
TAZ-induced Cybb contributes to liver tumor formation in non-
alcoholic steatohepatitis

Xiaobo Wang1,*, Sharon Zeldin1, Hongxue Shi1, Changyu Zhu1, Yoshinobu Saito1, Kathleen 
E. Corey2,3, Stephanie A. Osganian2, Helen E. Remotti4, Elizabeth C. Verna1, Utpal B. 
Pajvani1,5, Robert F. Schwabe1,5, Ira Tabas1,4,5,6,*

1Department of Medicine, Columbia University Irving Medical Center, New York, NY 10032, USA;

2Gastrointestinal Unit, Massachusetts General Hospital, Boston, MA 02114, USA;

3Harvard Medical School, Boston, MA 02115, USA;

4Department of Pathology and Cell Biology, Columbia University Irving Medical Center, New York, 
NY 10032, USA;

5Institute of Human Nutrition, Columbia University Irving Medical Center, New York, NY 10032, 
USA;

6Department of Physiology and Cellular Biophysics, Columbia University Irving Medical Center, 
New York, NY 10032, USA

Abstract

Background and Aims: A leading cause of hepatocellular carcinoma (HCC) is non-alcoholic 

steatohepatitis (NASH), but mechanisms linking NASH to eventual tumor formation remain 

poorly understood. Here we investigate the role of TAZ/WWTR1, which is induced in hepatocytes 

in NASH, in the progression of NASH to HCC.

Methods: The roles of hepatocyte TAZ and its downstream targets were investigated in diet-

induced and genetic models of NASH-HCC using gene-targeting, AAV8-H1-mediated gene 

silencing, or AAV8-TBG-mediated gene expression. The biochemical signature of the newly 

elucidated pathway was probed in liver specimens from humans with NASH-HCC.

Results: When hepatocyte-TAZ was silenced in pre-tumor NASH mice using AAV8-H1-shTaz, 

subsequent HCC tumor development was suppressed. In this setting, this tumor-suppressing effect 

of shTaz was not dependent of TAZ silencing in the tumors themselves and could be dissociated 
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from the NASH-suppressing effects of shTaz. The mechanism linking pre-tumor hepatocyte-TAZ 

to eventual tumor formation involved TAZ-mediated induction of the NOX2-encoding gene Cybb, 

which led to NADPH-mediated oxidative DNA damage. As evidence, DNA damage and tumor 

formation could be suppressed by treatment of pre-tumor NASH mice with AAV8-H1-shCybb; 

AAV8-TBG-OGG1, encoding the oxidative DNA-repair enzyme 8-oxoguanine glycosylase; or 

AAV8-TBG-NHEJ1, encoding the dsDNA repair enzyme non-homologous end-joining factor 1. In 

tumor-surrounding tissue in human NASH-HCC liver, there were strong correlations among TAZ, 

NOX2, oxidative DNA damage.

Conclusions: TAZ in pre-tumor NASH-hepatocytes, via induction of Cybb and NOX2-mediated 

DNA damage, contributes to subsequent HCC tumor development. These findings illustrate how 

NASH provides a unique window into the early molecular events that can lead to tumor formation 

and suggest that NASH therapies targeting TAZ might also prevent NASH-HCC.

Graphical Abstract

Lay summary

Nonalcoholic steatohepatitis (NASH) is emerging as the leading cause of a type of liver cancer 

called hepatocellular carcinoma (HCC), but molecular events in pre-tumor NASH hepatocytes 

leading to HCC remain largely unknown. Our study shows that a protein called TAZ in pre-tumor 

NASH-hepatocytes promotes damage to the DNA of hepatocytes and thereby contributes to 

eventual HCC. This study reveals a very early event in HCC that is induced in pre-tumor NASH, 

and the findings suggest that NASH therapies targeting TAZ might also prevent NASH-HCC.

Keywords
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INTRODUCTION

Nonalcoholic steatohepatitis (NASH) is emerging as the leading cause of both liver 

disease1–3 and hepatocellular carcinoma (HCC)3,4. NASH-HCC can develop in the absence 

of cirrhosis5–7, suggesting that NASH-mediated signals within hepatocytes may drive 

carcinogenesis before the carcinogenic effects of cirrhosis are present. Indeed, the prolonged 

pre-cancer stage of NASH provides a unique opportunity to address a major challenge in 

cancer, namely, identifying very early changes in non-cancer cells that can subsequently lead 
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to tumor formation. However, the mechanisms of how NASH predisposes to eventual HCC 

tumor formation remains largely unknown.

To address this challenge, we investigated three features in common between NASH 

hepatocytes and HCC tumor cells, namely, TAZ/WWTR1, oxidative stress, and DNA 

damage8–11. The gene regulator TAZ/WWTR1 is increased in mouse and human 

hepatocytes as hepatosteatosis progresses to NASH8,12–14 and promotes NASH by inducing 

the secretory protein Indian hedgehog (Ihh)8. Oxidative stress occurs in NASH hepatocytes 

and can cause double-stranded DNA breaks (DSB) and chromosome instability, which, 

by causing mutations in tumor-suppressor genes, can induce HCC when other “hits” are 

present10,11,15,16. Although TAZ can promote tumor growth and spread, including in liver 

cancer17–19, we hypothesized that it might have an independent role in activating molecular 

events in pre-tumor NASH hepatocytes that could eventually lead to HCC. We now present 

evidence that TAZ, by inducing the pro-oxidant gene Cybb, promotes oxidative DNA 

damage in pre-tumor NASH, leading to eventual HCC tumor formation. This conclusion 

is supported by molecular-genetic causation data in experimental NASH-HCC, and the 

biochemical signature of the pathway is present in human NASH-HCC.

MATERIALS AND METHODS

Animal Studies

Male wild-type C57BL/6J mice (#000664, 9–10 weeks/old), Cybbfl/fl mice (#031777), and 

RosaNICD mice (#008159) were from Jackson Laboratory (Bar Harbor, ME) and allowed to 

adapt in the animal facility for 1 week prior to random assignment to experimental cohorts. 

Wwtr1fl/fl mice20, backcrossed to C57BL/6J, were provided by Dr. Eric Olson (University 

of Texas Southwestern). The mice were fed a diet containing sugar water (23.1 g fructose/L 

and 18.9 g glucose/L), palmitate, and 1.25% cholesterol (“NASH diet”; Teklad, TD.160785 

PWD), which induces NASH after 16 weeks8. All AAV8-viruses were injected by tail vein 

(2×1011 genome copies/mouse) as indicated in the figure legends. For the DMBA model, 50 

μl of 0.5% DMBA (7,12-dimethylbenz [a]anthracene, Sigma) in acetone was administered 

to the dorsal surface on postnatal day 4–521; the NASH diet was begun at weaning (3 

wks/o). Animals were housed in standard cages at 22°C in a 12–12-hour light-dark cycle in 

a barrier facility. For mouse HCC, the predetermined endpoint was tumor weight estimated 

to be <10% of body weight. All animal experiments were performed in accordance with 

institutional guidelines and regulations and approved by the Institutional Animal Care and 

Use Committee at Columbia University.

RESULTS

Silencing hepatocyte TAZ in pre-tumor NASH mice suppresses HCC tumor development

We began our investigation with a well-characterized and validated NASH model that uses a 

diet rich in fructose, palmitate, and cholesterol8,14,22–24. In this model, early fibrosis occurs 

after 16 weeks on diet, but we extended the feeding period to 15 months to look for HCC. 

All of the mice developed tumors showing features of HCC, including far fewer portal tracts 

in the tumors than in the surrounding liver, reticulin staining showing expanded hepatocyte 
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cords, and positive glypican-3 staining (Figure 1A). In another cohort, we administered 

AAV8-H1-shTaz or AAV8-H1-scrambled RNA (Scr) at the 8-month time point, which is 

before tumors develop, and analyzed the mice at 13 months (Figure 1B). AAV8-shTaz 

potently lowers TAZ specifically in hepatocytes8, and we documented TAZ silencing in the 

livers of the 13-month NASH diet-fed mice (Figure 1C). We found that hepatocyte-TAZ 

silencing completely prevented tumor development (Figures 1D). The percentage of Ki67+ 

HNF4α+ liver cells in non-tumor tissue was also decreased in the shTaz cohort (Figures 

1E). For a second model, we treated newborn mice with the mutagen DMBA and then 

placed them on the NASH diet from 1–9 months of age. DMBA alone does not cause 

tumors in this timeframe21, but the combination of DMBA and the NASH diet led to the 

development of numerous tumor (Figure 1F). DMBA/NASH diet-treated Wwtr1fl/fl mice 

were treated with AAV8-TBG-Cre to delete hepatocyte-TAZ, or AAV8-TBG-LacZ control, 

at the 5-month time point, which is before tumors form (Figures 1G–1H). Deletion of 

hepatocyte-TAZ markedly decreased tumor number and size at 10 months (Figures 1I and 

S1A). The percentage of Ki67+HNF4α+ cells in non-tumor tissue was also decreased by 

hepatocyte-TAZ deletion (Figures 1J). As a third model, we activated hepatocyte Notch by 

treating RosaNICD mice with AAV8-TBG-Cre and then fed the NASH diet, which leads to 

NASH features after 2 months and NASH diet-dependent HCC tumor formation by 3–4 

months23. We verified that tumors formed at 4 months (Figure 1K) and then used RosaNICD 

Wwtr1fl/fl to test our hypothesis. The experimental group was administered AAV8-TBG-

Cre to enable both Notch activation and TAZ deletion in hepatocytes, with Cre-injected 

RosaNICD mice serving as the intact-TAZ control cohort (Figures 1L–1M). The mice were 

then fed the NASH diet for 4 months. Deletion of hepatocyte TAZ lowered tumor number 

and size and the percentage of Ki67+HNF4α+ cells in non-tumor tissue (Figures 1N–1O and 

S1B). Thus, in three separate models of NASH diet-dependent HCC, silencing or deleting 

TAZ in hepatocytes before tumors form suppresses the eventual formation of HCC tumors.

HCC tumor suppression by hepatocyte-TAZ silencing is not dependent of TAZ silencing in 
tumors

As with other types of HCC25,26, TAZ was expressed in human and mouse NASH-HCC 

tumors (Figures S1C–S1G), and we found that TAZ deletion using the cre-lox method, i.e., 

AAV8-TBG-Cre in the DMBA-Wwtr1fl/fl and RosaNICD Wwtr1fl/fl models, lowered tumor 

TAZ (Figure S1H–S1I). Thus, it was possible that silencing of TAZ in tumor cells was 

responsible for tumor suppression. In contrast, episomally expressed AAV8-shTaz becomes 

diluted as cells divide, resulting in eventual elimination of gene silencing in tumors. 

Thus, the tumor-preventative effect of AAV8-H1-shTaz in the 13-month NASH-diet model 

(Figures 1B–E) suggests a pre-tumor effect. To test this principle in a more robust model, 

we turned to the Notch-NASH diet model. Three months after Notch activation and start of 

the NASH diet, mice were injected with AAV8-H1-shTaz or AAV8-H1-Scr and analyzed 2 

months later (Figure 2A). As designed, shTaz silenced TAZ in surrounding NASH tissue but 

not in the tumor tissue (Figure 2B). We found that tumor number and size were decreased 

by shTaz treatment (Figure 2C and S1J), as was the percentage of Ki67+HNF4α+ cells in 

surrounding tissue (Figure 2D). Note that shTaz did not alter the expression of the Notch 

downstream gene Hes1 (Figure S1K), indicating lack of interference with Notch function 
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itself. These data suggest the TAZ in pre-tumor hepatocytes contributes to molecular events 

that can eventually lead to tumor formation.

The tumor-suppressing and NASH-suppressing effects of shTaz can be dissociated in 
experimental NASH-HCC

As expected from our previous work8, hepatocyte-TAZ deletion lowered liver inflammation, 

fibrosis, and cell death and plasma ALT in the models studied in Figures 1 and 2 (Figure 

S2A–S2T). Thus the anti-tumor-suppressing effect of hepatocyte-TAZ silencing in our 

models could be secondary to suppressing the NASH niche, which can in its advanced 

form contribute to HCC development27,28. However, NASH is relatively low-grade in our 

models, suggesting that anti-tumor effect of shTaz might be independent of its NASH-

suppression effect. To test this idea, we examined the role of Indian hedgehog (Ihh) in 

NASH-HCC, as Ihh is the major gene target of TAZ/TEAD responsible for TAZ-induced 

NASH liver inflammation, fibrosis, and cell death8. Using the Notch (NICD)/NASH-diet 

model, mice were treated with AAV8-H1-shTaz plus either AAV8-TBG-Ihh or control 

AAV8-TBG-LacZ at the 2-month timepoint and then examined at 4 months (Figure 3A). 

In a parallel experiment, we showed that shTaz in this 2-month → 4-month protocol 

suppressed tumors (Figure S3A–S3B), lowered TAZ and Ihh expression only in non-tumor 

tissue (Figures S3C), and decreased NASH endpoints without affecting body weight or 

fasting plasma glucose (Figure S3D–S3F). As designed, treatment of TAZ-silenced mice 

with AAV8-TBG-Ihh increased Ihh in non-tumor-bearing NASH liver but not in the tumors 

themselves (Figure 3B), and, consistent with our previous data8, Ihh restored NASH features 

in the TAZ-silenced mice (Figures 3C–3E) without affecting body weight or fasting plasma 

glucose (Figures S3G–S3H). Most importantly, AAV8-TBG-Ihh did not increase tumor 

number or size in the TAZ-silenced mice (Figure 3F and S3I). Next, we directly silenced Ihh 

in this model (Figure 3G), which resulted in lower Ihh in non-tumor tissue but not tumor 

tissue (Figure 3H). As expected, this intervention lowered liver inflammation, fibrosis, and 

TUNEL+ cells in the liver and plasma ALT (Figure 3I–3K) without affecting body weight 

or fasting plasma glucose (Figures S3J–S3K). Most importantly, shIhh did not lower HCC 

development (Figure 3L and S3L). These combined data dissociate the tumor-suppressing 

effect of shTaz from its NASH-suppressing effects in this model. Moreover, while Ihh is 

a key TAZ gene target that contributes to NASH progression, Ihh does not appear to be 

involved in TAZ-induced HCC.

TAZ-mediated oxidative DNA damage in pre-tumor NASH is linked to tumor formation

In our search for TAZ-mediated process in NASH that might contribute to the eventual 

tumor formation, we investigated a key process in HCC, namely, DNA damage9,10. First, we 

found that a marker of double-stranded DNA (dsDNA) damage, γH2AX (phospho-H2AX), 

was increased in the livers of humans and mice with non-tumor NASH (Figure S4A–S4B). 

Next, we found that treatment with AAV8-H1-shTaz eliminated the increase in γH2AX 

in NASH mice (Figure 4A). Although the decrease in the γHA2X signal by shTaz could 

have resulted from the suppression of hepatocyte proliferation10, shTaz did not affect the 

percentage of Ki67+HNF4α+ cells in these non-HCC NASH livers (Figure S4C). Moreover, 

this finding shows that TAZ promotes DNA damage in hepatocytes before proliferation 

occurs. One mechanism of dsDNA damage in HCC is oxidative DNA damage, and there 
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is evidence that this process is relevant to NASH-HCC in humans11. Using the livers of 

mice fed the NASH diet for 8 weeks (steatosis) or 16 weeks (early NASH), we used 

immunofluorescence microscopy to detect hepatocytes expressing a marker of oxidative 

DNA damage, 8-oxo-2′-deoxyguanosine (8-OHDG). The percent of 8-OHDG+ hepatocytes 

increased during the period of steatosis-to-NASH progression (Figures 4B and S4D), and the 

increase at 16 weeks was diminished in mice by AAV8-H1-shTaz treatment (Figure 4C).

We next sought direct evidence that oxidative DNA damage was involved in NASH-HCC by 

testing the effect if 8-oxoguanine glycosylase (OGG1), which mediates base excision repair 

of oxidatively damaged DNA29. First, transfection of AML12 cells with Ogg1 prevented 

cholesterol/palmitate-induced DNA damage as assessed by γH2AX immunoblot (Figure 

4D). Next, we administered AAV8-TBG-Ogg1 or control virus (AAV8-TBG-GFP) 2 months 

after the start of the NASH diet in Cre-treated RosaNICD mice and then analyzed the mice 

1 month later (Figure 4E). AAV8-TBG-Ogg1 successfully increased liver Ogg1 mRNA 

without affecting Wwtr1 (TAZ); increased OGG1 protein in surrounding tissue but not 

tumors; and decreased γH2AX1 in surrounding tissue (Figures 4F–G). Most importantly, 

OGG1 decreased the number of tumors that developed in these mice (Figure 4H) without 

affecting the percentage of Ki67+HNF4α+ cells in the liver (Figure 4I) or systemic or NASH 

parameters (Figure 4J–K and S4E–F). These combined data show causative links among 

between TAZ and DNA damage in pre-tumor NASH and eventual tumor formation.

TAZ-induced Cybb/NOX2 contributes to oxidative DNA damage in NASH and to NASH-HCC 
tumor formation

We surveyed 12 mRNAs that encode oxidant-related proteins in pre-tumor NASH vs. control 

liver and found that Cybb, which encodes the NOX2 (gp91) subunit of the pro-oxidant 

protein complex NADPH oxidase, was increased in NASH (Figure 5A). Cybb mRNA was 

also elevated in both tumor tissue and non-tumor surrounding tissue in the livers of the 

13-month NASH-diet HCC model (Figure S4G). Further, NOX2 protein was increased in 

mouse and human NASH liver (Figure 5B and 5C, top); in surrounding tissue and tumor 

tissue of two of our mouse NASH-HCC models; and in human NASH-HCC tumors (Figure 

S4H–J). We also found strong correlations between TAZ and NOX2, NOX2 and γH2AX, 

and TAZ and γH2AX and between the percent of 8-OHDG+ cells and NOX2, TAZ, and 

γH2AX in non-tumor tissue of human NASH-HCC liver (Figure S4K–N). Immunostaining 

using a validated anti-NOX2 antibody (Figure S4O) showed a strong NOX2 signal in 

hepatocytes in mouse and human NASH liver (Figure 5B–5C, images). Although NOX2 

staining was also seen in liver macrophages, there was a far greater number of NOX2-

positive hepatocytes (Figure S4P). Further, neutrophils were not a major sources of NOX2 

in human NASH liver, as their numbers were very low (Figure S4Q). Thus, hepatocytes 

contributed to most of the NOX2 signal in NASH liver (Figure 5B–5C, graphs). Most 

importantly, silencing hepatocyte TAZ in NASH mice led to a substantial decrease in hepatic 

Cybb and NOX2 expression (Figure 5D). We next conducted anti-TAZ ChIP analysis and 

showed that TAZ was enriched on a TAZ/TEAD binding sequence in a Cybb promoter in 

liver extracts from NASH diet-fed mice compared with either control liver extracts or liver 

extracts from NASH diet-fed mice that had been treated with AAV8-H1-shTaz (Figure 5E).
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To document cell-autonomous links among TAZ, Cybb/NOX2, and dsDNA damage, 

we turned to a NASH-relevant model in which AML12 hepatocytes are first depleted 

of cholesterol using phospholipid liposomes and then loaded with cholesterol using 

cholesterol-loaded liposomes. This treatment induces TAZ by the same mechanism that 

occurs in NASH hepatocytes in vivo14. We also added palmitate to the incubation medium 

to induce NASH-relevant lipid stress. We found that AML12 cells treated in this manner 

had increases in TAZ, NOX2, and γH2AX compared with control AML12 cells (Figure 5F). 

Further, using a chromosomal spread assay, we observed an increase in chromosomal breaks 

in the treated cells but not in the control cells (Figure S4R). Most importantly, siCybb 

lowered 4-hydroxynonenal (4-HNE), a marker of oxidative stress; 8-OHDG; γH2AX; 

and chromosomal breaks (Figures 5G–5I). Moreover, siTaz treatment lowered γH2AX 

and NOX2 by approximately 50%, and genetic restoration of NOX2 in the siTaz-treated 

hepatocytes abrogated the decrease in γH2AX (Figure 5J). These combined data show that 

the increase in hepatocyte TAZ in NASH leads to the induction of Cybb, which results in 

NOX2-mediated oxidative dsDNA damage.

We reasoned that expressing a dsDNA-repair enzyme in hepatocytes in pre-tumor NASH 

HCC might provide a causal link between DNA damage in NASH and eventual tumor 

formation. Based on a screen of mRNAs encoding dsDNA-damage repair enzymes, we 

chose non-homologous end joining factor 1 (NHEJ1; also known as XRCC4-like factor 

[XLF]). Nhej1 was uniquely decreased in NASH versus control liver (Figure S5A). Nhej1 
was also decreased in cholesterol/palmitate-treated versus untreated AML12 cells (Figure 

S5B), and transfection of these cells with Nhej1 lowered γH2AX (Figure S5C). For the 

in-vivo test, the Notch (NICD)/NASH-diet model was transduced with AAV8-TBG-Nhej1 

between months 2 and 3 (Figure S5D). As planned, the vector increased liver Nhej1 
expression without affecting Wwtr1 (TAZ) or Cybb; increased NHEJ1 protein in surround 

tissue but not tumors; and decreased γH2AX1 in non-tumor tissue (Figures S5E–S5F). 

Most importantly, NHEJ1 decreased the number of tumors in these mice (Figure S5G), 

without affecting the percentage of Ki67+HNF4α+ cells (Figure S5H) or systemic or NASH 

parameters (Figures S5I–S5L).

We next tested the role of Cybb in NASH-HCC by treating Notch (NICD)/NASH-diet 

mice with AAV8-H1-shCybb or AAV8-H1-Scr between months 2–4 (Figure 6A). NOX2 

was decreased in non-tumor tissue but not the tumors, and this was accompanied by a 

decrease in γH2AX in the non-tumor tissue (Figure 6B and Figure S6A). Most importantly, 

shCybb lowered tumor numbers in these mice (Figure 6C) without affecting systemic or 

NASH endpoints (Figures 6D–6F and S6B–S6C). Interestingly, neither the average size of 

the tumors nor the percentage of Ki67+HNF4α+ cells (Figure 6G and S6D) was altered, 

suggesting that hepatocyte-Cybb contributed to an early, pre-proliferative molecular process 

that can eventually lead to new tumor formation.

Finally, we asked whether genetic restoration of Cybb in shTaz-treated mice could restore 

dsDNA damage and tumor development. Accordingly, Notch (NICD)/NASH-diet mice were 

treated with AAV8-H1-shTaz plus either AAV8-TBG-Cybb or AAV8-TBG-LacZ control 

(Figure 6H). In the AAV8-TBG-Cybb mice, NOX2 and γH2AX were restored in non-tumor 

liver tissue but not tumors (Figure 6I and Figure S6E). Most importantly, NOX2 restoration 
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increased average tumor number to the value that is typically observed in control Notch/

NASH-diet mice (Figure 6J) without affecting systemic or NASH endpoints (Figures 6K–

6M and S6F–S6G). Consistent with the shCybb data above, neither average tumor size 

nor the percentage of Ki67+HNF4α+ cells was affected (Figure 6N and S6H). When 

combined with the previous data, these findings suggest NASH-mediated induction of TAZ 

in hepatocytes, by inducing Cybb and NOX2-mediated oxidative DNA damage, promotes an 

early, pre-proliferative process that contributes to eventual HCC tumor formation.

DISCUSSION

In NASH-induced HCC, hepatocytes undergo biological changes over a prolonged period 

of time prior to the formation of tumors, providing a unique window into the earliest 

molecular-cellular processes of tumor formation. Here we show the importance of a TAZ-

Cybb-oxidative dsDNA damage pathway. Future studies will be needed to elucidate the 

molecular-genetic links among dsDNA damage, additional carcinogenic hits, and eventual 

tumor formation in this setting. Multiple mechanisms are possible for DNA damage, 

including the inactivation of tumor-suppresor genes30. With regard to additional hits, the 

NASH niche is likely important27,28, and TAZ itself may play and addition role to promote 

hepatocyte proliferation17–19.

The pathway described here focuses specifically on NOX-induced oxidative DNA damage. 

Oxidative stress is a well-known inducer of DNA damage and cancer-causing mutations, and 

it is associated with NASH-HCC10,15. More specifically, the formation of 8-OHDG is linked 

to epigenetic instability in human HCC11 and has been identified as a risk factor for HCC 

in chronic hepatitis C infection16. Moreover, NOX2-mediated superoxide generation has 

been implicated previously in certain non-liver cancers31, and several studies have shown 

correlations between the expression of various NOX proteins and HCC in cell lines, mouse 

models of HCC, and human HCC liver specimens32. However, direct in vivo causation 

studies and mechanistic links to NASH-HCC were previously lacking.

Most therapeutic efforts in HCC focus on arresting tumor growth or promoting tumor 

regression after the diagnosis of HCC in patients with cirrhosis. However, in the case of 

NASH, HCC can develop before frank cirrhosis occurs5–7. Moreover, pre-tumor NASH 

requires treament in its own right, i.e., to prevent liver failure. The fact that TAZ is induced 

in hepatocytes in NASH and contributes to both NASH and HCC provides a strong rationale 

for TAZ-based therapy in patients with NASH. For example, GalNAc-siTAZ, which is 

based on a platform currently in human use, can lower hepatocyte-TAZ to its healthy-liver 

level and block or reverse progression to fibrosis in experimental NASH22. Based on the 

pathway revealed here, we suggest that hepatocyte-targeted siTaz therapy would also block 

NASH-to-HCC progression.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Silencing hepatocyte TAZ in pre-tumor NASH suppresses subsequent HCC

• Cybb is the key TAZ-induced gene in NASH hepatocytes that triggers tumor 

formation

• Cybb encodes NOX2, which promotes HCC by inducing oxidative DNA 

damage

• Silencing hepatocyte Cybb in pre-tumor NASH, or blocking DNA damage, 

suppresses HCC

• TAZ, NOX2, oxidative DNA damage are strongly correlated in human 

NASH-HCC liver

Wang et al. Page 12

J Hepatol. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Silencing hepatocyte TAZ in pre-tumor NASH mice suppresses the development of 
HCC tumors.
(A) Livers (arrows, tumors) and liver sections of mice fed the NASH diet for 15 months. 

The sections were stained with H&E (imaged at 4X and 20X; bars, 1 mm and 200 μm, 

respectively; T, tumor) and with reticulin and ant-iglypican-3 (bars, 100 μm). (B-E) Mice 

were fed the NASH diet for 13 months, with AAV8-H1-shTaz (shTaz) or control vector (Scr) 

administered at 8 monts. (B) Experimental scheme. (C) TAZ immunoblot from non-tumor 

liver tissue. (D) Livers (arrows, tumors) and tumor numbers/mouse. (E) Liver sections 

from non-tumor areas stained for Ki67 (green) and HNF4α (red) and quantified for the 

percent Ki67+HNF4α+ cells (arrows, Ki67+HNF4α+ cells; bar, 100 μm). For D-E, n = 6 

mice/group; means ± SEM; *p < 0.05 by Student’s t-test. (F) Livers (arrows, tumors) and 

liver sections of mice that were administered DMBA post-natal day 5; placed on NASH 
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diet at 1 month of age, and analyzed at 9 months. The sections were stained with H&E, 

Sirius red (bars, 500 μm; T, tumor), reticulin, and anti-glypican-3 (bars, 200 μm). (G-J) 

Wwtr1fl/fl male mice were administered DMBA on postnatal day 5; placed on the NASH 

diet at 1 month; injected with AAV8-TBG-LacZ or AAV8-TBG-Cre at 5 months; and 

analyzed at 9 months. (G) Experimental scheme. (H) TAZ immunoblot from non-tumor liver 

tissue. (I) Livers (arrows, tumors) and tumor numbers and average diameter. (J) Percent 

Ki67+HNF4α+ cells in non-tumor areas. For I-J, n = 5 mice/group; means ± SEM; *p < 

0.05 by Student’s t-test. (K) Livers (arrows, tumors) and liver sections of RosaNICD mice 

injected with AAV8-TBG-Cre to activate hepatocyte Notch; started on the NASH diet 1 

week later; and analyed after 4 months on diet. The sections were stained with H&E, 

Sirius red (bars, 500 μm), reticulin, and anti-glypican-3 (bars, 200 μm). (L-O) RosaNICD 

or RosaNICD Wwtr1fl/fl mice were treated with AAV8-TBG-Cre; placed on NASH diet 1 

week later; and analyzed 4 months later. (L) Experimental scheme. (M) TAZ immunoblot 

from non-tumor liver tissue. (N) Livers (arrows, tumors) and tumor numbers and average 

diameter. (O) Percent Ki67+HNF4α+ cells in non-tumor areas. For N-O, n = 5 mice/group; 

means ± SEM; *p < 0.05 by Student’s t-test.
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Figure 2. The suppression of HCC tumor formation by hepatocyte-TAZ silencing is not 
dependent of tumor-TAZ silencing.
(A-D) AAV8-TBG-Cre-treated RosaNICD mice were fed the NASH diet and, 3 months later, 

injected with AAV8-H1-scrambled RNA or AAV8-H1-shTaz. The mice were analyzed at 

month 5. (A) Experimental scheme. (B) TAZ immunoblot from surrounding tissue (ST) and 

tumor tissue. (C) Livers (arrows, tumors) and tumor numbers and average diameter. (D) 

Quantification of the percentage of Ki67+HNF4α+ cells in liver sections from non-tumor 

areas. For C-D, n = 7–8 mice/group; means ± SEM; *p < 0.05 by Student’s t-test.
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Figure 3. The tumor-suppressing effect of shTaz in experimental NASH-HCC can be dissociated 
from its NASH-suppressing effects.
(A-F) AAV8-TBG-Cre-treated RosaNICD mice were fed the NASH diet and, 2 months later, 

injected with AAV8-H1-shTaz and either AAV8-TBG-LacZ or AAV8-TBG-Ihh. The mice 

were analyzed at month 4. (A) Experimental scheme. (B) Ihh immunoblot from surrounding 

tissue (ST) and tumor tissue. (C) Liver sections stained with H&E (upper images) and Sirius 

red (lower images), with quantification of inflammatory cells and percent Sirius red-positive 

area. Bars, 200 μm. (D) Percent TUNEL+ cells from non-tumor areas. (E) Plasma ALT. (F) 

Livers (arrows, tumors) and tumor numbers and diameter. For C-F, n = 6 mice/group; means 

± SEM; *p < 0.05 by Student’s t-test. (G-L) AAV8-TBG-Cre-treated RosaNICD mice were 

fed the NASH diet and, 2 months later, injected with AAV8-H1-Scr or AAV8-H1-shIhh. 

The mice were analyzed at month 4. (G) Experimental scheme. (H) Ihh immunoblot from 
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surrounding tissue (ST) and tumor tissue. (I) Liver sections were stained with H&E (upper 

images) and Sirius red (lower images), with quantification of inflammatory cells and percent 

Sirius red-positive area. Bars, 200 μm. (J) Percent TUNEL+ cells from non-tumor areas. (K) 

Plasma ALT. (L) Livers (arrows, tumors) and tumor numbers and diameter. For I-L, n = 6–7 

mice/group; means ± SEM; *p < 0.05 by Student’s t-test.
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Figure 4. TAZ promotes hepatocyte oxidative DNA damage in NASH, and its suppression by 
OGG1 supresses tumor formation in NASH-HCC mice.
(A) γH2AX and H2AX immunoblots from liver of mice injected with AAV8-H1-Scr or 

AAV8-H1-shTaz and fed the NASH diet for 16 weeks. (B) Percent 8-OHDG+ HNF4α+ cells 

in the livers of mice fed the NASH diet for 8 or 16 weeks (n = 5 mice/group; means ± 

SEM; **p < 0.01 by Student’s t-test). (C) Percent 8-OHDG+ HNF4α+ cells in livers of mice 

treated like those in panel A (n = 5 mice/group; means ± SEM; **p < 0.01 by Student’s 

t-test). (D) Ogg1, γH2AX, and H2AX immunoblots from AML12 cells transfected with 

GFP or Ogg1 plasmids and then incubated for 24 h with liposomes to deplete cholesterol 

(Lipo) and then 16 h with cholesterol-rich liposomes and palmitate (Lipo → Chol + Pal). 

(E-K) AAV8-TBG-Cre-treated RosaNICD mice were fed the NASH diet and, 2 months later, 

injected with AAV8-TBG-GFP or AAV8-TBG-Ogg1. The mice were analyzed at month 4. 
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(n = 7–8 mice/group; means ± SEM) (E) Experimental scheme. (F) Liver Ogg1, Wwtr1, 

Cybb and Nhej1 mRNA. (*p < 0.05 by two-way ANOVA/Sidak’s post-hoc analysis). (G) 

Immunoblots of the indicated proteins in the surrounding tumor tissue (ST) and tumor tissue 

from the livers of the two groups of mice. (H) Livers (arrows, tumors) and tumor numbers/

mouse. (*p < 0.05 by Student’s t-test) (I) Percent Ki67+HNF4α+ cells in non-tumor tissue. 

(J) Liver sections were stained with H&E (upper images) and Sirius red (lower images), with 

quantification of inflammatory cells and percent Sirius red-positive area. Bars, 500 μm. (K) 

Percent TUNEL+ cells in non-tumor areas.
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Figure 5. Cybb is a TAZ gene target that contributes to hepatocyte oxidative DNA damage in 
NASH.
(A) Quantification of pro-oxidant genes in the livers of mice fed chow or the NASH diet for 

16 weeks NASH (n = 5 mice/group; means ± SEM; *p < 0.0001 by two-way ANOVA with 

Sidak’s post-hoc analysis). (B) Immunoblot and immunohistochemical staining of Nox2 in 

the livers of mice fed chow diet (Ch) or NASH diet (N) for 28 weeks. Bar, 100 μM, with 

quantification of Nox2 MFI in hepatocytes (HC) and non-hepatocytes (non-HC) (n = 4 mice/

group; means ± SEM; ****p < 0.0001 by two-way ANOVA/Sidak’s post-hoc analysis). 

(C) Immunoblot of NOX2 and immunofluorescence of NOX2 and Hep-Par1 (hepatocytes) 

in normal human livers (Norm) or livers from subjects with NASH. Bar, 100 μM, with 

quantification of NOX2 MFI in hepatocytes (HC) and non-hepatocytes (non-HC) (n = 4 

specimens/group; means ± SEM; ****p < 0.0001 by two-way ANOVA/Sidak’s post-hoc 
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analysis). (D) Wwtr1 and Cybb mRNA and Nox2 immunoblot in the livers of mice injected 

with AAV8-H1-Scr or AAV8-H1-shTaz and then fed the NASH diet for 16 weeks (n = 

5 mice/group; means ± SEM; *p < 0.05 by two-way ANOVA/Sidak’s post-hoc analysis). 

(E) The livers of chow-fed mice or mice injected with AAV8-H1-Scr or AAV8-H1-shTaz 

and then fed the NASH diet for 16 weeks were subjected to TAZ ChIP, followed by 

qPCR of the precipitated DNA for a TAZ/TEAD binding sequence in a Cybb promoter 

or a non-consensus sequence in a Cybb intron. IgG served as the antibody control; the 

data were normalized to the values obtained from input DNA (n = 3 mice/group; means ± 

SEM; *p < 0.05 by one-way ANOVA/Tukey’s post-hoc analysis). (F) Immunoblots of TAZ, 

Nox2, γH2AX, and H2AX in AML12 cells incubated for 40 h with liposomes (Lipo) to 

deplete cholesterol (Lipo) or for 24 h with liposomes and then 16 h with cholesterol-rich 

liposomes and palmitate (Lipo → Chol + Pal). (G) Percent 4-HNE+ and 8-OHDG+ cells 

among scrambled RNA- or siCybb-treated AML12 cells that were incubated for 24 h 

with liposomes and then 16 h with liposomal-cholesterol and palmitate (n = 5 biological 

replicates/group; means ± SEM; *p < 0.05 by Student’s t-test). (H) γH2AX and H2AX 

immunoblots from the AML12 cells in panel J. (I) Chromosome spread assay of the AML12 

cells in panel J, with quantification of percent cells with chromosomal breaks (n = 3 

biological replicates/group; means ± SEM; *p < 0.05 by Student’s t-test). (J) γH2AX, 

H2AX, TAZ, and Nox2 immunoblots from AML12 cells transfected with Scr or siTaz and 

with GFP control or Cybb, and then incubated for 24 h with liposomes and then 16 h with 

liposomal-cholesterol and palmitate..
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Figure 6. TAZ-induced Cybb/NOX2 contributes to the development of NASH-HCC tumors.
(A-G) AAV8-TBG-Cre-treated RosaNICD mice were fed the NASH diet and, 2 months later, 

injected with AAV8-H1-Scr or AAV8-H1-shCybb. The mice were analyzed at month 4. (A) 

Experimental scheme. (B) Nox2, γH2AX, and H2AX immunoblots from surrounding tissue 

(ST), with quantification (n = 3; means ± SEM; ***p<0.001, ****p<0.0001 by two-way 

ANOVA/Sidak’s post-hoc analysis). (C) Livers (arrows, tumors) and tumor numbers/mouse. 

(D) Liver sections were stained with H&E (upper images) and Sirius red (lower images) 

and quantified for the number of inflammatory cells and the percent Sirius red-positive area. 

Bars, 200 μm. (E) Percent TUNEL+ cells in non-tumor areas. (F) Plasma ALT. (G) Average 

tumor diameter and percent Ki67+HNF4α+ cells in non-tumor areas. For C-G, n = 6–8 

mice/group; means ± SEM; *p < 0.05 by Student’s t-test. (H-N) AAV8-TBG-Cre-treated 
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RosaNICD mice were fed the NASH diet and, 2 months later, injected with AAV8-H1-shTaz 

and either AAV8-TBG-LacZ or AAV8-TBG-Cybb. The mice were analyzed at month 4. 

(H) Experimental scheme. (I) Nox2, γH2AX, and H2AX immunoblots from ST, with 

quantification (n = 4; means ± SEM; **p<0.01, ***p<0.001 by two-way ANOVA/Sidak’s 

post-hoc analysis). (J) Livers (arrows, umors) and tumor numbers/mouse. (K) Liver sections 

were stained with H&E (upper images) and Sirius red (lower images), with quantification 

of inflammatory cells and percent Sirius red-positive area. Bars, 200 μm. (L) Percent 

TUNEL+ cells in non-tumor areas. (M) Plasma ALT. (N) Average tumor diameter and 

percent Ki67+HNF4α+ cells. For J-N, n = 7 mice/group; means ± SEM; *p < 0.05 by 

Student’s t-test.
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