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Abstract

Background and Aims: Despite recent progress, long-term survival remains low for 

hepatocellular carcinoma (HCC). The most effective HCC therapies target the tumor immune 

microenvironment (TIME), and there are almost no therapies that directly target tumor cells. Here, 

we investigated the regulation and function of tumor cell-expressed YAP and TAZ in HCC.

Methods: HCC was induced in mice by Sleeping Beauty-mediated expression of MET, 

CTNNB1-S45Y or TAZ-S89A, or by diethylnitrosamine plus CCl4. Hepatocellular TAZ and YAP 

were deleted in floxed mice via AAV8-TBG-Cre. TAZ target genes were identified from RNA-seq, 

confirmed by ChIP and evaluated in a CRISPRi screen. TEADs, Anln, Kif23 and PD-L1 were 

knocked down by guide RNAs in dead Cas9 knock-in mice.

Results: YAP and TAZ were upregulated in murine and human HCC, but only deletion of TAZ 

consistently decreased HCC growth and mortality. Conversely, overexpression of activated TAZ 

was sufficient to trigger HCC. TAZ expression in HCC was regulated by cholesterol synthesis 

as demonstrated by pharmacologic or genetic inhibition of HMGCR, FPPS, FDFT1, or SREBP2. 

TAZ- and MET/CTNNB1-S45Y-driven HCC required the expression of TEAD2 and, to a lesser 

extent, TEAD4. Accordingly, TEAD2 displayed the most profound effect on survival in HCC 

patients. TAZ and TEAD2 promoted HCC via increased tumor cell proliferation, mediated by TAZ 

target genes ANLN and KIF23. Therapeutic targeting of HCC, using pan-TEAD inhibitors or the 

combination of a statin with either sorafenib or anti-PD-1, decreased tumor growth.

Saito et al. Page 2

Gastroenterology. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusions: Our results suggest the cholesterol-TAZ-TEAD2-ANLN/KIF23 pathway as 

mediator of HCC proliferation and tumor cell-intrinsic therapeutic target that could be 

synergistically combined with TIME-targeted therapies.

Lay summary

We identified a tumor-promoting TAZ-TEAD2-ANLN/KIF23 pathway in HCC. Targeting this 

pathway in tumor cells, e.g. by TEAD inhibitors or statins, showed therapeutic effects and can 

potentially be combined with already approved HCC therapies that target non-tumor cells.

Keywords

Liver cancer; statin; CRISPR; immune checkpoint inhibition; combination therapy; tyrosine kinase 
inhibitor; VT104; VT107; anillin; kinesin family member 23

Introduction

Hepatocellular carcinoma (HCC) represents the fourth most common cause of cancer-related 

mortality, causing approximately 800,000 deaths/year world-wide 1. Its incidence has tripled 

in the US and Western counties in the last three decades2 and a further rise is expected due 

to increasing rates of non-alcoholic fatty liver disease (NAFLD). The increasing HCC death 

rates in the US contrast the decreasing mortality for most solid cancers3. Despite recent 

advances in the medical therapy of advanced HCC4–7, median survival is still below two 

years even with the most effective medical therapies, making this an important unmet need 

in medicine. The most effective therapies for advanced HCC, such as immune checkpoint 

inhibitors (ICI) and their combination with vascular endothelial growth factor (VEGF) 

inhibition6, target the tumor immune microenvironment (TIME) instead of direct targeting 

tumor cells. Moreover, only about 20–25% of HCCs contain actionable mutations8.

Here, we investigated YAP and TAZ as well as their upstream and downstream mediators 

as tumor cell-intrinsic pathways that are commonly activated and could be therapeutically 

targeted. While YAP and TAZ are well-established tumor promoters in a wide range of 

organs including the liver9,10, the specific contribution of YAP versus TAZ is not as 

well understood in liver cancer. We have previously shown a role for hepatocyte TAZ 

in the development in non-alcoholic steatohepatitis (NASH)11,12 and the transition to 

NASH-HCC13. In established HCC, TAZ is highly expressed14 and may predict HCC 

patient survival15. However, most functional studies have focused on YAP deletion16,17 or 

compound deletion18 of YAP and TAZ. The mechanisms of YAP and TAZ upregulation 

and their downstream targets in HCC are not well understood, and may reveal novel 

therapeutic targets. Our study shows that TAZ expression in HCC is regulated by the 

mevalonate-cholesterol pathway. TAZ but not YAP is the key determinant of HCC growth 

and sufficient to trigger HCC growth in mice. Tumor-promoting effects of TAZ were 

mediated by its interaction partner TEAD2 and TAZ target genes anillin (ANLN) and 

kinesin family member 23 (KIF23). Therapeutic targeting of this pathway by statins, pan-

TEAD inhibitors or the combination of statins with anti-PD-L1 reduced tumor growth.
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MATERIAL AND METHODS

Study approval.

Samples for human tissue microarray (TMA) construction were collected from patients with 

written informed consent. Patient records were anonymized and de-identified. The study 

was approved by Columbia University Medical Center Institutional Review Board (Protocol 

Number: IRB-AAAN2452) and conduced in accordance with National Institutes of Health 

and institutional guidelines for human subject research. All animal procedures were 

performed with approval by the Columbia University IACUC (protocols AC-AAAV2454, 

AC-AABM2555 and AC-AABQ5565) or University of Pennsylvania IACUC (protocol 

806401) and were in accordance with the Guide for the Care and Use of Laboratory 

Animals.

Induction of hepatocarcinogenesis

For genotoxic HCC, 15-day-old male mice were intraperitoneally injected with 25 mg/kg 

diethylnitrosamine (Sigma, N0756) followed by 15 weekly CCl4 injections (0.5 mL/kg, 

i.p. in corn oil) starting at 6–8 weeks of age. For YAP- or TAZ-driven HCC, male mice 

were injected by hydrodynamic tail vein injection (HTVI) with 20 μg pT3-EF1a-TAZS89A 

or 20 μg pT3-EF1a-YAPS127A together with 5 μg of pCMV-SB13 plasmid, or with 25 

μg pKT2-EF1a-TAZS89A/U6-gRNA/PGK-SB11, which was generated by cloning EF1a-

TAZS89A/U6-gRNA/PGK-SB11 into pKT2 Sleeping Beauty plasmid19. For the induction 

of oncogene-driven HCC, a combination of 20 μg pT3-EF1a-MET, 20 μg pT3-EF5a-

CTNNB1-S45Y-Myc-tag and 10 μg of pCMV-SB13 plasmid was injected into male mice 

at six to seven weeks of age by HTVI. To evaluate tumor burden of mice, the liver weight to 

body weight (LW/BW) ratio, tumor numbers and average of the three biggest tumors were 

determined, as well as the CTNNB1-Myc-Tag-positive area for some experiments.

CRISPR interference (CRISPRi) screening

CRISPRi screening was performed in dead Cas9 (dCas9) transgenic mice using a TAZ-

CRISPRi plasmid library, described in the further details in the supplementary methods.

Statistics

Data are shown as mean±SEM unless otherwise indicated. GraphPad Prism v.9.0 or 

R version 4.2.1 were used for statistical analysis. Distribution normality was tested by 

Anderson-Darling, D’Agostino&Pearson omnibus, Shapiro-Wirk and Kolmogorov-Smirnov 

tests. For parametric data, two-tailed unpaired Student t-test and one-way ANOVA followed 

by Turkey’s or Dunnette’s multiple comparison test were performed for two groups 

and three or more groups, respectively. For non-parametric data, Mann-Whitney test and 

Kruskal-Wallis test followed by Dunn’s multiple comparison test were performed for two 

groups and three or more groups, respectively, unless otherwise indicated.

Saito et al. Page 4

Gastroenterology. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Data availability

Data sets related to identifying YAP/TAZ/TEAD target genes in TAZ+CCl4-induced tumors 

vs normal liver with RNA-seq are available at Gene Expression Omnibus (GEO), identifier 

GSE224173 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?&acc=GSE224173).

RESULTS

TAZ, not YAP, deletion strongly reduces HCC development and mortality.

TAZ and YAP were significantly upregulated in multiple mouse models of HCC (Fig.1A–

B, Suppl.Fig.1A) and in the majority of human HCCs (50%, i.e. 31 of 62 cases) as 

demonstrated by immunohistochemistry in a human tissue microarray (TMA) (Fig.1C, 

Suppl.Fig.1B–C). Of note, TMA cases showed no difference in TAZ expression as well 

as the Sirius Red-, CD3- and CD45-positive areas between viral and non-viral etiologies 

(Suppl.Fig.1D–G). Surprisingly, hepatocyte-specific deletion of YAP via adeno-associated 

virus serotype 8 (AAV8)-mediated thyroxin-binding globulin (TBG)-driven Cre expression 

(AAV8-TBG-Cre), despite being highly efficient (Suppl. Fig.2A), had a negligible effect 

on tumor growth and survival in oncogene-driven HCC, induced by HTVI of Sleeping 
Beauty plasmids (Fig.1D). In contrast, hepatocyte-specific TAZ deletion (Suppl.Fig.2A) 

significantly reduced tumor growth and improved survival in the MET+CTNNB1-S45Y 

HCC model (Fig.1E). Similar roles for YAP and TAZ were confirmed in the DEN+CCl4 

genotoxic HCC model (Suppl.Fig.2B). Overexpression of degradation-resistant activated 

TAZ (TAZ-S89A) was sufficient to trigger HCC development 4 months after HTVI, whereas 

degradation-resistant YAP-S127A 20–22 induced small tumors only in a minority of mice 

(Fig. 1F). TAZ-S89A-induced tumors were grade 3–4 HCC, with typical reticulin and AFP 

staining and increased Gpc3 and Afp mRNA (Fig. 1G). In conclusion, our complementary 

approaches suggest TAZ as a more potent regulator of HCC growth compared to YAP.

The mevalonate-squalene-cholesterol biosynthesis pathway regulates TAZ expression in 
HCC.

We next sought to understand how TAZ activity is regulated in driving HCC. 

MET+CTNNB1-S45Y-induced HCCs occur in the absence of strong fibrosis (Suppl.Fig.2D) 

and are relatively soft, suggesting that factors other than stiffness, a well-known regulator of 

TAZ and YAP23, may contribute to the upregulation of TAZ. It was recently reported that 

cholesterol regulates TAZ expression in hepatocytes and contributes to the development of 

experimental non-alcoholic steatohepatitis (NASH)12. Different from primary hepatocytes12 

and AML12 cells (Suppl.Fig.3A), the addition of exogenous cholesterol to cholesterol-

depleted cells did not increase TAZ expression in HCC lines, Huh7 and PLC/PRF/5 

(Fig.2A). However, inhibition of cholesterol synthesis via pharmacological inhibition or 

silencing of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) strongly reduced TAZ 

expression in HCC lines (Fig.2B, Suppl.Fig.3B). In addition to cholesterol biosynthesis, 

the mevalonate pathway also provides substrates for geranyl-geranylation and farnesylation, 

which have been shown to regulate YAP and TAZ expression24. Systemic investigation 

of this pathway, using both pharmacologic inhibition and genetic silencing revealed 

that inhibition of farnesyl pyrophosphate synthase (FPPS) by Zoledronic acid, and 

inhibition of farnesyl-diphosphate farnesyltransferase 1 (FDFT1) by YM-53601 or silencing 
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of SREBP2, a master regulator of cholesterol synthesis25,26 and contributor to HCC 

development27,28, reduced TAZ expression (Fig.2C, Suppl.Fig.3C). In contrast, inhibition 

of farnesyl transferase via FTI-277 and of geranyl-gernanyltransferase via GGTI-298 did not 

(Fig.2B, Suppl.Fig.3B). Conversely, provision of the cholesterol metabolites, mevalonate, 

FPP and squalene, but not GGPP, increased TAZ expression in Huh7 cells but not in primary 

hepatocytes (Suppl.Fig.3D–E). To test the hypothesis that endogenous cholesterol synthesis 

regulates TAZ expression and HCC growth in vivo, we subjected mice with hepatocyte-

specific SREBP2 deletion, achieved via injection of AAV8-TBG-Cre or AAV8-TBG-Null 

in Srebp2fl/fl mice one week before HTVI of MET+CTNNB1-S45Y plasmids (Fig.2D). 

SREBP-2 deletion significantly reduced TAZ expression four weeks after hydrodynamic tail 

vein injection, i.e. at a time where macroscopic tumors had not yet developed (Fig.2D) and 

suppressed HCC growth at later time points (Fig.2E).

The cholesterol-TAZ-TEAD2 pathway promotes HCC development by driving proliferation.

TAZ and YAP are transcriptional co-activators that interact with several transcriptional 

factors to regulate gene expression21. In addition to TEADs29, YAP and TAZ may also 

mediate downstream effects through SMAD130, SMAD2/331,32 and T-box transcription 

factor 5 (TBX5)33. To clarify the role of TEAD-dependent versus TEAD-independent 

signals in hepatocarcinogenesis, we first overexpressed TAZ-S51A, which lacks interactions 

with TEADs34. HTVI of pT3-EF1a-TAZ-S89A-S51A alone or followed by 30 CCl4 

injections did not induce HCC while HTVI of pT3-EF1a-TAZ-S89A alone 4 months 

later or followed by CCl4 injection induced HCC (Fig.3A), suggesting a crucial role for 

TAZ-TEAD interaction in HCC development. To study the role of the different TEADs 

in HCC development, we targeted each of the TEADs separately in dCas9 knock-in 

mice, using CRISPR interference (CRISPRi)35 via HTVI of a Sleeping Beauty plasmid 

co-expressing guide RNAs (gRNA) with activated TAZ (EF1a-TAZ-S89A-U6-gRNA). 

The gRNAs targeting Tead1–4 were validated in a dCas9 transgenic murine HCC line 

(Suppl.Fig.4A). Inhibiting Tead2 and Tead4 via CRISPRi significantly reduced TAZ-driven 

tumor growth, whereas Tead1, Tead3 did not (Fig.3B). Next, we tested the role of each 

TEAD in MET+CTNNB1-S45Y HCC as a model that driven by common oncogenes. Again, 

Tead2 emerged as a key driver of HCC growth, suppressing all readouts for HCC growth, 

whereas Tead3 showed only a trend towards HCC reduction and Tead1 and Tead4 negligible 

effects on HCC growth in this model (Suppl.Fig.4B). Analysis of data from The Cancer 

Genome Atlas (TCGA), and confirmed in a second cohort from the International Cancer 

Genome Consortium (ICGC), revealed that high TEAD2 and TEAD4 expression levels 

were significantly associated with decreased survival in HCC patients, and that TEAD2 and 

TEAD3 were significantly associated with recurrence-free survival (Fig.3C, Suppl.Fig.5A–

B). TEAD1, TEAD2, TEAD3 and TEAD4 expression did not differ significantly between 

different etiologies of HCC in the TCGA dataset, and high TEAD2 expression was 

significantly associated with survival in non-viral HCC and showed strong trends towards 

lower survival viral HCC, while higher TEAD4 levels were associated with decreased 

survival in viral HCC, but show a strong trend towards increased survival in non-viral HCC 

(Suppl.Fig.6A–B). Given the central role of TEAD2 in both mouse models and patients, 

we investigated whether an active form of Tead2, achieved by fusion to transcriptional 

activator VP-16 (Tead2-VP16)36 is sufficient to trigger HCC development. Similar to 
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TAZ, overexpression of Tead2-VP16, but not dominant negative (dnTead2) or GFP, 

triggered HCC development, but only when combined with CCl4 or NASH diet (Fig.3D, 

Suppl.Fig.4C). These data suggest that TAZ-S89A is either more potent than TEAD2 

or that upregulation of TEAD2 interaction partner TAZ by high-dose CCl437 or NASH 

diet11 is required for TEAD2 pro-tumorigenic effects. Next, we investigate the mechanism 

by which TAZ and TEAD induce tumorigenesis. TAZ deletion, and TAZ reduction via 

Srebp2 deletion significantly reduced Ki67-positive hepatocytes and hepatocytes positive 

for DNA damage marker γH2AX (Fig.3E, Suppl.Fig.7A–B). Conversely, overexpression of 

TAZS89A or TAZS89A-IRES-GFP, which also efficiently triggered HCC, or overexpression 

Tead2-VP16 in combination with CCl4 significantly increased Ki67-positive and γH2AX-

positive hepatocytes (Fig.3F, Suppl.Fig.7C–F). Likewise, CRISPRi of Tead2 and Tead4, but 

not of Tead1 or Tead3, in TAZ-driven hepatocarcinogenesis model significantly reduced 

hepatocyte proliferation 4 weeks after HTVI (Suppl.Fig.7G). TAZ deletion, or Tead2 or 

Tead4 CRISPRi did not affect liver fibrosis, inflammation and immune cell infiltration 

in tumors from DEN+CCl4, CTNNB1-S45Y or TAZ-S89A HCC models (Suppl.Fig.2C–

D, Suppl.Fig.7H–I). Together, these results suggest that the cholesterol biosynthesis-TAZ-

TEAD pathway induces proliferation and possibly DNA damage, thereby contributing to 

hepatocyte transformation and HCC development.

ANLN, KIF23 and PD-L1 are tumor-promoting TAZ targets.

To examine the downstream target genes through which TAZ mediates HCC development, 

we performed in vivo CRISPR interference (CRISPRi) screening using dCas9 transgenic 

mice38,39, focusing on known YAP/TAZ/TEAD target genes that were most upregulated in 

TAZ+CCl4-induced tumors versus normal liver in RNA-seq (Suppl.Table.3). A library of 

TAZ-S89A-expressing plasmids, co-expressing gRNAs for 36 TAZ target genes (at five-fold 

coverage) and controls (Suppl.Table.1), was injected via HTVI into dCas9 mice, followed 

by 14 injections of CCl4 and sequencing of livers 7 weeks after HTVI. We identified 

gRNAs targeting Anln and Kif23 as the most depleted gRNAs in the screen and gRNAs 

targeting Cdkn2a as the most enriched gRNAs (4A, Suppl.Table.2). Of note, ANLN and 

KIF23 have been reported to play a role in the development of liver cancer 40–42 and 

high expression is associated with worse overall survival (Suppl.Fig.5A–B). Moreover, 

Anln and Kif23 were increased in mouse tdTom-labled TAZ-GFP-overexpressing primary 

hepatocytes (Suppl.Fig.8A). To validate ANLN and KIF23 as direct targets of TAZ, we 

next performed in vivo ChIP analysis, which showed significant enrichment of both Anln 
and Kif23 sequences (Fig.4B) after Flag-IP in pT3-FLAG-TAZS89A-transduced HCC. To 

functionally test the role of ANLN and KIF23 in TAZ-driven HCC, we injected dCas9-

transgenic mice with pT3-TAZ-S89A plasmid, co-expressing sgAnln and sgKif23, which 

had been validated in dCas9-transgenic cell lines (Suppl.Fig.8B). Both sgAnln and sgKif23 

completely blocked TAZ-induced HCC (Fig.4C). Similar to the TAZ-S89-induced HCC, 

we found that Anln or Kif23 knockdown almost completely prevented MET-CTNNB1-Y45-

driven HCC development (4D). CRISPRi of Anln and Kif23 also reduced Ki67-positive 

hepatocyte at early time points when macroscopic tumors had not yet developed (Fig.4E). 

We next tested their functions in HCC cell lines in vitro. We found a significant but modest 

reduction of cell numbers in cells silenced for either Anln or Kif23 (Fig.4F, Suppl.Fig.8C). 

These findings show that ANLN and KIF23 are not absolutely required for cell survival or 
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proliferation, consistent with published studies that did not show inhibited liver regeneration 

in mice with Anln knockdown41. ANLN and KIF23 expression did not differ significantly 

between different etiologies of HCC in the TCGA dataset and human TMA cases, and 

expression levels affected survival or showed strong trends in both viral and non-viral HCC 

(Suppl.Fig.8D–F,H). Furthermore, we found that TAZ induced the expression of PD-L1 

in isolated hepatocytes (Suppl.Fig.9A), consistent with previous studies that have shown 

PD-L1 to be a YAP/TAZ target gene43,44. CRISPRi of PD-L1 in TAZ-driven HCC showed 

a significant, but moderate reduction of HCC development (Suppl.Fig.9B–C). Together, 

these findings suggest that epithelial TAZ induces hepatocarcinogenesis by multiple targets 

and mechanisms, which include Anln/Kif23-mediated proliferation and, to a lesser extent, 

upregulation of PD-L1, likely leading to immunosuppression.

Targeting the mevalonate-TAZ pathway for HCC monotherapy or combination therapy.

To investigate the mevalonate-TAZ pathway as potential therapeutic target for HCC, we 

tested the effects HMGCR inhibitor simvastatin in vivo, which strongly reduced TAZ 

expression in multiple HCC lines (Suppl.Fig.10A). In DEN+CCl4-induced HCC, simvastatin 

significantly reduced TAZ expression in HCC after 1 week of treatment (Fig.5A) and 

simvastatin-treated mice showed decreased HCC after 8 weeks of treatment (Fig.5B). 

The moderate inhibition of TAZ expression and effects on HCC may not only be due 

to the incomplete blocking of HMGCR by statins, but also because mechanosensitive 

signals such as TAZ in tumors may be activated by a wide range of other upstream 

signaling pathways. We next tested combination therapy consisting of simvastatin plus 

the multi-kinase inhibitors sorafenib or lenvatinib, which are current first-line therapies for 

HCC. Interestingly, sorafenib treatment – and, also, to a lesser degree, lenvatinib treatment 

– led to a significant increase in TAZ expression in PLC/PRF/5 cells but not in Huh7 

cells (Suppl.Fig.10B). Simvastatin not only reduced sorafenib- and lenvatinib-induced TAZ 

induction, but also significantly lowered HCC cell viability when combined with Sorafenib 

in Huh7, PLC/PRF/5 and Hep3B (Suppl.Fig.10B–C). We next confirmed these findings 

in vivo in the DEN+CCl4-induced HCC model, where the combination of simvastatin 

and sorafenib exerted significantly stronger effects on the liver-body weight ratio and 

tumor number than either agent alone (Fig.5C). As the most effective current therapies 

for HCC consist of combinations that include immune checkpoint inhibitors7, we next 

investigated the effects of combining mevalonate-TAZ pathway inhibition by a statin with 

an ICI. Consistent with recent clinical trials45,46, anti-PD-1 monotherapy did not affect 

MET+CTNNB-1-induced HCC development (Fig.5D), possibly due to CTNNB1-induced 

immune exclusion47–49. However, combination therapy with simvastatin and anti-PD-1 led 

to a significant reduction of HCC development (Fig.5D, Suppl.Fig.10D). Together, these 

data suggest that statin-mediated TAZ inhibition may be considered as novel therapeutic 

option for HCC, particularly in combination with current first-line therapies such as 

sorafenib or PD-1/PD-L1 inhibitor-containing combinations.

Targeting the TEAD pathway for HCC therapy

Because inhibition of the TAZ pathway by statin monotherapy was only moderately 

effective in vitro and in vivo, we next test the effects of direct TEAD inhibition on HCC 

growth using recently developed pan-TEAD inhibitors VT104 or VT107 (Suppl.Fig.11A)50. 
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TEAD inhibitors reduced proliferation (Fig.6A) and inhibited the TAZ-TEAD pathway, as 

evidenced by reduced expression of TAZ-TEAD targets ANLN, KIF23, ANKRD1, CTGF 
and CD274, in HCC lines (Fig.6B, Suppl.Fig.11B–C). VT104 strongly suppressed in vivo 
HCC development, driven by MET+CTNNB1-S45Y, while VT107 exerted only minor 

effects (Fig.6C), which may be due to its much shorter half-life50. Consistent with the roles 

for TAZ and TEADs we observed by genetic deletion, overexpression or CRISPRi, VT104 

significantly reduced Ki67+ proliferating as well as γ H2AX-positive hepatocytes (Fig.6D). 

Based on these findings and the strong effects of tumor cell-specific TEAD inhibition via 

CRISPRi, TEAD inhibitors may represent a promising approach for tumor-cell targeted 

therapy of HCC. Since TEAD3 and TEAD4 also impacted HCC in mice and patients in 

addition to TEAD2 (Fig.3B–C, Suppl.Fig.4B, Suppl.Fig.5–6), pan-TEAD inhibition may be 

a suitable approach to target this potent tumor cellintrinsic pathway for HCC therapy.

DISCUSSION

Despite recent progress in the medical therapy of HCC, 5-year survival rates remain low and 

there is an urgent need to develop more efficient therapeutic approach. The currently most 

successful therapeutic approaches for HCC are targeting the tumor microenvironment and 

there is a paucity of drugs that efficiently target tumor cells. In addition to the heterogeneous 

nature of HCC, which makes it difficult to broadly target tumor cell-intrinsic pathways, 

less than 20% of HCCs contain druggable mutations8. Thus, identifying and targeting 

shared pathways that are activated in HCC with different mutational profiles may provide 

novel therapeutic opportunities. Our current study reveals the mevalonate-cholesterol-TAZ-

TEAD2-Anln/Kif23 pathway as novel tumor-specific target for HCC therapy. While 

inhibition of this pathway by statins showed only modest therapeutic effects, combination 

of statins with ICI significantly decreased tumor growth. Importantly, pan-TEAD inhibitor 

VT104 strongly inhibited tumor growth. Our findings on the role of TAZ in mice are 

consistent with a previous study in similar models51. Together with the strong effects of 

tumor cell-specific CRISPRi-mediated inhibition of TEAD2, ANLN or KIF23, our findings 

suggest that therapeutic inhibition of the cholesterol-TAZ-TEAD2-Anln/Kif23 pathway 

should be further evaluated in patients including combination with ICI therapy. Notably, 

TAZ was active in about 60% of human HCC cases (Suppl.Fig.1C), suggesting that such 

therapies may be broadly applicable in HCC with different mutational profiles.

The strong effect of TAZ and TEAD2 was further highlighted by their ability to trigger 

high-grade HCC, making at least TAZ more potent than the majority of oncogenic drivers, 

which often require the activation or inactivation of two distinct pathways or have long 

latency52. The difference between TAZ and YAP cannot be simply explained by differential 

expression, as both are strongly increased in HCC as demonstrated by us and others14–17,53. 

It is conceivable that the higher potency of TAZ compared to YAP might be caused by 

differences in complex formation with TEADs and TEAD transcriptional activity. Of note, 

the TAZ-TEAD complex can form hetero-tetramers, resulting in higher transcriptional 

activity compared to the YAP-TEAD complex, which cannot form heterotetramers54. 

CRISPRi-mediated inhibition of TEADs revealed a central role for TEAD2, that was 

consistently seen in all investigated models, but showed also potential roles for TEAD3 

and TEAD4, consistent with our findings in TCGA and ICGC cohorts, which revealed 
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strongest effects for TEAD2 but additional and less consistent roles for TEAD3 and TEAD4. 

Since TCGA data do not show appreciable differences in expression between different 

TEADs in HCC, it appears that either more efficient complex formation with TAZ and/or the 

activation of distinct targets underly the strong tumor-promoting effects of specific TEADs 

in HCC. Mechanistically, TAZ and its downstream mediator TEAD2 triggered proliferation 

and proliferation-associated DNA damage, which amends our studies on the role of TAZ and 

its target, Cybb in NAFLD13.

Our study suggests that targeting TAZ, its upstream regulators or downstream mediators 

might represent novel therapeutic approaches for HCC. Consistent with the reduced 

HCC incidence and mortality in statin-treated patients55,56, HMGCR inhibitor simvastatin 

inhibited TAZ expression and tumor growth in vivo. However, effects were only moderate 

despite statins strongly reducing HCC cell proliferation observed by us and others57 and 

TAZ expression in vitro. The moderate effects on tumor growth are likely due to the partial 

inhibition of HMGCR by statins and additional pathways besides mevalonate-cholesterol 

feeding into TAZ activation in vivo. Accordingly, we recently showed that hepatocyte 

TAZ, induced by liver stiffness, plays an important role in HCC development51. While we 

identified additional mediators of TAZ activation in the mevalonate-cholesterol pathway 

that could serve as targets besides HMGCR, such as farnesyl pyrophosphate synthase and 

FDFT1, the multiplicity of pathways contributing to TAZ activation in tumors suggest that 

targeting downstream of TAZ may be more efficient for tumor therapy. Consistent with 

our finding on TEAD CRISPRi, we observed a significant suppression of MET+CTNNB1-

S45Y-driven HCC development by pan-TEAD inhibitor VT104. Although we found 

significant tumor-inhibitory effects across different HCC models only for TEAD2, there 

were trends towards tumor reduction for TEAD3 and TEAD4 inhibition in MET+CTNNB1-

S45Y model and strong effects of TEAD4 in TAZ-driven HCC. Moreover, the TCGA 

and ICGC cohorts revealed the strongest effects of TEAD2, but also moderate and less 

consistent effects of TEAD3 and TEAD4. Thus, pan-TEAD inhibitors like VT104 might be 

more suitable for HCC therapy than for example TEAD2-specific inhibition. Furthermore, 

our tumor cell-specific CRISPRi approaches demonstrated that the TAZ-TEAD pathway 

is a tumor cell-intrinsic tumor-promoting pathway and that targeting this pathway might 

therefore have synergistic effects if combined with highly efficient already approved TIME-

targeting therapies.

Our CRISPRi screen and subsequent CRISPRi-mediated inhibition showed a potent role 

of TAZ downstream mediators in the tumor cell compartment. Inhibition of TAZ target 

genes Anln and Kif23, which were previously reported to promote HCC40–42, nearly 

completely blocked HCC formation and proliferation, both in the TAZ- and MET-CTNNB1-

S45Y-driven HCC models, and strongly improved survival in the MET-CTNNB1-S45Y-

driven HCC model. These findings and the lack of requirement for ANLN and KIF23 

for normal hepatocyte proliferation, as seen in models of liver regeneration40,41, render 

ANLN and KIF23 attractive therapeutic targets in HCC. Because as yet there are no 

known specific inhibitors for these molecules, GalNAc-coupled siRNA, an FDA-approved 

hepatocyte-specific delivery approach58,59, or nanoparticle-mediated delivery of siRNA to 

the liver could be used for primary or secondary prevention of HCC with high expression 

of TAZ40,41. Since the effects of Kif23 and Anln CRISPRi were much more potent than 
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pan-TEAD inhibitors, it is important to determine if KIF23 and ANLN are regulated by 

pathways besides TAZ or whether pan-TEAD inhibitors did not completely block TEAD 

activity, suggesting that drug chemistry, dosing or delivery to tumor cells may need to be 

further improved.

Our study has several limitations. While we saw a prominent role for TEAD2 in CRISPRi 

studies, our CRISPRi screen did not clearly reveal Tead2 as opposed to TAZ targets Anln 
and Kif23. This is likely due to insufficient power of our screening method to detect 

mediators with weaker effects or a higher level of redundancy in the case of TEADs. As 

such, our top hits in this screen, Anln and Kif23, nearly completely prevented TAZ-induced 

HCC formation. A second limitation is the relatively early start of statin plus ICI or pan-

TEAD inhibitors treatment, and the lack of survival studies in mice. Future studies need 

to fill these gaps and determine whether the TAZ-TEAD2-ANLN/KIF23 pathway can be 

targeted for tumor prevention, tumor therapy or both. Also, future studies should investigate 

the combination of pan-TEAD inhibitors with ICI to prove our underlying concept that 

combining tumor cell-targeted therapies with TIME-targeted therapies is synergistic and that 

such combination may provide further benefits to patients with HCC.
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ANLN anillin

BW body weight

CDAA choline-deficient L-amino acid

ChIP chromatin immunp- precipitation

CRISPRi Clustered Regularly Interspaced Short Palindromic Repeats 

interference

dCas9 nuclease dead Cas9

DEN diethylnitrosamine

DMSO dimethyl sulfoxide

dnTEAD2 dominant negative TEA domain transcription factor 2

FACS fluorescence activated cell sorting

FDFT1 farnesyl-diphosphate farnesyltransferase 1

FPP farnesyl pyrophosphate ammonium salt

FPPS farnesyl pyrophosphate synthase

GGPP geranylgeranyl pyrophosphate ammonium salt

gRNA guide RNA

HCC hepatocellular carcinoma

HMGCR 3-hydroxy-3-methylglutaryl-CoA reductase

HTVI hydrodynamic tail vein injection

ICI immune checkpoint inhibitors

LW liver weight

KIF23 kinesin family member 23

NAFLD non-alcoholic fatty liver disease

NASH non-alcoholic steatohepatitis

PBS phosphate buffered saline

PD-L1 programmed cell death ligand 1

SREBP2 sterol regulatory element-binding protein 2

TBG thyroid hormone-binding globulin

TEAD TEA domain transcription factor
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TMA tissue micro array

TIME tumor immune microenvironment

VEGF vascular endothelial growth factor
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WHAT YOU NEED TO KNOW

Background and context:

TEA domain transcription factors (TEADs), anillin (ANLN), transcriptional coactivator 

with PDZ-binding motif (TAZ), and Yes-associated protein (YAP) are activated in many 

cancers, but their role and regulation in hepatocellular carcinoma development are 

insufficiently understood.

New findings:

TAZ and YAP expression are regulated by the cholesterol synthesis pathway in HCC. 

TAZ, not YAP, potently promotes HCC growth via a TAZ-TEAD2-ANLN/KIF23 

pathway. Therapeutic targeting of this pathway via pan-TEAD inhibition as well as 

through statins either alone or in combination with sorafenib or immune checkpoint 

inhibitor significantly reduced tumor growth.

Limitations:

The effect of combining pan-TEAD inhibitors with immune checkpoint inhibitors was 

not tested. Some studies in mice did not include survival analysis.

Clinical Research Relevance:

Targeting the TAZ-TEAD2 pathway combined with current first-line therapies may be 

synergistic for HCC therapy. TEAD inhibition may open up a novel HCC therapy.

Basic Research Relevance:

The TAZ-TEAD2 pathway may represent a cancer cell-intrinsic therapeutic target that 

could potentially be synergistic in combination with tumor microenvironment- and 

immune-targeted therapies.
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Figure 1. TAZ, not YAP, inhibition reduces HCC development and mortality.
A. Schematic of experimental procedures for MET+CTNNB1S45Y- and DEN+CCl4–

induced HCC models. B. Western blotting and quantification of TAZ and YAP in normal 

liver and HCC induced by MET+CTNNB1S45Y or DEN+CCl4. C. Determination of TAZ 

and YAP in human HCC on a TMA. D. Effects of hepatocyte-specific deletion of YAP 

on MET+CTNNB1S45Y-induced HCC (n=8 Yap1fl/fl and n=9 Yap1ΔHep mice) as shown 

by representative images, LW/BW ratio, tumor number and tumor size, as well as survival 

(n=6 Yap1fl/fl and n=9 Yap1ΔHep mice). E. Evalution of hepatocyte-specific deletion of 
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TAZ on MET+CTNNB1S45Y-induced HCC (n=8 Wwtr1fl/fl and n=9 Wwtr1ΔHep mice) as 

described above and determination of survival (n=9 Wwtr1fl/fl and n=11 Wwtr1ΔHep mice). 

F-G. Representative liver images, tumor incidence and number of mice 4 months after HTVI 

of GFP (n=5), YAP S127A (n=10) or TAZ-S89A (n=11) (F) as well as reticulin and AFP 

staining and expression of Afp and Gpc3 mRNA (G). NT, non-tumor; T, tumor. Scale bar 

(D-F): 1 cm, (G): 100 μm.
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Figure 2. The mevalonate-squalene-cholesterol biosynthesis pathway regulates TAZ expression in 
HCC.
A. Following cholesterol depletion, Huh7 and PLC/PRF/5 cells were incubated with 

cholesterol-enriched liposomes, and TAZ expression was assessed by WB. B. Schematic 

of the mevalonate pathway and pharmacologic inhibitors. TAZ and YAP expression assessed 

by WB in Huh7 treated with inhibitors of the mevalonate pathway. C. Effect of HMGCR, 

FDFT1 and SREBP2 silencing on TAZ expression in Huh7 cells. D,E. SREBP2 deletion in 

the MET+CTNNB1S45Y model. TAZ expression assessed by WB and immunofluorescent 
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staining (n=7 Srebp2fl/fl and n=7 Srebp2ΔHep mice) (D). HCC development was assessed 

by LW/BW ratio, tumor number and tumor size (E, n=10 Srebp2fl/fl and n=11 Srebp2ΔHep 

mice). Scale bar (D): 100 μm, (E): 1 cm.

Saito et al. Page 20

Gastroenterology. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. TAZ-TEAD2 interaction is crucial for HCC development by inducing proliferation.
A. Representative images, LW/BW ratio and tumor number (n=4–5 per group) from 

C57Bl/6 mice after HTVI of TAZ-S89A and TAZ-S89A-S51A (lacking interaction with 

TEADs) ± CCl4 (3 injections/week for 10 weeks). B. Representative images, LW/BW ratio, 

tumor number and size from dCas9 transgenic mice after HTVI of TAZ-S89A-sgCtrl/Tead1/

Tead2/Tead3/Tead4 plasmids (n=13 sgCtrl, n=8 sgTead1, n=9 sgTead2, n=8 sgTead3 and 

n=9 sgTead4 mice) followed by CCl4 injections (2x/week for 8 weeks). C. Survival of HCC 

patients from the TCGA-LIHC cohort, stratified by expression of TEAD1, TEAD2, TEAD3 
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and TEAD4. D. Representative images, LW/BW ratio, tumor number and tumor size from 

C57BL/6J mice after HTVI of GFP (n=5 mice), dnTead2 (n=3 mice) and Tead2-VP16 (n=5 

mice) plasmids, followed by CCl4 injection as depicted. E-F. Representative images and 

quantification of Ki67-and γH2AX-positive hepatocytes in Wwtr1fl/fl (n=5) or Wwtr1ΔHep 

(n=6) mice 4 weeks after HTVI of MET+CTNNB1S45Y plasmids (E) or C57BL/6J mice 

after HTVI of GFP, dnTead2 or Tead2-VP16 plasmids (n=5/group), followed by CCl4 as 

depicted (F). Scale bar (A,B,D): 1 cm, (E,F): 100 μm
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Figure 4. TAZ target genes Anln and Kif23 drive HCC growth.
A. Results of CRISPRi screening of 36 TAZ target genes or downstream mediators. p value 

is adjusted by false discovery rate. B. ChIP in extracts from TAZ-S89A-Flag-transduced 

HCCs, using FLAG antibody or IgG followed by qPCR for the Anln and Kif23 promoter. 

Data were normalized by values obtained from input DNA (n=3/group) C. Representative 

images, LW/BW ratio, tumor number and size from dCas9 transgenic mice after HTVI 

of TAZS89A-sgCtrl/Anln/Kif23 plasmids (n=9 sgCtrl, n=9 sgAnln, n=8 sgKif23 mice) 

followed by CCl4 injection as depicted. D. Evaluation of HCC as described above and 
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survival of dCas9 transgenic mice 8 weeks after HTVI with MET-sgCont/Anln/Kif23 and 

CTNNB1-S45Y plasmids (n=7 sgCtrl, n=7 sgAnln, n=7 sgKif23 mice for tumor growth; 

n=8 sgCtrl, n=7 sgAnln, n=7 sgKif23 mice for survival studies). E. Quantification of 

Ki67-positive hepatocytes in dCas9 transgenic mice after HTVI of TAZS89A-sgCont/Anln/

Kif23 plasmids (n=3 sgCtrl, n=4 sgAnln, n=4 sgKif23) as depicted. F. siRNA-mediated 

knockdown of ANLN or KIF23 in Huh7 and PLCR/PRF5, followed by WST assay to assess 

cell numbers. *sgCtrl vs sg sgAnln. **sgCtrl vs sg sgKif23. Scale bar (C, D): 1 cm, (E): 

100μm.
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Figure 5. Targeting the mevalonate-TAZ pathway for HCC therapy with or without multi-kinase 
and immune checkpoint inhibitor.
A. YAP and TAZ expression assessed by WB in mice treated with simvastatin or vehicle 

(n=6 each) for 1 week. B. Representative images, LW/BW ratio, tumor number and tumor 

size from DEN+CCl4-injected mice treated with vehicle (n=9) or simvastatin (n=10) for 

8 weeks. C. Determination of BW, LW/BW ratio, tumor number and size in DEN+CCl4-

injected mice treated with vehicle (n=13), simvastatin (n=12), sorafenib (n=13), or sorafenib 

plus simvastatin (n=13) for three weeks. D. Representative images, LW/BW ratio, tumor 

number and size and CTNNB1-Myc-Tag-positive area from C57BL/6J mice after HTVI 
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with MET+CTNNB1-S45Y followed by treatment with vehicle (n=16), simvastatin+IgG 

isotype control (n=15), vehicle+anti-PD-1 (n=15) or simvastatin+anti-PD1 (n=15) 2 weeks 

after HTVI, as described in the materials and methods. Scale bar (B,C,D): 1 cm.
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Figure 6. TEAD inhibitors suppressed HCC development.
A,B. Huh7 cells were treated with pan-TEAD inhibitor VT104 for 72h (A) followed by 

WST assay to assess cell number or for 24h for qPCR of ANKRD1, ANLN and KIF23. 

C,D. Representative images, LW/BW ratio, tumor number and size and CTNNB1-Myc-

Tag-positive area from C57BL/6J mice after HTVI of MET+CTNNB1-S45Y, followed by 

treatment with vehicle (n=16), pan-TEAD inhibitors VT104 (n=16, 10 mg/kg/day) or VT107 

(n=15, 30 mg/kg/day) for 6 weeks (C) as well as representative images and quantification 

of Ki67 and γH2AX staining after treatment with vehicle (n=8) or pan-TEAD inhibitors 

VT104 (n=7) or VT107 (n=7) for 2 weeks (D). Scale bar (C): 1 cm, (D): 100μm.
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