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Abstract
Background/Aims: Immunosuppression is one of the hallmarks of cancer; however, its 
molecular mechanism remains unknown. In the present study, we sought to investigate the 
expression and activation of yes-associated protein 1 (YAP-1) and its roles in T cells within 
hepatocellular carcinoma (HCC). Methods: The expression and activation of YAP-1 were 
accessed by real-time PCR, immunohistochemistry staining, western blot, and flow cytometry. 
The potential regulation effect of YAP-1 on Regulatory T cells (Tregs) differentiation was 
predicted using bioinformatics tools and verified by in vitro studies. Results: Significant 
overexpression and activation of YAP-1 was detected within peripheral blood mononuclear 
cells and showed positive linear correlation to Treg percentage; it may serve as a valuable 
indicator of a bad prognosis. Using in vitro studies, we found that overexpression and 
activation of YAP-1 can promote naïve T cell polarization stimulation to Tregs by increasing the 
expression of TGFBR2. The YAP-1/TEADs DNA binding site was spotted within the promoter 
region of TGFBR2 and related to its transcription activity. YAP-1 acted as a co-activator of 
TGFBR2 transcription by binding directly to the TGFBR2 promoter through TEADs. Conclusion: 
Overexpression and activation of YAP-1 in HCC T cells can induce immunosuppression by 
promoting Treg differentiation via transcriptional enhancement of TGFBR2.

Introduction

The expression tumor microenvironment (TME) was recently termed to describe the 
environment surrounding tumor cells [1–3]. The TME is a cellular microenvironment where 
the tumor cells live within contributing the tumor cells for self-repairing and escaping from 
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immune surveillance [4]. It consists of a variety of cells and factors associated with stromal 
cells of hematopoietic and nonhematopoietic lineages such as: T-cells, B-cells, natural killer cells, and myeloid cells [5, 6]. Within all categories of component cells, the immune infiltrated 
lymphocytes are not only a good extrapolative factor in immune surveillance, but also help to improve the efficiency of conventional chemotherapy [7, 8]. Emerging evidence indicates 
that T regulatory cells (Tregs) and myeloid-derived suppressor cells can be responsible for 
inhibiting host T-cell activity against tumor-associated antigens and that they inhibit the 
effectiveness of anti-cancer immunotherapeutic approaches [9]. 

Tregs express the markers CD4, Foxp3, and CD25, and are thought to be derived from the same lineage as naïve CD4 cells [9]. TGF-β is essential for Tregs to differentiate from 
naïve CD4+ cells and is important in maintaining Treg homeostasis. The Treg percentage 
was regarded as a critical factor in determining the prognosis of cancer, and its related 
immunosuppressive effect was also considered as one of the disadvantages of immunotherapy 
[10]. Reports concerning the roles of Tregs in liver cancer started to appear about 10 years 
ago, Yang et al. indicated that hepatocellulat carcinoma (HCC) Tregs distributed mainly in the marginal region of the tumor might play a critical role in controlling CD8+ cytotoxic 
T-cell activity and thus contribute to the progression of HCC [11]; also the circulating and tumor-infiltrating Tregs were associated with high mortality and reduced survival time of 
HCC patients [12–14]. However, the reasons for increasing Treg levels within HCC have not been completely identified. 

Yes-associated protein (YAP) is a protein that acts as a transcriptional regulator 
by activating the transcription of genes involved in cell proliferation and of apoptosis-
suppressing genes [15]. Within the tumor, YAP-1 itself lacks DNA-binding capacity, and 
can act as a co-activator when combined with the TEAD family as a transcriptional co-activator [15–17]. YAP-1 and its close paralog, TAZ (WWTR1), are the main effectors of the Hippo tumor suppressor pathway [15]. When the pathway is activated, YAP-1 and TAZ are 
phosphorylated on a serine residue and sequestered in the cytoplasm by 14-3-3 proteins [18]. Almost all of the roles of YAP-1 have been identified from tumor cells; a little knowledge has been identified concerning its roles in the immune cell. However, several studies have 
revealed its role in immunosuppression [19, 20], it is meaningful to investigate its role in 
Treg development in HCC. 

Therefore, in our present study, we investigated the activation of Hippo signaling in tumor-infiltrating T cells, especially the role of YAP-1, where particular attention was paid to 
its regulatory effect on Treg differentiation, proliferation, and functions. 

Materials and Methods

Patients

A total of 152 HCC cases and sex plus age-matched 91 controls obtained from Jiangsu Province Hospital, were included in this study. Patients were consecutively recruited between February 2008 and 
January 2015. The detailed information of HCC patients and the healthy controls was listed in Table 1. All 

cases are incident ones during enrollment of the current case-control study. The diagnosis of all patients was histological confirmed. A face-to-face questionnaire was administered to collect demographic data. 
All participants have provided their written informed consents to participate in this study. This study was 

approved by the Institutional Review Board of Jiangsu Province Hospital.

Real-time PCR assay 

Real-time polymerase chain reaction (RT-PCR) was performed to determine whether the mutation 

changed the expression level of Foxp3 and Tgfbr2. The primers used for amplification were forward primer: 
GTGGCCCGGATGTGAGAAG, and reverse primer: GGAGCCCTTGTCGGATGATG for Foxp3, forward primer: 

ACGGCGTTACAGTGTTTCTG, and reverse primer: GCACATACAAACGGCCTATCTC for Tgfbr2 and forward 

primer: TGTGGGCATCAATGGATTTGG, reverse primer: ACACCATGTATTCCGGGTCAAT for GAPDH. The amplification conditions were 95°C for 10 minutes, followed by 40 cycles of 95°C for 30 seconds, 55°C for 
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40seconds, and 72°C for 30 seconds, and finally 4°C for 30 minutes for cooling by the 384-well ABI 7900HT Real-Time PCR System. The data 
was processed by using 2-ΔΔct methods, and to 

normalize the results, all relative expression of 

YAP-1 was multiplied by 100, and TGFBR2 was 

multiplied by 10.

Transduce of T cells and polarization 
stimulation of Tregs
The T cells isolated from the healthy 

controls were isolated by using magnetic bead (Thermofisher, CA) and transduced by using 
lentiviral-based gene delivery. The shRNA 

sequence targeting YAP-1 and TGFBR2 were 

AGGTCCTCTTCCTGATGGATGGGAA for YAP-

1 and CAGCTGTAATAGGACTGCCCATCCA for 

TGFBR2. For polarization stimulation, T cells 

Table 1. Clinical characteristic of HCC patients 

and cancer-free controls. *Two-sided chi-square 

test for either genotype distributions or allele 

frequencies between cases and controls

were treated with TGF-β (2ng/mL) and maintained in T cell culture medium for 7 days.
ImmunohistochemistrySections were de-paraffinized and followed by rehydration steps through a graded ethanol series 

and distilled water, and then were treated with 3% H
2
O

2
 in methanol for 30 min to block the endogenous peroxidase activity. The sections were rinsed in phosphate-buffered saline (PBS) twice, 5 min each time and incubated with 10% normal goat serum for 30 min to block non-specific antibody binding. After washing, the samples were incubated with primary anti-rabbit antibody Foxp3 (ab16901) TGFBR2 (ab78419) and YAP-1 S127 (ab76252) purchased from Abcam at 4°C overnight, and then washed with PBS for three times 

and then incubated with secondary antibodies. After that, the sections were stained with DAB according to 

manufacturer's protocols and mounted and photographed using a digitalized microscope camera (Nikon, 

Tokyo, Japan).

Dual-luciferase reporter assay
For luciferase activity analysis, Jurkat cells were cotransfected with 100ng of luciferase reporter constructs (pGL4 Luciferase Reporter Vector, Promega, WI) 5ng of the Renilla control plasmid and 10 pmol of 

wild-type and a mutant plasmid with 1 µl lipofectamine 2000 according to the manufacturer’s instructions (Invitrogen, NY, USA). After incubation for 48h, we carried out the luciferase assay using the luciferase 
reporter assay system (Promega, Madison, WI) according to the manufacturer’s protocol. Measurements of luminescence and absorbance of β-gal were performed on a luminometer (Glomax 20/20; Promega). Three 
independent experiments were performed in triplicate.

Western blot and Co-Immunoprecipitation (Co-IP) Assay

For western blotting, proteins were extracted from tissues or cultured cells using RIPA buffer containing phenylmethanesulfonylfluoride(PMSF) (Beyotime, Nantong, China). An equal amount of proteins (100ug) were separated by 7.5%/12.5% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membrane. Primary polyclonal antibodies targeting YAP-1 (ab71153), YAP-1 s127 (ab76252) and Foxp3 (ab16901) were purchased from Abcam (Cambridge, MA). The secondary antibodies were anti-rabbit or anti-mouse HRP-linked were purchased from Santa Cruz Biotechnology (CA, USA). The blots were developed using ECL reagent (Millipore, MASS, USA). An equal amount of protein loading in each lane was confirmed usingβ-actin antibody. ImageJ software quantified 
the integrated density of the band. For Co-IP assay, protein was extracted from Jurkat by using IP Lysis/Wash Buffer. The YAP/TEADs complex is then captured and precipitated by both YAP-1 (ab71153) and TEADs (ab197589) Antibody by using a Dynabeads® Protein A Immunoprecipitation Kit (Thermofisher, CA), and further processed for YAP 
and TEADs detection. 
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Chromatin immunoprecipitation (ChIP) assayChIP was performed using a commercially available EZ-ChIP Chromatin Immunoprecipitation (ChIP) 
Assay Kit (Millipore) according to manufacturer’s instructions. DNA-bound protein was immunoprecipitated using both anti-YAP (ab71153, Abcam) and IgG (Abcam) as a negative control. For quantification of co-precipitated DNA, samples were then subjected to amplification by employing primers (Forward primer: GAGGCTATTTGGGGGTGTGT and reverse primer: TCAACTTCAGCATTCCCCCG) which amplified the promoter region (186 bp) of the Tgfbr2 promoter.

In vitro stimulation of Tregs and Flow cytometry (FCM)
For in vitro generation of Tregs, naïve T cells was isolated by human naïve T cell isolation kit II (Miltenyi, Koln, Germany), and further stimulated with human recombined human TGF-β (1ng/mL)  (Peprotech, NJ ) for 7 days. Dead cells were excluded based on staining with Live/Dead fixable dye. After that, cells were, fixed, permeabilized with IntraPrep reagent (BD Pharmingen, CA, USA), and then stained with fluorochrome-conjugated labeled antibodies including CD4 (561833), CD25 (557192), Foxp3 (560082) (BD Pharmingen, CA, USA). The Tregs were determined gated with CD4 and further defined as CD25 and Foxp3 positive cells. Data were acquired on BD FACSVerse™ flow cytometer (BD Pharmingen, CA, USA).
Statistical analysisDifferences between cases and controls were evaluated by the Student’s t-test for continuous variables and the χ2 test for categorical variables. The two values correlation was assessed by Linear correlation 

analysis and tested F test. The overall survival in different groups was analyzed by using Kaplan–Meier curve. All statistical analyses were performed using Statistical Package for Social Sciences software.
Results

YAP-1 is overexpressed in the peripheral T cells and acts as an index for a bad prognosis of HCC
In order to investigate the expression of YAP-1 in the T cells of human HCC, the 

peripheral blood mononuclear cells (PBMCs) were isolated from 152 HCC patients and 91 
healthy controls, and the expression of YAP-1 was measured by real-time PCR. We found that YAP-1 was significantly overexpressed in HCC PBMCs (Fig. 1A). There are two major 
component cells within PBMCs, T cells, and monocytes. YAP-1 expression was measured in 
both cell types isolated by using magnetic beads extracted from 40 HCC patients and healthy controls. YAP-1 expression only significantly increased in T cells, not the monocytes (Fig. 
1B, C). The enrolled HCC patients were divided into two groups (YAP-1high, n=101; and YAP-
1low, n=51) based on the YAP-1 expression in the healthy controls. Among the total of 152 HCC patients, we have 140 patients with follow-up survival data. Survival rate analysis was 
performed in two groups, the 5-year survival rate in the YAP-1high group (n=94) was low at 11.77%, and significantly different from the YAP-1low group (n=46) at 42.3% (HR: 2.059, 95% CI: 1.158–2.054, P=0.0004) (Fig. 1D).

YAP-1 is statistically correlated to Treg percentage within the PBMCs of HCC patients
The expression and activation of YAP-1 was detected within HCC tissues by using its activation by phosphorylation at S127, which was overexpressed in the infiltrated immune 

cells of HCC tissues, and moreover its expression was associated with Foxp3 expression (Fig. 
2A). To verify the hypothesis that overexpression and activation of YAP-1 within T cells might 
be related to the percentage of Tregs in HCC patients, the percentage of Tregs was determined 
in the PBMCs. The YAP-1high patients had a significantly higher Treg percentage than the YAP-
1low patients (Fig. 2B). The activation of YAP-1 was also more apparent in YAP-1high patients 
with stronger expression of Foxp3 than the YAP-1low patients (Fig. 2C). Moreover, the YAP-1 
expression in the PBMCs was linearly positively correlated to Treg percentage (R2=0.1556, 
P=0.0012) (Fig. 2D). 
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Activation of YAP-1 enhances Treg differentiation by up-regulation of TGFBR2
We also performed in vitro studies to investigate the detailed mechanism of Treg 

differentiation–promotion affected by YAP-1. The T cells isolated from healthy controls were 
transduced with YAP-1 and shRNA targeting of YAP-1 (Fig. 3A). Next we determined the 

Fig. 1. YAP-1 was overexpressed 

in the peripheral T cells and ac-

ted as an index for a bad HCC pro-

gnosis. A: The expression of YAP-

1 was determined by real-time 

PCR within the PBMCs isolated 

from HCC patients (n=152) and 

healthy controls (n=91). B and 

C: The expression of YAP-1 was 

determined by real-time PCR 

within T cells and monocytes, 

respectively, which were isola-

ted from the HCC patients and 

healthy controls (n=40). D: The 

overall survival rate was evalua-

ted using the Kaplan–Meier cur-

ve in the YAP-1high (n=94) and 

YAP-1low (n=46) groups. The data were presented as mean±SD.* 
P<0.05; ** P<0.01.

Fig. 2. YAP-1 was statistically 

correlated to Treg percentage wi-

thin the PBMCs of HCC patients. 

A: Representative Figures of IHC staining for YAP-1 (S127) and Foxp3 in the infiltrated immune 
cells within HCC in the YAP-1high 

and YAP-1low groups. B: The com-

parison of Tregs (CD4+CD25+-

Foxp3+ cells) was carried out in 

the YAP-1high and YAP-1low groups by flow cytometry. C: Expression of Foxp3, YAP-1 (S127), and YAP-
1 in peripheral T cells within the 

YAP-1high and YAP-1low groups was 

determined by western blot. D: 

The correlation between relative 

expression of YAP-1 expression 

and Treg percentage within HCC 

PBMCs was accessed by linear 

correlation analysis. The data were presented as mean±SD.* 
P<0.05; ** P<0.01.
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percentage of Tregs with polarization stimulation by using flow cytometry. Overexpression of YAP-1 in T cells can significantly increase the Treg percentage while knockdown of YAP-1 expression decreased the Treg percentage significantly. Also reduce the activation of YAP-1 by using its inhibitor peptide 17 [21] can significantly reduce the percentage of Tregs (Fig. 
3B). TGFBR2 is the receptor for TGF-β signal transduction, which is essential for Treg differentiation, and previous studies have revealed that YAP-1 is related to TGF-β signaling 
[10]. We detected the expression of TGFBR2 within T cells transduced differently. We found that both the mRNA and protein of TGFBR2 increased significantly in T cells with YAP-1 
overexpression, while decreased in YAP-1 silenced by its shRNA or its activation was inhibited by peptide 17 (Fig. 3C). Moreover, the specificity of YAP-1 was verified by knockdown TGFBR2 expression in T cells overexpression of YAP-1. Tregs significantly decreased indicating that 

Fig. 3. Activation of 

YAP-1 enhances Treg 

differentiation by 

up-regulation of TGF-

BR2. A: YAP-1 expres-

sion was determined 

with different treat-

ment within T cells. 

B: The comparison of 

Treg percentage was 

carried out in diffe-

rent groups indicated by flow cytometry. C: 
The mRNA and protein 

expression of TGFBR2 

were accessed in T 

cells treated differently as indicated in the figu-

re D: The percentage of 

Tregs was compared 

in T cells transduced 

differently as indica-ted in the figure. The 
data were presented as mean±SD.* P<0.05; ** 
P<0.01.
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overexpression YAP-1 can promote Treg differentiation specifically by up-regulation 
of TGFBR2 (Fig. 3D). 

Clinical data also support this regulation. 
We found overexpression of TGFBR2 in HCC 
PBMCs compared to healthy controls (Fig. 
4A). The transcription and protein expression of TGFBR2 was also significantly enhanced 
within the YAP-1high group compared to the 
YAP-1low group (Fig. 4B, C). Moreover, positive 
linear correlation was also found between 
TGFBR2 and YAP-1 mRNA expression within 
the PBMCs of HCC patients (R2=0.0693, 
P=0.0006) (Fig. 4D). However, the detailed 
mechanism remains to be further elucidated. 

Up-regulation of TGFBR2 in T cells depends 
on YAP-1/TEADs at the transcriptional level
To investigate the detailed mechanism 

of YAP-1 regulation on TGFBR2, DNA 
binding sites within a 1000 base-pair region 
upstream of the starting codon “ATG” of TGFBR2 promoter were investigated. Since 
YAP is a co-activator of TEADs and has no 
DNA binding site, its regulation on TGFBR2 is TEADs dependent [17]. A TEADs binding 
site “GGAATG” was detected in the promoter 
region of TGFBR2 (Fig. 5A). Transcriptional activity significantly decreased when the 
binding site was deleted. Overexpression of YAP-1 can significantly increase the 
transcription, but has no apparent effect on 
transcription activity without the TEADs 
binding site (Fig. 5B). We used co-IP assay to confirm the interaction of YAP-1 with TEADs 
in a T cell line, Jurkat (Fig. 5C). The binding 
of TEADs on the promoter region of TGFBR2 was confirmed by using ChIP-real-time PCR 
(Fig. 5D), and the results indicated that the YAP-1/TEADs complex could bind to the 
TGFBR2 promoter in a TEADs DNA binding 
way. 

Discussion

Physiologically, Tregs comprise 
diverse subsets of immunosuppressive 
cells that play critical roles in maintaining 
immune homeostasis and self-tolerance 
[22]. However, in cancers, Tregs are able to 
suppress anti-tumor immune responses 
and contribute to the development of an 
immunosuppressive TME, thus promoting 

Fig. 4. A: Comparisons of the transcription of TGF-

BR2 in PBMCs between both HCC patients and he-

althy controls and YAP-1high and YAP-1low were carried 

out using real-time PCR. B and C: Protein expressi-

on of TGFBR2 was determined by western blot and 

IHC in T cells of the YAP-1high and YAP-1low groups. D: 

The correlation between relative expression of YAP-

1 and TGFBR2 in the peripheral T cells within HCC 

was accessed by linear correlation analysis. The data were presented as mean±SD.* P<0.05; ** P<0.01.
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immune evasion and cancer progression [10]. Previous reports have indicated that TGF-β1 
and its downstream signaling play an essential role in Treg development [23, 24]. More than 35 TGF family members have been identified, but only five type I and seven type II receptors have been reported [25]. Moreover, studies have further indicated that TGF-β1 signaling is transduced mainly through TGFBR2 within T cells [26, 27]. In the present study, we found that TGFBR2 expression significantly increased within HCC T cells, also related to increased Treg percentage and immunosuppression. TGF-β/TGFBR2 signaling might dominantly 
regulate Treg differentiation. Conditional deletion in T cells of the Tgfbr2 gene can induce inflammatory disorder in mice due to the impaired development of Tregs [28, 29]. Moreover, T-cell-specific ablation of Tgfbr2 also causes T-cell activation and autoimmunity. These TGFBR2-deficient T cells are not suppressed by wild-type Tregs, which suggests that TGF-β signaling in effector T cells is essential for regulation [28, 29]. Our results indicate, for the first time, that the molecular mechanism of overexpressed TGFBR2 with TME relates to 
overexpression and activation of YAP-1.

YAP-1 is a transcriptional regulator which can act both as a co-activator and a co-
repressor, and is the critical downstream regulatory target in the Hippo signaling pathway. 
And it plays a pivotal role in organ size control and tumor suppression by restricting proliferation and promoting apoptosis [15, 17]. Similarly to TGFBR2, most research 
concerning YAP-1 has been carried out within tumor cells; the roles of YAP-1 in immune 
cells were relatively poorly known. There are some reports in the literature about the 
potential roles of YAP-1 in immunosuppression. Hugo et al. reported that YAP-1 signature 
enrichment was one of the drivers for immunosuppression through a non-genomic and immune evolution of melanoma [30]. And YAP-1 also related to increased TGF-β within HCC, hyperplasia of oval cells and immature cholangiocytes accompanied by inflammatory cell infiltration and fibrosis occurred within the Mob1a/1b double knockout mice, and this is due to over-activated YAP-1 induced elevation of TGF-β [31]. Our study indicated a role of 
YAP-1 within T cells increasing TGFBR2 expression. We found overexpression and activation of YAP-1 in T cells of both PBMCs and TILs, 
and its expression was apparently related to Treg percentage. We found that YAP-1 can 

Fig. 5. Up-regulation of TGFBR2 in T cell dependent on YAP-1/TEADs at the transcriptional level. A: Pre-

diction of TEADs-binding DNA sequence was presented within TGFBR2 promoter. B: The promoter activity 

of different mutants and treatment were accessed by luciferase reporter assay. C: The interaction between YAP-1 and TEADs was confirmed by using co-IP assay. D: The binding of YAP-1/TEADs complex on the TG-FBR2 promoter was confirmed by ChIP-real-time PCR. The data were presented as mean±SD.* P<0.05; ** 
P<0.01.
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enhance the transcription of TGFBR2 by direct binding to its promoter via the YAP-1/TEADs 
complex, and increased expression of YAP-1 within PBMCs could serve as an indicator for the 
prognosis of HCC patients.
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