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Abstract

Although physiologic jaundice of neonates is common, persistent neonatal cholestasis is life-
threatening and has multiple etiologies. Among these etiologies, biliary atresia (BA) requires rapid
diagnosis and treatment. In diagnosing BA, the surgical pathologist must recognize subtle
histologic changes, often with only a small core liver biopsy. To aid in the differential diagnosis of
neonatal cholestasis, we investigated Yes-associated protein (YAP), a regulator of organ size and
bile duct development. We examined whether a YAP immunostain can highlight emerging
hepatobiliary epithelium in BA [n=28] versus other causes of persistent cholestasis (non-BA)
[n=15] and thus serve as a useful diagnostic marker in persistent neonatal jaundice. We show
significantly (p<0.01) more high-grade (<2) fibrosis and ductular proliferation among BA versus
non-BA cases. Likewise, there was significantly more high-grade (2-3/3) cytoplasmic and nuclear
YAP staining in BA (97% and 89%) versus non-BA (20% and 13%). High-grade nuclear YAP
staining was both sensitive (88%) and specific (87%) for the diagnosis of BA. In contrast to
neonatal cholestasis, the differences in YAP localization in cholestatic/obstructed vs. non-
obstructed adult livers were not significant. Lastly, we found that pharmacological inhibition of
the YAP complex in both cholangiocyte and cholangiocarcinoma cell lines blocked compensatory
bile duct proliferation, an early marker of BA that requires nuclear Y AP expression, in a time- and
dose-dependent manner. In summary, we show that YAP expression modulates both bile duct
proliferation and liver damage/fibrosis while acting as a sensitive and specific marker in the
differential diagnosis of persistent neonatal cholestasis.
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Introduction

Biliary atresia (BA) is a common cause of persistent neonatal cholestasis and liver
transplantation in the pediatric population®. There are three forms of the disease. The first
form, also called “isolated BA”, is characterized by biliary inflammation and thought to be
either infectious or autoimmune related. The two congenital forms are associated with either
laterality defects such as situs inversus, intestinal malrotation, polysplenia and

dextrocardia?, or major congenital anomalies not related to laterality3. In all forms of BA,
there is urgent need for early diagnosis and surgical intervention via a Kasai procedure
(hepatoportoenterostomy). The goal of surgery is to ameliorate clinical symptoms, slow liver
disease and delay or obviate the need for a liver transplant.

The diagnosis can be suspected with a combination of clinical findings and noninvasive
diagnostic approaches, such as: hepatobiliary iminodiacetic acid (HIDA) scan, magnetic
resonance cholangiopancreatography (MRCP) and serum chemistries (transaminases,
alkaline phosphatase (AlkP), gamma-glutamyl transpeptidase (GTT) and bilirubin). These
tests, however, are often insufficient for a definitive diagnosis of BA%5. As a result, a liver
needle biopsy may guide the need for further invasive intervention and together with an
intraoperative cholangiogram serves to diagnose BAS'7.

The liver biopsy in BA is characterized by periportal and interlobular bile ductular
proliferation (also referred to as bile ductular reaction), bile plugs and portal fibrosis®. Using
a liver needle biopsy to assess these criteria can pose a significant challenge. Surgical
pathologists must often rely on only a small core biopsy and a few portal triads available for
evaluation. The histologic findings vary with disease progression and potentially the age of
the patient; moreover, any single histologic feature is non-specific, showing significant
overlap with other disease entities in the differential diagnosis of persistent neonatal
cholestasis®10,

Several immunohistochemical (IHC) stains have been examined as ancillary tools in
diagnosing neonatal cholestasis, but none have been widely adopted. Thus far, the efforts
have been focused on epithelial markers and adhesion molecules with varied success10:11,
General epithelial markers such as CK7 and CK19 stain biliary epithelium but not the newly
emergent, proliferating bile ductulesi. Alternatively, neural cell adhesion molecule
(NCAM/CD56)? and intercellular adhesion molecule 1 (ICAM-1)12 can stain both the
existing bile ducts and the newly-formed bile ductules, but mark these bile ductules in a
somewhat weak and non-specific fashion. The cytoplasmic/membranous staining pattern of
both markers can be difficult to optimize and interpret. Lastly, there is no established
relationship between CD56 or ICAM-1 and either bile duct development or the initiation and
progression of BA. Therefore, the use of both markers as ancillary tools in the differential
diagnosis of neonatal cholestasis has been controversial and debated!3.14,
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The ongoing need for ancillary histopathologic markers for the differential diagnosis of
neonatal cholestasis has led us to investigate Yes-associated protein (YAP). YAP is the
transcriptional effector of the Merlin (NF-2)-Hippo signaling cascade and together with its
binding partner TEAD regulates expression of pro-proliferative target genes®. YAP is
known to be dysregulated in carcinogenesis'6 and is consistently up-regulated in a number
of cancers, most pertinently hepatocellular carcinomal’18, More recently, YAP has also
been shown to be necessary for development of bile ducts’ and adaptive responses within
the Gl-tract, including intestinal response to toxic injuryl® as well as perinatal growth and
differentiation in the liver20, Importantly, verteporfin (VP), a readily available FDA-
approved drug, specifically disrupts the pro-proliferative effects of the NF2-Hippo pathway
and could be a therapeutic option in biliary diseases such as BAI® The objective of this
study is to assess YAP expression in the setting of neonatal and adult cholestasis as well as
its diagnostic potential in the differential diagnosis of BA.

Study Design

This study (NA_0006726) was approved by the Johns Hopkins School of Medicine
Institutional Review Board. Search of Johns Hopkins Hospital archives over the past five
years (2007-2012) identified 55 neonates with a liver biopsy performed to evaluate
persistent cholestasis. Twenty-eight (28/33, 85%) BA and 15 (15/22, 73%) cholestatic
control (non-BA) cases were available for further study. Non-BA cases included: 7 cases of
giant cell hepatitis, 5 non-specific/descriptive diagnoses, 3 Allagille’s Syndrome, 2
Ductopenic syndrome and 5 other causes of cholestasis (single case each). As a control
cohort, 19 adult patients with pancreatic adenocarcinoma and a non-mass directed liver
biopsy performed at the time of pancreatoduodenectomy were also identified. These biopsy
samples were separated into two groups: obstructed adult livers (due to adenocarcinoma in
the pancreatic head; 12/19 or 63%) or non-obstructive (adenocarcinoma in the pancreatic
body/tail; 7/19 or 37%). For all patients, we collected the following clinical information:
general patient data (age, sex, date of surgery), retrospectively established diagnosis (BA vs.
non-BA, location of pancreatic adenocarcinoma) and serum laboratory values (total bilirubin
(tBili), alkaline phosphatase (AIkP)). To document pre-operative obstruction in adult
patients, the percentage change from 24 hours pre-surgery (before) to 48 hours post-surgery
for total bilirubin (%AtBili) and for alkaline phosphatase (%AAIKkP) were calculated using:
(Before — After)/(Before) x 100%.

Immunohistochemistry

All tissue was fixed in 10% neutral buffered formalin. Five-micron sections from paraffin-
embedded tissue were stained with anti-YAP (Epitomics, Burlingame, CA) (diluted 1:200)
followed by secondary anti-rabbit antibody (Envision, DAKO, Denmark) application and
detected using the DAB substrate kit (Invitrogen, Carlsbad, CA) per manufacturer’s
instructions. YAP staining distribution within the interlobular biliary epithelium and
proliferating ductules was evaluated in at least 3 portal areas in 20x fields regardless of
tissue sample size, according to the following grading scheme: 0 = none; 1 = 0-5%; 2 = 5-
90%; 3= >90% of biliary epithelium staining for YAP. The intensity of YAP staining was
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graded (0-3), as follows: 0 = no staining; 1 = minimal/difficult to discern; 2 = moderate
staining; 3 = strong staining. Although the extent of staining was also considered, focal/
patchy staining was not observed; in short, the intensity of Y AP immunopositivity varied
but the extent was either diffuse or non-existent. Similarly, the histological assessment of
bile duct proliferation was performed on a 0-3 scale, ranging from none (similar to control/
healthy liver tissue) to 3 (marked/robust, i.e. ductular proliferation that nearly bridges
adjacent portal tracts). The degree of liver damage/fibrosis was evaluated using archived
H&E stain and if available MAS/trichrome histochemical stain (if available), using a
modified Scheuer grading, as previously described?!. The samples were retrieved and
evaluated by a resident pathologist [GTG] and then re-evaluated by second pathologist
[RAA], who was blinded to the diagnosis.

Cell Culture and Cell Proliferation Assay

Statistics

Results

Cell culture was performed using the human SV-40 immortalized, non-malignant
intrahepatic bile duct cell line, H69 (a gift from Dr. Nicholas LaRusso, Mayo Clinic,
Rochester, MN and Dr. Douglas Jefferson, Tufts University, Boston, MA) originally
isolated from a normal liver prior to transplantation and cultured as previously described?2.
HuCCT1 cholangiocarcinoma cell line was a kind gift of Dr. Anthony J Demetris
(University of Pittsburgh). Cells were plated in 96 well plates at a density of 2,500 cells/well
and assessed for viability prior to experimentation. Verteporfin (VWR Radnor PA, USA) or
vehicle control was added at day 0, for 24, 48 or 72 hours, at concentrations of OpM, 1.25
UM, 2.5 UM and 5 pM. The number and cell viability were assessed by Vybrant® MTT Cell
Proliferation Assay Kit (Invitrogen, Carlsbad, CA), per manufacturer’s instructions and
assessed using SPECTRAMAX 340PC spectrophotometer (Molecular Devices, Sunnyvale,
CA USA).

Statistical analyses were performed using the GraphPad Prism software, unless otherwise
specified (GraphPad Software, ver5, La Jolla, CA). Immunohistochemical (IHC) staining
was evaluated using a non-parametric analysis of variance (Kruskall-Wallis), followed by
Dunnet’s post-test. Categorical study cohort data and serum serologies were represented as
percentages and evaluated by chi-squared test. Correlation between nuclear Y AP staining
and other histologic features/serological markers were examined by Spearman’s rank
correlation coefficient and denoted as p. Error bars represent standard deviation (SD). For all
analyses, differences were considered significant at p<0.01.

YAP expression in the liver of cholestatic neonates

Forty-three available neonatal liver needle and wedge biopsies were classified into 28 BA
and 15 non-BA cases of neonatal cholestasis. Both neonatal cohorts had similar patient
characteristics, including age and gender (Table 1). As further discussed below, patients
with BA also had a statistically higher mean histological index of fibrosis (2.8 vs. 1.5,
p<0.01) and bile ductular proliferation (2.4 vs. 0.87, p<0.01) compared to non-BA patients
(Table 1).
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At baseline and similar to what we reported in the murine liver?3, YAP IHC showed a weak
cytoplasmic staining pattern of the bile duct epithelium. Likewise, in liver biopsy samples
from non-BA neonatal cholestasis, YAP IHC demonstrated rare, weak positivity in bile duct
epithelium (Figure 1A-B). In contrast, neonates with BA showed significantly greater YAP
staining of bile duct epithelium, including newly formed bile ductules (Figure 1C-D).
Because Y AP functions as a transcriptional co-activator, we specifically examined whether
YAP is localized to the nucleus or cytoplasm. In BA tissue, YAP IHC staining intensity was
significantly (p<0.01) higher (2-3 out of 3) compared to non-BA tissue (0-1 out of 3). This
was true for both cytoplasmic (97% vs. 20%, Figure 2A) and nuclear Y AP intensity (89% vs
13%, Figure 2B). In sum, we found significantly (p<0.01) more YAP, both in the cytoplasm
(2.4 vs 0.87) and perhaps more functionally important in the nucleus(2.5 vs 0.53) in BA
compared to non-BA patients (Table 1).

We also examined the correlation between Y AP expression and several other known
quantifiable markers of cholestasis. We noted significant (p<0.01) correlation between
increased nuclear YAP staining intensity versus both increased rates of fibrosis and ductular
proliferation (Supplementary Figure 1A&B). Conversely, pre-operative serum laboratory
values (alkaline phosphatase and total bilirubin) did not show significant correlation with
nuclear YAP (Supplementary Figure 1C&D)., High grade nuclear YAP staining was also
highly sensitive (88%) and specific (87%) for the diagnosis of BA. Importantly, staining of
the liver parenchyma was minimal, with the exception of weak, focalnuclear staining of
periportal hepatocytes near the proliferating bile ductules (Figure 1D, arrowheads).

YAP expression in adult intrahepatic biliary epithelium

We collected liver biopsies from 19 adults with pancreatic adenocarcinoma undergoing
pancreaticoduodenectomy. Control patients without bile duct obstruction were represented
by cases of adenocarcinoma located in the pancreatic body or tail (non-obstructed, n=7),
whereas cases with bile duct obstruction were represented by adenocarcinoma located in the
pancreatic head (obstructed, n=13). Both patient cohorts had similar gender and age
distribution (Table 2). To verify obstruction, we compared the change in serum biochemical
markers associated with cholestasis before and after pancreaticoduodenectomy. As expected,
obstructed patients showed a significantly (p<0.01) greater reduction in total bilirubin (%
AtBili: 65% vs. 5.9%) and alkaline phosphatase (% AAIKP: 65% vs. 20%) than non-
obstructed patients. Adult patients with obstruction also showed significantly (p<0.01)
higher mean histological index of fibrosis (2.4 vs. 0.92, p<0.01) and bile ductular
proliferation (1.9 vs. 1.1, p<0.01). For adults, however, there was no significant increase in
nuclear (1.0 vs. 1.4) and cytoplasmic (1.9 vs. 2.1) YAP staining in the bile duct epithelium
of obstructed versus non-obstructed patients (p=0.21) (Figure 3 and Table 2).

Functional significance of blocking YAP activity in proliferating bile duct epithelium

YAP is a transcriptional co-activator and acts as part of the TEA domain (TEAD) DNA
binding complex. Verteporfin (VVP), a recently uncovered cell-permeable small molecule,
inhibits the YAP-TEAD association and has been shown to block the effect of YAP
overexpression on the murine liver!>24, After optimizing VVP-mediated inhibition of YAP in
H69 cholangiocyte cell line, we found both a time- (24 to 72hr) and a dose-dependent (2.5 to

Hum Pathol. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gurda et al.

Page 6

5 uM) VP inhibition of cell growth (Supplementary Figure 2). We then examined the effect
of VP at the 72hr end time point in more detail, comparing H69 cholangiocyte s to the
HuCCT1 cholangiocarcinoma cell line (Figure 4). H69 cholangiocytes showed minimal
reduction of proliferation at 1.25 pM but significant (p<0.01) reductions at higher
concentrations, reducing proliferation by as much as 70-60% at 5 uM. A similar pattern of
progressive inhibition of proliferation was seen for HUCCT1 cholangiocarcinoma cells;
however, the effect was significant (p<0.01) at even lower concentrations (1.25 uM) and
more pronounced than in H69 cholangiocytes, decreasing proliferation by 80-90% at 5 uM
(Figure 4).

Discussion

Pathologic infant jaundice is a frequent cause of perinatal hospitalization, and among the
many etiologies, biliary atresia (BA) remains the most common indication for liver
transplantation in children2>. Diagnostic workup of persistent neonatal cholestasis often
requires a liver biopsy28; with current methods, biopsy interpretation is still a significant
diagnostic challenge?’:28. As a result, more accurate histopathological markers are needed to
help diagnose BA — and to this end YAP may prove highly useful.

The YAP protein is critical in regulating liver response to cholestasis in animal models?3.
Here, we are the first to show YAP as a useful diagnostic marker in non-neoplastic, human
hepatobiliary disease; we show that YAP highlights proliferating bile ducts, a hallmark of
BA2°, Importantly, the staining pattern of YAP is both strong and diffuse. YAP staining also
appears to be the most sensitive and specific IHC markers tested as ancillary tools in the
differential diagnosis of BA versus non-BA neonatal cholestasis®11:12, The extent and
intensity of Y AP expression appears to be highly dependent on the clinical situation. Here,
for instance, we did not see a significant difference in YAP expression between adults with
or without biliary obstruction and persistent cholestasis. In addition, YAP appears to be
more important in the developing neonatal liver. Deletion of YAP in the developing murine
liver results in ductopenia, while deletion in the adult liver yields no phenotype unless the
liver is challenged with bile duct ligation23. In addition, we note a robust correlation (p>0.6,
p<0.01) between nuclear YAP staining and both ductal proliferation and pre-operative
fibrosis, two histologic hallmarks of early-mid course BA8. Conversely, pre-operative serum
chemistry tests, including total bilirubin and alkaline phosphatase, do not correlate with
YAP; hence, as previously noted30, serum chemistries are generally of limited diagnostic
utility in this setting. In sum, these findings emphasize the importantrole of liver biopsy in
the diagnosis of BA and the possible ancillary function for YAP.

Our study also suggests that at least in neonates, YAP may be mechanistically involved in
reactive bile duct proliferation due to impaired bile outflow. YAP has been previously
shown to regulate expression of Cyclin D1, an important mediator of Gy — S phase
transition3l. Here, we show that the inhibition of YAP significantly blocks the proliferation
of the non-neoplastic H69 cholangiocyte cell line in a time- and dose-dependent manner. We
also saw increased nuclear YAP expression in periportal hepatocytes. Periportal hepatocytes
are candidates for a putative reserve pool of pleuripotent precursors for biliary epithelium/
proliferating bile ductules32. This pool is likely to be activated in context of adaptive/
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reparative change such as BA, and manipulation of the process, perhaps via YAP, may hold
future therapeutic potential. Lastly, it has been noted that ductal plate malformation (DPM)
around the portal tract mesenchyme is more frequent in BA than non-BA etiologies of
neonatal cholestasis and may be a post-operative prognostic indicator33. A study to examine
YAP expression in DPM and its relationship to outcome and other clinical features is
currently underway in our laboratory. Our H69 cell culture experiments and inferences
based on Y AP staining patterns by IHC should prompt additional work to firmly establish a
mechanistic link between YAP expression and bile duct proliferation in vivo.

The mechanism of regulation between Y AP expression and activity within the biliary
epithelium remains unclear. Although NF2/Merlin has been shown to be an important
regulator of YAP in hepatocellular carcinomal’-34, the effect of NF2 on the biliary tract is
less clear. For example, thus far, there is no evidence of increased incidence of
cholangiocarcinoma or primary biliary liver disease in neurofibromatosis. Here, we also
show that blocking YAP by FDA-approved drug Vereteporfin markedly inhibits the
proliferation of HUCCT1 cholangiocarcinoma cell line and to a lesser extent,H69
cholangiocytes. The significance of this observation is beyond the scope of this work, but
may be due to increased dependence of cancer cells on trophic signals3®. Though well-
tolerated for current treatment of macular degeneration and now in clinical trials for
pancreatic adenocarcinoma, Vereteporfin has yet to be approved for treatment of
hepatobiliary disease. Lastly, there may also be a stromal contribution to YAP activation.
The differences in stromal cell populations, expression of surface markers, and the
composition or density of acellular matrix may influence bile duct proliferation, YAP
expression and, in part, account for the differential expression/activation of YAP in BA
versus non-BA neonatal cholestasis.

In summary, this study demonstrates that Y AP protein is expressed at low levels in both
adult and neonatal biliary epithelium, but its expression is significantly increased in
proliferating ductules — a reactive process that is a hallmark of BA. Furthermore, elevated
Y AP expression correlates with bile duct proliferation and fibrosis, two important
histological features of BA. As a parallel finding, inhibition of YAP in H69 cholangiocytes
and HUCCT1, a cholangiocarcinoma cell line, significantly reduces proliferation. Taken
together, these results show that a nuclear YAP immunoreactivity can be useful diagnostic
marker and Y AP may potentially be a mechanistically-important player in BA. The link
between YAP expression and compensatory bile duct proliferation in BA should promote
further translational work in this field.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. YAP staining in neonatal cholestasis
H&E (left) and corresponding YAP immunostain (right) — representative areas with bile

duct proliferation at 40x. [a, b] Non-BA (Giant Cell Hepatitis); arrows highlight weak,
diffuse cytoplasmic and focal nuclear YAP in remaining bile ducts. [c, d] Biliary atresia
(BA); arrows highlight strong nuclear YAP staining in both mature bile ducts and
proliferating bile ductules; arrowheads point to nuclear YAP staining in periportal
hepatocytes. Nuclear Y AP positivity in bile ductule nucleus and none in the adjacent
hepatocyte (inset).
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Figure 2. Semi-quantitative assessment of YAP in non-BA neonatal cholestasis versus neonatal
biliary atresia (BA)
[a] Cytoplasmic YAP (scale 0-3) [b] Nuclear YAP (scale 0-3). Percentage of cases in each

color-coded category are indicated within the bar graph; ** p<0.01 by Chi-squared test.
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Figure 3. YAP staining in adult livers
H&E (left) and corresponding YAP immunostain (right) — representative areas with bile

duct proliferation at 100x. [a, b] Non-obstructed liver biopsy; arrows highlight baseline
staining in mature bile ducts. [c, d] Obstructed liver biopsy; arrows highlight robust YAP
staining in both mature bile ducts; arrowheads point to slightly weaker-staining bile
ductules.
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Figure 4. Inhibition of YAP blocks growth in a dose-dependent fashion
H69 human cholangiocyte cell line and HUCCT1 cholangiocarcinoma cell line treated with

YAP/TAZ inhibitor VP for 72 hours. n=4 at each time point. Significant inhibition (#,
p<0.05) versus H69 at the same inhibitor concentration.
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