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Abstract: Epidemiological survey identified that the variant patatin-like phospholipase domain-containing protein 3 
(PNPLA3) gene at I148M position exerts direct effect in promoting hepatocellular carcinoma (HCC) under extrane-
ous oxidative stress by interaction with obesity. However, the mechanism is still unknown. HepG2 cells were overex-
pressed by transinfection of PNPLA3 with wild-type 148I (PNPLA3WT) and mutant 148M (PNPLA3I148M), respectively. 
Variation in metabolic indicators, hepatic steatosis, biological behaviors and signaling molecules related to cancer 
promotion was measured in hepatocytes using low-dose free fatty acid (FFA) exposure. Effect of PNPLA3I148M on 
xenograft biology and its interaction with dietary obesity were also evaluated in animal study. Cells overexpresss-
ing PNPLA3I148M in low-dose FFA incubation showed more proliferation, migration, invasion, and less apoptosis 
(P<0.05). Low-dose FFA specifically activated JAK2/STAT3 phosphorylation of PNPLA3I148M cells via upregulation 
of interleukin-6. Animal study showed high-fat diet accelerated growth of xenografts derived from PNPLA3I148M cells 
incubated in low-dose FFA. In low oxidative stress, PNPLA3I148M initiated the hepatocyte malignant transformation 
through the activation of inflammation-mediated JAK/STAT pathway. Dietary obesity amplified the growth of tumor 
from PNPLA3I148M cells by interaction with local FFA incubation. Anti-inflammation and weight loss might be potential 
approaches for preventing HCC in high-risk population carrying PNPLA3 variant. 
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Introduction 

Hepatocellular carcinoma (HCC) is one of the 
most common malignancies worldwide. It occu-
pies the sixth position in the worldwide inci-
dence of cancer and the third leading cause of 
death due to all cancers [1]. Following the glob-
al increase in the incidence of obesity/diabetes 
and a simultaneous decrease in traditional 
hepatic contributors of carcinogenesis (viral 
infection, excessive alcohol intake, etc.), non-
alcoholic fatty liver disease (NAFLD) and its 
related risk factors have been associated with 
the occurrence of HCC [2]. Epidemiologic evi-

dence from the U.S demonstrates that NAFLD 
and progressive nonalcoholic steatohepatitis 
(NASH) have become the most common etiolo-
gies for HCC [3] and the fastest growing indica-
tion of liver transplantation in recipients with 
HCC [4].

Patatin-like phospholipase domain containing 3 
(PNPLA3) is a gene that was at first identified 
using genome-wide association studies in 2008 
with validated function on regulation of hepatic 
fat content [5]. Subsequent studies have con-
firmed that the missense variant I148M located 
in PNPLA3 (rs738409 C/G, causes isoleucine-
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methionine conversation) is comprehensively 
associated with chronic liver disease including 
NAFLD [6], alcoholic liver disease [7], hepatitis 
C virus infection [8], even HCC [9]. The PNPLA3 
variant exerts prominent influence on the sus-
ceptibility to hepatocarcinogenesis, indepen-
dent of liver damage and fibrosis [10]. Me- 
anwhile, the effect of PNPLA3 variant is ampli-
fied in obese subjects and promotes the devel-
opment of HCC through its interaction with obe-
sity [11]. 

Prior mechanistic studies have mainly investi-
gated the pathological role of PNPLA3 and 
coded adiponutrin (ADPN) on hepatic triglycer-
ide content (HTGC) regulation via various as- 
pects. Increased lysophosphatidic acid-acyl-
transferase activity [12], decreased activity on 
triacylglycerol hydrolyzation and remodeling in 
lipid droplets [13, 14] was conferred to the vari-
ant PNPLA3 gene. These inner mechanisms 
might contribute more susceptibility on NAFLD 
by combination [10]. In case of PNPLA3 variant, 

positive genomic association with soluble in- 
tercellular adhesion molecule-1 as an inflam-
matory cytokine, and negative correlation wi- 
th serum adiponectin as an anti-inflammatory 
cytokine showed potential direct link between 
ADPN and inflammations [15, 16]. Scholars 
speculated that the carcinogenic effect of 
PNPLA3 might be due to the long-term, low-
grade inflammation triggered by genetic variant 
[10]. However, experimental evidence about 
the function of PNPLA3 on processes from sim-
ple fat deposition to tumor genesis is still 
absent and worthy to be elucidated.

Among the inflammatory signaling pathways 
relevant to the development of tumors, the 
phosphorylation of Janus Kinase2/Signal tra- 
nsducer and activator of transcription (JAK2/
STAT3), as an oncogenic transcription factor 
activated by interleukin-6 (IL-6), plays a key ro- 
le in augmenting the pathogenisis of HCC [17, 
18]. The STAT3 molecule is responsible for the 
cell proliferation and anti-apoptosis activity of 

Figure 1. Flow chart of study program. ALT: alanine aminotransferase; AST: Aspartate aminotransferase; FBG: Fast-
ing blood glucose; FFA: Free fatty acid; GGT: Gamma-glutamyl transpeptidase; HFD: High fat diet; HTGC: Hepatic 
triglyceride content; IL-6: Interleukin-6; JAK2: Janus Activating Kinase 2; LFD: Low fat diet; ORO: Oil red O; STAT3: 
signal transducer and activator of transcription 3. 
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HCC cells [19]. Indeed, IL-6/JAK2/STAT3 is acti-
vated in fatty liver-associated inflammation 
[20], and obesity (accompanied by NASH) is 
demonstrated as a “bona fide” tumor promoter 
through this activation [18]. 

However, whether the PNPLA3 exert its effect 
in promoting the development of HCC via an 
inflammation mediator located on up-regula-
tion of IL-6 and subsequent activation of JAK2/
STAT3 is still unknown and worthy to be eluci-
dated. Effect of PNPLA3 variant on systemic 
metabolic disorders and hepatic steatosis as 
potent confounders in this regard is unclear. As 
known, low-dose free fatty acids (FFAs) are rec-
ognized to promote the development of HCC in 
previous studies [21]. Overexpression but 
silence of PNPLA3 gene causes obvious chang-
es in biological behavior and down-stream phe-
notypes in previous studies [22]. Therefore, 
overexpression models was constructed in 
HepG2 cell line (including wild type and variant 
on PNPLA3 gene, respectively), and a series of 
experiments were performed to investigate the 
effects of variant PNPLA3 on carcinogenesis of 
HCC in the circumstance of fat over accumula-
tion after adjusting the potent metabolic con-
founders. In addition, interaction of effects of 
this genetic determinant with dietary obesity on 
hepatocarcinogenes is also discussed in xeno-
grafts from athymic nude mice.

Materials and methods

Study design and flow diagram 

Study design and process are presented in 
Figure 1. Overall, two cellular models with over-
expression of PNPLA3WT and PNPLA3I148M gene 
(cytosine [C]→guanine [G] substitution that 
changes isoleucine [I] to methionine [M] at 
codon 148) was conducted, taking cells only 
trans-infected by vector without target frag-
ment as a control. Cells were incubated in FFA 
solution with specific concentration (0, 25, 50, 
and 100 uM) and periods (1, 2, and 3 days) and 
measured for steatosis, metabolic and liver 
damage indicators as potent confounders. 
Genes referred to inflammation signal pathway 
(IL-6, IL-1β, tumor necrosis factor [TNF-α]) 
expression and corresponding tumor biological 
variations (proliferation, migration, and apopto-
sis) were examined in supernate and cells, if 
possible. In addition, cells incubated in various 
FFA concentrations were inoculated into athy-

mic nude mice treated with high-fat diet (HFD) 
and low-fat diet (LFD), respectively. Tumor was 
collected after 20 days of growth. Weight and 
size of xenografted tumor were measured to 
investigate the gene-environment interaction 
on tumorigenesis. 

Culture of HepG2 cell line

Immortalized HepG2 cell line (obtained from 
Chinese Typical Culture Collection Center, 
Shanghai) is sensitive to FFA stimulation [23] 
and selected for construction of hepatic cellu-
lar model of PNPLA3 overexpression. Routinely, 
HepG2 cells were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM) (Hyclone, 
Logan, UT), with 10% fetal bovine serum (FBS), 
100 U/mL of penicillin, and 0.1 mg/mL of strep-
tomycin. The cell lines were incubated in humid-
ity at 5% CO2 and temperature at 37°C.

Construction of recombinant PNPLA3 148I 
wild type (PNPLA3WT) and PNPLA 148M mutant 
(PNPLA3I148M) vectors

Human 148I wild-type or 148M mutant PNPLA3 
cDNA (GenBank ID: NM_025225) was synthe-
sized and cloned into the NheI and AscI dou- 
ble enzyme restricted pLenti6.3_MCS_IRES2- 
EGFP vector containing blasticidin-resistance 
gene (Invitrogen, Life Technologies, Carlsbad, 
CA). The I148M substitution corresponding to G 
allele on rs738409 variant was introduced into 
the PNPLA3 cDNA sequence. Then recombi-
nant lentiviral plasmids were generated in the 
supernate of 293T cell line by co-transfection 
with the constructed pLenti vector, packaging 
mix (including pLP1, pLP2, pLP/VSVG) and lipo-
fectamine 2000 (ViraPower™; Invitrogen, Life 
Technologies) according to the manufacturer’s 
instructions, after 72 h culture in DMEM with 
10% FBS. Meanwhile, lentiviral vectors with- 
out insertion of target gene clone (namely 
HepG2control) were also constructed and desig- 
ned as control. Then, supernates containing 
lentiviral plasmid were collected and stored at 
-80°C until transinfection. Recombinant lentivi-
ral vectors were validated using direct sequence 
after construction. 

Cellular model construction by lentiviral vector 
transduction

HepG2 cells (5×104) were seeded onto 24-well 
plate (Corning Inc, Corning, NY) and cultured in 
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5% CO2 at 37°C for 1 day. When grown to 60%-
70% confluency on the bottom, HepG2 cells 
were infected with lentivirus with multiplicity of 
infection (MOI) by gradient (2.5, 5, 10, 20, and 
40) for 3 days. And the viral MOIs (ratios 
between lentivirus and target cells) were choos-
en as the optimal transduction index, with the 
most efficiency (based on the number of cells 
under fluorescence microscopy) and lowest 
cytotoxicity. 

HepG2 cells were then transinfected at the 
optimal MOI of lentivirus in 24-well plates 
(4×104 per well) with common growth medium 
(DMEM containing 10% of FBS) at 10 mg/mL of 
polybrene (Sigma, St. Louis, Mo) for 24 h. 
Following 24 h incubation in 5% CO2 at 37°C, 
medium with lentivirus was removed and 
replaced by common medium. The transinfect-
ed cells were further cultured in common medi-
um for 6 days and seeded onto six-well plate at 
a concentration of 1×105 per well. To construct 
cell line that stably express the PNPLA3 gene, 
the cells were treated with 4 ug/mL of blastici-
din (Invitrogen, Life Technologies) after seeding 
onto six-well plate for 24 h. At 14 days of cul-
ture, cells not transducted by lentiviral vector 
were killed due to blasticidin. The effect of len-
tivirus on the expression of PNPLA3 of HepG2 
was validated by the percentage of cells with 
green fluorescent protein (GFP), real time-poly-
merase chain reaction (RT-PCR), and western 
blot. 

FFA induction of HepG2 cell line

According to prior rapid method on biological 
model of hepatic steatosis [23], oleate (O3880; 
Sigma) and palmitate (D9767; Sigma) were 
choosen at 1:1 ratio to prepare for FFA mixture. 
In general, the oleate and palmitate powders 
were dissolved in phosphate-buffered saline 
(PBS) and methanol, respectively for stock 
solution at 50 mM. The solution was diluted in 
DMEM containing 1% bovine serum albumin 
(BSA) to 1 mM of working solution after filtering 
through 0.22 um syringe filter (Millipore, 
Billerica, MA). After seeding onto culture plate 
for 24 h, working solution was added with pre-
set FFA concentration by mixing common medi-
um (without FFA) proportionately. Duration and 
dose of FFA exposure on HepG2 cells were 
determined according to pre-designed study 
protocols. 

Qualitative and quantitative measurement of 
hepatic steatosis with oil red O staining 

For detecting hepatic steatosis, HepG2 cells 
were stained with oil red O (ORO) kit (D027; 
Jiancheng Biotech, Nanjing) according to the 
manufacturer’s instructions. The degree of ste-
atosis degree was observed and qualitatively 
assessed under light microscopes. 

Moreover, steatosis was also quantitatively 
measured using methods referred in a previous 
study [24]. Specifically, HepG2 cells were 
stained in ORO dye for 15 min after growing up 
to 70% of confluency. Later, dye was removed 
and washed with PBS buffer solution. And iso-
propyl alcohol was added to extract ORO dye 
released into hepatocytes and transferred into 
a new plate. The degree of steatosis was 
assessed and compared using the value of 
optical density (OD) examined using ELX800 
Universal Microplate Reader (BioTek, Winooski, 
VT) at a wavelength of 405 nm. 

HTGC, as a quantative indicator of steatosis, 
was also measured using commercial kit (App- 
lygen Technologies Inc, Beijing, China) accord-
ing to the manufacturer’s instructions. 

Biochemical indicator and inflammatory cyto-
kine assay 

The supernate of HepG2 cell was collected 
from culture medium after pre-treatment with 
FFA on pre-designed concentrations and dura-
tion of exposure. According to the manufactur-
er’s instructions, concentration of metabolic 
covariates (Triglyceride [TG], total cholesterol 
[TC], high-density lipoproteincholesterol [HDL-
C], insulin), liver enzymes (alanine aminotrans-
ferase [ALT], aspartate aminotransferase [AST]) 
of supernate were determined using corre-
sponding commercial kit (e-Bioscience, San 
Diego, CA). The IL-6 protein in supernate was 
also detected using enzyme-linked immunosor-
bent assay (ELISA) kit from another company 
(D6050; R&D Systems, Minneapolis, MN) 
according to the manufacturer’s instructions. 

RT-PCR

RNA was isolated from cells using TRIzol 
reagent (15596-026; Invitrogen, Waltham, MA), 
and the first-strand cDNA was synthesized 
using iScript cDNA Synthesis kit (1708891; Bio-



Effect of variant PNPLA3 on HCC malignance

1323	 Am J Transl Res 2016;8(3):1319-1338

Rad, Hercules, CA ). For normalization, the glyc-
eraldehyde 3-phosphate dehydrogenase (GA- 
PDH) gene was set as an internal control. 
Quantitative RT-PCR was performed using 
SYBR Green in ABI 7500 system (Applied 
Biosystems, Carlsbad, CA). The primer sequenc-
es for PCR assay on individual target gene are 
listed in Table S1.

Western blot assay

Cells were washed using pre-cooled FBS twice 
and incubated in cell lysis buffer (Solabio, 
Shanghai, China) for 30 min. Lysates were cen-
trifuged at 12000 rpm at 4°C for 15 min and 
the supernate was extracted as a mixture of 
total protein and examined using bicinchoninic 
acid assay kit (Thermo Scientific, Rockford, IL) 
for concentration test. 

Equal protein samples mixed with loading buf-
fer at 3:1 were loaded onto 10% Bis-Tris Gel 
(Invitrogen) for electrophoresis in sodium do- 
decyl sulfate running buffer (Invitrogen) at 120 
V for 60 min. Protein was transferred to polyvi-
nylidene fluoride (PVDF) membrane (Millipore) 
at 350 mA for 70 min. Membrane was blocked 
in Tris-buffered saline and Tween 20 (TBST) 
buffer (containing 3% of BSA) and shaken mild-
ly for 60 min. PVDF membrane was taken out 
and incubated with primary anti-body (listed in 
Table S2) at 4°C overnight with mild shaking. 
Membrane was incubated in suitable second 
antibody (HRP-conjugated goat anti-rabbit anti-
body, Jackson ImmunoResearch, West Grove, 
USA) for 60 min, after routine clearance with 
TBST buffer (10 min×3). ECL substrate (Thermo 
Scientific) was used to develop the blots. 
Quantitative analysis of protein expression was 
performed by detecting the gray intensity of tar-
get band using the Image Lab software (Bio-
Rad). GAPDH protein was selected as a refer-
ence in the western blot process for stan- 
dardization. 

Cell viability, proliferation, apoptosis, migration 
and invasion assay

Series of tumor biological assays were per-
formed according to pre-designed study pro-
gram and instructions recommended by the 
manufacturer. Cell viability was analyzed using 
Trypan blue dye exclusion assay on Vi-CELL™ 
XR Cell Viability Automatic Analyzer (Beckman 
Coulter, Brea, CA). Proliferative activity was 

detected using Cell Counting Kit (CCK-8) kit 
(Dojindo, Tokyo, Japan) after mixing for 1 h in 
the cell incubator. Proliferation was quantita-
tively assigned by the measurement of OD 
using microplate reader (ELX800; BioTek) at a 
wavelength of 405 nm. The extent of cell apop-
tosis stained using Annexin V-fluorescein iso-
thiocyanate/propidium ioidide Apoptosis Kit 
(eBioscience) and detected on BD FACS Canto 
flow cytometer after 30 min incubation in dark 
at room temperature. 

Cell migration and invasion were assayed using 
transwell system (Corning) with a pore size of 8 
um. For migration, 5×104 cells at 85% conflu-
ency were plated on upper chamber in 100 uL 
FBS-free DMEM. And the lower compartment 
was filled with 500 uL DMEM containing 10% 
FBS with or without 50 uM FFA. After 1 day’s 
culture at 37°C, cells on the upper surface 
were wiped out and the migrated cells on the 
bottom of the membrane were fixed with 95% 
ethanol and dyed with crystal violet (0.3%) for 
15 min. Later, stained cells were washed with 
PBS thrice and observed under microscope for 
counting to evaluate the cellular migration. Six 
foci were randomly selected for each sample, 
and the cells were counted at 200× field of 
microscope. The procedure for invasion test 
was similar to the migration assay. The only dif-
ference was that cells were seeded onto the 
membrane with pre-coated Matrigel (Corning). 

Xenografts in nude mice and deoxynucleotidyl 
transferase dUTP nick end labeling assay for 
tumor tissue 

According to the pre-designed study program, 
6-week-old athymic BALB/c nude male mice 
(provided by Xipuer-BiKai Experimental Animal 
Company, Shanghai, China) were randomly 
selected for the experiment. In brief, 100 uL 
Matrigel containing pre-treated cells were 
injected into the armpits of each mice (5×106 
cells per mouse), after measuring the weight at 
baseline. Later enrolled mice were categorized 
into two groups on average and fed with HFD 
and LFD, respectively, with different kcal (60% 
to 10%) of fat (D12492 and D12450B; Resear- 
ch Diets Inc, New Brunswick, NJ). The weight 
and size of xenografted tumor of the mice were 
measured and recorded every 2 days. Tumor-
bearing mice were killed after 20 days of cell 
injection. Tumors were obtained, measured for 
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weight and volume, formalin-fixed, and paraf-
fin-embedded for the subsequent examina-
tions. This study was approved by the Animal 
Ethics Committee of the First Affiliated Hospital 
of Zhejiang University. 

Xenograft was fixed in 10% neutral formalin, 
embedded in paraffin, and sectioned at 6 μm  
to three slides per tissue for examination. 

Apoptosis of tumor was detected using Situ  
Cell Death Detection Kit (Roche, Mannheim, 
Germany), according to the manufacturer’s 
instructions. Slides were counterstained with 
hematoxylin and finally mounted for microscop-
ic examination. Results of apoptosis were ana-
lyzed based on the observation under the light 
microscopy (200×). Specifically, the number of 
apoptotic cells (with obvious chromatin con-

Figure 2. Construction of cellular models with different PNPLA3 overexpression (PNPLA3WT, PNPLA3I148M, and 
PNPLA3control). A-C. Respectively represented the green fluorescent protein expression under fluorescent microscope 
for PNPLA3WT, PNPLA3I148M, and PNPLA3control cells (magnification: 200×); D-F. Respectively showed the genotype of 
PNPLA3WT, PNPLA3I148M, and PNPLA3control detected by direct sequen (base composition in “O” represented the vari-
ant genotype in PNPLA3I148M position); G. Showed quantitative analysis of PNPLA3 expression in cells with different 
PNPLA3 trans-infection; H. Showed results of western blot assay for PNPLA3 expression in PNPLA3WT, PNPLA3I148M, 
and PNPLA3control cells; I. Showed quantitative analysis of relative expression for PNPLA3 encoded ADPN in PNPLA3WT, 
PNPLA3I148M, and PNPLA3control cells. Relative ADPN expression in western blot assay was expressed as the ratio of 
ADPN to GAPDH as internal reference. *Represented significant difference across cells with different PNPLA3 ex-
pression in the same extent of FFA exposure (P<0.05); Data was expressed as means ± standard error of three 
independent experiments. ADPN: adiponutrin. 
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Figure 3. FFA induced variation on metabolic profiles in supernates across cell models with different PNPLA3 expression. Indicators were measured in 0, 25, 50, 
100, 200 uM of FFA exposure respectively at 1, 2, 3, 4 days. A. Represented the ALT variation in PNPLA3WT, PNPLA3I148M and PNPLA3control cells; B. Represented the 
AST variation in PNPLA3WT, PNPLA3I148M and PNPLA3control cells; C. Represented the TG variation in PNPLA3WT, PNPLA3I148M and PNPLA3control cells; D. Represented the 
TC variation in PNPLA3WT, PNPLA3I148M and PNPLA3control cells; E. Represented the HDL-C variation in PNPLA3WT, PNPLA3I148M and PNPLA3control cells; F. Represented 
the insulin variation in PNPLA3WT, PNPLA3I148M and PNPLA3control cells. *Represented significant difference across cells with different PNPLA3 expression in the same 
extent of FFA intervention (P<0.05); Results are expressed as means ± standard error of five independent experiments. ALT: Alanine aminotransferase; AST: Aspar-
tate aminotransferase; FFA: Free fatty acid; HDL-C: High-density lipoproteincholesterol; TC: Total cholesterol; TG: Triglyceride. 
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Figure 4. Dose-period effect of FFA exposure on accumulation of HTGC and steatosis of hepatocytes with different expression of PNPLA3. A. Represented HTGC ac-
cumulation of hepatocytes (PNPLA3WT, PNPLA3I148M and PNPLA3control) treated in different dose-period FFA exposure (25 uM, 50 uM, 100 uM, 200 uM in 1 day, 2 days, 
3 days and 4 days); B. Showed steatosis degree of hepatocytes (PNPLA3WT, PNPLA3I148M and PNPLA3control) treated in different dose-period FFA exposure (25 uM, 50 
uM, 100 uM, 200 uM in 1 day, 2 days, 3 days and 4 days); C. Showed comparison of steatosis degree for hepatocytes (PNPLA3WT, PNPLA3I148M and PNPLA3control) 
incubated in different FFA concentration for 1 day; D. Showed ORO staining for hepatocytes (PNPLA3WT, PNPLA3I148M and PNPLA3control) in medium with 0/50 uM of 
FFA incubation under light microscope (magnification: 200×); E. Showed quantitative analysis on steatosis of hepatocytes (PNPLA3WT, PNPLA3I148M and PNPLA3control) 
by integral optical density. *Represented significant difference across cells with different PNPLA3 expression in the same extent of FFA exposure (P<0.05); Results 
are expressed as means ± standard error of five independent experiments. FFA: Free fatty acid; HTGC: Hepatic triglyceride content; ORO: Oil red O.
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densation, nucleic fragmentation presentation) 
and total cells, respectively, were counted 
under every five fields (200×) per slide. The 
apoptotic rate was calculated using the formu-
la: apoptotic rate=(average apoptotic cells/
total cells) ×100%.

Statistical analysis 

Results were expressed as mean ± standard 
error. Comparisons of indicators between two 
subgroups (like comparison of steatosis, mRNA 
expression between cells with 0 uM and 50 uM 
of FFA intervention) were done using Student’s 
t test. While, comparison of values in three or 
more subgroups (like comparisons of steatosis, 
metabolic traits, relative mRNA/protein expres-
sion, cell proliferation, apoptosis, migration, 
invasion, tumor size from cells with different 
PNPLA3 expression at the same extent of FFA 
exposure) were performed by Student-Newman-
Keuls’ (SNK) test in one-way ANOVA. 

Statistical analyses were performed using 
SPSS, version 13.0 (IBM Corporation, Somers, 
NY). P-values were two-sided. P<0.05 was con-
sidered as significant difference, except for 
specific illustration. 

Results

Construction and confirmation of Hep-G2 cel-
lular model with overexpression of PNPLA3WT, 
PNPLA3I148M, and PNPLA3control

According to the manufacturer’s instruction, 
cellular models overexpressing PNPLA3WT, 
PNPLA3I148M, and PNPLA3control were built using 
transfection of corresponding lenti-virus (Figure 
2). Almost all cells were observed to be tagged 
by GFP attached to lenti-viral vectors under flu-
orescent microscope, after 14 days of culture 
on pressure of blasticidin. Conversion on PNP- 
LA3 rs738409 polymorphism was confirmed 
using direct Sanger’s sequencing of PCR prod-
ucts. Compared to PNPLA3control, PNPLA3WT and 
PNPLA3I148M had significantly higher expression 
on PNPLA3 and encoded ADPN (all P<0.05). 

Variation in metabolic profiles across cellular 
models in different dose periods of FFA expo-
sure 

Indicators of hepatic injury (ALT, AST), lipid (TG, 
TC, HDL-C) and insulin concentration were mea-

sured in culture supernate (Figure 3). Overall, 
variation in micro-environment in different 
models was consistent. No significant differ-
ence was observed across cellular models on 
the same intensity of FFA exposure, except for 
TG concentration (P<0.05) using paired t-test. 
It is noteworthy that a significant effect of FFA 
exposure on inter-group supernate variation  
in TG was mainly attributed to the long-term 
exposure of high FFA concentration(duration≥4 
days, concentration≥100 uM). And the differ-
ence in TG between PNPLA3WT and PNPLA3I148M 
turned to be insignificant (P=0.10, data not 
shown) when excluding data on above-men-
tioned FFA circumstance.

Measurement of HTGC and degree of steatosis

Figure 4 shows the doseperiod related varia-
tion in HTGC and steatosis of hepatocytes 
through the exposure of FFA. When exposed to 
oxidative stress with high FFA concentration 
(≥100 uM), HepG2 cells overexpressing variant 
PNPLA3I148M were more susceptible to higher 
accumulation of HTGC and severe steatosis 
than PNPLA3WT and PNPLA3control. However, this 
increasing trend was unstable, and inter-group 
difference was insignificant when treated with 
a medium with relatively lower FFA concentra-
tion (<100 uM). When cells were exposed to dif-
ferent FFA concentrations for 1 day (Figure 4C), 
colorimetric quantitative assay revealed no sig-
nificant difference in the degree of steatosis for 
PNPLA3WT and PNPLA3I148M on exposure to low-
dose FFA (≤50 uM ). The results were confirmed 
using conventional ORO staining methods, 
comparing the images under fluorescence 
microscopy (Figure 4D). These data indicated 
that FFA has steatogenic effect on hepatocytes, 
but low-dose FFA did not cause significant dif-
ferentiation on steatosis of cells in spite of dif-
ferent expression of PNPLA3. 

Overexpression of variant PNPLA3 affects the 
viability, proliferation, apoptosis, and invasive-
ness of HepG2 cells mediated in low-dose FFA 
exposure

Effect of overexpression of PNPLA3 on the bio-
logical behavior of tumor was evaluated in 
respective cellular models incubated with FFA 
for 24 h (Figure 5). The viability was similar for 
cell models when incubated in low-dose FFA 
(≤50 uM), but prominently decreased in the 
medium with higher FFA concentration (≥200 
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Figure 5. Variation in tumor-related biological behavior modulated by PNPLA3 expression in low-dose FFA exposure. A. Presented viability for hepatocytes (PNPLA3WT, 
PNPLA3I148M and PNPLA3control) treated in different FFA exposure (25 uM, 50 uM, 100 uM, 200 uM) for 1 day; B. Presented proliferation for hepatocytes (PNPLA3WT, 
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uM). The results of biological assay on the 
tumorigenesis across the cell models were con-
firmed and compared to the medium with lower 
FFA concentration (≤100 uM) for analogous cell 
viability. Subsequently, the results of the CCK-8 
assay found obviously higher proliferation in 
PNPLA3I148M than PNPLA3WT and control cells 
when treated with low dose FFA. Notably, prolif-
eration of PNPLA3I148M was activated in FFA 
medium with concentration <50 uM. The slow-
er proliferation in 100 uM FFA might be contrib-
uted for more cell deaths (P=0.07, at borderline 
significance) and severe steatosis (Figure 4C).

Low-dose FFA exposure caused variation in 
apoptotic status across cellular models. In 
case of PNPLA3WT and blank cells, no signifi-
cant variation in apoptosis was observed due 
to low-dose FFA exposure. In case of PNP- 
LA3I148M cells, FFA (≤50 uM) stimulation caused 
less apoptosis in a dose-response manner 
(R2=-0.894, P<0.001). However, inter-group dif-
ference cannot be observed in case of elevated 
FFA exposure levels (≥100 uM). The result 
seemed to contradict pro-apoptotic effect of 
PNPLA3I148M variant detected in patients with 
NAFLD, based on a previous study [25]. It also 
suggested the dual effect of PNPLA3 variant on 
apoptosis through its interaction with different 
concentrations of FFA. Low-dose FFA exposure 
might be considered as a carcinogen leading to 
less apoptosis of PNPLA3I148M cells by activat-
ing tumorigenesis pathway accompanied with 
higher hepatocyte proliferation. When concen-
tration of FFA is elevated, more lipids are stored 
in PNPLA3I148M hepatocytes and toxicity occurs 
by inducing more cell damage and apoptosis. 

Further, cell migration and invasion assays 
revealed increasing number of PNPLA3I148M 
hepatocytes invading the membrane than other 
cell models incubated in 50 uM FFA. This result 

indicated that PNPLA3I148M exerts its effect on 
accelerating cell migration and invasion ability 
due to low level of oxidative stress. 

Taken together, overexpression of PNPLA3 per 
se did not influence the biological behavior of 
hepatocytes on tumorigenesis. Overexpression 
of variant PNPLA3 was shown to promote more 
progressive development of HCC in low-dose 
FFA environment. However, this function is not 
present in hepatocytes overexpressing wild-
type PNPLA3 gene. 

Overexpression of variant PNPLA3 gene acti-
vated the phosphorylation of JAK2/STAT3 sig-
naling pathway via IL-6 up-regulation

Furthermore, the effect of overexpression of 
variant PNPLA3 on IL-6- dependent JAK/STAT3 
signaling activation was investigated in respec-
tive cellular models treated with specific FFA 
concentration for 24 h (Figure 6). Compared to 
cells in the FFA-free medium, low-dose FFA 
caused higher expression of PNPLA3 on mRNA 
level in spite of cells with overexpression of 
PNPLA3WT or PNPLA3I148M. However, the effect 
of FFA on the expression of PNPLA3 was not 
present in regulating the PNPLA3-encoded 
ANPN protein levels. The ADPN protein levels in 
respective cells (PNPLA3WT, PNPLA3I148M and 
PNPLA3control) did not change significantly at 50 
uM FFA concentration (P>0.05). 

ELISA assay revealed significant difference in 
IL-6 protein levels across hepatocytes (PNP- 
LA3WT, PNPLA3I148M, and PNPLA3control) when 
treated with low-dose FFA concentration. The 
inter-cellular difference in IL-6 protein levels 
was not obvious (P>0.05) in FFA free medium. 
But the IL-6 protein level was up-regulated in 
PNPLA3I148M cells at low-dose FFA concentra-
tion (P<0.05). And this trend was not observed 

PNPLA3I148M and PNPLA3control) treated in different FFA exposure (0 uM, 25 uM, 50 uM, and 100 uM) for 1 day; C. 
Showed hepatocytes (PNPLA3WT, PNPLA3I148M and PNPLA3control) were treated with 0/50 uM of FFA exposure for 1 
day, then stained with Annexin V-APC/PI and measured by flow cytometry; D. Showed quantitative comparison of 
apoptotic rate for hepatocytes (PNPLA3WT, PNPLA3I148M and PNPLA3control) incubated in different FFA exposure (0 uM, 
25 uM, 50 uM, and 100 uM) for 1 day; E. Presented cell migration assay for hepatocytes (PNPLA3WT, PNPLA3I148M 
and PNPLA3control) incubated in different FFA exposure (0 uM, 50 uM) for 1 day; F. Showed quantitative comparison of 
migration for hepatocytes (PNPLA3WT, PNPLA3I148M and PNPLA3control) incubated in different FFA exposure (0 uM, 50 
uM) for 1 day; G. Presented cell invasion assay for hepatocytes (PNPLA3WT, PNPLA3I148M and PNPLA3control) incubated 
in different FFA exposure (0 uM, 50 uM) for 1 day; H. Showed quantitative comparison of invasion for hepatocytes 
(PNPLA3WT, PNPLA3I148M and PNPLA3control) incubated in different FFA exposure (0 uM, 50 uM) for 1 day. *Repre-
sented significant inter-group difference incubated in the same FFA exposure (P<0.05); #Represented significant 
difference for the same cells incubated in different FFA exposure (P<0.05); Results are means ± standard error of 
five independent experiments. FFA: Free fatty acid. 
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Figure 6. Variant PNPLA3 overexpression induced activation of JAK2/STAT3 phosphorylation via IL-6 up-regulation. A. Showed PNPLA3 expression of hepatocytes 
(PNPLA3WT and PNPLA3I148M) treated by 0 uM and 50 uM of FFA for 1 day; B. Showed the quantitative IL-6 mRNA expression in hepatocytes with different PNPLA3 
expression (PNPLA3WT, PNPLA3I148M and PNPLA3control) by different FFA intervention (0 uM, 25 Um, 50 Um, and 100 uM) for 1 day; C. Showed concentration of IL-6 
protein in hepatocytes with different PNPLA3 expression (PNPLA3WT, PNPLA3I148M and PNPLA3control), supernate of cells were assayed by ELISA kit after treatment 
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in PNPLA3WT and PNPLA3control cells. Consistent 
with the results of ELISA, overexpression of 

PNPLA3I148M also resulted in higher extent of 
elevations in IL-6 elevation than PNPLA3WT and 

by different FFA exposure (0 uM, 25 Um, 50 Um, and 100 uM) for 1 day; D. Presented results of western blot assay 
for PNPLA3, total JAK2, phosphorylated JAK2, total STATA3, phosphorylated STAT3 at serine 727 and tyrosine 705, 
and GAPDH protein in hepatocytes with different PNPLA3 expression (PNPLA3WT, PNPLA3I148M, and PNPLA3control) 
treated by 0 uM and 50 uM of FFA intervention for 1 day; E. Showed quantitative comparison of relative expression 
for PNPLA3, total JAK2, phosphorylated JAK2, total STATA3, phosphorylated STAT3 protein at serine 727 and tyro-
sine 705 in hepatocytes with different PNPLA3 expression (PNPLA3WT, PNPLA3I148M, and PNPLA3control) treated by 0 
uM and 50 uM of FFA intervention for 1 day, relative expression in western blot assay was evaluated by the ratio of 
target protein to GAPDH as internal reference. Data are expressed as means ± standard error of three independent 
experiments. aRepresented STAT3 protein phosphorylated at serine 727; bRepresented STAT3 protein phosphory-
lated at tyrosine 705; *Represented significant difference in hepatocytes (PNPLA3WT, PNPLA3I148M and PNPLA3control) 
by the same FFA intervention (P<0.05); #Represented significant difference for the same cells incubated in differ-
ent FFA exposure (P<0.05). ELISA: Enzyme-linked immunoabsorbent assay; FFA: Free fatty acid; IL-6: Interleukin-6; 
JAK2: Janus Activating Kinase 2; STAT3: Signal transducer and activator of transcription. 

Figure 7. Up-regulation of variant PNPLA3 mediated gene expression involved in the progression of inflammation 
and tumor carcinogenesis by interaction with FFA exposure. Cells were treated by 0 uM and 50 uM of FFA exposure 
for 1 day and assayed using RT-PCR analysis. Quantative relative expression in real-time PCR assay was evalu-
ated by the ratio of target mRNA expression to GAPDH as internal reference, gene expression of PNPLA3WT cells in 
FFA free medium was assigned as control. A. Showed expression of genes related to cell cycle and proliferation in 
hepatocytes (PNPLA3WT, PNPLA3I148M and PNPLA3control) by different FFA intervention (0 uM and 50 uM); B. Showed 
expression of genes related to cell invasion, angiogenesis and apoptosis in hepatocytes (PNPLA3WT, PNPLA3I148M and 
PNPLA3control) with different FFA incubation (0 uM and 50 uM); C. Showed expression of genes related to anti-ROS 
and pro-inflammatory cytokine in hepatocytes (PNPLA3WT, PNPLA3I148M and PNPLA3control with different FFA incuba-
tion (0 uM and 50 uM). Results were expressed as means ± standard error of five independent experiments. *Rep-
resented significant difference across cells with different PNPLA3 expression in the same FFA exposure (P<0.05); 
#Represented significant difference for gene expression between cells in with/without FFA treatment (P<0.05). FFA: 
Free fatty acid; ROS: Reactive oxygen species. 
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PNPLA3control on mRNA level when treated with 
the same FFA concentration (P<0.05). Higher 
expression of IL-6 indicated severe inflamma-
tory status of hepatocytes caused by the over-
expression of variant PNPLA3 when exposed to 
constant external oxidative stress.

IL-6 is a pleiotropic cytokine with crucial func-
tion in mediating the cancer-related pathway, 
especially in activating JAK2/STAT3 signaling 
[26]. Therefore, total and phosphorylated pro-
tein expression of inflammation-related down-
stream signaling molecules on JAK2-STAT3 
pathway was assayed based on the variations 
in IL-6 across hepatocytes with lower FFA expo-
sure (≤50 uM, Figure 4) with consistent oxida-
tive stress. 

The results of western-blot assay revealed that 
the overexpression of variant PNPLA3 caused 
substantial elevation in JAK2 and STAT3 phos-
phorylation in low dose FFA concentration (50 
uM) than cells in medium without FFA exposure 
(P<0.05). Whereas, overexpression of wild-type 
PNPLA3 did not show this variation. For total 
protein of JAK2 and STAT3, the expression  
levels were unchanged in low-dose FFA incuba-
tion in spite of variation in phosphorylation 
(P>0.05). These results suggested that PNP-
LA3I148M might promote the activation of the 
JAK2/STAT3 pathway related to tumorigenesis 
by up-regulating the secretion and release of 
IL-6 from hepatocytes. 

It is noteworthy that these trends still remained 
even after adjusting for slight variation in the 
degree of steatosis and metabolic profiles in 
low-dose FFA exposure (data not shown), indi-
cating that the carcinogenicity of variant 
PNPLA3 is independent of its activity on meta-
bolic derangements. 

Effect of modification in PNPLA3 on gene ex-
pression related to inflammation and tumori-
genesis in low-dose FFA incubation

Biological behavior and malignant transforma-
tion of hepatocytes are mediated by gene 
expression in regulating hallmarks of cancer 
including cell cycle, proliferation, apoptosis, 
metastasis, invasion, angiogenesis, oxidative 
stress, and inflammation [27]. Therefore, the 
expression of genes related to neoplastic tr- 
ansformation of hepatocytes (PNPLA3WT, PN- 
PLA3I148M, and PNPLA3control) was measured 

using different FFA concentration (50 uM/0 
uM) to detect the mechanism of effect of vari-
ant PNPLA3 overexpression on tumorigenesis 
and progression. 

As shown in Figure 7, no significant difference 
was found across hepatocytes in common 
medium. However, low-dose FFA mediated pro-
found changes in carcinogenic gene expression 
by interaction with variant PNPLA3. After incu-
bation in the medium with FFA for 24 h, onco-
genes representing progression of cell cycle 
(Hsp70, cyclin D1), promotion of cell prolifera-
tion (TIMP1), invasion (MMP2, MMP9), angio-
genesis (HIF-α, VEGF) were highly expressed in 
PNPLA3I148M cells. While the anti-oncogenes 
encoding inhibitor of cell cycle progression 
(P53, MAD1), suppressor of proliferation (TI- 
MP2), and scavenger of free superoxide radi-
cals (SOD1) were significantly down-regulated 
in PNPLA3I148M-overexpressed hepatocytes. In 
case of apoptosis, the Bax: Bcl-2 ratio was 
lower for lower expression of Bax as activator of 
apoptosis in PNPLA3I148M cells. With regard to 
pro-inflammatory cytokines, the change in 
expression of TNF-α and IL-1β did not follow the 
PNPLA3 variant in low-dose FFA exposure. The 
elevation in expression of TNF-α and IL-1β in 
PNPLA3I148M cell was not prominent and could 
not cannot be distinguished from PNPLA3WT 
and control cells. 

Taken together, these results indicated that  
the variant PNPLA3I148M has a comprehensive 
effect in mediating the expression of genes 
with regard to inflammation-related transfor-
mation of hepatocyte and tumor development 
in low-dose FFA exposure.

PNPLA3I148M amplified the carcinogenic effect 
of FFA on BALB/c nude mice xenografts by 
interaction with dietary obesity in vivo 

Effect of overexpression of PNPLA3I148M on bio-
logical behavior of hepatocytes was evaluated 
by subcutaneous inoculation of cells in athymic 
BALB/c nude mice, as a more complex microen-
vironment. The tumor from PNPLA3control incu-
bated in FFA-free medium was assigned as a 
control. Mice were randomly selected for the 
experiment. No significant inter-group differ-
ence in the body weight of mice was observed 
when enrolled for inoculation (data not shown). 
HFD induces higher increase in body weight 
than LFD-treated mice when killed at 20 days 
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Figure 8. Overexpression of variant PNPLA3 gene caused significant variation in biological behavior of BALB/c nude mice xenograft in low-dose FFA exposure by 
interaction with dietary obesity. A. Showed body weight of nude mice treated by HFD and LFD respectively for 20 days; B. Presented xenograft of nude mice derived 
from hepatocytes (PNPLA3WT, PNPLA3I148M and PNPLA3control) categorized by FFA exposure (0 uM, 50 uM) and mice dietary (HFD, LFD); C. Showed tumor weight of 
xenograft in nude mice derived from hepatocytes (PNPLA3WT, PNPLA3I148M and PNPLA3control) categorized by FFA exposure (0 uM, 50 uM) and mice dietary (HFD, LFD); 
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(P>0.05). About 1.65 g increase in weight gain 
was observed in HFD-fed mice than LFD-fed 
mice (equal to 6.9% of LFD-fed mice, P<0.05; 
Figure 8A).

In the LFD group, no prominent variation was 
observed with regard to tumor size (including 
volume/weight), derived from distinct cells 
without treatment with FFA. However, tumor 
from PNPLA3I148M presented higher growth rate 
in vivo when treated with low-dose FFA (50 uM). 
In subsequent necropsy, larger tumor gener- 
ated in mice inoculated with FFA-treated 
PNPLA3I148M cells than control (2.35 ± 0.61 g 
vs. 1.48 ± 0.20 g, respectively) indicated high-
er proliferation and tumorigenicity in variant 
PNPLA3 overexpression. 

Apoptosis of xenograft was measured using ter-
minal deoxynucleotidyl transferase dUTP nick-
end labeling assay. As shown in Figure 8, the 
difference was less (P>0.05) with regard to 
apoptotic rate of tumors generated from di- 
verse cells (PNPLA3WT, PNPLA3I148M, or PNP- 
LA3control) untreated with low dose FFA. In case 
of cells in FFA environment, the apoptotic cells 
significantly decreased (about 45%) in tumors 
derived from PNPLA3I148M cells than the cont- 
rol, while the apoptosis for xenografts derived 
from PNPLA3WT and PNPLA3control was un- 
changed. Less apoptosis in tumors from FFA-
incubated cells with overexpressed PNPLA3I148M 
might result in higher proliferation and larger 
size of xenografts. 

It is of interest to understand the role of HFD  
on the growth of xenograft and apoptosis. 
Consistent with prior study [28], consumption 
of HFD also promoted progression of xeno-
grafts. When categorized by the type of cells for 
inoculation, higher growth of tumors was found 
in case of PNPLA3I148M cells incubated in low-
dose FFA. Compared to the LFD-fed mice, about 
34% of increase in tumor volume was observed 

in the HFD group treated with FFA-incubated 
PNPLA3I148M cells. With regard to apoptosis, 
obesity up-regulated the apoptitic level, which 
is considered as a contributor of compensatory 
tumor progression in proliferation [29]. Low 
dose FFA (50 uM) did not cause significant dif-
ference in apoptotic rate in case of PNPLA3I148M-
induced xenografts than wild-type or blank 
cells (Figure 8G, P>0.05). Apoptotic resistance 
of PNPLA3I148M might be covered by the intake 
of HFD. These results indicated that systemic 
obesity might amplify the effect of cells with 
overexpressed PNPLA3I148M xenografts in low-
dose FFA exposure with consistent apoptotic 
status. 

Discussion

PNPLA3I148M (rs738409) is a common genetic 
variation associated with hepatic steatosis and 
metabolic derragements [6, 30]. Recently, 
accumulative evidences have shown the inde-
pendent predisposition to PNPLA3I148M poly-
morphism on the incidence of HCC. PNPLA3I148M 
variant is indicative of severe fibrosis, poor 
prognosis in patients with HCC despite the pri-
mary etiologies [9, 31]. Dietary obesity plays a 
positive role in amplifying the genetic suscepti-
bility to the occurrence of HCC in patients carry-
ing variant on PNPLA3I148M polymorphism [11]. 
A previous study has identified that free fatty 
acids have oncogenic effect and causes malig-
nant transformation in hepatocytes [21]. 
However, the function of variant PNPLA3 gene 
on mediation of genesis of HCC and progres-
sion in FFA environment is unknown. Otherwise, 
the effect of systemic metabolic disorders and 
hepatic steatosis caused by FFA exposure on 
PNPLA3-HCC association is also worthy to be 
elucidated. In HepG2 cellular models with si- 
milar wild/variant type of PNPLA3 overexpres-
sion (CC/GG distinction on rs738409 polymor-
phism, respectively), it was found that overex-
pression of PNPLA3I148M significantly deterio-

D. Showed growth of xenograft derived from hepatocytes (PNPLA3WT, PNPLA3I148M and PNPLA3control) categorized by 
FFA exposure (0 uM, 50 uM) in LFD fed mice; E. Showed growth of xenograft derived from hepatocytes (PNPLA3WT, 
PNPLA3I148M and PNPLA3control) categorized by FFA exposure (0 uM, 50 uM) in HFD fed mice; F. Presented apop-
totic expression under light microscope (magnification: 200×) for xenografts derived from hepatocytes (PNPLA3WT, 
PNPLA3I148M and PNPLA3control) with different FFA exposure (0 uM, 50 uM) in BALB/c nude mice categorized by 
dietary (HFD, LFD); G. Showed the quantitative comparison of apoptosis for xenografts derived from hepatocytes 
(PNPLA3WT, PNPLA3I148M and PNPLA3control) with different FFA exposure (0 uM, 50 uM) in nude mice categorized by 
different dietary pattern (HFD, LFD). Results were expressed as means ± standard error of five independent experi-
ments. *Represented significant difference on biological behavior derived from hepatocytes (PNPLA3WT, PNPLA3I148M 
and PNPLA3control) in the same FFA exposure. FFA: Free fatty acid; HFD: High fat diet; LFD: Low fat diet. 
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rated the biological behavior of hepatocytes 
through the interaction with low-dose FFA treat-
ment via up-regulation of IL-6 and subsequent 
phosphorylation of JAK2/STAT3. Dietary obesi-
ty specifically promoted the growth of xenograft 
derived from hepatocytes with overexpression 
of PNPLA3I148M. 

The PNPLA3 gene plays a role in hydrolyzing 
hepatic triacylglycerols, and I148M substitu-
tion inducs a loss of this function by blocking 
the integration between substrate and catalytic 
site [13]. Previous studies have shown that the 
knock-in of PNPLA3I148M variant resulted in dif-
ferentiating steatosis than wild type in trans-
genic mice with exogenous oxidative stress 
(induced by high sucrose diets) [32]. Thus, it 
was hypothesized that the difference across 
cells with overexpression of PNPLA3 might be 
trigged by specific oxidative stress threshold 
and fatty acid was chosen as a common meta-
bolic-related carcinogens [21] to stimulate the 
hepatocytes. Consistent with this hypothesis, 
insignificant difference was found on the sever-
ity of steatosis in cells with different overex-
pression of PNPLA3 (wild type, variant and con-
trol) on low-dose FFA treatment (Figure 4). In 
addition, metabolic indicators in cultural medi-
um extracted from different cells (PNPLA3WT, 
PNPLA3I148M, and PNPLA3control) were unchanged 
on low dose FFA exposure (Figure 3). These 
results indicated that incubation with low-dose 
FFA caused similar steatosis and metabolic sta-
tus independent of the expression of PNPLA3.

Effect of FFA exposure on the expression of 
PNPLA3 is not fully elucidated. Previous study 
revealed that PNPLA3 mRNA expression was 
up-regulated in western-type diet-fed mice with 
no distinction in I148M polymorphism, but the 
ADPN protein level was not compared [33]. In 
the present study, it was found that the ADPN 
protein level remained same in hepatocytes 
with different overexpression of PNPLA3 (wild 
type or variant) before/after FFA exposure, in 
spite of mRNA elevation. The reason for un- 
changed ADPN level in case of FFA exposure 
might be due to the overexpression of PNPLA3 
per se and low extent of oxidative stress under 
low-dose FFA exposure. 

The effect of PNPLA3I148M variant on malig-
nance transformation of hepatocytes in FFA 
medium is still unknown. Low-dose fatty acid 
was previously reported to promote cancer  

[21, 34]. In the present study, overexpressed 
PNPLA3I148M was found to increase tumor malig-
nancy by interaction with FFA (Figure 5). Low 
dose FFA incubation caused higher prolifera-
tion, migration, and invasion in PNPLA3I148M-
overexpressed hepatocytes. In case of PNP- 
LA3WT and control cells, the difference in using 
FFA was insignificant on biological behavior 
(P>0.05). Differential effects of fatty acid on 
apoptosis were reported in a previous study 
[35]. The results of the present study showed 
less apoptosis in PNPLA3I148M cells in low-dose 
FFA medium, but this phenomenon does not 
occur in the medium with elevated FFA concen-
tration. The reduction in quantitative apoptotic 
rate might be due to the response to excessive 
cell proliferation in PNPLA3I148M cells. The 
results indicate that FFA might cause transfor-
mation of hepatocytes at specific threshold. 
Consistent with a previous study [36], variant 
PNPLA3 increased the sensitivity of hepato-
cytes to induce severe tumor progression on 
exposure to FFA-related carcinogenesis. It is 
noteworthy that tumorgenesis effect of PN- 
PLA3I148M is independent of FFA-related steato-
sis, indicating this variant might initiate this 
process on carcinogenesis before accelerated 
accumulation of fat, which is consistent with an 
epidemiological survey [37]. Otherwise, similar 
PNPLA3 protein levels (for wild/variant type) on 
FFA exposure suggest promotion of cancer 
from PNPLA3I148M that might contribut to the 
polymorphism itself but not the expression. 

PNPLA3I148M variant is a risk factor for the 
occurrence and progression of HCC, indepen-
dent of steatosis and metabolic derangement, 
but the inner mechanism is still unknown. 
Scholars speculated that the association be- 
tween PNPLA3 variant and progression of HCC 
might be linked by its direct regulation on 
inflammation [10]. Corresponding to the corre-
lation between variant PNPLA3 and inflamma-
tory mediator [15], it was found that the variant 
PNPLA3 up-regulated the IL-6 level in hepato-
cytes with low-dose FFA exposure. IL-6 is a 
pleiotropic cytokine and its release further 
mediated the downstream JAK2/STAT3 phos-
phorylation. The IL-6/JAK2/STAT3 signaling pa- 
thway is demonstrated to build a link between 
obesity/NAFLD and hepatocarcinogenesis in a 
prior animal study [18]. Combined with the 
present data, the malignant transformation in 
cells with PNPLA3I148M overexpression might be 
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due to its direct pro-inflammatory effect and 
subsequent activation of oncogenic JAK2/
STAT3 pathway on lower extent of FFA expo-
sure. Interestingly, other inflammatory cytokine 
genes (such as TNF-α, IL-1β) were also slightly 
elevated, but cannot be differentiated by the 
expression of PNPLA3 (wild/variant type). The 
result indicates that the mechanism of inflam-
mation and tumor promotion in the variant 
PNPLA3 might be closer to the IL-6/JAK/STAT 
pathway. 

Excessive endogenous fatty acid synthesis was 
considered to be associated with progressive 
tumor behavior [38]. But the effect of fatty acid 
on the growth of xenograft in vivo was not 
determined and this difference might be due to 
the components of fatty acid [38]. Synergistic 
effect of local FFA incubation with systemic 
obesity was also observed in the proliferation 
of xenograft derived from hepatocytes [21]. The 
results of the present study showed that the 
FFA (proportion oleate: palmitate=1:1) had an 
overall effect in promoting the malignancy of 
xenograft from cells with PNPLA3I148M overex-
pression, which is corresponding to the in vitro 
data. In case of HFD-fed mice, obesity ampli-
fied the effect of variant PNPLA3 gene on tumor 
proliferation with gene-environment interac-
tion, consistent with the results of clinical epi-
demiological survey [11]. Obesity covered the 
resistant effect of variant PNPLA3 on apopto-
sis. These results suggest more complexity in 
the transformation of hepatocytes, and other 
signaling pathways might be involved in obese 
environment. 

Taken together, these results showed that the 
variant PNPLA3 has carcinogenic effect by 
mediating the cell inflammation with low-dose 
exogenous oxidative stress. A further animal 
study also confirmed that the variant PNPLA3 
exerted positive effect on tumor growth by 
interaction with systemic obesity. These results 
indicate that high-risk patients carrying this 
variant might be more sensitive to oxidative 
stress, and more attention should be paid on 
cancer prevention even without definite meta-
bolic disorder or steatosis. Comprehensive 
measures including anti-inflammation and 
weight loss might be an effective therapeutic/
preventive approach to ameliorate the effect 
exerted by high-risk variant on inflammation 
and subsequent tumor progression. 
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Table S1. Primers sequences for quantitative real-time PCR
Gene Forward Reverse
Bax-2 GCCTCCTCTCCTACTTTGGG GAAAAACACAGTCCAAGGCAG
Bcl-2 GCCCTGTGGATGACTGAGTA AGCCAGGAGAAATCAAACAGA
Cyclin D1 AGAGGCGGAGGAGAACAAAC AGGCGGTAGTAGGACAGGAAGT
GAPDH GAACATCATCCCTGCCTCTACT ATTTGGCAGGTTTTTCTAGACG
HIF-α CACAGAAGCAAAGAACCCATTT TGACAACTGATCGAAGGAACG
Hsp70 AGGTGCAGGTGAGCTACAAGG GGTCAGCACCATGGACGAG
IL-1β GATGGCTTATTACAGTGGCAA GTAGTGGTGGTCGGAGATTC
IL-6 GGCTGAAAAAGATGGATGCT TCTGGCTTGTTCCTCACTACTC
MAD1 CGAGACCATCAACGCACTG GCTTCCTGGCATTTTTTGTGT
MMP2 AGAGACAGTGGATGATGCCTTT GAGTCCGTCCTTACCGTCAA
MMP9 TGACAGCGACAAGAAGTGGG AGGGCGAGGACCATAGAGG
P53 CCCCTCCTCAGCATCTTATC ATGTAGTTGTAGTGGATGGTGGT
PNPLA3 GAGTGTCTGATGGGGAAAAC TCTGAAGGAAGGAGGGATAAG
SOD1 GCCGATGTGTCTATTGAAG GCGTTTCCTGTCTTTGTACT
TIMP1 TACTTCCACAGGTCCCACAAC CATTCCTCACAGCCAACAGT
TIMP2 GAGCACCACCCAGAAGAAGAG GGGGAGGAGATGTAGCACG
TNF-α GGGACCTCTCTCTAATCAGC GCTTGAGGGTTTGCTACA
VEGF CTTGCCTTGCTGCTCTACCT GTGATGATTCTGCCCTCCTC

Table S2. Antibodies applied in experiments

Primary antibodies Host Catalogue 
Number Provider

Anti-PNPLA3 Rabbit ab81874 Abcam, Cambridge, UK
Anti-Jak2 Rabbit D2E12 Cell Signaling, MA, USA
Anti-JAK2 (phospho Y1007 + Y1008) Rabbit ab32101 Abcam, Cambridge, UK
Anti-STAT3 (EPR787Y) Rabbit ab68153 Abcam, Cambridge, UK
Anti-STAT3 (phospho Y705) Rabbit ab76315 Abcam, Cambridge, UK
Anti-STAT3 (phospho S727) Rabbit ab32143 Abcam, Cambridge, UK
Anti-GAPDH Rabbit ab9485 Abcam, Cambridge, UK


