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Abstract: Hepatocellular carcinoma (HCC) represents a lethal cancer, and most HCC cases occur in the fibrotic or 
cirrhotic livers. Hepatic stellate cells (HSCs), the main effector cells of liver fibrosis, could secret biological contents 
to maintain liver inflammation. Herein, we aimed to identify the key transcription factor secreted by extracellular 
vesicles (EVs) derived from HSCs and explored its oncogenic mechanism. The activated HSC cell line LX-2 was 
co-cultured with HCC cells with or without the EVs release inhibitor GW4869. The effects of co-culture with HSC 
on HCC cell proliferation, migration, invasion, and epithelial-to-mesenchymal transition were analyzed. Co-culture 
with activated LX-2 enhanced HCC cell growth and motility, while GW4869 inhibited the pro-carcinogenic effect of 
HSC, suggesting that HSC promoted HCC progression through the secretion of EVs. HSC-derived EVs carried the key 
oncogenic transcription factor PRDM16, and uptake of EVs-derived PRDM16 by HCC cells activated the NOTCH1-
mediated Notch signaling pathway. Knocking down PRDM16 in EVs or blocking Notch signaling in HCC cells signifi-
cantly inhibited the tumor-promoting effects of HSC-derived EVs. Our study demonstrates that HSC-derived EVs acti-
vate the NOTCH1-mediated Notch signaling pathway in HCC cells by carrying PRDM16, leading to HCC progression.

Keywords: Hepatocellular carcinoma, hepatic stellate cells, extracellular vesicles, PRDM16, notch signaling path-
way

Introduction

Hepatocellular carcinoma (HCC), the most fre-
quent primary liver cancer, has been recog-
nized as a leading cause of death among 
patients with cirrhosis, and its incidence is 
expected to increase in the future [1]. HCC is 
highly therapy-resistant and thus difficult to 
treat, and the improvements in the outcomes 
of patients receiving systemic therapies have 
been modest [2]. Thus, novel therapies for HCC 
remain an unmet medical need. Hepatic stel-
late cells (HSC) are a subpopulation of the HCC 
tumor microenvironment and activated HSCs 
transform into myofibroblast-like cells to expe-
dite fibrosis in response to liver injury or chronic 
inflammation, leading to cirrhosis and HCC 
development [3, 4]. It has been noted that mol-
ecules secreted by HSC promote epithelial-
mesenchymal transition (EMT) in HCC cells, 
enabling migration and invasion [5]. Therefore, 

understanding the molecular mechanism of 
EMT in HCC might generate more desirable tar-
gets for anti-tumor therapy.

Extracellular vesicles (EVs) are membrane-
derived vesicles released by a vast network of 
cell types, including hepatocytes, HSC, and 
immune cells in normal and pathological condi-
tions [6, 7]. EVs are heterogeneous and can 
contain cell-derived biomolecules, such as  
proteins, lipids, RNAs, and microRNAs [8].  
EVs have shown great potential for treating  
HCC and there are still many unsolved ques-
tions regarding their role in HCC progression 
[9]. For instance, it has been reported that 
increased HSCs-derived exosomal microRNA-
148a-3p suppressed HCC tumorigenic function 
in vitro and in vivo [10]. Therefore, we anticipat-
ed that there also exists an oncogene that is 
responsible for the role of HSCs-derived EVs in 
HCC. 

http://www.ajcr.us
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Human HSC lines provide valuable new tools in 
the study of liver disease, and LX-2 cells pos-
sess advantages for their viability in serum- 
free media and high transfectability [11]. 
Integrated bioinformatics prediction revealed 
that positive regulatory domain I-containing 
protein 16 (PRDM16) was a transcription factor 
differentially expressed in HCC cells co-cul-
tured with LX-2 cells. PRDM16 is involved in a 
spectrum of biological processes, including cell 
fate determination and development, and regu-
lates transcription through intrinsic chromatin-
modifying activity or by complexing with his-
tone-modifying or other nuclear proteins [12]. 
PRDM16 expression has been used to predict 
the outcome of patients with cytogenetically 
normal acute myeloid leukemia [13]. In this 
study, we examined the expression and prog-
nostic value of PRDM16 in HCC and its actions 
in HSC-derived EVs and explored its down-
stream effectors using both bioinformatics pre-
diction and experimental validation in vitro and 
in vivo. Our study would provide a basis for 
potential new therapeutic strategies targeting 
HCC.

Materials and methods

Cell lines and cell culture

HSC cell line LX-2 (CL-0560) and HCC cell lines 
HuH-7 (CL-0120) and Li-7 (CL-0139) were all 
purchased from Procell (Wuhan, Hubei, China) 
and cultured in Dulbecco’s modified Eagle’s 
medium (DMEM, Gibco, Carlsbad, CA, USA) 
supplemented with 10% fetal bovine serum 
and 1% streptomycin/penicillin at 37°C with 5% 
CO2. A 36-h TGF-β (2 ng/mL) treatment was 
used to induce LX-2 activation, and untreated 
cells were used as a control. The short hairpin 
RNA of PRDM16 (sh-PRDM16 1, 2, 3#) was 
transfected into LX-2 cells using Lipofectamine 
2000 (Thermo Fisher Scientific Inc., Waltham, 
MA, USA) according to the manufacturer’s  
protocol. Subsequent experiments were per-
formed 48 hours later. HCC cells were treated 
with NOTCH1 inhibitor Tangeretin (HY-N0133, 
MedChemExpress, Monmouth Junction, NJ, 
USA) at a concentration of 15 μg/mL or control 
dimethylsulfoxide (DMSO) for 24 h. 

Transfection of shRNA for PRDM16 (sh-
PRDM16 1, 2, 3#) was performed using 
Lipofectamin2000 (Thermo Fisher) according 
to the manufacturer’s protocol. LX-2 cells were 

seeded into 24-well plates at 2 × 105 cells/well 
and cultured to a 90% confluence. Lipofec- 
tamin2000 reagent (5 μL) was diluted by 50 μL 
of Opti-MEM® Medium (Thermo Fisher), and 5 
μg of shRNA was diluted by 250 μL of Opti-
MEM® Medium, respectively. The diluted DNA 
(50 μL) was incubated with diluted Lipofec- 
tamine 2000 Reagent (50 μL) at room temper-
ature for 5 min to form a DNA-lipid complex. 
The DNA-lipid complex was added to the cells 
at 50 μL/well, and the cells were collected for 
subsequent experiments after incubation at 
37°C for 48 h. The loop sequence was CTCG- 
AG. The sequences of the shRNAs used (sh-
PRDM16 1, 2, 3#) were as follows: sh-PRDM16 
1#: ATTGACTGCAGAGTCTATTTACTCGAGTAAATA- 
GACTCTGCAGTCAAT; sh-PRDM16 2#: CGGTGA- 
CGTTGTAAATAATATCTCGAGATATTATTTACAA- 
CGTCACCG; sh-PRDM16 3#: ACGAGAAAGAAG- 
ACTCTTATTCTCGAGAATAAGAGTCTTCTTTCTCGT.

Immunofluorescence

LX-2 cells (1 × 104) treated with or without 
TGF-β were fixed with 4% paraformaldehyde for 
20 min, permeabilized with 0.5% TritonX-100 
for 10 min, and sealed with 5% bovine serum 
albumin (BSA) for 30 min at room temperature. 
The cells were subsequently incubated with 
Alexa Fluor® 488 fluorescently coupled α-SMA 
primary antibody (1:100, ab202295, Abcam, 
Cambridge, UK) overnight at 4°C. The nuclear 
labeling was conducted using 4’,6-diamidino-
2-phenylindole (DAPI; 50 μg/mL) for 10 min at 
room temperature in the dark. The staining 
results were observed by fluorescence micros-
copy (Carl Zeiss, Oberkochen, Germany).

Co-culture experiments

Serum-derived EVs were removed by centrifug-
ing the DMEM complete medium at 100,000 g 
for 18 h. HCC cell lines (4 × 105) and LX2 (1 × 
105) were resuspended in EVs-depleted medi-
um and seeded in the apical and basolateral 
chambers of Transwell cell culture inserts (0.4 
µm pore size; BD Biosciences, San Jose, CA, 
USA), respectively, with or without 20 µM 
GW4869 (HY-19363, MedChemExpress) for a 
24-h routine incubation. 

Cell counting kit-8 (CCK-8)

The treated HCC cells were seeded at a 3000 
cells/well density into 96-well plates and cul-
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tured to the indicated time points (0, 24, 48, 72 
h). Subsequently, 10 μL of CCK8 solution 
(CK04, Dojindo Laboratories, Kumamoto, Ja- 
pan) was added for 2-h incubation. The cell pro-
liferation was measured by measuring the opti-
cal density (OD) value at 450 nm using a micro-
plate reader.

5-Ethynyl-2’-deoxyuridine (EdU) assay

Cell-Light Apollo 643 Stain Kit (C10371-2, 
Guangzhou RiboBio Co., Ltd., Guangzhou, 
Guangdong, China) was used to assess the in 
vitro DNA synthesis activity of HCC cells. The 
treated HCC cells were treated with 50 μM EdU 
for 2 h at room temperature, fixed by 4% para-
formaldehyde for 20 min, and permeabilized 
using 0.5% TritonX-100 for 10 min. The cells 
were treated with 1 × Apollo 643 fluorescent 
dye for 30 min at room temperature in the dark. 
The nuclei were further incubated in the dark 
for 30 min at room temperature using 1 × 
Hoechst33342 reaction solution, and the stain-
ing results were observed by microscopy.

Transwell assay

For migration studies, treated HCC cells (1 × 
105) were resuspended in serum-free DMEM 
and seeded into the apical chamber of Transwell 
inserts (8 μm pore size, BD Biosciences), while 
the basolateral chamber was supplemented 
with a complete medium containing 10% FBS. 
After 24 h of incubation, the non-migrated cells 
in the apical chamber were removed with a cot-
ton swab, and the migrated cells on the lower 
surface were fixed with 4% paraformaldehyde 
for 10 min and stained with 0.1% crystal violet 
for 15 min (both at room temperature). For in- 
vasion studies, the apical chamber of the 
Transwell insert was pre-coated with Matrigel, 
and the remaining steps were the same as for 
migration studies.

Protein extraction and western blot

Total proteins were extracted from the cells by 
lysing the cells on ice with RIPA Lysis Buffer 
(E-BC-R327, Elabscience Biotechnology Co., 
Ltd., Wuhan, Hubei, China), and the main com-
ponents were 50 mM Tris (pH = 7.4), 150 mM 
NaCl, 1% TritonX-100, 1% sodium deoxycholate, 
1 mM EDTA, 0.1% sodium dodecyl sulfate 
(SDS), 10 mM sodium fluoride, 1 mM sodium 
orthovanadate, and 1 mM PMSF. The superna-

tant was collected after centrifugation at 4000 
g for 10 min at 4°C, and the protein concentra-
tion in the supernatant was quantified by BCA 
Protein Colorimetric Assay Kit (E-BC-K318-M, 
Elabscience). Equal amounts of proteins (20 
μg) were separated by 10% SDS-polyacrylamide 
gel electrophoresis and transferred to polyvi-
nylidene difluoride membranes. After being 
blocked by 5% BSA at room temperature for 2 
h, the membranes were probed overnight at 
4°C with primary antibodies, including β-Tubulin 
(1:500, ab6046, Abcam), E-cadherin (1:1000, 
#3195, Cell Signaling Technologies, Beverly, 
MA, USA), Vimentin (1:1000, #5741, Cell Sig- 
naling Technologies), Snail (1:1000, ab216347, 
Abcam), PRDM16 (1:1000, ab85874, Abcam), 
CD81 (1:1000, ab109201, Abcam), CD9 
(1:1000, ab236630, Abcam), TSG101 (1:1000, 
ab30871, Abcam), Calnexin (1:1000, ab13- 
3615, Abcam), NOTCH1 (1:2000, 10062-2-AP, 
ProteinTech Group, Chicago, IL, USA), HES5 
(1:1000, 22666-1-AP, ProteinTech Group), 
HES1 (1:1000, #11988, Cell Signaling Tech- 
nologies). Appropriate secondary horseradish 
peroxidase-conjugated secondary antibody 
was applied for a 1-h incubation at room tem-
perature. The results were visualized using an 
ECL luminescence reagent (abs920, Absin, 
Shanghai, China).

Isolation and identification of HSC-derived EVs

HSC-derived EVs were obtained as previously 
described [14]. Serum-derived EVs were re- 
moved by centrifuging the complete medium at 
100,000 g for 18 h. Activated LX-2 cells were 
subsequently cultured with an EVs-depleted 
medium for 24 h. The culture supernatant was 
then centrifuged at 300 g for 5 min, at 1200 g 
for 20 min, and at 10,000 g for 30 min to 
remove cells and debris. The supernatant was 
ultracentrifuged at 100,000 g for 60 min at 
4°C to precipitate EVs. EVs were washed twice 
in phosphate-buffered saline (PBS) and recov-
ered by centrifugation at 100,000 g for 1 h. EVs 
proteins were measured using the BCA Protein 
Colorimetric Assay Kit (Elabscience) and stored 
at -80°C. The cells were treated with 20 μg/mL 
of EVs in subsequent experiments. The expres-
sion of CD9, CD81, TSG101, and Calnexin in 
EVs was examined by western blot assay to 
verify the purity of EVs. The morphology of EVs 
was observed using an H-7650 transmission 
electron microscope (TEM, Hitachi, Tokyo, 
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Japan), and the particle size of EVs was deter-
mined by Nanosight NS300 (Malvern Panaly- 
tical, Malvern, UK).

The uptake of EVs

PKH67 working solution (50 μL, DL22066, 
Duolaimi, Wuhan, Hubei, China) was added to 
20 μg of EVs resuspended in PBS and incubat-
ed for 10 min at room temperature in the dark. 
The excess stain was removed by centrifuga-
tion at 100000 g for 1 h, and the bottom sedi-
ment was resuspended with PBS. HCC cells 
were treated with 20 μg/mL of PKH67-labeled 
EVs for 24 h. Subsequently, the EVs not taken 
up by the cells were removed by washing with 
PBS, and the cells were fixed with 4% parafor-
maldehyde. Nuclei were labeled by incubating 
with 0.1 μg/mL DAPI for 10 min at room tem-
perature in the dark. The uptake of EVs by the 
cells was subsequently observed under fluores-
cence microscopy, and the average fluores-
cence intensity of PKH67 was quantified by 
Image J.

RNA extraction and reverse transcription-quan-
titative PCR (RT-qPCR)

TRIGene Reagent (P118-05, GenStar BioSo- 
lutions, Beijing, China) was used to extract total 
RNA from cells or EVs. RNA was reverse tran-
scribed into cDNA by PrimeScript RT Reagent 
Kit with gDNA Eraser (RR047B, Takara Holdings 
Inc., Kyoto, Japan), and qPCR reaction was  
performed by TB Green Premix Ex Taq II 
(RR82WR, Takara) on a Bio-rad CFX96 fluores-
cent quantitative PCR instrument. The PCR 
amplification program consisted of an initial 
denaturation step at 95°C for 30 s, followed by 
40 cycles at 95°C for 5 s and 60°C for 30 s. 
The results were normalized to GAPDH expres-
sion. Relative changes in expression were cal-
culated according to the 2-ΔΔCt method. Gene-
specific primer sequences are as follows: 
PRDM16 primers: 5’-CAGCCAATCTCACCAGACA- 
CCT-3’; 5’-GTGGCACTTGAAAGGCTTCTCC-3’; NO- 
TCH1 primers: 5’-GGTGAACTGCTCTGAGGAGA- 
TC-3’; 5’-GGATTGCAGTCGTCCACGTTGA-3’; HE- 
S1 primers: 5’-GGAAATGACAGTGAAGCACCT- 
CC-3’; 5’-GAAGCGGGTCACCTCGTTCATG-3’; HE- 
S5 primers: 5’-TCCTGGAGATGGCTGTCAGCTA-3’; 
5’-CGTGGAGCGTCAGGAACTGCA-3’; GAPDH pri- 
mers: 5’-GTCTCCTCTGACTTCAACAGCG-3’; 5’- 
ACCACCCTGTTGCTGTAGCCAA-3’.

Luciferase reporter assay

The reporter gene plasmid pNOTCH1-TA-Luc 
(D4229, Beyotime Biotechnology Co., Ltd., 
Shanghai, China) containing multiple NOTCH1 
binding sites was used to detect the transcrip-
tional activity of NOTCH1 and the Notch signal-
ing pathway activity. The promoter fragment of 
NOTCH1 was synthesized (chr9: 136546049-
136547048) and inserted into pGL3-Basic 
Vector (E1751, Promega Corporation, Madison, 
WI, USA) to construct NOTCH1 promoter lucifer-
ase reporter plasmids. The above plasmids 
were transfected into the treated cells by 
Lipofectamin2000 and detected using a Firefly 
Luciferase Reporter Gene Assay Kit (RG006, 
Beyotime) after 48 h. 

Chromatin immunoprecipitation (ChIP)

The ability of PRDM16 to recruit to the NOTCH1 
promoter was assayed by the SimpleChIP® 
Enzymatic ChIP Kit (#9003, Cell Signaling 
Technologies) according to the manufacturer’s 
protocol. ChIP was performed using digested 
chromatin from HCC cells and the primary anti-
body to PRDM16 (PA5-142015, Invitrogen Inc., 
Carlsbad, CA, USA) or goat IgG isotype control 
(Invitrogen), and 10% of the chromatin superna-
tant was used as Input. Purified DNA was ana-
lyzed by qPCR, and the enrichment of immuno-
precipitated DNA was expressed as a percent-
age relative to Input. The primer sequence of 
the NOTCH1 promoter used was: forward prim-
er: 5’-ATGGCAGGCATTTTGGACTC-3’ and reverse 
primer: 5’-CCAGAAAGCACAAACGGGTC-3’.

In vivo tumor model

Forty 6-week-old female BALB/c nude mice 
were purchased from Beijing Vital River 
Laboratory Animal Technology Co., Ltd. (Beijing, 
China). All animal studies were designed follow-
ing the National Institutes of Health Animal 
Care and Use Guidelines and approved by the 
Animal Care Committee of the First Affiliated 
Hospital of Anhui Medical University.

Li-7 cells resuspended in 200 μL of PBS (1 × 
106 cells/mice) were injected subcutaneously 
into the right abdomen of each mouse. One 
week after tumor injection, all mice were ran-
domly divided into 5 groups (n = 8/group): the 
PBS, EVs-NC, EVs-KD, EVs-NC + DMSO, and 
EVs-NC + Tangeretin groups. PBS, EVs-NC, or 
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EVs-KD were administrated via the tail vein 
once a week (100 μg/mice/week), respectively. 
The remaining two groups of mice were treated 
by intraperitoneal injection of 30 mg/kg of 
Tangeretin or DMSO, respectively [15], once a 
week while receiving tail vein injection of EVs-
NC. The mice were monitored weekly for chang-
es in tumor volume and tumor volume = long 
diameter × short diameter2/2. The mice were 
euthanized at week 4 by intraperitoneal injec-
tion of an overdose of sodium pentobarbital 
(150 mg/kg), and xenograft tumor tissues were 
collected.

Immunohistochemistry

The xenograft tumor tissues were paraffin-
embedded and sectioned (5 μm). The sections 
were dewaxed and rehydrated, and endoge-
nous peroxidase activity was blocked using 5% 
H2O2. Antigen retrieval was performed by micro-
wave treatment in sodium citrate buffer (pH = 
6.0). The sections were sealed at room temper-
ature for 1 h in 10% normal goat serum, fol-
lowed by incubation with primary antibodies  
to PRDM16 (CSB-PA872534LA01HU, Cusabio 
Biotech, Newark, DE, USA), NOTCH1 (1:500, 
10062-2-AP, ProteinTech Group), HES5 (1:200, 
22666-1-AP, ProteinTech Group), and HES1 
(1:1000, #11988, Cell Signaling Technologies) 
overnight at 4°C. Then, the nuclei were incu-
bated for 1 h at room temperature using perox-
idase-labeled secondary antibodies, developed 
using DAB, and labeled with hematoxylin. 
Finally, the brownish-brown positively stained 
cells were observed by light microscopy (Zeiss).

Statistical analyses

Each procedure of all experiments was under-
taken in triplicate. The data were exhibited as 
mean ± standard deviation and analyzed using 
GraphPad Prism 8.0 (GraphPad, San Diego, CA, 
USA). One-way/two-way analysis of variance 
(ANOVA) was applied for multiple group com-
parisons (followed by either Tukey’s or Sidak’s 
multiple comparison tests). P values of less 
than 0.05 were considered significant.

Results

HSC promote the malignant biological behav-
ior of HCC cells through EVs secretion

We activated the HSC cell line LX-2 in vitro by 
TGF-β treatment and observed that TGF-β 

induction led to a significant upregulation of the 
HSC activation marker protein α-SMA (Figure 
1A). Subsequently, activated LX-2 cells were 
co-cultured with HCC cell lines by Transwell in 
the presence or absence of the EVs release 
inhibitor GW4869 for 24 h (Figure 1B). 
Co-culture with LX-2 resulted in a significant 
enhancement of the proliferation of HCC cells, 
as detected by CCK8 assay and EdU staining. 
The proliferative capacity of HCC cells induced 
by co-culture of LX-2 cells was significantly 
reduced after the addition of GW4869 (Figure 
1C, 1D). The results of Transwell and western 
blot experiments showed that the migratory 
and invasive abilities of HCC cells co-cultured 
with LX-2 were significantly enhanced (Figure 
1E, 1F), accompanied by increased expression 
of Snail and Vimentin proteins and diminished 
expression of E-cadherin (Figure 1G). By con-
trast, GW4869 treatment significantly inhibited 
LX-2-induced metastatic activity of HCC cells 
(Figure 1E-G). 

HSC increase the expression of PRDM16 in 
HCC cells through EVs

To further explore the molecular mechanisms 
of HSC-derived EVs, the GSE193660 dataset in 
the GEO database (https://www.ncbi.nlm.nih.
gov/geo/) was analyzed for differential tran-
scriptome expression in HCC cells caused by 
co-cultured with LX-2. Benjamini & Hochberg 
(False discovery rate) was used to correct the 
p-value, and adjusted P < 0.01, |Log2 fold 
change| > 1 was set as the significance thresh-
old to screen out the significantly differentially 
expressed genes (Figure 2A). The differentially 
expressed genes in GSE193660 were cross-
screened with the human TF list downloaded 
from the HumanTFDB (http://bioinfo.life.hust.
edu.cn/HumanTFDB#!/). There were five tran-
scription factors (ELF3, FOS, FOSB, TCF23, and 
PRDM16) in the intersection (Figure 2B). 
Among them, the effects of ELF3 [16], FOS [17], 
and FOSB [18] on HCC progression have been 
revealed, so TCF23 and PRDM16 were selected 
for further analysis.

The expression of both in HCC was analyzed  
in UALCAN (https://ualcan.path.uab.edu/index.
html) (Figure 2C). Only PRDM16 was found to 
be significantly altered in HCC, with abnormally 
high expression in tumor tissues, while TCF23 
expression was very limited in both tumor and 
normal tissues. The prognostic significance of 
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Figure 1. Blocking the secretion of EVs by LX-2 inhibits its effects on HCC cell biological behavior. A. Expression of 
activation marker protein α-SMA after TGF-β (2 ng/mL) treatment of LX-2 cells for 36 h detected by immunofluo-
rescence. B. Schematic diagram of co-culture of activated HSC with HCC cells. C. The proliferative activity of HCC 
cells after co-culture with LX-2 in the presence or absence of GW4869 was measured using CCK8. D. EdU+ cells in 
HCC cells after co-culture with LX-2 in the presence or absence of GW4869 were measured using EdU staining. E. 
The migratory activity of HCC cells after co-culture with LX-2 in the presence or absence of GW4869 was measured 
using Transwell assay. F. The invasive activity of HCC cells after co-culture with LX-2 in the presence or absence of 
GW4869 was measured using Transwell assay. G. EMT-related protein expression in HCC cells after co-culture with 
LX-2 in the presence or absence of GW4869 was measured using western blot assays. The results represent means 
± SD, *P < 0.05 vs Co-Culture (-); #P < 0.05 vs Co-Culture (+) + DMSO. All experiments were repeated at least three 
times, two-way ANOVA.
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PRDM16 expression on patients’ survival was 
further analyzed using the UALCAN website. 

Patients with high PRDM16 expression had 
lower survival rates than those with low 

Figure 2. Co-culture with LX-2 results in elevated expression of PRDM16 in HCC cells. A. Analysis of transcriptome 
changes in HCC cells caused by co-cultured with LX-2 in the GSE193660 dataset. B. Differentially expressed tran-
scription factors in HCC cells resulting from co-cultured with LX-2. C. TCF23 and PRDM16 expression in HCC patients 
predicted in the UALCAN database. D. The prognostic significance of PRDM16 expression on the survival of HCC 
patients was analyzed by the UALCAN database. E. PRDM16 mRNA expression in HCC cells after co-culture with 
LX-2 in the presence or absence of GW4869 was measured using RT-qPCR. The results represent means ± SD, *P 
< 0.05 vs Co-Culture (-); #P < 0.05 vs Co-Culture (+) + DMSO. All experiments were repeated at least three times, 
two-way ANOVA.
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PRDM16 expression over a survival period of 
up to 2000 days (Figure 2D), which suggested 
the prognostic value of PRDM16.

A significant increase in PRDM16 expression 
was found in HCC cells co-cultured with LX-2 
cells, whereas co-culture with LX-2 cells did not 
promote PRDM16 expression in HCC cells when 
GW4869 was present, as revealed by RT-qPCR 
(Figure 2E).

HSC-derived EVs are taken up by HCC cells by 
directly carrying PRDM16

It is not clear whether LX-2-derived EVs affect 
PRDM16 expression in HCC cells directly by 
carrying PRDM16 or indirectly by carrying other 
factors. For this purpose, we transfected shR-
NAs of PRDM16 into activated LX-2, and 
RT-qPCR and western blot were performed to 
detect the efficiency of shRNA-mediated inhibi-
tion (Figure 3A). Among them, sh-PRDM16 1# 
and 2# showed more pronounced inhibitory 
efficiency and were selected for subsequent 
experiments. Co-culture with LX-2 cells trans-
fected with sh-PRDM16 1# and 2# significantly 
attenuated the expression of PRDM16 in LX-2-
induced HCC cells (Figure 3B).

A conditioned medium of LX-2 cells transfected 
with sh-NC, sh-PRDM16 1# and 2# was col-
lected, and the derived EVs were isolated 
(named EVs-NC and EVs-KD 1# and 2#, respec-
tively). The typical elliptical shape of EVs derived 
from LX-2 cells in these three groups was 
observed by TEM (Figure 3C). The particle size 
analysis by NTA showed that there was no sig-
nificant difference between the three groups of 
EVs, which were mainly distributed in the range 
of 50-200 nm with a peak at about 100 nm 
(Figure 3D). Western blot assays showed that 
EVs expressed positive marker proteins CD9, 
CD81, and TSG101, but not negative marker 
protein Calnexin (Figure 3E), demonstrating the 
high concentration of extracted EVs. As expect-
ed, PRDM16 was highly enriched in LX-2-
derived EVs-NC, while the level of PRDM16 was 
significantly attenuated in EVs-KD 1# and 2# 
(Figure 3F).

Three sets of EVs were labeled by PKH67, and 
the HCC cells were subsequently treated with 
them for 24 h. It was observed that HCC cells 
were able to take up EVs into the cytoplasm, 
and there was no significant difference in the 

amount of the two EVs taken up by the cells 
(Figure 3G). It was detected by RT-qPCR that 
EVs-NC treatment resulted in significantly high-
er PRDM16 expression in HCC cells compared 
with the PBS group, while EVs-KD 1# and 2#, in 
which PRDM16 expression was knocked down, 
failed to significantly increase PRDM16 expres-
sion in HCC cells (Figure 3H). 

Knockdown of PRDM16 inhibits the malignant 
biological behavior of HCC cells induced by 
HSC-derived EVs

Co-culture with EVs-NC promoted the prolifera-
tive capacity of HCC cells, while EVs-KD 1# and 
2# with knockdown of PRDM16 did not have 
this effect (Figure 4A). Similarly, EdU staining 
results showed that EVs-NC significantly pro-
moted DNA synthesis activity in HCC cells, 
whereas EVs-KD 1# and 2# did not signifi- 
cantly affect the DNA synthesis activity (Figure 
4B). EVs-NC treatment resulted in attenuated 
E-cadherin expression and promoted protein 
expression of Vimentin and Snail in HCC cells. 
However, EVs-KD 1# and 2# did not significant-
ly promote EMT in HCC cells (Figure 4C). Finally, 
it was demonstrated by Transwell assay that 
EVs-NC carrying PRDM16 significantly promot-
ed the migration and invasion of HCC cells, 
while the EVs-induced cellular mobility was sig-
nificantly reversed by knocking down the 
PRDM16 expression (Figure 4D, 4E). EVs-KD 
2# was used as EVs-KD for the following 
experiments.

PRDM16 transmitted by EVs can induce 
NOTCH1 transcription

To investigate the downstream mechanisms  
of PRDM16, we downloaded the list of genes 
positively correlated with PRDM16 in HCC in 
UALCAN and performed KEGG pathway enrich-
ment analysis (Figure 5A). We observed that 
genes co-expressed with PRDM16 were signifi-
cantly enriched for the Hedgehog signaling, the 
Notch signaling, and the TGF-beta signaling 
pathways that are closely associated with can-
cer. Among the genes enriched to these path-
ways, NOTCH1 was the most outstanding factor 
in terms of relevance (Figure 5B). Therefore, we 
hypothesized that PRDM16 mediated the tran-
scriptional activation of NOTCH1 to promote 
HCC progression through the Notch signaling 
pathway (Figure 5C). 
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Figure 3. LX-2 secretes EVs to carry PRDM16 into HCC cells. A. The knockdown efficiency of shRNAs for PRDM16 in 
LX-2 cells was measured using RT-qPCR and western blot analysis. B. Effect of co-culture with LX-2 cells with or with-
out knockdown of PRDM16 on PRDM16 expression in HCC cells. C. Observation of the morphology of extracted EVs 
using TEM. D. The particle size of the extracted EVs using NTA. E. The expression of EVs marker proteins using west-
ern blot assays. F. PRDM16 mRNA expression in LX-2 and extracted EVs by RT-qPCR. G. Uptake of PKH67-labeled 
EVs by HCC cells observed under fluorescence microscopy and quantification of the average fluorescence intensity 
of PKH67. H. The effect of EVs treatment on PRDM16 expression in HCC cells was measured using RT-qPCR. The 
results represent means ± SD, *P < 0.05 vs sh-NC; #P < 0.05 vs LX-2 cells; &P < 0.05 vs EVs-NC; @P < 0.05 vs PBS. 
All experiments were repeated at least three times, one-way or two-way ANOVA.

Figure 4. Encapsulated PRDM16 is responsible for the pro-carcinogenic effect of LX-2-derived EVs. A. The prolifera-
tive activity of HCC cells after EVs treatment was measured using CCK8. B. EdU+ cells in HCC cells after EVs treat-
ment were measured using EdU staining. C. EMT-related protein expression in HCC cells after EVs treatment was 
measured using western blot assays. D. The migratory activity of HCC cells after EVs treatment was measured using 
Transwell assay. E. The invasive activity of HCC cells after EVs treatment was measured using Transwell assay. The 
results represent means ± SD, *P < 0.05 vs PBS; #P < 0.05 vs EVs-NC. All experiments were repeated at least three 
times, two-way ANOVA.
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Notch signaling pathway activity was detected 
in cells by the luciferase reporter plasmid 
pNOTCH1-TA-Luc. It was observed that EVs-NC 
treatment significantly increased the luciferase 
activity of pNOTCH1-TA-Luc in HCC cells, and 
the Notch signaling pathway was overactivated. 
However, EVs-KD with knockdown of PRDM16 
did not have this effect (Figure 5D). In addition, 
EVs-NC significantly promoted the expression 
of NOTCH1 in HCC cells and led to enhanced 

expression of HES1 and HES5, downstream 
genes of the Notch signaling pathway (Figure 
5E).

PRDM16 was significantly enriched for the pro-
moter fragment of NOTCH1, as detected by 
ChIP-qPCR experiments (Figure 5F). It was 
observed by luciferase reporter assay that EVs-
NC significantly promoted the luciferase activity 
of NOTCH1 promoter reporter plasmid in HCC 

Figure 5. EVs-derived PRDM16 regulates the Notch signaling pathway in HCC cells. A. The KEGG enrichment analy-
sis of genes positively correlated with PRDM16 in HCC. B. Correlation between NOTCH1 expression and PRDM16 
expression in HCC. C. The schematic for the Notch signaling pathway. D. The effect of EVs treatment on Notch sig-
naling pathway activity in HCC cells was measured using luciferase reporter assays. E. Effect of EVs treatment on 
the expression of NOTCH1 and the downstream factors HES1 and HES5 in HCC cells by RT-qPCR. F. The enrichment 
ability of PRDM16 on the NOTCH1 promoter was measured using ChIP-qPCR. G. The effect of PRDM16 carried by 
EVs on the transcriptional activity of the NOTCH1 promoter in HCC cells was measured using luciferase reporter as-
says. The results represent means ± SD, *P < 0.05 vs PBS; #P < 0.05 vs EVs-NC; &P < 0.05 vs IgG. All experiments 
were repeated at least three times, two-way ANOVA.
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cells, and the transcription of the NOTCH1 pro-
moter was increased. By contrast, EVs-KD with 
knockdown of PRDM16 cannot increase the 
luciferase activity of the NOTCH1 promoter 
compared to PBS (Figure 5G).

Blocking NOTCH1 signaling reverses HCC cell 
activity induced by HSC-derived EVs

HCC cells co-cultured with EVs-NC were further 
treated with Tangeretin, a NOTCH1 inhibitor, or 
control DMSO. Tangeretin significantly inhibi- 
ted the protein expression of NOTCH1, HES1, 
HES5, Snail, and Vimentin, and promoted the 
protein expression of E-cadherin, as revealed 
by western blot assays (Figure 6A). It was found 
by Transwell assays that NOTCH1 signaling 
blocked by Tangeretin resulted in significant 
inhibition of EVs-NC-induced HCC cell migration 

and invasion (Figure 6B, 6C). In addition, CCK8 
and EdU staining results showed that NOTCH1 
inhibition also reduced HCC cell proliferation 
(Figure 6D, 6E).

HSC-derived EVs promote HCC progression by 
delivering PRDM16 and mediating the Notch 
signaling

A xenograft tumor model was constructed by 
subcutaneous injection of Li-7 cells into nude 
mice, which were treated with PBS, EVs-NC, 
EVs-KD, EVs-NC + DMSO, and EVs-NC + 
Tangeretin. We observed that EVs-NC acceler-
ated the growth of subcutaneous xenografts, 
resulting in a significant increase in the weight 
of harvested xenografts, whereas the knock-
down of PRDM16 (EVs-KD) did not significantly 
promote tumor growth. Furthermore, combined 

Figure 6. Tangeretin reverses the promoting effect of LX-2-derived EVs on HCC cell malignant phenotype. A. The 
effect of Tangeretin on Notch signaling pathway- and EMT-related protein expression in HCC cells. B. The migratory 
activity of HCC cells after Tangeretin treatment was measured using Transwell assay. C. The invasive activity of HCC 
cells after Tangeretin treatment was measured using a Transwell assay. D. The proliferative activity of HCC cells 
after Tangeretin treatment was measured using CCK8. E. EdU+ cells in HCC cells after Tangeretin treatment were 
measured using EdU staining. The results represent means ± SD, *P < 0.05 vs EVs-NC + DMSO. All experiments 
were repeated at least three times, two-way ANOVA.
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treatment with Tangeretin inhibited tumor 
growth (Figure 7A, 7B). Immunohistochemical 
assays were conducted to detect the expres-
sion of relevant proteins in xenograft tumors 
(Figure 7C-F). EVs-NC treatment significantly 
promoted PRDM16 expression in xenograft tis-
sues and enhanced the expression of NOTCH1, 
HES1, and HES5. Combined Tangeretin treat-
ment significantly inhibited the expression of 
NOTCH1, HES1, and HES5, despite no signifi-

cant effect on PRDM16 expression. EVs-KD did 
not significantly affect the expression of the 
above factors compared to the PBS-treated 
group.

Discussion

When the fibrosis is not resolved, the excessive 
deposition of scar tissue eventually contributes 
to cirrhosis and the loss of organ function, and 

Figure 7. LX-2-derived EVs affect HCC growth in vivo via PRDM16/Notch signaling. (A) The volume of xenografts in 
mice. (B) Weight of harvested xenografts in mice. Immunohistochemical detection of PRDM16 (C), NOTCH1 (D), 
HES1 (E), and HES5 (F) expression in xenograft tumors. The results represent means ± SD (n = 8), *P < 0.05 vs 
PBS; #P < 0.05 vs EVs-NC; &P < 0.05 vs EVs-NC + DMSO. One-way or two-way ANOVA.
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the pivotal role of HSCs in liver fibrosis makes 
them critical therapeutic and diagnostic targets 
[19]. This study first uncovered that blocking EV 
secretion using GW4869 inhibited HCC cell pro-
liferation, migration, invasion, and EMT after 
co-culture. Then, we identified that PRDM16 
expression was upregulated in HCC patients 
and predicted an unsatisfactory prognosis. 
Further, it was revealed that the HCC cells 
exhibited reduced proliferation, migration, inva-
sion, and EMT in response to co-cultured with 
HSC-EVs with PRDM16 knockdown. Lastly, we 
identified that PRDM16 in HSC-EVs activated 
the Notch signaling pathway via binding to the 
NOTCH1 promoter.

Myojin et al. revealed that LX-2 cells cultured 
with hepatoma cells enhanced hepatoma cell 
growth [20], indicating the tumor-promoting 
effects of HSC. It has been reported that HCC 
cells efficiently absorbed HSC-derived small 
EVs, providing an advantage in the treatment of 
HCC using HSC-EVs [21]. In the present study, 
we observed that the application of GW4869 
mitigated the promoting effects of HSC-EVs on 
the malignant phenotype of HCC cells, suggest-
ing the effects of HSC on HCC were mediated 
through the delivery of EVs. EMT is a multistep 
biological process in which epithelial cells 
change in plasticity by transient de-differentia-
tion into a mesenchymal phenotype [22]. 
GW4869 inhibited the motivation of drug-resis-
tant human microvascular endothelial cells on 
nasopharyngeal carcinoma progression by 
modulating EMT in vivo [23]. Moreover, hexoki-
nase 1 from HSC-EVs promoted the progres-
sion of HCC [24]. In addition, exosomes from 
HSC were a conduit for the uptake of microR-
NA-214 by primary mouse hepatocytes [25]. 
These findings suggested that the cargoes of 
HSC-EVs mediated its oncogenic role.

To probe the possible molecular mechanism, 
we conducted integrated bioinformatics predic-
tion using the GEO dataset and the HumanTFDB. 
Among the five transcription factors screened 
out, the effects of TCF23 and PRDM16 on HCC 
remained less explored. Considering TCF23 
showed little relevance to HCC regarding 
expression profile, we chose PRDM16 for fur-
ther study. Yamato et al. found that 5-year over-
all survival was significantly worse in adult 
patients with acute myeloid leukemia who had 
high PRDM16 expression (18% vs. 34%; P =  
0.002) [26]. As for its functional role, Gud- 

mundsson et al. observed that PRDM16 is a 
critical controller of long-term quiescence of 
hematopoietic stem cells [27]. However, as we 
described above, its action in HCC remains 
unanswered. Interestingly, PRDM16 expression 
was promoted in HCC cells co-cultured with 
HSC-EVs, while the knockdown of PRDM16 in 
HSC resulted in unaltered expression in HCC 
cells. As a consequence, HCC cells reverted to 
a more epithelial phenotype in response to 
PRDM16 depletion in HSC-EVs. 

Subsequent pathway enrichment analysis 
showed that the genes positively correlated 
with PRDM16 were significantly enriched to 
oncogenic pathways, among them NOTCH1 
was the most outstanding factor for correla-
tion. Upon activation by different ligands, Notch 
signaling plays pleomorphic roles in HCC, 
affecting neoplastic growth, invasion capability, 
and stem-like properties [28]. The transcription 
of NOTCH1 has been reported to be regulated 
by multiple transcription factors in differentia-
tion [29]. In the present study, we identified the 
binding relation between PRDM16 and the 
NOTCH1 promoter. Celastrus orbiculatus ex- 
tract, isolated from the Celastrus orbiculatus 
Vine, has been suggested to downregulate the 
expression of NOTCH1 and HES1, thus inhibit-
ing vasculogenic mimicry in HCC [30]. Further- 
more, high expression of HES5 was closely 
associated with histological grade and metas-
tasis, and positively correlated with prolifera-
tion marker Ki-67 in patients with HCC [31]. The 
HSC-EVs in the present study not only induced 
the expression of NOTCH1 in HCC cells but also 
stimulated the expression of HES1 and HES5, 
indicating its role in activating the Notch path-
way. Tangeretin, a member of polymethoxyfla-
vones, is mainly found in the peel of citrus fruits 
and exhibits wide bioactivities including antio- 
xidant, anti-inflammatory, and neuroprotective 
effects [32]. Here, we observed that inhibition 
of NOTCH1 using Tangeretin mitigated tumor-
promoting effects of HSC-EVs as PRDM16 
knockdown in vitro and in vivo. However, there 
are other signaling pathways enriched by the 
co-expressed genes of PRDM16, and an exami-
nation of their activation and involvement in the 
oncogenic role of PRDM16 in HCC should be 
performed. 

Conclusion

In conclusion, our current study demonstrated 
that PRDM16 was transmitted from HSC to 
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HCC cells via EVs. HSCs-EVs enhanced HCC cell 
proliferation, migration, invasion, and EMT by 
activating NOTCH1-mediated Notch signaling 
via PRDM16 (Figure 8). The findings above 
might shed new insight into HCC treatment.
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