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Autosomal recessive polycystic kidney disease/congenital hepatic fibrosis (ARPKD/CHF) is a rare but fatal 
genetic disease characterized by progressive cyst development in the kidneys and liver. Liver cysts arise from 
aberrantly proliferative cholangiocytes accompanied by pericystic fibrosis and inflammation. Yes-associated 
protein (YAP), the downstream effector of the Hippo signaling pathway, is implicated in human hepatic malig-
nancies such as hepatocellular carcinoma, cholangiocarcinoma, and hepatoblastoma, but its role in hepatic 
cystogenesis in ARPKD/CHF is unknown. We studied the role of the YAP in hepatic cyst development using 
polycystic kidney (PCK) rats, an orthologous model of ARPKD, and in human ARPKD/CHF patients. The 
liver cyst wall epithelial cells (CWECs) in PCK rats were highly proliferative and exhibited expression of 
YAP. There was increased expression of YAP target genes, Ccnd1 (cyclin D1) and Ctgf (connective tissue 
growth factor), in PCK rat livers. Extensive expression of YAP and its target genes was also detected in human 
ARPKD/CHF liver samples. Finally, pharmacological inhibition of YAP activity with verteporfin and short 
hairpin (sh) RNA-mediated knockdown of YAP expression in isolated liver CWECs significantly reduced their 
proliferation. These data indicate that increased YAP activity, possibly through dysregulation of the Hippo 
signaling pathway, is associated with hepatic cyst growth in ARPKD/CHF.
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INTRODUCTION

Polycystic kidney disease (PKD) is a heritable genetic 
disorder characterized by the formation and growth of fluid- 
filled cysts in ductal structures, including the kidneys 
and liver. Autosomal dominant PKD (ADPKD), the more 
common form of the disease (1 in 500 people affected), is 
caused by mutations in PKD1 or PKD2, which code for 
polycystin-1 and polycystin-2, respectively1–3. Autosomal 
recessive PKD (ARPKD), a rare form of the disease (1 in 
20,000 people affected), is caused by mutations in PKHD1, 
which encodes fibrocystin4. All three proteins are local-
ized to the primary cilia on epithelial cells. However, it 
remains unclear how disruption of these ciliary proteins 
induces epithelial cyst formation5,6. The liver is the major 
extrarenal organ affected in PKD. In 60% of ADPKD and 
100% of ARPKD patients, large fluid-filled cysts develop 

in the liver, resulting in hepatic enlargement, inflamma-
tion, and fibrosis, which significantly contribute to the 
morbidity associated with PKD7–9.

Hepatic cytogenesis and associated complications 
are especially problematic in ARPKD. ARPKD patients 
develop hepatic cysts surrounded by extensive pericystic 
fibrosis during the perinatal period and suffer from con-
genital hepatic fibrosis (CHF)7–9. ARPKD/CHF patients 
exhibit significant portal hypertension secondary to peri-
cystic fibrosis. Recent studies have characterized ARPKD/
CHF as a major pediatric liver disorder with significant 
mortality5. Aside from symptom management, the only 
treatment option for ARPKD/CHF patients is liver and kid-
ney transplantation.

The hepatic cysts in PKD are made up of epithelial 
cells that originate from dysgenesis of biliary epithelium10. 
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One of the main aspects of ARPKD/CHF pathogenesis 
is the aberrant proliferation of cyst wall epithelial cells 
(CWECs)6,11. The mechanisms responsible for CWEC 
proliferation remain unclear. Recent studies have shown 
that deregulation of the Hippo signaling pathway results 
in increased expression and activity of its downstream 
effector Yes-associated protein (YAP), which is involved 
in a number of fibroproliferative hepatic disorders includ-
ing hepatic fibrosis, hepatocellular carcinoma, and cho-
langiocarcinoma12–15. When the Hippo signaling pathway 
is “on,” activation of LATS1/2 kinases directly phospho-
rylates YAP, which inhibits YAP nuclear translocation. 
When the Hippo signaling pathway is “off,” YAP is trans-
located to the nucleus and binds to different transcription 
factors to regulate target genes involved in cell prolifera-
tion, cell survival, and apoptosis16,17. A previous study 
showed increased YAP activation in kidney cyst epithelial 
cells from ADPKD and ARPKD patients18; however, the 
role of YAP in hepatic cyst development in ARPKD/CHF 
is not known. Our studies were undertaken to determine 
the role of YAP in liver CWEC proliferation with the use 
of human ARPKD/CHF liver tissues and animal models 
of ARPKD/CHF.

MATERIALS AND METHODS

Animals

Male and female polycystic kidney (PCK) rats and 
Sprague–Dawley (SD) rats (control strain for PCK) were 
purchased from Charles River and housed in an AAALAC-
approved vivarium at the University of Kansas Medical 
Center (KUMC). Pkhd1LSL(−)/LSL(−) mice on a C57BL/N 
background were a gift from Dr. Christopher J. Ward 
(KUMC)19; wild-type (WT) mice on the same genetic 
background purchased from Charles River (Wilmington, 
MA) were used for controls. All animal studies were 
approved by the KUMC Institutional Animal Care and 
Use Committee (IACUC) and were performed in accor-
dance with IACUC guidelines.

Tissue Harvest and Processing

Rats (n  = 3–4 per time point) were euthanized under 
isoflurane anesthesia, and livers were harvested at post-
natal days 0, 5, 10, 15, 20, 30, and 90. Livers were pro-
cessed for obtaining paraffin sections and frozen sections, 
total cell extracts, and RNA as described before15,20. Body 
weights and liver weights were recorded at the time of 
euthanasia.

Histopathological Analysis

Formalin-fixed, paraffin-embedded liver sections were  
used for morphological analysis and immunohistochem-
ical staining, and frozen liver sections were used for 

immunofluorescence staining. Cells were cultured on 
coverslips to appropriate density and fixed with 4% para-
formaldehyde for immunofluorescence staining. Hema-
toxylin and eosin (H&E)-stained sections were used to 
determine the number of hepatic cysts. The source and 
details of primary antibodies used in these studies are 
as follows: proliferating cell nuclear antigen [PCNA; 
monoclonal antibody (mAb); clone PC10; Cell Signal-
ing Technologies, Danvers, MA, USA], phospho-YAP 
(Ser127) [polyclonal antibody (pAb); Cat. No. 4911; Cell  
Signaling Technologies], cyclin D1 (mAb; clone 92G2; 
Cell Signaling Technologies), Ki-67 (pAb; Cat. No. 
ab-15580; Abcam, Cambridge, MA, USA), YAP (pAb;  
Cat. No. 4912; Cell Signaling Technologies; Cat. No. 
sc-101199; Santa Cruz Biotechnology, Santa Cruz, CA, 
USA), cytokeratin 19 (CK19; pAb; Cat. No. sc-33119; 
Santa Cruz Biotechnology), connective tissue growth  
factor (CTGF; pAb; Cat. No. sc-14939; Santa Cruz Bio-
technology), and b-actin (mAb; clone 13E5; Cell Signaling  
Technologies). Secondary antibodies for immunohisto-
chemistry and immunofluorescence were purchased from  
Jackson Immunoresearch (West Grove, PA, USA). Primary 
antibodies were used at a concentration of 1:100 (except 
PCNA, which was used at a concentration of 1:5,000), 
and secondary antibodies were used at a concentration 
of 1:500. Micrographs were taken using an Olympus 
BX51 microscope with an Olympus DP71 camera. DP 
Controller software was used to acquire images at indi-
cated magnifications (Olympus, Waltham, MA, USA).

RNA Isolation, cDNA Synthesis, and Real-Time PCR

Total RNA was isolated from liver pieces and biliary  
trees as described previously21. Briefly, tissues (25–30 mg)  
were homogenized using an MP Biomedicals Fast Prep 
24 bead homogenizer with lysing matrix D homogeni-
zation tubes (Solon, OH, USA). Total RNA was iso-
lated using the Qiagen RNeasy Mini Kit (Valencia, CA,  
USA). Template cDNA was obtained by reverse tran-
scription of 4 µg of total RNA using the Retroscript kit  
(Life Technologies/Ambion, Grand Island, NY, USA). 
Real-time PCR was performed with a Bio-Rad CFX384, 
and the results were calculated using the 2−DDCt method. 
The primers used in this study were as follows: rat 
Ccnd1, GCCCTAGCTGCCTACCGACT (forward) and  
ACAGGCTTG GCAATTTTAGGC (reverse); rat Ctgf,  
GCCCTAGCTGCCTACCGACT (forward) and ACAG 
GC TTGGCAATTTTAGGC (reverse); rat Acta2, AGC 
TCTGGTGTGTGACAATGG (forward) and GGAGCA 
TCATCACCAGCAAAG (reverse); rat Ck7, AGGAGA 
TCAACCGACGCAC (forward) and GTCTCGTGAAG 
GGTCTTGAGG (reverse); and human CTGF, AAAAG 
TGCATCCGTACTCCCA (forward) and CCGTCGGTA 
CATACTCCACAG (reverse).
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ARPKD/CHF Patient Liver Tissue Samples

Paraffin-embedded liver tissue blocks (n = 3) and  
frozen liver tissues (n = 5) of ARPKD/CHF patient 
livers were obtained from the KUMC’s Liver Center 
Tissue Bank, PKD Biomarkers and Biomaterials Core  
at KUMC, the Mayo Clinic (Dr. Peter Harris), and Child-
ren’s Mercy Hospital, Kansas City, MO, USA. All studies 
were approved by the IRB at the associated institutions.

CWEC Isolation

CWECs from PCK rats were isolated as described 
by LaRusso and colleagues22. Briefly, biliary tree was 
ob tained by removing hepatocytes after liver perfusion 
with a 37°C collagenase-containing solution. After cut-
ting the biliary tree into small pieces with sterile scissors, 
the tissue was further digested in 25 ml of MEM medium 
(Corning, Hanover Park, IL, USA) containing 25 mM 
HEPES (Sigma-Aldrich, St. Louis, MO, USA), 10 mg 
of hyaluronidase (Sigma-Aldrich), 8 mg of collagenase P  
(Roche, Indianapolis, IN, USA), and 6 mg of DNase 
(Sigma-Aldrich) for 45 min in a 42°C water bath. The 
tissue pieces were gravity sedimented, washed with cold  
MEM, and resuspended in DMEM/F12 media (Invi-
trogen, Grand Island, NY, USA) supplemented with 1% 
penicillin–streptomycin (P/S; Invitrogen), 1% insulin–
transferrin–selenium (ITS; Invitrogen), 10−7 M dexameth-
asone (Sigma-Aldrich), and 5% fetal bovine serum (FBS; 
Sigma-Aldrich). The tissue pieces were subsequently 
placed in a 150-mm tissue culture dish and incubated 
for 2 h at 37°C, then resuspended in DMEM/F12 growth 
medium containing 5% FBS, 1% ITS, 4.11 µg/ml forsko-
lin (Sigma-Aldrich), 393 ng/ml dexamethasone, 3.4 µg/
ml 3,3¢,5-triiodo-L-thyronine (Sigma-Aldrich), 1% P/S, 
25 ng/ml epidermal growth factor (Life Technologies), 
and 30 µg/ml bovine pituitary extract (Invitrogen), and 
poured into a tissue culture dish containing collagen 
gel. After 2–3 days of culture, cysts formed from pro-
liferating CWECs were digested with collagenase P, 
trypsinized, and plated on collagen-coated plates to form 
cell monolayers.

Cell Proliferation Assay

Cell proliferation was measured as described by 
Yamaguchi et al.23. Briefly, PCK CWECs were seeded 
in a 96-well culture plate and incubated in DMEM/F12 
with 1% FBS, ITS, and P/S. After 24 h, the medium was 
changed to a 0.002% FBS without ITS. Cells were incu-
bated for another 24 h before the addition of 0.1, 0.5, 2, 
and 5 µM verteporfin (VP; a YAP–TEAD interaction 
inhibitor that prevents YAP-mediated gene transcription) 
with or without forskolin (a cAMP agonist). After 48 h, 
cell proliferation was determined based on the produc-
tion of formazan from the CellTiter 96 Aqueous One  

Solution Cell Proliferation Assay (Promega, Madison, 
WI, USA). The amount of formazan is directly propor-
tional to the number of living cells in the culture.

YAP Knockdown in Isolated CWECs

YAP knockdown experiments were conducted in  
primary liver CWECs isolated from PCK rats. Cells 
were transfected with either control short hairpin RNA 
(shRNA) (sc-108080; Santa Cruz Biotechnology) or 
YAP shRNA (sc-38638-V; Santa Cruz Biotechnology) 
for 24 h. Cell proliferation rate was assessed by cell pro-
liferation assay described above. Interference efficiency 
was detected by Western blotting. The ratio of YAP/ 
b-actin was quantified with three independent Western 
blot results using the ImageJ software.

Statistics

All data are represented as the mean ± standard error 
of the mean. Student’s t-test was used to calculate differ-
ences between two groups. One-way ANOVA or two-way 
ANOVA was used depending on comparisons performed. 
Tukey’s adjustment for multiple comparisons was used 
where appropriate. In each case, a value of p < 0.05 was 
considered statistically different.

RESULTS

Extensive Proliferation in PCK Rat Livers

Using H&E-stained liver sections from PCK and SD 
rats, we evaluated liver histology from postnatal day 
(PND) 0 to PND 90. Hematopoietic cells (clusters of 
small cells with basophilic nuclei) were evident in the 
livers of SD rats on PND 0 and PND 5 but were absent 
at PND 10 (Fig. 1A). This observation is consistent 
with the hematopoietic nature of the perinatal liver24. 
The portal vein, hepatic artery, and bile ducts (the por-
tal triad) were readily identifiable in livers from SD rats 
from PND 10 onward and did not change in appearance 
through PND 90 (Fig. 1A). Similar to SD rats, PCK rat 
livers contained hematopoietic cells at PND 0 and PND 
5 but not PND 10 onward (Fig. 1A). Bile ducts were 
dilated in livers from PCK rats from PND 0 onward, 
and the number of cysts developing from dilated bile 
ducts increased throughout the time course, disrupting 
normal portal triad histological structure (Fig. 1A). To 
determine if there was elevated proliferation of CWECs, 
we stained liver sections from PCK and SD rats with 
antibodies recognizing PCNA (Fig. 1B) and cyclin D1  
(Fig. 1C), markers for cell proliferation. Overall, we 
found more PCNA+ and cyclin D1+ cells in the liver of 
PCK rats compared to that in SD rats, and the PCNA+/
cyclin D1+ cells were not limited to CWECs. In order 
to gain a better insight into CWEC proliferation at the 
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mRNA level, we measured Ccnd1 transcripts in biliary  
trees isolated from 6-month-old SD and PCK rats. 
Consistent with immunohistochemistry staining, Ccnd1 
mRNA was significantly upregulated in PCK rat biliary 
trees (Fig. 1D).

Increased YAP Expression in CWECs From PCK Rats 
and Pkhd1LSL(−)/LSL(−) Mice

Moderate YAP expression was observed in cholangio-
cytes from SD rat livers (Fig. 2A). Higher YAP expression  

with nuclear localization was observed in the CWECs 
from PCK rats (Fig. 2A and B). In the canonical Hippo 
signaling pathway, phosphorylated YAP is sequestered 
in the cytoplasm and targeted for degradation25. Thus, 
the ratio of YAP to phospho-YAP is a surrogate marker of 
YAP activity. Immunohistochemistry for phospho-YAP 
revealed only moderate cytoplasmic staining in CWECs 
from PCK rat livers (Fig. 2B). To further investigate the 
expression of YAP in another model of ARPKD/CHF, we 
performed YAP staining on liver samples from WT mice 

Figure 1. Cyst growth and proliferation in polycystic kidney (PCK) rat livers. (A) Representative photomicrographs of hematoxy-
lin and eosin (H&E)-stained livers from Sprague–Dawley (SD) and PCK rats from postnatal day (PND) 0 to PND 90 (3 months). 
Immunostaining for proliferating cell nuclear antigen (PCNA) (B) and cyclin D1 (C) in SD and PCK rat liver sections. Images were 
taken at 400´ magnification. Arrowheads indicate PCNA+ cells (B) or cyclin D1+ cells (C). (D) Ccnd1 transcript level in biliary trees 
from 6-month-old SD and PCK rats. n = 4 rats per group. *p < 0.05 between genotypes.
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and Pkhd1LSL(−)/LSL(−) mice. Similarly, liver samples from 
Pkhd1LSL(−)/LSL(−) mice exhibited higher YAP nuclear stain-
ing in comparison to the liver samples from WT mice 
(Fig. 2C).

YAP Is Actively Expressed in Proliferating PCK 
Rat Liver CWECs

To confirm the association between YAP and CWECs, 
we performed coimmunofluorescence (co-IF) staining 
for CK19, a biliary epithelial cell marker, and YAP in 
PCK rat livers. Our co-IF studies showed YAP and CK19 
colocalization in the biliary epithelium from SD rats  
(Fig. 3A); more colocalization of YAP and CK19 was 
observed in CWECs from PCK rat livers (Fig. 3B). 

These data suggest a strong association between YAP and  
CWECs in PCK rats. To test the role of YAP in CWEC 
proliferation, we performed co-IF to determine if YAP 
colocalizes with Ki-67 (a cell proliferation marker) in 
CWECs. As we expected, colocalization occurs only in 
the PCK and not in the SD rats (Fig. 4).

CTGF Is Increased in Hepatic Cysts in PCK Rats

YAP regulates the expression of connective tissue 
growth factor (Ctgf), encoding for a matricellular protein 
of the CNN family26–30. Real-time PCR analysis showed 
that hepatic Ctgf mRNA was greater in livers from PCK 
rats than in SD rats beginning at PND 10 (Fig. 5A). Ctgf 
transcript levels peaked at PND 20 and PND 30 in PCK 

Figure 2. Increased Yes-associated protein (YAP) activation in PCK rat livers. (A) Representative photomicrographs (400´) of YAP 
immunohistochemistry in SD and PCK rat livers. (B) Representative photomicrographs (600´) of YAP and phospho-YAP immuno-
histochemistry in PCK rat livers. Arrowheads point to cyst wall epithelial cells (CWEC) positive for YAP. (C) Representative photo-
micrographs (400´) of YAP immunohistochemistry in wild-type (WT) and Pkhd1LSL(−)/LSL(−) mice.
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rats and decreased substantially thereafter (Fig. 5A). 
However, Ctgf mRNA remained sixfold higher in the 
PCK rat livers compared to the SD rat livers at 90 days 
after birth (Fig. 5B). To determine Ctgf expression level 
in the absence of hepatocytes, we measured its expression 
in biliary trees isolated from 6-month-old SD rats and 
PCK rats (Fig. 5C). We found that the Ctgf expression 
was significantly higher in PCK rat biliary trees com-
pared to that in SD rats. Immunohistochemical analysis 
revealed extensive CTGF staining in CWECs from PCK 
rats compared to SD rats (Fig. 5D). Interestingly, CTGF 
protein was also observed in cells within the pericystic 
fibrotic tissue and hepatocytes (Fig. 5D). Taken together, 

these data suggest that increased YAP content in livers 
from PCK rats drives the expression of YAP target genes 
associated with ARPKD/CHF disease progression in 
PCK rats.

Increased YAP, PCNA, and CTGF in Hepatic Cysts in 
ARPKD/CHF Patient Samples

To determine YAP expression pattern in hepatic cysts 
in human ARPKD/CHF, we performed immunohisto-
chemistry on paraffin-embedded liver sections from two 
ARPKD/CHF patients. Serial sections stained with H&E 
(Fig. 6A), or with antibodies recognizing PCNA (Fig. 6B) 
or YAP (Fig. 6C and enlarged in Fig. 6D), revealed 

Figure 3. YAP and cytokeratin 19 (CK19) colocalization in CWECs. Representative photomicrographs of immunofluorescence 
staining of YAP (red), CK19 (green), and 4¢,6-diamidino-2-phenylindole (DAPI) (blue) on frozen liver sections from SD rats (A) 
and PCK rats (B). Images were taken at 400´. Arrowheads point to colocalization of YAP and CK19.
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extensive YAP expression with nuclear localization in 
CWECs, which also stained positive for PCNA.

We also evaluated CTGF content in patient-derived 
liver samples. We evaluated hepatic CTGF transcript levels 
using real-time PCR in three normal human liver samples 
and three liver samples from patients with ARPKD/CHF.  
Although, there was variation in relative CTGF expres-
sion (Fig. 6E), there was a trend toward increased CTGF  
expression in this limited number of samples. An immuno-
histochemical approach revealed substantial CTGF posi-
tivity in CWECs as well as in cells found in the pericystic 
fibrotic areas (Fig. 6F and enlarged in Fig. 6G). Collectively, 
these data suggest that, similar to findings in the PCK rat, 
nuclear YAP content is a prominent feature of proliferating 
CWECs found in ARPKD/CHF patients and is associated 
with hepatic CTGF content accumulation.

The YAP–TEAD Binding Disruptor Verteporfin (VP) 
Inhibits CWEC Proliferation

YAP is not able to bind DNA directly and therefore 
requires interaction with bona fide transcription factors 
to regulate gene transcription. TEAD (TEA domain fam-
ily member) is a transcription factor and one of the best-
characterized binding partners of YAP31. VP is a chemical 
inhibitor of the YAP–TEAD interaction and prevents 
YAP-mediated gene regulation32. To explore the role of  
YAP in CWEC proliferation, we examined the ability of 
VP to inhibit the function of YAP in CWEC prolifera-
tion in vitro. We first isolated CWECs from PCK rats and 
characterized them by light microscopy, co-IF staining, 
and real-time PCR. After isolation, CWECs were cul-
tured, as a monolayer, onto collagen gel-coated plates. 
CWECs formed colonies of cells with a cobblestone pat-
tern characteristic of primary epithelial cells in culture 
(Fig. 7A). To confirm that the isolated CWECs still main-
tained the nuclear staining of YAP, we performed co-IF 
for YAP and CK19 on cultured CWECs. Consistent with 
co-IF staining in vivo, the PCK CWECs stained positive 
for both YAP and CK19, confirming that these primary 
cells were derived from cholangiocytes, and they main-
tain the YAP+ feature in vitro (Fig. 7B). This was further 
confirmed by real-time PCR analysis for an additional 
cholangiocyte marker, Ck7. As shown in Figure 7C, 
CWECs were enriched for Ck7 transcripts relative to 
biliary tree isolated from SD and PCK rats or relative 
to whole liver from SD rats. To exclude the possibility 
of myofibroblast contamination in our CWEC cultures, 
we quantified Acta2 transcripts (a smooth muscle actin 
gene) in CWEC cultures by real-time PCR. CWECs did 
not express Acta2, whereas Acta2 was found in biliary 
tree isolated from SD and PCK rats (Fig. 7D) due to 
fibroblasts found in the connective tissue surrounding the 
biliary tree. Interestingly, we found that the Acta2 level 
was significantly lower in biliary trees from PCK rats. It F
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is possibly due to the increased proportion of CWECs in 
PCK rats compared to the normal cholangiocytes in the 
SD biliary tree. Acta2 was not detectable in livers from 
SD rats (Fig. 7D).

Next, to determine the role of YAP in aberrant cell pro-
liferation in PCK rats, we treated CWECs with various 
concentrations (0.1, 0.5, 2, and 5 µM) of VP alone or in 
combination with forskolin. Forskolin is a cAMP agonist 
that stimulates renal cystic epithelial cell proliferation 
in ADPKD through activation of the B-Raf/MEK/ERK 
pathway33,34. VP treatment alone significantly reduced 
CWEC proliferation at a dose of 0.1 µM compared to 
the DMSO control (Fig. 8A). Furthermore, VP at higher 
doses exhibited a greater degree of inhibition on CWEC 
proliferation. Forskolin treatment caused a significant 
increase in CWEC proliferation, consistent with previous 
results35. Treatment with VP blocked forskolin-mediated 
CWEC proliferation (Fig. 8A). These data suggest that 
the inhibitory effect of VP on CWEC proliferation may 
occur downstream of a cAMP-mediated pathway. The 
inhibitory effect of VP on YAP-mediated gene expres-
sion was confirmed by a significant reduction of Birc5 

(survivin gene) expression (Fig. 8B). The ability of VP 
to inhibit CWEC proliferation in our model is consistent 
with the observation that VP can block the proliferation 
in cholangiocyte and cholangiocarcinoma cell lines36.

YAP Knockdown Decreases CWEC Proliferation

As a second approach to perturb YAP-mediated gene 
expression, we performed a YAP knockdown experiment 
in isolated CWECs using shRNA. Western blot analysis 
indicated a modest but significant decrease in total YAP 
protein in cells treated with YAP shRNA (Fig. 8C and D). 
Further, a cell proliferation assay indicated a significant 
decrease in cell proliferation after YAP shRNA treatment 
for 24 h (Fig. 8E). Taken together, these data support the 
hypothesis that aberrant proliferation of the CWECs is 
mediated, at least in part, by YAP.

DISCUSSION

ARPKD/CHF is a rare but devastating and progres-
sive genetic disease that is especially debilitating in pedi-
atric patients9,37. Hepatic complications due to rapidly 

Figure 5. Connective tissue growth factor (CTGF) expression in livers from PCK rats. (A) Real-time PCR was used to quantify 
hepatic Ctgf transcripts in livers from SD and PCK rats from PND 0 to PND 90. n = 3–4 rats per time point. (B) Ctgf transcript content 
in SD and PCK rats on PND 90. n = 3 rats in each group. (A, B) Circles indicate SD data, and squares indicate PCK data. (C) Ctgf 
transcript content in biliary trees from 6-month-old SD and PCK rats. n = 4 rats in each group. (D) Representative CTGF immunohis-
tochemistry from PCK rats at PND 90. Images were taken at 400´ magnification. Arrowheads indicate CTGF+ cells. *p < 0.05 between 
genotypes at the given time point; #p < 0.05 compared to PND 90.
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developing cysts, accompanied by pericystic fibrosis, 
inflammation, and subsequent portal hypertension, lead to 
significant morbidity and high perinatal mortality9. Thirty 
to 40% of patients with this disease die in the perinatal 
period38. Patients that survive the perinatal period require 
intensive treatment that can include a simultaneous liver 
and kidney transplant. Unfortunately, the mechanisms 
of hepatic cyst development remain poorly understood, 
which has hindered finding alternative treatment strate-
gies. Although we previously hypothesized that a central 
mechanism regulating ARPKD/CHF is a “pathogenic 
triumvirate” consisting of fibrogenesis, CWEC prolifera-
tion, and pericystic inflammation39, no specific signaling 
pathway has been implicated to date in all three processes. 
We propose that one pathway that could regulate all three 
pathogenic processes is the Hippo signaling pathway. 

For example, previous studies suggest that YAP and TAZ 
(a related transcriptional coactivator) are key activators 
of fibroblasts, and they sustain fibrosis by activating 
fibroblasts40. As an oncoprotein, YAP activation is found 
in several human cancers41–44, and it plays a key role in the 
Hippo pathway to control cell proliferation in response to 
cell contact41. Finally, YAP activation promotes endothe-
lial cell proliferation and inflammatory response in ath-
erosclerosis45. Therefore, it is logical to predict that the 
Hippo signaling pathway could be the central pathway 
regulating each member of the pathogenic triumvirate in 
ARPKD/CHF.

A major component of ARPKD/CHF, apart from pro-
gressive fibrosis and inflammation, is the rapid growth of 
cysts due to aberrant cell proliferation and fluid secretion. 
Multiple mechanisms are implicated in the regulation of 

Figure 6. Characterization of YAP expression, cell proliferation, and CTGF in human Autosomal recessive PCK (ARPKD)/congenital 
hepatic fibrosis (CHF) livers. Representative photomicrographs of H&E-stained liver sections (A) showing hepatic cysts and sur-
rounding pericystic tissue, and PCNA (B) and YAP (C) immunostaining in two different ARPKD/CHF patients. (D) Enlarged image 
(600´) of YAP immunostaining from patient #2. (E) Real-time PCR was used to measure hepatic CTGF transcripts in three patients. 
(F) CTGF immunostaining in one ARPKD/CHF patient. The black box outlines the area enlarged (G). Black arrowheads point to 
CTGF+ CWECs, and red arrowheads point to the CTGF+ cells in pericystic fibrotic area.
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CWEC proliferation including calcium and cAMP sig-
naling, the B-Raf/MEK/ERK pathway, VEGF, Cdc25A, 
HDAC6, and Wnt signaling due to LRP5 mutations46–52. 
Recent studies have highlighted the role of YAP in the reg-
ulation of normal and abnormal cell proliferation during 
postnatal liver growth and cancer pathogenesis13–14,53–56. 
Interestingly, increased YAP activation is also observed in 
kidney cyst development in ADPKD18. Importantly, that 
study demonstrated increases in renal YAP target genes, 
Birc3, Ctgf, InhibA, and Fjx1, a planar cell polarity gene, 
in Pkd1-deleted mice and in renal tissues from ADPKD 
patients18. Our results are consistent with these studies. 
However, our study is the first to demonstrate that hepatic 
CWECs have significant YAP overexpression and acti-
vation as demonstrated by increased nuclear YAP local-
ization and increased expression of YAP target genes in 
animals and patients with ARPKD/CHF. Therefore, our 
data suggest that hepatic cystogenesis is associated with 
deregulation of the Hippo signaling pathway.

In this study, we used PCK rats, a variant of the SD rat 
strain, which harbors a single splicing mutation (IVS35-
2AàT) in the rat ortholog of human PKHD1, the gene 
found mutated in human ARPKD/CHF; the PCK rat 

develops renal and hepatic pathology similar to human 
ARPKD/CHF57–59. We found increased levels of cyclin 
D1 and PCNA expression in the CWECs, consistent 
with increased levels of cell proliferation. In addition to 
CWECs, cyclin D1 and PCNA+ cells were increased in 
the periportal area of PCK rat livers, suggesting that other 
secreted factors, possibly CTGF, promote the prolifera-
tion of hepatocytes or other interstitial cells. The mecha-
nisms of hepatocyte proliferation and their relation to cyst 
enlargement are unknown. Previous studies indicated that 
extensive sheer stress in the liver may induce prolifera-
tive changes60, and it is possible that mechanical stress 
induced by enlarging cysts may stimulate similar changes 
in hepatocytes. Interestingly, a precedent for YAP/TAZ 
as mechanosensors capable of detecting and responding 
to the extracellular environment has already been estab-
lished, suggesting that cystogenesis and cyst growth may 
regulate the Hippo signaling pathway in ARPKD/CHF61. 
For example, interactions between primary cilia, poly-
cystin (defective in ADPKD), and YAP/TAZ likely occur 
and function as a mechanosensing system in response to 
alterations in extracellular matrix stiffness62. Therefore, 
it is possible that fibrocystin deficiency in ARPKD/CHF 

Figure 7. Characterization of CWECs isolated from PCK rats. (A) Representative phase-contrast micrograph of CWEC growing on 
collagen gel-coated plates as a monolayer (400´). The area demarcated by the white box in the image is enlarged in the inset in the bot-
tom right of the same image. (B) Representative immunofluorescence image (400´) of CK19 staining in isolated CWECs. Real-time 
PCR analysis of Ck7 (cytokeratin 7, a cholangiocyte marker, C) and Acta2 (aSMA, a fibroblast marker, D) from SD rat biliary tree 
(BT), PCK rat BT, PCK CWEC, and SD liver. Liver = whole liver from SD rats. *p < 0.05 versus SD BT; #p < 0.05 versus liver.
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leads to YAP/TAZ activation by a mechanism involving 
defective primary cilia.

Our data revealed that CWECs have YAP activation in 
both PCK rats and in ARPKD/CHF patient livers. CWECs 
in rat and human livers show YAP nuclear localization 
and increased expression of the YAP target gene Ctgf. 
The increase in Ctgf was particularly interesting because 
of its involvement in ECM synthesis and fibrosis26,28. 
Ctgf expression was also increased in pericystic cells, 
suggesting roles for YAP and CTGF not only in CWEC 

proliferation but also in fibrosis associated with ARPKD/ 
CHF. Interestingly, cross-talk between cholangiocytes 
and myofibroblasts has been suggested by Locatelli 
et al.63. By secreting chemokines (CXCL1, CXCL10, and 
CXCL12), cholangiocytes recruit macrophages, which 
leads to further macrophage-mediated TGFb1 activation, 
resulting in hepatic stellate cell activation and collagen 
accumulation63.

A previous study suggests that VP is an effective 
inhibitor of the YAP–TEAD interaction required for 

Figure 8. CWEC proliferation is reduced after inhibition of YAP activity with verteporfin (VP) and YAP knockdown in vitro. 
(A) Effects of different concentrations of VP on cell proliferation. CWECs were treated with the indicated VP concentrations with or 
without forskolin (FSK). DMSO was used as control. (B) Real-time PCR analysis of Birc5 transcripts after VP treatment. *Significant 
decrease (p < 0.05) relative to the DMSO; #significant decrease (p < 0.05) relative to FSK. (C, D) Western blotting analysis of total YAP 
protein after YAP short hairpin (shRNA)-mediated knockdown. The YAP band intensity was normalized to b-actin. (E) Effect of YAP 
knockdown on CWEC proliferation. Each experiment was repeated three times (CWECs from three separate biliary trees from three 
separate rats isolated on 3 separate days). The error bars represent the standard error of mean. *Significant decrease (p < 0.05) relative 
to the no shRNA treatment group; #significant decrease (p < 0.05) relative to control shRNA.



324 JIANG ET AL.

YAP-mediated gene expression and exhibits few side 
effects32. This novel VP function is independent of its 
current clinical application as a photosensitizer in vascu-
lar ablation procedures for the treatment of some ocular 
diseases, including age-related macular degeneration64. 
VP-mediated blockade of the YAP–TEAD interaction 
does not require photoactivation as it does for its use 
in age-related macular degeneration yet inhibits YAP-
induced liver overgrowth in vivo and in vitro32. To test the 
feasibility of targeting YAP-induced CWEC proliferation 
as a selective means of inhibiting cyst growth in liver, we 
inhibited YAP-regulated target gene expression with VP in 
vitro. We demonstrate here that VP effectively decreased 
CWEC proliferation in the presence and absence of 
forskolin. Our data indicate that the proproliferative 
effect of YAP is possibly functioned through the cAMP- 
mediated pathway. The exact molecular mechanisms 
remain unknown, and future work is needed to elucidate 
both the molecular mechanisms of YAP action and VP’s 
efficacy in animal models of ARPKD/CHF.

In summary, our data suggest that YAP is an important 
contributing factor for the progression of ARPKD/CHF 
by promoting the proliferation of CWECs. Our study is 
consistent with what is currently known regarding YAP 
in renal cyst growth in ADPKD18. These data have identi-
fied a new potential therapeutic target (YAP) and pharma-
cologic strategy (VP) to reduce disease progression in the 
liver, and possibly the kidneys, of individuals with PKD.
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