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Targeting Liver Cancer Stem Cells Using 
Engineered Biological Nanoparticles for 
the Treatment of Hepatocellular Cancer
Kaori Ishiguro,1,2 Irene K. Yan,1,2 Laura Lewis-Tuffin,2 and Tushar Patel 1,2

By exploiting their biological functions, the use of biological nanoparticles such as extracellular vesicles can provide an 
efficient and effective approach for hepatic delivery of RNA-based therapeutics for the treatment of liver cancers such as 
hepatocellular cancer (HCC). Targeting liver cancer stem cells (LCSC) within HCC provide an untapped opportunity 
to improve outcomes by enhancing therapeutic responses. Cells with tumor-initiating capabilities such as LCSC can be 
identified by expression of markers such as epithelial cell adhesion molecule (EpCAM) on their cell surface. EpCAM is 
a target of Wnt/β-catenin signaling, a fundamental pathway in stem-cell growth. Moreover, mutations in the β-catenin 
gene are frequently observed in HCC and can be associated with constitutive activation of the Wnt/β-catenin pathway. 
However, targeting these pathways for the treatment of HCC has been challenging. Using RNA nanotechnology, we 
developed engineered biological nanoparticles capable of specific and effective delivery of RNA therapeutics targeting 
β-catenin to LCSC. Extracellular vesicles isolated from milk were loaded with small interfering RNA to β-catenin and 
decorated with RNA scaffolds to incorporate RNA aptamers capable of binding to EpCAM. Cellular uptake of these 
EpCAM-targeting therapeutic milk-derived nanovesicles in vitro resulted in loss of β-catenin expression and decreased 
proliferation. The uptake and therapeutic efficacy of these engineered biological nanotherapeutics was demonstrated 
in vivo using tumor xenograft mouse models. Conclusion: β-catenin can be targeted directly to control the prolifera-
tion of hepatic cancer stem cells using small interfering RNA delivered using target-specific biological nanoparticles. 
Application of this RNA nanotechnology–based approach to engineer biological nanotherapeutics provides a platform 
for developing cell-surface molecule–directed targeted therapeutics. (Hepatology Communications 2020;4:298-313).

Hepatocellular carcinoma (HCC) is the most 
common primary cancer of the liver and is 
among the top five most common causes of 

cancer-related deaths worldwide.(1) The responses to 
current medical treatments for HCC are affected by 
the heterogeneity of oncogenic drivers for these cancers. 
Despite this, there is a paucity of effective therapies that 

directly target key oncogenic drivers in defined target 
cell populations.(2,3) As with many other types of can-
cers, a hierarchical tumor organization with the presence 
of a subset of tumor initiating cells, or cancer stem cells 
(CSC), has been postulated.(4) These cells not only con-
tribute to the heterogeneity of tumor cells but can affect 
their proliferative capacity as well as tumor response to 
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therapy.(5) Targeting CSC therefore offers opportuni-
ties for therapeutic intervention targeted toward driver 
effects.(6) However, to date there are few, if any, thera-
peutic strategies that directly target stem cells in HCC.

CSC are identified by the expression of specific 
cell surface markers characteristic of stem cell pop-
ulations, such as CD90, CD44, and epithelial cell 
adhesion molecule (EpCAM).(7) EpCAM is a trans-
membrane glycoprotein that is present in liver stem 
cells and hepatoblasts. The expression of EpCAM 
is associated with cell proliferation and is promi-
nent among CSC-enriched populations in HCC 
and many other types of cancers.(8-12) Moreover, 
EpCAM expression is associated with cells that 
exhibit tumor-initiating capabilities and tumori-
genesis.(10,13,14) HCC cells expressing EpCAM have 
greater stem cell features, tumor formation, and 
invasion ability compared with those not express-
ing EpCAM.(9,15) These reasons support the use of 
EpCAM as a target receptor for cancer drug deliv-
ery systems.

EpCAM expression is transcriptionally regu-
lated by the canonical Wnt/β-catenin signaling, and 
inhibiting Wnt/β-catenin signaling has the poten-
tial to eliminate EpCAM+ cells. Mutations in the 
β-catenin gene and aberrant activation of the Wnt/
β-catenin pathway are among the most frequently 
encountered in HCC in the West.(16,17) In addition, 
alterations in β-catenin are characteristic of hepatic 
adenomas that portend a higher risk of progres-
sion to malignancy. Modulating β-catenin expres-
sion has been shown to inhibit stem cell behavior. 
The ability to directly target β-catenin is therefore 
highly relevant for new therapeutics for HCC, by 

aiming to target and eliminate a tumor-initiating 
cell population.

We have recently demonstrated the efficacy of 
using milk-derived nanovesicles (MNV) as biological 
nanoparticles to deliver RNA therapeutics to the liver 
for the treatment of liver cancers.(18,19) Extracellular 
vesicles such as MNV have distinct advantages for use 
as a therapeutic delivery system, including a small size 
that is capable of penetrating deep into tissues, stability 
in the circulation, intrinsic cell targeting properties, and 
ability to overcome natural barriers by the immune sys-
tem.(18-21) Using RNA nanotechnology, a therapeutic 
biological nanoparticle was designed for the delivery of 
an RNA therapeutic to modulate β-catenin expression 
to a liver CSC based on the recognition of EpCAM 
expression. We coupled MNV with synthetic oligonu-
cleotide RNA aptamers that can bind to EpCAM with 
high affinity and specificity, and loaded them with a 
cargo of small interfering RNA (siRNA) to β-catenin 
to develop EpCAM-targeted (ET) therapeutic MNV 
(tMNV). These ET-tMNV could enhance specific tar-
geting of cancer cells and efficient intracellular release 
of siRNA to suppress β-catenin expression and tumor 
growth. Therefore, ET-tMNV may provide a viable 
therapeutic strategy aimed at EpCAM-positive stem 
cell populations for the treatment of HCC.

Materials and Methods
isolation oF mnV

MNV were isolated from commercially obtained 
bovine fat-free milk and using an approach that we have 
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described in detail.(22) The approach is described in the 
Supporting Information. The size and concentration 
of MNV were determined using a Nanosight instru-
ment (Malvern Panalytical, Malvern, United Kingdom). 
For dye labeling, MNV were labeled using a PKH67 
Green Fluorescent Cell Linker Kit (Sigma-Aldrich, 
St. Louis, MO) following the manufacturer’s protocol. 
Briefly, MNV in Diluent C and 6  µL of PKH67 dye 
in the same volume Diluent C were mixed gently and 
incubated for 30  minutes. One percent bovine serum 
albumin was then added to bind the excess dye, and the 
solution was then ultracentrifuged at 100,000 g in Type 
60 Ti swing rotor for 70 minutes at 4°C. The pellet was 
resuspended in phosphate-buffered saline (PBS).

assemBly oF Rna 
nanopaRtiCles

Three-way junction (3WJ) RNA nanoparticles 
were custom-designed. RNA oligonucleotides for each 
constituent strand were obtained from ExonanoRNA, 
LLC (Columbus, OH). Each RNA strand was 
2′Fluoro-modified and purified by high-performance 
liquid chromatography. The sequences of all RNA 
strands (lowercase letters indicate 2′Fluoro nucleo-
tides) are given in Table 1. Equal molar concentra-
tions of each RNA strand were mixed in tricaine 
mesylate (50  mM TRIS pH  =  8.0, 100  mM NaCl,  
10 mM MgCl2) buffer or annealing (10  mM TRIS, 
pH 8.0, 50 mM NaCl, 1 mM ethylene diamine 
tetraacetic acid [EDTA]) buffer and heated to 95°C 
for 5  minutes and then slowly cooled down to 4°C 
over 60  minutes using a Thermal Cycler (Bio-Rad 
Laboratories, Inc., Hercules, CA). Assembly of the 
3WJ RNA nanoparticles was confirmed on a 4%-12% 
native polyacrylamide gel electrophoresis in Tris/
Borate/EDTA buffer (89  mM Tris-borate, 2  mM 

EDTA) and visualized using an ultraviolet transillu-
minator under 300 nm.

CellulaR BinDing assessment
For in vitro binding studies, LCSC and Hep3B 

cells were trypsinized and washed with PBS. Cells 
(2.0  ×  105/tube) were incubated for 2 hours in a  
1.5-mL Eppendorf tube with Alexa647 labeled 3WJ 
(300  nM) with or without aptamer (apt), MNV 
(5.0 × 1010 particles) displaying Alexa647 labeled 3WJ 
(300 nM) with or without apt, and MNV (5.0 × 1010 
particles) displaying Alexa647 apt alone without 3WJ 
(300  nM). Cell-binding efficacy was observed by a 
Novocyte 2060R flow cytometer (Acea Biosciences, 
San Diego, CA) using the APC-H channel. For 
binding and internalization assay in vitro, LCSC were 
incubated with PKH67-labeled MNV displaying 
3WJ apt (300 nM) or apt only (300 nM) or PKH-67-
labeled MNV only for 24  hours and observed using 
the FITC-A channel.

ConFoCal miCRosCopy
For studies on efficiency of RNA nanoparticle 

decoration, MNV were first co-incubated with RNA 
constructs at 37°C for 2 hours. Three constructs were 
studied: Cholesterol/3WJ+apt/Alexa647, Cholesterol/
apt/Alexa647, and 3WJ+apt/Alexa647. A drop of each 
sample was placed on a clean coverslip (#1.5 thickness). 
Next, a slide with a small drop of Aqua-Poly/Mount 
(Polysciences, Inc., Warrington, PA) was placed over 
this to mount the sample on the coverslip. The slides 
were air-dried in the dark overnight. Super resolu-
tion imaging was performed with the AiryScan mod-
ule of an inverted LSM880 confocal laser scanning 
microscope (Carl Zeiss, Jena, Germany), fitted with 
a leveling sample holder, using a Plan Apochromat 
63×/1.4NA DIC M27 oil immersion objective, with 
Immersol 518 F immersion media (ne  =  1.518 at 
30°C; Zeiss, Oberkochen, Germany). The superreso-
lution acquisition mode was used, with a pixel dwell 
time of 0.65  µs and 6× digital zoom for all images, 
resulting in a 528 × 528 pixel, 22.49 × 22.49 micron 
image. Detector gain and laser power settings were 
adjusted on the sample with the brightest PKH-67 
and Alexa647 signals so as to avoid detector satura-
tion for both; these settings were then used to acquire 
all images. PKH-67 was excited with the Argon  

taBle 1. Rna ConstRuCt use FoR 
nanopaRtiCle assemBly

a3WJ-cholesterol 5′-uuG ccA uGu GuA uGu GGG(cholesterol-TEG)-3′
b3WJ 5′-ccc AcA uAc uuu Guu GAu ccc-3′
b3WJ-apt 5′-ccc AcA uAc uuu Guu GAu ccc 

GcGAcuGGuuAcccGGucG-3′
c3WJ-Alexa647 5′-GGA ucA Auc AuG GcA A(C6-NH)(Alexa647)-3′
cholesterol-apt-

Alexa647
5′-(Alexa647) GcGAcuGGuuAcccGGucG 

(cholesterol-TEG)-3′

Note: Uppercase letters in the sequences indicate Phosphorothioate, 
whereas lowercase letters indicate Phosphorothioate 2′Fluoro 
nucleotides.
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(488 nm) laser at 20% laser power, MBS 488/543/633, 
and emission-collected with a BP420-480+BP495-550 
filter and detector gain of 843. Alexa 647 was excited 
with the HeNe (633  nm) laser at 0.2% laser power, 
MBS 488/543/633, and emission-collected with a 
BP570-620+LP645 filter and detector gain of 750. 
Postacquisition image processing was done with the 
AiryScan processing module in Zen Black 2.3 soft-
ware (Zeiss). Processing was done in 2D mode with 
processing strength set to 6.2 for all images. Images 
are displayed with identical minimum/maximum sig-
nal ranges to facilitate comparison.

CellulaR uptaKe
Hep3B cells and LCSC (1.0  ×  104/well) were cul-

tured overnight on glass 4-well cell chamber slides 
(Thermo Fisher Scientific, Waltham, MA). MNV 
(2.0  ×  1010 particles) displaying 3WJ (200  nM) with/
without apt ligand were incubated with Hep3B for 
12 hours or LCSC for 2 hours at 37°C. After washing 
with PBS, the cells were fixed with 4% paraformaldehyde 
and stained with Alexa Fluor 488 phalloidin (Thermo 
Fisher Scientific) and 4′,6-diamidino-2-phenylindole 
(DAPI; Thermo Fisher Scientific) for visualization of 
cytoplasm and nucleus. The cells were mounted with 
Aqua-Poly/Mount (Polysciences, Inc., Warrington, PA). 
Images were acquired using a Zeiss LSM880 confocal 
laser scanning microscope with a Plan Apochromat 
63×/1.4NA DIC M27 oil immersion objective using 
Immersol 518 F immersion media and a 405-nm Diode 
laser for DAPI and 488-nm Argon lasers for Alexa 
Fluor 488 phalloidin and a pixel dwell time of 0.51 µs.

geneRation oF taRgeteD mnV
An equal volume of Lipofectamine 2000 (Thermo 

Fisher Scientific) and either β-catenin siRNA 
(0.5  µM for Hep3B, 5uM for LCSC) or scram-
bled siRNA (0.5  µM) was prepared in Opti-MEM 
(Thermo Fisher Scientific) and mixed and incubated 
for 10  minutes at room temperature. siRNA was 
purchased from Qiagen (Hilden, Germany). Equal 
volumes of Lipofectamine-siRNA complex solution 
and MNV (7  ×  1012  particles/mL) were then mixed 
in ultraclear centrifuge tubes (11 × 60 mm; Beckman 
Coulter, Indianapolis, IN), pipetted gently, and incu-
bated for 30 minutes at room temperature. The solu-
tion was diluted with 4-mL PBS and ultracentrifuged 

at 100,000g in Type 60 Ti swing rotor for 70 minutes 
at 4°C. The supernatant was removed as unloaded 
siRNA, and the pellet was resuspended in an appro-
priate volume of PBS for further studies. For siRNA 
loading assessment, β-catenin siRNA was labeled with 
Cy3 using the Label IT siRNA Tracker Intracellular 
Localization Kit  (Mirus Bio LLC, Madison, WI). 
HepG2 were incubated with Cy3-labeled siRNA+-
lipofectamine or Cy3 siRNA loaded into MNV 
for 48  hours at 37°C. After washing with PBS, the 
cells were fixed and stained with TRITC-phalloidin 
(Thermo Fisher Scientific) and DAPI (Thermo 
Fisher Scientific). ET-tMNV were constructed using 
a 1:1 ratio of 3WJ (10  μM in 50  μL) and tMNV 
(5.0  ×  1010  particles). For cellular studies, cells were 
plated on 12-well plates (2.0 × 105/well) 1 day prior 
to the treatment with PBS or with 5.0 × 1010 particles 
ET-tMNV and incubated at 37°C for either 48 hours 
(for LCSC) or 72 hours for Hep3B cells.

aDDitional inFoRmation
Additional materials and methods are provided as 

Supporting Information.

Results
Can suFFiCient amounts oF 
BiologiCal nanopaRtiCles Be 
isolateD FRom milK?

We have optimized isolation approaches for MNV 
from fat-free milk and have demonstrated their safety 
profile in vitro.(23) Using an approach that involves fil-
tration and differential ultracentrifugation, MNV were 
isolated and quantitated using a Nanosight instrument 
(Fig. 1). A homogenous population of MNV was iso-
lated, of which more than 95% ranged in size between 
100 and 200 nm, similar to that of extracellular vesi-
cles such as exosomes or small microvesicles. From a 
starting volume of 200 mL fat-free milk, the yield of 
MNV ranged from 5 × 1012 to 5 × 1013 particles. Thus, 
MNV are a scalable and cost-effective source of bio-
logical nanoparticles that could be used for the deliv-
ery of therapeutic agents. Compared with synthetic 
siRNA nanoparticles, MNV loaded with siRNA may 
be expected to have an improved biocompatibility and 
efficacy in vivo.
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Can syntHetiC Rna Be 
inseRteD into mnV?

We synthesized RNA nanoparticles to serve as 
a structural scaffold capable of ligand display and 
incorporation onto the MNV surface. These RNA 
nanoparticles were designed based on the 3WJ 
motif derived from bacteriophage phi29 packag-
ing RNA (pRNA)(24,25) conjugated with Alexa647 
fluorescent modification and cholesterol modifica-
tion. The design of 3WJ-RNA is shown in Fig. 2A.  
The pRNA-3WJ nanoparticles consist of three frag-
ments (a3WJ, b3WJ, and c3WJ) and make a modular 
design of a planar arrangement with three angles of 60°, 
120°, and 180° displayed onto the extracellular vesicle 
(EV) membrane.(26) The 3WJ RNA nanoparticles were 
constructed using bottom-up self-assembly of their 
constituent RNA strands. Each fragment was mixed 
in equal molar ratio. It was expected that annealing of 
fragments would result in self-assembly of the RNA 
nanoparticle complex in situ, whereas nonannealed 
strands that did not bind to complementary regions 
would be more susceptible to degradation and ineffective. 
We confirmed successful assembly of RNA nanopar-
ticles on non-denaturing Native PAGE (Fig. 2A),  
as evidenced by the presence of additional bands. The 
3WJ constructs are thermodynamically stable and can 
remain intact at ultralow concentrations. Moreover, 
they are nonimmunogenic in vivo.(25,27) 2′Fluoro-
modified U and C nucleotides were used on each RNA 
strand backbone to make nanoparticles chemically 
stable. This structure provides stability to be resistant 

against ribonuclease (RNase) degradation and further-
more avoids the folding and functionalities of RNA 
modules.(27,28)

To facilitate the insertion of the 3WJ-RNA con-
structs into the MNV lipid bilayer, we conjugated 
cholesterol-triethylene-glycol (TEG) onto one strand 
of the RNA. This enabled their attachment onto the 
MNV lipid membrane through spontaneous inser-
tion and without any structural disruption. We sub-
sequently modified the 3WJ-RNA to incorporate a 
specific RNA apt with high specificity for EpCAM. 
We used a validated synthetic oligonucleotide apt 
targeting EpCAM that was first isolated using sys-
tematic evolution of ligands by exponential enrich-
ment.(29) MNV surface decoration was assessed for 
three different constructs, namely, MNV/apt with-
out 3WJ, MNV/3WJ/apt, and MNV/3WJ (without  
cholesterol-TEG)/apt (Fig. 2B). AiryScan confocal 
imaging was performed to visualize decoration of 
RNA onto MNV. Detection of the Alexa 647 fluores-
cence signal corresponds to the presence of 3WJ-RNA 
and was used to visualize the decoration of MNV by 
the oligonucleotides. There was an absence of red flu-
orescence corresponding to the Alexa647 signal (red, 
3WJ) with the use of non-cholesterol-conjugated 
MNV expressing 3WJ/apt (Fig. 2C). These findings 
emphasize an indispensable need for TEG conjugation 
to facilitate insertion. Imaging detected an Alexa647 
signal (hence, the presence of 3WJ) overlapping with 
green PKH-67 signal (corresponding to MNV) with 
MNV/3WJ/apt, but there was a low Alexa647 signal 
with MNV/apt (without 3WJ).

Fig. 1. Characterization of biological nanoparticles. (A) Determination of size and concentration of MNV were obtained using a 
Nanosight instrument. (B) Zeta potential of MNV and MNV decorated with the 3WJ RNA nanoparticles. (C) Comparison of size 
distribution and mean size of MNV and MNV/3WJ.
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To examine the utility of direct incorporation of tar-
geting apt into MNV membranes, we examined the sur-
face decoration of MNV using a cholesterol-TEG-based 
20-nucleotide apt directed toward EpCAM (without 
3WJ). We did not observe surface decoration with the 

use of a cholesterol-conjugated single-strand apt. Not 
only was the apt inefficiently decorated onto the MNV 
surface, there was insufficient cell delivery and β-catenin 
gene delivery to HCC cells. Thus, the use of a struc-
tural scaffold skeleton provided by the 3WJ-RNA with 

Fig. 2. Construction of RNA nanoparticles. (A) 3WJ RNA was synthesized from three component strands: a3WJ, b3WJ, and c3WJ. 
For some constructs, cholesterol (indicated as a loop) was incorporated in the a3WJ or the EpCAM RNA apt sequence was incorporated 
in the b3WJ strand. Native PAGE testing verified the 3WJ assembly. Sequences and expected annealing of each strand during 3WJ 
formation are shown with b3WJ strand or b3WJ strand with RNA apt. (B) Sequence and 2D structure of the three types of RNA 
nanoparticle constructs containing apt targeting EpCAM displaying MNV. (C) AiryScan microscopy image of MNV decoration using 
the three different RNA nanoparticle constructs. Circles indicate lack of signal overlap. (Left) PKH67-labeled MNV with Alexa647-3WJ-
RNA+apt without cholesterol-TEG conjugation. (Middle) PKH67-MNV with Alexa647-apt. (Right) PKH67-MNV with Alexa647-
3WJ+apt, with cholesterol-TEG conjugation.
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two angled arms enabled a robust anchor to the MNV 
surface as well as a favorable orientation for the surface 
display of targeting RNA apt.

Does inseRtion oF 3WJ 
alteR tHe siZe oR suRFaCe 
potential oF mnV?

We characterized the particle surface charge, zeta 
potential (millivolts), and size (nanometers) of both 
MNV and 3WJ displaying MNV. MNV are highly 
negatively charged, and RNA nanoparticles in iso-
lation are also negatively charged.(26) The mean size 
of MNV displaying 3WJ was 146 nm and compared 
with 130  nm for MNV only. The particle surface 
charge zeta potential was −62.3  mV for MNV and 
−8.9 mV for MNV/3WJ in studies performed in PBS 
at pH 7.0 as the electrolyte. A shift in size distribu-
tion was observed with RNAse treatment of 3WJ 
surface-decorated MNV (Supporting Fig. S1). These 
results are consistent with the surface decoration of 
3WJ on the outer membrane of the MNV instead of 
uptake into the MNV. As both nanoparticle size and 
surface charge are crucial determinants of reticuloen-
dothelial system recognition, these physical properties 
and anionic nature of MMV/3WJ support the use 
of these constructs for in vivo delivery applications, 
but emphasize the need for optimization of structural 
design and ratio of MNV to 3WJ to ensure that sur-
face engineering and incorporation of 3WJ does not 
invalidate their use as a delivery approach.

Can tmnV BinD to Cells  
IN VITRO?

Next we evaluated the utility of these constructs 
and the effect of enhanced delivery using aptamers by 
evaluating their binding and delivery to cancer cells  
in vitro, using confocal microscopy and flow cytom-
etry. We first evaluated the baseline EpCAM expres-
sion in three cell lines. A high EpCAM expression 
was observed in human LCSC, whereas expression 
was low in Hep3B cells and was not detected in 
HeLa cells (Fig. 3A). Confocal microscopy indicated 
tangible binding and internalization of 3WJ nanopar-
ticles into both the LCSC and Hep3B tumor cells, 
with Alexa647 fluorescent-RNA nanoparticles (red) 
appearing to be distributed in the cytoplasm (green) 
(Fig. 3B). Notably, a higher signal was observed for 

MNV/3WJ/apt in Hep3B and LCSC compared with 
MNV/3WJ, which does not contain a targeting apt. 
Binding and delivery to cancer cells were further eval-
uated using flow cytometry. In LCSC, EpCAM apt 
bearing RNA nanoparticles showed higher specificity 
and affinity for cell binding than 3WJ only (Fig. 3C). 
Strong binding was also observed for apt displaying 
MNV (MNV/3WJ/apt) compared with 3WJ/MNV 
in LCSC. Binding enhancement by apt was observed 
even in Hep3B (Fig. 3D). Moreover, cell uptake of 
MNV/apt after 24-hour incubation with LCSC was 
decreased compared with MNV only. These results 
validate the efficiency of MNV/3WJ/apt for use as a 
drug delivery vehicle.

Can tmnV Be eFFeCtiVely 
loaDeD WitH siRna anD 
DeliVeReD to CanCeR Cells 
IN VITRO?

We next evaluated the efficacy of siRNA-loaded 
tMNV to deliver target to cancer cells in vitro. To 
demonstrate the potential utility of MNV/3WJ for 
use as a delivery vehicle for RNA therapeutics, we 
assessed its use for delivery of targeting moieties tar-
geting β-catenin. Mutations in the β-catenin gene 
with activation of Wnt/β-catenin is present in up to 
38% of liver tumors. However, there are no effective 
therapeutics that target β-catenin directly. The use of 
nanoparticles has been proposed, but is limited by the 
biocompatibility, stability, or specificity of therapeu-
tic delivery of RNA-based therapeutics targeting β- 
catenin into hepatic cancer cells. MNV-mediated tar-
geted delivery of anticancer agents or micro RNA by 
loaded tMNV could be an attractive modality for the 
treatment of HCC in vitro and in vivo.(30) We therefore 
evaluated a therapeutic approach to target β-catenin 
using ET-tMNV as a biological nanoparticle deliv-
ery carrier for the delivery of siRNA to β-catenin. To 
evaluate the functional cellular delivery of β-catenin- 
targeting constructs, tMNV were loaded with β-catenin  
siRNA and the pellet of MNV loaded with siRNA 
was generated after ultracentrifugation. Before 
loading, siRNA was labeled with Cy3. Immunoblot 
analysis for β-catenin was assessed after incuba-
tion tMNV with HepG2 for 48 hours. A reduction 
in the expression of wild-type β-catenin and ∆N90 
β-catenin was observed in response to tMNV treat-
ment in a concentration-dependent manner (Fig. 4A). 
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Treatment with unloaded siRNA as a lipofectamine/
siRNA complex in the supernatant after loading 
ultracentrifugation did not reduce β-catenin protein 
expression, whereas lipofectamine/siRNA complex 
before ultracentrifugation was effective as a posi-
tive control. To verify siRNA delivery, we analyzed 
HepG2 with confocal microscopy after incubation 
with Label IT siRNA Tracker Cy3-labeled siRNA- 
loaded MNV (tMNV) for 48 hours. The result 
shows that β-catenin siRNA-loaded MNV (yellow) 
was delivered intracellularly as well as lipofectamine/
siRNA treatment as positive control (Fig. 4B). These 
results indicate that siRNA delivered within tMNV 

maintains its functional effectiveness following uptake 
by HCC cells.

The effects of siRNA loading on particle size and zeta 
potential were determined before use. The zeta potential 
can be altered by drug or siRNA loading and provides an 
indicator of the tendency for nanoparticles to aggregate. 
MNV loaded with varying amounts of β-catenin siRNA 
retained a negative charge, although this approached a 
neutral zeta potential at higher concentrations of siRNA 
(tMNV, 10 μM) (Fig. 4C). The MNV particle size was 
not altered after loading with different concentrations of 
siRNA. Thus, the physical characteristics of tMNV are 
similar to those of the MNV.

Fig. 3. Specific binding enhancement to the cells in vitro using targeting EpCAM apt. (A) Flow cytometry analysis of baseline EpCAM 
level in human LCSC, Hep3B cells, and HeLa cells. (B) Confocal microscopy images after incubation of LCSC with RNA apt displaying 
MNV for 2 hours, or after incubation of Hep3B cells for 12 hours: nucleus (blue), cytoskeleton (green), and 3WJ-RNA (red). (C) Flow 
cytometry analysis after incubation of LCSC for 2 hours with Alexa647-labeled 3WJ-RNA with or without apt. (D) Flow cytometry 
analysis after incubation of LCSC or Hep3B cells for 2 hours with MNV decorated with apt alone or MNV decorated with 3WJ-RNA 
with or without apt. 3WJ-RNA or RNA apt were labeled with Alexa647. (E) MNV were labeled with PKH67 to evaluate delivery into 
cells. Flow cytometry was performed after incubation of LCSC for 24 hours with MNV only, MNV displaying apt only, and MNV 
displaying 3WJ+apt. Abbreviation: IgG, immunoglobulin.
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Can et-tmnVs taRget CanCeR 
Cells anD DeliVeR β-Catenin 
siRna?

We next evaluated the efficacy of cancer-cell tar-
geting using ligand-displaying tMNV. The EpCAM-
targeting MNV (ET-MNV) were generated by 

decorating tMNV containing therapeutic RNA with 
a targeting ligand (Fig. 5A). A high-affinity RNA 
apt with specificity for EpCAM was used to tar-
get tMNV to EpCAM-expressing HCC cells. We 
investigated the ability of ET-tMNV to deliver an 
siRNA cargo to recipient cells  in vitro. To study 
functional targeting gene delivery effect, we evaluated 

Fig. 4. Characterization of siRNA-loaded tMNV. (A) HepG2 cells were incubated with MNV, siRNA, siRNA with lipofectamine (Lip), 
or with the indicated amounts of siRNA-loaded MNV. After 48 hours, proteins were analyzed by immunoblot analysis for wild-type 
β-catenin, ∆N90 β-catenin or actin (as a control for loading). (B) Images after incubation of HepG2 for 48 hours with MNV, siRNA 
and Lip, or tMNV: nucleus (DAPI, blue), cytoskeleton (TRITC-phalloidin, red), and β-catenin siRNA (siRNA Tracker Cy3, yellow).  
(C) Zeta potential and particle diameter measurements of MNV, MNV decorated with 3WJ-RNA scaffold displaying ET-MNV, tMNV, 
and tMNV decorated with 3WJ-RNA scaffold displaying ET-tMNV.
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β-catenin messenger RNA (mRNA) expression fol-
lowing delivery of ET-tMNV and apt-tMNV con-
taining siRNA to β-catenin (Fig. 5B). The efficacy 

of uptake was then determined in LCSC by evaluat-
ing the efficacy and specificity of uptake of β-catenin 
siRNA (Fig. 5C). Effective delivery was confirmed 

Fig. 5. Use of therapeutic MNV for delivery of β-catenin siRNA to target cells in vitro. (A) Generation of tMNV decorated with 
EpCAM targeting apt (apt-tMNV) or apt displayed on 3WJ-RNA scaffold (ET-tMNV). (B) Quantitative real-time polymerase chain 
reaction (RT-PCR) for beta-catenin (BCAT) mRNA expression in LCSC after incubation with PBS (controls) or the tMNV constructs 
used for delivery of β-catenin siRNA. BCAT/glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA levels are normalized to that 
in control (PBS-treated) cells. (C,D) Quantitative RT-PCR for BCAT mRNA (C) or a downstream target gene cyclin D1 mRNA (D) 
following in vitro delivery BCAT siRNA to LCSC, Hep3B cells, or HeLa cells. All data were normalized to an internal control, GAPDH 
mRNA. Results are presented as mean ± SEM (N = 3) using one-way analysis of variance (ANOVA) multiple comparisons (*p < .05, 
**p < .01). Abbreviation: scrMNV, scrambled MNV.
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by real-time polymerase chain reaction. Moreover, 
functional effectiveness was verified by determining 
the expression of the downstream target gene cyclin 
D1 (Fig. 5D). Incubation of cells with apt-tMNV 
did not result in a reduction in mRNA expression 
of β-catenin compared with ET-tMNV (*p  =  .012, 
ET-tMNV vs. apt-tMNV). These data are consistent 
with the inefficient binding delivery reported previ-
ously of MNV/apt decoration by AiryScan, and bind-
ing delivery in flow cytometry. mRNA expression of 
β-catenin and cyclin D1 were analyzed after incubat-
ing each treatment with cancer cells, LCSC, Hep3B 
cells, and HeLa cells. A significant decrease in mRNA 
expression of β-catenin and cyclin D1 was observed 
with ET-tMNV in both Hep3B cells and LCSC 
compared with PBS controls, but not in HeLa cells 
that do not express EpCAM. Furthermore, enhance-
ment by apt of functional β-catenin mRNA reduc-
tion was observed in both LCSC and Hep3B cells 
in ET-tMNV-treated cells compared with tMNV. 
Cell viability following β-catenin siRNA delivery 
was further assessed using a viable cell assay after 
incubation with MNV alone, tMNV, and ET-tMNV 
for 72  hours (Fig. 6). For each of these, cell viabil-
ity remained greater than 70%, indicating a lack of 
in vitro cytotoxicity at the amounts used. A signif-
icant inhibition of cell proliferation was observed 
with ET-tMNV treatment compared with tMNV 
in EpCAM expressing LCSC and Hep3B cells, but 
not in EpCAM-negative HeLa cells (Fig. 6). Thus, 
ET-tMNV nanoparticles can provide a significant 
cancer cell targeting and delivery enhancement of 
β-catenin siRNA to HCC in vitro.

Does epCam taRgeting 
enHanCe uptaKe in taRget 
tissues?

Next, we examined whether ET-tMNV or 
tMNV could be targeted to tumor cells in vivo. 
ET-tMNV (Alexa647) or 1,1′-dioctadecyl-3,3,3′,3′- 
tetramethylindocarbocyanine perchlorate (Dil)-labeled  
tMNV were administered by tail vein injection into 
athymic nude mice bearing subcutaneous xeno-
grafts of human HCC cells. The biodistribution of 
MNV was assessed using an in vivo imaging system  
8 hours after administration. Dil-labeled tMNV 
were detected widely, including uptake within tumors 
(Fig. 7A). However, the tumor-tissue accumulation 

of Dil-labeled tMNV was similar to that observed 
with ET-tMNV in LCSC. These observations indi-
cate that wide distribution of MNV occurs in most 
murine tissue, including the brain(31) after intravenous 
administration. EpCAM is expressed in normal epi-
thelial tissue of the gastrointestinal tract, reproduc-
tive system, and endocrine system in adult mice and 
humans.(32,33) Indeed, high signals were detected in 
intestine following ET-tMNV administration. In con-
trast to the observations of tMNV, we detected sig-
nals from ET-tMNV (Alexa647) in LCSC xenograft 
tumors, whereas little signal was detected in Hep3B 
tumors with low EpCAM (Fig. 7A). These observa-
tions demonstrate specificity of uptake of ET-tMNV 
by LCSC, which have a higher EpCAM expression 
than that in Hep3B.

Can epCam-taRgeteD mnVs Be 
useD to DeliVeR antiCanCeR 
eFFeCts IN VIVO?

To assess the therapeutic anticancer efficacy 
in vivo, we used ET-MNV for the delivery of siRNA 
to β-catenin to HCC xenografts in mice and assessed 
the effects on tumor growth rates. Five doses of 
ET-tMNV were administered every 2 days. The 
rate of tumor growth was reduced in mice receiving 
ET-tMNV compared with that in the control group 
for both LCSC and Hep3B tumor cell xenografts 
(Fig. 7B). Likewise, tumor weight was significantly 
lower in mice receiving ET-tMNV compared with 
control-treated mice (Fig. 7C,D). To demonstrate 
the targeted effects, we examined β-catenin protein 
expression by immunohistochemistry of tumor tis-
sues, and observed a reduction of expression in the 
ET-tMNV treatment group compared with that 
in the control treatment group (Fig. 8A). Likewise, 
β-catenin mRNA expression was lower in tumors 
from ET-tMNV-treated mice compared with control- 
treated mice in both LCSC and Hep3B xeno-
grafts (Fig. 8B). A decrease in Ki67 staining and 
EpCAM expression in tumor tissue was also noted.  
The reduction in cell proliferation indicates that the 
Wnt/β-catenin pathway can be targeted to control 
hepatic cancer stem cell proliferation. In summary, we 
have demonstrated that the use of ET-tMNV can be 
used for therapeutic delivery of β-catenin siRNA to 
EpCAM-expressing tumors in vivo for an anticancer 
effect.
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Fig. 6. Effect of therapeutic MNV on cell viability. (A) LCSC, Hep3B cells, and HeLa cells were incubated with the indicated numbers 
of particles of MNV, tMNV or ET-tMNV, and viable cell number was assessed after 72 hours using an 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium assay. Studies were performed in quadruplicate, using the indicated 
amounts of nanovesicles. Results are presented as mean ± SEM (N = 4) with two-way ANOVA multiple comparisons (*p < .05, **p < .01, 
****p < .0001).

Fig. 7. Tumoral uptake and effects of therapeutic MNV in vivo. (A) Biodistribution and organ imaging was determined using an in vivo 
imaging system 8 hours after intravenous injection of Dil-labeled tMNV or Alexa 647–labeled ET-tMNV in mice with subcutaneous 
LCSC or Hep3B cell xenografts. An increase in tumor uptake and retention is noted with ET-tMNV compared with tMNV in LCSC. 
(B-D) ET-tMNV or ET-scramble siRNA-loaded MNV (controls) were administered intravenously every 2 days for 5 times in athymic 
nude mice bearing LCSC or Hep3B subcutaneous xenografts. (B) Tumor volume (in cubic millimeters) was assessed every 2 days in each 
of the two treatment groups for LCSC and Hep3B xenografts. The average tumor volume and the SEM are indicated from four separate 
tumors for each. Mice were sacrificed 2 days after the last treatment. (C) Representative tumor from each group over the course of injection 
treatment. (D) Tumor weight after treatment. Results are presented as mean ± SEM (N = 4) using t test (*p < .05, **p < .01).
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Discussion
New opportunities for therapeutics are emerging 

that exploit the power of RNA to both recognize 
specific targets as well as to modulate gene expres-
sion. We sought to develop a biological nanoparticle- 
based approach for the targeted delivery of RNA 
therapeutics for the treatment of HCC. Our stud-
ies demonstrate the use of RNA nanotechnology to 
engineer EVs with an RNA nanoparticle capable of 
cell surface molecule detection. Incorporation of a 
cholesterol-3WJ-RNA nanoparticle that can display 
a cell surface molecule specific apt on the surface of 
MNV generated cell-targeting therapeutic biological 

nanoparticles. Clinical translation of the use of engi-
neered biological nanoparticles for targeted delivery 
of therapeutics will provide new opportunities for the 
treatment of HCC.

EVs such as MNV contribute to intercellular 
communication by transfer of RNA, lipids and pro-
teins,(34,35) and thus possess inherent mechanisms that 
facilitate their uptake. A major limitation to the use of 
EVs for clinical application has been the challenge of 
isolation of sufficient amounts for clinical application. 
The use of MNV circumvents this limitation and pro-
vides a scalable and cost-effective source of EVs, which 
is further complemented by a favorable short-term 
safety profile after intravenous administration.(30,36) 

Fig. 8. In vivo effects of therapeutic MNV. ET-tMNV or control ET-scramble siRNA-loaded MNV were administered intravenously 
every 2 days for 5 times to athymic nude mice bearing either LCSC or Hep3B subcutaneous xenografts. Tumors were harvested at the 
time of sacrifice 2 days after the last dose. (A) Tumor sections were stained with hematoxylin-eosin (HE) or immunohistochemistry was 
performed for Ki67, BCAT, or EpCAM. Original magnification: ×20. (B) RT-PCR of BCAT and GAPDH mRNA was performed on 
RNA extracted from individual tumors from each group. Results are presented as mean ± SEM (N = 4) using t test (*p < .05, ****p < .0001).
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MNV are capable of delivering therapeutics such as 
siRNA or drugs to tumor cells. Their use as a nano-
carrier for therapeutic purposes offers distinct advan-
tages over the use of synthetic nanoparticles for the 
drug delivery approach to the liver. Their ability to 
deliver exogenously loaded drug, siRNA, or antisense 
oligonucleotide and their safety as a therapeutic deliv-
ery platform have been demonstrated.

These studies provide in vitro and in vivo preclinical 
evidence that support the use of therapeutic strategies 
aimed at EpCAM-expressing cells for β-catenin gene 
targeting for the treatment of HCC. There has been 
an emerging interest in the contribution of tumor- 
initiating cells such as LCSC in tumorigenesis. These 
cells are postulated to contribute to tumor growth as 
well as resistance to therapy. The ability to specifi-
cally target this cell population therefore offers new 
opportunities to improve on therapeutic responses for 
HCC. LCSC express EpCAM, a marker of cancer- 
initiating cells in the liver and other epithelia tissues. 
EpCAM is a transcriptional target of canonical Wnt/
β-catenin signaling in the control of proliferation of 
hepatic stem cells.(11,14,37) The use of EpCAM as a 
target for drug delivery can enable LCSC targeted 
therapy. Drug-loaded micelles expressing EpCAM-
specific antibodies have been used for targeted drug 
delivery.(38) In addition, strategies to directly target 
EpCAM have been explored. These include the use 
of RNA interference of EpCAM as well as the use 
of antibodies to EpCAM such as edrecolomab, ade-
catumumab, and caumaxomab.(7,39) Enhanced uptake 
of MNV expressing RNA apt to EpCAM enabled 
delivery of siRNA with therapeutic efficacy. In addi-
tion to EpCAM, other markers of LCSC include 
hepatic stem cell markers such as CD133, CD90, and 
CD44.(40) The approaches taken could be extended to 
other cell surface markers by developing specific apt 
and used in combination with EpCAM to improve 
targeting to cancer cells. Likewise, other types of 
EpCAM-targeting apt nanoparticles could be devel-
oped for gene targeting or drug delivery into cancer 
cells.(41-44)

The expression of EpCAM on nonmalignant cells 
does raise the possibility of enhanced uptake and 
off-target effects. However, normal epithelial cells 
have both a low level and a sequestered expression 
of EpCAM on the basolateral membrane that limit 
access of EpCAM-targeted therapies as a result of the 
dense and highly organized intercellular boundaries. 

During the progression of normal to cancer cells, 
EpCAM expression evolves into an intense and uni-
form membranous expression. Moreover, the liver 
uptake observed on bio-distribution studies is consis-
tent with a high first-pass hepatic uptake that would 
further reduce the amount of circulating ET-tMNV 
available to other tissues. Nevertheless, a comprehen-
sive assessment of toxicity in vivo is warranted before 
clinical adoption.

By providing an efficient and effective means of 
hepatic delivery of RNA-based therapeutics, the use 
of ET-tMNV to target β-catenin offers additional 
opportunities for oncogene-directed therapy. Targets 
such as β-catenin are not readily targetable using small 
molecules. RNA-targeting approaches using siRNA 
or micro RNA are an attractive strategy to modu-
late gene expression and offer advantages of specific 
gene-targeted effects with reduced off-target or non-
specific effects. However, their therapeutic use follow-
ing systemic administration has been hampered by the 
susceptibility to degradation by endogenous RNases 
and low specificity of delivery to target sites. The use 
of biological nanoparticles such as MNV for deliv-
ery of RNA therapies circumvent these, by protecting 
their contents from degradation and facilitated intra-
cellular delivery. By improving and optimizing drug 
delivery, the use of MNV will enable broader adop-
tion of systemic RNA therapies. In preclinical studies, 
MNV have been used effectively to deliver siRNA to 
β-catenin to recipient cells. However, frequent dosing 
would be needed, as the observed therapeutic effects 
of siRNA were not sustained.(45) The durability of 
response could be further enhanced by improved 
specificity of delivery to target tissues and cells, which 
would further reduce their off-target effects. Further 
clinical translation will require evaluation of in vivo 
safety, optimization of doses of MNV and siRNA 
and administration schedules, and optimizing delivery 
approaches for greatest therapeutic efficacy.

In conclusion, we have developed engineered EVs 
capable of targeting EpCAM-expressing LCSC to 
deliver siRNA to β-catenin. These ET-tMNV not 
only provide effective LCSC-targeting and therapeutic 
effects without cytotoxicity in vitro, but also options for 
targeting and treatment of EpCAM-positive tumors 
in vivo. In addition to HCC, EpCAM is expressed in 
a wide range of carcinomas. In particular, adenocarci-
noma of colon, pancreas, and prostate are promising 
tumors for EpCAM-targeted therapy.(46) Similarly, 
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mutations of β-catenin are also encountered in breast, 
lung, colorectal cancer, and several other cancers. 
Thus, the use of ET-tMNV may be expected to have 
broader clinical application for the treatment of tumors 
other than HCC. Future studies of targeted biolog-
ical nanoparticle therapy for other epithelial cancers, 
at nonhepatic locations or with the use of other cell- 
surface targeting agents, are therefore warranted.
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