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Abstract

Ovarian cancer is mostly diagnosed at advantaged stages due to
the lack of early diagnostic biomarkers. The common metastasis
pattern is characterized by peritoneal dissemination with a formation
of malignant ascites. Extracellular vesicles (EVs) are emerging as
promising clinical biomarkers in liquid biopsy. Here, we aimed to
investigate robust liquid biopsy—-based EV miRNA biomarkers for
ovarian cancer diagnosis and metastasis regulation. EVs were
1solated from malignant ascites and plasma of ovarian cancer patients
as well as the benign control counterparts of patients with benign
gynecologic diseases. Small RNA sequencing was carried out
investigating the miRNA profiling of ascites— and plasma-derived
EVs. Eight miRNAs (miR-1246, miR-1290, miR-483, miR-429, miR-
34b—-3p, miR-34c—5p, miR-145-5p, miR-449a) were selected based
on dysregulated miRNAs overlapped in the ascites and plasma subset
to develop the ovarian cancer EV miRNA (OCEM) signature. The
ovarian cancer EV miRNA (OCEM) signature of these eight miRNAs
demonstrated a high diagnostic accuracy in our in—house dataset
(ascites subset: AUC=1; plasma subset: AUC=0.9375). This
diagnostic signature also demonstrated high diagnostic accuracy in

multiple public datasets across diverse clinical samples (blood, tissue
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and urine). In addition, the impact of malignant ascites—derived EVs

on the malignant behaviors of ovarian cancer cells was also assessed.

The result showed that malignant ascites—derived EVs could
significantly facilitate the metastatic potential of ovarian cancer cells.
Notably, miR-1246 and miR-1290 shuttled in malignant ascites—
derived EVs were identified to promote the invasion and migration of
ovarian cancer cells by regulating a common target ROR a.. Our study
highlights that the EV miRNA signature shows great promise as a
clinically applicable liquid biopsy strategy for ovarian cancer
diagnosis. In addition, malignant ascites—derived EVs could
significantly promote the cancer metastatic potential through
delivering oncogenic miRNAs, serving as a potential therapeutic

target for ovarian cancer management.

Keywords: Ovarian cancer, extracellular vesicles, miRNA, ascites,

liquid biopsy, diagnosis, metastasis
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Chapter 1.

Literature review: Non—coding RNAs shuttled
via exosomes reshape the hypoxic tumor
microenvironment

1. Background

Cancer cells persistently interact with other cell types in the
tumor microenvironment. Cells cohabiting in a tumor niche are
affected significantly by surrounding factors (1). Low oxygen status,
termed as hypoxia, is one of the most important characteristics of
solid tumors. Hypoxia can elicit fundamental changes in cancer cells
and affect cell-to—cell communications. Autocrine and paracrine
signaling through cytokines and chemokines have been studied
intensively in molecular oncology for the last decades (2, 3).
Emerging studies suggest exosomes secreted by different cell types
are actively involved in modulating cancer cell phenotypes and
dictating cancer hallmarks.

Exosomes contain cytosolic cargos of donor cells, assisting the
membrane-protected cargos to travel a long distance. Among many
other cytosolic cargos found in exosomes, non—-coding RNAs(ncRNAs)
including micro RNAs (miRNAs), long non-coding RNAs (IncRNAs)

and circular RNAs (circRNAs) are most intensively studied in that
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they act as vital regulators in transcriptional and post—transcriptional
levels. Investigating the effects of exosomal non—coding RNAs in the
hypoxic tumor microenvironment is critical to elucidate the key
underlying mechanisms of cancer progression.

1.1 Tumor microenvironment and hypoxia

Accumulative evidence suggests that tumor cells behave
differently depending on extrinsic factors of the surrounding
microenvironment. Distinct types of cells including immune cells,
fibroblasts and endothelial cells interactively communicate to
facilitate cancer progression (4). Additionally, pH, reactive oxygen
species (ROS), inflammation, components in the extracellular matrix
(ECM) and hypoxia can influence the metabolism and aggressiveness
of cancer (5-8). Therefore, the various interplay between cellular
and non-—cellular factors in the tumor microenvironment may serve as
potential therapeutic targets in the clinical settings.

Irregular vessel formation and the rapid proliferation of cancer
cells create hypoxic conditions in malignant tumors. In this regard,
hypoxia is a common feature in the microenvironment of most solid
tumors (9). Clinical studies have revealed that overexpression of
hypoxia-induced genes 1s associated with poor prognosis in many
cancer types including pancreatic, lung, breast, prostate and ovarian

cancer (10-14). Besides, plentiful in vitro and in vivo experimental
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data have suggested that hypoxia orchestrates malignant phenotypes
of cancer cells through activation of multiple oncogenic signaling
pathways. Transcription factors and epigenetic regulators can
concertedly exert reinforcement of oncogenic signaling pathways,
controlling the expression of numerous genes under hypoxia.
Nevertheless, interactions between cancerous cells and non-
cancerous cells could be further invigorated in the hypoxic tumor
microenvironment. Cancer cells stimulated by hypoxia manifest
increased drug-resistance, tumorigenesis, anglogenesis,
invasiveness and immune suppression (15).

Several decades ago, oxygen sensing mechanisms at the
molecular level had been discovered that some transcription factors
play a central role in tissues in response to low oxygen tension (<10
mmBHg) (16). The vital proteins involved in the process of cellular
adaptation under hypoxia are: hypoxia—inducible factor-1 (HIF-1),
prolyl hydroxylase (PHD) and von Hippel-Lindau (VHL). HIF-1a is
a transcription factor constitutively activated in response to hypoxia
(17). Under normal oxygen tension (45-65 mmHg) at peripheral
tissues, PHD is activated, adding a hydroxyl group to HIF-1a at a
proline residue. Hydroxylated HIF-1a is then subjected to
degradation through ubiquitination, mediated by the VHL complex.

Unlike HIF-1a, its binding partner, HIF-1p 1is stably expressed
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even at the high oxygen tension. Under hypoxic conditions, the
accumulated dimer of HIF-1 o and HIF-1 B bind to hypoxic response
elements (HREs) of various genes in the nucleus. Activated HREs are
closely associated with oncogenic phenotypes such as proliferation,
invasion, epithelial-mesenchymal transition (EMT) and metabolic
reprogramming (16). Furthermore, recent studies have illustrated
that myriad epigenetic modifications are involved in hypoxic signals
through histone modifications and DNA methylation (18, 19).

The hypoxic conditions also affect interactions between
cancerous and non-cancerous cells in the tumor microenvironment.
Hypoxia—-induced overexpression of programmed death-ligand 1
(PD-L1) in cancer cells, disabling cytotoxic functions of programmed
cell death protein 1 (PD-1) positive activated T lymphocytes (20,
21). Moreover, HIF-1 a promoted the overexpression of PD-L1 in
myeloid-derived suppressor cells (MDSCs) and macrophages,
neutralizing anti—cancer immunity in the tumor microenvironment
(22). Additionally, hypoxia upregulated V-domain Ig suppressor of
T-cell activation (VISTA) in MDSCs, thereby suppressing T cell
activity (23). CD47 enriched at the plasma membrane of hypoxic
tumors inhibited the phagocytic activity of macrophages (23, 24).
Along with hypoxia—-induced changes in the tumor immune

microenvironment, hypoxia can assist tumor growth by
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reprogramming fibroblasts. In the study which utilized the cancer-—
associated fibroblast (CAF)-endothelial cell co-culture model,
hypoxic CAFs promoted angiogenesis through NCBP2-ASZ2 mediated
vascular endothelial growth factor A (VEGFA) secretion (25). In line
with the result from the CAF-endothelial co—culture study, another
study demonstrated that CAF induced angiogenesis via recruitment
of HIF-1a and G-protein estrogen receptor (GPER) to the promoter
region of VEGF (26). Moreover, pancreatic CAFs produced more
insulin-like growth factor 1 (IGF1) and cancer cells increased the
expression of IGF1 receptor (IGF1R) in response to hypoxia. This
specific hypoxia-potentiated CAF-cancer cell communication
promoted the metastatic ability of pancreatic cancer cells (27). A
multi—center study from Norwegian hospitals suggested that
upregulation of miRNA-210, a hypoxia-induced miRNA, in CAFs but
not in cancer cells was negatively correlated with the prognosis of
prostate cancer patients (28). Therefore, hypoxic responses of both
cancerous and non—cancerous cells are vital determining factors of
cancer progression.

Transcriptomic and epigenetic landscapes of a tumor are vastly
changed by hypoxia. As recent studies have underscored the
importance of exosomes as a critical mode of cell-to—cell

communication, it would be worthwhile to unveil how exosomal non-
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coding RNA signaling regulates the hypoxic tumor microenvironment.
1.2 Exosomes and non—coding RNAs

Extracellular vesicles (EVs) are secreted by almost all cell types
into the extracellular space. EVs are classified into microvesicles,
apoptotic bodies, exosomes, etc. according to their intracellular
origin, size, and biogenesis (29). Exosomes are endogenous vehicles
with a size of 40-150 nm in diameter. Endocytic vesicles produced in
the plasma membrane can form early—endosomes by continuous
endocytosis and develop into late—endosomes. Late-endosomes bud
inwards to form multi-vesicular bodies (MVBs), and the fused MVBs
with the plasma membrane enables the release of intraluminal
vesicles (ILVs) into extracellular space, called exosomes (30). The
endosomal-sorting complex required for transport (ESCRT)
machinery is necessary for exosome formation at endosomes. It is
complicated protein machinery comprised of four proteins ESCRTs (O
through III) regulating MVB formation, vesicle budding, and cargo
sorting (31). However, some studies have revealed an ESCRT-
independent exosomal cargo sorting manner, suggesting that the
mechanisms are broader and more intricate.

Exosomes are mediators of cell-cell interactions in that they are
capable of delivering functional mRNAs, microRNAs (miRNAs), DNAs,

and proteins to recipient cells altering their physiological and
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pathological functions. These exosomal cargos are enclosed inside
the double membrane and are stable to environmental factors such as
nucleases, proteases and oxidative stress so that they can be
delivered to recipient cells in an efficient and intact manner (32, 33).
Cancer cell-derived exosomes affect cancer progression such as
proliferation, drug resistance, and metastasis (34). Meanwhile, these
tumor—derived exosomes also have a significant impact on various
stromal cells in the tumor microenvironment. They are involved in
the function of endothelial cells, the polarization of macrophages,
regulation of T cells, and suppression of natural killer cells (NK cells)
activity and other biological activities (35-38). Stromal cell-secreted
exosomes, In turn, can support the malignant phenotypes of cancer
cells. For instance, tumor—associated macrophage (TAM)-derived
exosomes containing functional factors promoted migration and
invasion in breast cancer (39). CAF-derived exosomes conferred
chemoresistance to ovarian cancer cells (40). Therefore, exosomes
may play a pivotal role in the inter—tumor cell, inter—stromal cell and
tumor-stromal cell interactions.

Additionally, exosomes have been detected in almost all types of
body fluids such as blood, urine, saliva, breast milk, and ascites.
They can be used as biomarkers to diagnose diseases In non-—

invasive or minimally invasive ways (41). Furthermore, exosomes
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can be used as natural nano-carriers for therapeutic applications that
can efficiently deliver various signaling molecules. Exosomes show
similar structures to a bilayer of lipids of cell membranes because
they fuse to the plasma membrane during secretion. Recent
researches have shown the possibility that exosome-mediated
delivery of small interfering RNAs (siRNAs), antioxidants, anticancer
drugs, and CRISPR/Cas9 system via low immunogenicity (42-45).
RNAs are classified into protein—coding RNAs and non-coding
RNAs according to their protein—coding abilities. Based on the
Francis Crick’ s ‘the central dogma of molecular biology’ , many
studies have focused on processes of protein production through
messenger RNA (mRNA), and constituent RNAs such as ribosomal
RNAs (rRNAs) or translators of codon sequence (tRNA) (46, 47).
However, results from human genome sequencing found that only
~200,000 RNAs could encode proteins, comprising only 2% of the
genomes (48). In 1965, scientists discovered a new type of
regulatory non-coding RNAs that do not function through protein
translation (49). Non-coding RNAs are divided based on the number
of nucleotides constituting the RNAs: small non-coding RNAs
including miRNAs, siRNAs, piwi-interacting RNAs (piRNAs)
composed of less than 200 nucleotides and IncRNAs with more than

200 nucleotides in size (50). In addition, another type of non-coding
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RNASs highly represented in the eukaryotic transcriptome is circRNAs,
which form covalently closed continuous loop structures, unlike the
above—mentioned linear RNAs. CircRNAs are relatively stable
compared to linear non—coding RNAs. Exosomes contain a variety of
RNA species, among which miRNAs are the most abundant and surely
most intensively studied while IncRNAs and circRNAs are also
becoming research hotspots now. Some qualitative and quantitative
assays have revealed the asymmetric distribution of RNAs between
cells and cell-derived exosomes. This phenomenon has boosted
many interesting hypotheses, suggesting that RNA molecules are not
randomly packaged in exosomes but with a set of sorting systems
involved.

A single mammalian cell carries approximately 100,000
endogenous miRNAs, while a single exosome contains about 500
miRNAs. Pigati et al. found that the abundance of about 66% of
extracellular miRNAs well reflected the corresponding abundance of
miRNAs in the cells (51). Van Balkom et al. also reported that the
most abundant exosomal miRNAs closely corresponded with the most
abundant cellular miRNAs (52). These findings suggest that the
majority of high expressed miRNAs are encapsulated and secreted
via exosomes passively for an osmotic-like effect. However, there

was still a category of miRNAs that might be selectively retained or
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released. For example, more than 90% of the mature miR-451, which
1s functioned as a tumor suppressive gene in breast cancer, was
found to be exported into extracellular space (52). In addition,
Hannafon et al. observed that miR-451, miR-122, miR-1246, miR-21
were more enriched in the breast cancer cell-derived exosomes than
normal epithelial cell-derived exosomes. Intriguingly, oncogenic
miR-1246 and miR-21 showed consistent high abundancy in the cells
while tumor suppressive miR-451 and miR-122 were downregulated
in cellular expression (53). Based on these studies, it can be inferred
that apart from the passive osmotic-like pattern, the function-
dependent selective mechanism may be present when RNAs are
secreted via exosomes. Cells might tend to secrete RNAs that are
unnecessary, advantageous or even harmful for sustaining cell
properties. Ragusa et al. further strengthened and developed this
point. They found that in addition to tumor suppressive miRNAs,
immunosuppressive miRNAs were also highly abundant in exosomes
compared to cells, which indicated that RNAs might be selectively
released into the tumor microenvironment to influence the immune
response (54).

Some lipids and proteins have been demonstrated to be involved
in sorting specific non—-coding RNAs into exosomes. The neural

sphingomyelinase 2 (nSMase2) was reported to be associated with
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the secretion of exosomes, which was also the first molecule found
to guide miRNAs into exosomes. The expression of nSMase? was
positively related to the level of exosomal miRNAs (55). Besides,
some important proteins might also impact the RNA selective sorting
process. Argonaute 2 (Ago?2), a component of the miRNA-induced
silencing complex (miRISC), was implicated in the assortment of
several miRNAs into exosomes. Additionally, Alix, an accessory
protein of ESCRT, was reported to be involved in the release of
exosomal miRNAs from liver stem-like cells through interacting with
Ago 2 (56). It has been reported that hypoxia could inhibit the Ago2
degradation by mediating hydroxylation of Ago2 by C-P4H(I) and
increase the various functions of it, indicating the possible regulative
role of hypoxia in sorting miRNAs into exosomes (57). Villarroya—
Beltri et al. identified that some short motifs were overexpressed in
exosomal miRNAs and mRNAs. The protein heterogeneous nuclear
ribonucleoprotein A2B1 (hnRNPA2B1) could bind to those motifs and
modulate RNAs loading into exosomes. Moreover, this process was
controlled by the sumoylation of hnRNPA2B1 (58). Besides,
hnRNPAZ2B1 was also reported to be involved in the encapsulation of
IncARSR into exosomes (59). Kossinova et al. detected several
structural motifs enriched in exosomal IncRNAs and mRNAs using

bioinformatics approaches. Cytosolic Cold shock protein YB-1 and
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RNA methyltransferase NSUNZ could recognize these motifs and
mediate sorting specific IncRNAs and mRNAs into exosomes (60).
YB-1 was reported to be physically interacted with HIF-1a and
regulate the transcription of hypoxia-dependent genes (61). In
addition, YB-1 could enhance the expression of HIF-1a and
promote the invasion and metastasis in sarcoma (62). Li et al.
showed more abundant circRNAs were present In exosomes
compared to the source cells by RNA-sequencing analyses for the
first time. The level of exosomal circRNAs and cellular circRNAs
were only moderately correlated, suggesting that certain circRNAs
might be actively incorporated into exosomes while some might be
selectively retained in cells. CircRNAs have been reported to be
capable of binding to miRNAs working as miRNA sponges. The
authors also demonstrated that the selective sorting of circRNAs was
associated with the relevant miRNAs (63). Overall, non-coding RNAs
with certain sequences may favor themselves loading into exosomes
whereas a bunch of protein complexes or lipids might be involved as
well. However, there is still a lack of ample evidence that fully
illustrates the underlying mechanism of the RNA sorting process and
further investigations are deserved.

1.3 Hypoxia alters exosome release and exosomal components

Hypoxia can activate various pathways to promote the secretion
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of exosomes and alter the components loaded in exosomes (Figure 1).

Rab GTPases such as Rab27a and Rab27b are essential for exosomal
secretion pathways in cancer cells (64). In hypoxic conditions,
altered protein expression of small GTPase in cells promotes
endocytosis, consequently changing the degree of exosomal
secretion (65). In ovarian cancer, hypoxia significantly promoted
exosome secretion though the upregulation of Rab27a. These
hypoxia—-induced exosomes elicited a more aggressive and
chemoresistant phenotype of cancer cells (66). King et al. also
confirmed that hypoxic breast cancer cells produced a higher level of
exosomes in a HIF-1 a —dependent manner (67). Rabb could regulate
vesicle-mediated transportation from the cell membrane to early
endosomes and early endosome fusion (68). Under hypoxia, Rabb
was clustered in the perinuclear region while CD63 showed higher
co-localization with the actin cytoskeleton of prostate cancer cells,
suggesting that hypoxia could enhance exosome secretion through
promoting early endosome formation and fusion of multivesicular
endosomes with the plasma membrane (69).

The hypoxic conditions not only boost the release of exosomes
but also influence the molecules contained within exosomes.
Hypoxia-induced exosomes exhibit different patterns of wvarious

molecules depending on origin cells and environmental factors. In
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highly malignant brain tumor glioblastoma multiforme (GBM), hypoxic
cancer cell-derived exosomes showed enrichment in hypoxia-
associated mRNAs and proteins (e.g., matrix metalloproteinases, IL-
8, platelet-derived growth factor (PDGF), caveolin 1, and lysyl
oxidase) and activated vascular cells in a hypoxia—dependent mode
during cancer progression (70). Recent studies have shed light on the
exosomal non-coding RNA expression and function shift in the
hypoxic tumor microenvironment. Especially with the development of
sequencing technology, more and more significant non—-coding RNAs
are being uncovered. It has been reported that miR-21, miR-23a,
IncRNA-UCA1 were upregulated in the exosomes derived from
hypoxic cancer cells and promoted cancer progression in various
signaling pathways (71-73). Hypoxia was also reported to regulate
the expression of circRNAs. Boeckel et al. first identified that
cZNF292, cAFF1 and cDENND4C were upregulated while ¢THSD1
was under the hypoxic condition in endothelial cells. Moreover,
cZNF292 exhibited proangiogenic activities in vitro (74). While in
cancer, hypoxia could induce the expression of circDENNDZA, which
could promote the migration and invasion of glioma cells through
sponging miR-625-5p (75). The expression of circHIPK3 was
reported to be upregulated in hypoxic exosomes compared with

normoxic exosomes derived from cardiomyocytes. It could regulate
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the oxidative damage in cardiac microvascular endothelial cells by
inducing miR-29a/IGF-1 signaling pathway (76). This is the only
report by now focusing on circRNAs in hypoxic exosomes. There is
no direct evidence showing the role of hypoxic exosomal circRNASs in
cancer yet. Collectively, Non—coding RNAs have been reported to
exert various functions in translation, RNA splicing, DNA replication,
etc. (71, 77-79). Further investigations are warranted to
comprehensively understand the role of non-coding RNAs in the

tumor microenvironment.
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Figure 1. Hypoxia influences the secretion and non-coding RNA
cargos of exosomes

Extracellular components enter cells through endocytosis along
with the plasma membrane, leading to the formation of early
endosomes and late endosomes (MVBs). Some molecules like ESCRT
machinery, ALIX, tetraspanins and ceramides are involved in this
process. Several Rab GTPases are associated with MVBs
transporting to the plasma membrane. Then exosomes with specific
cargos are released through exocytosis. Hypoxia triggers the
alteration in gene expression of HIFs or other signaling pathways,
which may impact exosome biogenesis and cargo sorting by
regulating these molecules. Besides, non—coding RNAs binding with
some RNA binding proteins like hnRNPA2B1, YB1, NSNUZ2 or Ago?2

might be favorably sorted into exosomes.

17 A =T



2. Effects of hypoxic exosomal non—coding RNASs in
the tumor microenvironment

Exosomes derived from hypoxic cancer cells or stromal cells
play a fundamental role in the tumor microenvironment through
transmitting non-coding RNAs. Hypoxia-induced exosomal non-
coding RNAs have been demonstrated to regulate cancer
proliferation, metastasis, chemoresistance, immune response and

angiogenesis, thus reshaping the microenvironment (Figure 2).
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Figure 2. Exosomal non-coding RNAs regulate the hypoxic
tumor microenvironment

Hypoxic donor cells impact recipient cells by transmitting non—
coding RNAs via exosomes. These exosomal non—coding RNAs can
be uptaken by recipient cells and alter their biological behaviors

through various pathways, thus regulating tumor development.
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2.1 Proliferation

Hypoxia alters tumor metabolism and transcription such as a
shift to glycolysis and self-sufficient release of growth signals (80).
Even though much has been known about hypoxia-secreted
metabolites promote tumor growth, the importance of hypoxic
exosome—mediated tumor growth has been recently grown.
Accumulating evidence indicates that pro-tumorigenic molecules
secreted through exosomes in the hypoxic tumor microenvironment
can promote tumor cell survival and proliferation.

MiR-210 1s a well-recognized hypoxia—-induced miRNA involved
in various biological processes of cancer progression. It was
reported to be upregulated in many types of solid tumors and related
to unfavorable clinical outcomes of patients (81). In breast cancer,
miR-210 was significantly elevated in the exosomes derived from
hypoxic cancer cells than those from normoxic ones (67). Tang et al.
utilized a breast cancer cell spheroid culture model to enrich highly
malignant breast cancer stem cells (BCSCs). They corroborated
that miR-210 was remarkably upregulated in hypoxic spheroid cells
and spheroid-derived BCSCs compared to parental cells. The
upregulation of miR-210 promoted the proliferation, self-renewal
and migration of BCSCs (82). Furthermore, Yu et al. reported that

miR-1273f upregulated in hypoxic tumor—-derived exosomes
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promoted cancer proliferation of hepatocellular carcinoma (HCC) by
inhibiting LHX6/Wnt/ B —catenin pathway (83). In another research of
HCC, Patel and his colleagues showed that hypoxic tumor-derived
exosomes reduced cancer cell viability with the increased expression
of IncRNA-RoR. Knockdown of IncRNA-ROR induced expression of
its target, miR-145, thus decreasing p70S6K1 (RPS6KB1)
phosphorylation, PDK1 and HIF-1a expression (84). Wozniak et al.
identified a set of differentially expressed exosomal miRNAs in
hypoxic conditions. Hypoxia upregulated miR-494-5p, miR-4497,
miR-513a-5p, miR-6087 while downregulating miR-125b-5p, miR-
21-5p, miR-3934-5p in the exosomes from patient—derived
melanoma cell lines cultured under hypoxia. Pathway analysis with
bioinformatical tools has shown that these miRNAs were closely
assoclated with tumor survival but no further experimental validation
was carried out (85).

Therefore, Exosome—-mediated communication plays an essential
role in the hypoxic environment. Hypoxic exosome-shuttled
bioactive non—coding RNAs have been shown as critical regulators of
cancer proliferation.

2.2 Invasion and metastasis

Hypoxia has been demonstrated to regulate the invasion and

migration ability of cancer cells mainly by promoting EMT. EMT is
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involved in carcinogenesis and endows transformative properties to
cancer cells by improving mobility, invasion, and migration (86).
During EMT, downregulation of epithelial markers (E-cadherin and
B —catenin) and upregulation of mesenchymal markers (N-cadherin
and Vimentin) can occur, which then induce the mesenchymal
phenotypes and enhance the metastatic ability of the cancer cells.
Much attention has been drawn to exosomal non—coding RNAs in the
hypoxic tumor microenvironment, given that they could govern
metastatic and invasive capability of cancer cells by directly or
indirectly targeting EMT markers. Li et al. reported that miR-21
increased in hypoxia—-derived exosome promoted invasion and
migration in oral squamous cell carcinoma (OSCC) by inducing EMT
(72). In addition, IncRNA-UCA1 was present at a high level in the
hypoxic exosomes from cancer cells than normoxic exosomes. The
IncRNA-UCA]1 secreted by hypoxic cancer cells promoted tumor
progression through upregulating EMT in vivo and in vitro in bladder
cancer (73). Exosomal miR-25-3p released from hypoxic breast
cancer cells stimulated migration and proliferation of tumor cells by
inducing IL-6 secretion and activating NF-kB signaling in
macrophages. In vivo experiments revealed that injection of breast
cancer cells with the miR-25-3p inhibitor substantially reduced the

tumor size by inhibiting I[L.-6-mediated STATS3 activation (87).
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Stromal cells are also indispensable components in the tumor
microenvironment. Stromal-cancer or stromal-stromal interactions
mediated by exosomes have profound impacts on metastasis
initiation and cancer progression. Zhang et al. demonstrated that
cancer cells could uptake exosomes derived from hypoxic bone
marrow-derived mesenchymal stem cells (BMSCs) and acquire
higher invasiveness. During this process, miR-193a-3p, miR-210-3p,
and miR-5100 transferred into cancer cells and activated STATS3
signaling, thus inducing EMT in lung cancer cells. Furthermore, these
three miRNAs were upregulated in the plasma-derived exosomes of
patients than non—-metastatic patients (83).

Metastatic colonization is profoundly affected by the hypoxic
tumor microenvironment. Tumor-derived exosomes can reflect the
hypoxic characteristics of the originating cell and also are capable of
facilitating pre—metastatic niche formation by transmitting non-
coding RNAs. Notably, organ-specific metastasis has gained much
attention in recent years. Despite the hard work of many scientists,
still little has been known about the mechanisms. Exploring exosomal
non-coding RNAs could give rise to promising therapeutic targets as
well as prognostic biomarkers of cancer metastasis.

2.3 Chemoresistance
Resistance to anti—cancer therapies i1s one of the biggest
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obstacles in cancer treatment. Intrinsic resistance arises because of
genetic alterations, whereas extrinsic resistance due to interactions
between tumor cells and microenvironment against chemotherapy.
Hypoxia affects the overall course of the tumor including responses
to therapies. Hypoxia—-induced malignancies could form resistance to
various anti—cancer drugs including cisplatin, doxorubicin, sorafenib,
etoposide, paclitaxel, and gemcitabine. (89). Also, researches have
shown that anti-cancer drug resistance can be restored through
inhibition of hypoxia-induced signaling pathway. Hypoxia could
regulate chemoresistance of cancer cells by controlling cell cycle,
autophagy, senescence of cells and chemotherapeutic efficacy
through acidity as well as drug efflux pump expression. (90).
Hypoxia—-induced intracellular substances such as proteins and non—
coding RNAs via exosomes secretion affect tumor microenvironment
and cancer cell chemoresistance.

Dong et al. demonstrated that hypoxic non-small-cell lung
cancer (NSCLC) cell-derived exosomes enhanced cisplatin
resistance of normoxic cancer cells through transmitting miR-21.
Mechanically, miR-21 in hypoxic exosomes downregulated
phosphatase and tensin homolog (PTEN) and PISK/ATK pathway
sequentially, triggering cisplatin resistance in normoxic cancer cells.

Further analysis with the TCGA database showed that miR-21
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expression was positively correlated with HIF-1 a and high miR-21
expression indicated worse survival in patients undergoing
chemotherapy (91). Patel and his colleagues found linc-RoR, a
stress—-responsive IncRNA, regulated chemosensitivity of HCC cells
to sorafenib, and doxorubicin. They described that linc—ROR
expression was enhanced in the hypoxic cancer cell-derived
exosomes. TGF-B enriched linc—-RoR within exosomes, resulting in
suppression of chemotherapy-induced cell death and tumor-—initiating
cell proliferation (92).

It 1s noteworthy that chemoresistance does not arise intrinsically
in cancer cells. Many stromal cells like CAFs also support cancer
cells to gain resistance to chemotherapy. MiR-223 was demonstrated
to promote proliferation and invasiveness of ovarian cancer cells by
targeting SOX11 expression (93) and it was the most significantly
upregulated miRNA in the recurrent serous ovarian cancer tissues as
compared to the primary tissues (94). On this basis, Zhu et al.
observed the upsurge of miR-223 in TAMs and TAM-derived
exosomes under hypoxia. MiR-223 conveyed by hypoxic exosomes
could reduce apoptosis, increase cell viability and also increase drug
resistance of ovarian cancer cells via downregulating PTEN
expression and activating PISK/AKT signaling pathway. Moreover,

higher miR-223 expression was shown in the cisplatin—resistant
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patients and recurrent patients in the epithelial ovarian cancer (EOC)
patient—derived specimens. High expression of miR-223 together
with low expression of PTEN indicated a bad prognosis of ovarian
cancer patients (95).

These studies indicated chemoresistance could be passed
through transmitting non—-coding RNAs in exosomes in the hypoxic
microenvironment. Blocking chemoresistance associated exosomal
non-coding RNAs could be a promising way to overcome
chemoresistance.

2.4 Immune suppression

In principle, tumor development can be monitored by cytotoxic
innate and adaptive immune cells. However, as the tumor develops
from dysplasia to clinically detectable tumors, cancer cells evolve
different mechanisms such as losing expression of tumor antigens or
modifying immune checkpoint molecules in order to avoid the
destruction by the immune system (96). Tumor—derived exosomes
have been shown to induce tumor-specific or nonspecific immune
responses. Antigen-presenting cells could uptake tumor—associated
antigens shuttled in exosomes and stimulate the tumor suppressive
reactions (97). Hypoxic tumor exosomes have been demonstrated to
suppress T cell proliferation and NK cell activation, induce

macrophage M2 polarization and Regulatory T cells (Tregs)
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activation, increase MDSC population resulting in immune dysfunction.

The interactions between tumor cells and T cells are critical in
tumor immune microenvironment. Tumoral exosomes carrying
biologically active non—-coding RNAs transmit signals between cells,
promoting tumor progression and immune escape. Ye et al. first
reported that nasopharyngeal carcinoma (NPC) cell-derived
exosomes impeded T cell dysfunction through differential miRNA
expression (98). Building on this study, they further identified that
tumoral exosomes could hamper T cell function by miR-24-3p
delivery. Mechanistically, hypoxia-induced exosomal miR-24-3p
inhibited T cell proliferation and Thl, Thl7 differentiation and
inducing T reg differentiation by targeting FGF11 followed by the
upregulation of p—ERK, p—-STAT1, p—-STAT3 and downregulation of
p-STATS (99).

T cell exhaustion is characterized as the upregulation of PD-1 on
T cells. Blocking the PD-1/PD-L1 axis is the best way to
reinvigorate T cell function (100). y 8 T-cell is a unique lymphocyte
population that has been reported to have either anti— or pro—tumoral
functions. Li et al. revealed that normoxic OSCC-derived exosomes
stimulated the y & T-cell expansion and cytotoxic function in a
dendritic cell (DC)-independent manner, which could be attenuated

by miR-21 enriched hypoxic exosomes. MDSCs are a heterogeneous
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immunosuppressive cell population from myeloid lineage migrating to
the tumor site through circulation (101). A chronic inflammatory
environment rich in cytokines like TNF, TGF-B and IL-10 triggers
myeloid cells converting to MDSCs. Therefore, they are normally
present in cancer or chronic inflammation associated diseases while
not present in a steady state of healthy people (102). MDSCs
suppress the adaptive and innate immunity through inhibiting T cell
activation, promoting M2 polarization of macrophages, inducing CAF
differentiation and inhibiting NK cell cytotoxicity, thus contributing to
tumor angiogenesis, metastasis and drug resistance (103). The
accumulation of MDSCs was shown to be correlated with poor
clinical outcomes and reduce the efficacy of immunotherapy in
cancer patients. Hence, eliminating and suppressing MDSCs is
becoming a new therapeutic strategy (104). It was reported that
exosome shuttled miR-21 secreted from y & T cells could abate the
function of MDSCs in a PD-L1-dependent manner through targeting
PTEN(105). This study sheds new light on the effects of tumor-—
derived exosomes on the y 8§ T cells. Meanwhile, it also suggested
that integrative inhibition of hypoxia—-induced exosomal miRNAs and
PD-1/PD-L1 axis would be a new insight in immunotherapy. In
glioma, hypoxia—induced exosomal miR-21 and miR-10a presented

the remarkable effects on the expansion and function of MDSCs in
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vitro and in vivo via miR-21/PTEN/PISK/AKT and miR-
10a/RORA/I k B a/NF- k B axis respectively (106).

Hypoxia in the tumor microenvironment could stimulate
immunosuppressive effects attenuating cytotoxic T-lymphocyte
(CTL) and NK cell-mediated tumor cell lysis. Berchem et al.
elucidated that lung cancer cells generated exosomes with higher
miR-23a expression, which could impair NK cell cytotoxicity and NK
cell function by directly targeting CD107a. Furthermore, higher
TGF- B in the exosomes might partly contribute to the enrichment of
miR-23a. This i1s the first study demonstrating how cancer cells in
the hypoxic microenvironment educate NK cells through exosome
transmitted non—coding RNAs (35).

Macrophages can be roughly classified into M1 (classically
activated) macrophages with pro-inflammatory effects and M2
(alternatively activated) macrophages with anti—inflammatory effects.
M1 macrophages characterized by the expression of the inducible
type of nitric oxide synthase (INOS) are proinflammatory, whereas
M2 macrophages express high level of anti—inflammatory cytokines
(e.g., IL10) and a potent arginase—1 (Argl) activity to favor tumor
cell growth (107). TAMs constitute a predominant population
of immune-related stromal cells in the tumor microenvironment.

TAMs were previously described as exhibiting MZ2-like function.
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However, studies argue that TAMs can express hallmarks of both M1
and M2 polarization (108). Cancer cells under hypoxia pressure
secreted more functional exosomes acted as a bridge between
cancer cells and macrophages, especially inducing M2 polarization.
Although M?2 polarization is still the mainstream, altering TAMs to a
predominantly M1 phenotype has been put on the agenda for
developing new immunotherapeutic strategies. These results suggest
that hypoxic exosomes are influential elements in the tumor
microenvironment mediating the interactions between cancer cells
and macrophages.

Hypoxic EOC cell-derived exosomes containing high levels of
miR-940 stimulated the M2 polarization of macrophages. Then, miR-
940-induced M?Z2 macrophages, in turn, promoted EOC cell
proliferation and migration. Interestingly, a high level of miR-940
was also observed in the malignant ascites—derived exosomes
compared with benign peritoneal fluids (36). The same research team
further explored the different miRNA expression profiling patterns
between cancer cell-derived exosomes under hypoxia and normoxia.
MiR-21-3p, miR-125b-5p and miR-181 d-5p were selected as HIF-
la and HIF-Z2a induced miRNA candidates and then validated to
affect macrophage M2 polarization through regulating

SOCS4/5/STAT3 pathway (109). Moreover, exosomal miR-301a-3p
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derived from hypoxic pancreatic cancer cells promoted macrophage
M2 polarization through downregulation of PTEN expression and
activating PI3Ky signaling pathway, triggering the secretion of
TGF- B, IL-10, and arginase from pancreatic cancer cells, which in
turn, facilitated EMT and lung metastasis (110). Quantitative
proteomics revealed that hypoxic mouse melanoma cell-derived
exosomes were rich in immunomodulatory proteins and chemokines
including CSF-1, CCLZ2, FTH, FTL, and TGF B. Meanwhile, they
detected that miRNA let7a was decreased in the hypoxic cells but
dramatically increased in the released exosomes. Let7a-loaded
exosomes enhanced mitochondrial oxidative phosphorylation system
(OXPHOS) in macrophages through suppressing the insulin—AKT-
mTOR signaling pathway (111).

Hypoxia pressure promoted the production and secretion of
immune-modulating exosomes rich in non—-coding RNAs. Exosome-
mediated cancer—-immune cell communication substantially impacts
the immune reaction. Immune checkpoints are accessory molecules
with T-cell activation or inhibition effects. Blockage of cytotoxic T-
lymphocyte antigen 4 (CTLA-4) and PD-1 have heralded
the dawn of an immune therapy era. Exosomal non-coding RNAs
might be the indispensable targets for immune therapy based on their

immune regulating functions.
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2.5 Angiogenesis

Angiogenesis refers to a new blood vessel forming process and
1s an essential mediator for tumor progression. Hypoxia is one of the
key factors iIn tumor angiogenesis. Vascular immaturity and
weakened cell association of tumor blood vessel network can lead
to excessive permeability, poor perfusion and increased hypoxia
(112). Angiogenesis is a complicated process comprising of many
genes, regulators, and pathways. VEGF is the crucial pro-
angiogenetic growth factor stimulated by the alarm of hypoxia.
Carmeliet et al. found that the hypoxic induction of VEGF decreased
significantly in mouse embryonic stem cells by inhibiting HIF-1a
(113). In addition to VEGF, HIF-1a is capable of regulating some
other angiogenesis associated factors like platelet—derived growth
factor (PDGF-B), vascular endothelial growth factor receptor-
1(VEGFR-1), endothelin-1, iNOS and epidermal growth factor
(EGF).

Recent studies have demonstrated that exosomal non-coding
RNAs under hypoxic conditions could contribute to the angiogenesis
process. For instance, miR-210 upregulated both in hypoxic leukemia
cells and exosomes enhanced tube formation in endothelial cells
(37).In NSCLC, HIF-1 0 induced microvascular miR-494 promoted

angiogenesis both in vitro and in vivo through downregulating PTEN
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and activating Akt/eNOS pathway (114). Another study in lung
cancer showed that hypoxic exosomes promoted angiogenesis
through transmitting miR-23a. Knockdown of HIF-1 a prevented the
increase of exosomal miR-23a while miR-23a inhibited HIF-1a
regulators, PHD1 and PHDZ expression and enhanced HIF-1a
signaling. Meanwhile, hypoxia-induced exosomal miR-23a could
inhibit tight junction protein ZO-1 and increase vascular permeability
(71). Interestingly, exosomal miR-23a upregulation was also
observed in chemical-induced hypoxic liver cancer cell colonies
established from culturing hepatic cancer cells on the soft agar.
Results suggested that exosome-shuttled miR23a was capable of
inducing angiogenesis by regulating pro—angiogenic marker genes
and targeting SIRT-1 in chick chorioallantoic membrane (CAM), in
ovo xenograft, and HUVEC model system (115). Umezu et al.
established hypoxia-resistant multiple myeloma cell lines under 6 to
7 months hypoxic incubation to better mimic in vivo conditions of
hypoxia bone marrow. Exosomal miR-135b derived from those cell
lines enhanced endothelial tube formation under hypoxia via the HIF-
FIH signaling pathway. Current studies mainly focused on acute
hypoxia, which may differ from in vivo conditions. This is the first
study that reported exosome—mediated cell-cell communication

under chronic hypoxia (116).
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Hypoxic exosomal non-coding RNAs can regulate angiogenesis
by inducing phenotypic and functional changes in endothelial cells to
promote tumor growth and metastasis. VEGFR inhibitors serve as the
most vastly applied anti—angiogenesis agents now. They are bringing
beneficial efficacies as well as nonnegligible problems like a double-
edge sword. Exploiting the anti—angiogenesis potential of RNA
therapy via exosomes might be a new therapeutic strategy in the

future.
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3. Clinical applications

Liquid biopsy is a new diagnostic tool performed on blood or
other biofluids to assess the tumor—derived components and their
genomic or proteomic profiles (117, 118). Circulating tumor cells
(CTCs), circulating tumor DNAs (ctDNAs) are the primary analytes of
liquid biopsies. However, recent studies have uncovered more liquid
biopsy analytes including tumor—educated platelets, circulating non-
coding RNAs, tumor-derived exosomes (119). Exosomes are
released by almost all cell types and have been detected in various
biofluids, including blood, urine, saliva, ascites, cerebrospinal fluids,
etc. Exosomes and non-coding RNAs shuttled in exosomes have
been demonstrated to play a vital role in cancer progression.
Hypoxia is one of the critical characteristics in the microenvironment
of most solid tumors. Analyzing exosomes or exosomal non—-coding
RNAs in the biofluids could monitor cancer progression, predict drug
resistance, even detect tumor heterogeneity and trace tumor
evolution, contributing to the precision therapy of cancer patients
(Figure 3).

In vitro studies have shown that hypoxia could promote the
production and release of exosomes of various cancer cell lines (67,
71, 115, 116). As a consequence, hypoxic tumors may increase the

concentration of exosomes in the blood or other biofluids.
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Daniela Ost et al. compared the concentration of plasma exosomes in
patients with GBM and healthy controls where GBM patients showed
significantly higher concentration. Intriguingly, the concentration
decreased to an almost similar level to healthy controls after surgery
while an increase was detected again at recurrence. This indicated
that tumor cells mainly contributed to the exosome increment in
plasma (120). Likewise, higher levels of exosomes were detected in
the plasma of NPC patients than healthy controls and positively
correlated with tumor lymph node metastasis and shorter disease-
free survival (DFS)(98). These data suggested that circulating
exosome enumeration is applicable to describe disease status and
predict the clinical outcomes of patients.

However, the exosome releasing and producing processes are
complicated and multifaceted. Hypoxia 1s not the sole factor
influencing quantity and quality of exosomes. Besides, the
mechanism of hypoxia in vivo might be quite different with that of in
vitro models. Some other factors may also stimulate the release of
exosomes including thermal stress, oxidative stress, tumor pH value,
autophagy, endoplasmic reticulum stress, increase in intracellular
Ca2+ levels or drug intervention (121). Therefore, circulating
exosome quantification has many limitations due to its non-

specificity. Analyzing exosome contents is needed to evaluate the
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disease accurately.

Non-coding RNAs can be transferred through exosomes from
tumor cells to adjacent cells or remote organs by entering the blood
circulation. These non—-coding RNAs are protected from degradation
and stably exist in the circulation. Thus, exosomal non—coding RNAs
derived from hypoxic tumors are detectable in the blood and might
be used as biomarkers of cancer progression. Exosomes in the
biofluids are a heterogeneous population of different cell origins. It is
important to find tumor-specific non—coding RNA biomarkers. Recent
studies have demonstrated different non—-coding RNA profiles in the
exosomes derived from cancer patients and healthy people through
RNA-sequencing or RT-PCR analysis (53). Differently expressed
non-coding RNAs generated from those studies could provide a large
number of possible candidate biomarkers. By comparing exosomal
non—-coding RNA expression patterns at baseline, pre—treatment and
post—treatment, correlating with clinical parameters, combining with
continuous follow—up, it is possible to predict patient prognosis and
therapeutic response. The combination of several non-coding RNA
markers together may have favorable sensitivity and specificity than
a single non—coding RNA. Wang et al. reported that the area under
the ROC curve of dual detection of exosomal HOTAIR and miR-21

for diagnosing laryngeal squamous cell carcinoma reached 87.6 %,
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significantly higher than 80.1 % of miR-21 or 72.7 % of HOTAIR
(122). In addition, applying non-coding RNA biomarkers could
compensate for the deficiency of clinical protein markers. For
example, prostate—specific antigen (PSA) used for screening prostate
cancer is of high sensitivity but low specificity in that it might also be
upregulated in benign hyperplasia. The expression level of exosomal
IncRNA SChLAP1 could help to differentiate prostate cancer and
benign prostate hyperplasia patients when PSA was moderately
elevated (123). Integrating in silicon analyses or in vitro experiments
with the expression of non—-coding RNAs in patient—derived samples
1s capable of selecting significant and functional non-coding RNAs of
relative high specificity and sensitivity. In vitro models developed
under hypoxic conditions can better mimic the in vivo state of the
tumor microenvironment. Thus, hypoxia—-induced exosomal non-
coding RNAs might be of great significance in cancer diagnosis and
monitoring.

Hypoxia—-induced exosomal miR-23a and miR-24-3p were
reported to be markedly higher in the serum of lung cancer patients
and NPC patients, respectively, than that of healthy volunteers.
Further analysis showed that the serum exosomal miR-24-3p level
was negatively associated with the DFS of NPC patients (71, 99).

Likewise, patients with OSCC had much greater expression of
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circulating exosomal miR-21 compared with paired healthy donors.
High circulating exosomal miR-21 levels were closely associated
with the T stage and lymph node metastasis (72).Moreover, serum-
derived exosomes of bladder cancer patients showed a significantly
higher level of IncRNA UCA1 and, notably, the IncRNA UCA1 levels
were positively correlated with HIF-1a expression. It could be
speculated that intratumoral hypoxia might be capable of boosting
exosome— shuttled IncRNA-UCAlexpression. ROC analysis also
showed fine specificity and sensitivity, suggesting its high diagnostic
and clinical significance (73). In locally advanced rectal cancer
(LARC), Tonje et al. filtered a series of exosomal miRNAs from five
hypoxic cell lines and validated in patient plasma samples. Among
these, downregulated miR-486-5p and miR-18la-5p were
correlated with T4 and lymph node metastasis—positive disease,
respectively, while upregulated exosomal miR-30d-5p was
associated with the metastatic progression (124).

Hypoxia influences not only cancer cells but also stromal cells.
Zhang et al. reported that hypoxic BMSC-derived exosomes could
promote lung cancer metastasis through transmitting miR-193a-3p,
miR-210-3p and miR-5100. Those three miRNAs expressed
remarkably higher in the plasma-derived exosomes of lung cancer,

liver cancer and pancreatic cancer patients than the counterparts of
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healthy controls. In addition, ROC analysis of the individual miRNA or
combination of three miRNAs panel all showed high specificity and
sensitivity in distinguishing metastatic lung cancer patients and non-—
metastatic lung cancer patients (88).

Circulating exosomes can reflect the hypoxic feature of primary
tumors. Therefore, non—-coding RNAs loaded in circulating exosomes
are emerging as new biomarkers of liquid biopsy in that they can
dynamically mirror tumor burden or clinical events. As tumor
progression and evolution is an intricate process, a single biomarker
1s far from comprehensively explaining the disease status.
Integrative analysis of multiple biomarkers might be a prospective
trend for clinical diagnosis. Although these researches have brought
out new insights into the diagnostic and prognostic value of hypoxic
tumor—derived exosomal non-coding RNAs, there are still some
limitations. Studies discussed here had a minimal patient sample size
so that large scale investigations are highly demanded to validate the
clinical potential of hypoxic exosomal non—coding RNAs. Hypoxic
exosomes can partially reflect the hypoxic feature of solid tumors.

Researchers used different methods to induce hypoxia pressure

which varied from oxygen concentration, hypoxic incubation time, etc.

By far, there are no optimal in vitro systems to precisely mimic the

in vivo hypoxic tumor microenvironment. Hypoxic exosome
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concentration and cargo may fluctuate depending on different
hypoxia generating means. Meanwhile, they were using different
ways to isolate exosomes, which may cause nonnegligible variations
as well. Thus, standardized protocols that can generate high purity of
exosomes are undeniably needed for future clinical applications.
Furthermore, recent researches preferred to use RNA sequencing or
microarray to screen differently expressed non—-coding RNAs, which
could generate vast sets of candidate non-coding RNAs but at the
same time increasing the difficulty of data analysis to a large extent.
How to better analyze the data and related pathways also remains a
big issue. Notably, which molecule to use to normalize the exosomal
IncRNAs or miRNAs is still controversial.

Exosomes are stable, easy-stored, biocompatible, highly
permeable, low toxic and immunogenic, which suffice almost all the
merits of a good drug delivery system (125). Exosomes have the
natural encapsulating ability to carry different anticancer drugs,
natural agents, nucleic acid therapeutics including miRNAs, siRNAs
or even gene-editing systems, such as CRISPR-Cas9 system.
Notably, miRNAs and siRNAs transferred through exosomes to the
recipient cells can partly or entirely abolish the expression of target
genes, thus restricting tumor progression (125). The KRASG120

siRNA loaded in human-foreskin fibroblast—derived exosomes
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efficiently suppressed pancreas desmoplasia in the orthotopic and
genetically engineered mice (126). Despite the advantages over
other drug delivery systems, exosomes are still facing unavoidable
challenges. Exosome heterogeneity, unwanted immunogenetic
possibility and the potential tumor promoting risks await resolutions

before clinical translation (125).
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Figure 3. Hypoxic tumor—derived -circulating exosomal non-
coding RNAs in liquid biopsy

Exosomes are present in diverse biofluids including blood,
cerebrospinal fluids, saliva, milk, peritoneal fluid, urine, synovial fluid,
etc. Exosomes can be isolated from these biofluids and non—coding
RNAs are then analyzed for diagnostic or prognosis markers. As
illustrated on the right side of the figure, various methods have been
developed to isolate exosomes with different advantages and
disadvantages each (Ultracentrifugation: high sample capacity, minor
impacts on exosomal components; time consuming, facility dependent.
Polymer-based precipitation reagents: simple steps, possible for
small sample volume, high yield; expensive reagents, low purity;
Immunoaffinity capture: high purity and specificity; expensive
reagent, low yield, antibody dependent; Density gradient separation:
high purity; complicated procedures, low yield, facility dependent.

Ultrafiltration: less time consuming; low purity and integrity).
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Chapter 2.

Integrated analysis of ascites and plasma
extracellular vesicles identifies a panel of
miRNAs for ovarian cancer diagnosis

1. Introduction

Ovarian cancer is one of the leading causes of female cancer-
related death worldwide (127, 128). Most ovarian cancer patients are
typically diagnosed at advanced stages with a five—year survival rate
less than 30%. Current screening tools such as the routine pelvic
examination, transvaginal ultrasound, blood biomarker CA125 have
been suffered from low sensitivity and specificity, especially in the
early stages(129-131). It is an absolute necessity to identify reliable
clinical biomarkers by non-invasive procedures for ovarian diagnosis.

Extracellular vesicles (EVs) are double-membrane nanoscale
particles secreted by essentially all prokaryotic and eukaryotic cells
into the extracellular space. EVs play a crucial role in mediating cell-
to—cell interactions by transporting functional RNAs, proteins, lipids,
etc. These EV cargos are stably encapsulated inside the double lipid
layers devoid of nucleases, proteases or oxidase stress (32, 33, 132).
EV RNA cargos include a wide range of RNA biotypes partially

reflecting the RNA content of source cells, with a particular
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preference for small non—-coding RNAs. MicroRNAs (miRNAs) are a
class of small non—-coding RNAs comprising ~22 nucleotides in length.
Ample evidence has depicted that miRNAs are actively involved in
various biological processes by post-transcriptionally regulating
gene expression. Recent studies have elucidated that the miRNA
profiling of EVs is still significantly disparate from that of origin cells,
suggesting the miRNA cargos are assembled in a selective manner.
During the EV biogenesis process, miRNAs with high enrichment, the
capacity of connecting to membranes, cytosolic subcellular location
and specific RNA motifs possibly favor themselves encapsulated in
EVs (133). Moreover, multiple lipids and RNA binding proteins are
reported to regulate the RNA packaging to EVs, such as AGO2, ALIX,
annexin A2, heterogeneous nuclear ribonucleoproteins A2/B1
(HNRNPA2B1), SYNCRIP, etc. (56, 58, 134-138). Additionally,
different stimuli or treatments may also markedly impact the amounts
and proportions of miRNA cargos. For example, hypoxia and acidosis
can alter the quantity and composition of EV secretion (139, 140). EV
miRNAs play a regulative role in cancer proliferation, invasion,
migration, chemoresistance, angiogenesis, Immune responses,
reshaping the tumor microenvironment and serving as potential
clinical biomarkers (132).

Liquid biopsy is emerging as a powerful approach for cancer

47 .-':rx | -R:I- 1_-li 0

'|'|'I



diagnosis and surveillance due to the minimal invasiveness and high
accessibility. Circulating tumor cells (CTCs), circulating tumor DNAs
(ctDNAs) are the most common sources in clinical settings while EVs
have also been identified as essential analytes recently. EVs are
detected in wvarious biofluids including plasma, serum, urine,
cerebrospinal fluid, saliva, ascites, etc. Emerging evidence has
suggested that EVs may hold great potential as novel biomarkers for
cancer liquid biopsy. Recent studies have depicted that EV miRNA
signatures in the circulation are distinct between cancer types and
can serve as potential clinical biomarkers.

Blood i1s the most widely used source for liquid biopsy with
regard to its universality and high accessibility. However, the tumor-
derived EV miRNA features might be highly diluted in the circulation.
So it might be not easy to find highly cancer-specific biomarkers.
Liquid biopsy is not limited to blood. Tumor-derived materials are
released in many other fluids (urine, pleural fluids, cerebrospinal
fluids, ascites etc.) in higher amounts when in direct contact with the
primary tumors or metastatic sites [1]. Considering the disease
feature of ovarian cancer, ascites enriched in ovarian tumor—derived
substances including EVs would be a perfect source for identifying
EV miRNA biomarkers reflecting ovarian tumor features. Therefore,

exploiting ascites i1s fundamental for finding significant clinical
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biomarkers. Meanwhile, blood is the most widely used source for
liquid biopsy with regard to its universality and high accessibility. In
this scenario, biomarkers discovered in the ascites that are
simultaneously detectable in the blood will combine the merits of
high efficacy and high accessibility. Herein, we conjointly
investigated the miRNA profiling of ascites— and plasma-derived EVs
to determine highly accurate and accessible biomarkers; and also
explored the impact of ascites—derived EVs on the malignant
phenotypes of ovarian cancer cells. This study underscores the
fundamental role of EV miRNAs in ovarian cancer and sheds new
light on the clinical translational potential of EV miRNAs—-based liquid

biopsy.
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2. Materials and Methods
2.1. Clinical sample collection

This study was approved by the Institutional Review Board of
Seoul National University Hospital (No. 2004-128-1117) and
performed in accordance with the Declaration of Helsinki. All the
ascites, peritoneal fluids, blood and tissues were collected with an
acquisition of the written consent.
2.2. Ascites and plasma preparation

Ascites was collected and subsequently centrifuged at 2500 rpm,
4 C for 10 minutes to separate the cellular fractions and acellular

fractions. The acellular supernatant was filtered with a Falcon 70 ym

strainer (Corning, USA), aliquoted and stored in =70 T for future use.

Whole blood was obtained in the EDTA-treated tubes and
centrifuged at 2500 g, 4 T for 15 minutes to remove cells. Then the
supernatant was collected and centrifuged again to deplete the
platelets. The centrifuged plasma was aliquoted and stored at =70 C
for future use.
2.3. EV isolation and identification

Ascites, plasma and cell culture media were thawed and filtered
with a 0.2 um syringe filter (Sartorius, Gottingen, Germany) before
EV isolation. Commercial EV isolation kit ExoQuick (System

Biosciences, USA) was used for ascites and plasma EV isolation
i
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according to the manufacturer’ s protocol.
2.4. Nanoparticle tracking analysis (NTA)

EV pellets were suspended in PBS and diluted to an appropriate
concentration. EV concentrations and size distributions were
measured by nanoparticle tracking analysis (NTA) with a NanoSight
NS300 system (Malvern Technologies, Malvern, UK). Samples were
introduced into the chamber using syringes and each sample was
captured with three 30-second videos for further analysis.

2.5. Transmission electron microscopy (TEM)

EVs were suspended in PBS and 10 pL of each EV suspension
was applied on a 200 mesh formvar—coated copper grid. Then the
grid was negatively stained with 10 uL of 2% phosphotungstic acid.
The imaging analysis was carried out using a JEM 1400 transmission
electron microscope (Jeol Ltd, Peabody, USA).

2.6. Western blotting

The western blotting assay was performed as previously
described (141). The following primary antibodies were used: CD9
(Santa Cruz, CA, USA), CD63 (Santa Cruz, CA, USA), CD&1(Santa
Cruz, CA, USA), ROR (Invitrogen, USA), GAPDH (Santa Cruz).

2.7. Small RNA sequencing
RNA was extracted and quantified using a NanoDrop 2000

Spectrophotometer system (Thermo Fisher Scientific, Waltham, MA,

i
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USA). The library was constructed using NEBNext Multiplex Small
RNA Library Prep kit New England BiolLabs, Inc. USA according to
the manufacturer's instructions. Briefly, for each sample, 1 pg of the
total RNA was used to ligate adapters and cDNA synthesis was
performed using the reverse transcriptase with adaptor—specific
primers. PCR was carried out for library amplification and a clean—up
was performed with the QIAquick PCR Purification Kit (Qiagen,
Hilden, Germany) and AMPure XP beads (Beckmancoulter, CA, USA).
The yield and size distribution of the small RNA libraries was
determined by the Agilent 2100 Bioanalyzer instrument for the High
sensitivity DNA Assay (Agilent Technologies, Santa Clara, CA, USA).
Then the single-end 75 sequencing was performed of the high-
throughput sequences generated by the NextSeg500 system (Illumina,

SanDiego, CA, USA).
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3. Results

3.1. Isolation and identification of EVs from ascites and plasma
Malignant ascites obtained from high-grade serous ovarian
cancer (HGSOC) patients during surgery or abdominocentesis was
processed into cellular fractions and acellular fractions for later use
(Fig. 1A). Benign peritoneal fluids collected from female patients with
benign gynecologic diseases were used as a control in this study.
Similarly, malignant and benign plasma samples were also acquired
from patients suffering from HGSOC or benign disorders. EVs were
respectively isolated from benign peritoneal fluids (BA-EVs),
malignant ascites (MA-EVs), benign plasma (BP-EVs) and malignant
plasma (MP-EVs) with the commercial kit ExoQuick (Fig. 1B). The
typical morphology of these EVs as nanosized double-membrane
circular particles were identified by TEM (Fig. 1C). Western blotting
demonstrated the positive expression of EV marker CD9 and CD&1
(Fig. 1D). In addition, NTA assessed the size distribution of these
EVs ranging from 30 nm to 200 nm (Fig. 1E). Steady and
representative EV populations were generalized in this manner for

further research.
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Fig. 1. Isolation and identification of EVs from ascites and plasma.

A. The pipeline of ascites sampling. Malignant ascites obtained
from HGSOC patients during surgery or celiac puncture were
processed into cellular fractions and acellular fractions.

B. Isolation of EVs from ascites and plasma. Ascites acellular
fractions and plasma were filtered and ExoQuick kit was applied for
EV isolation.

C. TEM was performed to identify the morphology of BA-EVs,
MA-EVs, BP-EVs and MP-EVs.

D. Western blotting was carried out to detect EV marker
expressions of BA-EVs, MA-EVs, BP-EVs and MP-EVs.

E. NTA was used to identify size contribution and concentration
of BA-EVs, MA-EVs, BP-EVs and MP-EVs. BA-EVs: benign
peritoneal fluid-derived EVs; MA-EVs: malignant ascites—derived
EVs; BP-EVs: benign plasma—derived EVs; MP-EVs: malignant

plasma-derived EVs.
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3.2. Ovarian cancer EV miRNA (OCEM) signature based on
differentially expressed EV miRNAs between benign and malignant
biofluids shows great performance in ovarian cancer diagnosis

Small RNA sequencing was carried out to investigate the miRNA
profiling of MA-EVs (N=10) and BA-EVs (N=9) as well as MP-EVs
(N=31) and BP-EVs (N=24). Differentially expressed miRNAs
(DEmiRs) in ascites and plasma subset were relatively shown in Fig.
2A, B and Fig. 2C, D. The pathway analysis depicted that a large
portion of DEmiRs was closely involved in carcinogenesis, cancer
progression, multiple cancer hallmarks and EV genesis-related
pathways (Fig. S1A, B & S2A, B). Next, to select candidate miRNAs
for constructing the diagnostic signature, the in—house dataset was
divided into the training and validation set (Fig. S3A); DEmiRs were
analyzed in the training set only (Fig. S3B, C). According to the
result, there were 17 DEmiRs overlapped in the ascites and plasma
dataset (Fig. 2E). The univariate logistic regression analysis was
carried out to decipher the diagnostic ability of each miRNA using the
Area Under the Curve (AUC) of the receiver operating characteristic
(ROC) curve. These 17 DEmiRs were ranked according to their AUC
of detecting ovarian cancer patients in the ascites and plasma
training set respectively (Fig. 2F, G). Eight miRNAs (miR-1246,
miR-1290, miR-483-5p, miR-429, miR-34b-3p, miR-34c-5p, miR-
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449a, miR-145-5p) that exhibited fine discrimination efficacy both in
ascites and plasma were selected for the logistic regression analysis
to construct the ovarian cancer EV miRNA (OCEM) signature (Fig.
S3D). The expression of these eight miRNAs in the ascites and
plasma subset was shown in the heatmaps (Fig.3H, I). The validation
set of our in—house dataset was also applied to verify the
performance of the OCEM signature. Results demonstrated that the
OCEM signature yielded an excellent diagnostic ability both in
ascites (Training set: AUC=1; Validation set: AUC=1) and plasma
(Training set: AUC=0.9762; Validation set: AUC=0.9375) (Fig. 2J, L).
The risk-probability plots showed OCEM signature could well
differentiate benign peritoneal fluids and malignant ascites (Fig. 2K),
as well as benign and malignant plasma (Fig. 2M). The detailed data
illustrating the performance of OCEM signature was shown in Table

1.
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Fig.2. OCEM signature construction based on miRNA expression
profiling of biofluids—derived EVs.

Small RNA sequencing was carried out to investigate the miRNA
profiling of MA-EVs (N=10) and BA-EVs (N=9) as well as MP-EVs
(N=31) and BP-EVs (N=24). MiRNAs with the expression altered at
least 4 folds with a P value<0.05 between benign and malignant
groups were regarded as differentially expressed miRNAs (DEmiRs).

A. The volcano plot showed DEmiRs in the ascites subset
(Upregulated: N=93; Downregulated: N=117).

B. The heatmap illustrated the expression pattern of DEmiRs in
the ascites subset.

C. The volcano plot demonstrated DEmiRs in the plasma subset
(Upregulated: N=21; Downregulated: N=45).

D. The heatmap showed the expression pattern of DEmiRs in the
plasma subset.

E. The Venn diagram depicted that 17 were DEmiRs overlapped
(Upregulated: N=7; Downregulated: N=10) in the ascites and plasma
training set.

F. The univariate logistic regression analysis demonstrated the
AUC of these 17 DEmiRs in identifying cancer patients in the ascites

training set.
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G. The univariate logistic regression analysis demonstrated the
AUC of these 17 DEmiRs in detecting cancer patients in the plasma
training set.

H. The heatmap showed the expression of 8 miRNAs selected for
constructing the OCEM signature in the ascites subset.

[. The heatmap illustrated the expression of 8 miRNAs selected
for developing the OCEM signature in the plasma subset.

J. ROC curves elucidated the diagnostic ability of the OCEM
signature in the ascites training and validation set.

K. ROC curves showed the diagnostic performance of the OCEM
signature in the plasma training and validation set.

L. The risk—-probability plots demonstrated the predictive risk
probabilities in the ascites training and validation set.

M. The risk—-probability plots showed the predictive risk

probabilities in the plasma training and validation set.
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Fig. S1. A. The KEGG pathway analysis of DEmiRs in the ascites
subset. B. The Gene Oncology (Cellular Components) analysis of

DEmiRs in the ascites subset.
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Fig. S2. A. The KEGG pathway analysis of DEmiRs in the plasma

subset. B. The Gene Oncology (Cellular Components) analysis of

DEmiRs in the plasma subset.
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Fig. S3. A. The in—house dataset was divided in to training set
and wvalidation set. B. The volcano plots showed that DEmiRs
(Upregulated: N=92; Downregulated: N=113) in the ascites training
set. C. The volcano plots showed that DEmiRs (Upregulated: N=16;
Downregulated: N=110) in the plasma training set. D. Eight miRNAs
selected for OCEM signature construction were summarized in the

table.

Table 1. The performance of the OCEM signature in our in-

house dataset and public datasets.

Dataset Training set Validation set
Accuracy Salned Sensitivity | Specificity [AUC|  Accuracy Salne Sensitivity | Specificity | AUC
Accuracy Accuracy
SNUH-Ascites 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
SNUH-Plasma 1.00 1.00 1.00 1.00 1.00 0.83 0.81 1.00 0.63 0.94
GSE106817 0.89 0.90 0.91 0.88  10.96 0.87 0.89 0.91 0.87 |0.95
GSE83693 1.00 1.00 1.00 1.00 1.00 0.90 0.75 1.00 0.50 1.00
GSE65819 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
GSE113486 0.81 0.81 0.80 0.82 0.90 0.83 0.78 0.65 090 |0.91
GSES58517 1.00 1.00 1.00 1.00 1.00 0.83 0.83 1.00 0.67 1.00
E-MTAB-4667 0.87 0.89 0.86 0.92 0.96 0.87 0.83 0.90 0.75 0.90
GSE127873 1.00 1.00 1.00 1.00 1.00 0.94 0.90 1.00 0.80 |0.91
A I )
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3.3. Logistic models based on OCEM signature exhibit excellent
diagnostic performance irrespective of the clinical sample type
(blood, tissue and urine) in different populations from multiple public
datasets

Multiple public datasets were utilized to validate the robustness
of the OCEM signature. Considering the heterogeneity in miRNA
detecting platforms and batch effect between datasets, we retrained
the OCEM signature independently in each dataset. We first applied
serum dataset GSE106817 (Cancer: N=333; Non-cancer: N=2788)
and GSE113486 (Cancer: N=40; Non-cancer: N=100) for validation.
The OCEM signature showed great discriminative performance in
detecting ovarian cancer patients of all stages in GSE106817
(Training set: AUC=0.9557; Validation set: AUC=0.9515) (Fig. 3A)
and GSE113486 (Training set: AUC=0.904; Validation set: AUC
=0.905) (Fig.3C). The risk-probability plots demonstrated that the
OCEM signature well distinguished cancer and non-cancer
individuals (Fig. 3B, D).

Subsequently, we validated the OCEM signature in the tissue
miRNA profiling dataset GSE83693 (Cancer: N=80; Non-cancer: N=7)
and GSE65819 (Cancer: N=16; Non-cancer: N=4) based on the
hypothesis that the EV miRNA signature detected in the ascites and

plasma could also reflect the characteristics of cancer tissues. Both

. "
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the OCEM signature displayed excellent diagnostic capacity in
GSE83693 (Training set: AUC=1; Validation set: AUC =1) (Figure 3E)
and GSE65819 (Training set: AUC=1; Validation set: AUC =1)
(Figure 3G). The risk-probability plots elucidated that OCEM
signature could almost perfectly differentiate cancer and normal
tissues (Fig 3F, H). Intriguingly, the OCEM signature was also
applicable in urine dataset GSE58517 (Cancer: N=80; Non-cancer:
N=7) with a robust diagnostic ability (Training set: AUC=1;
Validation set: AUC =1) (Figure 31, J). Besides, some datasets only
including seven or six miRNAs could also yield a high AUC in
diagnosing ovarian cancer including stage I patients (Fig. S4A, B, C,
D). These results highlighted the clinical applicability of the OCEM

signature in diverse patient populations across multiple sample types.
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Fig.3. Validation of OCEM signature using diverse public datasets
across multiple sample types.

ROC curves and risk—probability plots of the OCEM signature in

A, B. Serum dataset GSE106817 (Cancer: N=333; Non-cancer:
N=2788).

C, D. Serum dataset GSE113486 (Cancer: N=40; Non-cancer:
N=100).

E, F. Tissue dataset GSE83693 (Cancer: N=80; Non-cancer:
N=17).

G, H. GSE65819 (Cancer: N=16; Non—-cancer: N=4). [, J. Urine

dataset GSE58517 (Cancer: N=80; Non-cancer: N=7).
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Fig. S4. ROC curves (A) and risk—-probability plots (B) of 7

miRNAs (miR-1246, miR-1290, miR-483-5p, miR-34b—-3p, miR-34c—

5p, miR-449a, miR-145-5p) out of the OCEM signature in serum

dataset E-MTAB-4667 (Cancer: N=106; Non-cancer: N=24). ROC

curves (C) and risk—-probability plots (D) of 6 miRNAs (miR-483-5p,

miR-429, miR-34b-3p, miR-34c-5p, miR-449a, miR-145-5p) out of

the OCEM signature in tissue dataset GSE127873 (Stage I cancer:

N=22; Non—-cancer: N=9).

69

1
T
| S—

7 A=t 8t



4. Discussion

Multiple cellular and acellular components in the malignant
ascites forms a perfect ecosystem for ovarian cancer progression.
Malignant ascites in close contact with the tumor may contain more
abundant tumor—derived substances, serving as a superior source to
explore ovarian cancer-related EV biomarkers. However, there are
also some restrictions hindering using ascites for the liquid biopsy on
some occasions on account that ascites is not present in all patients
and the abdominocentesis is still mildly invasive. Blood is the most
widely used source for liquid biopsy owing to its high accessibility,
non-invasiveness whereas tumor—derived EV signatures might be
fairly diluted in the circulation. Biomarkers discovered in the ascites
that are simultaneously detectable in the blood will combine the
merits of high efficacy and high accessibility. In this scenario, we
isolated the EVs from malignant ascites and plasma as well as the
benign counterparts to explore candidate miRNA biomarkers.
Optimized protocols were applied in this process including the
sample collection, handling, storage, EV isolation and miRNA
sequencing. We developed the OCEM signature with eight DEmiRs
overlapped in the ascites and plasma subset, which showed an
excellent discriminative performance in detecting HGSOC patients in

our in—house dataset. miR-1246, miR-1290, miR-145 and miR-34b-
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3p in the OCEM signature were also reported as potential diagnostic
biomarkers in ascites or plasma in previous studies (142-146). It is
noteworthy that we independently validated the diagnostic signature
in public datasets and demonstrated that the OCEM signature showed
a robust diagnostic ability across heterogeneous patient populations,
various histologic characteristics, different stages and multiple
sample types. Our results strongly suggest the superiority and
clinical translational potential of the OCEM signature. On the other
hand, there are some regrets in our study. First, the sample size of
the in—house dataset was limited resulting from the sample rarity and
strict quality control criteria. Second, ascites and plasma samples
were not obtained from sample patients, which hindered the
combined analysis of EV miRNAs in the ascites and blood. Third, our
study is a cross—sectional study and a longitudinal observation 1is
warranted in the further study. Before the implementation of OCEM
signature in the clinical settings, a series of stringent criteria must be
taken into consideration. Most importantly, the standardized
protocols for biofluid sample collection, EV isolation, miRNA profiling,
data analysis, etc. are undoubtedly required for yielding reliable and
reproducible results. Also, more large-scale and long-term
investigations are necessary to validate the efficacy of the identified

biomarkers.
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Representative EVs and EV cargos including miRNAs can be
successfully detected in the ascites and plasma, suggesting these
EVs could reflect the biological status and behaviors of tumors inside
the body. Substantial progress has been made recently in addressing
the clinical translational potential of EV-derived biomarkers in liquid
biopsy. However, there are still many technological and scientific
issues remained to be solved. EV heterogeneity is one of the major
obstacles that has to be addressed by the following researches. EV
populations in the biofluids are multi-originated and heterogeneous
in size, composition and function, posing significant challenges in
their characterization and applications. It is of great importance to
identify reliable markers for EVs of different origins and seperately
isolate  EV subpopulations in the future. Besides, EV cargos
including miRNAs are secreted in a selective manner from parental
cells; more in—depth studies are warranted for demonstrating the
underlying mechanisms. Moreover, as EVs are carriers of various
biological signaling molecules, comprehensive multi—omics analysis
of EV cargos is increasely crucial in improving the clinical validity

and utility of EV-based liquid biopsy.
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Chapter 3.

Malignant ascites—derived EVs facilitate the
invasion and migration of ovarian cancer cells
through transferring miR-1246 and miR-1290

1. Introduction

Hypoxia is a common feature in the microenvironment of most
solid tumors (9). Clinical studies have revealed that overexpression
of hypoxia—-induced genes is associated with poor prognosis in many
cancer types including pancreatic, lung, breast, prostate and ovarian
cancer (10-14). Besides, plentiful in vitro and in vivo experimental
data have suggested that hypoxia orchestrates malignant phenotypes
of cancer cells through activation of multiple oncogenic signaling
pathways. Transcription factors and epigenetic regulators can
concertedly exert reinforcement of oncogenic signaling pathways,
controlling the expression of numerous genes under hypoxia.
Nevertheless, interactions between cancerous cells and non-
cancerous cells could be further invigorated in the hypoxic tumor
microenvironment. Cancer cells stimulated by hypoxia manifest
increased drug-resistance, tumorigenesis, anglogenesis,
invasiveness and immune suppression (15).

EVs are secreted by almost all the cells and molecular cargos of
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EVs can partially reflect the characteristics of originating cells. EV—
mediated cell-to—cell interactions in the microenvironment are
critical in cancer progression. Recent studies have shed light on the
EV miRNA expression and function shift in the hypoxic tumor
microenvironment. Especially with the development of sequencing
technology, more and more significant miRNAs are being uncovered.
It has been reported that miR-21, miR-23a, IncRNA-UCA1l were
upregulated in the exosomes derived from hypoxic cancer cells and
promoted cancer progression in various signaling pathways (71-73).
Hypoxia could induce the expression of circDENNDZ2A, which could
promote the migration and invasion of glioma cells through sponging
miR-625-5p (75).

Ovarian cancer is one of the leading causes of female cancer-
related death worldwide (127, 128). Most ovarian cancer patients are
typically diagnosed at advanced stages with a five—year survival rate
less than 30%. In ovarian cancer, the transcoelomic route is the most
common and earliest route of metastasis, characterized by peritoneal
dissemination and formation of malignant ascites (147). Malignant
ascites is detected in over one-third of ovarian cancer patients and
present in almost all the patients suffering from recurrence.
Malignant ascites acts as a reservoir comprised of multiple cellular

components and soluble factors, forming a characteristic tumor
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microenvironment in ovarian cancer (148) (149). Exploiting ascites is
fundamental to understanding the pathophysiology of peritoneal
metastasis. In this study, we aimed to investigate the impact of
ascites—derived EVs on ovarian cancer malignant phenotypes.

Our previous study has demonstrated eight miRNAs in the OCEM
signature, among which, four were upregulated and four were
downregulated in the malignant ascites—derived EVs than the benign
ones. miR-1246 and miR-1290 were the most upregulated miRNAs
and the absolute expression levels of these two miRNAs were
remarkably high. We hypothesized that hypoxia might be a potential
factor inducing the miRNA expression alteration and carried out
experiments to validate our hypothesis. In addition, we also explored
the function of miR-1246 and miR-1290 in regulating the aggressive

behaviors of ovarian cancer cells.

2. Materials and Methods

2.1. Cell culture

Human ovarian cancer cell lines SKOV3 and KURAMOCHI used
in this study were obtained from the American Type Culture
Collection (Rockville, MD). Cells were cultured in RPMI1640
(WelGENE, Seoul, Korea) supplemented with 10% fetal bovine serum

(FBS; Gibco, MD, USA) and 100 pg/mL penicillin-streptomycin

.
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(Invitrogen, Carlsbard, CA, USA) in 37 C, 5% CO..
2.2. EV labeling and uptake

Isolated EVs were labeled with PKH67 green fluorescent cell
linker mini kit (Sigma, USA) and cell membranes were labeled with
PKH26 red fluorescent cell linker mini kit (Sigma, USA) according to
the manufacturer’ s instructions. Labeled ovarian cancer cells were
co—cultured with labelled EVs for 6 hours. The uptake of EVs by
ovarian cancers was detected using the confocal microscopy LSM800
(EVOS, USA).
2.3. Invasion and migration assay

Transwell inserts with an 8 um pore size (BD Biosciences, CA,
USA) were used to investigate the invasion and migration potential of
ovarian cancer cells. For invasion assay, inserts were pre—coated
with the Matrigel (BD Biosciences, CA, USA). Briefly, ovarian
cancer cells were seeded in the upper chamber in serum-free media
and starved for 24 hours. Then the conditioned media with 10% FBS
was added to the lower chamber. Cells were washed and stained with
0.5% crystal violet after 24 hours. Then cells that remained on the
upper surface of inserts were removed while cells passing through
the membrane were captured under a microscope and further
analyzed by Image J software.

2.4. Organoid establishment
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Malignant ascites—derived cells were used for establishing
ovarian cancer organoids. Cells were embedded in phenol red-free
Matrigel Growth Factor Reduced Basement Membrane Matrix (BD
Bioscience, CA, USA) and cultured in organoid culture media. The
organoid culture media was constituted of advanced DMEM/F12
(Gibco, MD, USA) supplemented with Penicillin/Streptomycin (Gibco),
HEPES (Gibco), GlutaMax (Gibco), b-Estradiol (Sigma), Nicotinamide
(Sigma), recombinant human Noggin (Peprotech), recombinant R-
Spondinl (RSPO1; Peprotech); B27 (Invitrogen), EGF (Invitrogen),
FGF10 (Peprotech), HeregulinB-1 (Peprotech), Forskolin (bio-
techne), Hydrocortisone (Sigma), A83-01 (bio-techne), Y-27632
dihydrochloride (Sigma), N-acetylcysteine (Sigma), Primocin
(InvivoGen).

2.5. 3D invasion assay

Primary cancer cells (A37) from malignant ascites were used for
tumor spheroid formation and 3D invasion assay. Cells were seeded
in the Ultra-Low Attachment 96 well-plate (Corning, USA) to form
spheroids. Three days later, EVs were added with Matrigel to the 3-
day old spheroids for the 3D invasion assay. Images were taken after
72 hours and analyzed using Imagel.

2.6. RNA extraction and quantitative real-time PCR

RNA was extracted from EVs using the RNA extraction kit

i
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(Qiagen, Hilden, Germany) and transcribed into c¢DNA using
miRCURY LNA RT kit (Qiagen, Hilden, Germany) with spike-in
control Unispb6 added according to the manufacturer’ s instructions.
Quantitative real-time PCR was performed using a miR-X™ miRNA
qRT-PCR TB Green® Kit (Takara, Tokyo, Japan).
2.7. Transfection

miRNA  mimics or inhibitors were transfected using
Lipofectamine RNA iMAX (Invitrogen, Carlsbad, CA, USA) while
plasmids were transfected using Lipofectamine 3000™ reagent
(Invitrogen, Carlsbad, CA, USA). Culture media was changed six
hours post—transfection. Cells were harvested for further analysis
after incubation in complete culture media for 24 hours or 48 hours.
2.8. Ex vivo migration assay

The ovarian cancer patient—derived omentum adipose tissue was
used to develop the ex vivo model. SKOV3" cells (luminescent
SKOV3 cells) were transfected with different miRNA inhibitors or
mimics and seeded in the ultra—low attachment 6-well plate (Costar,
Corning, NY, USA) 24h post transfection. Ovarian cancer patient—
derived omentum adipose tissues were cut into small pieces in same
weight (75mg) and co-cultured with SKOV3"® cells. After five days,
the tissue pieces were transferred in a new plate and the number of

SKOV3™ cells having migrated to the omentum tissue pieces was
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determined by the luminescence intensity measured with IVIS 100
imaging system (Xenogen, Alameda, CA, USA).
2.9. Luciferase reporter assay

Cells are co-transfected with pGL-3-RORa 3" UTR reporter
plasmid (Origene, Rockvile, USA) containing the wild or mutated type
miR-1246 or miR-1290 binding sequence and together with miR-
1246 or miR-1290 mimics (Bioneer, Seoul, Korea) or negative
control using Lipofectamine3000 (Invitrogen, USA). Luciferase
Reporter Gene Detection Kit (MilliporeSigma, Missouri, USA) was
used to detect the Firefly luciferase. The Firefly luciferase activity
was calculated relative to the red fluorescence protein (RFP)
intensity.

2.10. Immunohistochemistry (IHC)

The IHC assay was carried out using the 4 pm thick tissue
microarray (TMA) sections with a Benchmark autostainer (Ventana,
Tucson, AZ, USA) according to the manufacturer’ s instructions as
previously described (150).

2.11. Statistical analysis

Data were presented as mean * SEM using GraphPad Prism 9.
Statistical comparisons were performed using Student’ s t-test and
one-way ANOVA analysis with Bonferroni’ s post hoc test. All the

statistical analysis was two-sided with a p-value <0.05 considered

i
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statistically significant.

3. Results

3.1. Malignant ascites—derived EVs facilitate the aggressive property
of ovarian cancer cells in 2D and 3D culture models

Previous reports have demonstrated that circulating EV
concentrations were informative in cancer diagnosis and cancer
progression monitoring (120). However, few studies have reported
the clinical significance of EV concentration in ascites. We compared
the EV concentration between benign peritoneal fluids and malignant
ascites using NTA. The result showed that EV concentration was
significantly increased in malignant ascites compared to benign
peritoneal fluids (Fig. 1A). In addition, we observed an elevated level
of EV concentration in advanced-stage (stage III and IV) cancer
patients than in early—stage (stage I+1I) ones (Fig. 1B). It has been
previously demonstrated that anti—cancer treatment could have an
impact on EV secretion in cancer patients (120, 151, 152). Our result
also depicted that recurrent cases had a more enriched EV level in
the ascites compared to patients at primary diagnosis (Fig. 1C).
These data suggested that MA-EVs concentration may be
significantly instructive in monitoring cancer progression.

It has been demonstrated that malignant ascites forms a
i
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supportive microenvironment for peritoneal dissemination. To
investigate the effect of MA-EVs on ovarian cancer malignant
phenotypes, we treated these EVs to ovarian cancer cell lines
SKOV3 and KURAMOCHI. The uptake of MA-EVs by cancer cells
was shown in Fig. 1D. Noticeably, MA-EV treatment significantly
promoted the invasion and migration of SKOV3 and KURAMOCHI
cells while BA-EVs showed no significant effect (Fig. 1E). Detached
ovarian cancer cells floating in ascites usually colonize to metastatic
sites either in single cells or multicellular spheroids. Therefore, we
carried out a 3D spheroid invasion assay mimicking tumor micro-
metastasis to further explore the impact of MA-EVs on tumor
spheroids. The result showed that spheroids treated with MA-EVs
exhibited increasing invasive ability than those treated with BA-EVs
or PBS (Fig. 1F). Human organoids have emerged as an
extraordinary model bridging the gap between in vitro and in vivo
preclinical cancer models (153). We developed the ascites cell-
derived organoids and tested the effect of MA-EVs in this in vivo-
like in vitro model. Notably, treatment of MA-EVs significantly
boosted the number and size of organoids while organoids treated
with BA-EVs remained at a similar level with the PBS control group

(Fig. 1G).
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Fig. 1. Alterations of ovarian cancer malignant phenotypes with
MA-EVs treatment.

A. Concentration of BA-EVs and MA-EVs determined by NTA.

B. Concentration of MA-EVs (stage I+II) and MA-EVs (stage
[+ IV).

C. Concentration of MA-EVs (primary diagnosis) and MA-EVs
(recurrence).

D. EV uptake by cancer cells. Cancer cell membranes were
stained with PKH26 in red while MA-EVs were stained with PKH-67
in green. Uptake of MA-EVs by SKOV3 and KURAMOCHI were
detected by confocal microscopy.

E. Ovarian cells were treated with MA-EVs or BA-EVs and the
invasive and migratory ability were determined by transwell assay.

F. 3D invasion assay. Primary ascites cells (A37) were seeded in
the Ultra-Low Attachment 96 well-plate to form spheroids. Three
days later, EVs in Matrigel were added to mature spheroids for
another five days’ culture. Invasion of cancer cells into Matrigel
was observed by microscopy.

G. Ascites cell-derived organoids were established to assess the
effect of MA-EVs. Ascites cells were seeded in the Matrigel to form
organoids. Then, fourteen—day-old organoids were treated with PBS,

BA-EVs or MA-EVs continuously for 2 weeks. The number and size

i
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of organoids were assessed after EV treatment. *, P < 0.05; #*x,

P < 0.01; #=#x, P < 0.001.
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3.2. Hypoxic condition—-induced upregulation of miR-1246 and miR-
1290 from malignant ascites—derived EVs is in parallel with the
enhancement of ovarian cancer cell invasion and migration

The EV miRNA signature could not only serve as a clinical
biomarker in liquid biopsy but also intensively influence cancer
hallmarks. Next, we aimed to identify the functional miRNAs shuttled
in MA-EVs involved in altering ovarian cancer metastatic ability.
miR-1246 and miR-1290 were chosen as target miRNAs for ulterior
analysis as they were among the most upregulated miRNAs in
malignant samples and the absolute expression levels of these two
miRNAs were remarkably high (Fig. S1A, B). The treatment of
malignant ascites—derived EVs could significantly increase the level
of miR-1246 and miR-1290 in SKOV3 and KURAMOCHI cells,
indicating these two miRNAs could be transported into the recipient
cells (Fig. S10).

The expression of miR-1246 and miR-1290 in the ascites and
plasma subset were illustrated in the heatmaps (Fig. 2A, B). To
further investigate the expression pattern of miR-1246 and miR-
1290, we carried out RT-qPCR using a larger scale of clinical
samples. The level of these two miRNAs was significantly elevated in
MA-EVs and MP-EVs compared to the benign counterparts (Fig. 2C,

D). Noticeably, miR-1246 and miR-1290 upregulation was observed
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even in early-stage (stage I+1I) cancer patients (Fig. 5E). The
expression of miR-1246 and miR-1290 were shown to be negatively
related with patient survival in the public dataset (Fig. S1D). Here,
the survival analysis in our study demonstrated that plasma EV miR-
1290 level was strongly associated with patient overall survival (OS)
and progression—free survival (PFS) while EV miR-1246 expression
showed no correlation with patient survival, indicating the potential
prognosis predictive value of miR-1290 (Fig. S1E, F).

As the expression of miR-1246 and miR-1290 was strongly
augmented in malignant biofluids, we wondered if this tendency
resulted from the discrepant secretion between cancer cells and
normal epithelial cells. Therefore, we analyzed the expression of
miR-1246 and miR-1290 in cancer cells and normal epithelial cells
as well as the respective EVs using the miRNA profiling data in the
GSE103708. However, no significant difference was observed
between the normal and cancer group neither in the cell level nor in
the EV level (Fig. S2A). In addition, EV miR-1290 was reported to
discriminate HGSOC patients from those with other ovarian cancer
histological types (143). However, no difference in miR-1246 or
miR-1290 expression was detected between HGSOC and non-
HGSOC cell lines or respective EVs (Fig S2A). Notably, the
expression of miR-1246 and miR-1290 in cells and respective EVs
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were not correlated, indicating a complicated sorting mechanism
might be involved in the secretion process of these two miRNAs (Fig.
S2B). Besides, the cellular and EV expression pattern of miR-145-5p,
miR-34c¢-5p, miR-429, miR-145-5p included in the OCEM signature
(miR-34b-3p and miR-449a were not available in GSE103708) was
also demonstrated in Fig. S2E, F, G, H, [, J, K, L.

As hypoxia is one of the pivotal hallmarks of cancer, we then
investigated if hypoxia could cause an alteration in the expression of
miR-1246 and miR-1290 in EVs. SKOV3 and KURAMOCHI cells
were cultured in media supplemented with EV-free FBS in normoxic
and hypoxic conditions. EVs were isolated from the conditioned
media and identified as double—-membrane particles ranging from 30
nm to 200 nm positive with CD63 and CD9 expression through TEM,
NTA and western blotting (Fig. 2F, G, H). Intriguingly, the expression
of miR-1246 and miR-1290 was dramatically elevated in hypoxic
EVs (H-EVs) than normoxic EVs (N-EVs) (Fig. 21, J).

Subsequently, we investigated the impact of these two miRNAs
on the invasive and migratory ability of ovarian cancercells. As
shown in Fig. 2K, inhibition of miR-1246 and miR-1290
conspicuously suppressed the invasion and migration of SKOV3 and
KURAMOCHI cells, whereas overexpression of these two miRNAs
showed the opposite effect. During ovarian cancer metastatic spread,
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the omentum is one of the most preferred sites of the transcoelomic
metastasis. Therefore, we developed an ex vivo model using the
ovarian cancer patient—derived omentum adipose tissues to further
investigate the impact of miR-1246 and miR-1290 on the ovarian
cancer migratory ability. Consistently, SKOV3"™ transfected with
miR-1246 or miR-1290 inhibitors having migrated to the omentum
tissue pieces showed a decreased luminescence intensity than the
control group while those transfected with miR-1246 or miR-1290
mimics exhibited an augmented luminescence intensity. These
results demonstrated that miR-1246 and miR-1290 encapsulated in
MA-EVs played a critical role in facilitating the invasion and

migration of ovarian cancer cells.
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Fig. 2. The impact of miR-1246 and miR-1290 shuttled in MA-
EVs on the metastatic potential of ovarian cancer cells.

A. The heatmap showed the expression of miR-1246 and miR-
1290 in the ascites subset.

B. The heatmap demonstrated the expression of miR-1246 and
miR-1290 in the plasma subset.

C. Expression of miR-1246 and miR-1290 was measured in MA-
EVs (N=18) and BA-EVs (N=12) by RT-qPCR.

D. Expression of miR-1246 and miR-1290 was measured in MP-
EVs (N=78 and BP-EVs (N=72) by RT-qPCR.

E. Comparison of MiR-1246 and miR-1290 expression in early—
stage (stage I+II) cancer patient MP-EVs (N=16) and BP-EVs
(N=72). EVs were isolated from cancer cell culture media.

F. TEM was performed to identify the morphology of cancer cell
line-derived EVs.

G. Western blotting was carried out to detect EV marker CD63
and CD9 expression of cancer cell line—derived EVs.

H. NTA was used to identify size contribution and concentration
of cancer cell line—derived EVs.

I. Expression of miR-1246 in hypoxic and normoxic EVs.

J. Expression of miR-1290 in hypoxic and normoxic EVs.

K. MiRNA inhibitors or mimics were treated to ovarian cancer
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cells were treated with to investigate their effect on ovarian cancer
invasion and migration. H-EVs: hypoxic EVs; N-EVs: normoxic EVs;
IN: inhibition; OV: overexpression. *, P < 0.05; #x, P < 0.01; #%x,
P < 0.001.

L, Ovarian cancer patient—-derived omentum adipose tissues were
coculture with SKOV3luc cells with different miRNA inhibitors or
mimics for 5 days. The number of SKOV3luc cells having migrated to
the omentum tissue pieces was determined by the luminescence

intensity measured with IVIS 100 imaging system.
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Fig. S1. The volcano plots showed that miR-1246 and miR-
1290 were among the most significant DEmiRs in ascites (A) and
plasma subset (B). C. The expression of miR-1246 and miR-1290 in
SKOV3 and KURAMOCHI cells after treated with PBS, BA-EVs and

MA-EVs. D. The correlation of tissue expression of miR-1246 and

miR-1290 with the patient OS by the online tool Kaplan Meier plotter.

E. The association of plasma EV miR-1246 expression and patient
OS and PFS. E. The association of plasma EV miR-1246 expression
and patient OS and PFS. F. The association of plasma EV miR-1290

expression and patient OS and PFS.
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Fig. S2. The cellular and EV expression of miR-1246 (A), miR-
1290 (C), miR-145-5p (E), miR-34c¢-5p (G), miR-429 (I), miR-145-
5p (K) in the OCEM signature in normal cell lines and cancer (HGSOC
and non-HGSOC) cell lines in the GSE103708. The correlation of
miR-1246 (B), miR-1290 (D), miR-145-5p (F), miR-34c-5p (H),
miR-429 (J), miR-145-5p (L) in cells and respective EVs. M. The
expression of eight miRNAs in the OCEM signature in non-—cancer
cell-derived EVs in the GSE77318 dataset. +: miRNA expression >=
1 counts per 1000 cells; —: miRNA expression <= 1 counts per 1000
cells or miRNA data not available. NF: normal fibroblast; CAF:
cancer—associated fibroblast; NA: normal adipocyte; CAA: cancer-—

associated adipocyte.

9 7 ;q _CI:I_ 1_-_]5 =]



3.3. RORa was identified as a common target of miR-1246 and miR-
1290, exerting the tumor suppressive function in ovarian cancer

Since miR-1246 and miR-1290 share similar sequences, they are
supposed to be capable of binding to some common targets. We used
the online tool to predict the common targets of miR-1246 and miR-
1290 (Fig.3A). Among the ten predicted targets, retinoid orphan
receptor alpha (RORa) was the only one evidently downregulated in
ovarian cancer tissues than normal tissues in GEPIA (Fig. 3B).
Therefore, we selected RORa as a potential target for validation by
western blotting and luciferase reporter gene assay. The result
showed that inhibition of miR-1246 and miR-1290 could significantly
augment the expression of RORa in SKOV3 and KURAMOCHI cells
(Fig. 3C). Then, the RORa 3 -UTR sequence containing the
putative miRNA target region in the wild form (WT) or mutated form
with putative binding region altered (MT) was constructed (Fig. 3D).
The luciferase activity was remarkably decreased only in cells co-
transfected with RORa WT and miR-1246 or miR-1290 mimics,
indicating that miR-1246 and miR-1290 could directly regulate
RORa through binding to its 3° -UTR (Fig. 3E). We further
investigated the function of ROR a in ovarian cancer. Overexpression
of RORa in ovarian cancer cells conspicuously impeded their
invasive and migratory ability (Fig. 3F). Moreover, this inhibitory
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effect could be antagonized by the simultaneous miR-1246 or miR-
1290 overexpression (Fig. 3G). In addition, the IHC assay (HGSOC
tissues: N=58) was performed to explore the clinical significance of
ROR a. The higher expression of RORa was related to a longer OS
while the lower expression was associated with a shorter OS in
HGSOC patients (Fig. 3H, I). These results suggested that RORa

could act as a tumor—suppressive gene in ovarian cancer.
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Fig. 3. RORa identified as a common downstream target of miR—
1246 and miR-1290.

A. Common targets of miR-1246 and miR-1290 were predicted
using the online tool.

B. Expression of RORa in ovarian cancer tissues and normal
tissues in GEPIA (http://gepia.cancer-pku.cn/).

C. The alteration of RORa expression in SKOV3 and
KURAMOCHI cells with the inhibition of miR-1246 and miR-1290
was determined by Western blotting.

D. The putative miRNA target region in the RORa 3° -UTR wild
form (WT) or mutated form with putative binding region altered (MT)
was constructed.

E. Dual-luciferase reporter gene assay was performed to
validate the putative binding region of miR-1246 and miR-1290 with
RORa 3" -UTR.

F. The invasive and migratory ability of ovarian cancer cells
when overexpressed with ROR o was measured.

G. The rescue experiment was carried out to investigate if miR-
1246 or miR-1290 could restore the effect in ovarian cancer invasion
and migration by ROR a overexpression.

H. RORa in ovarian cancer tissues and normal tissues was

analyzed.
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I. IHC assay was performed to investigate the relation between
tissue ROR a expression and overall survival in HGSOC patients. OV:

overexpression. *, P < 0.05; =+ P < 0.01; #xx P < 0.001.
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4. Discussion

EVs propagate phenotypic traits to recipient cells by transferring
multiple molecular cargoes. MA-EVs are intimately in contact with
the primary tumor and secondary metastasis, actively mediating the
cellular interactions in the peritoneal cavity. Our results elucidated
that MA-EVs play a critical role in facilitating ovarian cancer
metastasis. Noticeably, we established organoids from primary cells
in the ascites better mimicking the histopathological features and
molecular patterns of the original tumor. Then, we innovatively
treated MA-EVs to these organoids and found that MA-EVs
significantly boosted the growth of organoids. A previous research in
gastric cancer reported that the centrifuged supernatant of ascites
could promote the proliferation of ascites—derived organoids (154).
However, they did not clarify the functional substances attributed to
this effect. To our knowledge, we are the first to have demonstrated
the impact of ascites—derived EVs on the growth of organoids. The
subsequential analysis identified that MA-EVs exerted their pro-
aggressive effect through transferring functional miRNAs. Analysis
using the public dataset revealed that representative miRNAs could
not only detected in epithelial cells or cancer cells but also in
stromal cells including fibroblasts and adipocytes (Fig. S7E),

indicating these miRNAs might play an important role in regulating
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the cancer-—cancer, cancer—stromal, stromal-stromal cell
communication in the ascites tumor microenvironment. Here we
focused on the impact of MA-EV miRNAs on the malignant behaviors
of cancer cells in this study. Researches on exploring the role of
MA-EVs and MA-EV miRNAs in mediating cancer—stromal
interactions might shed new light on deeper comprehension of the
tumor microenvironment in the ascites. miR-1246 and miR-1290
were chosen for ulterior analysis as they were among the most
upregulated miRNAs in malignant samples and the absolute
expression levels of these two miRNAs were remarkably high.
Previous studies reported that miR-1246 and miR-1290 were
associated with tumor proliferation, metastasis, stemness or therapy
resistance by regulating various downstream targets in lung cancer
(155-157), oral squamous cell carcinoma (158), breast cancer (159),
gastric cancer (160), esophageal squamous cell carcinoma (161) and
pancreatic cancer (162), etc. Here we demonstrated that miR-1246
and miR-1290 shuttled in MA-EVs could induce the invasion and
migration of ovarian cancer cells. Besides, cancer and non-cancer
cells in the ascites can form multicellular aggregates or spheroids,
where the core is usually hypoxic (149). As a featured hallmark of
cancer, hypoxia was reported to profoundly impact the cell fate and

EV secretion. Our result showed that hypoxia could induce the
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expression miR-1246 and miR-1290, which was consistent with the
previous reports in other cancer types (163, 164). Subsequently, we
identified RORa as a common downstream target of miR-1246 and
miR-1290. RORa is known as a tumor suppressor that has been
reported to inhibit tumorigenesis, tumor proliferation and metastasis
in glioma (165), oral squamous cell carcinoma (166) and breast
cancer (167). Based on the pro—aggressive function of miR-1246 and
miR-1290 in ovarian cancer, inhibiting these two miRNAs might be a
novel therapeutic strategy. Currently, there are mainly three ways to
attain the miRNA loss of function: miRNA sponges, antisense
oligonucleotides and Clustered Regularly Interspaced Short
Palindromic Repeats/CRISPR-associated protein 9 (CRISPR/Cas9)-
based gene editing technologies (168-170). Recent advances have
addressed the therapeutic value of miRNAs and the possible clinical
translational potential in ovarian cancer treatment (171-174).
However, there are a set of challenges to be overcome before
miRNA-based therapies can be brought from bench to the bedside,
including delivery systems, toxicity concerns, administration routes,

off-target effects, etc. (170).
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