of siRNA

For Drpl silencing, SKOV3 and PA1 cells were transfected with 50 nM si-
Drp (SantaCruz Biotechnology), using RNAiMax (Invitrogen). In a negative
control group, 50 nM scramble siRNA (mBioTech, Korea) was transfected. At
24 h post-transfection, cells were harvested and reseeded for assays.
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2.2.12 Isolation and culture of primary cells and patient-

derived spheroids

This study was conducted after approval from the Institutional Review Board
(IRB) of Seoul National University Hospital (IRB no.: 1409-154-616) and
performed in compliance with the Declaration of Helsinki. To use patient
samples for this study, informed consent was obtained from all subjects.
PBMCs and adipose ASCs were isolated and cultured as previously described
(182, 183). PBMCs were grown in RPMI1640 (WELGENE) containing 10%
FBS (Gibco), 100 U/mL penicillin and 100 pg/mL streptomycin (Invitrogen).
ASCs were cultured in MesenPRO RS medium (Gibco) containing 1%
GlutaMAX (Gibco), 100 U/mL penicillin and 100 pg/mL streptomycin
(Invitrogen).

Malignant ascites obtained from four ovarian cancer patients at the time of
primary debulking surgery were used for isolation of primary tumor
cells/spheroids. Malignant ascites was centrifuged at 1400 x g for 10 min. Ficoll
density gradient centrifugation with Ficoll-PaqueTM (GE healthcare, Franklin
Lakes, NJ) was used to remove erythrocytes. Primary tumor tissues were
obtained during primary debulking surgery. Tissues were washed three times
with PBS and mechanistically minced using a razor blade. Fragmented tissues
were then incubated (37°C, 60 min) in 2.4 U/mL of dispase (Gibco) diluted in
PBS. Thereafter, the undigested large tissue debris was removed by filtering
through a 100-pm cell strainer. Isolated cells/spheroids were washed three times
with PBS and the number of cells/spheroids was counted. The medium
components required for estrogen receptor stimulation, stemness, ROCK
inhibition, anti-oxidation and TGF-B receptor kinase inhibition were adapted
from previous studies of organoid culture (184-187). Cells/spheroids embedded
in phenol red-free Matrigel Growth Factor Reduced Basement Membrane
Matrix (BD Bioscience) were cultured in Advanced DMEM/F12 (Gibco)
supplemented with 10 mM HEPES (Gibco), 1x GlutaMax (Gibco), 1 uM B-
Estradiol (Sigma-Aldrich), 1 mM nicotinamide (Sigma-Aldrich), 10 ng/mL
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recombinant human Noggin (PeproTech, Rocky Hill, NJ, USA), 10 ng/mL
recombinant R-Spondin1 (PeproTech), 1x N2 (Invitrogen), 1x B27 (Invitrogen),
10 ng/mL EGF (Invitrogen), 10 ng/mL FGF2 (PeproTech), 10 ng/mL FGF10
(PeproTech), 10 uM Y-27632 dihydrochloride (Sigma-Aldrich), 0.5 puM
SB431542 (Sigma-Aldrich) and ImM N-acetylcysteine (Sigma-Aldrich).

2.2.13 Statistical analysis

For statistical comparisons between two groups, two-sided independent
samples t-test was conducted. For comparisons between more than two groups,
one-way analysis of variance (ANOVA) with Bonferroni’s PostHoc test was
performed. These tests were performed using IBM SPSS statistics 25 (SPSS
Inc., Chicago, IL). Correlation values were calculated by the Pearson
correlation coefficient test using the GraphPad Prism 5 software. A P value <

0.05 was considered statistically significant.

53



2.3 Results

2.3.1 Hypoxia makes ovarian cancer cells resistant to

CDDP irrespective of p53 status

Hypoxia has been shown to be related with the recurrence and
chemoresistance of cancer cells. Using the publicly available dataset from the
gene expression omnibus (GEO) database, GSE14407, which contains
microarray data from normal and ovarian cancer tissue samples, transcript
expressions of hypoxia markers in normal and ovarian cancer tissue samples
were compared. Hypoxia markers (SLC2A1, VEGFA and PDGFB) were
significantly upregulated in ovarian cancer tissues than the normal ovarian
epithelial tissues (Fig. 3a). These data indicate that cancer tissues are more
hypoxic than normal tissues.

Ovarian cancer exhibits a high mutation rate of TP53, the gene encoding p53,
that over 90% of high-grade serous epithelial ovarian cancer tissues harbor the
mutation at this gene (188). Previous studies have shown hypoxia induces
activation of p53 and can induce cancer cell death (189, 190). We examined the
effect of hypoxia on CDDP sensitivity, incorporating ovarian cancer cells with
different p53 mutational status. SKOV3 (p53 null-type), OVCAR3 (p53
mutant-type) and PA1 (p53 wild-type) were cultured under 20% O, or hypoxia
(< 1% 0O3). To confirm hypoxic condition given to cancer cells, protein level of
a hypoxia-induced transcription factor, HIF-1a, was determined using Western
blotting. Protein content of HIF-1a was increased in the cancer cells cultured
under hypoxic conditions as well as in the positive control group which is cobalt
chloride (CoCly)-treated cells cultured under 20% O, (Supplementary Fig. 1).
Cell viability of both 20% O, and hypoxia-cultured cancer cells after incubating
with increasing concentrations of CDDP for 24 and 48 h was analyzed. The
viability of hypoxic cancer cells was significantly higher than that of 20% O»-
cultured cancer cells when treated with the same concentration of CDDP (Fig.
3b). Also, the proportion of apoptotic cells (positive for either Annexin V-FITC
or both Annexin V-FITC and PI staining) in hypoxia-cultured cancer cells were
markedly lower than those in the 20% O,-cultured cancer cells after incubation
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with CDDP for 48 h (Fig. 3¢). These results suggest that hypoxia induces CDDP

resistance in ovarian cancer cells irrespective of their p53 status.
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Figure 3. Hypoxia induces CDDP resistance in ovarian cancer cells.

a Expression of hypoxia markers (SLC2A1, VEGFA and PDGFB) in normal
ovarian surface epithelial tissue samples (squares; n=12) and ovarian cancer
tissue samples (circles; n=12) in the GEO dataset (GSE14407). Values are
presented as means £ SEM (¥*, P <0.01; *** P <0.001). b SKOV3, OVCAR3
and PA1 cells grown under 20% O> or hypoxic conditions were treated with
increasing concentrations of CDDP for 24 and 48 h and the cell viability was
determined by MTT assay. Means between 20% O, and hypoxia culture groups
were compared. Values are presented as means + SEM from three independent
experiments (*, P <0.05; **, P <0.01; *** P <0.001). ¢ SKOV3, OVCAR3
and PA1 cells cultured under 20% O; or hypoxia were treated with the indicated
concentrations of CDDP for 48 h. Cells were stained with Annexin V-FITC/PI
and analyzed using flow cytometry to measure apoptotic cells (Annexin V-
FITC stained cells). Means between 20% O; and hypoxia culture groups were
compared. Values are presented as means + SEM from three independent

experiments (*, P <0.05).
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Supplementary Fig. 1. Hypoxic culture increases HIF-1a protein contents
of ovarian cancer cells.

Protein expression of HIF-1a (hypoxia marker) in ovarian cancer cells
(SKOV3, OVCAR3 and PA1) grown under 20% O- or hypoxic conditions for
6 h was examined by Western blotting. Cobalt chloride (CoCly)-treated groups
were used as positive control for HIF-1a expression. As internal control, a-

tubulin expression was examined.
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2.3.2 Hypoxia increases mitochondrial fission in ovarian

cancer cells

Mitochondria are vital organelles of eukaryotic cells, and defective
mitochondrial function is linked to the pathogenesis of various diseases
including cancer (180). To explore the effect of hypoxia on phenotypic changes
of the mitochondria, mitochondrial mass and activity were measured in SKOV3,
OVCAR3 and PALI cells cultured under hypoxic conditions. Mitochondrial
mass showed an increasing pattern in a time-dependent manner, while retaining
mitochondrial activity at the nearly constant level when hypoxia was applied.
Next, to assess changes in mitochondrial activity per mass induced by hypoxia,
activity to mass ratio of mitochondria was computed. Activity to mass ratio of
mitochondria was significantly decreased by hypoxia in a time-dependent
manner in two of the cell lines examined (OVCAR3 and PA1) and the other cell
line (SKOV3) showed the time-dependent decreasing pattern. These results
suggest that mitochondria may be present as a less efficient form when oxygen
availability is limited (Fig. 4a).

Next, ovarian cancer cells were subjected to the analysis for morphological
changes of mitochondria under hypoxia. To achieve this, SKOV3, OVCAR3
and PA1 cells cultured under hypoxia were stained with MitoSpy and fixed with
4% PFA. Representative confocal microscopic images of cancer cells exposed
to hypoxia for 48 h show that fission of mitochondria was induced under
hypoxia, indicated by increased numbers of small fragments of mitochondria
(Fig 4b, ¢). Induction of mitochondrial fission by hypoxia was also observed in

DsRed2-mito vector-transfected cancer cells (Supplementary Fig. 2).

62



PA1

T T T T
- (3] (3] —

(uaainy Jayoe 1] oNW)
SSEL |BUpUOYI oK

|:|_

ns

OVCAR3
ns

) 4 & =
(uaais Jayael | oqiw)
SSPLL U pUoY 201y

ns

SKOV3
s

T T T T 1
b | [3n] (3] - L=

[uaainy Jay2e | oy
SSELW |BUDUOYI0MY

43

24

0

Hypoxia (h) Hypoxia (h)

Hypoxia (h)

()]
[ =
= Wl
m Z
r T T T 1
-1 [} e _— [=1
(abBueig ey 281 | o W)
Ayanoe et puoysonp
™ 2
(=4
A (7]
W =
o
-1 M o e o
{aBuei 19¥ 081 Oy
Auanoe [eupuoyoonp
. 2
=
= 2
un

V T T T 1
-t [y} (3] - [

(aBueig 1axael] opw)
Auanoe [eLUpuoyDoIN

48

24

0
Hypoxia (h)

48

24

0

Hypoxia (h)

Hypoxia (h)

PA1

r
[Fr]

-

OVCAR3

T
[=] w3
=

ssey [ Aoy

&k

T
[Fr]
-

SKOV2

T T
[=] [Tr]
=

ssep | Aoy

ns

(=]
L=

1.5

ssep | Auaoy

Hypoxia (h)

Hypoxia (h)

Hypoxia (h)

63



OVCAR3 SKOV3

PA1

20% O,

Hypoxia (48h)

DAPI MitoSpy

64




SKOV3

*k%k

20% O, Hypoxia

r T T 1
ot S 0 =
- - o o

yibus| felipuoydoliw aAleey

OVCAR3

*kk

20% O, Hypoxia

y16ua| feripuoyd0lW SAITRIDY

PAl

*k%

20% O, Hypoxia

r T T 1
0 < 0 <
- — o o

yibus| reripuoyd0liw anlreley

65



ulngn3}-n

(2£949s) Ldig-d

(91949s) Ldig-d

14

ve
ivd

LU

ve
EAOMS

(4) eixodAH

66

L



B SKOV3
2.5 — P&
b
o 1 2 R
Hypoxia (day)
" m SKOV3
E_E : [ PAT
5 1 5' S
2]
= 1.0
=
éa 5 -
=
0.0 - T T T
-1 o 1 2 a1 2
Hypoxia (day)
5. m SKOVI
a 1 PAd
"
g 1.1
B
E . - e R
: 7]
0. r T T
-1 o 1 2 a1 2

Hypoxia (day)

67



PA1

Drp1

SKOV3

Zoom

Merge

MitoSpy

DAPI

Zoom

Merge

Drp1

MitoSpy

DAPI

68




Figure 4. Hypoxia promotes mitochondrial fission through Drp1 activation.
a To assess mitochondrial mass, SKOV3, OVCAR3 and PA1 cells cultured
under 20% O or hypoxia for 24 and 48 h were stained with MitoTracker Green
FM (M7514) and relative the signal intensities were analyzed using flow
cytometry. To examine mitochondrial activity, relative fluorescence intensities
of cancer cells stained with MitoTracker Orange (M7510) were measured to see
changes in membrane potential of mitochondria. Mitochondrial activity to
mitochondrial mass ratios of SKOV3, OVCAR3 and PA1 were computed to see
relative changes in mitochondrial activity per mass in groups with different
exposure times under hypoxia. Values are presented as means + SEM from three
independent experiments (ns, not significant; **, P < 0.01; *** P <0.001). b
20% O and hypoxia-cultured SKOV3, OVCAR3 and PA1 cells were stained
with MitoSpy to examine mitochondrial morphology using confocal
microscopy. White arrows point at fragments of mitochondria. Length of the
scale bar is 10 um. ¢ Quantification of relative mitochondrial length in cancer
cells cultured under 20% O; and hypoxia. Error bars represent SEM (***, P <
0.001). d Protein expressions of Mfnl, Drpl, p-Drpl (Ser616) and p-Drpl

(Ser637) from samples of SKOV3 and PA1 cells cultured under hypoxia for the

indicated time periods were detected by Western blotting. As internal control,

a-tubulin expression was examined. e To observe changes in relative

expressions of mitochondrial dynamics-regulating proteins, expression ratios

of Drpl/Mfnl, p-Drpl(Ser616)/Drpl and p-Drpl(Ser637)/Drpl were
calculated using densitometric analysis of each immunoblot using Imagel.

Values are presented as means + SEM from three independent experiments (*,

P <0.05; **, P<0.01; *** P<0.001). f Representative images of SKOV3 and
PA1 cells stained with MitoSpy (red), probed with anti-Drp1 (green) antibody
and stained with DAPI (blue) show mitochondrial morphology and subcellular
localization of Drp1 after hypoxic exposure for indicated time. Zoom indicates

the enlargement of boxed region. Length of the scale bar is 10 um.
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Supplementary Fig. 2. Mitochondrial fission is induced by hypoxia in
ovarian cancer cells.

Mitochondrial morphology of 20% O, or hypoxia-cultured ovarian cancer
cells (SKOV3, PA1 and OVCAR3) stably expressing dsRed-Mito expression
construct was examined after 48 h culture under hypoxia. Morphology of
mitochondrial was visualized by confocal microscopy.
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2.3.3 Hypoxia changes expression and activation status of

mitochondrial dynamics protein

To confirm whether mitochondrial fission and fusion proteins are responsible
for mitochondrial fission induced by hypoxia, Mfnl and Drpl contents were
assessed by Western blotting. We observed that protein contents of Mfnl and
inhibitory p-Drpl (Ser637) were decreased under hypoxia (Fig. 4d). SKOV3
and PA1 cells cultured under hypoxia showed increased Drpl to Mfnl ratio
which peaked at 24 h. Also, the ratio of p-Drpl (Ser637) to Drpl was
significantly decreased in hypoxic conditions in a time-dependent manner,
while an increase of p-Drp1 (Ser616) to Drp1 was observed after 48 h exposure
to hypoxia (Fig. 4e).

Next, subcellular localization of Drpl with different durations of hypoxic
exposure (12, 24 and 48 h) was examined in SKOV3 and PA1l cells.
Translocation of Drpl was most notably observed after 12 h hypoxic culture
indicated by the increased yellow fluorescence and decreased green
fluorescence in cytosolic regions, implying Drpl-mediated mitochondrial
fission occurs within 12 h under hypoxic culture conditions. Again,
mitochondrial fission was observed after 24 h culture under hypoxia, indicated
by the presence of many small mitochondrial fragments in the cancer cells (Fig.
4f). Collectively, these results suggest that hypoxic ovarian cancer cells
undergo mitochondrial fission through Mfnl downregulation and Drpl

activation.

2.3.4 High level of ROS exerted by hypoxia promotes

mitochondrial fission

Previous studies have shown that tumor microenvironment is present with
increased levels of ROS together with hypoxia. Mitochondria are major a
source of ROS in eukaryotic cells, especially for hypoxic cells (106, 191). To
determine the molecular mechanism by which hypoxia stimulates

mitochondrial fission, we examined the impact of ROS on mitochondrial

72



dynamics of ovarian cancer cells. After 24 h exposure to hypoxia, SKOV3 and
PA1 cells showed a significant increase in the intracellular H202 level
compared to the 20% O2-cultured cells, whereas intracellular superoxide (02-)
level was not affected by hypoxia (Fig. 5a). To evaluate the effect of hypoxia-
induced ROS on mitochondrial dynamics, H202 was exogenously applied to
20% O2-cultured cancer cells and NAC, a free radical scavenger, and Trolox, a
water-soluble antioxidant, were treated to hypoxic cancer cells. While
mitochondrial fission was promoted by exogenous H202 (20 uM, 6 h),
hypoxia-induced mitochondrial fission was mitigated by NAC (1 mM, 6 h) and
Trolox (200 uM, 6h) treatment (Fig. 5b, ¢ and Supplementary Fig. 3). H202
treatment decreased Mfn1 content of SKOV3 and PA1 cells in 20% O2 culture
conditions and the decrease in Mfnl expression by hypoxia was restored by
NAC and Trolox treatment. Treatment with H202 decreased the expressions of
inhibitory p-Drpl (Ser637) and Mfnl. The decreased p-Drpl (Ser637) and
Mfnl expressions by hypoxia were rescued by NAC and Trolox treatment in
both SKOV3 and PAT1 cells (Fig. 5d). These results show that hypoxia-elicited
ROS regulate Mfnl protein level and activation status of Drpl to promote

mitochondrial fission.
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Figure 5. An increase of intracellular ROS by hypoxia causes
mitochondrial fission.

a Relative level of intracellular ROS (O, and H»0,) of SKOV3 and PA1 cells
after 24 h exposure to hypoxia were measured. ROS levels of hypoxic cancer
cells were compared against those of 20% O»-cultured cancer cells. Values are
presented as means £ SEM from three independent experiments (*, P < 0.05;
**% P <0.001). b Mitochondrial morphology of SKOV3 and PA1 cells were
observed by staining with MitoSpy. For H»O, treated group, 20% O»-cultured
cancer cells were exposed to HO, (20 uM) for 6 h. For NAC (1 mM) and
Trolox (200 uM) treated groups, hypoxia was applied for 48 h and NAC and
Trolox were treated for 6 h. Length of the scale bar is 10 pm. Zoom indicates
the enlargement of boxed region. ¢ Mitochondrial length was quantified. Error
bars represent SEM (ns, not significant; *, P < 0.05; *** P <0.001). d Protein
expressions of Mfnl, Drpl, p-Drpl (Ser616) and p-Drpl (Ser637) were
detected by Western blotting. As internal control, a-tubulin expression was

examined.
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Supplementary Fig. 3. H;O; increases mitochondrial fission in ovarian

cancer cells.
H,0O, was exogenously applied to the cancer cells with increasing doses (0, 5
and 10 uM) for 6 h. Cancer cells were stained with MitoSpy and fixed with 4%

PFA. Mitochondria morphology was visualized by confocal microscopy.
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2.3.5 Expression of mRNAs in cancer tissue samples from
GEO dataset shows the relevance of hypoxia-induced

mitochondrial fission and chemoresistance.

We compared mRNA abundance of DNMIL (the gene encodes for Drpl),
Mifnl and the ratios of Drpl/Mfnl between normal and cancer tissues using
GSE14407 dataset. Both Drpl mRNA levels and the expression ratio were
significantly higher in the cancer tissues than those in the normal tissues. Also,
a positive correlation between the mRNA abundance of Drpl and hypoxia
markers (SLC2A1 and VEGFA) was observed (Fig. 6a). Cancer tissue samples
(n = 12) from the GSE14407 dataset were split into two groups based on the
ratio of Drpl/Mfnl expression. Among many other gene sets in KEGG
pathways, we found that ‘drug metabolism cytochrome P450° and ‘VEGF
signaling’ pathways, which are related with chemoresistance and hypoxia
respectively, were significantly enriched in the high Drpl/Mfnl ratio group
compared with the low Drpl/Mfnl ratio group (Fig. 6b). These data might
imply that the hypoxia-induced mitochondrial fission event of cancer is

associated with chemoresistance.
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Figure 6. Hypoxia-induced mitochondrial fission is related with
chemoresistance.

a Transcript levels of mitochondrial dynamics-regulating proteins (Drpl, Mfnl
and Drp1/Mfn1 expression ratio) in normal tissues (squares; n=12) and ovarian
cancer tissues (circles; n=12) were compared (upper panels). Values are
presented as means = SEM (ns, not significant; *, P < 0.05; *** P < 0.001).
Correlation between Drpl mRNA expression and expression of hypoxia
markers (SLC2A1 and VEGFA) in normal ovarian surface epithelial tissue
samples and ovarian cancer tissue samples (n=24) were compared (lower
panels). The GEO dataset, GSE14407 was utilized. b Enrichment profiles of
two representative pathways, VEGF signaling pathway (NES = 1.45 and P =
0.025) and drug metabolism cytochrome P450 (NES = 1.48 and P=0.012) from
KEGG database are significantly enriched in the high Drpl/Mfnl expression

ratio group of epithelial ovarian cancer (n=12).
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2.3.6 Inhibition of mitochondrial fission increases the
sensitivity of ovarian cancer cells to CDDP in hypoxic

conditions

To find whether mitochondrial fission induced by hypoxia is associated with
chemoresistance in ovarian cancer cells, Mdivi-1, a small-molecule inhibitor
targeting Drpl GTPase activity was used (192). Mitochondrial fusion promoter
M1 could have been incorporated into our study to prevent hypoxia-induced
mitochondrial fission. However, it showed high toxicity in normal cells
including adipose-derived stem cells (ASCs), immortalized ovarian surface
epithelial cells (IOSE) although both Mdivi-1 and M1 showed minimal toxicity
on peripheral blood mononuclear cells (PBMCs). Hence, Mdivi-1 was used for
subsequent experiments to suppress mitochondrial fission induced by hypoxia

(Supplementary Fig. 4).
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Supplementary Fig. 4. Treatment of Mdivi-1 and M1 on ovarian cancer
cells with increasing doses.

Ovarian cancer cells (SKOV3 and PA1) and normal cells (ASC, PBMC and
IOSE385) were treated with increasing doses of either Mdivi-1 (mitochondrial
fission inhibitor) or mitochondrial fusion promoter M1 for 48 h and cell
viability was examined by MTT assay. Values are presented as the means =+
SEM of three independent experiments (*, P < 0.05; **, P < 0.01; ***; P <
0.001).

87



Treatment with ovarian cancer cells with Mdivi-1 (10 uM) 2 h prior to
hypoxic exposure prevented mitochondria fission induced by hypoxia (Fig. 7a).
SKOV3 and PA1 cells were treated with Mdivi-1 for 2 h and then exposed to
hypoxia. After 24 h hypoxic culture, the cancer cells were then incubated with
CDDP alone (50 uM for SKOV3 and 10 uM for PA1) for another 24 h.
Representative micrographs of SKOV3 and PA1 cells in response to CDDP
show a notable decrease in cell confluency when Mdivi-1 was treated prior to
hypoxic incubation in comparison to the hypoxic cells treated with CDDP alone
(Fig. 7b). Inhibition of mitochondrial fission by pre-treatment with Mdivi-1
significantly decreased the CDDP sensitivity of hypoxic ovarian cancer cells.
Results from MTT assay shows 20% O; and hypoxic PA1 cells exhibited
similar CDDP sensitivity when Mdivi-1 was treated prior to hypoxic exposure,
and the viability of hypoxic SKOV3 cells in response to CDDP was markedly
reduced in the Mdivi-1 pre-treatment group (Fig. 7c). Apoptotic cell death
accompanies cleavage of PARP-1 and DNA damage (193, 194). The level of
cleaved PARP-1 and the percentage of TUNEL positive cells in response to
CDDP in hypoxic cancer cells pre-treated with Mdivi-1 were significantly
increased compared to those in hypoxic cancer cells not pre-treated with Mdivi-
1 (Fig. 7d-f). These results suggest that Drp1 inhibition could sensitize hypoxic
ovarian cancer cells to CDDP, making hypoxic ovarian cancer cells almost as

sensitive as 20% O»-cultured cancer cells.
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Figure 7. Inhibition of mitochondrial fission sensitizes hypoxic ovarian
cancer cells to CDDP.

a Representative confocal microscopic images show the effect of Mdivi-1 pre-
treatment 2 h prior to hypoxic exposure (48 h) on MitoSpy stained SKOV3 and
PA1 cells. Length of the scale bar is 10 um. Zoom indicates the enlargement of
boxed region. b A schematic timeline (upper panel) shows specific time points
of Mdivi-1 treatment, hypoxia and CDDP treatment. SKOV3 and PA1 cells
were treated with 10 uM Mdivi-1 2 h prior to hypoxic exposure. After 24 h of
hypoxia given to ovarian cancer cells, 24 h incubation with CDDP (50 uM for
SKOV3 and 5 uM for PA1) alone was followed. Representative micrographs
(lower panels) show morphological changes and confluency of SKOV3 and
PA1 cells in different treatment conditions. Length of the scale bar is 100 pm.
¢ Effect of Mdivi-1 pre-treatment prior to hypoxic exposure on CDDP
sensitivity of SKOV3 and PA1 was analyzed by MTT assay. Means between
20% O and hypoxia culture groups were compared. Values are presented as
means + SEM from three independent experiments (ns, not significant; *, P <
0.05; **,P<0.01). d SKOV3 and PA1 cells were treated with Mdivi-1 2 h prior
to hypoxia. CDDP (50 uM for SKOV3 and 5 pM for PA1) was treated 24 h
after hypoxic exposure. Cells were harvested after 24 h incubation with CDDP
alone treatment to obtain cell lysates. Cleavage of PARP-1 was assessed by
Western blotting. As internal control, a-tubulin expression was examined. e
TUNEL positive cells were observed by confocal microscopy after TUNEL
(green) and DAPI (blue) staining. Length of the scale bar is 10 um. f Percentage
of TUNEL positive cells was calculated. Error bars represent SEM (ns, not
significant; *** P <0.001).
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To further confirm whether Drpl-mediated changes in mitochondrial
dynamics is associated with hypoxia-induced CDDP resistance, ovarian cancer
cells were transfected with si-Ctrl (50 nM) or si-Drpl (50 nM). Cell lysates
were prepared to confirm the knockdown efficiency 48 h after transfection with
si-RNA by Western blotting for Drpl protein expression (Fig. 8a). Sensitivity
to CDDP was higher in the si-Drpl transfected cancer cells than that in the si-
Ctrl transfected cancer cells under hypoxia. Consistent with the result in Fig.
5B, si-Drpl transfected SKOV3 and PA1 cells were less confluent compared to
si-Ctrl transfected cancer cells after treated with CDDP under hypoxia (Fig. 8b).
There was similar cisplatin sensitivity between the 20% O;- and hypoxia-
cultured cancer cells when transfected with si-Drpl (Fig. 8c). Also, si-Drpl
transfected SKOV3 and PA1 cells showed higher level of cleaved PARP-1
compared to the si-Ctrl transfected cells after CDDP treatment in hypoxic
groups. Interestingly, inhibition of Drpl in hypoxic cancer cells treated with
CDDP showed the comparable level of PARP-1 cleavage shown in the 20% O»-
cultured cancer cells treated with CDDP (Fig. 8d). Moreover, the percentages
of TUNEL positive cells in response to CDDP were significant higher in
ovarian cancer cells transfected with si-Drp1 than the cancer cells transfected
with si-Ctrl under hypoxia (Fig 8e, f). Therefore, inhibition of hypoxia-induced
mitochondrial fission could increase the sensitivity of hypoxic ovarian cancer

cells to CDDP.
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Figure 8. Knockdown of Drpl in hypoxic ovarian cancer cells sensitizes
them to CDDP.

a Ovarian cancer cells were transfected with either 50 nM si-Ctrl or 50 nM si-
Drpl, and expression of Drpl was detected by Western blotting. b A schematic
timeline (upper panel) shows time points of si-RNA transfection, hypoxia and
CDDP treatment. 48 h after transfection with si-Ctrl (50 nM) or si-Drpl (50
nM), SKOV3 and PA1 cells were exposed to hypoxia followed by CDDP (50
pM  for SKOV3 and 5 puM for PAl) alone treatment. Representative
micrographs (lower panels) show morphological changes and confluency of
SKOV3 and PA1 cells in different treatment conditions. Length of the scale bar
is 100 um. ¢ Cell viability of si-Ctrl or si-Drp1 transfected cancer cells cultured
under 20% O and hypoxic conditions after incubation with CDDP were
examined by MTT assay. Means between 20% O; and hypoxia culture groups
were compared. Values are presented as means + SEM from three independent
experiments (ns, not significant; **, P < 0.01). d At 48 h post-transfection,
SKOV3 and PA1 cells were incubated under hypoxia. CDDP (50 uM for
SKOV3 and 5 uM for PA1) was treated 24 h after hypoxic exposure. Cells were
harvested after m24 h incubation with CDDP alone treatment to obtain cell
lysates. Cleavage of PARP-1 was assessed by Western blotting. As internal
control, a-tubulin expression was examined. e TUNEL positive cells were
observed by confocal microscopy after TUNEL (green) and DAPI (blue)
staining. Length of the scale bar is 10 um. f Percentage of TUNEL positive cells
was calculated. Error bars represent SEM (ns, not significant; *, P < 0.05; **,

P <0.01; *** P<0.001).
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2.3.7 Mdivi-1 pre-treatment increases CDDP sensitivity of
patient-derived spheroids (PDS) from tumor tissue and

malignant ascites.

Next, we examined the effect of Mdivi-1 pre-treatment on CDDP sensitivity
using a primary multicellular tumor spheroid model. The multicellular tumor
spheroid model could be a good mimicry of complex in vivo tumor
microenvironment that cellular components and hypoxic gradients can be
retained. Compared to the mono-layered cells, multi-layered tumor spheres are
characterized to be more resistant to anti-cancer agents and can form in vivo-
like hypoxic gradient towards a center of the sphere (186, 195).

To further examine the effect of Drpl inhibition on CDDP sensitivity, we
used in vivo-like in vitro culture model employing malignant ascites samples
from advanced-stage high-grade serous subtype ovarian cancer patients and
primary tissue samples from advanced-stage high-grade serous and mucinous
ovarian cancer patients. Patient-derived spheroids from malignant ascites (PDS
#1-5) and cancer tissues (PDS #6-8) were embedded in Matrigel and cultured
in tumor organoid medium. Six days after patient-derived cells were seeded 10
UM Mdivi-1 was treated. After incubation with Mdivi-1 for 24 h, 50 uM CDDP
alone was added for 48 h. Representative micrographs of patient-derived
spheroids (PDS #1-4) taken on day 2 and 6 show stable growth of tumor
spheroids (Fig. 9a). Our previous study demonstrated that mitochondrial fission
is induced in spheroids generated from ovarian cancer cells (93). Similarly,
mitochondrial fission was observed in PDS. Treatment with Mdivi-1 increased
mitochondrial fusion in PDS (Fig. 9b). For patient-derived spheroids from
malignant ascites (PDS #1-4), Mdivi-1 pre-treatment followed by CDDP alone
treatment could significantly reduce the size of the spheres (Fig 9c, d). Also,
Mdivi-1 pre-treated tumor spheroids showed increased CDDP sensitivity and
this was examined by MTT assay (Fig. 9¢). These results demonstrate that in
vivo-like primary tumor spheroids pre-treated with Mdivi-1 become more

susceptible to CDDP.
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Figure 9. Mdivi-1 treatment increases CDDP sensitivity in ovarian cancer
patient-derived spheroids.

a A schematic timeline displaying specific time points and concentrations of
Mdivi-1 and CDDP treated. Primary PDS originated from tissues or ascites of
different patients were isolated and grown by embedding them in the Matrigel.
Micrographs of tumor spheroids were taken on day 2 and day 6. Day 0 is when
the primary PDS were seeded. Representative micrographs of spheroids
(PDS#1-4) show growth of tumor spheroids. Length of the scale bar is 100 pm.
b Morphology of mitochondria in PDS was examined by MitoSpy staining.
Length of the scale bar is 10 pm. ¢ Representative micrographs of tumor
spheroids (PDS#2 and #4) depicting changes in the size of the spheroids in
different treatment conditions (mdivi-1 treatment alone, CDDP alone or Mdivi-
1 pre-treatment followed by CDDP alone treatment). Length of the scale bar is
100 pm. d On day 6 (just before Mdivi-1 treatment), day 7 (just before CDDP
treatment) and day 9 (48 h after incubation with CDDP), micrographs were
taken for each experimental group and diameters of randomly chosen tumor
spheroids were measured using ImageJ software (16 spheroids for each group).
Values are presented as means + SEM (ns, not significant; *, P <0.05; *** P <
0.001). e Primary tumor spheroids from malignant ascites (PDS#1-4; n=4) or
primary tumor tissue (PDS#6-8; n=3), were treated with Mdivi-1 alone, CDDP
alone or Mdvi-1 followed by CDDP. Relative cell viability under different
experimental conditions was examined by MTT assay. Values are presented as
means £ SEM from experiments with samples of different patients (ns, not

significant; *, P < 0.05; **, P <0.01; *** P <0.001).
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2.4 Discussion

Adjustment of the molecular machinery under oxygen-poor condition plays
an important role in ovarian cancer progression. Here, we report that
mitochondrial fission is important for the acquisition of CDDP resistance under

hypoxia (Fig. 10).
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Figure 10. A schematic illustration summarizing the results of the current

study.
Hypoxia is a commonly observed feature of tumor microenvironment, giving

rise to resistance to CDDP, a widely used anti-cancer therapeutic agent against
ovarian cancer. Drpl activation and Mfnl downregulation were mediated by
increased level of ROS in hypoxic tumor microenvironment triggering
mitochondrial fission of cancer cells. Mitochondrial fission induced by hypoxia
could be targeted to maximize the efficacy of CDDP in hypoxic ovarian cancer

cells.
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First, we found that hypoxia promoted mitochondrial fission through the
increase of ROS level. Our results are consistent with the previous study that
H,O, treatment increased mitochondrial fission in HelLa cells (196).
Interestingly, inhibition of mitochondrial fission with Drpl knockdown
stimulated ROS production in HeLa cells (197). Similarly, our previous study
showed that an excessive intracellular accumulation of ROS was accompanied
by enhanced mitochondrial fission in ovarian cancer sphere cells. Therefore,
mitochondrial fission possibly occurs as a part of an adaptive response to high
ROS level.

Next, we showed that inhibition of mitochondrial fission prior to hypoxic
exposure led to increased CDDP sensitivity in ovarian cancer cells. Although
the involvement of Drpl-mediated mitochondrial fission in the intrinsic
apoptotic pathway is well-recognized, the consequences of mitochondrial
fission induced by hypoxia in cancer cells have not been elucidated (198, 199).
Non-cancer cells are less viable in hypoxic conditions, and mitochondrial
fission in these cells under hypoxia is responsible, at least in part, for cell death
(106). Inhibition of mitochondrial fission suppressed hypoxia-induced cell
death in pancreatic beta cells (200). These results suggest that inhibition of
mitochondrial fission may prevent normal cell death and selectively increase
CDDP susceptibility of cancer cells in the hypoxic tumor microenvironment

Accumulating evidence suggests that several factors existing in tumor
microenvironment could regulate mitochondrial function and dynamics. In our
previous study, we showed that increased metastatic potential of ovarian cancer
cells is mediated by inflammatory signaling of tumor necrosis factor-o (TNF-
a) secreted from pro-inflammatory M1 macrophages (96). Interestingly, in
cardiomyocytes, TNF-o stimulates mitochondrial fission through Drpl
activation (201). Melatonin mainly secreted by the pineal gland is also
produced in other organs including ovary and has been shown to suppress the
metastatic potential of ovarian cancer stem cells (202). Pre-treatment of cortical
neurons with melatonin inhibits mitochondrial fragmentation induced by
cadmium (203). Gynecologic cancer cell lines under atmospheric oxygen

culture conditions displayed tubular or well-connected morphology of
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mitochondria (135). Whereas, under hypoxia, mitochondrial fission is induced
along with the activation of HIF-la in different types of cancer including
gynecologic cancer, thyroid cancer and glioblastoma cells (135, 204, 205). Also,
hypoxia promoted mitochondrial fission in breast cancer cells in a Drpl-
dependent manner (113). Taken together, tumor microenvironment could alter
the regulation of mitochondrial dynamics causing tumor progression.

Recently, the association between malignant properties and mitochondrial
dynamics of cancer has been reported (161). In highly invasive breast cancer
cells, treatment with Drp1 inhibitor suppressed cell migration (113). Treatment
with PI3K inhibitor induced mitochondrial trafficking and fission, increasing
migration and invasion in prostate and brain cancer cells (206). Additionally,
increased mitochondrial fragmentation and Mfn2 downregulation in breast
cancer are correlated with poor prognosis (207). Also, activation of Drpl
correlated with poor survival outcomes of brain cancer patients (208).

We have previously reported the role of heterogeneous cellular components
in chemoresistance associated with epithelial ovarian cancer (209-211). As
tumor heterogeneity and hypoxia are important factors in cancer progression,
we used patient-derived tumor spheroids to confirm the association of hypoxia-
induced mitochondrial fission with chemoresistance to CDDP. Instead of
testing drug efficacy on a mouse xenograft model, primary tissues and
malignant ascites directly obtained from debulking surgery could be used for
generation of in vivo-like conditions, recapitulating cellular and physiological
microenvironment of cancer. Patient-derived tumor spheroids have been shown
to retain intra-tumoral heterogeneity (186, 195). Thus, it could be the ideal
model to test drug efficacy in cancer, achieving personalized medicine in cancer
treatment (212).

Given that prognosis of ovarian cancer patients varies between individuals,
considerable efforts have been made to identify proteomic, transcriptomic,
genomic and epigenetic disparities between tumors from individuals associated
with therapeutic outcomes of ovarian cancer. One possible approach to improve
therapeutic outcomes of cancer would be targeting the pro-tumorigenic changes

in cancer cells elicited by the landscape of tumor microenvironment. In this
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context, we demonstrated that mitochondrial fission induced by hypoxia
through Drpl activation could give rise to chemoresistance in ovarian cancer
cells. We propose that the molecular signaling of mitochondrial dynamics as a
target of ovarian cancer cells to enhance the sensitivity of hypoxic cancer cells
to CDDP. Therefore, the current study could open up new avenues for the
development of novel therapeutic strategies against cancer cells in hypoxic
tumor microenvironment. Future research on other external signals in the tumor
microenvironment that regulate mitochondrial dynamics and their association

with cancer progression is warranted.

115 ;



3. Chapter III: RELB stimulated by TNFa
promotes invasive capacity of ovarian cancer cells

through secretion of urokinase (PLAU/uPa)
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3.1 Introduction

Ovarian cancer, the most lethal type of gynecologic malignancy, metastasizes
to secondary organs mainly through peritoneal cavity forming malignant ascites
(213, 214). A number of studies suggest multicellular detachment from primary
site to peritoneal cavity is the main mechanism of ovarian cancer dispersal
unlike other cancer that relocate its niche thorough vascular system (215).
Hence, epithelial-to-mesenchymal transition (EMT) might not be a critical
process for metastasizing ovarian cancer cells which take advantage of
peritoneal cavity as a route of metastasis. Rather, various proteases that help
detachment of multicellular tumor aggregates from the site of origin might be
more important in both initial and final steps of spreading.

Many studies have uncovered oncogenic roles of a pro-inflammatory
cytokine, TNF (216). Our group and others have shown that TNF activates
canonical NFkB pathway involving RelA and NFkBI1 increasing metastatic
potential of ovarian cancer (217). However, the role of non-canonical NFxB
pathway is relatively less explored. Also, only few studies have investigated
TNF-mediated non-canonical NF«xB pathway involving RelB in cancer.
Recently, the fundamental role of RelB in cancer stemness, radioresistance and
metastatic potential has been reported in ovarian, prostate and breast cancer
studies, suggesting that RelB confers malignant phenotypes as an oncogenic
signaling regulator (218-220).

We have previously reported oncogenic roles of proinflammatory cytokines
such as TNF and IL-6 in ovarian cancer (104, 183, 217). Extending from those
finding, we further investigated key molecular mechanisms associated with
inflammatory signaling-associated metastatic potential of ovarian cancer. We
also aimed to reveal the role of RelB in acquisition of metastatic phenotypes of
ovarian cancer cells. Our hypothesis was that TNF would promote invasion of
ovarian cancer cells resistant to TNF-induced cell death via RelB-regulated
secretion ECM-degrading molecules. We showed that ovarian malignancy
which shows the tumor microenvironment with high levels of TNF exhibits

increased RelB expression. Increased RelB expression, in turn, promotes
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secretion of prometastatic proteases. Targeting TNF-mediated RelB expression
by RNAI suppressed malignant phenotypes of ovarian cancer cells. Therefore,
utilizing the inflammatory tumor microenvironment of ovarian cancer shaped

by TNF could be a promising treatment strategy.
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3.2 Materials and Methods
3.2.1 Cell culture

Ovarian cancer cell lines used in this study were obtained from the American
Type Culture Collection ATCC (Rockville, MD). These cell lines were grown
in RPMI1640 (WelGENE, Seoul, Korea) supplemented with 10% FBS (Gibco-
BRL, Gaithersberg, MD), and penicillin-streptomycin (Invitorogen, Carlsbard,
CA). All the cell lines used in this study were authenticated and tested for
mycoplasma. Cells were maintained in 5% CO2 humidified incubator at 37 °C.
ASCs were cultured in MesenPRO RS medium (Gibco) containing 1%
GlutaMAX (Gibco), 100 U/mL penicillin and 100 pg/mL streptomycin

(Invitrogen).

3.2.2 Invasion assay

To examine the effect of TNF, the Boyden chamber assay (transparent PET
membrane with 8 um pore size, BD bioscience) was used. Inserts were pre-
coated with growth factor reduced Matrigel (BD Biosciences). Cells were
serum starved overnight and 5,000-20,000 cells were seeded to the upper
chamber. The inserts were then carefully placed onto the serum containing
medium. Inserts were washed with PBS for three times and fixed with 4%
formaldehyde for 1 hr at room temperature. For visualization and counting of
cells, cells were stained with 0.5% crystal violet. Cotton swabs were used to

remove the Matrigel. The invaded cells were counted using the ImageJ software.

3.2.3 Cell cycle analysis

Cell cycle analysis was conducted using flow cytometry. Cells were
harvested by trypsinization and wished with PBS three times by centrifugation.
Cell pellets were re-suspended with 70% ethanol at - 20 °C overnight. Ethanol-
fixed cells were then washed with PBS three times. Pellets were then suspended
in PBS containing RNase A (Invitrogen) and incubated at the room temperature
for 15 min. PI was added in each sample and flow cytometry analyses were

conducted.
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3.2.4 Reagents and antibodies

Primary antibodies used for this study were purchased from SantaCruz
Biotechnology (P50, RelB, PARP-1, CyclinD1, CDK6, CDK4, CyclinE, CDK2,
CyclinA and CyclinB), Sigma-Aldrich (o-tubulin) and Cell Signaling
Technology (P65, P-P65 and P100/P52).

3.2.5 Cell viability assay

Cell viabilities were evaluated by MTT assay. Cells were seeding 96-well
plate. Cells were incubated with 50 uL MTT (2mg/mL; 3hr) in the humidified
incubator with 5% CO; and 37 °C. After the incubation, metabolized formazan
by mitochondrial reductase was solubilized in DMSO (100 uL /well). The

optical density at 540 nm was determined using an spectrophotometer.

3.2.6 Transfection of siRNA

For RelB silencing, SKOV3, ES2, TOV21G and PA1 cells were transfected
with 100 nM si-RelB #1-3 (Bioneer, Korea), using RNAiMax (Invitrogen). In
a negative control group, 50 nM scramble siRNA (mBioTech, Korea) was
transfected. At 24 h post-transfection, cells were harvested and reseeded for

assays.

3.2.7 Western blotting

Protein lysates were prepared as described in the method section of the
chapter 2. Briefly, proteins were separated by SDS-PAGE with 6-12% gel
depending on the size of proteins examined. Then the gel was transferred onto
the nitrocellulose membranes and probed with the indicated antibodies.

Bioinformatics analysis

3.2.8 Bioinformatics analysis

The GEO datasets were retrieved from NCBI website and used to analyze
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mRNA levels. For gene set enrichment analysis (GSEA), mRNA expression of
ovarian cancer tissue samples was used, and a formatted GCT file was used as
an input for the GSEA algorithm v3.0 (broadinstitute.org/gsea). Patient
prognosis depending on the expression of genes were analyzed using KM
plotter. For dichotomization of the sample based on RelB and PLAU expression,
‘split patient by’ tab was set at ‘auto select best cutoff’.
(http://kmplot.com/analysis/). The mRNA expression data from both TCGA
(cancer) and GTEx (normal ovary) cohorts were incorporated
(http://gepia.cancer-pku.cn). The cut-off for P-value was set at 0.01. UALCAN
is a web-based tool available at http://ualcan.path.uab.edu and was used to

compare PLAU expression in different stages of ovarian cancer.

3.2.9 Proteome profiler array

Secretion of proteases was examined by Human Protease Array Kit.
Experiment was conducted according to the protocol provided by the

manufacturer.

3.2.10 Statistical analysis

Data were presented as mean + SEM of the triplicate experiments. One-way
ANOVA and student’s t-test were used for the statistical analysis. Significant
difference among experimental groups were assessed by Bonferroni’s post hoc
test. Data analysis was performed using IBM SPSS statistics 25 (SPSS Inc.,
Chicago, IL) and the GraphPad Prism 5 software. A P value < 0.05 was

considered statistically significant.
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3.3 Results
3.3.1 TNF is highly expressed in ovarian malignancy

compared with other types of solid malignancies

We have previously shown that invasive capacities could be dictated by the
tumor microenvironment, specifically pro-inflammatory cytokines, in ovarian
cancer cells. Also, it has been now well-conceptualized that the role of
inflammatory tumor microenvironment is critical for the cancer cell behaviors.
Among the gene encoding inflammatory cytokines (TNFa, IL6 and IL1B)
investigated using the TCGA RNA sequencing dataset, TNF expression was
markedly higher in ovarian cancer tissue in comparison to that in the other solid
tumors (Figure 11A). This may indicate that TNF could be a critical pro-
inflammatory cytokine associated with ovarian cancer tumorigenesis and

progression.

3.3.2 TNF promotes ovarian cancer cell growth through cell

cycle progression

Next, increasing concentrations (0-10 ng/mL) of recombinant TNF were
treated to the ovarian cancer cell lines (high-grade serous, clear cell and
teratoma subtypes) and normal cells (ASCs and IOSE385). While TNF
treatment for 24h show did not affect the viability in the most of normal and
cancer cells, PA1 showed decreased cell viability as displayed in the MTT assay
data but did not show significant changes in the results from CyTox-Glo assay.
Also at the higher concentration of TNF (10 ng/mL), PA1 cells showed
increased cleavage of PARP-1. Interestingly, ES2 cells showed increased cell
viability despite short exposure time (24h) to TNF (Figure 11B and C). This
results may indicate that ovarian cancer cells are generally resistant to TNF-
induced cell death and PA1 cells are relatively sensitive to TNF-induced cell
death.

To investigate cell cycle regulation, protein expression of cell cycle

regulators and PI staining of fixed cell followed by flow cytometric analysis
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was conducted. SKOV3 and PA1 cells showed increased cyclin D1 and/or
Cyclin B expression at the protein level (Figure 11D) and proportions of cells
in G2/M phases of cell cycle were increased (Figure 11E). Data from colony-
forming assay to examine the long-term growth of TNF-exposed ovarian cancer
cells show that TNF treatment increased colony forming capacity of ovarian

cancer cells. This data support that TNF a critical role in ovarian cancer growth.
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Figure 11. TNF is highly expressed in ovarian tumors promoting cancer
proliferation through cell cycle progression.

A Transcript levels of genes encoding inflammatory cytokines (TNFa, IL6 and
IL1P) were compared in different types of solid cancer. GSE38666 dataset was
used. B Cell viability of ovarian cancer cells were compared after treatment of
increasing doses of TNFa. Values are presented as means £ SEM (ns, not
significant; **, P<0.01). C PARP-1 expression was analyzed after treatment
with TNFa for 24h at different doses. CDDP-treated group was included as a
positive control. D Protein expression of cell cycle regulators were examined
to see the effect of TNFa. E Cell cycle analysis was conducted after exposing
cancer cells to TNFa. F Colony formation assay was done to examine the long
term growth of the cancer cells exposed to TNFa. Values are presented as means

+ SEM (*, P < 0.05; ** P<0.01).
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3.3.3 TNF enhances invasion of ovarian cancer cells

The representative results from GSEA analysis shows that high TNF
expression is associated with metastatic and invasive phenotypes in ovarian
cancer (Figure 12A). Also expression of TNF and TNF receptors (TNFR1 and
TNFR2) were upregulated in the secondary/metastatic sites of tumors (Figure
12B and C). On the basis of these results we conducted migration and invasion
assay on cancer cells to see changes in their metastatic capacity upon TNF
exposure. While TNF did not affect migration capacity of ovarian cancer cells,
invasive capacity of ovarian cancer cells was increased in response to TNF

(Figure 12 D and E).

3.3.4 TNF increases expression of RelB, an alternative NFxB
pathway gene, predicting poor prognosis in ovarian cancer

patients.

TNF-enriched tumor tissues showed elevated levels of NFkB pathway genes

3.3.5 Knockdown of RelB prevents TNF induced invasion of

ovarian cancer cells

To assess whether RelB is involved in TNF-induced invasion of ovarian
cancer cells, si-RelB was transfected to the ovarian cancer cells (Figure 14A).
Knockdown of RelB notably mitigated TNF-induced invasion of the ovarian
cancer cells (Figure 14B). Also compared to the primary sites (left and right
ovaries), RelB is highly expressed at the metastatic sites (ascites, omentum and
peritoneum indicating that RelB could be a critical regulator of metastasis in

ovarian cancer (Figure 14C).

125



B GSE30587 (Paired sample t-test)

SiZE €S NES
WANG_TUMOR_INVASIVENESS_UP 350 0382113 1.765945
ROESSLER_LIVER_CANCER_METASTASIS_UP 102 0526939 1.735292
WU_CELL_MIGRATION 180 0696863 1.710815
ALONSO_METASTASIS_EMT_UP 33 0710023 1697845

P

IllLuJu I-l U.l...l.l II.lL\lI

TNF-a (ng/mL); 24h
1 5

SKov3 PA1
15
D 2
¢ w
»
[
& o1 s 35w
TNF-a (npmL)
SNU-119 Kuramochi
2 15
3
z
@ 10
z o5
2 9 1 s w0 1 s w0

126




Figure 12. TNF enhances invasive capacity of ovarian cancer cells.

A Enrichment profiles of four representative pathways in TNF-high versus
TNF-low groups of tissues (N=285). B Paired sample t-test done for expression
of TNF, TNFR1 and TNFR2 in primary versus metastatic tissues. Values are
presented as means + SEM (*, P < 0.05; **, P < 0.01). C Transcript levels of
genes encoding inflammatory cytokines (TNF, IL6 and IL1B) and TNF
receptors (TNFR1 and TNFR2) were compared in different tissue groups
(normal stroma, normal ovarian surface epithelium, cancer stroma and
epithelial ovarian cancer). GSE38666 dataset was used. Values are presented
as means £ SEM (*, P < 0.05; **, P < 0.01; ***, P < 0.001). D Migration assay
was done using insert wells. E Invasion assay was done using insert wells.
Values are presented as means £ SEM (*, P < 0.05; **, P < 0.01).
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Figure 13. TNF increases RelB expression which predicts poor prognosis
in ovarian cancer.

A Enrichment profiles of a representative pathway in TNF-high versus TNF-
low groups of tissues (N=285). B Classical and alternative NFxB pathway
genes were examined in the normal (green box) and cancer (red box) tissues
using TCGA and GTEx datasets. C Protein expression of classical and
alternative NFxB pathway genes were examined after treatment of TNFa for
different time D Protein expression of classical and alternative NFxB pathway
genes were examined after treatment of TNFa for different doses E Higher
expression of SDC4 was associated with poor overall survival of ovarian cancer
patients. Ovarian cancer public datasets from TCGA and GSE3149 (GEO data)

were used.
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Figure 14. RELB is associated with TNF triggered invasion of ovarian
cancer cells.

A Protein expression of RelB was assessed after si-RelB transfection in the
indicated ovarian cancer cell lines. B Transcript expression level of RelB was
examined in the ovarian cancer tissue samples from different tissues of orgins.
GSE85296 dataset was used for the analysis. Values are presented as means +
SEM (*, P < 0.05). C Insert-well invasion asssy was conducted to observe the
effect of TNFa treatment in the ovarian cancer cell lines after si-ctrl or si-RelB

transfection.
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3.3.6 TNF induces secretion of prometastatic proteases

through RelB signaling

It has been shown that MMP-2 and MMP-9 are pro-invasion enzymes
degrading ECM components and are regulated by RelB. We found that TNF
treatment increased MMP-2 and MMP-9 expressions at the transcript level
(Figure 15A). Proteases profiling array data suggest that MMP1, MMP-9,
MMP-13 and PLAU/UPA are secreted in response to TNF treatment. Among
those secretory factors regulated by TNF, MMP9 and PLAU secretion were
mediated by RelB (Figure 15B). Interestingly, Cancer tissues showed elevated
levels of MMP-9 and PLAU expression than normal tissues (Figure 15C). Also
PLAU expression was up regulated in the late stages (stages 3 and 4) in ovarian
cancer patient tissues than in earlier stage (Figure 15D). Lastly, high PLAU
expression was significantly associated with Poor progression-free and overall

survivals in ovarian cancer patients (Figure 15E).
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Figure 15. TNF induces secretion PLAU/uPa through RelB.

A gRT-PCR was done to examine expression levels of MMP-2 and MMP-9
genes after exposing ovarian cancer cells to TNFa for 24h at indicated doses.
B Protease array result of conditioned medium from the complete medium (CM)
without cells seeded, si-ctrl SKOV3 cells, si-ctrl SKOV3 cells treated with TNF
and si-RelB #1 transfected SKOV3 cells treated with TNF. C Expression levels
of secreted proteins (MMP-1, MMP-13, MMP-9 and PLAU) were compared
between normal and cancer tissues using TCGA and GTEx datasets. D The
PLAU/UPA expression is significantly upregulated in the cancer tissues from
stages III and IV patients. UALCAN was used to analyze the association of
stages with RelB expression. E Higher expression of PLAU is associated with

poor prognosis in ovarian cancer patients.
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3.4 Discussion

In this study, we showed that the inflammatory signaling mediated activation

of RelB promotes ovarian cancer cell metastasis. Our analysis of data from

public databases show that TNF could be an important pro-inflammatory

cytokine for oncogenesis and progression of ovarian cancer cells. Among many

other ECM-degrading enzyme secreted by cancer cells shown to be regulated

by RelB, our results suggest that RelB induces PLAU secretion under TNF

treated conditions (Figure 16).
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Figure 16. Graphical summary study in the chapter 3.
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Even though a number of studies have suggested the involvement of
classical/canonical NFxB pathway involving P50 and P65, recent studies show
RelB can induce malignant progression of many types of cancer (221, 222).
Recent study by Wang et al., suggests that RelB highly expressed in triple-
negative breast cancer aggressive breast cancer tissues and promotes
proliferation and metastasis through EMT and MMP-1 expression in breast
cancer cells (223). In prostate cancer, expression of RelB triggers growth,
migration and invasion. Knockdown of RelB inhibited metastatic potential and
radio-sensitivity of prostate cancer cells In the same study they showed that
RelB induced increased invasion capacity is associatted wih MMP-2 and MMP-
9 expression (218). Also, in DLD1 colon cancer cells, relB promotes
chemoresistance to 5-FU through down regulation of AKT/mTOR signlaing
pathway. Also the study revealed that RelB knockdown in the colon cancer cells
showed attenuation of MMP-2, MMP-9 and integrin B-1 expression (219).
However, another study showed contrasting results that in breast cancer, low
RelB exprssion is associated with poor overall and progression-free survival.
Therefore, RelB might act differently depending on -clinicopathological
features of cancer in different cancer types. Further study would be necessary
to fully elucidate mechanistic aspects of classical and non-cannonical NFxB
pathways in cancer progression (222).

Additionally, PLAU is an interesting molecule and could be a critical
secreted protein as shown by several recent evidence. Overexpression of PLAU
showed poor prognosis in gastric cancer patients (224). Moreover, PLAU has
recently shown its potential to act as a prognostic biomarker in head and neck
squamous carcinoma (225). PLAU has been shown to be a secreted molecule
with a multi-faceted role. First, it can act as an activator of ECM degrading
enzymes including various kinds of metalloproteases (MMPs). In glioblastoma,
PLAU has been shown to directly activates MMP-9 enabling invasion. Along
with MMP-9 many other MMPs could be activated by PLAU at the
extracellular regions (226). In breast cancer cells, fluid shear stress significantly
upregulates PLAU expression and increases urokinase activity supporting its

role in metastatic processes of cancer cells (227).
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All in all, our data suggest that TNF induced RelB plays a significant role in
metastatic processes of ovarian cancer cells. These processes could be critical,
at least in part, for the early dissemination of ovarian cancer cells from their
primary sites and/or micro-invasion to various organs in the peritoneal cavity.
Therefore, PLAU secretion via TNF-induced RelB could give an insight into a

novel therapeutic target for inhibiting ovarian cancer progression.
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4. Chapter IV: Communication between immune
and cancer cells in ovarian cancer ascites through

CCLS5-SDC(CA4 interaction
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4.1 Introduction

Ovarian cancer is the most lethal type of gynecological malignancy with a
five-year survival rate below 50% (228). For the past three decades, there has
been only a slight increase in the ovarian cancer survival outcome. Early
detection is difficult because no specific symptoms of ovarian cancer as well as
no effective detection markers with high accuracy are available. In addition to
the fact that the vast majority of patients are diagnosed at advanced stages, the
current gold standard of care for advanced ovarian cancer is a primary
debulking surgery followed by taxol/platinum-based chemotherapy, which has
not changed for many years. Patients are treated irrespective of histologic
subtypes and genetic background, and chemoresistance is highly prevalent in
this cancer (229). With the recent advances of sequencing at single-cell
resolution, our understanding of molecular mechanisms underlying cancer
progression has significantly increased. Accumulating evidence supports the
importance of tumor microenvironment (TME) in facilitating the oncogenic
behavior of cancer cells, but its precise role in cancer progression remains
poorly understood. A deeper understanding of interactions between diverse
cells in the cancer tissue may allow the identification of novel diagnostic
biomarkers and therapeutic targets of ovarian cancer.

The major route of metastasis in ovarian cancer is transcoelomic
dissemination causing the accumulation of fluid, malignant ascites (230).
Malignant ascites could act as a vehicle and reservoir for ovarian cancer
metastases to various secondary sites. Malignant ascites accumulates in the
peritoneal cavity during ovarian cancer progression, providing a niche for
disseminated cancer cells (231). The majority of patients in the advanced stage
of the disease have malignant ascites, which is associated with poor survival
(232). Therefore, it is of prime importance to understand the role of ascites
TME in ovarian cancer progression.

In our previous studies, we focused on acelluar components (IL-6 and
cholesterol) that are enriched in malignant ascites and their effects on ovarian

cancer progression (233, 234). In the current study, we postulated that cellular
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components within the malignant ascites could be highly heterogeneous and
asked what types of cellular components and interactions are enriched in the
ascites TME. To answer this question, we conducted a scRNA-seq on malignant
ascites-derived cells isolated from an ovarian cancer patient with the advanced
stage (stage IV). Our scRNA-seq data were analyzed along with previously
reported data from Schelker et al. (2017) (235) to dissect cellular heterogeneity
and interactions in the malignant ascites. Understanding cellular heterogeneity
and ligand-receptor interactions within malignant ascites may yield novel

therapeutic targets for cancer metastasis and cell survival in ovarian cancer.
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4.2 Materials and Methods

4.2.1 Patient samples and sample processing

Malignant ascites (a25) was obtained from the 58-year-old high-grade serous
ovarian cancer patient (stage IV). Isolation of cellular components from
malignant ascites was described previously (236). Briefly, ascitic fluid was
centrifuged at 1,400 x g for 10 min at 4°C. To remove erythrocytes, density-
gradient centrifugation with Ficoll was performed. Isolated cells were stored in
liquid nitrogen until further analysis. The experimental protocol was approved
by the Institutional Review Board (IRB) of Seoul National University Hospital
(IRB no. 1409-154-616) and conducted in accordance with the Declaration of
Helsinki.

4.2.2 scRNA-seq library preparation and data pre-

processing

A total of 1,086 cells from a25 patient were sequenced to a read depth of ~
120,000 per cell and run through the 10x Genomics cell ranger platform.
Single-cell suspensions were prepared as outlined by the 10x Genomics Single
Cell 3’ v2 Reagent kit user guide. In brief, single cell suspensions were loaded
into a 10x Chromium Controller (10x Genomics, Pleasanton, CA, USA) and
aimed for 5,000 cells. Following Gem capturing and lysis, cDNA was

synthesized and amplified to construct sequencing libraries.

4.2.3 scRNA-seq Data analysis

The sequenced data were processed into expression matrices with the Cell
Ranger Single Cell software 1.3.1 by 10x Genomics (http://10xgenomics.conm/).
The libraries were sequenced on the Illumina HiSeq 2500 platform, and
sequencing reads were aligned with

STAR to the human transcriptome using the human reference transcriptome

GRCh38. From the gene expression matrix, the downstream analysis was

141



carried out with R version 3.6.3 (2020-02-29). Quality control, data pre-
processing, integration of multiple scRNA-seq datasets from two different
technologies and visualization, and the differential expression analysis was
carried out using Seurat version 3.1.5 package (237, 238). For each individual
dataset, genes expressed in less than 3 cells as well as cells with < 200 genes
and any cells with > 10% UMIs mapped to mitochondrial genes were removed
from the gene expression matrix. Based on these criteria, 26,669 genes across
7,343 samples remained for downstream analysis. We performed PCA on the
gene expression matrix and used the first 15 principal components for
clustering and visualization. Unsupervised shared nearest neighbor (SNN)
clustering was performed with a resolution of 0.15 and we employed UMAP
(uniform manifold approximation and projection) for dimensionality reduction
and visualization. Differentially expressed genes were identified using Seurat’s
“FindAllMarkers” to process all clusters combined with the MAST test (239)
with logFC threshold > 0.25 and expressed in at least 10% of the cells in the
cluster. The expression profile of each cluster’s top 10 genes based on average

log FC were visualized as a heatmap.

4.2.4 MacSpectrum analysis

A total of 1,868 differentially expressed genes between macrophage
subclusters were selected and expression levels of each genes per cell were
extracted to generate MPI and AMDI values using MacSpectrum analyzer
Release v1.0.1 (https://macspectrum.uconn.edu/) (240). MPI and AMDI values
were added to the metadata slot of Seurat objects for further categorization of

macrophage subtypes.

4.2.5 Pathway enrichment analysis

GSEA(241) was applied to identify enriched pathways between the groups
stated in Figure 3 and Figure S2. We used hallmark gene sets
(h.all.v7.1.symbols.gmt) from Molecular Signature Database (MSigDB,
https://www.gsea-msigdb.org/gsea/downloads.jsp) (242). Genes were ranked
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by the average log fold change and p value was calculated using pre-ranked
gene set enrichment analysis method fgsea (https:/github.com/ctlab/fgsea)
(243) package with hundred thousand gene set permutations.

4.2.6 NicheNet analysis - ligand-receptor communication

prediction model

To predict the potential ligand-receptor communication between ovarian
cancer cells and niche cells in ascites TME, we used a pre-built prior model,
the NicheNet method (244, 245). In brief, we defined a ligand or receptor as
expressed in a particular cell type when it is expressed in at least 30% of the
cells in that cluster. To perform NichNet ligand activity analysis, we’ve defined
the geneset of interest by combining two GO terms, negative regulation of
anoikis (GO:2000811) and negative regulation of programmed cell death
(GO:0043069) for anoikis related ligand-receptor communication prediction
model and used all genes expressed in ovarian cancer cells as background of

genes.

4.2.7 TCGA, GEO and GTEx dataset analysis

Patient prognosis depending on the expression of syndecan4 (SDC4, also
known as SYND4) was analyzed using KM plotter. For dichotomization of the
sample based on SDC4 expression, ‘split patient by’ tab was set at ‘auto select
best cutoff’. TCGA and GEO cohorts (GSE9891, GSE3149, GSE26193 and
GSE63885) were utilized for the analysis (http://kmplot.com/analysis/) (246).
The Pearson correlation between expression of MET and SDC4 and the
expression of SDC4 in normal and cancer tissues were analyzed using the
GEPIA (Gene Expression Profiling Interactive Analysis) online database. The
mRNA expression data from both TCGA (cancer) and GTEx (normal ovary)
cohorts were incorporated (http://gepia.cancer-pku.cn) (247). The cut-off for P-
value was set at 0.01. UALCAN is a web-based tool available at
http://ualcan.path.uab.edu and was used to compare SDC4 expression in
different stages of ovarian cancer (248).
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4.2.8 Statistical analysis

Significant differences were defined at P < 0.05 or adj.P < 0.05, where
applicable. Survival analysis by KM plotter was performed using a Kaplan-
Meier and the hazard ratio with 95% confidence intervals, and logrank P values
are computed. Pearson correlation coefficient (Pearson’s r) was used for co-
expression test and automatically calculated by the GEPIA tool. Statistical
significance was calculated by using GraphPad Prism 5 software for the

correlation analysis when applicable.
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4.3 Results

4.3.1 Clustering of single-cell transcriptomic data identifies

cellular heterogeneity of malignant ascites

To investigate the cellular populations of malignant ascites, ScCRNA-seq was
conducted on malignant ascites-derived cells using the 10x Genomics
Chromium platform. Malignant ascites (a25) from the high-grade serous patient
(stage IV) was collected before the patient received chemotherapy and
underwent surgery at Seoul National University Hospital (SNUH). After quality
control, 1,082 cells were retained for analysis. Mean reads per cell were
118,862 and median genes per cell was 3,109. scRNA-seq data from a25 and
data from a previous study (235) (7873M, 7882M, 7892M, 7890M2) were
incorporated for the subsequent analysis. From ascites samples, 7,343 cells
were analyzed. To eliminate the batch-specific variations between different
datasets, batch-correction was executed prior to the subsequent analysis (Figure
17A, left panel). For comprehensive visualization of transcriptomic likeness
between cells from the five ascites samples, UMAP analysis was performed
with the batch-corrected dataset. Ten major clusters were revealed, indicating
the existence of transcriptomically distinct cellular profiles within malignant

ascites (Figure 17A, right panel).
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Figure 17. Identification of cellular components of ovarian cancer patient
derived ascites.

(A) Batch corrected unsupervised clustering of ascites cellular components.
UMAP dimensional reduction analysis identified 10 major clusters. (B-I)
Expression of cluster defining genes. (B-G) Immune cell signatures (PTPRC,
CD3G, CD4, CDl14, CD68, KLRB1, KLRF1, CD19, CD79A, CLECA4C,
IL3RA). (H-I) non-immune cell signatures, ovarian cancer cell signatures
(WFDC2, EPCAM) and fibroblast signatures (PDPN, THY 1), visualized by
Violin plots (left) and Feature plots (right). (J) UMARP plots of ascites cellular
components from 5 patient samples with cell types labeled. (K) Number of cells

counted in each cell types.
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We then used the expression of known genetic markers to identify cell types
within the malignant ascites. Expression levels of T cell, macrophage, NK cell,
B cell and dendritic cell signatures were investigated to characterize immune
cells. Based on the expression level of the pan-immune marker, PTPRC (also
known as CD45), the clusters fell into two large groups, immune-related and
non-immune related clusters, with the latter expressing mostly ovarian cancer
and fibroblast signatures. We identified 8 distinct immune cell clusters
including a T cell cluster (cluster 0 highly expressing CD3G; low level of CD4+
cells was found), four macrophage clusters (clusters 1, 2, 3, 4 highly expressing
CD14 and CD68), an NK cell cluster (cluster 6 highly expressing KLRB1 and
KLRF1), a B cell cluster (cluster 9 highly expressing CD19 and CD79A), and
a dendritic cell cluster (cluster 7 highly expressing CLEC4C and IL3RA)
(Figure 17B-G). However, we could not detect cell clusters expressing
polymorphonuclear leukocytes (e.g., mast cells, eosinophils, basophils and
neutrophils). The two non-immune cell populations based on low PTPRC levels
were characterized by an ovarian cancer cell signature (cluster 5 highly
expressing WFDC2 and EPCAM) and a fibroblast signature (cluster 8 highly
expressing COL1A1 and THY1) (Figure 17H, I). About 5.5% of cells derived
from malignant ascites were expressing ovarian cancer cell signatures (WFDC2
and EPCAM). A small fraction of cells (2.6%) was expressing fibroblast
markers (PDPN and THY1) (Figure 17J, K). These results show that different
cell types (immune cells, ovarian cancer cells and fibroblasts) exist in the
malignant ascites TME.

Overall, seven distinct cell types were identified by the expression levels of
cell type-specific signatures in the malignant ascites TME (Figure 17J, K).
Preprocessing of the samples using Ficoll-density gradient centrifugation,
enriched mononuclear cells in our ascites samples. Data from analysis of
immune cell signatures suggest that the vast majority of the cells within ascites
are immune cells. Notably, macrophages (55.5%) were the most abundant cell
type, followed by T cells (23.9%), NK cells (5.4%), Dendritic cells (4.2%), B
cells (2.6%). Among these immune cells, macrophages are the dominant cells
in the ascites TME and are noticeably scattered in the UMAP plot, implying
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that the cells expressing macrophage markers are highly heterogeneous.

4.3.2 Profiling of macrophage polarization states in ascites

TME of ovarian cancer patients with MacSpectrum analysis

As mentioned above, macrophages comprised the most abundant population
found in multiple UMAP clusters in our dataset. This may imply that
macrophages are the most heterogeneous immune cell population within the
malignant ascites. The heterogeneity of macrophages in ascites TME is not
simply characterized by the conventional M1 and M2 subtypes (Figure S5). To
characterize macrophage heterogeneity in ascites TME, macrophages were re-
clustered, and 13 Seurat defined clusters were identified (Figure 18A, left
panel). There was no notable difference in transcriptomic expression pattern in

macrophages across the patient samples (Figure 18A, right panel).
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Figure 18. Macrophage subtype annotation using MacSpectrum.

(A) Unsupervised clustering of macrophages (4,073 cells) of ascites from five
patients (colored by patient; left panel). UMAP dimensional reduction analysis
identified 13 clusters (colored by subclusters; right panel). (B) Macrophage
Polarization Index (MPI)/Activation induced Macrophage Differentiation
Index (AMDI) plot illustrating separation of M1 (M1-like), M2 (M2-like), Pre
(Pre-active) and Trans (Transitional M1-like) macrophages by MacSpectrum.
(C) Macrophages colored by subtypes (M1, M2, Pre and Trans) and displayed
with UMAP (left) and proportional barplot of macrophage subtypes from 5
patient samples (right). (D) UMAP embedding macrophage subtypes with all
cells, colored by cell types (left) and proportional barplot of cell types present

in ascites for each patient sample (right).
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Macrophage polarization status in ascites TME was further characterized
using the MacSpectrum analysis tool, which allows a comprehensive analysis
of multifaceted activation states of macrophages under various conditions. We
have used differentially expressed gene (DEG) lists from 13 Seurat clusters
(2552 genes in total) to generate a Macrophage Polarization Index (MPI) and
an Activation-induced Macrophage Differentiation Index (AMDI) (Figure 18B).
MacSpectrum analysis defined macrophages into four subtypes, Pre- (low
MPUl/low AMDI), Trans-(high MPI/low AMDI), M2- (low MPI/high AMDI)
and MI1- (high MPl/high AMDI) (Figure 18B, left panel). MacSpectrum
defined macrophage subtypes were superimposed on a Seurat-defined UMAP
plot (Figure 18C, left panel), which revealed that M1 polarized macrophages
comprised the largest subtype in ascites TME followed by M2, Pre and Trans
macrophages (Figure 18C, right panel).

To further characterize the macrophage subpopulation in ascites TME, we
performed DEG analysis and gene set enrichment (GSEA) analysis on each
macrophage subtype. The M1 macrophage cluster expressed relatively higher
levels of antigen presentation genes (HLA class Il genes), HLA-DPA1, HLA-
DPB1, HLA-DQAT1, HLA-DQBI and classic inflammatory pathways, such as
interferon-gamma, IL6 and NFkB were strongly upregulated (Figure S6A,
S6B). The M2 macrophage cluster was enriched with anti-apoptotic genes,
MTRNR2L1, MTRNR2L6, MTRNR2L8, MTRNR2L11, MTRNR2L12 and
the Wnt/beta-catenin signaling pathway was strongly enriched (Figure S6B,
S6F), which has been previously reported to promote M2 macrophage
polarization (249, 250). The Pre-macrophage cluster was enriched with PI3K-
Akt signaling pathway, which regulates macrophage survival, migration and
proliferation (251), whereas the Trans-macrophage cluster was in an
intermediate state enriched with innate immune response-related pathways,
including interferon alpha, interferon gamma and complement pathways
(Figure S6C, S6D, S6G, S6H). GSEA analysis of subtype-specific genes
supports MacSpectrum analysis based macrophage subtype annotation and
reveals the existence of unique, macrophage subtype-specific functions in

ascites TME.
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Fig. S6 MacSpectrum annotated macrophage subtype analysis.

(a-d) Heatmap shows enriched genes of 4 macrophage subtypes: Ml
macrophage enriched genes (a), M2 macrophage enriched genes (b), Pre-
macrophage enriched genes (c), Trans-macrophage enriched genes (d). (e-h)
Gene set enrichment analysis between macrophage subtypes using hallmark
geneset. Pathway enrichment is expressed as Normalized Enrichment Score

(NES), showing statistically significant pathways (FDR < 0.05).
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Adaptive immune cells (T cells and B cells), innate immune cells (NK cells,
dendritic cells and macrophage subtypes), fibroblasts and ovarian cancer cells
were re-plotted with UMAP analysis. The proportion of each cell type was
compared among the samples. Markedly higher proportion of T cells was
observed in the a25 sample, while the percentage of M2 in a25 was the lowest
among the samples analyzed (Figure 18D). These results that there is significant

heterogeneity in the distribution of cell types in malignant ascites.

4.3.3 Comparison of molecular pathways enriched in
ovarian cancer cell clusters in malignant ascites reveals

intra- and inter-patient heterogeneity

We identified the intratumor-heterogeneity of ovarian cancer cells in ascites
TME, showing 3 Seurat-defined subclusters (Figure 19A). We analyzed a list
of putative ovarian cancer stem cell markers documented in a recent review
(252). We found that all ovarian cancer cell sub-clusters showed high
expression levels of CD24 and EPCAM (Figure S7), which were recently
highlighted as unique markers to cancer cells with the highest sensitivity (253).
Noteworthy was the low expression of other putative stem cell markers,
including the most frequently used ovarian cancer biomarker, CA125 (254) and
the highly documented side-population of ovarian cancer stem-like cell markers,
ALDHI1A1 and ABCG2 (255). These observations suggest that ovarian cancer
stem-like cells are rare and highly heterogeneous at the transcript level in the

malignant ascites.
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Figure 19. Analysis of cancer cell heterogeneity and enriched molecular
pathways.

(A) Subclustering analysis of ovarian cancer cells identified 3 clusters. (B)
Ovarian cancer subcluster 0 showed high expression of stem cell related genes
LYG6E, TGM2 and MAL, subcluster 1 showed high expression of mitochondrial
genes MT-ND4L, MT-ATP8 and MT-CYB, and subcluster 2 showed high
expression of CCT5, ENOI1 and RAD21. (C-E) Gene set enrichment analysis
between ovarian cancer cell subclusters using hallmark genesets. Pathway
enrichment is expressed as Normalized Enrichment Score (NES), and the
graphs display statistically significant pathways (FDR < 0.05). (F-H)
Enrichment plot showing OXPHOS heterogeneity in ovarian cancer cells. (F)
Enrichment plot of the gene set OXPHOS in cluster 0 vs cluster 1. (G)
Enrichment plot of the gene set OXPHOS in cluster 0 vs cluster 2. (H)
Enrichment plot of the gene set OXPHOS in cluster 1 vs cluster 2.
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The most differentially expressed genes between ovarian cancer cell
subclusters were closely related to the self-renewal, respiration and
proliferation. Subcluster 0 exhibited enrichment of many stem cell-related
genes, such as LYOE, TGM2, MAL and CDS55 (Figure 19B). Mitochondrial
genes, for example MT-ATP8, MT-CYB, MT-ND4L, MT-ND3 and MT-ND®6,
are expressed throughout the majority of ovarian cancer cell subclusters, but
are particularly enriched in subcluster 1 (Figure 19B and Figure S8A).
Subcluster 2 expressed genes such as CCT5, HSP90ABI1, PPIA and ENO1 and
was transcriptionally the most unique subcluster. Hallmark gene sets were used
for the analysis of pathways enriched between subclusters of ovarian cancer
cells (Figure 19C-E). Ovarian cancer cell subcluster 0 showed enrichment of
several metabolic pathways such as ‘oxidative phosphorylation’, ‘unfolded
protein response’, ‘adipogenesis’, ‘xenobiotic metabolism’ and ‘heme
metabolism’, when compared to the ovarian cancer cell subcluster 1 (Figure
19C, F). Additionally, we observed an enrichment of inflammation-related
pathways in subcluster 0, including ‘interferon gamma response’, ‘interferon
alpha response’, ‘complement’, ‘inflammatory response’, ‘TNFA signaling via
NFKB’ and ‘IL2-STATS’ signaling when compared to subcluster 2 (Figure 19D,
G). Subcluster 1 exhibited enrichment of two gene sets compared to the
subcluster 2, including inflammation-related signaling pathways
(‘inflammatory response’ and ‘interferon gamma response) (Figure 19E).
Subcluster 2 showed relatively higher expression levels of genes related to
several pathways including ‘E2F targets’, ‘G2M checkpoint’, ‘MY C targets’,
‘oxidative phosphorylation’, ‘mitotic spindle’, ‘DNA repair’, ‘fatty acid
metabolism” and ‘“MTORCI signaling’ than subcluster 0 or 1 (Figure 19D, E,
G, H). Overall, GSEA analysis of ovarian cancer cell subclusters further
highlighted the presence of metabolic heterogeneity in relation to oxidative
phosphorylation (Figure 19C-H). These data support the presence of ovarian
cancer cell subgroups, with varying degrees of disparities in metabolic

programming of cancer cells.
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Fig. S8 Heatmaps of top 10 enriched gene expression for each cluster of
cells.

(a) Heatmaps for ovarian cancer cell subclusters. (b) UMAP plot showing
ovarian cancer cell subclusters overlaid with patient samples. (¢) Heatmaps for

ovarian cancer cells in each patient sample.
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Though the subclustering analysis showed a low degree of inter-patient
variability among the samples we have analyzed and cluster 0 was over-
represented by the sample 7990M2, there were several genes significantly
upregulated in every sample (Figure S§8B). To identify genes from cancer cells
that vary among the ascites samples, a heatmap was generated for
comprehensive visualization of differences at the transcript level (Figure S8C).
Cancer cells from the 7873M sample showed enrichment of several genes
related to inflammatory responses (SPP1, C1QA, FCERIG, CD14, LAPTMS,
CD68, SRGN and S100AS8), translation and cell cycle (CDC123) and a RNA
polymerase (POLR2D). We found that the cancer cells in the 7873M sample
showed higher expression of CD68 than those from other samples. As observed
in the UMAP plots presenting different cell types within the ascites sample,
cancer cells in the ascites samples were trancriptomically similar to
macrophage populations. This may suggest the presence of trans-differentiated
or macrophage-ovarian cancer hybrid-like cells in the ascites TME, reported in
previous studies (256, 257). Cancer cells in 7882M sample showed enrichment
of a subunit of mitochondrial ATP synthase (MT-ATPS), a nuclear pore complex
gene (NPIPBS), an anti-viral gene (RSAD2), a renin inhibiting gene (RENBP),
a transcription factor (ZNF224) and a gene coding for an acetylcholine receptor
subunit (CHRNBI1). The cancer cells from the 7892M sample showed higher
expression of tumor suppressor genes CDKN2A, which codes for two proteins,
pl16 and p14. Along with CDKN2A, other genes enriched in the 7892M sample
were a cancer-fibroblast interaction mediator (TSPAN12), a metal cation
transporter gene (SLC39A8), a ubiquitin-producing gene (UCHL1), a creatine
kinase (CKB), a cell adhesion gene (ADGRL2), a tissue repairing gene
(CTHRC1), a chaperone (HSP90AAT), a colon carcinoma-associated gene
(C120rf75) and a cytokinesis regulator (NUDC). Interestingly, the cancer cells
in the 7890M2 sample, which contained the highest proportion of fibroblasts,
showed increased expression of extracellular proteases, kallikreins (KLK6 and
KLK7). Aside from kallikreins, genes coding for a membrane-integrated
protein (MAL), an oncogenic enzyme (TGM2), a homeobox protein (HOXB?2),

a mediator of protein-protein interaction (LMO7), bromine metabolism
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(PXDN), a cysteine protease inhibitor (CST6), a regulator of the complement
system (CD55) and an inhibitor of CaMKII (CAMK2N1) were upregulated in
the 7890M2 (Figure S8B). The increased kallikreins might be due to the
adaptive responses of cancer cells to retain their invasiveness in the fibroblast-
rich ascites TME of the sample 7890M2.

We observed that the a25 sample overlapped and spanned all three
subclusters found in ovarian cancer cells (Figure S8C). The differences may
reflect sampling bias due to the differences in scRNA-seq techniques used
across the patient samples. The SNUH a25 sample was processed with 10X
genomics, which outperforms InDrop technique in terms of sensitivity and
coverage. This could also be due to the true differences between patient samples
reflecting the inter-patient heterogeneity. Altogether, we observed that each
patient sample harbored cancer cells expressing distinct gene that may play a
role in sample-specific molecular mechanisms of cancer cell dissemination,
survival and invasiveness in the ascites TME and the cancer cells from the a25

sample showed the most diverse gene expression pattern.

4.3.4 Elevated expression of ligands related to the anoikis-
resistant phenotype may provide survival advantages to

cancer cells in the malignant ascites

To examine cellular crosstalk between ovarian cancer cells and the niche
cells in ascites TME, NichNet was used to predict the ligand-receptor pairs that
could potentially induce the transcriptomic changes in ovarian cancer cells. We
were interested in the anoikis resistance process, as it has been previously
reported that the acquisition of anoikis resistance is a critical cellular process
driving cancer progression (258). We combined two gene sets, negative
regulation of programmed cell death (GO:0043069) and negative regulation of
anoikis (GO:2000811) for NicheNet analysis. Potential immune cell-derived
ligands included CCL5 (a chemokine involved in an inflammatory response,
cancer cell migration, survival and proliferation), TNF family members
TNFSF13B and LTB, and immune response genes ITGB2 and ICAM1 (Figure
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20A). CCL5 was the most highly expressed ligand by T cells and NK cells
(Figure 20B) and across patients (Figure S9). The top 5 potential receptors for
CCLS5 in ovarian cancer cells included ACKR3, LPAR2, SDC1, CDH1 and
SDC4 (Figure 20C). Finally, among the potential receptors in ovarian cancer
cells, SDC4 was the most highly expressed across the patient samples (Figure
20D). A circosplot shows the overall ligand-receptor links between predicted
ligands from immune cells and receptors found on ovarian cancer cells, where
the transparency of the inner lines represents the degree of ligand activity
(Figure 4E). Expression levels of CCL5 and SDC4 were visualized using Violin
plots and Feature plots (Figure 20F, G), demonstrating that the ligand CCLS5 is
expressed exclusively in T cells and NK cells and that the receptor SDC4 is
expressed in ovarian cancer cells and fibroblasts. To evaluate CCL5-SDC4 axis,
we tested our model with recently published scRNA-seq data from 6 additional
ovarian cancer patient-derived ascites (GSE146026). Of those, one patient had
no ovarian cancer cells and was excluded from the analysis. Intriguingly, the
evaluation of CCL5 and SDC4 expression across 5 patients, further supports
our identification (Figure S10A-S10C). Overall, NicheNet highlighted the
CCL5-SDC4 axis as a potential mechanism for ovarian cancer cells to acquire

anoikis resistance in ascites TME.
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Figure 20. CCLS5 - SDC4 axis serve as a potential upstream ligand-receptor
signal inducing anoikis resistance in ovarian cancer cells.

(A, B) NicheNet analysis of ligand-receptor pairs inducing the anoikis
resistance in ovarian cancer. Ligand activity analysis (A) Average expression
of the ligands (B) by the different immune cell types. (C) Receptors of
prioritized ligands expressed by ovarian cancer cells. (D) Average expression
of potential receptors in ovarian cancer cells across patient samples. (E) Circos
plot showing links between predicted ligands from immune cell types with their
associated receptors found on ovarian cancer cells. The degree of transparency
indicates the prior interaction weight of the ligand-receptor interaction. (F,G)
Expression of CCL5 and SDC4 in cellular components of ascites TME
visualized by (F) Violin plots and (G) Feature plots.
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Fig. S9 Heatmap showing average expression of the upstream ligands
inducing anoikis resistance in ovarian cancer cells (shown in Fig. 20) in T

cells (left) and NK cells (right) across patient samples.
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Fig. S10 CCL5-SDC4 axis in malignant ascites TME (additional ovarian
cancer patient-derived ascites single cell RNA seq datasets were
downloaded from GSE146026).

(a) Average expression of NicheNet predicted receptors from Figure 4 were
compared across the patient samples. (b, ¢) Ascites cellular components shown
in UMAP plots with patient sample IDs (b, upper left panel) and cell types (b,
upper right panel). CCL5 and SDC4 expressions visualized by Feature plots (b,

bottom panels) and Violin plots (c).
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4.3.5 Effector and exhausted CD8+ T cells and NK cells
highly express CCLY5 in the malignant ascites

To examine the complexity of T cell and NK cell subsets found in ascites
TME, each cell types were re-clustered, and 5 and 3 Seurat defined clusters
were identified in T cell and NK cell populations, respectively (Figure 21 A and
Figure S11A). Expression profiles were similar across subclusters in both T cell
and NK cell (Figure 21A and Figure S11B). Interestingly, co-expression
analysis of CD4 and CD8A with CCLS5 in T cell subsets revealed that cluster 0
and 1 are CD8+ T cell with high CCL5 co-expression, whereas clusters 2 and
3 are CD4+ T cell with low CCLS5 co-expression (Figure 21C, D). T cell subsets
were further characterized by functional markers reported in a recent study
(259). Expression profiles of T cell subclusters revealed that subcluster O is
CD8+ effector T cell cluster, with high expression of cytokines and effector
molecules, GZMA, GNLY, PRFA, GZMB, GZMK, NKG7. Whereas,
subcluster 1 is CD8+ exhausted T cell cluster, with exhaustion marker
expression, LAG3, TIGIT, PDCD1 and HAVCR213 (Figure 21E). NK cell
subsets analysis show that all subclusters highly express KLRB1 with high
CCLS5 co-expression (Figure S11C). These results suggest that CCLS5 is
exclusively expressed in effector and exhausted CD8+ T cell subsets and NK

cells in malignant ascites TME.
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Figure 21. Clustering T cell subsets in ascites TME.

(A) The UMAP projection of T cell subclusters identified 5 clusters (colored by
subclusters). (B) Expression profiles were examined by Pearson correlation
coefficient between the mean profiles of T cell subclusters. (C-D) Co-
expression of CCL5 with CD4 (C) and CD8A (D) in T cell subclusters
visualized by Feature plots. (E) Heatmap showing mean expression of T cell
function associated genes in each T cell subclusters. Black boxes highlight the

prominent patterns used to define T cell subsets.
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Fig. S11 NK cell subtype analysis.

(a) The UMAP projection of NK cell subclusters identified 3 sub clusters. (b)
Expression profiles were examined by Pearson correlation coefficient between
the mean profiles of NK cell subclusters. (¢) KLRB1 and CCLS5 expression in
the NK cell subset.
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4.3.6 SDC4 expression correlates with poor prognosis in

ovarian cancer patients

We next assessed the prognostic value of SDC4 in ovarian cancer patients.
Using datasets from TCGA, the patients were divided into two groups
according to SDC4 (also known as SYDN4) expression. High expression levels
of SDC4 was associated with significantly poor overall survival (OS) in ovarian
cancer patients (Figure 22A). For further validation, we additionally analyzed
GEO datasets (GSE9891, GSE3149, GSE26193 and GSE63885). Kaplan-
Meier and log rank test analysis with GEO datasets also suggested that the
SDC4 expression level was negatively correlated with OS in ovarian cancer
patients (Figure 22B-E. In addition, we compared expressions of SDC4 at the
transcript level in cancer and normal tissues, and we found significantly
elevated transcript levels of SDC4 in ovarian cancer tissues (Figure 22F).

Moreover, the SDC4 expression increased across the tumor stage (Figure 22G).
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Figure 22. SDC4 expression is associated with survival of ovarian cancer
patient.

(A-E) Higher expression of SDC4 was associated with poor overall survival of
ovarian cancer patients. Ovarian cancer public datasets from (A) TCGA and (B-
E) GEO database were used to examine the association between SDC4
expression level and overall survival of the patients. Kaplan-Meier survival
curves were plotted by splitting patients into two groups (SDC4 high and SDC4
low). Groups were divided by ‘split patients by’ option set at ‘auto select best
cutoff”. The Kaplan-Meier plotter (KM plotter) tool was used. (F) The
expression of SDC4 was elevated in ovarian cancer tissues compared to the
normal tissues. TCGA and GTEx expression data were analyzed using GEPIA.
(G) The SDC4 expression is significantly upregulated in the cancer tissues from
stage [V patients. UALCAN was used to analyze the association of stage with
SDC4 expression. (H) A Significant positive correlation was found between
MET and SDC4. The correlation between mRNA expression levels of MET and
SDC4 was analyzed with GEPIA using data from TCGA and GTEx database.
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To examine the involvement of SDC4 in the anoikis resistance of ovarian
cancer cells in the malignant ascites, we investigated a correlation between the
average SDC4 expression and the proportion of cancer cells in each sample.
Intriguingly, the proportion of cancer cells in the ascites TME positively
correlates with average SDC4 expression (Figure S12A). This may imply that
SDC4 expression could be vital for cancer cell survival in the ascites. cMet has
often been cited in the literature as a key regulator of anoikis resistance in
ovarian cancer (260). We observed that SDC4 is positively correlated with
MET expression both in the tissue samples from TCGA and GTEx and in the
malignant ascites-derived cancer cells (Figure 22H and Figure S12B), further
supporting our hypothesis that the expression of SDC4 in ovarian cancer cells

may promote cancer progression.
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Fig. S12 SDC4 may be associated with cancer cell survival of ovarian

cancer cells in the malignant ascites.

(a) Pearson correlation coefficient between the average SDC4 expression in

ovarian cancer cells versus proportion of cancer cells within the ascites TME.

(b) Pearson correlation coefficient between MET and SDC4 expression across

patient samples at single cell level.
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4.4 Discussion

The current study uncovered inter- and intra-patient heterogeneity of ovarian
cancer and captured the landscape of both immune and non-immune cells
enriched in ascites TME, using scRNA-seq combined with a computational
approach. We determined a ligand-receptor intercellular communication model
by analysis of a putative ligand-receptor interactions between receptors
enriched in ovarian cancer cells and ligands expressed by immune cells in
ascites TME. Although our computational model does not consider the spatial
proximity between the cells of interest, ascites from ovarian cancer patients
creates a unique TME as a reservoir of pro-tumorigenic soluble factors
including CCL5 and other cytokines reported in our previous work (233). In
this study, we found that CCL5-SDC4 axis may play a crucial role in ovarian
cancer cell survival and poor patient prognosis. To validate our model, we
analyzed the recently published scRNA-seq study of malignant ascites from
patients with advanced-stage ovarian cancer (261). Also this analysis
highlighted the putative role of intercellular communication through CCL5-
SDC4 axis in immune cells and ovarian cancer cells (Figure 4). Moreover,
TCGA and GEO analysis further supports the role of SDC4 in ovarian cancer
progression (Figure 6).

Among immune cell-related clusters, we observed a highly heterogeneous
macrophage population at the transcriptomic level, but we found that only
subtle differences in macrophage subtype proportions exist across the five
malignant ascites samples analyzed. Previous studies report the differential role
of M1 and M2 macrophage subtypes in ovarian cancer progression. M2
subtypes has received the most attention in cancer biology due to their pro-
tumorigenic role including stemness maintenance, promoting the
chemoresistance and invasiveness in a number of cancer models, including
ovarian cancer (250). The prognostic role of M1 subtypes in ovarian cancer
show conflicting results. Our group reported a pro-tumorigenic role of in vitro
polarized M1 macrophages in ovarian cancer (262). Similar results were also

reported in in vitro studies of hepatocellular and bladder cancer (263). In
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contrast, a plentiful number of reports suggest an anti-tumorigenic role of M1
macrophages in ovarian cancer (264, 265).

A recent study observed the prevalence of both M1 and M2 macrophages in
ovarian cancer patient-derived ascites TME. The authors noted that the ratio of
these subtypes are important, where a higher M1/M2 macrophage ratio was
correlated with a higher overall survival and progression-free survival (260).
An earlier study reported that platinum-based chemotherapy increases ovarian
cancer cell potency to induce M2 macrophage polarization, resulting in an
imbalance in macrophage subtypes in the TME (266). In a murine model, the
re-balancing of macrophage subtypes toward M1 in the TME decreased tumor
burden and prolonged survival (265). These results suggest that macrophage
subtypes may have a stage-specific role and the balance of macrophage
subtypes may play a crucial role in cancer progression. Future longitudinal
studies of single-cell profiling of macrophage subtypes will give us a more
definitive understanding of their role in ovarian cancer progression.

We showed molecular heterogeneity of T cell and NK cell population (Figure
5 and Figure S7A-C). As presented in figure 2D, the proportion of T cells was
higher in the a25 sample than that in the other four patient samples. However,
there is a possibility that difference may be due to the sample preparation
method or clinical parameters of patients (e.g., treatment status, histology, etc.).
Further investigation on the association between clinical parameters and the
cellular constituents is warranted to understand the complex cellular
interactions taking place in the malignant ascites niche.

Anoikis resistance is a primary feature of ovarian cancer cells to survive in
ascites TME. We hypothesize that niche signals from ascites TME regulate or
induce anoikis resistance in ovarian cancer cells. Though macrophages have
received the most attention in cancer progression due to their abundance, our
prediction model highlights the potential role of T cells and NK cells in anoikis
resistance in ascites TME. Since we have only focused on this single process,
the various roles of macrophages may have been underrepresented in our
analysis. We observed the global overexpression of SDC4, a known receptor of

CCLS5, in ovarian cancer cells from all samples analyzed at the single cell level
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(Figure 4C). SDC4 is a heparan sulfate proteoglycan that modulates focal
adhesion and has been implicated in cancer progression and metastasis (267).
Elevated SDC4 expression has been reported in hepatocellular cancer and
mesotheliomas (268, 269). Previous ovarian cancer study observed that SDC4
is expressed in normal ovary and in both benign and malignant ovarian tumors
(270). CCLS5 is elevated in various types of cancers, including ovarian
cancer(271). It has been shown that binding of CCL5 to SDC4 induces
activation of PKCa (272, 273), which is involved in multiple pathways
including cell cycle progression, tumorigenesis and metastatic dissemination
(274), but the mechanistic role of SDC4-CCLS in ovarian cancer progression
remains poorly understood.

Given that CCLS5 is enriched in T cells and NK cells in ascites TME and that
SDC4 expression is restricted to ovarian cancer cells in our scRNA-seq data
(Figure 4C), the aberrant levels of CCL5 in ascites TME is the critical
determinant of ovarian cancer progression and poor prognosis. The expression
of SDC4 in ovarian cancer cells was strongly correlated with the proportion of
cancer cells found in ascites TME as well as with MET expression at single-
cell level (Figure S8). Furthermore, TCGA and GEO data suggest that SDC4 is
expressed in ovarian cancer cells and correlates with poor overall survival in
ovarian cancer patients (Figure 6).

scRNA-seq has revolutionized our approach to understanding cancer
progression. We have utilized this powerful technique, modeling the
pathological mechanisms underlying ovarian cancer progression. Despite these
findings, a number of challenges and limitations still remain in our model. We
had limited access to patient information (e.g., survival status, stage, prognosis,
treatment, histology, etc.), small sample size and sample processing bias
(filtered tumor spheroids/clusters, our procedure enriched cancer cells and
lymphocytes, and scRNA-seq targeted low total cell reads). Profiling a larger
number of cancer cells with multiple samples in parallel would be required to
validate the presence of inter-tumoral heterogeneity and to identify rare cancer
stem cell populations. In addition, longitudinal sampling of the cancer cells
over the course of treatment could facilitate our understanding of tumor
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evolution and chemoresistance.

In summary, our study showed heterogeneous molecular programming of the
various cells isolated from malignant ascites. Through the ligand-receptor
interaction analysis between immune and cancer cells, we revealed that CCL5-
SDC4 interaction is enriched. Survival analysis suggests that higher SDC4
expression is associated with poor prognosis in ovarian cancer patients. We also
observed a strong positive correlation between SDC4 expression and the
percentage of cancer cells in the malignant ascites. Thus we suggest CCL5-
SDC4 interaction could be the vital signaling for cancer cell survival in the

ovarian cancer TME.
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