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Abstract

Background & aims: Gain of function (GOF) mutation of CTNNB1 gene is one of the most 

frequent genetic events in hepatocellular carcinoma (HCC). T-box transcription factor 3 (TBX3) is 

a liver-specific target of the Wnt/β-Catenin pathway and thought to be an oncogene mediating 

activated β-Catenin driven HCC formation.

Methods: We evaluated TBX3 expression pattern in human HCC specimens. Tbx3 was 

conditionally knocked out in murine HCC models by hydrodynamic tail vein injection of Cre 

together with c-Met and ΔN90-β-Catenin (c-Met/β-Catenin) in Tbx3flox/flox mice. TBX3 was 

overexpressed in human HCC cell lines to investigate the functions of TBX3 in vitro.

Results: A bimodal expression pattern of TBX3 in human HCC samples was detected: high 

expression of TBX3 in GOF CTNNB1 HCC and downregulation of TBX3 in non-CTNNB1 
mutant tumors. High expression of TBX3 was associated with increased differentiation and 

decreased tumor growth gene expression signatures. Using Tbx3flox/flox mice, we found that 

ablation of Tbx3 significantly accelerates c-Met/β-Catenin driven HCC formation. Moreover, 

Tbx3(−) HCC demonstrated increased YAP/TAZ activity. The accelerated tumor growth induced 

by loss of TBX3 in c-Met/β-Catenin mouse HCC was successfully prevented by overexpression of 

LATS2, which inhibited YAP/TAZ activity. In human HCC cell lines, overexpression of TBX3 

inhibited HCC cell growth as well as YAP/TAZ activation. A negative correlation between TBX3 
and YAP/TAZ target genes was observed in human HCC samples. Mechanistically, phospholipase 

D1 (PLD1), a known positive regulator of YAP/TAZ, was identified as a novel transcriptional 

target repressed by TBX3.

Conclusion: Our study suggests that TBX3 is induced by GOF CTNNB1 mutants and 

suppresses HCC growth by inactivating PLD1, thus leading to the inhibition of YAP/TAZ 

oncogenes.

Graphical Abstract
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Lay Summary

TBX3 is a liver-specific target of the Wnt/β-Catenin pathway and thought to be an oncogene in 

promoting liver development. Here, we demonstrate that TBX3 is in fact a tumor suppressor gene, 

and it restricts liver tumor growth induced by activated CTNNB1 mutants. Mechanistically, we 

discover that TBX functions via regulating YAP/TAZ pathway. TBX3 therefore likely contributes 

to the specific pathological phenotypes observed in CTNNB1 mutant human HCCs. Strategies 

which increase TBX3 expression and/or activities may be effective for HCC treatment.
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Introduction

Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related death in the 

world.[1] Several multi-kinase inhibitors have been used for advanced HCC with limited 

survival benefits.[2] Immune checkpoint inhibitors show promise for HCC, however, most 

patients still progress with the regimen.[3] Thus, there is a continued need to elucidate the 

molecular mechanisms underlying HCC pathogenesis in order to develop novel biomarker-

based precision medicine for HCC treatment.

The Wnt/β-Catenin pathway is a prominent signaling cascade controlling cell proliferation, 

differentiation, and tumor development in many organs.[4] In the liver, it has been 

implicated in the regulation of homeostasis, regeneration, and hepatocarcinogenesis.[5] 

Once activated, β-Catenin promotes target gene expression in association with T cell factor 

(TCF) family members and induces target gene expression. Mutations in CTNNB1, which 

encodes β-Catenin, result in the stabilization, nuclear translocation, and activation of the 

Wnt/β-Catenin cascade. Importantly, gain of function (GOF) mutations of CTNNB1 gene 

could be found in ~15 to 30% of human HCCs.[5] Studies have shown that HCCs with GOF 

CTNNB1 mutations display a particular phenotype, characterized by well-differentiated 
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phenotype, low serum α-fetoprotein (AFP) levels, infrequent microvascular invasion, and 

better outcome.[6] However, the mechanisms underlying these observations remain 

unknown.

Yes-associated protein (YAP) is the major transcriptional co-activator downstream of Hippo 

tumor-suppressing pathway. Once activated, YAP translocates into the nucleus and interacts 

with TEA Domain (TEAD) DNA binding proteins to activate the expression of downstream 

targets, such as CTGF and CYR61.[7] YAP activation has been detected in multiple tumor 

types, including HCC, where YAP nuclear localization has been observed in ~60% of cases.

[8] Recently, the biochemical crosstalk between Hippo/YAP/TAZ and Wnt/β-Catenin 

cascades has been unraveled.[9] However, whether and how these two pathways interact 

during hepatocarcinogenesis remains unclear.

TBX3 is a transcription repressor of the T-box gene family, whose members share a common 

DNA-binding domain, the T-box.[10] TBX3 has been found to be overexpressed in multiple 

tumor types and it contributes to the oncogenic process.[10] Intriguingly, some other studies 

suggest that TBX3 can also function as a tumor suppressor in specific tumor types, 

suggesting a context- and/or tissue-dependent function of TBX3 in cancer.[11] TBX3 has 

been identified as a downstream target gene of the Wnt/β-Catenin pathway in the liver,[12] 

and its expression is upregulated in human and mouse HCCs with GOF CTNNB1 mutations.

[12] However, the overall expression pattern of TBX3 in human HCCs, and its functional 

role in hepatocarcinogenesis remain to be determined.

Here, we investigated the expression and functional contribution of TBX3 as a downstream 

effector of Wnt/β-Catenin during hepatocarcinogenesis.

Materials and Methods

Constructs and reagents

The plasmids used in this study, including pT3-EF1α, pT3-EF1α-c-Met (human), pT3-

EF1α-ΔN90-β-Catenin (human), pT3-EF1α-YapS127A (human), pT3-EF1α-Lats2 (mouse), 

pCMV, pCMV/Cre, and pCMV/sleeping beauty (SB) transposase have been described 

previously.[13] Human PLD1 was purchased from Addgene (#45268) and cloned into the 

pT3-EF1α vector via the Gateway cloning technology (Invitrogen, Carlsbad, CA). pLenti-

puro-TBX3 and pT3-EF1α-TBX3 (with C-terminal HA-tag) were constructed by inserting 

the corresponding human TBX3 cDNA (BD5458526) (Dharmacon, Lafayette, CO, USA) 

into pLenti-puro or pT3-EF1α vector via the Gateway cloning strategy. pLenti-puro-EGFP 

or pT3-EF1α-EGFP were used as control. All plasmids were purified by using the 

GenElute™ HP Endotoxin-Free Plasmid Maxiprep Kit (Cat# NA0410, Sigma-Aldrich, St. 

Louis, MO, USA) before used.

Mice and hydrodynamic tail vein injection

Tbx3flox/flox mice were kindly provided by Dr. Anne M. Moon from Weis Center for 

Research, Geisinger Clinic, USA. FVB/N mice were obtained from Jackson Laboratory (Bar 

Harbor, ME). Hydrodynamic tail vein injection (HTVi) was performed in 5.5- to 6.5-week-

old mice as described previously.[13] Detailed information is available in Table S1. Mice 
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were monitored by abdominal palpation and euthanized when they developed a high burden 

of liver tumors, i.e. large abdominal masses. Mice were housed, fed, and monitored in 

accordance with protocols approved by the Committee for Animal Research at the 

University of California, San Francisco.

Statistical analysis

The Prism 8.0 software (GraphPad, San Diego, CA, USA) was used to analyze the data. The 

data were presented as Mean ± SD. Comparisons between two groups were performed with 

the two-tailed unpaired t-test. Comparisons among three or more groups were performed 

with analysis of variance (ANOVA). Unpaired t-test with Welch correction, paired t-test, 

Mann-Whitney test, Chi-square test, or Fisher's exact test was applied when necessary. 

Survival curves were estimated using the Kaplan-Meier method and compared using the log-

rank test. P-value < 0.05 was considered statistically significant.

Additional information is available in online Supplementary Materials and Methods.

Results

TBX3 expression in human HCCs

We analyzed the expression level of TBX3 mRNA using the TCGA-LIHC human HCC 

dataset.[14] We discovered that TBX3 expression was variable among HCCs, and the overall 

expression of TBX3 was significantly lower in HCCs when compared with surrounding liver 

tissues (Fig. 1A). We examined the correlation between TBX3 mRNA levels and CTNNB1 
mutations as well as other mutation status in the TCGA-LIHC dataset._Consistent with 

TBX3 as a Wnt/β-Catenin target, [12] HCCs with high TBX3 expression were mainly 

characterized by CTNNB1 mutations (Fig. 1B and Fig. S1A, B). Subsequently, we divided 

HCCs into two groups: GOF CTNNB1 mutant HCCs and non-CTNNB1 mutant HCCs. The 

analysis clearly showed a bimodal expression pattern of TBX3 in human HCC samples: 

while TBX3 was highly expressed in GOF CTNNB1 mutant HCCs, its expression was 

downregulated in non-CTNNB1 mutant tumors (Fig. 1C). Similar results were obtained 

when comparing the levels of TBX3 in HCC tissues with paired non-tumorous livers (Fig. 

1D). Consistent with previous reports that mutations of TP53 and CTNNB1 are mutually 

exclusive in HCCs, [15] TBX3 expression was found to be negatively correlated with TP53 
mutations (Fig. 1B and Fig. S1A, C). No significant correlation between TBX3 expression 

levels and other genetic events in human HCCs was observed (Fig. S1A).

To investigate the mechanisms whereby TBX3 regulates hepatocarcinogenesis, we analyzed 

the genes whose mRNA expression was correlated with TBX3 levels in human HCCs using 

the TCGA-LIHC dataset. A total of 1,596 genes positively correlated with TBX3 expression, 

and 3,632 genes negatively correlated with TBX3 expression were identified (Table S5, 6). 

Noticeably, the top positive correlated genes were all canonical Wnt/β-Catenin targets, 

including GLUL, CYP2E1, LGR5, and SP5, providing further evidence that TBX3 is a main 

Wnt/β-Catenin target (Fig. S2A). In addition, KEGG pathway analysis revealed that TBX3 
positively co-expressed genes were enriched in metabolic pathways (Fig. 1E and Fig. S2B). 

For instance, TBX3 expression was positively correlated with the expression of cytochrome 
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P450 enzymes, such as CYP1A1, CYP1A2, CYP2E1, and CYP3A4 (Fig. S3). TBX3 
negatively co-expressed genes were implicated in oncogenic pathways and cellular 

mechanisms, such as “PI3K-Akt signaling pathway” and “cell cycle” (Fig. 1E and Fig. 

S2B).

Altogether, we show a bimodal expression pattern of TBX3 in human HCC samples, with 

high TBX3 expression in GOF CTNNB1 HCCs and low TBX3 expression in non-CTNNB1 
mutant HCCs.

Ablation of Tbx3 accelerates tumor growth in c-Met/β-Catenin driven HCC in mice

First, we analyzed TBX3 protein levels in nine human HCC cell lines and one 

hepatoblastoma (HB) cell line. TBX3 was found to be expressed at low levels in most HCC 

cell lines, whereas HepG2 cells, a HB cell line with GOF CTNNB1 mutation, showed the 

highest TBX3 protein expression (Fig. S4A). Subsequently, three HCC cell lines with low 

TBX3 expression, namely Li-7, MHCC-97H, and SNU182, were selected and transfected 

with TBX3 (Fig. S4B). Overexpression of TBX3 significantly inhibited HCC cell growth in 
vitro (Fig. S4C).

Next, we characterized the functional role of TBX3 during hepatocarcinogenesis in vivo. For 

this purpose, TBX3 protein expression was analyzed in six oncogene-induced mouse liver 

tumor models (Fig. S5). Consistent with human HCC data,[12] TBX3 protein was expressed 

at high levels in c-Met/β-Catenin and Yap/β-Catenin driven mouse HB tumors. To determine 

whether the loss of Tbx3 affects c-Met/β-Catenin HCC development, we hydrodynamically 

co-injected the c-Met and ΔN90-β-Catenin constructs together with the pCMV/Cre plasmid 

in Tbx3flox/flox conditional knockout (KO) mice (c-Met/β-Catenin/Cre). Additional 

Tbx3flox/flox mice were injected with c-Met/β-Catenin and pCMV empty vector as control 

(c-Met/β-Catenin/pCMV). Mice were monitored and euthanized when they developed large 

abdominal masses and became moribund (Fig. 2A). Importantly, we found that ablation of 

Tbx3 significantly accelerated tumor growth in c-Met/β-Catenin mice. Indeed, while all c-

Met/β-Catenin/pCMV injected Tbx3flox/flox mice had to be harvested between 8- and 10-

weeks post-injection, all c-Met/β-Catenin/Cre injected mice had to be sacrificed by 6 weeks 

post-injection (Fig. 2B). This was accompanied by increased liver weight and liver to body 

weight ratio in c-Met/β-Catenin/Cre mice (Fig. 2C). Overexpression of c-MET and ΔN90-β-

Catenin oncogenes as well as deletion of TBX3 were validated by Western blot analysis 

(Fig. 2D). Microscopically, c-Met/β-Catenin/Cre tumors showed slight morphological/

cytological differences when compared with corresponding c-Met/β-Catenin/pCMV tumors, 

although they were not very pronounced. Tumors in c-Met/β-Catenin/Cre mice displayed a 

lesser degree of differentiation; indeed, the neoplastic hepatocytes showed a cytoplasmic 

basophilia, higher nuclear/cytoplasmic ratio owing to the smaller size of the cytoplasm, 

increased lipid storage, numerous areas of necrosis of different size, and an increase in 

hematopoiesis. However, no remarkable differences such as lineage shift (no 

cholangiocarcinoma/mixed tumors) were detected (Fig. S6).

We investigated the signaling pathways that might mediate the tumor-suppressing activity of 

TBX3. Tbx3 KO tumors displayed significantly higher Ki67 immunoreactivity (Fig. 2E, G), 

suggesting that increased tumor cell proliferation might be the major cellular mechanism 
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leading to accelerated HCC growth in the Tbx3 KO genetic background. We analyzed the 

major pathways regulating tumor proliferation, including ERK, AKT, and STAT3 pathways, 

but found no difference between control and Tbx3 KO tumors (Fig. S7). 

Immunohistochemical (IHC) staining revealed that the tumor cells in both groups were 

positive for the epithelial marker E-Cadherin, the hepatocellular marker Hepatocyte nuclear 

factor 4α (HNF4α), Wnt/β-Catenin target Glutamine synthetase (GS), and negative for the 

mesenchymal marker Vimentin (Fig. S8). Human HCC studies suggest that high TBX3 is 

associated with increased hepatocyte differentiation (Fig. S2B). Accordingly, in Tbx3 KO 

tumors, markers of HCC and hepatoblasts, such as Afp and epithelial cell adhesion molecule 

(Epcam), were significantly upregulated (Fig. S9A), whereas mature hepatocyte genes such 

as metabolic pathway related genes Cyp1a1, Cyp1a2, and Cyp2e1 were significantly 

downregulated (Fig. S9B). Intriguingly, the nuclear expression of SOX9 was prominent in 

Tbx3 KO tumor cells (Fig. 2D, E). As the Hippo cascade has been demonstrated to regulate 

hepatocyte lineage commitment,[13, 16] as well as HCC cell proliferation,[17] we 

hypothesized that YAP/TAZ might be activated in Tbx3 KO HCC samples. We found that 

the phosphorylated forms of YAP (p-YAPSer127 and p-YAPSer397) and YAP/TAZ negative 

regulator LATS2 were downregulated in Tbx3 KO tumors, whereas no changes were 

observed in total YAP/TAZ proteins and other Hippo pathway members, including MST1/2, 

SAV1, MOB1, and p-MOB1 (Fig. 2D). Nuclear YAP/TAZ levels were upregulated (Fig. 2F) 

and their downstream targets, including Ctgf and Cyr61, were significantly increased in 

Tbx3 KO tumors (Fig. 2H). Notch is a key pathway regulated by YAP/TAZ.[16] 

Accordingly, we found augmented NOTCH2 protein levels in Tbx3 KO tumors (Fig. 2D). 

Notch2 and other canonical Notch target genes were also upregulated at mRNA level (Fig. 

2H and Fig. S9C).

In summary, our study demonstrates that TBX3 could act as a tumor suppressor during 

hepatocarcinogenesis both in vitro and in vivo. Mechanistically, deletion of Tbx3 led to 

increased YAP/TAZ activity, resulting in augmented Notch activation, decreased tumor 

differentiation status as well as increased tumor proliferation.

Activation of Hippo prevents accelerated hepatocarcinogenesis induced by Tbx3 loss in c-
Met/β-Catenin mice

Since our results suggest that TBX3 might inhibit HCC formation via the Hippo/YAP/TAZ 

cascade, we hypothesized that activation of Hippo via overexpression of LATS2 would 

prevent accelerated c-Met/β-Catenin driven hepatocarcinogenesis induced by loss of Tbx3. 

To test this hypothesis, we injected c-Met, ΔN90-β-Catenin, and Cre plasmids together with 

Lats2 construct (c-Met/β-Catenin/Cre/Lats2) into Tbx3flox/flox mice (Fig. 3A). This allowed 

the expression of c-Met/β-Catenin oncogenes together with Lats2 in Tbx3 KO hepatocytes. 

As a control, additional Tbx3flox/flox mice were injected with c-Met/β-Catenin/Cre together 

with pT3-EF1α empty vector (c-Met/β-Catenin/Cre/pT3) (Fig. 3A). We found that 

consistent with our previous data, c-Met/β-Catenin/Cre/pT3 injected Tbx3flox/flox mice 

rapidly developed lethal burden of liver tumors, and all mice had to be euthanized ~5 weeks 

post-injection. In contrast, c-Met/β-Catenin/Cre/Lats2 injected Tbx3flox/flox mice were 

harvested around 8 weeks post-injection due to high tumor burden (Fig. 3B). Indeed, c-Met/

β-Catenin/Cre/Lats2 Tbx3flox/flox mice developed liver tumors at the similar latency as c-
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Met/β-Catenin/pCMV injected Tbx3flox/flox mice (Fig. 3B, C). Histologically, similar tumor 

lesions were observed in c-Met/β-Catenin/Cre/Lats2 Tbx3flox/flox and c-Met/β-Catenin/

pCMV injected Tbx3flox/flox mice (Fig. S10). Overexpression of c-MET, ΔN90-β-Catenin as 

well as deletion of TBX3 were validated by Western blotting in both mouse tumor cohorts 

(Fig. 3E). Overexpression of Lats2 was validated by qRT-PCR analysis in c-Met/β-

Catenin/Cre/Lats2 tumors (Fig. 3G). As expected, LATS2 overexpression led to decreased 

total YAP/TAZ as well as nuclear YAP/TAZ protein levels (Fig. 3E, F), as well as decline of 

their downstream targets Ctgf and Cyr61 mRNA (Fig. 3G), as well as decreased SOX9 

expression (Fig. 3D, E). Tumor cell proliferation was significantly inhibited (Fig. 3D, H). 

No significant changes in the expressions of E-Cadherin, HNF4α, GS, and Vimentin were 

observed (Fig. S11).

In summary, our data demonstrate that activation of Hippo, which leads to the inactivation of 

the YAP/TAZ pathway, prevents loss of Tbx3 induced accelerated liver tumorigenesis in c-

Met/β-Catenin mice.

Ablation of Tbx3 does not accelerate tumor growth in Yap/β-Catenin driven tumorigenesis 
in mice

Previously, we established a murine HB model via the co-expression of activated YAP 

(YapS127A) and ΔN90-β-Catenin (Yap/β-Catenin).[18] YAPSer127 is the major 

phosphorylation site through which YAP is inactivated by the LATS kinases, while mutant 

YapS127A is the constitutively activated form of this oncogene that escapes LATS mediated 

inactivation. TBX3 was found to be upregulated in Yap/β-Catenin liver tumor samples (Fig. 

S5A). We hypothesized that, if TBX3 delays tumor growth by inactivation of YAP (via 

induction of the LATS/Hippo axis), it is conceivable that ablation of Tbx3 would have 

limited impact on Yap/β-Catenin induced liver tumors. We co-injected Yap/β-Catenin/Cre or 

control Yap/β-Catenin/pCMV plasmids into Tbx3flox/flox mice (Fig. 4A). We found that all 

injected mice developed liver tumors and were euthanized between 9 and 17 weeks after 

injection, with no statistical difference in survival length between the two cohorts (Fig. 4B). 

Overexpression of YAP and ΔN90-β-Catenin as well as deletion of TBX3 were validated by 

Western blotting (Fig. 4C). Histologically, HB lesions from Yap/β-Catenin/Cre and control 

Yap/β-Catenin/pCMV appeared identical. Indeed, HBs of pure epithelial type, dominated by 

fetal-like HBs cells, with a minor component of lesser mature embryonal-like cells were 

detected in the two mouse cohorts (Fig. S12). No significant changes in the expressions of 

E-Cadherin, HNF4α, GS, and Vimentin were observed (Fig. S13). Tumor cells were highly 

proliferative, showing similar proliferation rates as indicated by Ki67 index (Fig. 4D, F). No 

difference in the levels of ERK, AKT, and STAT3 cascades was noted (Fig. S14). As 

concerns the Hippo/YAP/TAZ pathway, similar expression levels for most of the proteins 

(Fig. 4C), including nuclear localized YAP and TAZ (Fig. 4E) were detected in Tbx3(+) and 

Tbx3(−) Yap/β-Catenin tumors. However, LATS2 and p-YAPSer397 levels were consistently 

lower in Tbx3(−) tumors (Fig. 4C). qRT-PCR analysis suggested a similar expression of 

Yap/Notch pathway genes, including Ctgf, Cyr61, and Hes1, in tumor tissues in the two 

mouse cohorts (Fig. 4G and Fig. S15A). No difference in hepatocyte differentiation markers 

(Cyp1a1, Cyp1a2, and Cyp2e1), as well as markers of HCC and hepatoblasts (Afp and 

Epcam), was found between Tbx3(+) and Tbx3(−) tumor samples (Fig. S15B, C).
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In summary, the present data indicate that ablation of Tbx3 has a limited impact on liver 

tumor development driven by constitutively activated YAP.

TBX3 directly represses PLD1 expression at transcriptional level leading to inhibition of 
YAP/TAZ activity

The data from the mouse models suggested Hippo/YAP/TAZ as the major signaling cascade 

regulated by TBX3 during hepatocarcinogenesis. To test whether a similar phenotype could 

be observed in human HCCs, we evaluated the correlation between TBX3 and YAP/TAZ 

downstream targets in human HCC samples using the TCGA-LIHC dataset. We found that 

TBX3 mRNA expression was negatively correlated with the mRNA levels of YAP/TAZ 

downstream targets, including CCN2, AXL, and JAG1, as well as the canonical Notch 

signaling targets (NOTCH1, NOTCH2, JAG2, HES1, HEYL, and NRARP) in human HCCs 

(Fig. 5). We overexpressed TBX3 in three human HCC cell lines. TBX3 significantly 

reduced the protein levels of total YAP/TAZ as well as nuclear YAP/TAZ (Fig. 6A, B). 

YAP/TAZ targets CTGF and CYR61 mRNA expression were significantly downregulated 

(Fig. 6C). However, the mRNA levels of LATS2, YAP, and TAZ were not regulated by 

TBX3 (Fig. S16), suggesting that TBX3 likely modulates YAP/TAZ activity at the post-

transcriptional level.

As TBX3 is a transcriptional repressor, we searched for its potential target in human HCCs. 

For this purpose, we searched and identified the top 50 genes whose expression levels were 

negatively correlated with TBX3 in the TCGA-LIHC dataset (Table S6). Each of the genes 

was searched using PubMed for any possible link to the Hippo cascade. Among these genes 

was phospholipase D1 (PLD1), a possible regulator of the YAP.[19] Specifically, PLD-

mediated production of phosphatidic acid (PA) inhibits LATS kinases, leading to YAP 

nuclear localization and activation.[19] In the TCGA-LIHC database, a strong negative 

correlation between PLD1 and TBX3 mRNA expression was noted (Fig. 7A). In addition, 

forced overexpression of TBX3 in human HCC cell lines significantly reduced PLD1 mRNA 

expression (Fig. 7B), whereas Pld1 mRNA levels were significantly elevated in Tbx3(−) c-

Met/β-Catenin tumors when compared to Tbx3(+) liver tumors (Fig. 7C). Importantly, 

overexpression of TBX3 led to decreased cellular PA levels in Li-7 human HCC cells (Fig. 

7D).

Next, we investigated whether PLD1 is a direct target of TBX3 transcriptional repressor. We 

searched for putative TBX3 binding sites in the PLD1 promoter region. JASPAR database 

analysis revealed TBX3 as a candidate transcription regulator of PLD1 (Fig. S17A), and one 

putative TBX3 binding site was identified along the PLD1 promoter region (Fig. S17B). To 

investigate whether TBX3 binds to PLD1 promoter region, Chromatin immunoprecipitation 

(ChIP) assay was performed in human HCC cells. HA-tagged TBX3 was transfected into the 

cells, and ChIP-PCR assay confirmed the binding of TBX3 to the PLD1 promoter sequence 

(Fig. 7E). Furthermore, in HepG2 cells, characterized by high TBX3 expression, ChIP with 

anti-TBX3 antibody demonstrated the binding of endogenous TBX3 to the PLD1 promoter 

(Fig. 7F).

We investigated whether TBX3 inhibits YAP/TAZ via PLD1/PA pathway. TBX3 was 

overexpressed in HCC cells and exogenous PA was added. We found that overexpression of 
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TBX3 significantly reduced mRNA levels of YAP/TAZ downstream targets, including 

CTGF and CYR61. Adding exogenous PA to the culture medium rescued this phenotype 

(Fig. 7G). Furthermore, overexpression of PLD1 together TBX3 prevented TBX3 induced 

downregulation of CTGF and CYR61 in HCC cell lines (Fig. 7H).

Finally, we tested the hypothesis that overexpression of PLD1 would accelerate c-Met/β-

Catenin driven HCC pathogenesis, recapitulating the phenotypes when Tbx3 was deleted in 

mice. We hydrodynamically co-injected c-Met and ΔN90-β-Catenin together with the PLD1 

plasmid in FVB/N mice (c-Met/β-Catenin/PLD1). Additional mice were injected with c-

Met/β-Catenin and pT3-EF1α empty vector as control (c-Met/β-Catenin/pT3) (Fig. 7I). 

Mice were euthanized around 7 weeks post injection. We found a significantly higher tumor 

burden in c-Met/β-Catenin/PLD1 than that of c-Met/β-Catenin/pT3 mice (Fig. 7J).

In summary, our study indicates that TBX3 directly binds to the PLD1 promoter region, 

inhibiting its transcription. This leads to decreased YAP/TAZ activity, and eventually 

increasing HCC differentiation and decreasing proliferation.

Discussion

TBX3 is a well-characterized target of the Wnt/β-Catenin cascade in HCC.[11, 12] 

However, the specific role of TBX3 in human HCC remains poorly defined. In the current 

study, we found that TBX3 mRNA expression is high in HCCs with CTNNB1 GOF 

mutations, but low in most non-CTNNB1 mutant HCCs. Further analysis of genes whose 

expression levels correlated with that of TBX3 revealed that high TBX3 expression was 

associated with increased differentiation status and less malignancy. Functionally, we found 

that overexpression of TBX3 inhibits HCC growth in vitro, whereas ablation of Tbx3 
accelerates tumor growth in c-Met/β-Catenin mice. GOF CTNNB1 mutant HCCs have been 

shown to display distinctive features, such as a relatively well-differentiated phenotype and 

genomic stability.[6] Our data suggest TBX3 may function downstream of activated Wnt/β-

Catenin signaling in maintaining these unique phenotypes. These findings are also consistent 

with the data from Seehawer M et al, suggesting that TBX3 is a key microenvironment-

dependent lineage-commitment factor in promoting HCC formation.[20]

It has been reported TBX3 can either promote tumor development or suppress tumor 

progression, depending on the tumor type.[12, 21-24] Consistently, pan-cancer gene 

expression analysis revealed a variable TBX3 mRNA expression in different tumor types 

(Fig. S18). While some tumor types, such as rectal adenocarcinoma and esophageal 

carcinoma, demonstrate elevated TBX3 expression, others, such as renal clear cell 

carcinoma, cholangiocarcinoma, and lung adenocarcinoma, display decreased TBX3 
expression. In the analysis of murine HCC models, we noticed that in addition to HCCs with 

overexpression of GOF β-Catenin, TBX3 is upregulated in c-Myc induced HCCs. Thus, we 

analyzed Wnt/β-Catenin pathway status in c-Myc mouse HCCs. We found no evidence of 

Wnt/β-Catenin activation, as only membranous β-Catenin was observed and tumors 

demonstrated no GS immunoreactivity (Fig. S19A). Gene sequencing revealed no mutations 

in exon 3 of the mouse Ctnnb1 allele (Fig. S19B). The data suggest that c-Myc may induce 

TBX3 expression independent of the Wnt/β-Catenin pathway. Indeed, analysis of the 
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TCGA-LIHC dataset revealed that almost 50% of HCCs with elevated TBX3 do not show 

CTNNB1 mutations (Fig. S1A, B). Clearly, TBX3 may have distinct expression patterns and 

functional roles under different oncogenic stimuli, which require further studies.

It should be also noted that in the TCGA-LIHC dataset, among 96 human HCCs with 

CTNNB1 mutations, 83 samples showed high TBX3 expression, whereas 13 samples 

exhibited low TBX3 levels. Further analysis revealed the presence of additional genetic 

events in the 13 CTNNB1 mutant HCC samples with low TBX3 expression, such as TP53 or 

ARID1A mutations (Fig. S20). We cannot exclude that these genetic events could also 

regulate TBX3 expression, and additional studies are needed to fully unravel the genes and 

pathways regulating TBX3 in HCC.

Mechanistically, we identified PLD1 as a novel transcriptional target of TBX3. The 

phospholipase D (PLD) genes encode the intracellular PLDs enzymes, which are activated 

due to extracellular signaling events and generate the lipid second-messenger PA via 

hydrolysis of phosphatidylcholine (PC). The two best-characterized PLD isoforms, PLD1 

and PLD2, are involved in the regulation of multiple key signaling pathways that control a 

variety of cellular functions such as cell proliferation and death. PLD1 is frequently 

upregulated in various types of cancer including HCC.[25] For instance, Xiao and 

colleagues reported that PLD1, but not PLD2, is upregulated in human HCC tissues and 

HCC cell lines. PLD1 activation contributes to HCC development via regulation of 

proliferation, migration, and invasion of HCC cells, as well as by promoting the EMT 

process.[26] In the current study, we discovered that PLD1 is a direct target of TBX3 and a 

regulator of the Hippo cascade. Based on the TCGA-LIHC dataset, PLD1 mRNA negatively 

correlates with TBX3 mRNA expression (Fig. 7A). In addition, CTNNB1 mutant HCCs 

exhibit high TBX3 and low PLD1 expression (Fig. S21). Consistent with previous studies, 

we found that PLD1 levels positively correlate with those of YAP/TAZ target genes, 

including CCN2, JAG1, NOTCH2, and AXL in human HCCs (Fig. S22). These data 

envisage the existence of a β-Catenin/TBX3/Hippo cascade in hepatocarcinogenesis. 

Specifically, GOF CTNNB1 mutations activate β-Catenin and induce TBX3 expression that, 

in turn, inhibits PLD1. The consequent decrease of PLD1 expression triggers the activation 

of LATS kinases, leading to inactivation of YAP and TAZ. This might contribute to 

maintaining a relatively less aggressive status of HCC. It is also worth noting that activation 

of YAP has been shown to induce chromosomal instability in HCC,[27] whereas GOF 

CTNNB1 mutant human and mouse HCCs are known to be chromosomally stable.[28] In 

addition, activation of β-Catenin has been linked to a better prognosis in some human HCC 

cohorts,[29] whereas YAP levels predict poor prognosis in this tumor type.[8] Our study 

might provide mechanistic insights into these clinical observations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• TBX3 is upregulated in CTNNB1 mutant HCC and downregulated in non-

CTNNB1 mutant HCC.

• TBX3 overexpression increases HCC differentiation and decreases tumor 

proliferation.

• TBX3 deceases YAP/TAZ pathway activation.

• PLD1, a positive regulator of YAP/TAZ, is a novel transcriptional target 

repressed by TBX3.

• TBX3 is a tumor suppressor downstream of activated Wnt/β-Catenin in HCC.
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Fig. 1. Expression pattern of TBX3 mRNA in human HCC samples based on the TCGA-LIHC 
dataset.
(A) The overall expression of TBX3 mRNA. (B) Heatmap of TBX3 mRNA levels with 

common gene mutations involved in HCCs. (C) TBX3 mRNA expression is upregulated in 

GOF CTNNB1 mutation HCCs and downregulated in non-CTNNB1 mutant HCCs when 

compared to ST. (D) TBX3 mRNA expression in paired samples. (E) KEGG pathway 

analysis of TBX3 co-expressed genes. HCC, hepatocellular carcinoma; ST, surrounding liver 

tissues; GOF, gain of function. **P < 0.01; ***P < 0.001; ****P < 0.0001. (A) Mean ± SD; 

Welch's t-test. (C) Mean ± SD; One-way ANOVA test. (D) Paired t-test.
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Fig. 2. Ablation of Tbx3 accelerates tumor growth in c-Met/β-Catenin driven 
hepatocarcinogenesis in mice.
(A) Study design. (B) Survival curves of c-Met/β-Catenin/pCMV and c-Met/β-Catenin/Cre 

mice. (C) The liver weight and liver to body weight ratio data. (D) Western blot analysis of 

lysates from normal livers (NL) and HCC tissues. GAPDH was used as a loading control. 

(E) Gross images, H&E staining, and immunohistochemical staining of Ki67 and SOX9 in 

mouse HCCs. (F) Western blot analysis of nuclear lysates from mouse HCCs. β-Tubulin and 

Histone H3 were used as loading controls. (G) Quantification of Ki67 positive cells in 

mouse HCCs. (H) Relative mRNA levels of YAP/TAZ signaling targets (Ctgf, and Cyr61), 

Notch signaling targets (Hes1, Hey1, and HeyL) in mouse HCCs. HTVi, hydrodynamic tail 
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vein injection; Scale bar: 200 μm for 100x; 100 μm for 200x. *P < 0.05; **P < 0.01; ***P < 

0.001. (C, G, H) Mean ± SD; Unpaired t-test, Welch's t-test or Mann-Whitney test.
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Fig. 3. Activation of Hippo by overexpression of LATS2 prevents loss of Tbx3 induced 
accelerated HCC growth in c-Met/β-Catenin HCC model.
(A) Study design. (B) Survival curves among c-Met/β-Catenin/pCMV, c-Met/β-Catenin/Cre/

pT3, and c-Met/β-Catenin/Cre/Lats2 mice. (C) The liver weight and liver to body weight 

ratio among mouse cohorts. (D) Gross images, H&E staining, and immunohistochemical 

staining of Ki67 and SOX9 in mouse HCCs. (E) Western blot analysis of lysates from 

normal mouse livers (NL), mouse HCCs. GAPDH was used as a loading control. (F) 

Western blot analysis of nuclear lysates from mouse HCC tissues. β-Tubulin and Histone H3 

were used as loading controls. (G) Relative mRNA levels of Lats2 and YAP/TAZ signaling 

targets (Ctgf, and Cyr61) in mouse HCCs. (H) Quantification of Ki67 positive cells in mouse 
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HCCs. HTVi, hydrodynamic tail vein injection; Scale bar: 200 μm for 100x; 100 μm for 

200x. n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (C, G) 

Mean ± SD; One-way ANOVA test. (H) Mean ± SD; Unpaired t-test.
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Fig. 4. Ablation of Tbx3 does not accelerate tumor growth in Yap/β-Catenin mice.
(A) Study design. (B) Survival curves of Yap/β-Catenin/pCMV and Yap/β-Catenin/Cre 

mice. (C) Western blot analysis of lysates from normal livers (NL) and mouse HCCs. 

GAPDH was used as a loading control. (D) Gross images, H&E staining, and 

immunohistochemical staining of Ki67 in mouse HCCs. (E) Western blot analysis of nuclear 

lysates from mouse HCCs. β-Tubulin and Histone H3 were used as loading controls. (F) 

Quantification of Ki67 positive cells in mouse HCCs. (G) Relative mRNA levels of 

YAP/TAZ signaling targets (Ctgf, and Cyr61), Notch signaling targets (Hes1, and Hey1) in 

mouse HCCs. HTVi, hydrodynamic tail vein injection; Scale bar: 200 μm for 100x; 100 μm 
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for 200x. n.s., not significant; **P < 0.01; ***P < 0.001; ****P < 0.0001. (F) Mean ± SD; 

Unpaired t-test. (G) Mean ± SD; One-way ANOVA test.
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Fig. 5. TBX3 mRNA expression is negatively correlated with YAP/TAZ and Notch signaling 
cascades in human HCC samples based on the TCGA-LIHC dataset.
(A) TBX3 mRNA levels are negatively correlated with the mRNA levels of YAP/TAZ 

signaling targets. (B) TBX3 mRNA levels are negatively correlated with the mRNA levels of 

Notch signaling targets. r, Spearman’s correlation coefficient.
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Fig. 6. Overexpression of TBX3 inactivates YAP/TAZ signaling in human HCC cell lines.
(A) Western blotting analysis of HCC cell lines with low TBX3 expression (Li-7, 

MHCC-97H, and SNU182) transfected with either HA-tagged TBX3 or EGFP (Control). 

GAPDH was used as a loading control. (B) Overexpression of TBX3 significantly reduces 

nuclear YAP/TAZ protein levels, as determined by Western blotting. β-Tubulin and Histone 

H3 were used as loading controls. (C) Overexpression of TBX3 significantly reduces mRNA 

levels of YAP/TAZ downstream targets (CTGF, and CYR61) in HCC cell lines analyzed by 

qRT-PCR. qRT-PCR, quantitative reverse transcription PCR. ****P < 0.0001. (C) Mean ± 

SD; Unpaired t-test.
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Fig. 7. TBX3 directly represses PLD1 expression at transcriptional level leading to inhibition of 
YAP/TAZ activity.
(A) TBX3 mRNA expression is negatively correlated with PLD1 mRNA expression in the 

TCGA-LIHC dataset. (B) Overexpression of TBX3 significantly reduces PLD1 mRNA 

expression in human HCC cell lines. (C) Ablation of Tbx3 significantly increases Pld1 
mRNA expression in c-Met/β-Catenin mouse HCCs. (D) Overexpression of TBX3 leads to 

reduced cellular PA levels in Li-7 HCC cells. No serum was used as a control. (E) ChIP-

PCR assay shows that exogenous TBX3 protein directly binds to the PLD1 promoter in Li-7 

and MHCC-97H cells. (F) ChIP-PCR assay shows that endogenous TBX3 protein directly 

binds to the PLD1 promoter in HepG2 cells. (G) qRT-PCR shows that exogenous PA rescues 

TBX3 induced downregulation of YAP/TAZ targets (CTGF and CYR61). (H) qRT-PCR 
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shows that overexpression of PLD1 prevents TBX3 induced downregulation of CTGF and 

CYR61. (I) Study design. (J) The liver weight and liver to body weight ratio of c-Met/β-

Catenin/PLD1 and c-Met/β-Catenin/pT3 mice. r, Spearman’s correlation coefficient; IP, 

immunoprecipitation; ChIP-PCR: Chromatin immunoprecipitation-PCR; qRT-PCR, 

quantitative reverse transcription PCR; HTVi, hydrodynamic tail vein injection. n.s., not 

significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (B, C, J) Mean ± SD; 

Unpaired t-test or Welch's t-test. (D, G, H) Mean ± SD; One-way ANOVA test.
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