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Abstract

Cutaneous melanoma (CM) is the most lethal form of skin cancers. The Hippo pathway controls 

cell migration, development and sizes of the organs in diverse species, and deregulation of this 

pathway may affect CM progression and prognosis. Therefore, we hypothesized that genetic 

variants of Hippo pathway genes might predict survival of CM patients. We used the genotyping 

data of 1,115 common single nucleotide polymorphisms (SNPs) in the 12 pathway core genes 

(i.e., MST1, MST2, SAV1, LATS1, LATS2, MOB1A, MOB1B, YAP1, TEAD1, TEAD2, TEAD3, and 

TEAD4) from the dataset of our previously published CM genome-wide association study and 

comprehensively analyzed their associations with CM-specific survival (CSS) in 858 CM patients 

by using the Kaplan-Meier analyses and Cox proportional hazards regression models. We found a 

predictive role of YAP1 rs11225163 CC, TEAD1 rs7944031 AG+GG, and TEAD4 rs1990330 CA

+AA in the prognosis of CM. In addition, patients with an increasing number of unfavorable 

genotypes (NUG) had a markedly increased risk of death. After incorporating NUG in the model 

with clinical variables, the new model showed a significantly improved discriminatory ability to 

classify CSS (AUC increased from 82.03% to 84.56%). Our findings suggest that genetic variants 

of Hippo pathway genes, particularly YAP1 rs11225163, TEAD1 rs7944031 and TEAD4 

rs1990330, may independently or jointly modulate survival of CM patients. Additional large, 

prospective studies are needed to validate these findings.
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INTRODUCTION

During the past several decades, the incidence rate of cutaneous melanoma (CM) has 

increased among all white populations. In the United States, there were estimated 76,100 

new CM and additional 63,770 in situ cases in 2014.1 Much of this increase has been seen in 

relatively young adults, and, consequently, the number of life-years lost per CM death is 

higher than that of most other solid tumors.2 Though recent advances in therapies for 

metastatic CM have shown some progress,3, 4 CM with distant metastasis still has a grim 

prognosis with a five-year survival rate of 16 percent.5 Current prognostic tools mainly 

include clinicopathological variables, such as tumor stage, Breslow thickness and mitotic 

rate.6 However, there is still a wide range of survival rates in CM patients, even for the same 

tumor stage, which indicates that these methods have insufficient discriminative ability for 

personalized clinical assessment.7 The heterogeneity of CM in different individuals may 

have contributed to different prognosis. These call for development of additional or better 

biomarkers with specific prognostic potential, allowing for personalized clinical 

management of CM patients. There is growing evidence that germline genetic variations, 

such as single-nucleotide polymorphisms (SNPs), play a role in cancer prognosis,8–10 a 

better understanding of which may lead to improved prediction of CM prognosis.

The Hippo pathway (also known as the Salvador-Warts-Hippo pathway) is an evolutionarily 

conserved regulator of tissue growth and cell fate.11 Recently, several studies have found 

that mutations and altered expression of a subset of Hippo pathway genes are involved in 

increased cell proliferation in diverse types of human cancer, such as hepatic carcinoma, oral 

cancer, and melanoma.12, 13 The Hippo pathway consists of a large network of proteins that 

control the growth of different tissues during development and regeneration. The pathway 

core members comprise 13 genes (i.e., MST1, MST2, SAV1, LATS1, LATS2, MOB1A, 

MOB1B, YAP1, TAZ, TEAD1, TEAD2, TEAD3, and TEAD4).13 Of the proteins encoded by 

these genes, SAV acts as a scaffold protein for assembling MST1/2 and LATS1/2 and 

facilitates phosphorylation of LATS1/2 by MST1/2. MOB enhances the activity of 

LATS1/2, and MST1/2 phosphorylated MOB promotes its interaction with LATS1/2. 

Activated LATS1/2 then phosphorylates and inactivates the downstream transcriptional co-

activator YAP and TAZ. Phosphorylated YAP and TAZ are sequestered in the cytoplasm by 

interaction with 14-3-3 proteins that stimulate their ubiquitin-mediated proteolysis.14 When 

YAP and TAZ are not inhibited by the Hippo pathway and remain in the nucleus, they 

interact with TEADs and activate expression of several genes, such as CTGF, IGFBP3 and 

ITGB2. The deregulation of the Hippo pathway often correlated with poor patient prognosis 

has been reported at a high frequency in a broad range of human carcinomas, including 

cancers of the liver, ovaries, colorectum, lung and prostate as well as CM.12–15
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CM is often thought to develop mainly as a result of multiple genetic alterations, a number 

of which may be linked to the function of the Hippo pathway.12 For example, some studies 

showed that stable YAP or TAZ knockdown dramatically reduced expression of the 

classical Hippo target CCN2 as well as anchorage-independent growth and ability to form 

lung metastases.15 Considering the CM-related links with the Hippo pathway and the lack of 

molecular epidemiologic studies examining their relation with CM survival, we 

hypothesized that there was an association between variants of Hippo pathway genes and 

CM-specific survival (CSS) among CM patients. In the present study, we tested this 

hypothesis by using the available genotyping data of SNPs in the Hippo pathway genes from 

a previously published genome-wide association study (GWAS) of CM.16

MATERIALS AND METHODS

Study populations

As described previously,16 all patients were accrued for a hospital-based case-control study 

of CM at The University of Texas MD Anderson Cancer Center. The characteristic details of 

subjects have also been recently described.17 Briefly, all patients with CM stage I/II 

(primary tumors without evidence of regional or distant metastasis), stage III (locoregional 

disease, including in transit, satellite, and/or regional lymph node metastasis), and stage IV 

(distant metastasis) were classified according to the 7th edition of the American Joint 

Committee on Cancer (AJCC) staging system.6 Follow-up was conducted according to 

standardized guidelines.18 Stage of the disease and length of the follow-up were determined 

from the date of diagnosis. The final analysis included 858 patients for whom information 

for eight clinical variables was available (age at diagnosis, sex, Clark level, tumor stage, 

Breslow thickness, ulceration of tumor, SLNB and mitotic rate). All individuals provided a 

written informed consent under an Institutional Review Board-approved protocol.

SNP selection and genotyping

Based on the literature13, 19 and the databases of Biocarta (http://www.biocarta.com/) and 

KEGG (http://www.genome.jp/kegg/), we selected from the Hippo pathway 12 core genes 

that are located on autosomes (MST1, MST2, SAV1, LATS1, LATS2, MOB1A, MOB1B, 

YAP1, TEAD1, TEAD2, TEAD3 and TEAD4) along with a single gene, TAZ, that is 

locatedon the X chromosome. Genotyping and quality control (QC) for the genome-wide 

scan have been previously described.16 Briefly, genomic DNA extracted from the whole 

blood was genotyped with the Illumina HumanOmni-Quad_v1_0_B array, and the 

genotypes were called by using the BeadStudio algorithm, at the John Hopkins University 

Center for Inherited Disease Research (CIDR). Genome-wide imputation was also 

performed using the MACH software based on 1000 Genome project, phase I V2 CEU data. 

The typed or imputed common SNPs (with a minor allele frequency ≥ 0.05, a genotyping 

successful rate ≥ 95%, a Hardy-Weinberg equilibrium P-value ≥ 0.00001, and imputation 

for those SNPs with r2 ≥ 0.8) within these genes were selected. As a result, 147 genotyped 

SNPs and 968 imputed SNPs in the Hippo pathway genes were extracted from our CM 

GWAS dataset and used for the analyses.
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False positive report probability (FPRP)

We also calculated the FPRP to assess the false-positive association findings.20 For all the 

significant results, we assigned a prior probability of 0.1 to detect a HR of 2.0 for an 

association with genotypes and alleles of each SNP. Only the significant results with an 

FPRP value < 0.2 considered a noteworthy association.

Statistical methods

CSS was the outcome measure to be evaluated in the present study. The CSS time was 

calculated from the date of diagnosis to the date of death from melanoma or date of the last 

follow-up. Cox proportional hazards regression models were used to estimate the HR and 

95% CI for the associations of demographic and clinical variables with CSS. Associations 

between SNPs and CSS (in an additive model) were obtained by both univariate and 

multivariable Cox models performed with the GenABEL package of R software21 with 

adjustment for age, sex, Breslow thickness, tumor stage, Clark level, SLNB, tumor cell 

mitotic rate and ulceration of tumor. An FPRP cut-off of 0.2 was also applied to limit the 

probability of false positive findings as a number of SNPs had been tested. We summarized 

the number of risk (unfavorable) genotypes identified from the stepwise regression models 

for CSS. Kaplan-Meier survival curves and log-rank tests were also used to evaluate the 

effects of SNPs on the cumulative probability of CSS. Receiver operating characteristic 

(ROC) curve was constructed from the logistic regression model, and the area under the 

curve (AUC) was used to assess the classification performance of the model. Statistical 

significance of the AUC change was calculated by the Delong’s test.22 Linear regression 

analysis was also used to test for the trends in the associations between SNPs and 

corresponding gene expression levels obtained from the 270 lymphoblastoid cell lines from 

CEU and other HapMap samples.23 The methylation quantitative trait loci (meQTL) 

associations was assessed by Genevar on adipose tissue from a population of 428 female 

twin-pairs (858 individuals), collected as a part of the Multiple Tissue Human Expression 

Resource (MuTHER) project.24, 25 All other analyses were performed using SAS software 

(Version 9.3; SAS institute, Cary, NC). All reported P values were two-sided, and P<0.05 

was considered statistically significant.

RESULTS

Patient characteristics

The final analyses included 858 patients with primary CM (Table S1), who had complete 

information about clinical variables, questionnaire data and GWAS data. The patients had an 

age range between 17 and 94 years (52.4 ±14.4 years) at diagnosis, with a median follow-up 

time of 81.1 months. There were more men (496, 57.8%) than women (362, 42.2%) and 

more stages I/II patients (709, 82.6%) than stages III/IV patients (149, 17.4%). Of the 858 

patients, 95 (11.07%) had died of CM at the last follow-up. In univariate analysis, age, sex, 

Clark level, tumor stages, Breslow thickness, ulceration, SLNB and mitotic rate were 

significant predictors for CSS. In multivariate analysis, four variables remained 

independently and significantly associated with CSS, which include Clark level (HR = 2.30 

for IV/V vs. II/III), tumor stage (HR = 11.66 for III/IV vs. I/II), primary Breslow thickness 

(HR = 2.86 for >1 mm vs. ≤1 mm), and ulceration (HR = 2.59 for yes vs. no).

Yuan et al. Page 4

Int J Cancer. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Multivariate analyses of associations between SNPs and CSS

To assess associations of 147 typed and 968 imputed SNPs with CSS, we performed both 

univariate and multivariate Cox regression analyses with adjustment for age, sex, tumor 

stage, Breslow thickness, SLNB, Clark level, ulceration of tumor and tumor cell mitotic rate.

Specifically, 37 SNPs were individually significantly associated with CSS at P < 0.05 in an 

additive genetic model. FPRP was used to correct for multiple comparisons and to lower the 

probability of false positive associations, in which eight SNPs were still considered 

noteworthy, including six SNPs of YAP1, one SNP of TEAD1, and one SNP of TEAD4 

(Table S2, S3). The regional association plots for YAP1, TEAD1 and TEAD4 in the additive 

genetic model are presented in Figure S1.

Hippo pathway variants as independent survival predictors

As shown in Table I and S4, the initial stepwise Cox regression analyses suggested three 

SNPs (YAP1 rs11225163 C>T, TEAD1 rs7944031 A>G, and TEAD4 rs1990330 C>A) as 

important and independent predictors for CSS of CM patients. In multivariate analyses using 

an additive genetic model, rs7944031 G and rs1990330 A alleles showed a risk effect on 

death, while rs11225163 T acted as a protective allele. We further performed univariate and 

multivariate analyses for the effects on risk of CSS or in the presence of all other 

clinicopathological covariates. We found that the rs11225163 CC genotype showed a strong 

association with a shorter CSS [CC vs. CT+TT: HR = 1.79, 95% confident interval (CI) = 

1.18–2.72, P = 0.007]. Patients with rs7944031 AG+GG genotypes exhibited significantly 

increased hazards of early death, compared with those who had the AA genotype (HR = 

1.82, 95% CI = 1.14–2.89, P = 0.012). Furthermore, the rs1990330 CA+AA genotypes were 

associated with statistically significantly worse CSS, compared with the CC genotype (HR = 

1.56, 95% CI = 1.03–2.38, P = 0.037) (Table II). In the multivariate analyses performed 

with adjustment for age, sex and tumor stage, similar results were found (Table S5).

Combined genetic predictors for survival of CM patients

To better estimate the joint effect of the three SNPs on hazards of patients’ prognosis across 

the Hippo pathway genes that we analyzed, we combined the risk or unfavorable genotypes 

of YAP1 rs11225163 CC, TEAD1 rs7944031 AG/GG and TEAD4 rs1990330 CA/AA into 

one variable as the number of unfavorable genotypes (NUG). The numbers of patients who 

had zero, one, two, and three NUG were 216, 395, 204 and 43, respectively. Per-unit 

increase of NUG (the trend measure) was associated with an increased risk of death (P trend 

< 0.001, Table III). Patients with one NUG had markedly increased risk of death by nearly 

three fold (HR = 2.88, 95% CI = 1.40–5.93) and patients with three NUG had a markedly 

increased risk of death by nearly six fold (HR = 5.89, 95% CI = 2.07–16.77), compared with 

those who had no NUG. In the multivariate analyses performed with adjustment for age, sex 

and tumor stage, we found similar results (Table S6). For illustrative purposes, Kaplan 

Meier curves of the associations with CSS for NUG are shown in Figure 1.
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Stratified analyses between unfavorable genotypes and CSS

Stratified analyses were also performed to evaluate whether the combined effect of 

unfavorable genotypes on survival was modified by the important clinicopathologicl factors 

in Table S7. We found that compared with those with zero risk genotypes, those with 1 or 2–

3 risk genotypes had significantly poor survival in most of stratified subgroups, except for 

the subgroups of mitotic rate less than 1 mitoses/mm2, Clark level lower than III and 

Breslow thickness less than 1 cm (Figure s2).

ROC curve

By using multivariate logistic regression and the ROC curve, we further evaluated the NUG 

for its potential to improve the classification of 5-year CSS. As shown in Figure 2, with 

clinical variables (i.e., clark level, ulceration of tumor, tumor stage and Breslow thickness) 

included as the classifiers, the CSS model had an AUC =82.03%. With the addition of NUG 

to the model, the AUC was significantly improved to 84.56% (P = 0.012, DeLong’s test), 

suggesting a potential role of the NUG in predicting patients’ risk of death.

Analyses of associations of SNPs with gene expression and methylation status

We further evaluated correlations between SNPs and mRNA expression levels of their 

corresponding genes in normal cells, a possible functional basis for the observed 

associations, by using the published gene expression data of the 270 HapMap normal 

lymphoblastoid cell lines derived from diverse populations,23 whose genotyping data were 

also available for YAP1 rs11225163 C>T, TEAD1 rs7944031 A>G, and TEAD4 rs1990330 

C >A. Consistent with the observed associations, the rs7944031 and rs1990330 genotypes 

were associated with significant changes in mRNA expression levels of TEAD1 (P = 0.010) 

and TEAD4 (P = 0.034) in the additive genetic model, but no statistically significant 

association was found between rs11225163 genotypes and YAP1 mRNA expression levels 

(P = 0.465) (Figure S3). We also examined whether these SNPs were associated with 

corresponding gene methylation status. As shown in Figure 3, rs11225163 and rs7944031 

genotypes were significantly associated with the methylation status of YAP1 (probe ID 

cg20782778, P = 1.25×10−6) and TEAD1 (probe ID cg24506086, P = 1.10×10−16). 

Additionally, we observed a marginal association between rs1990330 genotypes and cis 

meQTL effects of TEAD4 (probe ID cg16257219, P = 0.062). These results suggested that 

YAP1 rs11225163, TEAD1 rs7944031 and TEAD4 rs1990330 might have some impact on 

their corresponding gene expression and function by modulating gene methylation status.

DISSCUSSION

To our knowledge, this is the first study to evaluate associations between genetic variants in 

the Hippo pathway genes and CSS. We found that YAP1 rs11225163 C>T, TEAD1 

rs7944031 A>G and TEAD4 rs1990330 C>A were likely to independently or jointly 

modulate specific survival of CM patients. We also showed that in addition to the known 

prognostic variables, the incorporation of numbers of risk or unfavorable genotypes of 

Hippo pathway genes could significantly improve the prediction of CSS. These findings 

suggested that Hippo pathway genes might have a biological implication in melanoma 
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progression, possibly through a mechanism of modulating the gene expression and 

methylation status.

YAP1 and TEADs are of the core members of the Hippo pathway. The YAP1 gene is located 

on chromosome 11q22, also called YKI, while TEAD1 is located on chromosome 11p15 and 

TEAD4 located on chromosome 12p13. Studies have shown that YAP promotes tissue 

growth and cell viability by regulating the activity of different transcriptional factors, such 

as TEADs, that are key mediators of tumorigenic potential of YAP and cellular growth; 

however, the genetic basis by which these factors regulate tissue growth is not well 

defined.13 It is known that proliferation and invasiveness of melanoma cells are promoted by 

the YAP-TEAD complex based on animal models of melanoma.26 As a major regulator of 

organ size and proliferation in vertebrates, YAP1 can act as an oncogene in several tissue 

types, if its activity increases aberrantly. Although no activating mutations in the YAP1 gene 

have been identified in human cancers, YAP1 is amplified in several human tumors,27 

possibly as a result of altered gene expression, suggesting a role in tumor progression.

Evidence also exists that the Hippo pathway genes may influence response to cancer 

treatment and subsequent prognosis. For example, while the expression levels of LATS1 in 

non-small-cell lung cancer (NSCLC) was significantly correlated with p-TNM stage and 

lymph node metastasis, loss of LATS1 expression was associated with a short NSCLC 

overall survival.28 Although we could find little prior evidence linking YAP1 and TEADs to 

CM prognosis, YAP1 and TEADs genes have been shown to influence treatment and 

prognosis in other cancers. For instance, YAP1 was found to promote ovarian cancer cell 

growth and tumorigenesis both in vitro and in vivo, high YAP1 expression levels were 

positively correlated with TEAD4 expression levels, and their co-expression was a 

prognostic marker for poor ovarian cancer survival.29 It was also reported that YAP1 might 

play an important role in prognosis of small-cell lung cancer patients treated with platinum-

based chemotherapy,30 whereas YAP1 overexpression was correlated with progression, 

lymph node metastasis and poor prognosis of gastric carcinoma.31 In addition, high TEAD1 

expression levels were correlated with poor clinical outcome in prostate cancer,32 while 

aberrant YAP activity can promote mammary melanoma metastasis in a manner that is 

highly dependent on the TEAD-interaction domain. Finally, YAP exerts its pro-metastatic 

effects at both primary and metastatic sites and can enhance several distinct processes 

known to contribute to metastasis.26

In the present study, we found some striking associations of CSS with genetic variants in 

YAP1 and TEADs. Specifically, YAP1 rs11225163, TEAD1 rs7944031 and TEAD4 

rs1990330 could modulate CSS independently. Furthermore, the combined NUG of these 

SNPs could discriminate different prognostic groups, a robust effect that was consistent 

across both univariate and multivariate analyses, independent of other pathological 

characteristics. We believed our results were biologically plausible and therefore sought 

further evidence for the underlying molecular mechanisms. Although YAP1 rs11225163, 

TEAD1 rs7944031 and TEAD4 rs1990330 were associated with CSS, we were unable to 

conduct expression analysis on our own specimens, due to the lack of RNA samples from 

the study population. Instead, we downloaded the published expression data of the 270 

HapMap lymphoblastoid cell lines derived from diverse populations.23 Importantly, we 
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found that the TEAD1 and TEAD4 mRNA expression levels changed in a linear manner with 

an increasing number of risk alleles of rs7944031 and rs1990330 in an additive genetic 

model. At the same time, using the MuTHER project data, both rs11225163 and rs7944031 

were associated with the methylation status of their corresponding YAP1 and TEAD1 genes, 

respectively. Therefore, all of these three SNPs might affect their corresponding gene’s 

functions. These correlations provide a possible biological explanation for the observed 

associations with CSS.

Our study has a number of strengths and limitations. First, it is a comprehensive analysis of 

associations between SNPs in the Hippo pathway genes and CSS in CM patients with a 

median follow-up time of 81.1 months. In our analyses, we performed FPRP to assess the 

possibility of false positive associations and adjusted for some statistically significant and 

clinically important variables that could confound the genetic effects on CSS. Our findings 

demonstrated potential importance of assessing CM prognosis by combining 

clinicopathological characteristics with genetic information. The observed improvement of 

discrimination of CSS by adding genetic factors supports prognostic impact of genetic 

associations and potential clinical applications. One caveat regarding our study is that the 

prognosis-predicting model was built in a non-Hispanic white population in the United 

States, and therefore its application to different ethnic groups will require further 

investigation and validation. Another limitation is that our analysis did not take into account 

gene-gene interactions that widely exist in complex diseases like cancer; our ability to 

perform such an evaluation was limited by the sample size and study power, given the 

relatively limited number of outcome events observed in the present study.

In summary, we performed a comprehensive assessment of genetic variants in genes 

involved in the Hippo pathway, and we identified three SNPs (i.e., YAP1 rs11225163, 

TEAD1 rs7944031 and TEAD4 rs1990330) that may have independent or joint effects on 

survival of CM patients. However, our findings need to be validated in an independent, 

larger patient population, preferably with different ethnic groups.

Supplementary Material

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

CM cutaneous melanoma
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SNPs single nucleotide polymorphisms

CSS CM specific survival

adjHR adjusted Hazard Ratio

CI confident interval

SLNB sentinel lymph node biopsy

FPRP false positive report probability

NUG number of unfavorable genotypes
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Figure 1. 
Kaplan-Meier analysis for patients with cutaneous melanoma by the combined risk 

genotypes. (a) by 0, 1 and 2–3 risk genotypes (log-rank test: P<0.001); and (b) by 0 and 1–3 

risk genotypes (log-rank test: P<0.001)
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Figure 2. 
Receiver operating characteristic (ROC) curves for prediction of cutaneous melanoma-

specific survival (CSS) rate based on clinical variables (i.e., clark level, ulceration of tumor, 

tumor stage and Breslow thickness); clinical variables plus the summary score of risk 

genotypes (i.e., rs11225163 CC, rs7944031 AG/GG and rs1990330 CA/AA).
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Figure 3. 
meQTL associations of rs11225163 (a) with YAP, rs7944031 (b) with TEAD1 and 

rs1990330(c) with TEAD4 (circled). DNA methylation profiles were from 648 European-

descent individuals female twins (97 MZ pairs, 162 DZ pairs, and 130 singletons) included 

in the MuTHER study with the use of the Illumina HumanMethlation450 BeadChip.
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