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Abstract

Hepatocellular Cancer (HCC) is a common and deadly cancer. Most cases of HCC arise in a 

cirrhotic/fibrotic liver, raising the possibility that the environment plays a paramount role in cancer 

genesis. Previous studies from our group and others have shown that, in desmoplastic cancers, 

there is a rich intercellular communication between activated, cancer-associated fibroblasts (CAF) 

and cancer cells. Moreover, Extracellular Vesicles (EVs), or exosomes, were identified as an 

important arm of this intercellular communication platform. Last, these studies have shown that 

EVs can carry miR species in vivo and deliver them to desmoplastic cancers. The precise role 

played by activated liver fibroblasts/stellate cells in HCC development is insufficiently known. 

Based on previous studies, it appears plausible that activated fibroblasts produce signals carried by 

EVs that promote HCC genesis. In the current study, we first hypothesized and then showed that 

stellate cell-derived EVs 1) can be loaded with a miR species of choice (miR-335-5p); 2) are 

uptaken by HCC cells in vitro and more importantly in vivo; 3) can supply the miR-335-5p cargo 

to recipient HCC cells in vitro as well as in vivo; and finally that they 4) inhibit HCC cell 

proliferation and invasion in vitro as well as induce HCC tumor shrinkage in vivo. Last, we 

identified mRNA targets for miR-335 that are down-regulated following treatments with EV-

miR-335-5p. This study informs novel therapeutic strategies in HCC, whereby stellate cell-derived 

EVs are loaded with therapeutic nucleic acids and delivered in vivo.
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Introduction

HCC ranks as the third most common cause of cancer-related death worldwide (1). 

Importantly, the vast majority of HCCs develop in a background of liver fibrosis or cirrhosis 

(2). Liver fibrosis is produced when inactive liver fibroblasts (stellate cells) become activated 

following liver injury, and turn into collagen-producing cells (3). In desmoplastic cancers, 

cancer associated fibroblasts (CAFs) are loosely defined as fibroblasts found within the 

tumor mass. These CAF have been implicated as etiologic players both in the cancer genesis 

and homeostasis (4, 5). These data appear to suggest that liver fibrosis, or activated stellate 

cells, play a role in the development of HCC, perhaps similar to the role played by CAFs in 

desmoplastic cancers.

The origin of activated fibroblasts in hepatocellular carcinoma (HCC) remains controversial. 

Recent studies revealed that multiple origins including activation of stellate cells, or of portal 

fibroblasts, or trans-differentiation of hepatocytes through Epithelial to Mesenchymal 

Transition (EMT) (6, 7). In a previous study, we identified microRNA (miR) species 

downregulated in human liver stellate cells LX2 by co-culturing them with 

cholangiocarcinoma (CCA) cells (8). Interestingly, there is a significant overlap between the 

list of miR species found to be downregulated in LX2 cells placed in co-culture with cancer 

cells (arguably promoting their CAF phenotype) and miR species identified to be down 

regulated in same cells during the transition from retinol-containing inactive stellate cells to 

activated, collagen producing cells (9-11). It is therefore formally possible that the transition 

from inactive stellate cells to activated cells to CAF is a continuum of relevance in HCC 

development. By extension, this scenario suggests that activated stellate cells/liver 

fibroblasts are active participants in the development of HCC.

The precise nature of the interactions between liver cancer cells and the rest of the cells in 

the cancer environment are under intense investigation. For example, in cholangiocarcinoma, 

we have previously shown that fibroblasts and cancer cells communicate via EVs (8). 

Moreover, we have shown that stellate cell-derived EVs are uptaken by cancer cells in vitro 
and in vivo (8). Last, and of high clinical interest, we have shown that we can manipulate in 
vitro EVs derived from these stellate cells to efficiently carry a miR cargo to CCA in vivo, 

shrink tumors and increase survival in a rat CCA model (8). We concluded that disrupting 

the cross-talk between liver fibroblasts/activated stellate cells/CAFs and cancer cells may 

potentially open a novel avenue to improve clinical outcomes.

The current study is based on the hypothesis that stellate cell-derived EVs can be delivered 

to HCC cells in vitro and in vivo, and that they can inhibit cancer growth when carrying a 

therapeutic miR cargo. Here, we demonstrated that EVs loaded with miR-335-5p (EV-

miR-335) can decrease cancer growth and invasion in vitro and in vivo. We have also shown 

that EV-miR-335-5p can be utilized successfully in vivo to induce HCC shrinking. Last, we 

identified mRNA targets for miR-335 that are down-regulated following treatments with EV-

miR-335. These mRNA species are likely downstream effectors of EV-miR-335 treatment.

Wang et al. Page 2

Hepatology. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Materials and Methods

Additional information can be found in the Supplementary Materials and Methods.

Cell lines and co-culture conditions

Four human hepatocellular carcinoma cells: MHCC97H, MHCC97L, HepG2 and Huh7, as 

well as human hepatic stellate cell LX2 were maintained in Dulbecco's modified Eagle 

medium (DMEM) (Sigma-Aldrich, St Louis, MO, USA) supplemented with 10 % fetal 

bovine serum (Invitrogen), 100 U/ml penicillin G, and 100 μg/ml streptomycin (Quality 

Biological, MD, USA) at 37 °C in a humidified chamber with 95 % air and 5% CO2.

Plasmid transfection and virus infection

pCDH-EF1-MCS-IRES-GFP cDNA Cloning and Expression Vector (HIV) (System 

Biosciences, CD530A-2-SBI) (7.5 μg/ 10 cm plate), PxPAX2 expressing HIV gag/ pol, Rev 

and tat (6 μg/10 cm plate, Addgene), and pMD2.G vector expressing VSV.G (2 μg/ 10 cm 

plate) were transfected into 2, 100 mm culture dishes of 293T cells, using X-tremeGENE 

HP DNA Transfection reagent (Roche). Seventy-two hours after transfection, supernatant 

was collected. HCC cells were transduced with the viral supernatant and GFP positive cells 

were sorted with BD FACSJazz (BD Biosciences).

Establishment of loxp-dsRed-loxp-Stop-eGFP-puro-WPRE constructs for each of the 4 
HCC cells lines

PMSC-loxp-dsRed-loxp-Stop-eGFP-puro-WPRE (Addgene plasmid, 7.5 μg/10 cm plate) 

gag/pol plasmid (6 μg/10 cm plate) (Addgene), and VSV-G vector expressing (2 μg/ 10 cm 

plate) were transfected into 4, 100 mm culture dishes of 293T cells, using X-tremeGENE 

HP DNA Transfection reagent (Roche). Seventy-two hours after transfection, supernatant 

was collected. HCC cells were transduced with virus supernatant. Seventy two hours later, 

cells were treated with puromycin (9μg/ml for MHCC97H, MHCC97L, HepG2, and 7ug/ml 

for Huh7) for 2 weeks.

Exosome isolation and characterization

Exosomes were isolated and characterized as described previously (8).

Exosomes transfection with miR-335-5p mimics or miR-NSM

Exosomes from LX2 cells were transfected with miR-335-5p mimics or miR-NSM as 

described previously (8). Specifically, the EVs were transfected with miR-335-5p or NSM 

using Lipofectamine RNAiMAX Reagent (ThermoFisher, USA). Specifically, to transfect 

30μg exosomes, we used 2 μl Lipofectamine RNAiMAX Reagent diluted in 25μl Opti-MEM 

Medium (OM), and 1μl miR-335-5p mimic or NSM (10 pmol) diluted in 25μl Opti-MEM 

Medium. Then we mixed the diluted Lipofectamine RNAiMAX Reagent and diluted 

miR-335-5p mimic or NSM and incubated for 5 minutes at room temperature. Isolated EVs 

were diluted in 250ul OM, then the miRNA-lipid complexes were added to the diluted EVs, 

and incubated for 6 hours at 37°C. Then, EV-miR-335 or EV-NSM were concentrated with 

Vivaspin 2 purification column (50 kDa, GE Healthcare, UK). Real time PCR with 
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miR-335-5p primers identified in excess of 6,000 fold more miR-335-5p when EVs were 

present, suggesting that all miR-335-5p is associated with EVs and almost nothing exists 

outside of EVs (Supplementary Figure S1).

Detection of Cre mRNA expression in EVs

LX2 cells were transfected with Cre as described above. EVs were isolated from cell 

conditioned media (CM) using high speed centrifugation. RNA was isolated from cells, CM 

and Supernatant (Sup) using the Trizol reagent (Ambion, Life Technologies) according to 

the manufacturer's instructions. The amount and purity of isolated RNA was analyzed by the 

Nanodrop spectrophotometer (Wilmington, DE, USA). Reverse transcription was performed 

using TaqMan MicroRNA Reverse Transcript kit (Applied Biosystems). The resulting cDNA 

was then amplified in a PCR reaction using Cre-specific primers (forward primer: 5′ 
GCCTGCATTACCGGTCGATGC 3′; reverse primer: 5′ GTGGCAGATGGC 

GCGGCAACA 3′). Thermal cycle conditions used for all reactions were as follows: 5 min 

at 95°C, followed by 35 cycles consisting of denaturation for 30 sec at 95°C, annealing for 

30 sec at 58°C, and extension for 1 min at 72°C. PCR reactions were concluded with 

incubation for 10 min at 72°C to complete the extension of all synthesized products. PCR 

products were then visualized on a 1.25% TAE agarose gel (Supplementary Figure S2).

In vitro detection of exosome transfer

MHCC97L cells were stably transfected with PMSC-loxp-dsRed-loxp-Stop-eGFP-puro-

WPRE, then, exosomes from LX2-Cre cell or control LX2 cells were added to the medium 

of 97L-loxp-dsRed-loxp-Stop-eGFP. The medium was not changed for 72h to allow LX2 

exosomes carrying Cre to be uptaken by MHCC97L cells. The successful packaging of Cre 

into EVs by LX2 cells, followed by the successful uptake of these exosomes by MHCC97L 

and finally utilization of Cre by these cancer cells would result in a deletion event between 

the 2 loxp sites of MHCC97L. This deletion event would in turn cause the excision of dsRed 

(red color) and expression of GFP (green color).

In vivo detection of exosome transfer

MHCC97H cells were stably transfected with PMSC-loxp-dsRed-loxp-Stop-eGFP-puro-

WPRE as described above. These 97H-loxp cells (2×106) were injected subcutaneously into 

female NOD scid gamma mice (The Jackson Laboratory) at the age of 6 weeks, to establish 

tumors. After 1 week, exosomes from LX2-Cre medium were injected intra-tumorally. 

Seven days later, tumors were harvested. Expression of eGFP and dsRed were tested with 

western blot assay and immunofluoresence. The described animal procedures have been 

reviewed and approved by the Institutional Animal Care and Use Committee at the Johns 

Hopkins University.

Measurement of LX2-exosome-miR-335 effects on MHCC97H spheroids

We generated MHCC97H spheroids by using the hanging drop method, which utilizes 

spheroids completely embedded in matrigel as described in Supplementary Materials and 

Methods and in (12). Exosomes were transfected with miR-335-5p mimics or miR-NSM as 

above. Then, 5μg exosomes-miR-335 or exosome-NSM, respectively, per well were added in 
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the medium on the top of spheroid. The invasion areas were measured with Image J 

software. And the invasion index was calculated by invasion area divide the area of 24h 

spheroid.

Measurement of LX2-exosome-miR-335 effects on MHCC97H cell in vivo

MHCC97H cells (2×106) were injected subcutaneously into female NOD scid gamma mice 

(Jackson Laboratory) at the age of 6 weeks, to establish tumors. When tumors can be seen 

and get to length of 5mm, exosomes were transfected with miR-335 or miR-NSM as above. 

Then, 50μg exosomes per mouse (16.7 pmol miR-mimics) were injected intra-tumorally 

twice a week for 4 weeks. In order to determine tumor, the greatest longitudinal diameter 

(length) and the greatest transverse diameter (width) were determined. Tumor volume based 

on caliper measurements were calculated by the modified ellipsoidal formula (13, 14): 

Tumor volume = 1/2(length × width2).

Quantitative mRNA RT-PCR using Taqman Human Cancer pathway panel

MHCC97H and MHCC97L cells were transfected with miR-335-5p mimic or. Total RNA 

was extracted from cultured cells using TRIzol reagent (Ambion by Life Technologies, 

Carlsbad, California, USA). In addition, RNA was extracted from mouse tumors treated with 

miR-335 or NSM, respectively. cDNA was synthesized with High-Capacity cDNA Reverse 

Transcription Kits (ThermoFisher, USA), then quantitative RT-PCR analysis were applied 

with specific Taqman Human Cancer pathway panels, which contains 624 genes related to 

DNA repair, angiogenesis, cell adhesion, and ECM, as well as genes involved in the cell 

cycle and apoptosis that have been found to be differentially expressed in early cancer and 

metastatic disease.

Immunostaining of ki67 and cleaved caspase-3 on frozen sections

Mouse xenograft tumor tissue were harvested, and then prepared for frozen sectioning. The 

frozen sections were fixed and stained with ki67 and cleaved caspase-3 antibodies (Sigma, 

USA). The positive cells were counted with image-J software and relative ratio was 

calculated by dividing the total cells in the same view, and experiments were repeated three 

times.

Statistical methods

SPSS software version 17 (IBM Corp., Armonk, NY, USA) was used to perform statistical 

tests. Data are expressed as mean ± SD. Paired Student's t test was used to test the 

differences in sample means for data with normally distributed means. Statistical 

significance was assumed at a p value of <0.05.

Results

Co-culturing HCC cells with fibroblasts leads to down-regulation of miR-335-5p within 
fibroblasts, as well as in HCC cells

MiR-335 has been implicated as a tumor suppressor miR species in HCC (15). In addition, 

outside the liver, miR-335 over-expression suppresses metastatic colonization in human 
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breast cancer lines. Conversely, the inhibition of miR-335 has the opposite effect, enhancing 

metastasis (16). We concluded that, in some human cancers, and more importantly, in HCC, 

miR-335 acts as a tumor suppressor. In addition, further literature review uncovered a report 

of gradual miR-335 downregulation along the continuum from inactive to activated human 

stellate cells (11). These 2 lines of reported involvement of miR-335 in liver diseases 

suggested a scenario where liver fibrosis (activation of stellate cells) and cancer development 

may be characterized by downregulation of miR-335 both in stellate cells as well as in 

epithelial cancer cells. We have chosen to study miR-335-5p due to these its reported cancer 

suppressing and anti-fibrotic effects. In the current study, we focused on the delivery of 

miR-335-5p to HCC cells by utilizing EVs. First, we assessed baseline levels of miR-335 in 

LX2, as well as in several HCC cell lines when cultured individually. We found that the level 

of miR-335 was higher in LX2 cultured by themselves vs. HepG2, MHCC97L, MHCC97H 

and Huh7 liver cancer cells cultured by themselves, respectively (Figure 1A). Next, we 

investigated how miR-335-5p levels change when co-culturing fibroblast cells (LX2) with 

each of the four cancer cell lines. HCC cells were stably transduced with pCDH-EF1-MCS-

IRES-GFP lentivirus. These HCC cells expressed GFP for the purpose of FACS sorting after 

direct co-culture with LX2 cells. Each of these 4 HCC cell lines were then directly co-

cultured with LX2 cells for 14 days. After co-culturing, HCC cells and LX2 cells were 

separated by sorting according to GFP positivity. Of note, previous published literature 

demonstrating downregulation of miR-335-5p in HCC as well as in activated stellate cells 

had not investigate if the downregulation of miR-335-5p occurs concurrently when these 2 

cell types are in direct contact (such as is the case in vivo or in direct co-culture conditions). 

We hypothesized that an etiologic role for miR-335-5p in HCC development (in particular in 

a background of fibrosis) might be accompanied by simultaneous downregulation both in 

cancer cells and stromal cells. Remarkably, we found that miR-335 levels are down-

regulated in each of the 4 HCC cell lines upon co-culturing with LX2 cells (Figure 1B, C, D, 

and E). Moreover, we noted that miR-335-5p levels were also down-regulated in LX2 cells 

when co-cultured with any of the HCC cell types (Figure 1F). These findings suggest that 

the symbiotic cancer cell-CAF environment appears to benefit from the down-regulation of 

miR-335-5p. Another possible implication is that miR-335-5p can be actively shuttled 

between the 2 cell types and therefore, the levels are in equilibrium. By extension, if these 

hypotheses are correct, the consequence would be that up-regulating miR-335-5p in either of 

the 2 cell types would have similar phenotypic effects.

Over-expression of miR-335-5p in HCC cells inhibits their proliferation and invasion

In order to investigate the potential role of miR-335-5p in HCC growth and metastasis, 

HepG2, MHCC97H, MHCC97L and Huh7 cells were transfected with miR-335-5p mimics 

and negative control (NSM). Next, we determined cancer cell proliferation by MTT assay 

and invasion by transwell assay. The proliferation assays showed that miR-335-5p 

restoration markedly inhibited cell growth in each of the 4 HCC cell lines tested (Figure 2A) 

when compared with control NSM transfected cells. The transwell assay demonstrated 

significant cell invasion inhibition in the miR-335-5p transfected cells compared with their 

control counterparts (Figure 2B, C). We conclude that miR-335-5p exerts its anti-cancer 

effects through inhibiting the growth as well as the invasion of HCC cells.
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Up-regulation of miR-335-5p within fibroblasts is sufficient to inhibit neighboring cancer 
cell proliferation, invasion and motility

We transfected LX2 cells with miR-335-5p or NSM, respectively, then co-cultured these 

cells with each of the following 4 HCC cell lines: HepG2, MHCC97H, MHCC97L and 

Huh7. The number of cancer cells after 3 days was then assessed. We found that each of the 

4 cancer cell lines proliferated less when co-cultured with LX2 cells over-expressing 

miR-335 vs. control (Figure 3A). We further explored the invasion ability of cancer cells 

when co-cultured with LX2-miR-335-5p or LX2-NSM. We found that co-culturing with 

LX2 cells transfected with miR-335-5p, cancer cells invaded less vs. control. (Figure 3B, C). 

Similar results were obtained in a scratch assay, suggesting that the motility of HCC cells, 

including HepG2 (Figure 4A, B), MHCC97H (Figure 4C, D), MHCC97L (Figure 4C, D), as 

well as Huh7 (Figure 4E, F) is inhibited when each individual cancer cell line is co-cultured 

with LX2 cells over-expressing miR-335. We concluded that up-regulation of miR-335-5p in 

fibroblasts is sufficient to inhibit growth and invasion in neighboring cancer cells. This 

observation raises an important question – is the observed phenotype due, at least in part, to 

miR transfer from fibroblasts to cancer cells?

Exosomal transfer from fibroblasts to HCC cells in vitro

It was previously reported by our group, as well as others, that EVs can transfer RNA 

between cells (17). Data presented above suggested that miR-335-5p might be actively 

shuttled between fibroblasts and cancer cells in our co-culture system. To investigate this 

hypothesis, we employed the Cre-loxp system. First, EVs from LX2-Cre cells were isolated. 

As shown in Supplementary Figure S2 and in previous studies, EVs from cells transfected 

with a Cre vector express Cre mRNA (18). Next, we characterized LX2-derived EVs and 

found typical exosomal markers (Figure 5A). To further characterize these particles, we 

utilized Nanoparticle Tracking Analysis (NTA). We found that the mean size of isolated EVs 

was approximately 100 nM, suggestive of typical size of exosomes (Figure 5B). To 

determine whether miR-335-5p can be directly transferred from fibroblasts to HCC cells via 

EVs, we transfected HCC cells with PMSC-loxp-dsRed-loxp-Stop-eGFP-puro-WPRE 

retrovirus. After transfection and selection, HCC cells demonstrated, as expected, 

fluorescence in the red, but not in the green channels (Supplementary Figure S3.). As an 

intermediary step, and to verify that LX2-Cre release EV-Cre in co-culture, we directly co-

cultured LX2-Cre cells with HCC cells expressing loxp-dsRed-loxp-Stop-eGFP. We 

surmised that if EVs carry Cre from LX2 cells to co-cultured HCC cells, then we would note 

a change in fluorescence from red to green. Indeed, after 1 week of co-culture, we noted that 

select cancer cells in culture switched fluorescence from the red to the green spectrum 

(Supplementary Figure S4.) Last, we directly added exosomes isolated from LX2-Cre to 

MHCC97L-loxp-dsRed-loxp-Stop-eGFP for 1 week. We noted that select cancer cells have 

switched from red to green, demonstrating that 1) EVs carrying Cre were uptaken by these 

cancer cells and 2) the EV cargo had been utilized within cancer cells (Figure 5C). We 

therefore concluded that EVs released from fibroblasts have the ability to shuttle their cargo 

from cells of origin (fibroblasts) to neighboring target cells (cancer cells).

Wang et al. Page 7

Hepatology. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Exosomal delivery to HCC cells in vivo

To study the intercellular EV exchange in vivo, we first established xenograft subcutaneous 

tumors in NOD Scid Gamma (NSG) mice with HepG2-loxp-dsRed-loxp-Stop-eGFP, 

MHCC97H-loxp-dsRed-loxp-Stop-eGFP and MHCC97L-loxp-dsRed-loxp-Stop-eGFP cells, 

respectively. After we successfully established tumor xenografts from each of these 3 HCC 

cell lines, we sought to inject EV directly into these tumors and detect the utilization of EV 

cargo in the cytoplasm of cancer cells. Last, in order to gain insight into the effects of a low 

dose of EVs, we decided to perform a single injection of EVs into tumors. To this end, we 

administered a single dose of exosomes (150 ng) from LX2-Cre by injection directly into the 

tumor mass. We surmised that if EVs injected in the cancer mass are uptaken by cancer 

cells, even after a single dose, then we should see at least a few cancer cells switching from 

red to green fluorescence. Seven days later, the tumor tissue was harvested and proteins were 

isolated. GFP and dsRed proteins were detected by western blot. As shown in Figure 5D, 

dsRed was detected in lysate from all tumors, while GFP was detected only in lysates from 

mouse tumors treated with EV-Cre. These data demonstrate that EV-Cre were uptaken by 

cancer cells in vivo and their cargo was utilized within these cancer cells. To further verify 

our findings, we sought to detect GFP by an independent method. To this end, we performed 

immunofluorescence on cancer tissue slides, which showed that cancer cells within tumors 

treated with EV-Cre have uptaken and utilized Cre (Figure 5E). In conclusion, 1) we gave 

mice a single dose of EVs (low dose, through direct tumor injection); 2) to ensure 

reproducibility, experiments were performed in xenografts established from 3 different cell 

lines and 3) we detected a change in GFF/dsRed through 2 independent methods (western 

blotting and immunofluorescence).

MiR-335-5p delivered by EVs inhibit HCC invasion in vitro

While we have shown that 1) cancer cells grow less and invade less when co-cultured with 

fibroblasts over-expressing miR-335-5p; 2) EVs produced by fibroblasts can successfully 

deliver their cargo to cancer cells and 3) that cancer cells utilize the cargo delivered by EVs 

intra-cytoplasmatically, we had yet to demonstrate that miR-335 delivered by EVs had a 

phenotypic effect on target cancer cells. To this end, we generated cancer cell spheroids by 

employing the hanging-drop methodology, as described in Supplementary Materials and 

Methods and in other published protocols (12). The hanging drop methodology was 

implemented to obtain a 3D pre-clinical representation of cancer invasion capabilities. 

Spheroids were then treated with EVs-miR-335 and EVs-NSM, respectively. We noted 

MHCC97H spheroids treated with EV-miR-335-5p invaded the surrounding Matrigel 

significantly less vs. spheroids treated with the control EV-NSM (Figure 6A, B).

MiR-335-5p delivered by EVs inhibits HCC growth in vivo

To further delineate whether EV transfer of fibroblast-derived miR-335-5p could impact 

HCC growth in vivo, MHCC97H cells (2×106) were injected subcutaneously into 6-week 

old female NSG mice. When tumors reached 5mm in diameter, EVs that were transiently 

transfected with miR-335-5p or negative control were quantified. Next, 50 μg EV-

miR-335-5p (16.7 pmol of miR-335-5p) per mouse were injected intra-tumorally twice a 

week for 4 weeks. We found that the EV treatment resulted in significantly smaller tumors in 
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the treatment group vs. control (Figure 6C). Similar findings were found when the animals 

were euthanized and the tumors measured directly after excision (Figure 6D, E). To verify 

that, indeed, the levels of miR-335-5p are higher in tumors that grew less vs. control tumors, 

we quantified its levels by RT-PCR. We found that levels of miR-335-5p were approximately 

30 fold higher in tumors that were treated with EV-miR-335 vs. control (Figure 6F).

In vivo treatment of HCC with EV-miR-335 induces less proliferation as well as increased 
apoptosis

To investigate the mechanism of miR-335-5p meditated tumor inhibition, we assayed for 

ki67 and caspase-3 in slides prepared from the tumors. As shown in Figure 7, the expression 

of ki67 was reduced in LX2-Exo-miR group vs. with LX2-Exo-nsm group, and the cleaved 

caspase-3 expression in LX2-Exo-miR group was increased. These data suggest that EV-

miR-335-5p inhibits tumor growth in vivo through decreased proliferation as well as 

increased apoptosis.

Unbiased identification of miR-335-5p downstream mRNA targets

To determine mRNA targets of miR-335-5p in an unbiased fashion, we transfected 

MHCC97H and MHCC97L with miR-335-5p mimic or negative control. In addition, mouse 

xenograft tumors from mice treated with EV-miR-335-5p as well as control, respectively, 

were collected. A total of 4 mice tumors were used for this experiment. Specifically, two 

mice were used to establish MHCC97L-derived subcutaneous tumors (one tumor per 

mouse). One of the tumors was treated with EV-NSM and the other mouse tumor was 

treated with EV-miR-335-5p. In addition, two mice were used to establish MHCC97H 

subcutaneous tumors. Similarly, one mouse tumor was treated with EV-NSM and the other 

with EV-miR-335-5p. Intra tumoral injections with EV-NSM or EV-miR-335-5p were 

performed twice a week for duration of 4 weeks. RNA from cell lines (a total of 4 samples) 

and from mouse tumors (a total of 4 samples) were used to identify differentially expressed 

mRNA species between NSM and miR-335-5p treated samples. The Taqman Human Cancer 

Panels (Thermofisher Scientific) was used. Bioinformatics analyses identified 13 genes 

which were consistently and uniformly down-regulated in the 4 RNA samples treated with 

miR-335-5p. Of note, we utilized this stringent, experimental approach, instead of the 

bioinformatics-based search engine approach to confer our report a high specificity. Given 

how strict the determination of these putative targets was (in vitro – Figure 8 A and B, as 

well as in vivo –Figure 8 C and D, each on 2 separate cell lines), it is likely that these targets 

are indeed down-regulated by miR-335-5p and involved in its downstream effects. These 

mRNA species are: CDC42 (Cell division control protein 42 homolog), CDK2 (Cyclin-

dependent kinase 2), CSNK1G2 (Casein kinase 1 gamma 2), EIF2C2 (Protein argonaute-2), 

EIF5 (Eukaryotic translation initiation factor-5), LIMK1 (LIM Domain Kinase 1), NRG1 

(Neuregulin 1), PLK2 (Polo Like Kinase 2), RGS19 (G-protein signaling 19), TCF3 

(Transcription Factor 3), THBS1 (Thrombospondin 1), YBX1 (Y-Box Binding Protein 1) 

and ZMYND8 (Human Zinc Finger MYND-type containing 8). The modulation of 

pathways downstream of miR-335 is likely to be explained, at least in part, by these 

trancriptomics changes. The exhaustive identification of mechanisms of miR-335 action is 

beyond the purpose of this manuscript.
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Discussion

The vast majority of HCC cases arise in a background of liver fibrosis/cirrhosis that is rich in 

activated fibroblasts/stellate cells. Starting with this observation, we hypothesized that 

stellate cells and cancer cells can communicate. Furthermore, we posited that the 

communication between stellate cells and cancer cells is done in part via EVs. Here, we 

found that co-culturing stellate and cancer cells results in downregulation of miR-335-5p in 

both cell types. Although it was not the purpose of this study to investigate the mechanisms 

through which this concomitant down-regulation occurs, we did not a similar phenomenon 

in cholangiocarcinoma (8). It is attractive to hypothesize that the down-regulation of 

miR-335-5p is conducive to cancer development and/or homeostasis. Conversely, up-

regulation of miR-335-5p in cancer cells, or in neighboring fibroblasts, should result in 

cancer repression. We have noted such cancer repression (invasion as well as growth) when 

miR-335-5p has been up-regulated either in cancer cells or in fibroblasts.

Previous work in cholangiocarcinoma demonstrates that cancer cells avidly uptake stellate 

cell/fibroblast-derived EVs (8). While the mechanisms of EV shuttling between 

cholangiocarcinoma cells and neighboring stromal cells in vivo have not been elucidated to 

date, this previous report argues that such process occurs and also that it can be utilized/

adapted for therapeutics delivery to cancer cells in vivo (8). Previously published work 

showed that that miR-335-5p is 1) downregulated in liver cancer cells (15); and 2) 

downregulated in activated, collagen producing stellate cells vs. inactive cells (11). In the 

current manuscript we noted further downregulated in both cancer cells and stellate cells 

upon their direct co-culture. These findings further suggest that shuttling of EVs and their 

cargo between HCC cells and surrounding stromal cells occurs, but the precise mechanisms 

of such process continue to be elusive to date. Furthermore, it is formally possible that, 

through a yet to be discovered mechanism, the symbiotic cancer cell-stromal cell 

environment requires low levels of miR-335-5p for successful cancer genesis and 

development. In strong support of this hypothesis are our findings that upregulation of 

miR-335-5p in either cancer cells, or in stromal cells, is sufficient to inhibit HCC growth 

and/or invasion (Figures 2, 3, 4 and 6).

The observation that the up-regulation of miR-335-5p in fibroblasts results in neighboring 

cancer cell repression suggests that miR-335-5p might be shuttled between these 2 cell 

types. Indeed, when miR-335-5p was directly up-regulated in EVs and delivered to cancer 

cells, a similar effect was noted. Building on these observations, we verified that EVs can be 

utilized as vehicles to deliver miR-335-5p in vivo to cancer cells, as it has been reported 

previously by our group in cholangiocarcinoma (8). The fact that we successfully delivered 

EVs to cancer cells in vivo, that EV content was successfully taken into, and utilized by 

cancer cells and finally, that the treatment resulted in slower cancer growth suggests that 

EVs may, indeed, be utilized as cancer therapeutics in HCC.

To obtain an unbiased view on mRNA targets downstream of miR-335-5p, we have 

performed a quantitative PCR (qPCR) screen. We have used Taqman Human Cancer Panel 

which has 624 genes related to DNA repair, angiogenesis, cell adhesion, cell cycle and 

apoptosis. We identified the most likely targets of miR-335-5p as CDC42 (Cell division 
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control protein 42 homolog), CDK2 (Cyclin-dependent kinase 2), CSNK1G2 (Casein kinase 

1 gamma 2), EIF2C2 (Protein argonaute-2), EIF5 (Eukaryotic translation initiation factor-5), 

LIMK1 (LIM Domain Kinase 1), NRG1 (Neuregulin 1), PLK2 (Polo Like Kinase 2), 

RGS19 (G-protein signaling 19), TCF3 (Transcription Factor 3), THBS1 (Thrombospondin 

1), YBX1 (Y-Box Binding Protein 1) and ZMYND8 (human Zinc Finger MYND-type 

containing 8). Among these genes, CDC 42(19, 20), CDK2(21, 22), EIF2C2(23, 24), 

EIF5(25, 26), LIMK1(27), NRG1(28), PLK2(29), RGS19(30), TCF3(31), THBS1(32) as 

well as YBX1(33) have been implicated in hepatocellular carcinoma, and some of them are 

related to invasion and metastasis. Out of these 13 downstream miR-335-5p targets, 

CSNK1G2 and ZMYND8 are reported here for the first time as playing a role in HCC.

In the current study we chose to deliver EVs directly to xenografted tumors (via direct intra-

tumor injections). Unlike in experiments performed previously in cholangiocarcinoma (8), in 

this study we chose to circumvent vascular delivery of EVs to tumor site by directly 

injecting EVs into the tumors. The rationale was 2 fold – first, we focused on the uptake of 

EVs by cancer cells, once these EVs were delivered to the tumor mass (as opposed to 

focusing on concentrating EVs from the blood stream to the cancer mass) and second, there 

is a precedent whereby active chemotherapeutics are given to un-resectable or multifocal 

HCC patients by intra-arterial delivery to the cancer. This method, trans-arterial chemo 

embolization (TACE) is an accepted and widely utilized HCC treatment modality (34). 

Nonetheless, it should be noted that intra-tumoral injections of EVs is merely a model of 

cancer therapeutics delivery that does not perfectly model intravenous nor intra-arterial 

delivery. Therefore, further studies must identify if the best delivery method of EVs to HCC 

patients is via intra-venous delivery, or, as in the case of TACE, via direct delivery to the 

cancer mass.

There are multiple future directions stemming from this study. For example, we have not 

aimed at identifying the causal factors resulting in the down-regulation of miR-335-5p in 

both stellate cells and cancers cells upon their co-culture. In addition, we have not tested 

EVs produced by other cell types to investigate if the cargo delivery by stellate cell produced 

EVs is related to the cell of origin. This aspect is important for future developments of EVs 

as cancer therapeutics. Last, pathways downstream of miR-335-5p have not been 

exhaustively investigated. While we took first steps towards finding miR-335-5p targets in 

an unbiased fashion, further work is necessary should miR-335-5p be considered as a 

potential HCC therapeutics.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Co-culturing HCC cells with fibroblasts leads to down-regulation of miR-335-5p within 
fibroblasts, as well as in HCC cells
Panel A. Shown are baseline levels of miR-335-5p in LX2, as well as in several HCC cell 

lines when cultured individually. RNU6B was utilized as internal reference. All the reactions 

were run in triplicate. * P<0.05 and ** P<0.01 comparing with LX2 group. Panels B-E. 
These panels demonstrate downregulation of miR-335-5p in each of the 4 HCC cell lines 

upon their individual co-culture with LX2 cells. * P<0.05 comparing with each cell line 

group. Panel F. MiR-335-5p levels were also downregulated in LX2 cells when co-cultured 

with any of the HCC cell types * P<0.05, ** P<0.01 comparing to LX2 cell before co-

culturing.
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Figure 2. Over-expression of miR-335-5p in HCC cells inhibits their proliferation and invasion
Panel A. MTT proliferation assays showed that miR-335-5p restoration markedly inhibited 

cell growth vs. NSM transfected cells in each of the 4 HCC cell lines tested. All the 

reactions were run in triplicate. Absorbance was read at 570nm and subtracts background 

absorbance measured at 690 nm using an Envision 2104 multipliable Plate Reader. Data are 

represented as mean ± SD, and analyzed with two-way ANOVAs in SPSS software. Panel 
B. The transwell assays demonstrated significant cell invasion inhibition in the miR-335-5p 

mimic-transfected cells compared with their counterparts. Panel C. Cells from five random 

fields in invasion assay were counted at X10 magnification with Image J software. Error bars 

represent the SE for n=5 experiments carried out in triplicate. The p-values were obtained 

using the Student's paired t-test, two-tailed.
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Figure 3. Upregulation of miR-335-5p in fibroblasts inhibits neighboring cancer cell proliferation 
and invasion
Panel A. Upregulation of miR-335-5p mimic in LX2 cells inhibits neighboring cancer cell 

growth. All the experiments were done in triplicate. Panel B. Cancer cells co-cultured with 

LX2 cells transfected with miR-335-5p invaded less vs. control cancer cells. Panel C. The 

invasion rates from Panel B were quantified as in Figure 2, Panel C.
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Figure 4. Over-expression of miR-335-5p in fibroblasts inhibits cancer cell motility
Panels A, B, C and D demonstrate that each of the HCC cell lines display less motility when 

co-cultured with LX2-miR335-5p prior to their plating for the scratch assay. Panel E shows 

the quantification of motility from Panels A-D. Note that the higher numbers (height of bars 

in the figure) for miR-335 treated cancer cells signify a wider wound at 24h, which 

translates into less motility. Bars represent the migration index for each treatment arm (NSM 

vs. miR-335), expressed as a value of scratch area at 24h divided the area at time 0h. Error 

bars represent the SE for n=5 experiments carried out in triplicate. The p values were 

obtained using a 2-tailed Student's paired t-test.
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Figure 5. Exosomes transfer nucleic acid cargo from fibroblasts to HCC cells in vitro and in vivo
Panel A. LX2-derived EVs (Exo) display typical exosomal markers (CD63 and TSG101). β-

actin was utilized as internal control. Panel B. Nanoparticle Tracking Analysis (NTA) 

displayed the size distribution of EVs isolated from LX2 cell cultures. Black line represents 

mean of five experiments, SD in red. The mean size of isolated EVs was approximately 100 

nM, which is the typical size of exosomes. Panel C. Exosomes isolated from LX2-Cre cells 

were added to cultures of HepG2-loxp-dsRed-loxp-Stop-eGFP and MHCC97L-loxp-dsRed-

loxp-eGFP for 1 week. As shown, there were cancer cells that switched colors from red to 

green to signify that Cre has been transferred by exosomes to the cytoplasm of these cancer 

cells. Scale bars represent 100 μm. Panel D. Western blot assay for GFP and dsRed in each 

tumor tissue. dsRed was detected in lysate from all tumors, while GFP was detected only in 

lysates from mouse tumors treated with EV-Cre. Panel E. Immunofluorescence of GFP and 

dsRed in tumor tissue frozen slides. When tumor were infected with exosomes isolated from 

LX2-Cre, the dsRed positive cells were detected. Scale bars represent 50 μm.
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Figure 6. MiR-335-5p delivered by EVs inhibit HCC invasion in vitro and inhibit HCC growth in 
vivo
Panel A. Cancer spheroids treated with EV-miR-335-5p invade surrounding matrigel less vs. 

control cells. Scale bars represent 100 μm. Panel B. The invasion area was measured with 

Image J software. The invasion index was calculated by the area at 48h and 72h, 

respectively, divided by the area of the 24h spheroid. Data is presented as mean, and error 

bars represent the SE for n=5 experiments carried out in triplicate. Panel C. Xenograft 

tumor volumes were measured twice a week right before EV injection. EV treatment 

resulted in significantly smaller tumors in the treatment group vs. control. Panel D. Excised 

xenograft tumors from EV-335-5p and control animals. Tumor size was significantly smaller 

in animals injected with LX2 cell-derived exosomes loaded with miR-335-5p mimics (Exo-

miR-335) when compared with negative control (Exo-NSM). Panel E. Tumor/body weight 

ratio when animals were euthanized. Data is presented as mean, and error bars represent the 

SE for n=5 for each group. Panel F. miR-335-5p is expressed at higher values in tumor 

tissue from mice treated with EV-miR-335-5p vs. control tissue (n=5). Levels of miR-335-5p 

were approximately 30 fold higher in tumors that were treated with EV-miR-335 vs. control.
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Figure 7. In vivo treatment of HCC with EV-miR-335 induces less proliferation as well as 
increased apoptosis
Panel A. demonstrates immunostaining for Ki67 and Panel B. demonstrates Cleaved-

Caspase-3 in mice tumors treated by intra-tumoral injection with LX2-derived exosomes 

carrying miR-335-5p mimics (Exo-miR-335). Scale bars represent 50 μm. Ki67 positive cell 

or Cleaved-Caspase-3 positive cells and total cells were counted by Image J, and the ratio of 

Ki67 positive cell or Cleaved-Caspase-3 positive cell as a function of total cells on the same 

slides were calculated. Data is presented as mean, and error bars represent the SE for 5 

slides from 3 different mice for each group. Student t-test was used for statistics. Panels C 
and D present the quantification of fluorescence from Panels A and B, respectively.
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Figure 8. Downstream mRNA targets of miR-335-5p were identified by qPCR array
Panels A, B: MHCC97H and MHCC97L cells were transfected with miR-335-5p mimic 

(97H-miR-335 and 97L-miR-335) or negative control (97H-NSM and 97L-NSM).Thirteen 

potential mRNA targets of miR-335-5p were identified to be downregulated by miR-335 

treatment. Panels C, D: Mouse 1 and mouse 2 are subcutaneous tumors established by 

injecting MHCC97L, and mouse 3 and mouse 4 are subcutaneous tumors established by 

injecting MHCC97L. Each of the two pairs was treated with EV-NSM and the other mouse 

tumor per group was treated with EV-miR-335-5p. We extracted the total RNA from the 

mice tumor. Real time qPCR array using The Taqman Human Cancer Panels demonstrate 

the downregulation of these 13 potential mRNA targets of miR-335-5p.
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