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Abstract

Treatment options for patients with hepatocellular carcinoma (HCC) are limited, in particular in
advanced and drug resistant HCC. MicroRNAs (miRNA) are non-coding small RNAs that are
emerging as novel drugs for the treatment of cancer. The aim of this study was to assess treatment
effects of two complementary miRNAs (sense miRNA-122, and antisense antimiR-21)
encapsulated in biodegradable poly (lactic-co-glycolic acid) nanoparticles (PLGA-NP),
administered by an ultrasound-guided and microbubble-enhanced delivery approach in
doxorubicin-resistant and non-resistant human HCC xenografts. Proliferation and invasiveness of
human HCC cells after miRNA-122/antimiR-21 and doxorubicin treatment were assessed /17 vitro.
Confocal microscopy and qRT-PCR were used to visualize and quantitate successful intracellular
miRNA-loaded PLGA-NP delivery. Up and down-regulation of miRNA downstream targets and
multidrug resistance proteins and extent of apoptosis were assessed /n vivo in treated human HCC
xenografts in mice. Compared to single miRNA therapy, combination therapy with the two
complementary miRNAs resulted in significantly (P < 0.05) stronger decrease in cell proliferation,
invasion, and migration of HCC cells as well as higher resensitization to doxorubicin. Ultrasound-
guided delivery significantly increased /in vivo miRNA-loaded PLGA-NP delivery in human HCC
xenografts compared to control conditions by 5-9 fold (P < 0.001). miRNA-loaded PLGA-NP
were internalized in HCC cells and anti-apoptotic proteins were down regulated with apoptosis in
~27% of the tumor volume of doxorubicin-resistant human HCC after a single treatment with
complementary miRNAs and doxorubicin. Thus, ultrasound-guided delivery of complementary

“Corresponding authors at: Department of Radiology, Molecular Imaging Program at Stanford, School of Medicine, Stanford
University, 300 Pasteur Drive, Room H1307, Stanford, CA 94305-5621, USA. paulmur8@stanford.edu (R. Paulmurugan),
willmann@stanford.edu (J.K. Willmann).

Author contributions

SMC, TYW, SB, DSW, BKY, RP, JKW designed the experiments for this study, SMC, TYW, SB, RD, JWC, LAE, RP, JKW carried
out the experiments and were involved in data acquisition. SMC, DSW, RP, JKW wrote and edited the manuscript. LT, SMC, JKW did
the statistical analysis.

Disclosure of potential conflicts of interest
There is no actual or potential conflicts of interest with regard to this paper.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chowdhury et al.

Page 2

miRNAs is highly efficient in the treatment of doxorubicin- resistant and non-resistant HCC.
Further development of this new treatment approach could aid in better treatment of patients with

HCC.
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1. Introduction

HCC is the sixth most common cancer and the third most common cause of cancer-related
deaths worldwide [1]. The current treatment paradigm for HCC has significant limitations.
Early stage HCC is treatable by surgical resection or liver transplantation, with local thermal
ablation as an alternative [2,3]. However, only 10-30% of patients qualify for surgical
management [4]; recurrence is common after resection (up to 70%) [5], and transplantation
is limited by a shortage of donor organs [6]. For intermediate stage HCC, transarterial
chemoembolization (TACE) is the standard of care [7], with transarterial radioembolization
emerging as a complementary liver-directed therapy [8]. Unfortunately, both are often
contraindicated in cirrhotic patients due to poor baseline liver function and treatment
response can be variable. Patients with advanced HCC and those who fail or are ineligible
for liver-directed therapies are left with extremely limited treatment options and dismal
prognosis. Moreover, HCC is commonly resistant to systemic chemotherapies such as
doxorubicin [9]. Novel therapeutic strategies are therefore critically needed in particular in
drug resistant HCC.

miRNAs are non-coding small RNAs that regulate the expression of genes involved in
various cellular processes [10,11]. Aberrant expression of miRNAS plays a critical role in
tumor initiation, progression, and metastasis. In HCC, miRNA-122 and miRNA-21 have
been identified to play pivotal roles in HCC progression, migration, and chemo-resistance
[12-14]. miRNA-122 has tumor suppressive effects and is significantly down-regulated in
all stages of HCC development [13,15]. This downregulation causes chemo-resistance to
doxorubicin [16]. Therefore, therapeutic restoration of miRNA-122 activity has the potential
to not only slow HCC growth but also render these tumors sensitive to doxorubicin. In
contrast, miRNA-21 is highly over-expressed in HCC and plays an important role in tumor
initiation, progression [17,18], and chemoresistance [19-21]. Therefore, therapeutic
silencing of miRNA-21 using antisense antimiR-21 can inhibit HCC cell proliferation,
migration, and invasion while also mitigating drug resistance.

However, the lack of safe and efficient approaches to deliver miRNA to the diseased sites
hinders clinical translation of miRNA modulation therapy. Intravenously injected miRNAs
are rapidly degraded by nucleases and therefore need to be protected to extend their
circulation lifetime in the blood. Food and Drug Administration (FDA)-approved
biodegradable PLGA-NP can be used to protect miRNAs from degradation [22]. However,
due to the size of PLGA-NP, usually ranging between 100 and 150 nm [23], intravenous
administration results in minimal tumor tissue penetration as delivery depends on the
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enhanced permeability and retention (EPR) effect [24] that is often weak in human tumors
[25-27]. Using therapeutic ultrasound, PLGA-NP can be actively delivered into cancer using
image-guidance, overcoming the limitations of passive tumor accumulation and delivering
miRNA deeply into tumors, even in less vascularized portions of the tumor [28,29]. Through
a process termed “sonoporation,” local perforations can be formed on vessel walls,
facilitating the delivery of therapeutic agents into cancer [30-32,55-57]. The putative
primary mechanism for sonoporation is cavitation, whereby gas bodies oscillate and
eventually collapse to induce perforations. Ultrasound-mediated drug delivery has shown to
be markedly potentiated in the presence of contrast microbubbles [33, 34]. Recently, our
group has optimized the acoustic parameters to maximize PLGA-NP delivery in human
cancer xenografts in mice [35].

In this study, we hypothesized that co-delivery of the two complementary miRNAs
(miRNA-122 and antimiR-21) loaded into PLGA-NP using an optimized ultrasound-guided
delivery protocol can significantly decrease tumor cell viability and proliferation associated
with HCC J/n vitro and in vivo and resensitize resistant HCC cells to doxorubicin
chemotherapy (Fig. 1). /n vitro experiments on human HCC cells were used to investigate
and establish the anti-tumorigenic cellular and molecular effects of complementary
miRNA-122 and antimiR-21 treatment. We then assessed the /in vivo therapeutic effects of
miRNA-loaded PLGA-NP in doxorubicin-resistant and non-resistant human HCC
xenografts in mice.

2. Materials and methods

2.1. Synthesis and characterization of miRNA-122 and antimiR-21 loaded PLGA-NP

PLGA-NP were synthesized and loaded with both miRNAs as described previously [22,35]
(see details in Supplementary section).

2.2. Cell culture

Human HepG2 HCC cells (ATCC, Manassas, VA) were grown in high glucose (4.5 g/L)
Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA), supplemented with 10%
fetal bovine serum, L-glutamine (2 mM), penicillin (100 U/mL), and streptomycin (100 pg/
mL). Cells were incubated at 37 °C in a humidified atmosphere of 5% CO,, and 95% air.

2.3. Doxorubicin-resistant HCC cell line development

Two HepG2 cell lines with two different levels of resistance to doxorubicin (1 uM
doxorubicin and 5 UM doxorubicin) were created by exposure of non-resistant HepG2 cells
to increasing concentrations of doxorubicin as described previously [36]. In brief, 1 x 104
non-resistant cells were treated with 0.045 uM doxorubicin for 48 h and surviving cells were
sub-cultured. This was repeated with increasing doxorubicin concentrations (multiples of
0.045 puM) till a resistance of 1 uM (~550 ng/mL) was reached. A subgroup of cells was
further treated with increasing doxorubicin concentrations (multiples of 0.18 uM) till a
resistance of 5 uM was reached.
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2.4. Endogenous expression of miRNA-122 and miRNA-21

The endogenous expression levels of miRNA-122 and miRNA-21 in doxorubicin-resistant
and non-resistant HepG2 cells were analyzed using gRT-PCR as described [22,35](see
details in Supplementary section).

2.5. Multi drug resistance protein activity and expression

Multi drug resistance protein activity and cell membrane expression in resistant and non-
resistant HCC cell lines before and after miRNA treatment was assessed using fluorescence
microscopy and western blot analysis using standard protocols (see details in Supplementary
section).

2.6. Intracellular uptake of miRNA-loaded PLGA-NP in human HCC cells

Uptake of PLGA-NP into human HepG2 HCC cells was assessed by using quantitative RT-
PCR and fluorescence microscopy following standard protocols (see details in
Supplementary section).

2.7. In vitro treatment response assessment

Treatment response following administration of miRNA-loaded PLGA-NP either
individually or in combination was assessed in resistant and non-resistant HCC cells
(resistant up to 5 UM doxorubicin) using several standard assays, including MTT cell
viability assay, live cell counting cell proliferation assay, migration assay, and invasion assay
(see details in Supplementary section).

2.8. Human HCC xenografts in mice

All jn vivo experiments were performed in nude mice (Charles River, Hollister, CA) with
prior approval from the Institutional Administrative Panel on Laboratory Animal Care. Cells
at ~70% confluence were collected by trypsinization. Human HCC xenografts were
established on the mouse flanks by subcutaneously injecting 5 x 108 HepG2 cells mixed in
50 uL low growth factor matrigel membrane matrix (BD Biosciences, Billerica, MA). Two
tumors were established in all animals (one on the right and one on the left flank of hind
limbs). Only one tumor (on the right leg) was treated with the ultrasound-guided drug
delivery system (see below), whereas the contralateral tumor served as intra-animal control
without ultrasound treatment in all animals. Tumors were allowed to grow for 3—4 weeks
until they reached a mean maximum diameter of 8 mm (range, 6-10 mm). A total of 47 mice
with 94 non-resistant tumors and 21 mice with 42 doxorubicin-resistant tumors were used in
this study.

2.9. Microbubble and ultrasound-guided drug delivery platform apparatus

Clinical grade lipid-shelled perfluorobutane and nitrogen-filled microbubbles (BR38; Bracco
Research, Geneva, Switzerland) were used. An ultrasound-guided drug delivery platform
apparatus optimized previously [35] for PLGA-NP delivery in cancers was used (see details
in Supplementary section) [35].

J Control Release. Author manuscript; available in PMC 2016 December 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chowdhury et al. Page 5

2.10. Ultrasound-guided delivery of miRNA-loaded PLGA-NP into human HCC xenografts

in mice
Mice were anesthetized with 2% isoflurane in 2 L of oxygen per minute. A catheter
(MicroMarker Tail Vein Access Cannulation kit; VisualSonics, Toronto, Ontario) was placed
into a lateral tail vein for administration of MB and PLGA-NP. A total of 350 pL (3.5 x 108)
microbubbles and 200 pl of PLGA-NP (100 pL or ~14 nmol/kg body weight of each miRNA
modulator, miRNA-122 and antimiR-21, in 25 mg/kg body weight PLGA-NP) were mixed
into a total solution of 550 pL prior to tumor treatment. The treatment consisted of 5
repetitive cycles of microbubble/PLGA-NP administrations combined with ultrasound
exposures as previously optimized and described [35]. In each cycle, the microbubbles/
PLGA-NP were first administered for 1 min at a constant rate of 110 puL/min using an
automated infusion pump (GeniePlus, Kent Scientific, Torrington, CT) to achieve steady
state. The microbubble/PLGA-NP infusion was then stopped and ultrasound pulses were
then delivered to the target tumor sites for 1 min [35]. The ultrasound focal beam was
electronically steered across 6 locations, 1.5 mm apart each, to allow complete anatomical
coverage of the tumors. The following ultrasound parameters were used, which were
optimized previously [35] to maximize PLGA-NP delivery into HCC tumors in mice while
minimizing tissue damage: acoustic pressure, 5.4 MPa; ultrasound frequency, 1.8 MHz;
pulse length: 5 cycles; pulse repetition frequency, 100 Hz.

2.11. Ex vivo assessment of PLGA-NP delivery into HCC xenografts and of successful
mMiRNA treatment

Successful delivery of PLGA-NP into HCC cells in human HCC xenografts was visualized
using TEM and quantified using RT-PCR. Downstream therapeutic effects in HCC
xenografts were assessed by a TUNEL apoptosis assay. Details are provided in the
Supplementary method section.

2.12. Statistical analysis

Continuous measures were summarized with their sample mean and standard deviation. For
all two-group comparisons, we used the two-sided nonparametric Wilcoxon rank sum test
except for comparing intracellular protein expression using western blot analysis and
invasion and migration assays where we used a #test due to small sample sizes (n= 3 per
group). The statistical significance level was set at 0.05 and the analysis was performed
using R3.2.2 (The R foundation for statistical computing).

3. Results
3.1. Characterization of miRNA-122 and antimiR-21-loaded PLGA-NP and cell lines

PLGA-NP were spherical in shape with a mean diameter of 120 nm (range, 80-140 nm) as
measured by TEM (Fig. 2A). The hydrodynamic radius obtained from DLS measurements
further corroborated TEM results (Fig. 2B; Table S1).

Endogenous miRNA-122 expression as quantified by RT-PCR was less in non-resistant HCC
cells (~0.9 + 0.15 fold compared to control miRNA-10b) and increased in doxorubicin-
resistant cells (1.25 £ 0.11 fold in 1 uM resistant cells and 2.25 + 0.19 fold in 5 UM resistant
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cells). Similarly, miRNA-21 expression level was higher than endogenous control miRNA in
non-resistant HCC cells (2.5 £ 0.2 fold). Expression significantly increased in doxorubicin-
resistant cells (14 £ 1.6 fold in 1 uM resistant cells; £=0.01) and 24 + 3.95 fold in 5 pM
resistant cells; 2= 0.0021), supporting the role of miRNA-21 in drug resistance (Fig. 2C).
Resistant and non-resistant HCC cells were further characterized in terms of MDR protein
expression known to be directly related to miRNA-21 expression and doxorubicin resistance
in cancer [37]. Nonresistant HCC cells showed very little MDR expression (green
fluorescence) while doxorubicin resistant cells demonstrated high MDR protein expression
levels (Fig. 2F).

3.2. PLGA-NP uptake into HCC cells

HCC cells were incubated with increasing concentrations of miRNA-loaded PLGA-NP and
cell uptake of miRNA-122 and antimiR-21 was assessed by RT-PCR (Fig. 2E). Incubating
cells with 5 picomoles of miRNA-loaded PLGA-NP resulted in a 1078 + 246 and 1499 * 29
fold increase, respectively, in miRNA-122 and antimiR-21 levels compared to endogenous
control miRNA. Also, intracellular miRNA-122/antimiR-21 levels increased in a dose-
dependent manner (Fig. 2E). Fluorescence microscopy of Cy5-labelled antimiR-21 loaded in
PLGA-NP further confirmed efficient uptake of PLGA-NP into HepG2 cells (Fig. 2D).
Since cellular uptake of PLGA-NP occurs mostly v7a clathrin mediated endocytosis [38], an
endocytosis inhibition assay was performed to confirm uptake of miRNA-loaded PLGA-NP
via endocytosis in HCC cells (Fig. S1).

3.3. Effects of miRNA combination therapy on proliferation and invasion of HCC cells

To assess whether a synergistic combination therapy of miRNA-122 and antimiR-21 has a
stronger therapeutic effect than single miRNA treatments, treatment response was quantified
in non-resistant HCC cells. Cell viability experiments using the MTT assay showed that all
treatment conditions (MiRNA-122 alone, antimiR-21 alone, combination of the two) resulted
in similar decreases in cell viability at a dose of 10 picomoles (76.9 + 4.65%, 84.3 + 4.36%,
78.2 + 6.26%, respectively; Fig. 3A). However, at higher doses, the combination therapy
resulted in significantly increased treatment effects (£ = 0.024; Fig. 3A) with an 1Cs; of 36
picomoles for single miRNA-122 treatment and an 1Csq of 29 picomoles for single
antimiR-21 treatments. The 1C5q was 21 picomoles for the miRNA combination therapy (P=
0.006). The combination therapy was also significantly more effective than the single
treatments in decreasing HCC migration (Fig. 3B; £=0.001) and HCC invasion (Fig. 3C; P
= 0.001). Taken together, these results indicated that the miRNA combination therapy was
more effective in decreasing HCC cell proliferation and invasion than single miRNA
treatments.

Further effects of miRNA treatments on downstream anti-apoptotic and pro-apoptotic
proteins in non-resistant HCC cells were assessed by western blotting. While CD320 and
Insulin like growth factor 1 expression (both anti-apoptotic proteins upregulated in HCC)
decreased in a miRNA dose dependent manner (Fig. 3D), expression of Programmed Cell
Death Protein 4 (PDCD4, a pro-apoptotic protein down-regulated in HCC) showed a dose
dependent increase in HCC cells (Fig. 3D).
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3.4. Effects of miRNA combination therapy on doxorubicin resistance in HCC cells

In doxorubicin-resistant HCC cells with resistance up to 5 M, the combined miRNA-122/
antimiR-21 therapy showed strongest therapeutic effects compared to single treatments with
32% of cells dying at the highest tested dose (Fig. 4A). When cells were treated with an
additional dose of 1 uM of doxorubicin, therapeutic effects further increased with 100% of
HCC cells dying at a dose of 50 picomoles of the miRNA combination therapy (Fig. 4A). As
expected, MDR protein activity (measured by the doxorubicin uptake in HCC cells)
significantly (P=0.001) decreased in miRNA treated cells with the strongest effect in cells
pretreated with the miRNA combination therapy before doxorubicin administration (Fig. 4B;
S2 shows doxorubicin fluorescence images). Similarly, the miRNA combination therapy
resulted in the strongest increase (£ = 0.007) in Rho-123 (MDR substrate) fluorescence in
resistant HCC cells (Fig. 4B; S3 shows Rho-123 fluorescence images). Both doxorubicin
and Rho-123 fluorescence were not significantly (2> 0.3) different in non-resistant HCC
cells because the MDR protein was down-regulated in these cells.

Significant dose dependent decrease of MDR protein expression in resistant versusnon-
resistant cells (P < 0.01) following the miRNA combination therapy was further shown by
fluorescence imaging (Fig. 4C) and western blotting (Fig. 4D), further supporting that the
miRNA combination therapy decreased drug resistance in HCC most efficiently.

Finally, the minimum doxorubicin dose resulting in complete cell death in both non-resistant
and resistant HCC cells was determined with and without pretreatment of the miRNA
combination therapy (Fig. 4E). While non-resistant HCC cells withstand a doxorubicin dose
up to 0.3 pM, miRNA combination pretreatment decreased this value to 0.2 puM (Fig. 4E,
left). Doxorubicin-resistant HCC cells could normally survive a doxorubicin dose up to 6.5
UM. However, with the miRNA combination pretreatment this value was reduced to a dose
of 1.5 uM doxorubicin (Fig. 4E, right). This suggests that the miRNA combination treatment
improves therapeutic effects of doxorubicin in both non-resistant and resistant HCC cells.

3.5. Ultrasound-guided delivery and intracellular uptake of miRNA-122 and antimiR-21-
loaded PLGA-NP into human HCC xenografts

Experiments were then translated to 7 vivo studies in human HCC xenografts in mice. A
toxicity study was performed first which showed no animal death and no signs of toxicity in
any of the examined organs.

In vivo delivery efficiency of miRNA-loaded PLGA-NP into human HCC xenografts was
then assessed for both miRNA-122 and antimiR-21 separately using quantitative RT-PCR at
two time points (Fig. 5). At 4 h, miRNA-122 concentrations increased by 88.5 + 18.4 fold
(Fig. 5A) and antimiR-21 concentration increased by 221.2 + 78.1 fold (Fig. 5A) compared
to control PLGA-NP treatment. Ultrasound treatment increased miRNA-122 and antimiR-21
concentrations by 5- and 9-fold, respectively (Fig. 5A). Similar results were observed for the
24 h time point (Fig. 5B). Human HCC xenografts treated with control non-loaded PLGA-
NP (with and without ultrasound) did not show significant changes in miRNA
concentrations (P=0.7; Fig. 5B).
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Successful intracellular delivery of PLGA-NP into HCC cells /n vivo was further confirmed
by direct visualization with TEM (Fig. 5C-E). TEM showed that PLGA-NP were
internalized into vesicular structures (Fig. 5C, D) and released into the cytoplasm (Fig. 5E).
In vivo intracellular uptake of PLGA-NP was further confirmed quantitatively by flow
cytometry of Cy5-labelled antimiR-21 in HCC cells isolated from treated HCC xenografts
(Fig. S4).

3.6. Tumor response following a single treatment with miRNA-loaded PLGA-NP, delivered
by ultrasound guidance

Fig. 6A shows bar graphs summarizing TUNEL stained non-resistant and doxorubicin-
resistant HCC xenografts treated with various combinations of miRNA-loaded PLGA-NP
and doxorubicin, with and without ultrasound. For both non-resistant and resistant HCC
xenografts, tumor cell apoptosis measured in the entire tumor volumes significantly
increased (P < 0.01) following ultrasound-guided delivery of the miRNA combination
therapy (Fig. 6A), which further increased by additional doxorubicin treatment (Fig. 6A). In
non-resistant HCC xenografts, an average ~24% of the tumor volume was apoptotic after a
single treatment with the miRNA combination therapy and doxorubicin (1.5-fold higher
compared to treatment with doxorubicin alone). In resistant HCC xenografts, an average
~27% of the tumor volumes were apoptotic after a single treatment with the miRNA
combination therapy and doxorubicin, which was 6-fold higher compared to treatment with
doxorubicin alone (Fig. 6A). Positive treatment response with signs of apoptosis was further
confirmed using TEM (Fig. 6D-E).

Treatment effects on two downstream anti-apoptotic proteins (CD-320 and IGFR-1) was
further assessed using western blotting which showed that in non-resistant HCC, only the
miRNA combination therapy resulted in significant (£ = 0.02) down-regulation of IGFR-1
levels while isolated treatments with the respective miRNASs did no significantly (P> 0.6)
change expression levels (Fig. 6B). Expression of CD-320 was significantly (P< 0.03)
decreased for both isolated and combined miRNA therapies, with the combination resulting
in strongest effects (Fig. 6B). In resistant cells, similar results were observed with the
combination therapy resulting in strongest reduction in expression levels of both IGFR-1 and
CD-320 (P=0.001), while isolated treatments with respective miRNAs resulted in
significantly lower (P= 0.04 and 0.03) protein levels (Fig. 6C).

4. Discussion

Our results show that a combined miRNA-122 and antimiR-21 therapy results in improved
therapeutic effects compared to targeting a single miRNA in doxorubicin-resistant and non-
resistant human HCC cells /n vitro and human HCC xenografts /n vivo. Ultrasound-guided
delivery substantially increases uptake of miRNA-loaded PLGA-NP in human HCC
xenografts. Our study lays the foundation to further develop imaging-guided delivery of
complementary miRNA-loaded PLGA-NP for improved treatment of HCC.

Previous studies have suggested an emerging role of miRNA based therapy in HCC
treatment [39,40]. Those studies have focused on either supplementing anti-oncogenic
miRNAs down-regulated in HCC or inhibiting overexpressed oncogenic miRNAs [40]. To
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our knowledge, our study is the first to leverage the complementary potential of both
treatment strategies to maximize treatment effects in HCC. Supplementation of miRNA-122,
which is significantly down-regulated in HCC, can inhibit uncontrolled proliferation of
oncogenic HCC cells [14] while antimiR-21 plays an important role in blocking endogenous
miRNA-21 function and preventing invasion and metastasis of HCC along with suppressing
drug resistance [41]. Thus, the molecular functions of both miRNAs complement each other
in arresting HCC progression while resensitizing resistant HCC cells to drugs such as
doxorubicin.

However, intravenously injected miRNA is degraded almost immediately by nucleases [42].
Therefore, a delivery vehicle was needed to protect and carry these miRNAs into HCC.
Biodegradable vehicles such as PLGA-NP are advantageous as they not only protect
miRNAs from degradation, but also facilitate internalization into cancer cells. Following
internalization, miRNAS are slowly released into the cytoplasm, thereby providing sustained
and prolonged therapeutic effects /in vivo [43]. Smaller size with improved tissue leakage
and the fact that PLGA-NP are already FDA approved facilitating clinical translation are
additional advantages over other experimental biodegradable nanoparticles that have been
previously explored for /in vivo delivery of small RNA (both siRNA and miRNA) into HCC
[44-46] or HCC cancer stem cells [47].

Characterization of doxorubicin-resistant and non-resistant HCC cell lines using quantitative
RT-PCR and fluorescence microscopy in our study provided evidence of low miRNA-122
expression in all HCC cells and increased miRNA-21 and MDR expression in resistant cells
compared to non-resistant cells. This supported our hypothesis that two complementary
miRNA may maximize treatment effects by not only directly decreasing tumor proliferation
but also mitigating drug resistance. This hypothesis was confirmed by our in vitro
experiments showing normalization of aberrantly expressed proteins in HCC including the
MDR protein responsible for drug resistance using the two complementary miRNAs.
Previous studies have explored several other miRNAS as therapeutic agents for HCC
including miRNA-26a [48], miRNA-124 [49] and miRNA-143 [50], and miRNA-181b [51].
However, those studies focused on the treatment with one single miRNA with the intention
to treat either tumor proliferation or drug resistance. Since both tumor properties are
interlinked with each other in the progression of HCC, our results suggest that administering
two complementary miRNAs with functional overlap have stronger therapeutic effects than
treating HCC with single miRNAs only.

However, miRNAs can only show /n vivo therapeutic effects when a high enough dose can
be delivered into HCC cells /n vivo. Previous studies have either relied on passive delivery
by the enhanced permeability and retention (EPR) effect which is minimal in most tumors or
have tried to increase tumor uptake of nanoparticles by attaching ligands onto the
nanoparticle surface that can attach to overexpressed receptors on tumors cells [52].
However, to allow receptor-mediated uptake of nanoparticles by tumor cells, they first need
to penetrate into the extravascular space which is challenging as the EPR is minimal in most
tumors often leading to heterogeneous drug delivery in tumors [53] [54]. To address the
challenge of limited passive tumor delivery, we utilized a non-invasive delivery approach
using ultrasound and microbubble-mediated sonoporation to actively deliver PLGA-NP into
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the extravascular compartment by using a custom delivery platform previously optimized for
an efficient delivery of PLGA-NP into cancer tissues [35]. We hypothesized that the
optimized ultrasound-guided drug delivery strategy results in high enough intratumoral
delivery of miRNA-loaded PLGA-NP to cause substantial downstream therapeutic effects in
human HCC xenografts. We could show that intratumoral miRNA concentrations increased
5-9-fold in HCC through the help of ultrasound and microbubble-mediated sonoporation
and TEM directly visualized accumulation of substantial amounts of PLGA-NP in HCC
cells. Furthermore, strong therapeutic effects with increased apoptosis and down-regulation
of anti-apoptotic proteins could be seen after a single treatment cycle /n vivo in our study. As
expected, in particular in doxorubicin-resistant human HCCs, pretreatment of miRNA
efficiently resensitized the tumors with as much as 27% of the tumor volume showing
apoptosis following a single treatment cycle.

We acknowledge the following limitations of our study. In this proof of principle study
human HCC xenografts were only treated by a single dose of miRNA-loaded PLGA-NP
with and without doxorubicin. Repetitive treatments similar to chemotherapeutic cycles will
likely result in increased therapeutic effects and possibly complete HCC eradication; future
longitudinal studies are warranted to test this hypothesis. Also, we assessed miRNA
treatment effects on overcoming HCC resistance to a single chemotherapeutic drug
(doxorubicin) only; additional studies are needed to explore whether this new treatment
strategy can also overcome multi-drug resistance in HCC.

In conclusion, our study suggests that a combined miRNA-122 and antimiR-21 therapy
results in substantial cell death in doxorubicin-resistant and non-resistant HCC both /n vitro
and in human HCC xenografts in mice. Ultrasound combined with microbubbles
substantially increases successful intra-tumoral delivery and treatment effects of miRNA-
loaded PLGA-NP /n vivo compared to passive delivery. Since the liver is well accessible for
ultrasound imaging in patients, ultrasound-guided delivery of miRNA-loaded PLGA-NP is a
promising new and clinically translatable therapeutic strategy for treating HCC in patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic shows experimental setting and transducer arrangement in mouse bearing two
human HCC xenografts. One xenograft was used as non-insonated control tumor, one was
treated with ultrasound and microbubble mediated sonoporation, causing leakage of
miRNA-loaded PLGA-NP into the extravascular compartment. PLGA-NP are taken up by
HCC cells viaendocytosis and their miRNA cargo is released into the cytoplasm of HCC

cells.
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Fig. 2.
(A) Representative TEM images of PLGA-NP. (B) Distribution of the hydrodynamic

diameter of PLGA-NP assessed by Dynamic Light Scattering (DLS). (C) Quantification of
endogenous miRNA-122 and miRNA-21 expression levels in non-resistant and two
doxorubicin-resistant HCC cells shows increased miRNA-21 levels with increased resistance
while miRNA-122 levels remain relatively lower in all three cell lines. *, £< 0.05 compared
to non-resistant cells; 7= 6 each. (D) Confocal microscopy images confirm intracellular
delivery of Cy5-labelled antimiR-21 in GFP expressing (green) HCC cells. (E) Dose-
dependent intracellular uptake of mMiRNA-122- and antimiR-21-loaded PLGA-NP in HCC
cells. *, P< 0.05 compared to untreated control cells; 7= 6 each. (F) Confocal microscopy
images show increasing Multi-drug Resistant (MDR) protein expression levels (green) in
non-resistant and doxorubicin-resistant HCC cells.
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Fig. 3.

(A?) Cell proliferation assays of non-resistant HCC cells treated with miRNA-122 (upper
row), antimiR-21 (middle row), and miRNA-122/antimiR-21 combination (lower row) for
24, 48, and 72 h show dose dependent decrease in proliferation with the miRNA
combination treatment resulting in strongest anti-proliferation effects. *, < 0.05 among
time points for the same treatment concentration. #, < 0.05 compared to untreated control;
n= 6. (B) Cell invasion assays show strongest decrease of HCC cell invasion following the
miRNA combination treatment. Inserts show crystal violet stained invaded HCC cells for the
different treatments. *, £< 0.05 compared to untreated control cells; 7= 3 each. (C) Cell
migration assays show smallest migration distance when HCC cells were treated with the
miRNA combination treatment. *, £< 0.05 compared to untreated control cells; 7= 3. (D)
Western blots shows strongest decrease of the two anti-apoptotic proteins CD-320 and
IGFR-1 and strongest increase of the pro-apoptotic protein PDCD4 with the miRNA
combination treatment in HCC cells. GAPDH was used as loading control.
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Fig. 4.
(A) Cell proliferation assay of HCC cells with strong doxorubicin resistance (5 pM) treated

with different doses of mMiRNA-122 and antimiR-21 (10, 25, 50 picomoles), either
individually or in combination, shows that the miRNA combination therapy resulted in the
strongest inhibition of cell proliferation. *, < 0.05 compared to untreated control cells; 7=
6 each. When HCC cells were treated with the miRNA combination treatment and
doxorubicin, all cells died at a miRNA dose of 50 picomoles each. *, < 0.05 compared to
untreated control cells; 7= 6 each. a tubulin was used as loading control. (B) Treatment
with the miRNA combination therapy increased both doxorubicin and Rho-123 uptake in
resistant HCC cells, suggesting decreased multi drug resistance (MDR) protein expression
following miRNA treatment. *, < 0.05 compared to untreated control cells; 7= 12 each.
This was confirmed by fluorescence imaging (C), and western blotting (D) showing
decreased MDR protein expression in doxorubicin resistant HCC cells after treatment with
the miRNA combination therapy. *, £< 0.05 compared to untreated control cells; 7= 3 each.
a tubulin was used as loading control. (E) Cell viability of non-resistant (left) and
doxorubicin resistant (right) HCC cells treated with the miRNA combination therapy for 18
h followed by increasing doxorubicin doses shows increased therapeutic effects of
doxorubicin in both cell types; 7= 6 each.
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Fig. 5.

anntitative RT-PCR assessment of non-resistant human HCC xenografts in mice
intravenously injected with either control PLGA-NP (no miRNA loading) or with miRNA-
loaded PLGA-NP that were either treated or not treated with ultrasound (US). (A) shows
fold increase of respective miRNA levels at 4 h, (B) shows them at 24 h following treatment.
*, P=0.005, **, £=0.002; ***, P=0.001, all compared to untreated control tumors; n=5
each. Representative TEM image shows internalization of PLGA-NP (red arrows) into a
HCC cell (C) through endocytosis. (D) PLGA-NP (red arrow) is shown within a vesicular
structure (yellow arrow) in a HCC cell by TEM. (E) Degrading PLGA-NP (red arrow)
aggregates in the cytoplasm of a HCC cell (red arrow).
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(A) Bar graphs summarizing mean and standard deviations of % tumor volume apoptosis
calculated from TUNEL stained non-resistant and doxorubicin-resistant HCC xenograft
sections show highest extent of apoptosis in tumors treated with the miRNA combination
therapy. * and #, P< 0.05 compared to untreated control tumors; 7= 5 each. Western
blotting and quantitative bar graph summary (mean + standard deviations) of treatment
effects on down-stream anti-apoptotic proteins, IGFR-1 and CD320, in non-resistant (B) and
resistant (C) human HCC xenografts treated with miRNA-122 and antimiR-21, either
isolated or in combination. *, < 0.05 compared to control tumors; 7= 3 each. a tubulin
was used as loading control. (D and E) TEM images show HCC cells with multiple
internalized PLGA-NP (red arrows), double layered vacuolar structures in the cytoplasm
(yellow arrows) and evidence of detachment from surrounding HCC cells (black arrows),

indicating apoptosis.
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