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CHAPTER 1. DELIVERY AND TARGETING OF MIRNAS FOR TREATING LIVER FIBROSIS

1.1. INTRODUCTION

Liver fibrosis is a histological change caused by liver inflammation. This pathological
condition originates from liver damage and accompanied by excess accumulation of
extracellular matrix (ECM) proteins. Causes of liver damage could be diverse including alcoholic
abuse, hepatitis B virus (HBV) and hepatitis C virus (HCV) infection, metabolic disease, toxins,
and ischemia-reperfusion (IR) injury [1]. Excess of ECM production in the perisinusoidal
space (or space of Disse) results in a physical barrier between sinusoidal lumen and
hepatocytes. Blood flow to hepatocytes is reduced, and liver function gets altered which can
advance to cirrhosis. Currently, liver transplantation is the only option available to treat cirrhosis,
which itself suffers from complications such as a complex procedure and limited organ donors.
In the current situation, reversal of liver fibrosis before reaching the advanced stage of cirrhosis

is the only possible approach [2].

Cessation of the causative agent is the most effective approach to fibrosis regression.
Removal of excess alcohol consumption, treating viral infection, removing toxins and
cholestasis are of major importance. Treatment approaches include the inhibition of collagen
synthesis and abrogation of ECM deposition, stimulation of matrix degradation, modulation of
hepatic stellate cell (HSC) activation, induction of HSC apoptosis and modulation of immune
responses at the affected site. Interruption of fibrotic pathways and regulation of gene
expression is an attractive approach to treat liver fibrosis. Various gene silencing methods used
for treating liver fibrosis include antisense oligodeoxynucleotides (ODNSs), triplex forming
oligonucleotides (TFOs), small interfering RNA (siRNA), and miRNAs. The use of transgene
modulating molecule is a highly specific and powerful technique to inhibit aberrant protein

production, as it works at mRNA levels rather than at protein levels [3]. miRNAs are known to



alter gene expression at the post-transcriptional level in many developmental and physiological
processes, especially in cell death and proliferation. Their expression profiles are different at
normal and disease conditions and can also serve as diagnostic and prognostic purposes [4]. In
this review, we will critically discuss the roles of miRNAs in liver fibrosis, current status and

strategies for utilizing miRNAs as therapeutics to treat liver fibrosis.

1.2. PATHOGENESIS OF LIVER FIBROSIS

In normal injury healing mechanism, there is a balance between production and
degradation of ECM, but this balance gets disturbed in liver fibrosis. The activation of tissue
repair process following liver injury and complex cellular and molecular mechanisms of liver
fibrosis have been well characterized. Local inflammatory responses and oxidative stresses are
the major contributing factors to onset and progression of liver fibrosis [5]. Excessive production
of ECM including collagen is the hallmark of fibrosis. ECM consists of collagen type I, Il and V,
laminin, proteoglycans and matricellular proteins. After the chronic liver injury, there is excess
ECM production compared to its degradation, and there is net deposition of ECM due to the
reduced activity of matrix metalloprotease (MMPSs) in the presence of active forms of tissue
inhibitors of metalloprotease (TIMPS) [6]. Hepatic fibrosis develops as a result of the progressive
thickening of fibrotic septa and chemical cross-linking of collagen. Collagen is also known as an
important mediator of cell survival and proliferation and promotes HSC proliferation in liver
fibrosis [7]. The collapse of hepatic parenchyma and its substitution with a collagen-rich ECM

reduces blood supply and associated with the onset of cirrhosis.

Cirrhosis is the advanced stage of liver fibrosis and is characterized by the replacement
of liver tissue by unresolvable scar and regenerative nodules. Cirrhosis can lead to
hepatocellular dysfunction and increased intrahepatic resistance to blood flow and results in
portal hypertension. Ultimately, liver functions are lost, and there is fluid retention in the

abdominal cavity called ascites or leads to visceral hemorrhage/encephalopathy [8]. Since



cirrhosis is irreversible end-stage disease, its treatment usually focuses on preventing

progression or liver transplantation.

Various cell types such as activated HSCs, portal fibroblasts, bone marrow-derived
myofibroblast precursors and hepatocytes after epithelial to mesenchymal transition (EMT) are
considered as sources of ECM in liver fibrosis. However, among all these, HSCs are the main
ECM-producing cells after liver injury. HSCs are present in the space of Disse in the liver and
primarily store vitamin A in the quiescent or normal state. Damaged hepatocytes and Kupffer
cells (KCs) release inflammatory cytokines and induce HSCs into the activated state (Figure
1.1). After activation, HSCs become proliferative, increase a-smooth muscle actin (a-SMA)

expression, lose their vitamin-A content, acquire a myofibroblast-like phenotype (MF-HSC)
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losing their typical star shape and start producing an excess of ECM [9]. Hepatocytes constitute
the main tissue of the liver and are responsible for metabolism. Upon injury, hepatocytes
experience high oxidative stress and endoplasmic reticulum stress resulting in lysosomal
activation and mitochondrial damage leading to apoptosis or necrosis. Myofibroblasts phagocyte
apoptotic hepatocytes and get activated themselves via NADPH oxidase 2 (NOX2) and the

JAK/STAT and PI3K/Akt pathways [10].

Portal fibroblasts are essential for organ integrity, and their elimination promotes tissue
necrosis and inflammation. In liver fibrosis, portal fibroblasts get converted into activated
myofibroblast and contribute to fibrous scar tissue [11]. In portal fibrosis, biliary progenitors (also
called activated cholangiocytes) proliferate and tend to form small clusters around the bile duct.
Activation of Hh pathway promotes EMT in cholangiocytes and as a result, they acquired
migratory phenotype and increased expression of various mesenchymal markers [12]. Upon
activation, these cells secrete several chemoattractants that attract and activate
HSCs/myofibroblasts to proliferate and deposit ECM [13,14]. CD4+ T cells with Th2 and Th17
polarization are the major driver of fibrogenesis. Th2 produce inflammatory cytokines such as
IL-4 and IL-13, which stimulate macrophages in the liver [15]. Transforming growth factor beta
(TGF-B1) and interleukin-6 (IL-6) induce Th17 cells, and they start secretion of IL-17A; which
acts itself as profibrotic for myofibroblasts and further stimulates inflammatory cells for TGF-31
secretion [16]. Regulatory T cells a have a dual function in fibrogenesis; subsets produce TGF-

B1 and promote fibrosis, whereas other release immunosuppressive cytokines IL-10 [17].

KCs, which are resident macrophages of the liver, release inflammatory cytokines upon
liver injury, which activate HSCs. After activation, HSCs starts producing cytokines, which
stimulate macrophages. On the other hand, macrophages produce profibrotic mediators that
directly activate fibroblasts, including TGF-B1 and platelet-derived growth factor (PDGF). They

also propagate antigen-specific T cell responses; secrete MMPs, and TIMPs. As antifibrotic,



macrophages remove dead cells and debris by phagocytosis and dampen proinflammatory and
profibrotic signals and thus play a significant role in the resolution of fibrosis [18]. Dendritic cells
(DCs) are also implicated in inducing inflammation during fibrosis. DCs proliferate during liver
fibrosis and start secreting several proinflammatory cytokines including tumor necrosis factor a

(TNFa) and activate natural killer (NK) cells, cytotoxic T cells, and even HSCs [19].

Intra-hepatic inflammatory responses after liver injury play a critical role in the
development of liver fibrosis. The process involves the recruitment of various cell populations in
the liver microenvironment including sinusoidal endothelial cells, KCs, and even HSCs.
Leukocytes are recruited at the site of hepatic injury. After reaching the affected site, they start
adhering to blood vessels and transmigrate using various adhesion molecules of the integrin
family, e.g. B2 integrins, and immunoglobulin gene superfamily, e.g. intercellular adhesion
molecule-1 (ICAM-1). Infiltrated leukocytes and KCs secrete compounds and which can directly
activate HSCs [20]. Monocytes and macrophages also produce nitric oxide (NO) and
inflammatory cytokines such as TNFa, which is responsible for HSC activation and excess
collagen synthesis [21]. KCs express TNF-related apoptosis-inducing ligand (TRAIL) with fas-
ligand and mediate apoptosis in the liver, which further contribute to liver inflammation and
fibrosis. KCs, as well as hepatocytes also secrete IL-8; which is a potent chemokine responsible
for recruiting neutrophils, and T cells into inflammatory sites. IL-8 is secreted by cooperative

interaction of nuclear factor k3 (NF-k@), activator protein 1 (AP -1), and IL -6 [22,23].

A number of growth factors and cytokines are known to promote liver fibrosis. After liver
injury, damaged hepatocytes and other surrounding cells in the liver secrete multiple signaling
molecules and inflammatory cytokines including Hh ligands, TGF-B1, vascular endothelial
growth factor (VEGF), PDGF-B, ILs, and TNF-a. Hh pathway plays an important role in the
construction and remodeling of injured tissues and found to be active in liver fibrosis. In the

presence of Hh, a cell surface transmembrane protein called Smoothened (SMO) gets



accumulated and inhibits the proteolytic cleavage of Gli proteins from microtubules. Decreased
degradation of Gli enables them to accumulate in the cytoplasm and then translocate into the
nucleus and allows transcription of growth factor family proteins. Activation of Hh pathway plays
a key role in the transition of quiescent HSCs into myofibroblast and controls this mechanism

via regulating their metabolism [24,25].

TGF-B plays a critical role in the progression of liver fibrosis. TGF-B is produced by KCs
and HSCs, or establishes it's autocrine and paracrine loop production and upregulate collagen |
and Il protein expression. TGF-B mediates fibrosis via Smad3 and Smad4 proteins, while this
signaling is intervened by Smad7. Some studies also conclude that TGF- enhances collagen
production via reactive oxygen intermediates in general, and H,O, in particular. IL-6 is
overexpressed by HSCs in the injured liver and implied to upregulate TGF- expression and

accordingly enhances its fibrogenic action [26-28].

VEGEF is a well-characterized angiogenesis modulator, which is known to be upregulated
during HSC activation and stimulates cell proliferation, migration, and collagen production [29].
Liver sinusoidal endothelial cells (LSECs) are known to secrete TGF-B and PDGF. Increased
VEGEF level in liver fibrosis promotes the growth of LSECs and thereby, increases hepatic levels
of TGF-B1 [30]. PDGF is a dimeric protein that is one of the most potent mitogens for HSCs.
PDGF signals via tyrosine kinase receptors PDGFR-a and PDGFR-3 and sequentially activate
Raf-1, MEK and extracellular-signal regulated kinase (ERK). Nuclear translocation of ERK
phosphorylates  transcription factors  Elk-1, SAP, and triggers a  proliferative
response. Activated PDGF receptors also trigger phosphatidylinositol 3-kinase (P13-K) which is
involved in inflammation and fibrosis [31-33]. PDGF also induces liver fibrosis by expanding the

population of collagen-producing cells and aid in TGF--stimulated ECM production.

MMPs are the family of endopeptidases, which are capable of tissue remodeling and

degradation of all types of ECM proteins. MMPs are secreted by different cell types including



fibroblasts, osteoblasts, endothelial cells, macrophages, neutrophils, and lymphocytes in
response to hormones and cytokines [34]. In the liver, HSCs are the key source of MMPs, and
their level is regulated by a family of endogenous proteinase inhibitors known as TIMPs. In
normal liver, the ratio between MMPs and TIMPs plays an important role in ECM turnover. In
liver fibrosis, MMP level is down due to HSC activation and a net increase in TIMPs, resulting in
higher ECM production but low degradation. Moreover, TIMP-1 also has an antiapoptotic effect
on HSCs through BCI-2 pathway and promotes their survival [35]. TGF-B is also known to

induce TIMP-1 expression, and results in reduced collagen degradation [36].

NF-kB is a heterodimer of p50 and p65 proteins and regulates inflammation, wound-
healing response, and cell survival in various tissues [37]. NF-kB is an important mediator
responsible for the activation and survival of HSCs in liver fibrosis. It maintains high Bcl-2 (pro-
survival) expression and decrease BAX and PUMA (pro-apoptotic) expression in HSCs and
prevents their apoptosis. Tissue transglutaminase (ITG) is an enzyme that catalyzes protein
cross-linking in liver fibrosis. NF-kB increases tTG gene expression in liver fibrosis, and this

enzyme stabilizes the fibrotic bands during hepatic fibrogenesis [38].

1.3. CURRENT TREATMENT OF LIVER FIBROSIS

Removing the primary cause is the most effective approach of treating liver fibrosis.
Alcohol abstinence in patients with alcohol-induced liver fibrosis is recommended. In chronic
hepatitis C virus (HCV) infection, treatment with antiviral drugs (i.e. ribavirin) to clear viral
infection is recommended treatment. In obstructive cholestasis, removal of obstructive agent or
surgery is the main option. This section will discuss various treatment strategies currently being
explored including the inhibition of HSC activation, induction of HSC apoptosis, reduction of
collagen production and deposition, a decrease in inflammation, and liver transplantation
(Table. 1). These treatments are based on small drug molecules, antibodies, oligonucleotides

(ODNSs), siRNA and miRNAs.



Table 1-1. Current anti-fibrotic treatments

Small Drug | Mechanism Limitations Ref.
molecules
Cyclopamine, GDC- | Hh inhibitor/inhibits HSC | Short half-life [39]
0449 activation
Colchicine Anti-inflammatory Highly toxic [40,41]
Silymarin Decrease NF-kB activity, | Short half-life, low bio | [42,43]
inhibit HSC  activation/ | availability
proliferation
Rosiglitazone PPAR-y agonist, anti- | Poor water solubility, | [44]
inflammatory Short half life
Pentoxyfyline Phosphodiesterase (PDE) | Poor bio-availability [45,46]
inhibitor, antioxidant, anti-
inflammatory
Pirfenidone Decrease TGF-f31 Short half-life [47]
Amiloride Na*/H" pump inhibitor, [48,49]
PDGFR inhibitor, decrease
oxidative stress
Imatinib PDGFR inhibitor Poor water solubility [50,51]
Ursodeoxycholic acid Reduce cytotoxicity bile | Not  consistent in | [52-54]
acids, and reduce | treating fibrosis
inflammatory cytokine
Farnesylthiosalicylic RAS inhibitor [55]
acid
Cytokines
Cardiotrophin-1 Reduced hepatocellular [56]
injury and oxidative stress
Antibodies Neutralize TIMP-1 Poor in vivo delivery [57]
Neutralize TGF-1 Stability, poor in vivo | [58]
delivery
Neutralize PDGF- B [59]
Peptides and
hormones
P11 and P12 Decrease TGF-B1 activity | Poor in vivo delivery [60]
Relaxin Decrease TIMP-1 Poor in vivo delivery [61]

1.3.1. Small Drug Molecules

Drugs currently being investigated for treating liver fibrosis are Hh inhibitors, TGF-
inhibitors, angiotensin inhibitors, endothelin inhibitors, PDGFR inhibitors, anti-inflammatory, and
peroxisome proliferator-activated receptor (PPAR) agonists. Hh signaling plays a critical role in
cellular proliferation, migration, differentiation, and the growth of HSCs. In the liver, Hh ligands

such as Sonic Hh (SHh) and Indian Hh (IHh) are expressed by hepatocytes, bile ductular cells,



and HSCs. Quiescent HSCs respond to these ligands and transform into myofibroblasts and
start producing excess ECM [62]. Hh inhibitors such as cyclopamine and vismodegib (GDC-
0449) have been found effective in treating early stage liver fibrosis (Figure 1.2) in common bile
duct ligated (CBDL) rats [39]. Realizing the role of activated HSCs in ECM production and liver
fibrosis, various strategies to inhibit their activation or promote apoptosis are being explored.
Small molecules such as silymarin, phosphatidylcholine, Vitamin-E, and S-adenosyl-L-
methionine inhibit HSC activation/ proliferation. Inhibiting key signal transduction pathways
involved in liver fibrogenesis can also be used to treat liver fibrosis. Disrupting TGF-B pathway
using gene therapy results in decreased collagen production and retard the fibrosis progression.
Other treatments such as the phosphodiesterase inhibitor (pentoxifylline), Na*/H" pump inhibitor
(amiloride), and Ras antagonist (S-farnesylthiosalicylic acid) have also been proven to be
effective in a rodent model. PPAR-y agonist keeps HSCs in a quiescent state by blocking the

profibrotic effects in the liver.

Loss of these receptors is reported and leads to transdifferentiation of HSCs from the
retinoid storing state to the ECM-producing myofibroblasts. Thiazolidinediones are PPAR-y
agonist that exerts beneficial effects on experimental liver fibrosis. Angiotensin-1l mediates and
exacerbates liver fibrosis through HSC activation and by stimulating TGF-f1 via angiotensin
type-1 (AT,) receptors. Inhibition of the renin-angiotensin system can also be used as a strategy
to treat liver fibrosis. Blockade of endothelin-1 type A receptors and administration of
vasodilators (prostaglandin E2 and nitric oxide donors) have also been reported to exert

antifibrotic activity in rodents [63,64].

Inflammation has a major contribution in the progression of liver fibrosis; therefore,
various anti-inflammatory drugs are being explored to retard the progression of liver fibrosis.
Mainly, corticosteroids, colchicine, and vitamin D are shown to be effective in treating hepatic

fibrosis in animal models [40]. Due to excess deposition of ECM, antifibrotic drugs are unable to
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efficiently taken up by the liver and activated HSCs and may produce unwanted side effects. 5-
methyl-1-phenylpyridine-2-one (commonly known as pirfenidone) is a small molecule that has
well-established antifibrotic and anti- inflammatory properties. Pirfenidone has shown to reduce
the production of fibrogenic mediators such as TGF-B and inflammatory cytokines such as TNF-
a and IL-1B in a variety of fibrotic animal models [47]. Ursodeoxycholic acid (UDCA), also
known as ursodiol, is one of the secondary bile acids which lower the progression rate of liver

fibrosis in an early stage. UDCA binds to hepatocytes and exerts cytoprotective effect and
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Figure 1-2. Effect of treatment with nanoparticles containing GDC-0449 on liver
fibrosis in experimental animals. (A) Masson’s trichrome staining shows increased
collagen deposition in CBDL rats which is reduced after systemic treatment with GDC
nanoparticles. (B and C) reduction in expression levels of Hh ligands after GDC
nanoparticle treatment.
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reduces local inflammation. It is not an anti-fibrotic agent in the liver; rather it may impede the
progression of fibrosis in primary biliary cirrhosis via effects on biliary ductal inflammation. A
peptide hormone relaxin is known to decrease TIMP-1 and TIMP-2 expression in HSCs [61].
Decreased expression of TIMP results in degradation of ECM and reduction in deposition of
interstitial collagen. PDGF-B is a profibrotic stimulus and potential inducer of HSC
transdifferentiation. PDGF-f overexpression causes liver fibrosis via the TGF-f1 independent
mechanism. Small molecules imatinib and nilotinib block the tyrosine kinase activity of PDGF
receptors [50,51]. These molecules also bind to the ATP-binding pocket of Abelson kinase (c-
Abl) which is an important downstream signaling molecule of TGF-B signaling thus blocks two
major pro-fibrotic pathways. A number of approaches and drug molecules have been applied to
treat liver fibrosis. The main limitations of these drugs are either low uptake by activated HSCs
or unwanted side effects. Targeted delivery to HSCs by different researchers has generated

some encouraging results, but that has to be optimized to be an approved therapy.

1.3.2. Antibodies

Antibodies (Abs) against specific fibrosis causing disease have been studied by various
researchers. Abs against TIMP-1, TGF-p1, and PDGF-B has been studied for reversing liver
fibrosis in animal models [57-59]. Simtuzumab is a humanized monoclonal antifibrotic antibody.
It binds to lysyl oxidase-like 2 (LOXL-2) enzyme, which promotes crosslinking of type-1
collagen. This Ab acts as an immunomodulator for treating liver fibrosis and is being currently

tested in clinical trials [65].

1.3.3. Antisense Oligodeoxynucleotides

Antisense ODNSs inhibit gene expression at post-transcriptional levels. ODN's bind to
their target MRNA by the reverse complementarity and inhibit translation either by steric

blocking of mMRNA sequences important for translation or degrade mRNA by RNase H, which is
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an endonuclease present in abundance in cytoplasm and cleaves only mRNA component of
RNA: DNA hybrids. Therefore, each ODN can hybridize and degrade multiple RNA molecules
[66]. The efficiency of ODNs to hybrid with mRNA depends on their physicochemical and
thermodynamic properties. Minimum 12-15 bases are required to make stable duplex with
MRNA, and for the practical purpose, ODNs are typically synthesized from 13 to 35 nucleotides
(nt) in length. Chemical modification of ODNs can be used for enhancing their stability,
efficiency, and target specificity. Phosphorothioate (PS) ODNs show enhanced stability without
affecting RNase H activation efficiency. Modification with methyl phosphonate (MP) significantly
reduces enzyme activation. These observations lead to synthesize ODNs containing nuclease-
resistant MP modifications at the 3’ and 5’ ends while six to eight unmodified or PS-modified

linkages in the middle portion [67,68].

1.3.4. Anti-gene Therapy

ODNs can form triple helices with genomic DNA and inhibit gene expression at the
transcription level, which is advantageous as it blocks repopulation of mRNA. Furthermore,
MRNA can have variant isoforms and inhibition of translation by ODNs may not be fully efficient.
The triplex formation is sequence-specific and polypurine: polypyrimidine portion of DNA favors
stable hybrid formation. Triplex-forming oligonucleotides (TFOs) are of typically 10-30 nt in
length and bind to the major groove of duplex DNA. TFO can be both polypurine or
polypyrimidine molecules, and they bind to the purine-rich strand of their target. Inhibition of
gene transcription through TFO depends on its residence time on its target sequence and its
stability against nuclease [69]. Some of the limitations of TFO are its inability to target gene
sequence in condensed chromatin structure and the need of TFO translocation to the nucleus.
TFO approach has been used and shown to treat liver fibrosis in our laboratory. Panakanti et al.
used TFO against collagen type a1 (I) and demonstrated inhibition of liver fibrosis induced by

CBDL in rats [70]. For site-specific delivery of TFOs to HSCs after systemic administration,
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Yang et al. conjugated mannose 6-phosphate (M6P) to poly(N-(2-hydroxypropyl)
methacrylamide (HPMA) polymer and then to TFO via GFLG linker. Compared with free TFOs,
M6P conjugated TFO significantly accumulated in the liver and was mainly taken up by HSCs

having upregulated M6P receptors in liver fibrotic animals [71].

RNA interference (RNAI) is a specific regulatory pathway that results in gene silencing at
the post-transcriptional level [72]. Mechanistically, small double-stranded RNAs (siRNA) get
incorporated into the RNA-induced silencing complex (RISC), where guide strand is used as a
template to recognize the complementary or near-complementary region of target mRNA by
RISC. When RISC finds its complementary strand, gene expression is suppressed either by
degrading or blocking translation of target mMRNA. Two proteins, Dicers and Argonaute (Ago)
have been identified as essential for RNAi or as components of the RISC. Dicers are ~200 kDa
proteins complex and contain ATPase/RNA helicase, and Piwi-Ago—Zwille (PAZ) domains, two
catalytic RNase lll domains, and a C-terminal dsRNA binding domain (dsRBD). Among the two
Dcrs, Dcr-1 process precursor molecules into siRNAs and miRNAs, while Dcr-2 function in
downstream steps of RNAI. Ago is a ~100 kDa protein consistently found in all RISC and
microRNA ribonucleoprotein complex (miRNP) has characteristic PAZ and P-element induced
wimpy testis (PIWI) domains. Among all Ago proteins, only Ago2 is believed to be responsible
for mRNA degradation and gene silencing effect. Ago2 has three functional domains, PAZ,
middle (MID) and PIWI. PIWI has an RNase H domain and performs the cleavage of the target
MRNA substrates. Guide-strand 5" monophosphate group tucks in between the MID and PIWI
domains. Meanwhile, PAZ domain specifically recognizes the guide-strand 3' dinucleotide
overhang. This positioning exposes the guide strands “seed region” to complementary target
MRNA for base pairing. Next base pairing at 10—11 nt correctly orients the scissile phosphate

between them for cleavage by PIWI domain [73,74].
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siRNA is a chemically synthesized short (usually 21bp), double-stranded RNA having a
well-defined structure with a phosphorylated 5 end and hydroxylated 3' ends with two
overhanging nt. siRNA get incorporated into RISC and its guide strand binds with perfect
complementary to the target mMRNA and degrade it. Within the RISC, mRNA cleavage ATP-
independent and specific between residues base paired to nt 10 and 11 of the siRNA. After
degradation, cleaved mRNA is released, and a new cycle of target mRNA degradation is started
using the same guide strand in the RISC. Therefore, one siRNA molecule once associated with
RISC can degrade several molecules of target mMRNAs. Despite very attractive traits, there are
some inherent problems associated with siRNA delivery: (1) being negatively charged
macromolecules poor penetration into the cell membrane; (2) being a nucleotide, it's highly
susceptible to degradation by RNases; (3) they can cause sequence dependent/independent
off-target effects; (4) ineffective where target mMRNA has mutated sequence, and (5) silencing
effect is of short duration [75]. To improve stability and reduce off-targeting siRNAs can be
covalently linked with functional or targeting molecules via either cleavable or non-cleavable
bond. Zhu et al. conjugated 3'-sense strand of TGF-B1 siRNA to M6P and galactose via
poly(ethylene glycol) (PEG) spacer to enhance cellular uptake by HSCs and hepatocytes,

respectively [76].

Short hairpin RNA (shRNA) makes a tight hairpin turn and has been developed as an
alternative RNAi molecule. An external expression vector bearing a short double-stranded DNA
transcribes shRNA in the nucleus. Depending on the promoter driving their expression, ShRNAs
are transcribed by either RNA polymerase Il or Ill. The shRNA transcript is then processed by
Drosha, an RNase Il endonuclease, which results in pre-shRNA and exported to the cytoplasm,
wherein it is processed by Dicer (another RNase Il enzyme) and forms siRNA, which is then
incorporated into RISC. Depending on the type of expression vector shRNA can constantly be

produced in the host cells leading to more durable gene silencing compared to siRNA [77].
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Moreover, a shRNA technique is cost effective as an expression vector cost less than the bulk
manufacturing of sSiRNA. Cheng et al. used two siRNAs targeting 769 and 1033 start sites of rat
TGF-f1 mRNA and then converted into shRNA by cloning to enhance TGF-1 gene silencing

[78].

1.4. MICRORNAS

mMiRNAs are small regulatory non-coding RNA molecules of approximately 21-23 nt in
length, which can modulate gene expression at post-transcriptional level. miRNAs are known to
affect cell proliferation, apoptosis, inflammation, oxidative stress, and metabolism. Aberrant
mMiRNA expression can be a key pathogenic factor in liver fibrosis. Therefore, there is an urgent
need to understand the mechanisms involved in miRNA dysregulation to treat liver diseases
[79]. Unlike siRNAs, miRNA do not require perfect base pairing of the seed region with mRNA
for its degradation, and therefore, one miRNA can target several mMRNAs. This is advantageous
in term of efficiency especially when target mRNA has a mutation or alternative isoforms, but at
the same time, it can induce off-target effects. This section will discuss the biogenesis, target
prediction, possible chemical modification and some important deregulated miRNA in liver

fibrosis [80].

1.4.1. Biogenesis and Mechanism of Action of miRNAs

More than 4000 miRNAs are known so far in the genomes of over 80 species. Multiple
steps are involved in the process from 200 nt long primary transcripts translated from miRNA
genes to form mature 19-25nt long miRNA. The majority of primary transcripts of miRNA
originate from splicing of introns of other protein-coding genes, but miRNAs from the
independent gene are also known. The primary transcript is in the form of hairpin conformation
and called pri-miRNAs. This pri-miRNA contains a 5-cap structure and a poly-A tail similar to

MRNA. These structures are recognized by RNAs Il (Drosha) and cleaved into 70-100
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nucleotide precursor miRNA called pre-miRNAs [81]. Pre-miRNA transcripts are recognized by
Exportin-5 (Exp5) in the nucleus and transported to the cytoplasm. Exp5 is a nucleocytoplasmic
factor and a member of karyopherin family that requires a GTP-bound form of Ran GTPase in
RNA binding and nuclear export. Exp5 recognizes double-stranded RNA binding domain and
double-stranded RNAs as well as RanGTP, which is present in high levels in the nucleus. This
trimeric complex of RanGTP: Exp5: pre-miRNA then translocates in the cytoplasm, where RNA
and Ran are released upon GTP hydrolysis. Exp5 is then recycled to the nucleus by diffusion
through the nuclear pore complex for another round of transport. The expression level of Exp5
is a key factor and can affect the RNA-mediated gene silencing. In cytoplasmic Dicer enzyme
recognizes pre-miRNA and cleaves the hairpin loop to produce mature miRNA duplex.
Depending on the thermodynamic stability of the ends of the duplex, one strand functions as a
mature miRNA and another strand is degraded. Within the original duplex, a strand with
hydrogen bonding at its 5 end is stabilized and selectively becomes the mature miRNA.
Usually, miRNA strand having U residue at 5’ end forms less stable base pair (U: G or U: A)
compared to G:C base pair and most likely the selection criterion for mature miRNA [82].
Despite various proposed modes of action, most studied and recognized mode of gene
silencing by miRNAs is by inhibiting translation. Mature miRNA strand incorporates into RISC.
RISC complex recognizes its target mMRNA, based on the complementarity of different degrees
as described. Perfect complementarity between a miRNA-target mRNA pair leads to mRNA
degradation, whereas imperfection in pairing leads to several alternative mechanisms of

repression including:

1. Promoting ribosome drop-off
2. Degradation of the nascent polypeptide
3. Sequestration of mMRNAs in P-bodies or stress granules

4. Inhibition of translation initiation
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5. Inhibition of translation at a step after translation initiation, and

6. Deadenylation of mMRNA

In animals, miRNAs repress target protein expression by repressing mRNA translation

either at the initiation stage or during the elongation phase [83].

1.4.2. Thermodynamic Properties of miRNAs

Thermodynamic stability of miRNAs correlates with their ability to induce RNA
interference. In MiIRNA molecule, pair mismatches, gaps, and bulges generate low internal
energy and important for duplex unwinding, strand selection, and RNAI pathway. When pre-
MIiRNA is processed to mature miRNA, strand instability and sequence asymmetry play a major
contribution in the selection of sense strand and entry into RISC. miRNA loading into Ago is
divided into two different steps, physical association, and activation. Activation is the rate-
limiting step of the unwinding process and facilitated by the thermodynamic instability rather
than structure of the duplexes [84]. Normally, the first base pair of the 5’ antisense terminus is
most destabilizing elements within the pre-miRNA precursors and is required for the RNAI
processing. On average, the 5’ region of the antisense strand is less stable than the 5’ terminus
of the sense strand. While unwinding step by RISC helicase, strand with 5’ low internal stability
is selectively processed and retained by the RISC. Thus, selective modification of the guide
strand utilized for loading into RISC for higher efficacy. ElImen et al. designed locked nucleic
acid (LNA) at 5" terminus of siRNA sense strand and increased loading of the antisense strand
[85]. Nucleotides 2—8 from 5’ terminal (known as a seed region) overlap with the 5-end. Gene
silencing efficiency of miRNA-is mediated both by stability between seed and target pair and
stability of 5 end. Seed-target duplex stability is the function of the nucleotide sequence,

whereas the stability in the 5'-terminal is a structural feature [86].
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miRNA gene silencing can be correlated, with the correlation score ‘miScore’ and

calculated as follows:

miScore =T, g — 0.5 XmiT,,; ¢ (1.1)

Where,
Tm 2-s IS the melting temperature (T,,) of the seed-target duplex (positions 2—-8),

miTn, 1-sis Ty, value of positions 1-5 of 5-end of miRNA duplex, and 0.5 is a multiplier coefficient
as the contribution of miT,, ;_s might be half of T, o_s.

Thus for efficient gene silencing miRNA should have an unstable 5'-end 5-bp duplex and

a stable 7-bp seed-target duplex.

Antisense strand thermodynamic stability in the position 9-14 from 5’ terminal also
affects the functional ability of miRNA. For efficient gene silencing, multiple turnovers of the
target MRNA release from RISC is a necessary step. Antisense strand 9-14 positions bases
have low internal stability compared to sense strand bases. Low internal stability of this region in
the stands may facilitate cleavage of target mRNA for release, and allows the RISC to find the
next target mMRNA [87]. However, it is worth to mention that the thermodynamic stability of seed
region and target mRNA also reduces the off-targeting effects [88]. G: U base pair in the seed
region of miRNA are known to decrease miRNA silencing efficacy significantly, although they
are thermodynamically similar to A: U base pair. G: U wobble base pairs within miRNA behave
like a mismatch and reduce RISC loading and unwinding [89]. Sequence analyses of miRNAs
from different species show that a U or an A at the 5’ position of the antisense strand. The
reason is simply that the mid-domain of Ago2 has a greater affinity for ATP or UTP than CMP or
GMP. Therefore, A/U nucleotide 5’ terminal influences the incorporation of the guide strand into

RISC strongly [90].
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1.4.3. Target Prediction of miRNA

Target gene identification of miRNAs is critical for functional analysis. Biological studies
to predict targets are slow and complicated, because of multiple targeting capabilities. For fast
prediction of miRNA functions/targets, numerous bioinformatic methods are being used. Some
of these algorithms including miRanda, TargetScan, Pictar, TargetBoost, and PITA are the gold
standard before starting any biological assay. Within the RISC, miRNAs form specific base
pairing with mRNA, which forms the basis for in target recognition algorithms. Normally, &’
region base pairing of the miRNA is considered more important compared to 3’ region. Bases of
miRNA seed region form a perfect complement with 3’ region of mMRNA. Most of the miRNA
target prediction programs use the same general principles in the development of their algorithm
and search for targets in the 3’-UTR region of various mRNAs. Base pairing at 3' region of
MIiRNA is considered less important for target prediction [91,92]. The RNAfold program predicts
the minimum energy of secondary structures and thus pairing probabilities, and the RNAduplex
program predicts possible hybridization sites within the duplex. One another fact these
algorithms apply in target predictions is the degree of sequence conservation. It is believed that
if 3-UTR sequences of miRNA is conserved in orthologous species, their targets are also

conserved. This phenomenon provides a useful filter in target prediction [93,94].

To begin target scanning one of the most popular algorithms miRanda first retrieves the
mMmRNA’s 3’-UTR sequences and finds out maximum complementarity alignments with 5° UTR of
mature miRNA. G: C and A: T are assigned +5 score, while G: U is given +2. The gap opening
is considered unsuitable for complementarity and given a negative score (-8) and gap
elongation if any is assigned -2. The complementarity scores up to certain regions depending on
program and parameters from the miRNA 5 end is multiplied by a scaling factor of 2. No
mismatching at positions 2 to 4 at the 5 end is tolerated, and less than five mismatches

between positions 3-12; and in the last five positions less than two mismatches of the alignment
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pLmiR-214, decreased CCN2 mRNA and protein levels along with its downstream markers such
as a-SMA or collagen a(l) were observed. Although collagen and SMA mRNA is not the direct

target of miR-214, their levels decreased in a CCN2-dependent manner [112].

1.5.1.12. miR-483

miR-483 is down-regulated in HSCs during their activation in liver fibrosis. Fuyuan et al.
determined the role of miR-483 in vivo using pre-miR-483 overexpressing transgenic mice.
Compared to normal mice, pre-miR-483 overexpressing transgenic mice inhibited CCl,-induced
liver fibrosis and showed low expression of collagen and a-SMA. In LX-2 cells, miR-483
decreased TGF-8 induced PDGF- and TIMP2 expression in vitro and in CCl, induced fibrotic
mouse model. Both PDGF-f and TIMP2 are the direct targets of miR-483. Interestingly,
overexpression of miR-483 induced carcinogenesis in mouse liver by suppressing cytokine

signaling 3 (Socs3) [113].

1.5.1.13. miR-195

IFNs are immunomodulatory cytokines with antiviral, and cell growth suppression
effects. IFN-a is known to have antifibrotic properties in the liver [129]. Sekiya et al. reported
that IFN-B induced miR-195 expression, and otherwise has low expression in normal mouse
HSCs. miR-195 induction reduces cyclin E1 expression levels while increases p21 thereby
inhibits cell proliferation by delaying their G1 to S phase. The direct interaction between miR-
195 and cyclin E1 was studied by luciferase reporter activity by cloning two miR-195 target sites
(497 bp) of the cyclin E1 3'-UTR from LX-2 cells. There was a significant decrease in luciferase
activity after transfection of LX-2 cells with the miR-195 precursor. These results show the

antifibrotic role of miR-195 and explain the antifibrotic mechanism of IFNs [114].
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with miR-122 when injected intravenously increased the expression level of miR-122 compared
to the negative control and with a concomitant decrease in the protein levels of two of its
validated targets namely, Adam10 and Maprel. This delivery system was able to reduce
angiogenesis in tumors and suppress tumor growth [142]. Similarly, Pasqualino et al. developed
stable nucleic acid-lipid particles (SNALPs) that encapsulate miR-199b-5p and decreased
medulloblastoma (MB) cancer stem cells (CSCs) through a decrease in CD133+/CD15+ cell
population [143]. Dipankar et al. developed a systemic miRNA delivery to pancreatic cancer by
liposomes prepared using cationic lipid DOTAP and co-lipids cholesterol and DSPE-PEG-OMe.
They have evaluated these formulations for the systemic miRNA delivery and demonstrated the

growth inhibition of subcutaneous pancreatic cancer xenografts [144].

miRNAs can degrade mRNA even without perfect base pairing of the seed region and
may often lead to off-target effects. Therefore, it is important to track miRNA containing
formulation into the transfected cells. For this purpose, Gomes et al. developed nanopatrticles
composed of poly(lactide-co-glycolide) (PLGA) carrying MRI detectable PFCE for cell tracking
and simultaneous delivery of miR-132 [145]. Aramaki et al. developed a liposomal system that
can encapsulate ultrasound contrast gas and miRNA. They utilized these bubble liposomes
(BLs) for miR-126 delivery for an ischemia-induced angiogenic response. BLs contains perfluoro

propane gas and can be tracked using ultrasound detection method in vivo [146].

Polyethylenimine (PEI) is protonated at acidic pH and can form complexes with
negatively charged ODNs. These polyplexes internalized via caveolae- or clathrin-dependent
mechanism into cells and followed “proton sponge effect” and thereby facilitate RNAi release
from endosomes. For this property, PEI has been extensively studied to deliver RNAI in the past
decades, but high toxicity limits its utilization as a carrier system. Low molecular weight PEI is
less toxic and thus Ahmed et al. delivered miR-145 and miR-33a after complex formation with

low molecular weight PEI for antitumor effects [147]. Pan et al. developed
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mMiRNA delivery system based on bacteriophage MS2 virus-like particles (VLPs). These
particles were loaded with a single plasmid expression system for the production of VLPs
containing pre-miR-146a or negative control RNA. HIV Tat47-57 was conjugated to MS2 VLPs
by reacting amino group of MS2 VLP capsids and the cysteine of Tat47-57 peptide with the
help of sulfosuccinimidyl 4-(p-maleimidophenyl) butyrate (sulfur-SMPB). These MS2 VLPs had
high transfection efficacy and suppressed its target gene IRAK-1 significantly in vivo [148].
Although transfection efficiency of virus-based systems is excellent, they are not considered

safe for human use.

1.7.2. Targeted Particulate Systems

Transfection efficiency of chemically synthesized carriers can be enhanced by relatively
optimizing particle size and surface properties and by attaching targeting moiety for a favorable
biodistribution in vivo. Furthermore, targeted polymeric carrier system allows higher
accumulation at the disease site and higher receptors based uptake in appropriate cells and
minimize side effects. Normally, targeting ligands have high affinity to specific cell receptors and
are attached to the exterior surface of carrier delivery system or directly to the miRNA. Various
types of ligands including functional peptides, antibodies (Ab) and aptamers have been explored
for targeting miRNA carriers. Huang et. al. developed a polycation-hyaluronic acid (LPH) based
liposomal nanocarrier formulation conjugated with tumor targeting single-chain antibody
fragment (scFv). These tumors targeted formulations were used for systemic delivery of miR-
34a into experimental lung metastasis of murine B16F10 melanoma. Formulations containing
miR-34a were more effective in inhibiting the tumor growth compared to non-targeted
formulations [149]. Wang and coworkers have developed PEGylated cyclic RGD (cRGD)
peptide modified LPH NP formulation delivery of anti-miR-296. These formulations were used to
target avp3 integrin present on endothelial cells of the neo tumor vasculature. cRGD modified

LPH NPs have shown the potential of delivering miRNA at target sites and produced significant
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anti-angiogenic effect [150]. Hu et al. synthesized polyethylenimine-B-cyclodextrin (PEI-CD) by
crosslinking B-CD with low molecular weight PEI (600Da), and conjugated a tumor homing and
penetrating bifunctional peptide CC9 (CRGDKGPDC). Formulation complexed with miR-34a
was able to accumulate significantly at the tumor site and downregulated target genes, such as

E2F3, Bcl-2, c-Myc and cyclin D1 [151].

1.7.3. Non-particulate Systems

Esposito et al. used tyrosine kinase AXL receptor binding nucleic acid aptamer (GL21.T)
as carriers for cell-targeted delivery of a miRNA. This aptamer itself antagonizes oncogenic

receptors and also deliver tumor suppressor miRNA function in AXL-expressing tumors.
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%‘ Targeting peptide <\~ schv
% Targeting aptamer " . Spacer/linker
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A)Micelles/Nanoparticles system, B) Liposomes, C) miRNA aptamer conjugate and
D) miRNA cholesterol conjugate.

Figure 1-5. Strategies used for delivery and targeting of miRNA in vivo.
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Conjugation of miR-let7g to GL21.T ensures its specific delivery to target cells and decreases
the tumor growth (Figure 1.5) [152]. Krutzfeldt et al. developed 2'-OMe PS modified, 3'-end
cholesterol-conjugated single-stranded RNA analogs complementary to miR-122. Whereas non-
conjugated, but partially or fully PS modified backbone, and 2'-OMe sugar modifications led to
only incomplete effect [153]. Neri et al. used similar modification for anti-miR-221/222 for
treating a prostate tumor in mouse xenograft model [154]. Anti-tumor effect of cholesterol
conjugated miR-199a/b-3p was determined by Jin et al. both in vitro and in vivo for treating
hepatocellular carcinoma. After intratumoral injection of conjugated miR-199a/b-3p, its

expression in the tumor was elevated while there was dramatic repression of HCC growth [155].

1.8. PANCREATIC DUCTAL ADENOCARCINOMA

Pancreatic ductal adenocarcinoma (PDAC) accounts for 90% of the pancreatic cancers
with 5-year survival rate of only 6.7% [156]. PDAC is considered to be a fatal malignancy with
estimated 53000 new cases and estimated 41000 deaths in 2016. Gemcitabine is the first line
therapy of PDAC, and it has been tried in combination with several other chemotherapeutic
drugs. However, improvement in overall survival failed in almost all up-to-date trials, which may

be attributed to the emergence of chemoresistance and desmoplasia in PDAC [157].

1.8.1. Pathogenesis of Pancreatic Cancer

Advancement in the molecular analysis has revealed several molecular aberrations
involve in the development and progression of PDAC. Wherein, a number of oncogenes are
found activated, and several tumor-suppressor genes get inactivated leading to the clinical
symptoms. In a study, averages of 63 genetic alterations affecting 12 cellular signaling
pathways were found altered in 67—100% of the tumors [158]. Among various commonly found
pathways, point mutations in K-RAS oncogene were observed in as high as 80-90% of
pancreatic cancers. K-RAS is a GTP-binding protein, which is upstream of B-RAF, ERK, MEK

proteins, and transmits signal from outside of the cell to the nucleus. In wild-type K-RAS



40

signaling, epidermal growth factor (EGF) receptor binding activates the cascade and results in
increased cell growth and proliferation. The mutated K-RAS results in constitutive activation of
signaling, leading to uncontrolled cell growth. The p16 gene is also found inactivated in most of
the pancreatic cancer patients either by deletion, mutation or hypermethylation. pl6 gene
inactivates cyclin D1 and CDK4/6, which inhibits the cell cycle progression mediated by
retinoblastoma (Rb) protein. Mutation in p16 results in uncontrolled cell growth and is directly

correlated with larger tumor size and short survival of patients [159].

p53 gene arrests the cell cycle in G1 phase by activating p21WAF1 and controls cell
cycle. Approximately 50% of pancreatic cancer patients have inactivated p53 gene either due to
mutation or deletion [160]. Notch receptor is a single-pass transmembrane protein, its
extracellular domain after binding to Notch ligands (D11-1, D11-3, D11-4, Jagged-1, and
Jagged-2) translocate the intracellular notch into the nucleus and regulates target gene
expression [159,161-163]. Further, Notch also induces nuclear factor-kB (NF-kB) and control
the pancreatic cancer progression. Hh signaling is also found aberrantly activated in around
70% of pancreatic cancer patients [164]. Hh pathway components Shh, IHh, PTCH, and SMO
levels are prominent during PDAC [165]. The Hh pathway is involved in epithelial to
mesenchymal transition (EMT), desmoplasia, and cancer stem cell (CSCs) maintenance.
Another gene DPC4 (SMAD4) plays a pivotal role in cellular growth and angiogenesis. It is
found to be inactivated in approximately 50% of pancreatic cancer cases [166]. EGF receptors
are a transmembrane protein. EGF ligand binding to its receptors activates several downstream
pathways including PI3K, MAPK, Src, and STAT, which are involved in cell proliferation,

invasion, metastasis and survival [167].

1.8.2. Chemoresistance
Chemoresistance is a major barrier to the treatment of PDAC. Resistance can be

intrinsic due to the capability of cancer cells to bypass the drug effects, or acquired during
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multiple treatment phases after which patients are irresponsive to therapy. Reduced uptake of
chemotherapeutics is one of the mechanisms by which cells resist to therapy. For example,
epigenetic changes in the tumor cells reduce nucleoside transporters and as a result
gemcitabine uptake is reduced. ATP-binding cassette (ABC) efflux transporters like MDR1 or
MRP1-6 upregulation can increase efflux of the drug by cancer cells, and result in resistance to
chemotherapy [168]. Drug resistance by cancer cells could also be acquired by activating DNA-

repair capacity and by a mutation in apoptosis-inducing pathways [169].

EMT in pancreatic cancer is well documented in acquiring chemoresistance. For
example, EMT program is associated with gemcitabine drug resistance and poor patient
survival. EMT process involves several cytokines and signaling pathways such as Wnt, TGF-3,
Hh, Notchl, and NF-kB [170]. The mesenchymal cells morphology is characterized by
decreased expression of CDH1 gene (up to 5-folds) which encodes for E-cadherin and
increased expression of SNAI2 genes (up to 51-fold) which encodes for Slug. Moreover, drug-
resistant CSCs are known to have decreased expression of E-cadherin and increased
expression of vimentin a typical EMT feature [171,172]. Therefore, targeting EMT could be a

promising strategy to eradicate SCCs and to chemosensitize cancer cells.

1.8.3. Pancreatic Cancer Microenvironment

PDAC microenvironment is characterized by dysfunctional vasculature and intense
desmoplastic reactions, resulting in high interstitial pressure. Therefore, delivery of
chemotherapeutic drugs to the bulk of the pancreatic tumor is greatly impeded. Pancreatic
stellate cells (PSCs) and activated fibroblasts are implied to secrete ECM proteins in PC.
Secretion of ECM is regulated by several growth factors including FGF, EGF, TGF-B, and
connective tissue growth factors (CTGF). TGF- stimulates collagen 1 production in PCC

increasing SNAIL through SMAD pathway and stimulates fibroblast induces through inducing
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FGF [173]. Importantly, Hh signaling plays a crucial role in desmoplastic reactions in PC, and
its pharmacological inhibition can overcome stroma. Further, inhibition of Hh has been reported

to sensitize tumor cells to radiation therapy [174].

1.9. ROLE OF miRNAS IN PANCREATIC CANCER

Recent advances in cancer biology have revealed several miRNAs that take part in
pancreatic cancer initiation and progression by regulating cell cycle, DNA repair, apoptosis,
invasivity, and metastasis. Therefore, several miRNAs have been discovered and being
investigated to overcome the inefficacy of chemotherapeutics [175]. miRNAs can be tumor
suppressors (found down-regulated in cancer) or tumor initiators called “oncomiRs” (found
upregulated). Dysregulated levels of various miRNAs correlate well with poor overall survival
rate, drug resistance, EMT, and invasion and metastasis. Interestingly, a single miRNA can
have multiple targets, and several of the cancer targets or phenotypes are interconnected.
Therefore, the exact function of a particular miRNA can be overlapping. Some of the miRNAs

which is directly related to PDAC are discussed blow.

1.9.1. Diagnostic

Detection of pancreatic cancer at the early stage is difficult and because mostly it's
asymptomatic, but if present any is non-specific. Early detection of the disease may increase
chances of treatment. Therefore, early stage biomarkers of PDAC have high importance. The
expression profiles of mMiIRNAs could differentiate among normal pancreas, chronic pancreatitis,
and pancreatic cancer, therefore, could be used as the diagnostic tools. For example, in
pancreatic tumors miR-103 and miR-107 are up-regulated, and miR-155, and miR-200 are
down-regulated in PDAC and could be used to discriminate tumor tissue from the normal

pancreas [176].
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1.9.2. Growth and Proliferation

Several miRNAs have been directly correlated with KRAS-EGFR pathway in PDAC.
miR-146a is a tumor suppressor miRNA, which is reported to target EGFR directly and
thereby decreases cell proliferation and invasion. miR-200c can target mitogen-inducible
gene 6 which is a negative regulator of EGFR. AKT signaling pathway contributes to cancer
cell survival and proliferation. miR-375 negatively regulates the expression of 3-
phosphoinositide-dependent protein kinase 1 (PDK1) and reduces malignant behavior of
PDAC cells through the AKT signaling pathway. MUC4 protein overexpression in PDAC up-
regulates Her2 expression which is a key regulator of oncogenesis. The expression of miR-
150 is downregulated in PDAC, and it targets MUC4 mRNA. Treatment with nanoparticles

containing miR-150 showed decreased growth and clonogenicity of PDAC cells [177].

1.9.3. Chemoresistance

Various miRNAs play a pivotal role in the induction as well as suppression of
chemoresistance in PDAC. For example, miR-21, miR-196a, miR-221, miR-200 family, and
miR-214 can increase drug tolerance capacity of PC cells [178]. On the other hand, the miR-let7
family has demonstrated the potential chemosensitizer role in pancreatic cancer [179]. We
delivered miRNA-205 with gemcitabine, in a pancreatic cancer ectopic tumor model developed
using gemcitabine-resistant MIA PaCa-2R cells. We found miR-205 in combination with
gemcitabine formulations effectively reversed chemoresistance. In pancreatic tumor model, the
combination formulation treated group showed significant inhibition of tumor growth and
decreased tumor cell proliferation [180]. TGF-3 upregulation increases expression of membrane
type-1 MMP and ERK1/2 and downregulates miR-let7 [181]. Thus, targeting TGF-$ using RNAI

could provide an attractive strategy to diminish desmoplasia mediated chemoresistance.
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1.9.4. Stem Cells

miRNAs play an important role in CSCs maintenance and drug resistance capacity of
CSCs [182]. miR-200 a/b/c is one such widely investigated miRNA family which suppresses
stemness of cancer cells by inhibiting stem cell factors such as Sox2, SIP 1 and ZEB-1 [183].
Overexpression of miR-26a using metformin has been shown to decreased expression of
EpCAM and EZH2 (CSC markers) in pancreatic cancer. Further, miR-200c works cooperatively
with miR-203 and miR-183 to suppress the expression of stem cell factors. Moreover,
decreased levels of Let-7a, miR-30c, miR-30b and miR-30a also helped stem cell to gain
resistance. Activation of Notch has also been implicated in EMT and drug resistance. Notch
activation is mediated through overexpression of miR-21 and downregulation of miR-200 family

and let-7 family [184].

1.10. CONCLUSIONS

MiRNA-based research is expanding because it gives the opportunity to control
multiple targets simultaneously in various disease models. The role of miRNAs in liver
fibrosis and as tumor suppressors, or oncogenic in cancer including PDAC, has been
witnessing rapid progress. However, there is a significant vacuum regarding their in vivo
delivery and product development at clinical scale. Further, their delivery aspect in
diseases like liver fibrosis and PDAC is negatively affected by the stromal
microenvironment. To overcome ECM barrier and drug resistance, we successfully co-
delivered miRNA and small drug molecule using the micellar system in vivo. Apart from
these delivery-related considerations, an investigation into the cellular and long-term
effects of the delivered miRNA is crucial for the development of safe, effective and
clinically relevant miRNA therapeutics. During the development of next generation

delivery system some points should be considered, which are as follows: (i) simplicity of



