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Abstract

Patatin-like phospholipase domain–containing 3 (PNPLA3) protein 148M variant is strongly 

associated with cirrhosis and hepatocellular carcinoma (HCC); however, the underlying 

mechanisms remain elusive. This study aimed to elucidate the role of the PNPLA3148M variant 

in the alcohol-related HCC development. Control and humanized PNPLA3148M transgenic mice 

were fed with an ethanol-containing diet for 12 weeks. The animals were examined for liver 
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tumors. After the alcohol feeding, the PNPLA3148M mice had 2-fold higher liver cancer incidence 

rates and larger tumor sizes than that in the control mice. Cancer stem cell markers in the 

PNPLA3148M mouse livers were elevated relative to that in the control mouse livers. Alcohol 

detoxification was impaired in the PNPLA3148M mouse livers. Hepatic oxidative stress and 

DNA damage were elevated in the PNPLA3148M mice. Wnt/β-catenin and Yes-associated protein 

(YAP) and WW domain containing transcription regulator 1 (WWTR1/TAZ) were activated in 

the PNPLA3148M mouse livers. Our data suggest that the PNPLA3148M variant has a strong 

interaction with alcohol in the HCC development through attenuation of alcohol detoxification 

and promotion of oncogenic pathways. Targeting the PNPLA3148M variant might be useful for the 

prevention or treatment of alcohol-associated HCC in patients carrying this variant.

Introduction

Alcohol use has been a significant risk factor for human morbidity and mortality in the 

world. A report has shown that approximately 3 million deaths were associated with 

alcohol use in 2016 alone 1. Alcohol is a common cause of liver diseases ranging from 

hepatic steatosis, hepatitis, cirrhosis, and hepatocellular carcinoma (HCC). HCC is a 

predominant form of liver cancer that is a leading cause of cancer deaths worldwide. A 

recent study of Chinese patients with alcohol-associated liver disease (ALD) has revealed 

a marked increase in ALD-associated HCC from 5.8% to 30.7% between 2002 and 2018 
2. Ethanol is classified as a group 1 human carcinogen by the International Agency for 

Research on Cancer; however, how ethanol causes cancer is not fully understood. Ethanol 

is primarily metabolized in the liver by two key enzymes – alcohol dehydrogenase (ADH) 

and aldehyde dehydrogenase (ALDH). ADH catalyzes the first reaction from ethanol to 

acetaldehyde, which is highly reactive and can form adducts with proteins and DNAs 3. 

Under normal conditions, acetaldehyde is rapidly converted to acetate by ALDH. ALDH2 is 

the predominant ALDH in the liver 4.

Numerous genes and pathways have been implicated in the HCC development. Among 

them, the Wnt/β-catenin and the Hippo pathways play a significant role in HCC 

tumorigenesis 5. In the absence of Wnt ligands, β-catenin (CTNNB1) is cytosolic and 

subject to ubiquitin-mediated degradation. Upon Wnt ligands binding to the Frizzled 

receptors, β-catenin is skipped from degradation and translocated to the nucleus for 

transcriptional function. It has been suggested that 30-40% HCC tumors have aberrant 

activation of the Wnt/β-catenin pathway 5. For the Hippo pathway, Yes-associated protein 

(YAP) and WW domain containing transcription regulator 1 (WWTR1, also commonly 

known as TAZ) are two major downstream effectors 6. When the Hippo signaling is 

on, YAP and TAZ can be phosphorylated by large tumor suppressor 1/2 (LATS1/2) and 

subject to proteasomal degradation. When the Hippo signaling is off, non-phosphorylated 

YAP/TAZ can be translocated to the nucleus and coactivate TEA domain transcription 

factors (TEAD1-4). In HCC, YAP is generally not mutated, instead, gene amplification and 

post-translational modifications lead to elevated YAP protein levels 7.

Numerous genome-wide association studies have identified a single nucleotide 

polymorphism (rs738409, C→G) in the human patatin-like phospholipase domain-
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containing protein 3 (PNPLA3) gene, which results in isoleucine (I) to methionine (M) 

substitution at amino acid 148, as the most significant gene variant for the alcohol-related 

cirrhosis and HCC 8–10. The PNPLA3148M variant is associated with 2-3 fold higher risk 

for alcohol-related cirrhosis and 2-4 fold higher risk for alcohol-related HCC in carriers than 

non-carriers, respectively 8–10. PNPLA3 is a lipid droplet-associated protein that is highly 

abundant in human livers. Biochemical studies have shown that PNPLA3 has triglyceride 

lipase and retinyl palmitate hydrolase activities; however, the pathophysiological function 

of the PNPLA3148M variant remains elusive 11. In this study, we used humanized PNPLA3 

transgenic mouse models to investigate the role of the PNPLA3148M variant in alcohol-

related HCC pathogenesis.

Materials and Methods

Animals.

Human PNPLA3148I and PNPLA3148M transgenic mice were generated using a human 

bacterial artificial clone harboring the human PNPLA3 gene and mutagenesis for creation 

of the PNPLA3148M variant as we previously reported 12. The transgenic mice were on the 

C57BL/6 genetic background. An HCC mouse model was generated by cotreatment with 

a 5% (vol/vol) of ethanol diet (Lieber-DeCarli diet, Bio-Serv, Flemington, NJ) and CCl4. 

Briefly, wild-type (WT), PNPLA3148I, and PNPLA3148M mice were first acclimated to the 

ethanol-containing liquid diet by a gradual increase (1% per day) in ethanol concentration 

from 0% to 5% (vol/vol) during the first six days and then treated with the 5% ethanol 

(vol/vol) diet for 12 weeks. In the same time, the animals were intraperitoneally injected 

with CCl4 in corn oil weekly at a dose of 0.32 μg/g of body weight for 10 weeks. At the end 

of experiment, the animals were euthanized for blood and tissue sample collections.

Histological analysis.

Tissue samples were fixed in 10% formalin, embedded, sectioned, and stained with 

hematoxylin and eosin (H&E) at the Histology Core of Indiana University School of 

Medicine. For immunofluorescence (IF) analysis, tissue sections were processed as we 

previously reported 13. The antibodies used in this work: alpha fetoprotein (AFP, Santa 

Cruz Biotechnology sc-8399), arginase 1 (ARG1, Cell Signaling Technology #93668S), 

CD44 molecule (CD44, Santa Cruz Biotechnology sc-7297), CD133 (Novus Biologicals 

NBP2-44250), 4-hydroxynonenal (4-HNE, R&D Systems MAB-3249), malondialdehyde 

(MDA, Thermo Fisher Scientific MA5-27560), pH2A.X (Cell Signaling Technology 

#9718S), tumor protein P53 binding protein 1 (TP53BP1, Bethyl Labs A300-272A-M), 

collagen 1 (COL1, Abcam ab260043), collagen 3 (COL3, Abcam ab7778), smooth muscle 

actin alpha 2 (ACTA2, Abcam ab5694), TIMP metallopeptidase inhibitor 1 (TIMP1, 

Proteintech #10753-1-AP), WNT4 (Santa Cruz Biotechnology sc-376279), CTNNB1 (Cell 

Signaling Technology #8480S), YAP (Cell Signaling Technology #14074S), TAZ/WWTR1 

(Cell Signaling Technology #82630S). IF images were taken using a Zeiss fluorescence 

microscope with an AxionVison Rel 4.8 software. Images were analyzed using ImageJ 

(Version 1.54, February 18, 2025, https://imagej.net/ij/download.html, National Institutes of 

Health, Bethesda, MD).
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Biochemical analysis.

Measurements of acetaldehyde, hydrogen peroxide, nitric oxide, MDA, and glutathione 

in liver tissue samples were performed using commercial kits from BioAssay Systems 

(Hayward, CA), Thermo Fisher Scientific (Waltham, MA), Abcam (Waltham, MA), and 

Sigma-Aldrich (St. Louis, MO), respectively as previously described 13.

Protein analysis.

Mouse tissue samples were homogenized using a T25 digital homogenizer (IKA Works Inc., 

Wilmington, NC) in lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 10% Glycerol, 

1% Triton X-100, 1.5 mM MgCl2, 1 mM EDTA, 10 mM sodium pyrophosphate, 100 

mM sodium fluoride, 100 μM sodium vanadate, 1 mM PMSF and Complete Protease 

Inhibitor (Sigma-Aldrich). Protein samples were resolved by 10% sodium dodecyl sulfate 

polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane using a 

Trans-Blot Turbo Transfer System (Bio-Rad Laboratories, Hercules, CA). Membranes were 

first incubated with a blocking buffer and then with specific primary antibodies overnight at 

4 °C. Some of the antibodies used for immunostaining were also used for immunoblotting. 

Other antibodies used were described in the following: PNPLA3 (Thermo Fisher Scientific 

#PA5-18901), perilipin 2 (PLIN2, Proteintech #A6276), ALDH2 (Thermo Fisher Scientific 

MA5-17029), actinin alpha (ACTN, Santa Cruz Biotechnology sc-17829), and actin beta 

(ACTB, Abcam ab8226). After three washes with Tris-buffered saline solution containing 

0.1% Tween-20, membranes were incubated with horseradish peroxidase conjugated 

secondary antibodies at a dilution of 1:1000 (Cell Signaling Technology, Danvers, MA) 

for 1 h at room temperature. Signals were detected using enhanced chemiluminescence 

substrates (Thermo Fisher Scientific) and imaged on a ChemiDoc MP Imaging System 

(Bio-Rad Laboratories). Images were analyzed using the ImageJ software.

RNA analysis.

Total RNAs were extracted and purified from mouse tissue samples using TRI Reagent 

(Sigma-Aldrich) and cDNA was synthesized using a High-Capacity cDNA Reverse 

Transcription Kit (Thermo Fisher Scientific) according to the manufacturer’s instruction. 

Real-time PCR was performed using an Eppendorf Realplex PCR system with specific 

primers described in Table 1 and SYBR Green PCR Master Mix (Thermo Fisher Scientific). 

Expression of a target gene of interest relative to an internal control gene peptidylprolyl 

isomerase A (Ppia) was analyzed using the 2−ΔΔCt method.

Statistical analysis.

Data were presented as mean ± standard error (SEM). Comparisons between two groups 

were analyzed using non-parametric Mann-Whitney tests. Comparisons among multiple 

groups were performed using non-parametric Kruskal-Wallis tests (Prism version 10.2.1, 

GraphPad, La Jolla, CA).
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Results

The PNPLA3148M variant exacerbates alcohol-related HCC development.

As reported previously 12, we generated transgenic mice carrying human PNPLA3148I and 

PNPLA3148M genomic sequences. Expression of human PNPLA3 protein in the transgenic 

mouse livers was verified by Western blot analysis of hepatic lipid droplet protein lysates 

(Fig. 1A). The line #1 PNPLA3148I and line #2 PNPLA3148M transgenic mice were used 

for this study as they had comparable overexpression. To develop an ethanol-related HCC 

mouse model, we treated WT, PNPLA3148I and PNPLA3148M mice with a liquid diet 

containing 5% ethanol (vol/vol) for 12 weeks plus weekly CCl4 injections for 10 weeks 

(Fig. 1B). At the end of the experiment, body weights of the PNPLA3148M mice were not 

significantly different from the WT mice but significantly less than that of the PNPLA3148I 

mice whereas there was no significant difference in liver weights among three groups of 

mice (Fig. 1 C–E). However, liver cancer phenotype was strikingly different (Fig. 1F). Liver 

cancer incidence rates were 33.3%, 0%, and 85.7% in WT, PNPLA3148I and PNPLA3148M 

mice, respectively (Fig. 1G). Liver tumors were more and bigger in the PNPLA3148M mice 

than that in the WT mice (Fig. 1 H, I). As expected, hepatic steatosis was significantly 

elevated in the the PNPLA3148M mice compared to the WT and PNPLA3148I mice (Fig. 

2 A, B). Tumor marker analysis confirmed worse HCC in the PNPLA3148M mice as AFP, 

ARG1, CD44, and CD133 protein levels were significantly higher in the liver sections 

of the PNPLA3148M mice than that in the WT or PNPLA3148I mice (Fig. 2 C, D). Cell 

proliferation rates were also significantly increased in the the PNPLA3148M mouse livers 

compared to the WT and PNPLA3148I mouse livers (Fig. 3 A–C).

PNPLA3148M impairs ethanol detoxification and exacerbates oxidative stress.

To examine how the PNPLA3148M variant impacts on ethanol-induced liver injury, we first 

analyzed a key ethanol-detoxification enzyme ALDH2 at both protein and mRNA levels. 

ALDH2 expression was increased in the liver of PNPLA3148I mice but decreased in the 

liver of PNPLA3148M mice (Fig. 4 A–C). As a result, hepatic acetaldehyde levels were 

significantly elevated in the PNPLA3148M mice (Fig. 4D). In addition, Adh1 and Adh4 

mRNA levels were also significantly decreased in the in the liver of PNPLA3148M mice 

(Fig. 4E). Next, we analyzed reactive oxygen species (ROS) and DNA damage in the liver 

of ethanol-treated mice. Fluorescence intensities of dichlorodihydrofluorescein diacetate 

(DCFDA, a probe for H2O2), dihydroethidium (DHE, a probe for superoxide and H2O2), 

malondialdehyde (MDA), phospho-histone H2A.X (pH2A.X) at Ser139, and TP53BP1 

were significantly elevated in the liver of the PNPLA3148M mice compared to WT and 

PNPLA3148I mice (Fig. 5 A, B). Biochemical analysis confirmed an increase in H2O2, nitric 

oxide (NO), MDA in the liver of the PNPLA3148M mice compared to WT and PNPLA3148I 

mice whereas hepatic total glutathione levels were not significantly different among three 

groups of mice (Fig. 5 C–F).

Hepatic fibrosis is comparable between the PNPLA3148I and PNPLA3148M mice.

As PNPLA3148M has been previously implicated in hepatic fibrosis 14–20, we also analyzed 

several fibrosis markers in the liver by immunofluorescence imaging and immunoblotting. 

Our data showed that expression of COL1, COL3, ACTA2, and TIMP1 was higher in the 
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liver of WT mice than that in the PNPLA3148I and PNPLA3148M mice (Fig. 6 A–D). This 

suggests that hepatic fibrosis might not be a major driver for the ethanol-induced HCC in the 

PNPLA3148M mice.

Wnt and β-catenin are elevated in the PNPLA3148M mouse liver

As β-catenin is often involved in the HCC development, we analyzed expression of β-

catenin and Wnt ligands. Our data showed that Ctnnb1 and Wnt family members 4 and 

5b (Wnt4 and Wnt5b) mRNAs were elevated in the liver of PNPLA3148M mice compared 

to WT and PNPLA3148I mice (Fig. 7 A, B). Immunoblot analysis also showed a trend of 

increase in β-catenin protein levels (Fig. 7 C, D). Immunofluorescence analysis confirmed 

an increase in WNT4 and β-catenin proteins in the PNPLA3148M mouse livers (Fig. 7 E, F).

The Hippo signaling pathway is dysregulated in the PNPLA3148M mouse liver

Next, we analyzed key factors in the downstream of the Hippo signaling pathway. 

Immunoblot analysis showed that phosphorylated YAP (Ser127) levels trended down 

whereas TAZ and TEAD1 protein levels trended up (Fig. 8 A, B). Immunofluorescence 

analysis also showed that YAP and TAZ had increased nuclear translocation in the 

PNPLA3148M mouse livers (Fig. 8 C–E). As a result, expression of the Hippo downstream 

target genes cysteine-rich angiogenic inducer (Cyr61, also named Ccn1) and connective 

tissue growth factor (Ctgf, also named Ccn2) trended up in the liver of the PNPLA3148M 

mice (Fig. 8 F, G). In addition, expression of the Tet methylcytosine dioxygenase genes was 

also increased (Fig. 8H), which is consistent with a previous report suggesting that Tet1 is a 

YAP target gene 21.

Discussion

In this work, we have illustrated a significant role of the PNPLA3148M variant in the 

development of alcohol-related HCC. Previously, the PNPLA3148M variant has been 

associated with alcohol-related cirrhosis and HCC in multiple human cohort studies 8–10. 

Now our data have provided some potential molecular links to the HCC development. First, 

PNPLA3148M hepatocytes have attenuated alcohol detoxification function as ALDH2 is 

decreased and acetaldehyde is increased in the PNPLA3148M mouse liver. This is consistent 

with the previous reports suggesting that ALDH2 deficiency increases the risk of HCC 

development in human patients with cirrhosis and ALD and an ALD plus CCl4 mouse 

model as well 22, 23. Second, reactive oxygen species are elevated in the PNPLA3148M 

mouse liver. As a result, biomolecules including lipids, proteins, and DNAs may be damaged 

by free radicals. It is likely that DNA damage could lead to oncogenic mutations and/or 

dysregulation. Third, key oncogenic pathways including Wnt/β-catenin and the Hippo 

pathway are dysregulated in the PNPLA3148M mouse liver. Those alterations could promote 

HCC initiation and progression. Collectively, those alterations significantly increase the 

risk of HCC development through the interaction between the PNPLA3148M variant and 

alcohol metabolism. It is worth noting that mutation of the corresponding 148I to 148M 

in the mouse Pnpla3 gene does not lead to HCC development in mice under either chow 

or Western diet plus 10% (vol/vol) ethanol and 23.1 g/L fructose and 18.9 g/L glucose in 

the drinking water for up to 50 weeks 24. The differential phenotypes could be attributed 
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to multiple factors including human versus mouse Pnpla3 gene 11, experimental design, and 

animal housing facility.

As PNPLA3 is a lipid droplet-associated protein, lipid droplet metabolism could play a role 

in the PNPLA3148M variant-associated HCC 11. This seems consistent with the histology 

of the liver tumors in the PNPLA3148M mice. Previously, it has been suggested that 

PNPLA3148M sequesters abhydrolase domain containing 5 (ABHD5 or commonly known 

as CGI-58) from PNPLA2 (commonly known as ATGL for adipose triglyceride lipase) and 

thus decreases lipolysis 25. Intriguingly, we have observed that alcohol metabolism is also 

impaired by the PNPLA3148M variant, especially accumulation of acetaldehyde. This could 

partially explain the elevated risk of HCC in the PNPLA3148M mice. But there is another 

twist. Hepatic fibrosis is not exacerbated by the PNPLA3148M variant under the alcohol 

feeding and tetrachloride treatment conditions even though PNPLA3148M has been shown to 

promote hepatic stellate cell activation in vitro 14.

Somatic mutations of the CTNNB1 gene, coding for β-catenin, have been found in 

nearly 50% patients with alcohol-related HCC 5. A genome-wide association analysis has 

identified a protective WNT3A-WNT9A rs708113[T] allele in alcohol-related HCC cohorts. 

Interestingly, this protective allele is associated with HCC tumors with a lower rate of 

CTNNB1 somatic mutations. Further analysis suggests that the rs708113[T] allele might 

enhance tumor immune response in the non-tumor liver tissue 26. In this study, our data 

suggest that PNPLA3148M activates the Wnt/β-catenin pathway partly by increasing both 

Wnt ligands and nuclear β-catenin. But it is still elusive how PNPLA3148M does that. 

As PNPLA3 is normally localized on lipid droplet, it is reasonable to believe that the 

Wnt/β-catenin pathway is indirectly regulated by PNPLA3148M.

The Hippo pathway has been implicated in the liver cancer development 27–43; however, it 

is unclear whether this is the case for alcohol-related HCC. Our data have shown that YAP, 

TAZ, and TEAD1 in the downstream of the Hippo pathway are elevated in the PNPLA3148M 

mouse livers, suggesting that the Hippo pathway is indeed involved in the alcohol-related 

HCC. Previously, it has been reported that YAP is activated by PNPLA3148M in human 

hepatic stellate cells 44. However, it is unclear how the Hippo pathway is regulated by 

PNPLA3148M and whether this occurs in the early or late stage of the HCC development. 

Additional studies are needed to address those questions.

It is generally believed that HCC originates from dedifferentiated hepatocytes that may 

express cancer stem cell markers such as CD44 and CD133 45, 46. The PNPLA3148M 

mouse livers exhibit elevated these markers. Lineage tracing approaches would be useful to 

track whether those CD44+ or CD133+ cells are the initiating cells for HCC. Apparently, 

PNPLA3148M increases the number of those cells under the alcohol and CCl4 conditions. 

It would be interesting to illustrate the role of PNPLA3148M in the generation of those 

potential HCC initiating cells.

In summary, this study has shown an elevated risk for alcohol-related HCC in PNPLA3148M 

variant carriers. PNPLA3148M impairs alcohol detoxification and increases hepatic oxidative 

stress and DNA damage. The Wnt/β-catenin and YAP/TAZ pathways are activated in the 
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PNPLA3148M livers. These findings suggest that PNPLA3 can be targeted for the prevention 

or treatment of alcohol-associated HCC in PNPLA3148M variant carriers.
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Figure 1. PNPLA3148M promotes liver cancer in an ethanol-fed mouse model.
(A) Verification of human PNPLA3 transgenic mice by Western blot analysis. (B) Schematic 

diagram of the mouse model used for this study. WT, PNPLA3148I, and PNPLA3148M 

mice were fed with a 5% (vol/vol) ethanol-containing diet for 12 weeks plus weekly CCl4 

injections (0.32 μg/g, i.p.) for 10 weeks. (C-E) Body and liver weight measurements. (F) 

Mouse liver gross images. (G-I) Liver cancer incidence rates, tumor counts, and tumor sizes, 

respectively. Data were expressed as mean ± SEM. #P < 0.05 for WT vs. other groups; **P < 

0.01 for PNPLA3148M vs. PNPLA3148I (n = 6-12).
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Figure 2. Characterization of hepatocellular carcinoma.
(A) Representative H&E staining of liver sections. (B) Lipid droplet analysis by BODIPY 

staining. (C, D) Immunofluorescence and quantification analysis of AFP, ARG1, CD44, and 

CD133 in liver sections. Total magnification of the images was labeled as such (100x, 200x, 

or 400x). Data were expressed as mean ± SEM. #P < 0.05 and ##P < 0.01 for WT vs. other 

groups; *P < 0.05 and **P < 0.01 for PNPLA3148M vs. PNPLA3148I (n = 4).
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Figure 3. Cell proliferation is increased in the liver of PNPLA3148M mice.
(A-C) Immunofluorescence and quantification analysis of PCNA and Ki-67 in liver sections. 

Total magnification of the images was 400x. Data were expressed as mean ± SEM. ##P 

< 0.01 and ###P < 0.001 for PNPLA3148M vs. WT; **P < 0.01 and ***P < 0.001 for 

PNPLA3148M vs. PNPLA3148I (n = 3).
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Figure 4. PNPLA3148M impairs ethanol detoxification.
(A, B) Hepatic ALDH2 protein analysis (n = 3). (C) Aldh2 mRNA analysis by real-time 

PCR (n = 4). (D) Hepatic acetaldehyde measurements (n = 6-11). (E) Adh1 and Adh4 

mRNA analysis by real-time PCR. Data were expressed mean ± SEM. #P < 0.05 and ###P < 

0.001 for WT vs. other groups; *P < 0.05, **P < 0.01, and ***P < 0.001 for PNPLA3148I vs. 
PNPLA3148M.
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Figure 5. PNPLA3148M exacerbates ethanol-induced oxidative stress and DNA damage.
(A, B) Fluorescence imaging analysis of DCFDA, DHE, MDA, pH2A.X, and 53BP1 in liver 

sections. Total magnification of the images was 200x. (C-F) Hepatic hydrogen peroxide, 

nitric oxide (NO), MDA, and total glutathione (GSH) measurements (n = 6-12), respectively. 

Data were expressed mean ± SEM. #P < 0.05, ##P < 0.01, and ###P < 0.001 for WT vs. other 

groups; *P<0.05, **P<0.01, and ***P<0.001 for PNPLA3148I vs. PNPLA3148M.
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Figure 6. Extracellular matrix (ECM) protein analysis in the PNPLA3148M mouse livers.
(A, B) Immunofluorescence analysis of COL1, COL3, ACTA2, and TIMP1 in liver sections 

(n = 4). Total magnification of the images was 100x. (C, D) Western blot analysis of ECM 

related proteins in liver tissues (n = 3). Data were expressed mean ± SEM. #P < 0.05 for WT 

vs. other groups.
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Figure 7. The Wnt/β-catenin pathway is elevated in the PNPLA3148M mouse livers.
(A, B) Real-time PCR analysis of Ctnnb1 and Wnt gene expression (n = 4). (C, D) Western 

blot analysis of β-catenin in mouse liver lysates (n = 3). (E, F) Immunofluorescence imaging 

analysis of Wnt4 and β-catenin in the liver sections (n = 4). Total magnification of the 

images was labeled as such (630x or 200x). Data were expressed mean ± SEM. #P < 0.05 for 

WT vs. other groups; *P < 0.05 for PNPLA3148I vs. PNPLA3148M.
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Figure 8. YAP/TAZ are activated in the PNPLA3148M mouse livers.
(A, B) Western blot analysis p-YAP, YAP, TAZ, and TEAD1 in liver lysates (n = 3). (C-E) 

Immunofluorescence imaging analysis of YAP and TAZ in liver sections (n = 4). Total 

magnification of the images was 630x. (F-H) Real-time PCR analysis of Cyr61, Ctgf, and 

Tet1/2/3 mRNA levels (n = 4). Data were expressed mean ± SEM. #P < 0.05 and ##P < 0.01 

for WT vs. other groups; *P < 0.05 and **P < 0.01 for PNPLA3148I vs. PNPLA3148M.
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Table 1.
PCR primer sequences

Gene symbol Species Primer sequences (forward and reverse) Application

Aldh2 Mouse 5′- TGA TCA AGG AGG CAG GCT TT-3′
5′- CCA CTT TGT CCA CAC CCT CA-3′ qPCR

Ctnnb1 Mouse 5′- TCA GTG CAG GAG GCC GA-3′
5′- CAG GTC AGC TTG AGT AGC CAT-3′ qPCR

Wnt2 Mouse 5′- GTC TGA CCT GAT GTA GAC GCA-3′
5′- CTG TAG CTC TCA TGT ACC ACC AT-3′ qPCR

Wnt4 Mouse 5′- CAG AGC CAC ATG CTC CTA GA-3′
5′- TCA CGT CCT GAT AGG CAC AG-3′ qPCR

Wnt5a Mouse 5′-CAA GGA GTT CGT GGA CGC TA-3′
5′-CAG GCT ACA TCT GCC AGG TT-3′ qPCR

Wnt5b Mouse 5′- GTG CCA ACA CCA GTT TCG AC-3′
5′- GAA GGC AGT CTC TCG GCT AC-3′ qPCR

Cyr61 Mouse 5′- AGA GGC TTC CTG TCT TTG GC-3′
5′- CCA AGA CGT GGT CTG AAC GA-3′ qPCR

Ctgf Mouse 5′- TGC AGA CTG GAG AAG CAG AG-3′
5′- GGC TTG GCG ATT TTA GGT GT-3′ qPCR

Adh1 Mouse 5′- GGA GCT TCA CCA CTG GAC AA-3′
5′- GGT CAC CTT GGC GAC TTT GA-3′ qPCR

Adh4 Mouse 5′- GCC AGA GTC GAT GAT GAG GC-3′
5′- CAG GCC AAA GAC AGC ACA AG-3′ qPCR

Tet1 Mouse 5′- CTG CTG TCA GGG AGC TCA TG-3′
5′- GAG CTC TTC CCT TCC TTC CC-3′ qPCR

Tet2 Mouse 5′- GGC AAG AGC TCT CAG GGA TG-3′
5′- AGG TCG CAC TCG TAC CAA AC-3′ qPCR

Tet3 Mouse 5′- TAC CCT CCG GAA GTA TGG CA-3′
5′- TAC ATG CTC CAG GAA CAG CC-3′ qPCR
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