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Abstract
Hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC) account for 95% of
primary liver cancer. For each of these malignancies the outcome is dismal; incidence is rapidly
increasing and mechanistic understanding is limited. We observed abnormal proliferation of both
biliary epithelium and hepatocytes in mice following genetic manipulation of Yes associated
protein (YAP), a transcription co-activator. Here we comprehensively documented YAP protein
expression in the human liver and primary liver cancers. We showed that nuclear YAP expression
is significantly increased in human ICC and HCC. We found that increased YAP protein levels in
HCC are due to multiple mechanisms including gene amplification, transcriptional and
posttranscriptional regulation. Survivin, a member of the inhibitors-of-apoptosis protein (IAPs)
family, has been reported as an independent prognostic factor for poor survival in both HCC and
ICC. We found nuclear YAP expression correlates significantly with nuclear Survivin expression
for both ICC and HCC. Furthermore, using mice engineered to conditionally overexpress YAP in
the liver, we found Survivin mRNA expression depends upon YAP protein levels. Our findings
suggested that YAP contributes to primary liver tumorigenesis and likely mediates its oncogenic
effects through modulating Survivin expression.
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Introduction
Hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC) account for the
vast majority of primary liver malignancies and are among the most lethal and aggressive
neoplasmas (1, 2). Primary liver cancer is the third most common cause of cancer mortality
worldwide (2). For HCC patients, although advances have been achieved through
development of multiple therapeutic approaches, the majority of patients still lack effective
treatment and have a poor prognosis (1). Curative surgical resection offers the only hope for
patients with ICC since it is not responsive to systemic chemotherapy and radiotherapy
regimens. However, relatively few patients are suitable candidates for curative surgical
resection and the recurrence rates remain high even after curative surgical resection (2).
Therefore, there is urgent need to advance our understanding of the molecular mechanisms
underlying these devastating cancers in order to devise novel strategies aimed at improving
the prognosis.

Yes associated protein (YAP) is the nuclear effector of the Hippo signaling pathway (3). As
a transcription co-activator, YAP can induce the expression of a class of genes which
promote cell proliferation and inhibit cell death (4). The transcriptional co-activator activity
of YAP can be inhibited by the Hippo signaling pathway through phosphorylating the
conserved serine 127 residue (4). This phosphorylation leads to cytoplasmic retention of
YAP (4), therefore, the activity of YAP can be reflected by its subcellular location: active
YAP is located in the nucleus while inactive YAP can be found in the cytoplasm.
Overexpression of YAP or ablation of upstream tumor suppressors in the Hippo pathway
with genetically modified mouse models results in tissue over-growth which frequently
leads to HCC and ICC (4–9). Yap deficiency in the mouse liver induces defects in bile duct
development and proliferation (8), suggesting YAP plays an important role in biliary tract
homeostasis. YAP has been identified as an independent prognostic marker for HCC, lung
and ovarian cancer (10–12) and YAP is frequently over-expressed in lung, ovarian,
pancreatic, colorectal, prostate carcinomas and brain malignancies (4, 13, 14). However,
YAP expression in cholangiocarcinoma patients has not been well documented. Gene
amplification of the Yap locus has been reported in a wide spectrum of human and murine
malignancies including medulloblastomas, oral squamous-cell carcinomas, and carcinomas
of the lung, pancreas, esophagus, liver, and mammary gland (15–21). No other mechanisms
have been revealed to contribute to the elevated YAP expression in human tumors. Although
a set of genes have been identified as transcriptional targets of YAP through genetically
modified mouse models or cell lines, such as the IAP family member BIRC5/Survivin (4),
the secreted Cystein-rich protein connective tissue growth factor (CTGF) (22), the EGF
family member amphiregulin (AREG) (23) and the AXL receptor kinase (Axl) (24), none of
them has been shown to correlate with YAP expression in human cancer patients. Thus, the
purpose of this study is to investigate the expression of YAP in the normal and malignant
human liver tissue; explore the mechanisms that contribute to the elevated YAP expression;
and to find YAP regulated targets in cancer patients.

Materials and Methods
Human subjects

The use of human tissues in this study was approved by the Johns Hopkins Institution
Review Board. All human liver samples are from patients undergoing surgical resection at
the Johns Hopkins Hospital, Baltimore, MD. Tumor tissues and adjacent non-tumor tissues
were collected at the time of surgery and stored at −80°C. Formalin-fixed, paraffin-
embedded normal liver sections for interlobular bile duct, hilum and gallbladder each from 5
patients without liver disease were from pathology archives in the Johns Hopkins University
School of Medicine.
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Tissue microarray
HCC and biliary cancer tissue microarrays were constructed with the preexisting paraffin-
embedded tissues as described (13). A total of 11 HCC tissue microarrays including 87 HCC
patient tumors and adjacent non-tumor tissues (each tumor and adjacent non-tumor tissue
has 4 cores on the same TMA) and 2 biliary cancer tissue microarrays including 10 ICC
patient tumors (each tumor has 2 cores on both TMA) were investigated in this study.

Animal procedures
The animal protocols were approved by the Institutional Animal Care and Use Committee of
the Johns Hopkins University. The inducible YAP transgenic mice (ApoE/rtTA-YAP) has
been generated and described previously (4). Six-week-old transgenic mice were fed 0.2 mg/
ml doxycycline (Sigma) in drinking water and their livers were harvested at indicated times.
For each time point, at least three mice were used to calculate the mean and standard
deviation.

DNA extraction and determination of genomic copy number
Genomic DNA in the tissue specimens was extracted with the DNeasy Tissue kit (Qiagen,
Cat No. 69504). Quantitative real-time PCR was performed on a 7300 real-time PCR system
(Applied Biosystems) with SYBR green PCR master mix (Applied Biosystems, Cat No.
4309155). The Cox8A gene, present on the same chromosome as Yap, was used as an
internal control. Genomic DNA levels for Yap and Cox8A were determined based on
standard curves derived from serial dilutions of human genomic DNA from normal liver
tissues. The Yap gene amplifications were determined by the ratio of Yap and Cox8A
genomic DNA levels. A ratio of more than 2 was considered as a Yap gene amplification.
The primer sequences used are available upon request.

RNA isolation, reverse transcription, and real-time quantitative PCR
Total cellular RNA in the tissue specimens was extracted using the MasterPureTM RNA
purification kit (Epicentre Biotechnologies, Cat No. MCR85102). cDNA was synthesized
with random primer using AffinityScript™ Multi Temperature cDNA synthesis kit
(Stratagene, Cat No. 200436). Real-time quantitative PCR (Q-PCR) was carried out on a
7300 real-time PCR system (Applied Biosystems) with SYBR green PCR master mix
(Applied Biosystems, Cat No. 4309155). Beta-glucuronidase and Histone H2A.Z were used
as housekeeping control for human and mouse, respectively. Relative differences in the
expression of the candidate genes in different liver samples were determined using the 2-
ΔΔCt method. The primer sequences used are available on request.

Immunostaining
Paraffin embedded tissue specimens were cut into 4-µm sections, dewaxed and hydrated.
Antigen retrieval was performed by heating at 95°C−100°C in 10mM sodium citrate buffer
(pH 6.0) for 20 minutes. Sections were blocked in 5% BSA for 10 minutes and then
incubated with primary antibodies according to antibody manufacture’s protocol. After
washing off the primary antibody with TBST, the sections were incubated with secondary
antibodies according to antibody manufacture’s datasheet. For immunohistochemistry, DAB
solution (DAKO) was applied and 50% hematoxylin was used for counterstain. For
immunofluorescence, coverslips were mounted with Prolong Gold antifade reagent with
DAPI (Invitrogen, P36935). The primary antibodies used in the study were YAP (Epitomics,
#2060), CK7 (DAKO, M7018), Survivin (Cell signaling, #2808), Glypican-3 (BioMosaics,
#s-B0025R). The secondary antibodies used in this study were Envision anti-rabbit (DAKO;
K4002), Alexa Fluor® 488 goat anti-mouse (Invitrogen, #11001) and Alexa Fluor® 568
goat anti-rabbit (Invitrogen, #11011).
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Protein lysate and western blot analysis
Liver tissues were lysed in RIPA buffer (150 mM NaCl, 50mM Tris-HCl [pH7.4], 1%
NP-40, 0.5% sodium-deoxycholate, 0.1% SDS, and 1mM PMSF) with protease inhibitors
(Roche). The proteins were separated on SDS-polyacrylamide gels and transferred onto
PVDF membranes (GE healthcare). The blots were probed with antibodies against human
YAP (Epitomics, #2060) and normalized by GAPDH (Sigma, G9545). Signals were
detected and quantified by Molecular Imager Gel Dox XR system from BioRad.

Grading of immunohistochemistry staining and correlation studies for HCC tissue
microarray

Cytoplasmic and nuclear immunohistochemistry staining of YAP in hepatocytes were
scored separately based on distribution and intensity. The distribution was scored on a four-
point system. A score of 0 was given for complete lack of staining, 1 for staining in less than
10% of cells, 2 for 10%−50%, and 3 for more than 50% of cells. The intensity was also
scored on a four-point system. A score of 0 was given for complete lack of staining, 1 for
weak staining, 2 for medium staining, and 3 for strong staining. The final score for a patient
was calculated by averaging the scores of all TMA cores in the same category. For each
patient, both intensity and distribution scores no lower than 1.5 was considered strong in
YAP staining; both intensity and distribution scores equal to 0 was considered negative; all
others were considered low in YAP staining.

The nuclear expression of Survivin and cytoplasmic expression of Glypican-3 were scored
as distribution only because there are similar levels in intensity. The final score for a patient
was calculated by averaging the scores of all the cores of same patient. Correlation was
calculated as nuclear YAP distribution scores vs. nuclear Survivin distribution scores and
nuclear YAP distribution scores vs. cytoplasmic Glypican-3 distribution scores.

Grading of immunofluorescencea and correlation studies for ICC tissue microarray
Only strong fluorescent signal was considered as specific staining. Nuclear staining of YAP
and Survivin in cholangiocytes were scored based on distribution as described above. The
final score for each patient was calculated by averaging the scores of all the cores.
Correlation was calculated as nuclear YAP distribution scores vs. nuclear Survivin
distribution scores.

Statistial methods
Statistical significance of YAP staining in non-tumor and tumor tissues was determined
using the Fisher exact test. The P values were calculated for positivity (negative vs. low +
strong) and distribution of intensity (negative + low vs. strong) for non-tumor tissues
compared to tumor tissues. The correlation analysis using Pearson’s test was performed with
Graphpad Prism5 software.

Results
Elevated nuclear YAP expression in intrahepatic cholangiocarcinoma

Normal human liver tissues for interlobular bile duct, hilum and gallbladder each from 5
patients were analyzed for YAP protein expression using immunofluorescence. A co-stain
with biliary membrane marker CK7 was used to identify biliary epithelial cells (BECs).
Because the nuclear presence of YAP reflects its transcription co-activator activity while
YAP located in the cytoplasm indicates inactive YAP, we specifically examined the
subcellular location of YAP along the intrahepatic biliary tree. For the BECs of interlobular
bile ducts, YAP was located predominantly on the plasma membrane but little was present
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in the nucleus (Figure 1A). For the BECs of hilum and gallbladder, YAP was located both in
cytoplasm and nucleus with strong nuclear YAP staining in gallbladder (Figure 1B). Having
established YAP expression pattern in normal tissues, we next looked at malignant tissues.
We evaluated nuclear YAP expression in 10 ICC patients and found elevated YAP
expression compared to normal interlobular bile duct in 9 patients (90%) (YAP staining in
representative patients shown in Figure 1C). This observation suggests that increased YAP
activity could be a common feature in ICC patients.

Nuclear YAP expression correlates with nuclear Survivin expression in intrahepatic
cholangiocarcinoma

Transcription of Survivin has been shown to be regulated by YAP (4). Nuclear Survivin
expression has been reported as a marker of poor prognosis in cholangiocarcinoma (25), and
an un-biased genome-wide screen of commonly upregulated genes in ICC patients identified
Survivin (26). Furthermore, from our unpublished data, Survivin mRNA levels was
regulated by YAP during regeneration after biliary obstruction in mice (submitted). We
decided to explore whether nuclear YAP expression associates with nuclear Survivin
expression in ICC tumor samples. The distribution of positive YAP or Survivin nuclear
expression was scored as described in the Methods section. Correlation analysis revealed
significant positive association between nuclear YAP and nuclear Survivin expression (n=8,
R2=0.8445, p=0.0012) (Figure 2). Therefore, YAP may regulate Survivin expression in ICC
tumors.

Elevated nuclear YAP expression in hepatocellular carcinoma
YAP expression in 87 HCC samples from 83 patients was evaluated by
immunohistochemistry. The nuclear and cytoplasmic YAP staining in malignant and non-
malignant hepatocytes was scored separately (Figure 3). Nuclear YAP staining was present
in 62 of 87 (13%+58%=71%) of HCC specimens compared to 23 of 83 (28%) of non-tumor
specimens (p < 0.001). The frequency of strong nuclear YAP expression was significantly
higher in HCC specimens 11 of 87 (13%) than in non-tumor specimens 0 of 87 (0%) (p <
0.001). There is no difference in cytoplasmic YAP staining between tumor and nontumor
specimens (83% vs. 81%, p=0.148). However, strong YAP cytoplasmic staining is
significantly more frequent in tumor tissues (27% vs. 3%, p < 0.001).

Elevated YAP protein levels in hepatocelluar carcinoma are due to multiple mechanisms
To determine if the elevated YAP expression in HCC tumors is due to gene amplification
(21), we analyzed levels of Yap genomic alleles and mRNA by quantitative-PCR and YAP
protein levels by immunohistochemistry for paired HCC tumors and adjacent non-tumor
tissues (Table 1). Among the 17 tumor tissues from 14 HCC patients, 4 tumors (24%)
showed Yap gene amplification, 8 tumors (47%) showed Yap mRNA upregulation and 7
tumors (41%) showed YAP protein increase compared to adjacent non-tumor tissues.
However, gene amplification and mRNA up regulation did not always correlate with an
increase in YAP protein levels. Interestingly, 2 out of 4 tumors with Yap gene
amplifications and 4 out of 8 tumors with increased Yap mRNA did not have increased YAP
protein levels. Furthermore, 2 of 7 HCC tumors with elevated YAP protein were not
associated with either gene amplification or mRNA upregulation (Table 1). This suggested
that the elevated YAP protein levels in HCC tumors are due to multiple mechanisms
including gene amplification, transcriptional and post-transcriptional mechanisms.
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Nuclear YAP expression correlates with nuclear Survivin expression in hepatocellular
carcinoma

Survivin expression is also increased in HCC and predicts poor prognostic outcome (27, 28).
Survivin expression in HCC specimens was evaluated with immunohistochemistry.
Correlation analysis revealed a significant positive association between nuclear YAP and
nuclear Survivin expression (n=35, R2=0.436, p<0.0001) (Figure 4). However, the
expression of Glypican-3, another gene reported to be YAP regulated (4); a marker of poor
prognosis; and a potential therapeutic target for HCC (29), does not correlate with YAP
expression in HCC (n=25, R2=0, p=0.9809). These findings suggested that YAP may
regulate Survivin expression in both HCC and ICC.

YAP regulates Survivin mRNA levels in moue livers
To confirm the relationship between YAP and Survivin expression in ICC and HCC tumors,
we turned to a transgenic mouse model capable of inducing YAP in the mouse liver (4). We
exposed the ApoE/rtTA-YAP mice to doxycyline (Dox), which leads to YAP expression in
the mouse liver, for up to 9 days followed by withdrawal of Dox. The mouse livers were
harvested 4 (4d+) and 9 (9d+) days after Dox exposure. Another two groups were exposed
to Dox for 9 days and then withdrawn from Dox for an additional 4 (9d+ 4d−) or 10 days
(9d+ 10d−). The YAP protein levels at specific time points in the liver are shown in Figure
5A. The YAP protein levels peaked after 4 days of Dox treatment even though one group
was treated for 9 days. After withdrawing Dox, YAP protein levels fell quickly. Survivin
and Glypican-3 mRNA levels measured at the same time points showed that Survivin
mRNA levels strongly matched YAP protein levels while Glypican-3 mRNA levels showed
some delay compared to YAP protein levels (Figure 5B). These results support a role for
YAP in regulating Survivin expression in the liver.

Discussion
In this study, we showed that YAP could be found at all levels of the intrahepatic and
extrahepatic biliary tract. We found nuclear (active) YAP expression was significantly
elevated in BECs of ICC tumors compared to BECs in normal interlobular bile ducts. YAP
activity is regulated by the Hippo signaling pathway, a tumor suppressor pathway.
Conditional deletion of the Hippo signaling pathway tumor suppressors Nf2 or Sav1 in
mouse livers increased YAP activity levels (6, 8) and resulted in aberrant proliferation of
BECs which can lead to ICC (6, 8, 30, 31). In contrast, Yap deficiency in mouse livers
compromised bile duct development, leading to bile duct paucity in the adult phase (8).
Furthermore, deletion of Yap is able to suppress the BEC over-proliferation in Nf2-deficient
livers (8). Taking these studies together with our current observations, elevated YAP activity
may contribute to the malignant transformation of BECs in ICC tumors. Thus YAP may be a
promising therapeutic target in this devastating cancer.

Our findings further support YAP’s potential role in the development of HCC (4, 10, 32).
Specific deletion of the Hippo signaling pathway tumor suppressors Mst1&Mst2 increased
activity of YAP and resulted in the development of HCC (7, 9, 31). We have previously
shown that Yap-deficient primary hepatocytes have much lower viability compared to wild
type primary hepatocytes when cultured in vitro (8). The elevated nuclear active form of
YAP in some HCC tumors could explain enhanced hepatocyte proliferation and survival in
these patients. This study and previous reports showed that increased nuclear YAP protein is
present in about 50% of human HCCs (10). However, the amplification of the Yap locus
appears to be relatively uncommon, restricted to about 5% to 10% of tumors, which
prompted us to define the mechanisms of YAP overexpression in HCC. Through measuring
DNA, RNA and protein levels of YAP in HCC tumors, we found that the YAP protein
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upregulation may due to gene amplification, mRNA upregulation and post-transcription
mechanisms. However, gene amplification and mRNA upregulation do not necessarily result
in increased YAP protein levels. Therefore, the levels of YAP protein may be controlled by
multiple mechanisms.

Our data showed that YAP and Survivin levels significantly correlate in both ICC and HCC
patients and mice. Since Survivin is a known prognostic marker (25), our observation
provides the first clinically relevant target that is regulated by YAP. Survivin is a member of
the inhibitor of apoptosis protein (IAP) family which inhibits caspase activity and cell death
in response to apoptotic stimuli. Survivin is primarily found in developmental and cancerous
tissues, but not in normal, terminally differentiated tissues (33). The molecular function of
Survivin is to inhibit apoptosis while at the same time promote cell division by interfering
with Aurora-B kinase (34), exhibiting similar cellular roles of YAP (3). Since the expression
of both YAP and Survivin increased in a wide spectrum of human cancers (3, 35), it is
particular interest to determine if YAP correlates with Survivin in non-hepatic cancer types.
Several direct and indirect Survivin inhibitors have undergone investigations and clinical
trials (35) and these inhibitors may be useful in targeting YAP-overexpressed hepatic cancer
cells.

Although Glypican-3 mRNA levels do not perfectly match YAP protein levels in the ApoE/
rtTA-YAP mice, Glypican-3 mRNA levels were indeed elevated significantly after
transgenic YAP induction, so we are not able to exclude Glypican-3 from the list of YAP
target genes. However, our correlation studies indicate there is no positive correlation
between nuclear YAP expression and Glypican-3 expression in 25 HCC tumors. There are
several possibilities for this contradiction. First, Glypican-3 expression can be regulated by
multiple mechanisms during HCC formation; or secondly, YAP may regulate Glypican-3
expression in special subsets of HCC or during early stages of tumor formation. Although
Gypican-3 is an important diagnostic and prognostic marker and potential therapeutic target
of HCC, the mechanisms of its regulation in HCC have not been illustrated. Further
investigation on relationship of YAP and Glypican-3 is needed to explore the regulatory
mechanism for Glypican-3.
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Figure 1. Elevated nuclear YAP expression in intrahepatic cholangiocarcinoma
(A)Interlobular bile ducts from human patients without liver disease co-stained with YAP
and biliary membrane marker CK7. Note the membrane location of YAP in BECs of
interlobular bile duct. (B) Bile ducts near hepatic hilum, and gallbladder from human
patients without liver disease co-stained with YAP and biliary membrane marker CK7. Note
the cytoplasmic and nuclear location of YAP in BECs of both hilum and gallbladder with
gallbladder epithelial cells showed strong nuclear YAP staining. (C) Staining of YAP in two
representative ICC patients. Note the strong nuclear YAP staining in ICC patients. PV,
portal vein.

Bai et al. Page 10

Hum Pathol. Author manuscript; available in PMC 2013 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Nuclear YAP expression correlates with nuclear Survivin expression in intrahepatic
cholangiocarcinoma
(A) Representative ICC tumor with low nuclear YAP levels stained with YAP/CK7 and
Survivin/CK7. Note the absence of nuclear staining for both YAP and Survivin. (B)
Representative ICC tumor with high nuclear YAP levels stained with YAP/CK7 and
Survivin/CK7. Note the strong nuclear staining for both YAP and Survivin. (C) Correlation
curve between nuclear YAP distribution and nuclear Survivin distribution (n=8, Pearson’s
test, R2=0.8445, p = 0.0012).
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Figure 3. Elevated nuclear YAP expression in hepatocellular carcinoma
(A) Evaluation of YAP expression in human non-tumor liver and hepatocellular carcinoma.
Top panel: representative photomicrographs of non-tumor and tumor tissues from same
HCC patients stained for YAP. Middle and bottom panels: nuclear and cytoplasmic YAP
expression depicted as a percentage of patients with no (white), low (yellow) and strong
(red) staining.
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Figure 4. Nuclear YAP expression correlates with nuclear Survivin but not Glypican-3
expression in human hepatocellular carcinoma
(A) Representative HCC tumor stained with YAP, Survivin and Glypican-3 (GPC3). Note
the lack of nuclear staining for both YAP and Survivin, and the strong cytoplasmic signal
for GPC3. (B) Representative HCC tumor stained with YAP, Survivin and GPC3. Note the
strong nuclear staining for both YAP and Survivin but negative signal for GPC3. (C)
Correlation curve between nuclear YAP distribution and nuclear Survivin distribution.
(n=35, Pearson test, R2=0.436, p < 0.0001). (D) Correlation curve between nuclear YAP
distribution and cytoplasmic GPC3 distribution (n=25, Pearson’s test, R2=0, P =0.9809).
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Figure 5. YAP regulates Survivin mRNA in the transgenic mouse liver
(A) Western blotting analysis. Protein extracts from livers of YAP transgenic mice (ApoE/
rtTA-YAP) without doxycycline (Dox) (0d), Dox treatment for 4 (4d+) and 9 days (9d+),
Dox treatment for 9 days followed by withdrawal of Dox for 4 (9d+4d−) and 10 days (9d
+10d−) were probed with the indicated antibodies. The YAP protein levels were quantified
in the graphs to the right. (B) Real-time PCR analysis. mRNA from livers of YAP transgenic
mice (ApoE/rtTA-YAP) exposing to Dox at above time periods in (A) were probed with
Survivin and Glypican-3. Data are means ± SEM, n=3–4.
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