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Abstract

Purpose—The Hippo pathway is a tumor suppressor in the liver. However, the clinical 

significance of Hippo pathway inactivation in HCC is not clearly defined. We analyzed genomic 

data from human and mouse tissues to determine clinical relevance of Hippo pathway inactivation 

in HCC.

Experimental Design—We analyzed gene expression data from Mst1/2−/− and Sav1−/− mice 

and identified a 610-gene expression signature reflecting Hippo pathway inactivation in the liver 

(silence of Hippo [SOH] signature). By integrating gene expression data from mouse models with 

those from human HCC tissues, we developed a prediction model that could identify HCC patients 

with an inactivated Hippo pathway and used it to test its significance in HCC patients, via 

univariate and multivariate Cox analyses.

Results—HCC patients (National Cancer Institute cohort, n = 113) with the SOH signature had a 

significantly poorer prognosis than those without the SOH signature (P < 0.001 for overall survival 

[OS]). The significant association of the signature with poor prognosis was further validated in the 

Korean (n=100, P = 0.006 for OS) and Fudan University cohorts (n=242, P = 0.001 for OS). On 

multivariate analysis, the signature was an independent predictor of recurrence-free survival 

(hazard ratio, 1.6; 95% confidence interval, 1.12–2.28: P = 0.008). We also demonstrated 
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significant concordance between the SOH HCC subtype and the hepatic stem cell HCC subtype 

that had been identified in a previous study (P < 0.001).

Conclusions—Inactivation of the Hippo pathway in HCC is significantly associated with poor 

prognosis.
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HCC; microarrays; genomics; prognosis; Hippo pathway

Introduction

HCC is the second most common cause of cancer-related death in the world, accounting for 

an estimated 700,000 deaths annually (1). It is one of few cancers whose incident rate has 

increased in the United States over the past 25 years, and this rate is expected to double over 

the next 10 to 20 years (2–4). HCC is the second most lethal cancer type in the United 

States, where its overall 5-year survival rate is around 11% (5). A lack of a molecular 

classification system and the clinical heterogeneity of this malignant disease have hampered 

the development of treatment standards.

The Hippo signaling pathway is evolutionarily well conserved, and all of its core 

components have one or more mammalian orthologs, including MST1/2 (Hippo), SAV1 
(Salvador), LATS1/2 (Warts), MOB1 (Mats), YAP1/TAZ (Yorkie), and TEAD1/2/3/4 

(Scalloped) (6–9). When Hippo signaling is active, YAP1/TAZ is phosphorylated by 

LATS1/2 and sequestered by 14-3-3 proteins in cytoplasm. When Hippo signaling is absent, 

unphosphorylated YAP1/TAZ enters the nucleus and increases the transcriptional activation 

of genes that are involved in cell proliferation and survival. The Hippo pathway is 

indispensable in restricting cell growth and proliferation, prompting speculation that many 

members of this pathway are involved in tumorigenesis. Ectopic overexpression of YAP1 in 

the mouse liver was found to lead to the development of hepatocellular carcinoma (HCC) (8, 

10). This oncogenic function of YAP1 is further supported by the tumor suppressor function 

of its upstream regulators, which inhibit YAP1 activity by phosphorylating it. Knockout of 

Sav1 and Mst1/2 in the liver leads to the development of HCC (11–14).

With the advent of new technologies over the past decade, many genome-wide exploration 

studies have uncovered clinically relevant subtypes of HCC and their associated gene 

expression signatures (15–22). However, our lack of understanding of the biological 

characteristics of identified subtypes has hampered the development of treatments tailored to 

these subtypes. In previous studies (19, 20), we demonstrated the feasibility of “comparative 

systems genomics,” a system for the cross-species comparison of gene expression data, in 

determining the similarities between mouse HCC models and HCC patients and allowing us 

to restratify patients according to well-characterized gene expression signatures from mouse 

models. In the current study, we expanded the comparative systems genomics approach to 

identify patients in multiple cohorts whose HCC was of the “silence of Hippo” (SOH) 

subtype; we assessed the clinical significance of this subtype and its association with 

previously identified prognostic subtypes of HCC and biomarkers.
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Materials and Methods

Gene expression data from mouse models

The generation and breeding of Sav1fl/fl, Mst1fl/fl, and Mst2fl/fl mice were described in a 

previous report.(11) Mice were subsequently bred to albumin-Cre mice and then backcrossed 

to homozygous floxed animals. All mice were housed in a conventional facility on a 12-h 

light/dark schedule, with access to food and water ad libitum. All procedures were approved 

by The University of Texas MD Anderson Cancer Center (Houston, Texas) Animal Care and 

Use Committee. To collect gene expression data from HCC and surrounding non-tumor liver 

tissues from mutant mice (n = 15) and healthy liver tissues from wild-type (WT) mice (n = 

8), we extracted total RNA from fresh-frozen tissues using a mirVana RNA Isolation 

labeling kit (Ambion, Inc.). Five hundred nanograms of total RNA were used for labeling 

and hybridization (mouse-6 BeadChip v.2 microarray, Illumina), according to the 

manufacturer’s protocols. After the bead chips were scanned with an Illumina BeadArray 

Reader, the microarray data were normalized using the quantile normalization method in the 

Linear Models for Microarray Data package in the R language environment (23). The 

expression level of each gene was transformed to a log2 base before further analysis. 

Primary microarray data from mouse liver tissues are available in the National Center for 

Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) public database 

(accession number GSE32510).

Patients and gene expression data from human tissues

Gene expression data from the National Cancer Institute (NCI) (n = 113), Mount Sinai 

Hospital (MSH) (n = 91), and Fudan University Liver Cancer Institute (FULCI) (n = 242) 

HCC cohorts are available from the NCBI’s GEO database (accession numbers GSE1898, 

GSE4024, GSE9843, and GSE14520) (16, 18–20, 22). To complement the gene expression 

data from previous studies, we generated additional gene expression data from 100 HCC 

patients (Korean cohort) as an independent validation cohort for the prognostic SOH 

signature. Tumor specimens and clinical data were obtained from HCC patients who had 

undergone hepatectomy as a primary treatment for HCC at Seoul National University, Seoul, 

Korea, and Chonbuk National University, Jeonju, Korea. One hundred surgically removed 

frozen HCC specimens were used for the microarray experiments. Samples were frozen in 

liquid nitrogen and stored at −80°C until RNA extraction. The study protocols were 

approved by the institutional review boards at both institutions, and all participants provided 

written informed consent. Gene expression data from the Korean cohort were generated 

using the Illumina microarray platform human-6 v.2. Patients in the Korean cohort were 

monitored prospectively at least once every 3 months after surgery. The primary microarray 

data are available in the NCBI’s GEO public database (accession number GSE16757).

Table 1 shows the pathologic and clinical characteristics of the patients in all four cohorts. 

All patients had undergone surgical resection as their primary treatment. Survival data were 

not available for the MSH cohort; thus, these patients were not used in the survival analyses. 

Recurrence-free survival (RFS) duration was defined as the interval from the day of surgery 

to the first confirmed recurrence, and data were censored for patients who were alive without 
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recurrence at last clinical follow-up. Of 113 patients in NCI cohort, recurrence data were 

only available from 66 patients.

Statistical analysis

BRB-ArrayTools was primarily used for the statistical analysis (24). We identified genes that 

were differentially expressed between the two subtypes using a random-variance t-test (25). 

Differences in gene expression were considered statistically significant if their P value was 

less than 0.001. A stringent significance threshold was used to minimize the number of 

false-positive findings. We also determined whether the expression profiles differed between 

the subtypes by permuting the labels of which arrays corresponded to which subtype. For 

each permutation, the P values were recomputed and the number of genes that was 

significant at the 0.001 level was noted. The proportion of permutations that produced at 

least as many significant genes as did the actual data was considered the significance level of 

the global test.

We estimated patient prognoses using Kaplan-Meier plots and the log-rank test. We used a 

multivariate Cox proportional hazards regression analysis to evaluate independent prognostic 

factors associated with survival; we used gene signature, tumor stage, and pathologic 

characteristics as covariates (26). A P value less than 0.05 indicated statistical significance 

and all statistical tests were two-tailed. We carried out all statistical analyses in the R 

language environment (http://www.r-project.org).

Drop in concordance index analysis was carried out as described in previous studies (27–

29). Briefly, using eight variables in Table 2, eight prediction models lacking each one 

variable were generated and compared with the full model containing all variables. In each 

comparison, the degree of decrease in predictive accuracy was estimated by measuring drop 

in concordance index after omitting one variable.

Prediction model

Before using the prognostic classification algorithms, we normalized the gene expression 

data used as training and test sets by centralizing the gene expression level across tissues. To 

stratify HCC patients according to the mouse SOH gene expression signature, we used a 

classification algorithm based on the Bayesian compound covariate predictor (BCCP) (30, 

31). A detailed description of the BCCP is available in the Supplementary information.

Immunohistochemical staining of human HCC tissue

To avoid endogenous biotin contamination during immunohistochemical staining, we used 

the DAKO EnVision system (DAKO, Carpentaria, CA), which uses dextran polymers 

conjugated with horseradish peroxidase. In brief, 4-micron-thick HCC tissue sections were 

de-paraffinized with xylene and rehydrated with graded alcohols. After washing the sections 

in distilled water, we performed a microwave antigen retrieval procedure in citrate buffer 

(pH 6.0) for 20 min. Thereafter, tissue sections were incubated with peroxidase blocking 

solution (ready to use, DAKO) and Protein Block serum-free solution (ready to use, DAKO) 

at ambient temperature. The slides were rinsed and incubated with anti-YAP1 antibody 

(H-125; 1:100, Santa Cruz Biotechnology, Santa Cruz, CA) at 4°C overnight. They were 
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rinsed again, a secondary antibody (EnVision kit, DAKO, Carpentaria, CA) was applied, and 

peroxidase activity was detected using the enzyme substrate, 3-amino-9-ethyl carbazole 

(DAKO, Carpentaria, CA). The slides were counterstained with hematoxylin. To evaluate 

immunohistochemical staining for YAP1, the staining intensity was scored as 0 (no 

staining), 1 (weak staining), 2 (intermediate staining), or 3 (strong staining), and the staining 

area was scored as 0 (no staining cells), 1 (1% of positive cells), 2 (2%–10% of positive 

cells), 3 (11%–33% of positive cells), 4 (34%–66% of positive cells), or 5 (67%–100% of 

positive cells). Thereafter, the sum of the staining intensity score and staining area score (0 

to 8) was used for further analysis. The immunohistochemical expression of YAP1 was 

classified as positive or negative by a receiver operating characteristic (ROC) curve analysis 

at the highest positive likelihood ratio point for HCC recurrence. The cut-off point for the 

sum score was 7. Immunohistochemical staining for YAP was scored as positive when the 

sum score was 7 or more.

We used immunohistochemical staining data, available from a previously published study 

(16). Formalin-fixed, paraffin-embedded sections were used to assess phosphorylated 

proteins in human tissue using anti-phosphorylated (S473) AKT antibody, anti-

phosphorylated (Y1316) insulin-like growth factor-I receptor, and anti-phosphorylated 

(S240/244) S6.

Western Blot Analysis and siRNA

siYAP1 and siTAZ were purchased from Dharmacon (SMARTPool). Cells were transfected 

with indicated siRNA using oligofectamine (Invitrogen) for the indicated times. Cells were 

maintained and Western blot analysis performed as described previously (32). Antibodies 

used were against YAP1 (sc-500; Santa Cruz Biotechnology), pYAP1 (#4911; Cell Signaling 

Technology [CST]), TAZ (560235; BD Biosciences), p70 S6K (#9202; CST), p-p70 S6K 

(Thr389) (#9205; CST), β-actin (ab3280; Abcam), S6 (#2217; CST), pS6 (Ser240/244) 

(#2215; CST), 4E-BP1 (#9452; CST), and p4E-BP1 (Ser65) (#9456; CST).

RESULTS

Gene expression signature of inactivation of the Hippo pathway in the liver

We generated gene expression data from 33 liver tissues of genetically modified Sav1−/− and 

Mst1/2−/− mice and WT mice and analyzed them to identify a gene expression signature that 

was significantly associated with SOH in the mouse liver and the development of HCC (Fig. 

1). We identified genes whose expression was uniquely associated with the SOH pathway in 

the mouse liver. Two gene lists were generated using a stringent cut-off value for statistical 

significance (P < 0.001 by the two-sample t-test and a two-fold difference). Gene list X 

represented the genes that were differentially expressed between normal liver tissue from 

WT mice and non-tumor-surrounding tissue from tumor-bearing Sav1−/− and Mst1/2−/− 

mice. Gene list Y represented the genes that were differentially expressed between non-

tumor-surrounding liver tissue and HCC tumors from Sav1−/− and Mst1/2−/− mice (Fig. 1A). 

Three different gene expression patterns were observed among all tissues (Fig. 1B): X not Y 

(737 probes), X and Y (97 probes), and Y not X (255 probes). Genes in the X not Y category 
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(610 unique genes) displayed unique expression patterns that were significantly associated 

with the SOH pathway (Supplementary Table 1).

The expression of Ctgf, one of the best known direct downstream targets of Yap1 (33), was 

highly up-regulated in non-tumor-surrounding liver (5.4-fold, P = 9.0 × 10−6 by the two-

sample t-test) and HCC tissues (7.5-fold, P = 5.6 × 10−9 by the two-sample t-test) in both 

Sav1−/− and Mst1/2−/− mutant mice compared with in normal liver in WT mice, indicating 

that the up-regulation of many genes in murine HCC is due to the activation of Yap1 in the 

mouse liver. The functional category of genes in the signature is consistent with known 

molecular features of the Hippo pathway when it is inactivated (Supplementary Table 2) (6–

9). Interestingly many of canonical pathways enriched in SOH signature are related to 

immune systems (Supplementary Table 3), suggesting potential connection of Hippo 

pathway to activation of immune system in liver, Because genes in list Y simply reflects 

transformed nature of hepatocytes during tumorigenesis, we only included genes in X not Y 

category for further analysis and it is referred to as the SOH signature. The expression of 

many genes in the SOH signature is similar between surrounding tissues and HCC; the 

expression patterns of the two groups of tissues differ substantially, but the significance of 

these differences did not reach the statistical cut-off (P < 0.001) that was initially used to 

select genes. For example, the expression of Ctgf was 2.1-fold higher (P = 0.05 by the two-

sample t-test) in HCC than in non-tumor surrounding tissues of mutant mouse liver.

Silence of Hippo pathway is significantly associated with poor prognosis in human HCC

After identifying a gene expression signature, we determined its clinical relevance in human 

HCC by comparing the mouse SOH signature with gene expression data from human HCC. 

Gene expression data from 113 NCI HCC tumors (20) were used for this analysis (Table 1); 

a BCCP algorithm (30) was used to determine the probability that SOH was present (Fig. 

2A), as described in Supplementary Information. We dichotomized the HCC patients 

according to SOH probability (Fig. 2B) and found that 24 (21%) had a high probability 

(>0.65) of having the SOH signature (SOH subgroup), while the remainder lacked this 

signature (active Hippo [AH] subgroup). Kaplan-Meier plots showed significant differences 

in RFS (P = 7.4 × 10−5, by log-rank test) and overall survival (OS, P = 9.5 × 10−5) between 

the two subgroups (Fig. 2C, D), strongly indicating that the SOH pathway in HCC dictates 

clinical outcome and is associated with poor prognosis.

We further tested the association between the SOH pathway and clinical outcome in an 

independent HCC cohort (Korean cohort, n = 100). When BCCP and the same cut-off (0.65) 

used in the NCI cohort were used, the Kaplan-Meier plots showed significant differences in 

both RFS and OS between the two subgroups of the Korean cohort (Fig. 3A, B). The 

robustness of the association between the SOH signature and prognosis was further validated 

in another larger, independent cohort (FULCI cohort) (22). When 242 patients in the FULCI 

cohort were stratified according to SOH probability (cut-off of 0.65), Kaplan-Meier plots 

showed a significant difference in RFS and OS (P = 0.006 and 0.001, respectively, by log-

rank test) (Fig. 3C, D). Furthermore, immunohistochemical staining of the same HCC 

tissues from the Korean cohort showed significant concordance between YAP1 expression 

and the SOH signature, suggesting that the SOH signature from mouse models reflects 
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inactivation of the Hippo pathway in human HCC (Supplementary Fig. 1 and Supplementary 

Table 4). Together, the results from three independent HCC cohorts (total, 455 patients) 

clearly demonstrate a strong association between the SOH pathway and poor prognosis in 

HCC.

SOH signature is an independent predictor of prognosis

We combined the clinical data from two test cohorts that had not been used to determine the 

cut-off of SOH probability (Korean and FULCI cohorts) and assessed the prognostic 

strength of the SOH signature with and without adjustment for known clinical prognostic 

factors. On univariate analysis, significant predictors of RFS included the SOH signature, 

tumor size, and Barcelona Clinic Liver Cancer (BCLC) stage (Table 2). When the 

dichotomized SOH subtypes was included in the multivariate model, it was the most 

significant predictor of RFS (hazard ratio, 1.6; 95% confidence interval [CI], 1.14–2.39, P = 

0.006) (Table 2). The significance remained same when dichotomized subtypes were 

replaced by continuous Bayesian probability of SOH signature in the multivariate model 

(Supplementary Table 5). Likewise, multivariate analysis of over overall survival also 

showed significance of SOH signature with or with dichotomization (Supplementary Table 6 

and 7). In addition, we carried out “drop in concordance index” approach to estimate how 

much SOH signature can improve the predictive accuracy of the model (27–29). The biggest 

drop in concordance index was observed when SOH gene expression signature was omitted 

in prediction model (Supplementary Table 8). Taken together, these findings suggest that the 

signature retains its prognostic relevance even after the classical pathological prognostic 

features have been taken into account.

SOH signature is concordant with other prognostic signatures

In a previous study, we identified a subtype of HCC whose gene expression characteristics 

were highly similar to those of hepatic stem cells; we named it the hepatic stem cell (HS) 

subtype (20). Since the survival patterns of the SOH subtype are highly similar to those of 

the HS subtype, we tested the concordance of the SOH subtype with the HS subtype in the 

NCI cohort; we found remarkable concordance between members of each subtype. Of 24 

SOH HCC tumors, 20 had the HS signature (Kappa = 0.799, P = 2.2 × 10−16 by Cohen’s 

Kappa Statistics; Supplementary Table 9). More interestingly, 426 (47%) of the 907 genes 

that comprise the HS signature (20) were significantly associated with the SOH subtype 

(Supplementary Fig. 2), further suggesting that the SOH subtype is biologically similar to 

the HS subtype.

We further tested the concordance between the SOH subtype and the 65 gene–based 

recurrence risk score of HCC, which was developed by correlating gene weight with tumor 

recurrence (34). All 24 patients with the SOH subtype were classified into the high-risk 

group for recurrence, while the vast majority of patients with the AH subtype were classified 

into the low-risk group (Kappa = 0.37, P = 1.97 × 10−8 by Cohen’s Kappa statistics; 

Supplementary Table 10). Moreover, the Pearson correlation between the 65-gene risk score 

and SOH Bayesian probability was significantly high in all three cohorts (r > 0.85; P < 2.2 × 

10−16 in all cohorts, Fig. 4A), strongly suggesting that the 65-gene risk score reflects 

inactivation of the Hippo pathway in HCC.
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SOH signature is associated with activation of mTORC1 in HCC

We next determined the association between SOH and other well-known genetic alterations 

in HCC. Ninety-one HCC tissues from the MSH cohort (16) were stratified according to the 

mouse SOH signature using BCCP and the same cut-off point (0.65) used in human tumors. 

Interestingly, the phosphorylation of signaling proteins was significantly associated with the 

SOH subtype. SOH HCC had relatively higher AKT phosphorylation (P = 0.017 by χ2-test) 

and insulin-like growth factor R1 phosphorylation (P = 0.019) levels than did the AH 

subtype (Supplementary Table 10). Most interestingly, its association with the 

phosphorylation of ribosomal protein S6, a substrate of S6K1 that is activated by mTORC1 

(35), was the strongest among all examined phosphorylations (P = 1.4 × 10−4 by χ2-test), 

indicating that mTORC1 is more activated in the SOH subtype. To validate this interesting 

observation, we next silenced the expression of YAP1 and TAZ in SK-Hep1 HCC cells and 

measured the phosphorylation of S6, S6K1, and 4E-BP1, which are the best known direct 

downstream targets of mTORC1 (35), In good agreement with our observations in clinical 

samples, phosphorylation of three proteins was substantially reduced (Fig. 4B), suggesting 

that YAP1/TAZ is necessary for maintaining mTORC1 activity in HCC cells. A similar 

reduction in mTORC1 activity upon silencing of YAP1 and TAZ expression was also 

observed in HeLa cells (Fig. 4B), further supporting the hypothesis that YAP1/TAZ regulates 

mTORC1.

DISCUSSION

We identified a gene expression signature that reflects inactivation of the Hippo pathway in 

the mouse liver and show that this inactivation accounts for the poor prognosis of a subset of 

patients with HCC. We tested and validated the association between the SOH subtype and 

clinical outcome in 455 patients in three independent cohorts. The SOH subtype had the 

highest hazard ratio for RFS on multivariate analysis, independent of other 

clinicopathological characteristics, including BCLC stage; thus, this signature may be able 

to identify clinically important subtypes that are not recognized by current staging criteria.

The SOH signature showed great concordance with independently developed genomic and 

genetic predictors in previous studies. First, the SOH subtype significantly overlapped with 

the HS subtype, which was identified by the gene expression signature that was originally 

derived from HS (20); this finding strongly suggests that inactivation of the Hippo pathway 

occurs predominantly in HS during hepatocarcinogenesis. This suggestion is supported by 

the finding that inactivation of the Hippo pathway in liver-specific Sav1−/− mice resulted in 

significant expansion of liver progenitor cells (11, 12). However, our current data do not rule 

out the possibility that the significant concordance between the SOH and HS subtypes 

results from inactivation of the Hippo pathway in mature hepatocytes, leading to 

dedifferentiation and the acquisition of HS characteristics. Second, we found a significant 

positive correlation between the SOH signature and the previously defined 65-gene HCC 

recurrence risk score (Fig. 4), which suggests that inactivation of the Hippo pathway in HCC 

is well reflected in this independently developed score. The strong correlation further 

suggests that alteration of the Hippo pathway is indeed a major genetic event that dictates 

the clinical outcome of patients with HCC. Thus, we rediscovered previously recognized 
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clinically distinct subtypes of HCC and updated what is known about these subtypes; our 

observation that the poor clinical outcome of patients with the HS subtype is due to 

inactivation of the Hippo pathway suggests that YAP1 and TAZ are good therapeutic targets 

for patients with the HS phenotype. Furthermore, the results of a direct comparison with 

previously developed prognosis signatures suggested that the SOH signature is more 

accurate at estimating prognosis in patients with HCC, as it had the highest association with 

prognosis.

Our data also demonstrated that YAP1 and TAZ regulate mTORC1, the master regulator of 

cell growth, as evidenced by the significant association between the SOH subtype and 

phosphorylation of the downstream target of mTORC1 in human HCC tissues and the 

reduced phosphorylation after silencing YAP1 and TAZ expression in HCC cells. The results 

of a previous study suggested that YAP1 and TAZ regulate mTORC1 through the PTEN-

PI3K-AKT pathway (36). Thus, it will be interesting to determine whether the regulation of 

mTORC1 by YAP1 and TAZ is mediated by the PTEN-PI3K-AKT pathway in HCC.

There are several limitations to our study. First, the tissues and clinical information used in 

our analysis were retrospectively collected. Therefore, although we obtained highly 

reproducible results from three independent patient cohorts, it will be necessary to validate 

our prognostic model in a prospective study. Second, because most of our patients were 

hepatitis B virus positive, the prognostic value of the SOH signature may be limited to 

hepatitis B-related HCC. Thus, it will be necessary to test our models in patients with 

different etiological backgrounds, such as hepatitis C virus or obesity, in a future study. 

Third, all of the data in the current study were generated using microarray technology and 

frozen tissues that are not routinely available through general practice in clinics. Therefore, 

it will be necessary to identify a small number of robust genes (5 to 10 genes) that reflect 

inactivation of the Hippo pathway in HCC and use simpler but more robust methods, such as 

quantitative reverse transcription polymerase chain reaction experiments, to measure the 

expression of these genes using RNA from easily available formalin-fixed, paraffin-

embedded tissues.

In conclusion, we used a well-defined SOH gene expression signature from a mouse model 

to identify two clinically distinct subtypes of human HCC; in the process, we uncovered 

molecular characteristics that were associated with clinical outcome. The molecular 

classification of tumors has significantly improved patient outcomes in some cancers by 

allowing the development of treatments that are tailored to the abnormalities present in each 

patient's cancer cells. An example is the discovery of estrogen receptor–positive and ERBB2 
(or HER2)–positive breast cancer subtypes and the subsequent development of agents that 

target estrogen receptor or HER2 (37). The results of our study may provide a foundation for 

the molecular classification of HCC and thus the development of effective targeted therapies 

and scientifically designed clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational relevance

Hepatocellular carcinoma (HCC) is the second most common cause of cancer-related 

death (700,000 deaths per year) in the world and the second most lethal cancer type in the 

U.S., where its overall 5-year survival rate is around 11%. Lack of molecular 

classification and the clinical heterogeneity of HCC have hampered development of 

treatment standards. Our data suggested that Hippo pathway is inactivated in about 20% 

of patients with HCC and YAP1/TAZ, downstream effector of Hippo pathway. These 

findings may guide the development of subgroup-specific treatments, e.g., targeted 

YAP1/TAZ, and improve the design of future clinical trials.
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Figure 1. Gene expression patterns that were significantly associated with the silence of Hippo 
pathway in the mouse liver
(A) Venn diagram of genes selected using a two-sample t-test with a multivariate 

permutation test (10,000 random permutations). The blue circle (gene list X) represents 

genes that were differentially expressed between normal livers from wild-type (WT) mice 

and non-tumor tissues from mutant (Sav1−/− and Mst1/2−/−) mice (ST). The red circle (gene 

list Y) represents genes that were differentially expressed between all non-tumor liver tissues 

and all hepatocellular carcinoma tissues from mutant (Sav1−/− and Mst1/2−/−) mice. A 

stringent cut-off (P < 0.001 and 2-fold difference) was used to retain only the genes whose 
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expression was significantly different between the two groups of tissues examined. The 737 

probes (610 unique genes) in the X (not Y) category displayed unique expression patterns 

that were significantly associated with the silence of Hippo pathway.

(B) Expression patterns of selected genes in the Venn diagram. Colored bars at the top of the 

heat map represent the tissues indicated.
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Figure 2. Significant association between the silence of Hippo (SOH) signature and prognosis in 
patients with hepatocellular carcinoma
(A) Schematic overview of the strategy used to predict the probability that SOH was present 

in human HCC on the basis of gene expression signatures. KO, knockout; WT, wild type; 

BCCP, Bayesian compound covariate predictor.

(B) Receiver operating characteristic curve analysis of SOH probability over 3-year 

recurrence of HCC in the National Cancer Institute cohort.

(C, D) Kaplan-Meier plots of recurrence-free survival and overall survival of SOH and AH 

subtype patients in the National Cancer Institute cohort. P values were obtained using the 

log-rank test. The + symbols in the panel indicate censored data.
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Figure 3. Validation of the robustness of the silence of Hippo signature in independent cohorts
(A, B) Kaplan-Meier plots of recurrence-free survival and overall survival in patients with 

the silence of Hippo and active Hippo subtypes in the Korean cohort.

(C, D) Kaplan-Meier plots of recurrence-free survival and overall survival of the two 

subtypes of patients in the Fudan University Liver Cancer Institute cohort. P values were 

obtained using the log-rank test. The + symbols in the panel indicate censored data.
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Figure 4. Significant association between YAP1 and TAZ activation and prognosis and mTORC1 
regulation in HCC
(A) Correlation between Bayesian probability of the silence of the Hippo signature and the 

65-gene risk score in the National Cancer Institute (NCI), Korean, and Fudan University 

Liver Cancer Institute cohorts. Dotted curves represent locally weighted scatterplot 

smoothing curves.

(B) Western blot analyses of SK-Hep1 and HeLa cells with the indicated antibodies after 

silencing YAP1 and TAZ expression with specific siRNAs.
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Table 1

Baseline clinical and pathological features of HCC patients

Cohort

Variable NCI Korean FULCI MSH

Number of patients 113 100 242 91

  Male, n (%) 81 (72%) 83 (83%) 211 (87%) 27 (30%)

  Female, n (%) 32 (28%) 17 (17%) 31 (13%) 54 (59%)

  NA, n (%) 10 (11%)*

Age, years

  Median 56 55 50 68

  Range 26–85 25–70 21–77 42–80

AFP (>300 ng/ml), n (%)

  + 51 (45%) 32 (32%) 110 (45%) 15 (17%)

  − 53 (47%) 68 (68%) 128 (53%) 54 (59%)

  NA 9 (8%) 0 4 (2%) 22 (24%)

HBV, n (%)

  + (%) 54 (48%) 58 (58%) 218 (90%)

  − (%) 59 (52 %) 17 (17%) 6 (2.5%) 91 (100%)

  NA 25 (25%) 18 (7.5%)

AJCC stage, n (%)

  I 35 (35%) 96 (40%)

  II 17 (17%) 78 (32%)

  III 48 (48%) 51 (21%)

  IV 0 (0%) 0 (0%)

  NA 113 (100%) 17 (7%) 91 (100%)

BCLC stage, n (%)

  0 0 (0%) 20 (8%)

  A 53 (53%) 152 (63%)

  B 37 (37%) 24 (10%)

  C 6 (6%) 29 (12%)

  D 4 (4%) 0 (0%)

  NA 113 (100%) 17 (7%) 91 (100%)

Death, n 71 43 96

Median follow-up duration, (months) 23.5 48.5 51.6

AFP, alpha-fetoprotein
NA, not applicable
HBV, hepatitis B virus

*
Patient sex information was not available for the patient who underwent liver transplantation.
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Table 2

Univariate and multivariate Cox regression analyses of recurrence-free survival*

Univariate Multivariate

Characteristic Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value

Patient sex (M or F) 1.4 (0.89–2.18) 0.14 1.2 (0.76–1.9) 0.41

Age (>60 years or not) 0.88 (0.62–1.25) 0.49 0.85 (0.58–1.26) 0.43

AFP (>300 ng/ml or not) 1.25 (0.94–1.67) 0.12 1.02 (0.75–1.38) 0.9

Cirrhosis (yes or no) 1.08 (0.72–1.64) 0.68 1.18 (0.75–1.83) 0.45

Tumor size (>5 cm or not) 1.34 (1.0–1.79) 0.04 1.13 (0.82–1.56) 0.42

Cohort (Korean or FULCI) 1.17 (0.85–1.59) 0.32 1.16 (0.82–1.6) 0.38

BCLC stage (B/C/D or 0/A) 1.74 (1.2–2.3) < 0.001 1.47 (1.05–2.1) 0.02

SOH signature (SOH or AH) 1.83 (1.31–2.5) < 0.001 1.6 (1.14–2.39) 0.006

*
Patients in Korean and FULIC cohorts were only included for analysis.

CI, confidence interval
AFP, alpha-fetoprotein
BCLC, Barcelona Clinic Liver Cancer
SOH, silence of Hippo pathway
AH, active Hippo pathway
FULCI, Fudan University Liver Cancer Institute
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