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TUMORIGENESIS AND NEOPLASTIC PROGRESSION
YAP Accelerates Notch-Driven

Cholangiocarcinogenesis via mTORC1 in Mice
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Intrahepatic cholangiocarcinoma (iCCA) is a lethal malignant neoplasm with limited therapeutic op-
tions. Previous studies have found that Notch1 overexpression alone suffices to induce iCCA in the
mouse, albeit after long latency. The current study found that activation of the Yes-associated protein
(Yap) proto-oncogene occurs during Notch1-driven iCCA progression. After co-expressing activated
Notch1 intracellular domain (Nicd) and Yap (YapS127A) in the mouse liver, rapid iCCA formation and
progression occurred in Nicd/Yap mice. Mechanistically, an increased expression of amino acid trans-
porters and activation of the mammalian target of rapamycin complex 1 (mTORC1) signaling pathway
was detected in Nicd/Yap mouse liver tumors. Significantly, the genetic deletion of Raptor, the major
mTORC1 component, completely suppressed iCCA development in Nicd/Yap mice. Elevated expression of
Notch1, YAP, amino acid transporters, and members of the mTORC1 pathway was also detected ubiq-
uitously in a collection of human iCCA specimens. Their levels were associated with a poor patient
outcome. This study demonstrates that Notch and YAP concomitant activation is frequent in human
cholangiocarcinogenesis. Notch and YAP synergize to promote iCCA formation by activating the mTORC1
pathway. (Am J Pathol 2021, 191: 1651e1667; https://doi.org/10.1016/j.ajpath.2021.05.017)
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National Science Foundation for Young Scientists of China grant 81402308
(B.F.); Science Foundation of Peking University Cancer Hospital grant
2021-24 (B.F.); and Beijing University of Chinese Medicine New Faculty
Start-up Fund grant 2021-JYB-XJSJJ029 (J.W.).
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Intrahepatic cholangiocarcinoma (iCCA) is a deadly tumor
and the second most common primary liver cancer type.1,2

Most cases of iCCA are diagnosed at advanced stages of
the disease, when limited therapeutic options are available.
The prognosis of patients with iCCA is dismal because of
the late diagnosis, high tumor recurrence rate, and resistance
to chemotherapy.1 Unlike the progress achieved in hepato-
cellular carcinoma treatment3,4 in the last decade, a com-
bination of gemcitabine and platin-based drugs remains the
first-line treatment for advanced iCCA not eligible for
locoregional therapies or surgical resection. However, with
median and 5-year overall survival remaining relatively
poor at approximately 28 months (range, 9 to 53 months)
and 30% (range, 5% to 56%), respectively, the benefit of
stigative Pathology. Published by Elsevier Inc
this combinatorial treatment is almost negligible.5,6 There-
fore, the development of more effective therapeutic strate-
gies against this lethal tumor is imperative.1,2 Recently,
pemigatinib, a soluble inhibitor of fibroblast growth factor
receptor (FGFR) 1, FGFR2, and FGFR3, received acceler-
ated approval by the US Food and Drug Administration for
the treatment of adults with previously treated, unresectable,
. All rights reserved.
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locally advanced, or metastatic iCCA harboring FGFR2
fusions or other rearrangements.7 The approval of pemiga-
tinib and the encouraging benefits of this drug for patients
with iCCA indicate that successful therapeutic approaches
against advanced iCCA can be achieved. Thus, considerable
efforts need to be directed toward the identification of
relevant molecular targets in this disease.8

Recent high-throughput genomic and transcriptomic
studies have uncovered the genetic and epigenetic landscape
of iCCA,9e13 providing novel insights into the pathways that
lead to cholangiocarcinogenesis. In particular, the Notch and
Hippo cascades have been identified as two key signaling
pathways driving iCCA development and progression. The
Notch family consists of four distinct receptors (Notch1
through 4) and two types of ligands (Jagged1/2 and DLL1/3/
4).14,15 When the Notch signaling is activated, the Notch
intracellular domain (NICD) is cleaved and released to the
nucleus to initiate the expression of its downstream target
genes.15,16 The Notch pathway plays a vital role in chol-
angiocyte differentiation, bile duct development,17,18 and
cholangiocarcinogenesis.19,20 The overexpression of Notch
receptors and ligands, such as Jagged1, has been reported in
Table 1 Antibody List

Antibody Source Catalog n

p-AKTS473 Cell Signaling Technology (Danvers, MA) 9271
Total AKT Cell Signaling Technology 9272
mTOR Cell Signaling Technology 2983
p-4EBP1 Cell Signaling Technology 9451
4EBP1 Cell Signaling Technology 9644
p-RPS6 Cell Signaling Technology 4858
RPS6 Cell Signaling Technology 2217
p-ERK1/2 Cell Signaling Technology 9101
Total ERK1/2 Cell Signaling Technology 9102
YAP Cell Signaling Technology 14074
Notch1 Cell Signaling Technology 4380
MYC tagged Cell Signaling Technology 2278
RICTOR Cell Signaling Technology 2114
RAPTOR Cell Signaling Technology 2280
GAPDH Cell Signaling Technology 5174
CK19 Abcam (Cambridge, UK) ab181604
HNF4a Abcam ab181604
SOX9 Abcam ab185230
Ki-67 Cell Signaling Technology 12202
p-ERK1/2 Cell Signaling Technology 4370
p-mTOR Ser2448 Cell Signaling Technology 2976
MYC-tagged Cell Signaling Technology 2278
CK19 Cell Signaling Technology 12434
RAPTOR Abcam ab40768
p-4EBP1 Cell Signaling Technology 2855
Notch1 Lifespan Biosciences (Seattle, WA) LS-C11436
YAP Cell Signaling Technology 14074
p-YAP Cell Signaling Technology 13008
CTGF Atlas Antibodies (Stockholm, Sweden) AMAb913

CK, cytokeratin; CTGF, connective tissue growth factor; ERK, extracellular sig
HNF4a, hepatocyte nuclear factor 4a; mTOR, mammalian target of rapamycin; NA
associated protein.

1652
human iCCA.19,20 Moreover, using genomic data from a vast
iCCA collection, a recent study identified a Notch1 signature
in human iCCA, suggesting the use of g-secretase inhibitors
to treat this subgroup of patients.21 The oncogenic role of the
Notch pathway in iCCA has been investigated and validated
in animal models.19,20 Indeed, this study found that over-
expression of Nicd1 alone suffices to induce iCCA over long
latency, and it synergizes with activated AKT signaling to
drive rapid iCCA formation in mice.22,23 Other groups sub-
sequently reported similar results by overexpressing either
Notch1 or the other Notch receptors.24e28

The Yes-associated protein (YAP) is a major downstream
effector of the Hippo pathway. YAP acts as a transcription
factor in regulating genes involved in cell proliferation and
apoptosis, profoundly influencing organ size, cell renewal,
and tumor development.29e31 Multiple studies have
demonstrated the activation of YAP in human iCCA sam-
ples.32,33 In particular, YAP levels predicted poor prognosis
in patients with iCCA,34,35 and YAP silencing in human
iCCA cells resulted in growth inhibition.36,37 Moreover,
YAP regulates genes that modulate proliferation, apoptosis,
and angiogenesis in iCCA cells.38 A recent study found that
o. Species Application Dilution Retrieval buffer

Mouse Western blot 1:1000 NA
Mouse Western blot 1:1000 NA
Mouse Western blot 1:1000 NA
Mouse Western blot 1:1000 NA
Mouse Western blot 1:1000 NA
Mouse Western blot 1:1000 NA
Mouse Western blot 1:1000 NA
Mouse Western blot 1:1000 NA
Mouse Western blot 1:1000 NA
Mouse Western blot 1:1000 NA
Mouse Western blot 1:1000 NA
Mouse Western blot 1:1000 NA
Mouse Western blot 1:500 NA
Mouse Western blot 1:1000 NA
Mouse Western blot 1:3000 NA
Mouse Immunohistochemistry 1:800 Sodium citrate
Mouse Immunohistochemistry 1:2000 Tris-EDTA
Mouse Immunohistochemistry 1:2000 Sodium citrate
Mouse Immunohistochemistry 1:150 Sodium citrate
Mouse Immunohistochemistry 1:200 Sodium citrate
Mouse Immunohistochemistry 1:150 Sodium citrate
Mouse Immunohistochemistry 1:100 Sodium citrate
Human Immunohistochemistry 1:500 Sodium citrate
Human Immunohistochemistry 1:200 Sodium citrate
Human Immunohistochemistry 1:300 Sodium citrate

9 Human Immunohistochemistry 1:100 Sodium citrate
Human Immunohistochemistry 1:200 Sodium citrate
Human Immunohistochemistry 1:300 Sodium citrate

66 Human Immunohistochemistry 1:100 Sodium citrate

nal-regulated kinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
, not applicable; p-, phosphorylated; MYC tagged, pT3EF1a-NICD; YAP, Yes-
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Table 2 Primers for Quantitative Real-Time RT-PCR

Gene Forward Reverse

18S rRna 50-CGGCTACCACATCCAAGGAA-30 50-GCTGGAATTACCGCGGCT-30

Hes1 50-AAAGCCTATCATGGAGAAGAGGCG-30 50-GGAATGCCGGGAGCTATCTTTCTT-30

Hes5 50-AAGCGCCCTTGCGAGGAAAC-30 50-GGTAGTTGTCGGTGAATTGGAC-30

HeyL 50-CAGCCCTTCGCAGATGCAA-30 50-CCAATCGTCGCAATTCAGAAAG-30

Hey1 50-GCGCGGACGAGAATGGAAA-30 50-TCAGGTGATCCACAGTCATCTG-30

Hey2 50-AAGCGCCCTTGTGAGGAAAC-30 50-GGTAGTTGTCGGTGAATTGGAC-30

Ctgf 50-GGGCCTCTTCTGCGATTTC-30 50-ATCCAGGCAAGTGCATTGGTA-30

Cyr61 50-CTGCGCTAAACAACTCAACGA-30 50-GCAGATCCCTTTCAGAGCGG-30

Slc38a1 50-AGCAACGACTCTAATGACTTCAC-30 50-CCTCCTACTCTCCCGATCTGA-30

Slc7a5 50-CTACGCCTACATGCTGGAGG-30 50-GAGGGCCGAATGATGAGCAG-30

Slc1a5 50-TTCGCTATCGTCTTTGGTGTG-30 50-ATGGTGGCATCATTGAAGGAG-30

Sox9 50-ACTCTGGGCAAGCTCTGGAG-30 50-GGAAGGGTCTCTTCTCGCTCT-30

Ck19 50-GGGGGTTCAGTACGCATTGG-30 50-GAGGACGAGGTCACGAAGC-30

Epcam 50-GCGGCTCAGAGAGACTGTG-30 50-CCAAGCATTTAGACGCCAGTTT-30

Nicd/Yap Signaling in Cholangiocarcinoma
overexpression of an activated form of YAP (YAPS127A)
alone in the liver cannot induce histologic alterations in
mice. In contrast, co-expression of YAPS127A with acti-
vated AKT promotes fast iCCA development in vivo.26,37,39

The mammalian target of rapamycin (mTOR) cascade is a
pivotal player in regulating cell growth and metabolism in
response to growth factors and nutrients via phosphorylation of
its downstream effectors.40,41 Previous studies have demon-
strated the critical function of the mTOR pathway in iCCA
formation and progression.42e44An earlier investigation found
that mTOR inhibition restrains iCCA cell growth in vitro and
possesses antitumor activities in the AKT/YAP iCCA mouse
model in vivo.37 Notably, the pan-mTOR inhibitor MLN0128
combined with the CDK4/6 inhibitor palbociclib markedly
suppressed AKT/YAP iCCA tumor growth.39

In the current study, the expression and molecular
crosstalk between the YAP and Notch pathways using
mouse models and human specimens were investigated. Co-
expression of activated forms of YAP and Notch1 triggered
rapid iCCA formation in a mTOR complex 1 (mTORC1)e
dependent manner in mice. In human iCCA specimens, the
YAP, Notch1, and mTOR pathways were coordinately
activated, especially in the most biologically aggressive
tumors. Thus, the Nicd/Yap model might represent a valu-
able tool for the study of human iCCA.

Materials and Methods

Mouse, Plasmids, and Hydrodynamic Tail Vein
Injection

Wild-type FVB/N mice and Raptorfl/fl mice were from the
Jackson Laboratory (Sacramento, CA). Mice were housed and
monitored following protocols approved by the Committee for
Animal Research at the University of California, San Fran-
cisco. The plasmids, including pT3EF1a-NICD (MYC tag-
ged), pT3EF1a-YAPS127A, pCMV, pCMV-Cre (Cre), and
pCMVesleeping beauty transposase (SB), have been
described previously in detail.26,37,45,46 Briefly, 20 mg of
The American Journal of Pathology - ajp.amjpathol.org
pT3EF1a-NICD and pT3EF1a-YAPS127A constructs and
the SBplasmid at the ratio of 25:1 to all oncogeneswere diluted
in 2 mL of 0.9% sodium chloride solution and injected into the
tail vein of 20-g FVB/N mice in approximately 5 seconds.
Concerning Raptor ablation experiments, 20 mg of pT3EF1a-
NICD and pT3EF1a-YAPS127A, with 60 mg of pCMV or
Cre, and SB plasmids were injected into Raptorfl/fl mice. All
plasmids were extracted using the Endotoxin-free Maxi prep
kit (Sigma-Aldrich, St. Louis, MO) before injection. Mice
were sacrificed at indicated time points or when mice became
moribund or developed large abdominal masses.

Protein Extraction and Western Blot Analysis

Mouse liver tissues and human cell lines were homogenized
in mammalian protein extraction reagent (catalog number
78503; Thermo Fisher Scientific, Waltham, MA) plus pro-
tease inhibitor cocktail (catalog number 78440; Thermo
Fisher Scientific). Proteins were quantified with the BCA
assay (catalog number 23225; Thermo Fisher Scientific).
The antibodies used in this study are listed in Table 1.

Histopathologic Analysis

Two experienced pathologists and liver experts (M.E. and S.R.)
analyzed hematoxylin and eosinestained liver sections based
on the criteria established by Frith and Ward.47 Cholangiomas,
alias biliary adenomas, are benign cholangiocellular lesions that
compress the surrounding parenchyma but lack cytologic aty-
pia, substantial mitotic/apoptotic activity, necrosis, infiltration/
invasion, and fibrosis. When cystic, cholangiomas are referred
to as cystic cholangiomas or cystadenomas. Cholangiocellular
lesions characterized by cytologic atypia and extensive prolif-
eration are defined as intracystic papillary neoplasms with
intraepithelial neoplasia. If these neoplasms result from ma-
lignant transformation of benign cystadenomas, they are
referred to as cystadenocarcinomas. Cystadenocarcinomas that
invade the surrounding liver tissue resemble iCCA. They
consist of atypical tumor cells that form ductules, glands, or
1653
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Table 3 Clinicopathologic Features of Patients with Intrahepatic
Cholangiocarcinoma (iCCA)

Feature n

Sex
Male 30
Female 20

Age, y
<60 14
�60 36

Cause
HBV 12
HCV 8
Hepatolithiasis 8
PSC 2
NA 20

Liver cirrhosis
Yes 21
No 29

Tumor differentiation
Well 22
Moderately 20
Poorly 8

Tumor size, cm
<5 35
�5 15

Tumor number
Single 13
Multiple 37

Prognosis
Better (�3 years) 14
Poorer (<3 years) 36

Lymph node metastasis
Yes 18
No 32

Lung metastasis
Yes 8
No 42

HBV, hepatitis B virus; HCV, hepatitis C virus; NA, not available; PSC,
primary sclerosing cholangitis.

Lu et al
solid sheets, cause local or vascular invasion, and have the
potential for metastasis. In the absence of these features, severe
cytologic alterations (nuclear pleomorphism, prominent
nucleoli, basophilic cytoplasm, nuclear hyperchromasia, or
high nuclear/cytoplasmic ratio), pronounced mitotic and
apoptotic activity, necrosis, and desmoplastic stromal reaction
or fibrosis indicate iCCA.
Immunohistochemistry

Liver samples were fixed in 10% formalin and embedded in
paraffin. The hematoxylin and eosin staining was performed
following the standard procedure, and immunohistochemistry
was conducted as previously described.23,48,49 Briefly, 5-mm
mouse or human liver sections were deparaffinized and
rehydrated. Next, the slides went through antigen retrieval in
sodium citrate buffer (pH 6.0) or Tris-EDTA (pH 9.0) for 10
minutes in the microwave. Subsequently, 10% goat serum
1654
and Avidin-Biotin (catalog number SP-2001; Vector Labo-
ratories, Burlingame, CA) blocking steps were performed
after quenching the endogenous peroxidase by incubating
sections with 3% H2O2. Slides were incubated with primary
antibodies (Table 1) overnight at 4�C. After washes, slides
were incubated with a secondary antibody (catalog number
B2770; Thermo Fisher Scientific) and Vectastain Elite ABC
(catalog number PK-6100; Vector Laboratories) at room
temperature. Finally, the slides were stained with DAB
(catalog number SK-4105; Vector Laboratories).

RT-qPCR

Total RNA was extracted from frozen liver tissues and cells
and transcribed to cDNA with Reverse Transcription Super-
mix (catalog number 1708841; Bio-Rad Laboratories, Her-
cules, CA). In mouse tissues, mRNA expression was
determined by quantitative real-time RT-PCR (RT-qPCR)
using the SYBRGreenMasterMix (catalog number 1725124;
Bio-Rad Laboratories) in a Quant Studio 6 Flex system
(Applied Biosystems, Rockford, IL). Thermal cycling
conditions included an initial hold period at 95�C for 10 mi-
nutes followed by a three-step PCR program of 95�C for 15
seconds, 60�C for 1 minute, and 72�C for 30 seconds for 40
cycles. Each gene expression was normalized to the normal
mouse liver with 18S rRNA using the �DDCt method. The
mouse primer sequences are listed inTable 2. For human iCCA
samples, gene expression assays for human NOTCH1
(Hs01062014_m1), YAP1 (Hs00902712_g1), GLS1
(Hs01005622_m1), HES1 (Hs00172878_m1), CTGF/CCN2
(Hs00170014_m1), SLC1A5 (Hs01056542_m1), SLC38A1
(Hs01562175_m1), RAPTOR (Hs00375332_m1), and
GAPDH (Hs02786624_g1) genes were purchased from
Applied Biosystems (Foster City, CA). Quantitative values for
each gene were calculated by using the 7500 Analysis Soft-
ware version 2.0.6 (Applied Biosystems) and expressed as
number target (NT): NT Z 2�DCt, wherein the DCt value of
each samplewas calculated by subtracting themeanCt value of
the target gene from the mean Ct value of the GAPDH gene.

Human Liver Tissue Specimens

Human iCCA samples (n Z 132) were collected at the
Medical University of Greifswald (Greifswald, Germany)
and the Medical University of Regensburg (Regensburg,
Germany). Institutional review board approval was obtained
at the local ethical committees of the Medical University of
Greifswald (approval BB 67/10) and the Medical University
of Regensburg (approval 16-316-101). Informed consent
was obtained from all individuals. Table 3 summarizes the
available clinicopathologic data of the patients.

Cell Lines

Normal human cholangiocytes (NHC-SS and C324) were
isolated from normal liver tissues collected from patients
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Overview of Notch1 intracellular domain
(Nicd)einduced cholangiocarcinogenesis. AeD: Hema-
toxylin and eosin (HE) staining of early [20 weeks post
injection (w.p.i.), A and C] and late (32 w.p.i., B and D)
cholangiocellular lesions developed in the mouse liver
after hydrodynamic gene delivery of the activated/cleaved
Nicd plasmid. Representative cystadenoma lesion (arrows)
consisting of multiple cysts (A). Higher magnification
image showing the cystic formations lined by a flat or
cuboidal epithelium composed of cytologically benign
cells (C). At later time points, invasive cys-
tadenocarcinoma (CAK) and intrahepatic chol-
angiocarcinomas (iCCA), often co-expressing, were
detected on the liver surface of Nicd-overexpressing mice
(B). At high magnification, the iCCA appears to be
composed of highly malignant cells and frequent mitoses
(D). EeH: Both early and late lesions display positive
immunoreactivity for the biliary marker cytokeratin 19
(CK19) (E) and the injected pT3EF1a-NICD (Myc-tagged)
plasmid (H). Scale bars Z 200 mm (A and B); 50 mm
(CeH). Original magnification: �40 (A and B); �400
(CeH).

Nicd/Yap Signaling in Cholangiocarcinoma
with local hepatic adenomas or colon metastasis. They were
characterized for biliary markers and grown in fully sup-
plemented Dulbecco’s modified Eagle’s medium/F-12 me-
dium as previously described.46 HuccT1, RBE (Riken,
Tsukuba, Japan), and KKUM-213 (Sekisui XenoTech LLC,
Kansas City, KS) human iCCA cell lines were grown
following the protocols provided by the companies.

Statistical Analysis

All data are presented as means � SD. Statistical analysis
was performed using a two-tailed unpaired t-test for com-
parisons between two groups. Low and high mRNA levels
of the investigated genes in iCCA samples were recoded
into binary variables (0/1) using the corresponding median
value as the cutoff. Kaplan-Meier curves were used for
survival analysis, and P values were assessed using the log-
The American Journal of Pathology - ajp.amjpathol.org
rank test (GraphPad Prism version 8.0; GraphPad Inc., San
Diego, CA). P < 0.05 was considered to be statistically
significant.

Results

Activation of Hippo/YAP, ERK/MAPK, and mTOR
Pathways during Notch1-Driven Cholangiocarcinoma
Progression in Mice

A previous study indicated for the first time that over-
expression of an activated/cleaved form of Notch1 (Nicd1)
in the liver of mice (referred to as Nicd) suffices to induce
iCCA development, albeit after long latency.22 Multiple
cysts lined by flat or cuboidal cytologically benign cells
were detected as early as 20 weeks after hydrodynamic in-
jection in these mice (Figure 1, A and C). These benign
1655
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Figure 2 Staining pattern of Hippo/Yes-associated
protein (YAP), Ras/mitogen-activated protein kinase
(MAPK), and mammalian target of rapamycin (mTOR)
pathways in Notch1 intracellular domain (Nicd)einduced
cholangiocarcinogenesis. Both early [20 weeks post in-
jection (w.p.i,), A, C, and E] and late (32 w.p.i., B, D, and
F) cholangiocellular lesions from Nicd mice depicted in
Figure 1 are shown. Although no immunoreactivity for
nuclear YAP, phosphorylated/activated extracellular
signal-regulated kinase (pERK1/2), and phosphorylated/
activated mTOR-Ser2448 was detected in early lesions (A,
C, and E), the advanced lesions displayed robust immu-
noreactivity for the same antibodies (B, D, and F). The
pERK staining was used as a surrogate marker of Ras/MAPK
pathway activation. Scale bars Z 50 mm; Original
magnification, �400.

Lu et al
lesions, classified as cystadenomas, exhibited positive
immunoreactivity for MYC-tagged Notch1 and the biliary
marker cytokeratin 19 (CK19) (Figure 1, E and G). By 29 to
33 weeks after injection, cystadenomas were replaced by
cystic lesions that consisted of micropapillary proliferation
of atypical cells (cystadenocarcinomas) and solid and highly
invasive iCCA, often coexisting in the same liver (Figure 1,
B, D, F, and H). When looking at other pathways relevant in
cholangiocarcinogenesis, including the YAP/Hippo, extra-
cellular signal-regulated kinase (ERK)/mitogen-activated
protein kinase (MAPK), and mTOR cascades, low or absent
immunoreactivity was found for nuclear YAP, phosphory-
lated/activated (p-)ERK1/2, and p-mTOR proteins in cys-
tadenoma lesions (Figure 2, A, C, and E). Notably, the same
proteins were instead strongly expressed in the advanced
lesions (cystadenocarcinomas and iCCA) of Nicd mice
(Figure 2, B, D, and F). Thus, activation of the YAP/Hippo,
ERK/MAPK, and mTOR cascades occurs at the progression
stage of Nicd-induced cholangiocarcinogenesis.

Co-Expression of Activated Yap or NRas Accelerates
Notch1 Driven Mouse Cholangiocarcinoma
Development

The data reported above suggest that the YAP/Hippo, ERK/
MAPK, and mTOR pathways might contribute to the
1656
malignant conversion and tumor progression of the early
lesions induced by Nicd overexpression. To validate this
hypothesis, this study overexpressed Nicd alone or in as-
sociation with an oncogenic form of Ras (NRasV12) or an
activated form of Yap (YAPS127A) in the mouse liver via
hydrodynamic tail vein injection (Figure 3A). In accordance
with previous data from the study laboratory, over-
expression of YapS127A or NRasV12 oncogenes alone did
not lead to any alteration in the liver parenchyma by 42
weeks after injection.33,37 In striking contrast, co-expression
of Nicd with NRasV12 or YAPS127A in the mouse liver
(referred to as Nicd/NRas and Nicd/Yap mice, respectively)
resulted in accelerated iCCA development when compared
with mice overexpressing Nicd alone. Specifically, Nicd/
NRas mice exhibited a slight acceleration of chol-
angiocarcinogenesis and needed euthanasia because of a
high tumor burden by 19 to 25 weeks after injection. A
more substantial acceleration of tumor development was
detected in Nicd/Yap mice, in which a high tumor burden
occurred as early as 10 to 13 weeks after injection (Figure 3,
B and C). Proliferation was most elevated in the tumor
lesion from Nicd/Yap mice, intermediate in Nicd/NRas
mice, and lowest in Nicd mice (Figure 3E), as assessed by
Ki-67 immunohistochemistry. Nicd/Ras mouse lesions were
virtually identical to those formed in Nicd mice at the his-
tomorphologic level, consisting initially of cystadenomas
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Figure 3 Co-overexpression of activated forms of Notch1 intracellular domain (Nicd) and Ras (NRasV12) or Yes-associated protein (Yap) (YAPS127A)
cooperates for the formation of intrahepatic cholangiocarcinoma (iCCA) in mice. A: Experimental study design. B: Survival curve of the various mouse models
tested. C: Liver weight/body weight ratio of the mouse models investigated. D: Representative histopathologic features of cholangiocellular lesions developed
by a Nicd/Ras mouse 23 weeks post injection (w.p.i.). The lesions are indistinguishable from those developing in Nicd mice. Indeed, both invasive cys-
tadenocarcinomas (CAK) and intrahepatic cholangiocarcinoma (iCCA, also shown in the top middle panel at higher magnification) can be concomitantly
observed. The lesions display immunoreactivity for the injected Nicd plasmid (Myc tagged), phosphorylated/activated extracellular signal-regulated kinase (a
surrogate marker of Ras/mitogen-activated protein kinase pathway activation), and the biliary markers cytokeratin (CK) 19 and 7. E: Proliferation rate of the
tumor lesions developed in Nicd, Nicd/Ras, and Nicd/Yap mice, as assessed by Ki-67 index. Representative Ki-67 staining in the various models is also shown.
Data are expressed as means � SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Scale bars Z 100 mm. Original magnification: �40 (D, top
left panel); �200 (D, all other panels, and E); HE, hematoxylin and eosin.

Nicd/Yap Signaling in Cholangiocarcinoma
and subsequently of cystadenocarcinomas and invasive
iCCA (Figure 3D and Supplemental Figure S1). These data
indicate that NRasV12 co-expression (and the consequent
ERK/MAPK activation) slightly accelerates Notch1-
induced cholangiocarcinogenesis without modifying the
lesions’ phenotype.

Morphologic and Molecular Aspects of Nicd/Yap-Driven
Mouse Cholangiocarcinogenesis

Next, the histopathologic features of the lesions that
developed in mouse livers co-expressing Nicd and
YAPS127A oncogenes (Nicd/Yap mice) were analyzed in
detail (Figure 4). In these mice, most lesions developed as
small microcystic tumors with flat benign epithelia, resem-
bling the initial liver lesions detected in Nicd and Nicd/Ras
mice (Figure 4A). The stromal component of some of these
lesions revealed the presence of inflammatory cells
(Figure 4B), consisting of lymphocytes, neutrophils, and
plasma cells (Supplemental Figure S2). These cells dis-
appeared during carcinogenesis. Although most of these
lesions increased in size without alteration of the cytology
(Figure 4C), some of them evolved into an intracystic (yet
The American Journal of Pathology - ajp.amjpathol.org
noninvasive) micropapillary proliferation of atypical cells.
They eventually became invasive, with the septa between
the cysts infiltrated by invasive iCCA (Figure 4, DeG).
Concomitantly with these lesions, a second type of lesions
developed into iCCA without an intermediate step of cystic
lesions. They were less frequent than the first type of lesions
and consisted of malignant cells with atypical nuclei
(Figure 4, H and I). As expected, both types of lesions
exhibited intense immunoreactivity for the injected proto-
oncogenes (MYC-tagged NICD and YAP) (Figure 5).
Moreover, they were positive for the CK19 chol-
angiocellular maker and were proliferating, as suggested by
positive immunolabeling for Ki-67 (Figure 6A). At the
molecular level, real-time RT-qPCR analysis of Sox9,
Epcam, and Ck19 revealed a high expression of these biliary
epithelium markers in Nicd/Yap tumors when compared
with healthy livers (Supplemental Figure S3). The same
tumor cells stained negative for hepatocyte nuclear factor 4a
(Figure 6A), confirming their cholangiocellular nature.

To ensure the activation of the Notch and Yap pathways
in Nicd/Yap liver lesions, this study assessed the expression
of the canonical downstream targets of these two signaling
cascades by RT-qPCR. The expression of Cyr61 and Ctgf/
1657
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Figure 4 Histopathologic characterization of cholangiocellular lesions developing in Notch1 intracellular domain (Nicd)/Yes-associated protein (Yap)
(YapS127A) mice, as revealed by hematoxylin and eosin (HE) staining. A: Most of the lesions developed as small microcysts lined by a flat benign epithelium,
often increasing in size but retaining their benign appearance. B and C: The stromal component of these lesions was rich in inflammatory cells, which
disappeared along with tumor progression. DeF: Although most of these lesions increased in size without altering the cytologic features, some evolved into an
intracystic micropapillary proliferation of atypical cells (boxed area in D) and became eventually invasive (F), with the septa between the cysts being
infiltrated by invasive intrahepatic cholangiocarcinoma (iCCA). G: Often the invasive iCCA destroyed the cystic architecture of the more benign lesions. H and I:
Concomitantly with these lesions, a second type of lesions developed into iCCA without an intermediate step of cystic lesions. These tumor lesions consisted of
malignant cells with atypical nuclei. Scale bars: 50 mm (C and E); 100 mm (A, B, F, H, and I); 500 mm (G); 1000 mm (D). Original magnification: �20 (D); �40
(G); �200 (A, B, F, H, and I); �400 (C and E).
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Ccn2, two downstream effectors of Yap, were significantly
higher in Nicd/Yap iCCA than in healthy livers (Figure 6B).
Similarly, canonical Notch targets, including Hey1, Hey2,
HeyL, Hes1, and Hes5, were also markedly up-regulated in
Nicd/Yap tumors (Figure 6C). Altogether, the data indicate
that cholangiocellular lesions, and not hepatocellular le-
sions, develop in Nicd/Yap mice. These lesions exhibit the
activation of the Notch and Yap pathways.

Inactivation of mTORC1 Prevents
Cholangiocarcinogenesis in Nicd/Yap Mice

YAP regulates glutamine metabolism via inducing the
expression of amino acid transporters50,51 and glutaminase
(GLS, alias GLS1).52 Thus, this study examined the
expression of Slc1a5, Slc7a5, and Slc38a1 amino acid
transporters and Gls1 in Nicd/Yap iCCA tissues. Notably,
mouse iCCA samples displayed the up-regulation of all
these genes (Figure 7, A and B). Because increased uptake
1658
of amino acids into tumor cells induces mTORC1,53,54 this
study investigated the activation status of the mTOR
pathway in Nicd/Yap iCCA lesions. Positive staining for p-
mTOR confirmed mTOR activation in Nicd/Yap tumors
(Figure 7C). Consistently, the two main downstream kinases
of mTORC1 signaling, namely, S6 and 4-EBP1, were
actively phosphorylated, and RAPTOR, the main compo-
nent of mTORC1, was induced in Nicd/Yap chol-
angiocellular lesions. Furthermore, RICTOR, the unique
subunit of mTORC2, and p-AKT, a major mTORC2
downstream effector, were up-regulated in Nicd/Yap le-
sions, implying the activation of mTORC1 and 2 in this
model (Figure 7D).
Following these intriguing findings, whether mTORC1 is

dispensable or required for Nicd/Yap-driven tumor devel-
opment was tested. To answer this question, Raptor was
deleted in the mouse liver using the Cre/LoxP system.55 In
brief, Cre or control pCMV plasmids were co-injected with
Nicd and YAPS127A into Raptorfl/fl mice via hydrodynamic
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Cholangiocellular lesions developed in Notch1 intracellular domain (Nicd)/Yes-associated protein (Yap) (YapS127A) mice robustly express the
injected proto-oncogenes. Representative overview of the lesions formed in a Nicd/YapS127A mouse 8 weeks post injection (w.p.i.) exhibiting positive nuclear
and/or cytoplasmic immunoreactivity for pT3EF1a-NICD (MYC-tagged) NICD and YAP proteins. Both the cystic lesions (C) and the intrahepatic chol-
angiocarcinoma lesions (iCCA) display similar, intense immunolabeling for the two injected proto-oncogenes. The boxed area in the top left panel is shown at
higher magnification in the bottom row. Scale bars: 500 mm (top row); 100 mm (bottom row). Original magnification: �40 (top row); �200 (bottom row).
HE, hematoxylin and eosin.
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tail vein injection (Figure 8A). As previously reported, the
co-injection of Cre with given oncogenes allows the dele-
tion of the floxed alleles while retaining the overexpression
of the injected oncogenes in the same set of mouse hepa-
tocytes.56 Consistent with previous studies, control group
mice developed a lethal liver tumor burden between 10 and
19 weeks after injection.37,39 In striking contrast, no tumor
lesions occurred in Nicd/Yap/Cre livers up to >40 weeks
after injection (Figure 8B). The pCMV group exhibited
massive liver tumors with higher liver weight and liver/body
ratio than the Cre group (Figure 8, C and D). Histologically,
Nicd/Yap/pCMV mice displayed iCCA lesions expressing
the cholangiocellular markers CK19, SOX9, and EPCAM
(not shown) but not hepatocyte nuclear factor 4a
(Figure 8E). In contrast, Nicd/Yap/Cre livers were micro-
scopically completely normal, indistinguishable from livers
from uninjected mice. No Myc-tagged(þ) hepatocytes could
be detected in Nicd/Yap/Cre liver tissues, presumably
because of the elimination of the transfected hepatocytes by
spontaneous or immune-induced apoptosis (Figure 8E).
These results support the complete suppression of Nicd/Yap
cholangiocarcinogenesis in the absence of mTORC1.

To rule out the possibility that co-injection of Cre affected
Nicd/Yap gene delivery and efficiency of the hepatocytic
transformation, wild-type FVB/N mice (n Z 3) were co-
injected with Nicd/Yap/Cre plasmids. Mice were harvested
at 4 to 6 weeks after injection. Histologic examination
revealed the presence of iCCA lesions in all three mice
injected (Supplemental Figure S4). The results demonstrate
The American Journal of Pathology - ajp.amjpathol.org
that Nicd/Yap/Cre injection readily induces chol-
angiocarcinogenesis in wild-type mice. Overall, the present
data indicate that activated Yap and Notch synergistically
induce iCCA development via the mTORC1 pathway.
Suppression of mTORC1 is sufficient to abolish liver
carcinogenesis in Nicd/Yap mice.

Coordinated Activation of Notch, YAP, and mTORC1
Pathways in Human iCCA Samples

Notch, YAP, and mTORC1 signaling cascades are
implicated in human iCCA development and
progression.19e21,32,33,42 To examine the relevance of these
pathways and their eventual interplay in cholangiocarcino-
genesis, this study investigated the activation status of
Notch, YAP, and mTORC1 signaling in a human iCCA
collection. By immunohistochemistry, this study analyzed
in a group of 132 tumor samples and respective non-
tumorous counterparts the staining pattern of Notch1, YAP,
p-YAP at Ser127, RAPTOR, and p-4EBP1 (Figure 9). In
nontumorous surrounding liver tissues, weak or moderate
nuclear positive staining for Notch1, YAP, and p-4EBP1
was limited to biliary cells (used as an internal positive
control for the staining). In contrast, hepatocytes had absent
or faint nuclear and cytoplasmic immunolabeling for these
proteins. Cytoplasmic immunoreactivity for RAPTOR pro-
tein was moderate in hepatocytes and normal biliary cells.
Importantly, normal hepatocytes and biliary cells exhibited
moderate and robust immunolabeling for p-YAP,
1659
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Figure 6 Chronological and molecular characterization of the lesions developed in Notch1 intracellular domain (Nicd)/Yes-associated protein (Yap)
(YapS127A) mice. A: Representative results of the gross and microscopic images of the tumor lesions at different weeks post injection (w.p.i.). Tumor lesions
were positive for the cholangiocyte epithelial markers cytokeratin (CK) 19 and SOX9 and negative for the hepatocyte marker hepatocyte nuclear factor 4a
(HNF4a), respectively. B: Relative expression of Yap downstream target genes (Cyr61 and Ccn2) in Nicd/Yap of end-stage tumors and wild-type (WT) livers. C:
Relative expression of Notch downstream target genes (Hey1, Hey2, HeyL, Hes1, and Hes5) in Nicd/Yap of end-stage tumors and WT livers. Each gene
expression was normalized to WT mouse livers with 18S rRNA using the �DDCt method. Data are expressed as means � SD. *P < 0.05, **P < 0.01 (t-test).
Scale bars: 100 mm (second column); 50 mm (third, fourth, fifth, and sixth columns). Original magnification: �200 (second column); �400 (third, fourth,
fifth, and sixth columns).
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respectively. Tumors displayed weak or absent staining for
p-YAP instead (Figure 9). YAP phosphorylation at the
Ser127 residue indicates inactivated form of YAP.29

Consistent with YAP inactivation, immunoreactivity for
the YAP target connective tissue growth factor (CTGF) was
absent in hepatocytes and normal cholangiocytes but mod-
erate in iCCA lesions (Supplemental Figure S5A). Pro-
nounced nuclear and/or cytoplasmic immunoreactivity for
Notch1, YAP, RAPTOR, p-4EBP1, and CTGF was detected
in most iCCA specimens [112 of 132 (84.8%), 130 of 132
(98.5%), 106 of 132 (80.3%), 98 of 132 (74.2%), and 115 of
132 (87.12%), respectively], whereas p-YAP staining was
ubiquitously [132 of 132 (100%)] low in tumor specimens.
To further validate these observations in human iCCA cell
lines, this study analyzed the levels of YAP, Notch, and
mTORC1 cascades in human iCCA cell lines and normal
cholangiocyte cell lines. Total and activated (cleaved) levels
of Notch1 protein were higher in human HucctT1, RBE, and
KKUM-213 iCCA cell lines than in NHC-SS and C324
human normal cholangiocyte cell lines (Supplemental
Figure S5B). Although no significant differences in YAP
total levels were observed in iCCA and normal chol-
angiocyte cell lines, the levels of p-YAP (Ser127) were
higher in normal cholangiocytes than in iCCA cell lines.
1660
This finding implies an efficient YAP-mediated inactivation
in normal cholangiocyte cell lines, which is significantly
impaired in iCCA cells. Activated p-mTOR levels were
highest in the iCCA cell lines (Supplemental Figure S5B).
Finally, levels of Notch1 (HES1, HEY1), YAP (CYR61),
and mTOR (SLC38A1, SLC1A5) target genes were signifi-
cantly higher in iCCA cell lines, whereas RAPTOR mRNA
was most elevated in HuccT1 and KKUM-213 cell lines
(Supplemental Figure S5C).
Subsequently, the levels of NOTCH1, YAP1, HES1,

CCN2/CTGF, RAPTOR, SLC1A5, SLC38A1, and GLS1
genes were evaluated in a subset of the iCCA sample
collection (n Z 50), for which the clinicopathologic data
were available, via RT-qPCR. All the genes tested were
significantly higher in iCCA than in corresponding non-
tumorous surrounding liver tissues (Figure 10). Moreover, a
significant, positive correlation occurred between the
mRNA levels of the various genes (Supplemental Figures
S6 and S7). Kaplan-Meier and linear regression analysis
also indicated that NOTCH1-, YAP1-,HES1-, CCN2/CTGF-,
RAPTOR-, SLC1A5-, and GLS1-high patients had a worse
survival outcome, whereas the same relationship was not
significant when evaluating SLC38A1 levels. However, a
SLC38A1 mRNA level >75th percentile in iCCA specimens
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Activation of the mammalian target of rapamycin (mTOR) pathway in Notch1 intracellular domain (Nicd)/Yes-associated protein (Yap)
(YapS127A) tumor lesions. A and B: Relative expression of amino acid transporters Slc1a5, Slc7a5, Slc38a1, and Gls1 in mouse wild-type (WT), normal livers,
and Nicd/Yap tumor livers, as determined by quantitative real-time RT-PCR (RT-qPCR). C: Activation of the mTOR pathway in Nicd/Yap tumor lesions at various
time points of carcinogenesis, as assessed by immunohistochemistry. D: Representative analysis of the mTOR pathway in WT and Nicd/YapS127A mouse livers,
as evaluated by Western blotting. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was the loading control. Note the elevated levels also of activated/
phosphorylated (p-) extracellular signal-regulated kinase (ERK1/2) proteins. The RT-qPCR relative expression of each gene was normalized to WT mouse livers
with 18S rRNA using the �DDCt method. Data are expressed as means � SD. *P < 0.05, **P < 0.01. Scale bars Z 50 mm. Original magnification, �400. NL,
normal liver.
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was also associated with significantly shorter patient sur-
vival (Figure 11 and Supplemental Tables S1eS5). In The
Cancer Genome Atlas cholangiocarcinoma data set, this
study detected a significantly increased RAPTOR, MLST8,
and mTOR mRNA expression in iCCA than in the non-
neoplastic counterparts (Supplemental Figure S8). Thus,
The Cancer Genome Atlas data support a crucial role of
mTORC1 in cholangiocarcinogenesis. Overall, the present
findings reveal the coordinated and almost ubiquitous up-
regulation of the Notch, Hippo/YAP, and mTORC1 path-
ways in human iCCA.
The American Journal of Pathology - ajp.amjpathol.org
Discussion

Despite the recent advancements in identifying the genetic
and epigenetic changes occurring in cholangiocarcino-
genesis, the molecular pathogenesis of iCCA remains poorly
delineated. In particular, additional studies are necessary to
unravel the specific role(s) of the signaling pathways
involved in this aggressive neoplasm. The present study
investigated Notch signaling and its possible crosstalk with
other molecular cascades. The study found that activation of
the MAPK/ERK and Hippo/YAP pathways occurs in the
1661
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Figure 8 Notch1 intracellular domain (Nicd)/Yes-associated protein (Yap) (YapS127A) intrahepatic cholangiocarcinoma (iCCA) tumor formation depends
on the mammalian target of rapamycin complex 1 (mTORC1) pathway in mice. A: Experimental study design. B: Survival curve of Raptorfl/fl mice bearing Nicd/
YapS127A tumors. Ablation of Raptor [Nicd/Yap/pCMV-Cre (Cre)] completely prevented tumor formation compared with the control group (Nicd/Yap/pCMV). C
and D: Liver weight and liver/body ratio of the pCMV and Cre mouse groups. E: Representative gross image, hematoxylin and eosin (HE), and immunohis-
tochemistry of the pCMV and Cre mice. **P < 0.01. Scale bars: 100 mm (second column); 50 mm (third, fourth, fifth, and sixth columns). Original
magnification: �200 (second column); �400 (third, fourth, fifth, and sixth columns).
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late stage of Notch-driven cholangiocarcinogenesis in
Nicd-overexpressing mice. Notably, simultaneous activation
of Notch1 with oncogenic forms of NRas or Yap accelerated
iCCA development in double-injected mice. The accelerated
carcinogenesis was histologically associated with an earlier
malignant conversion of the benign cystic lesions into cys-
tadenocarcinomas and invasive iCCA. However, although
all liver iCCA lesions developing in Nicd/Ras derived from
the conversion of benign cystic lesions, this intermediate
step was not present in some Nicd/Yap lesions. Indeed,
some of these lesions consisted of invasive iCCA from the
beginning, similar to those observed in Akt/Nicd mice.22

Thus, the present data indicate that Yap, but not Nras,
1662
partly modifies the histopathologic features of the chol-
angiocellular lesions induced by Notch1 overexpression in
the mouse liver. Furthermore, tumor development was
significantly faster in Nicd/Yap than in Nicd/Ras mice,
implying more productive cooperation between Notch1 and
Hippo/YAP pathways than between Notch1 and Ras/
MAPK, at least in mouse iCCA.
YAP and transcriptional co-activator with PDZ-binding

motif (TAZ) are the two oncogenic effectors downstream of
Hippo kinases. The functional involvement of YAP in he-
patic tumorigenesis has been extensively characterized.
Indeed, YAP contributes to the development and progres-
sion of the major types of primary liver cancer, including
ajp.amjpathol.org - The American Journal of Pathology
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Figure 9 Coordinated activation of Yes-associated protein (YAP), Notch1, and mammalian target of rapamycin (mTOR) in human intrahepatic chol-
angiocarcinoma (iCCA) samples. Representative immunohistochemical pattern of YAP, phosphorylated/inactivated (p-) YAP at Ser127 (S127), Notch1, RAPTOR,
and p-4EBP1 staining in sections from nontumorous surrounding livers (ST) and two human iCCAs (iCCA1 and iCCA2). In ST, faint to moderate nuclear positive
staining for Notch1, YAP, and p-4EBP1 was limited to biliary cells, whereas hepatocytes exhibited absent or weak nuclear and cytoplasmic immunolabeling for
the same proteins. Immunoreactivity for RAPTOR was moderate in nonneoplastic biliary cells and hepatocytes. In striking contrast, both tumors displayed
strong immunoreactivity for nuclear and cytoplasmic YAP and Notch1, RAPTOR, and p-4EBP1. Intense immunoreactivity for p-YAP (S127) was detected in the
nonneoplastic liver, especially in biliary cells; levels of p-YAP were low in tumors. Cytokeratin 19 (CK19) staining was used as a biliary marker. Arrows indicate
representative biliary cells or tracts. Scale bars Z 100 mm. Original magnification, �200. HE, hematoxylin and eosin.
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hepatocellular carcinoma, hepatoblastoma, and iCCA.57

This study and others have found that YAP cooperates
with different oncogenic signals, leading to distinct primary
liver tumors. For instance, this study found that Yap syn-
ergizes with activated Notch to promote iCCA formation.
When Yap and oncogenic forms of b-catenin are co-
Figure 10 Notch1, Yes-associated protein (YAP) 1, and related downstream ef
specimens. Quantitative real-time RT-PCR analysis of NOTCH1, YAP1, HES1, CCN2/
human iCCA and corresponding nontumorous surrounding liver tissues (ST). Quanti
expressed as number target (N target). N target Z 2�DCt, wherein the DCt value
of interest from the mean Ct value of the GAPDH gene. n Z 50 each in blue and
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expressed in the mouse liver, hepatoblastoma develops
instead.33 These animal models are unique tools to delineate
the mechanisms whereby YAP influences lineage commit-
ment and contributes to tumorigenesis. This study found at
the molecular level that Yap activates the mTORC1
pathway in iCCA. In hepatocellular carcinoma, YAP seems
fectors are overexpressed in human intrahepatic cholangiocarcinoma (iCCA)
CTGF, RAPTOR, SLC1A5, SLC38A1, and GLS1 mRNA levels in a collection of
tative values were calculated using the PE Biosystems analysis software and
of each sample was calculated by subtracting the mean Ct value of the gene
red boxes. ****P < 0.0001 (t-test) compared with ST.
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Figure 11 NOTCH1, YAP1, HES1, CCN2/CTGF, RAPTOR, SLC1A5, SLC38A1, and GLS1 mRNA levels correlate with an adverse outcome in human intrahepatic
cholangiocarcinoma (iCCA). AeG: Kaplan-Meier survival curves of human iCCA with high and low levels of the investigated genes, showing the unfavorable
outcome of patients with elevated expression of these genes. H: Although SLC38A1 levels did not reach statistical significance, a SLC38A1 mRNA expression
>75th percentile in iCCA specimens was also associated with significantly shorter patient survival.
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instead to be mainly involved in cell-cycle progression and
DNA replication.58 Concerning the YAP paralog TAZ, a
few investigations have been conducted in liver cancer to
date. Whether TAZ and YAP have distinct or redundant
functions in iCCA remains to be defined. In particular, it
would be interesting to determine whether active Taz can
also cooperate with Nicd to induce iCCA formation in mice
1664
and, if so, whether the tumor development also requires
functional mTORC1 signaling.
Furthermore, the present investigation has revealed an

increased expression of Slc1a5, Slc7a5, and Slc38a1 amino
acid transporters as well as Gls1 in Nicd/Yap iCCA lesions.
These transporters and GLS1, known YAP transcriptional
targets, induce mTORC1 activation.50e52 Moreover, in
ajp.amjpathol.org - The American Journal of Pathology
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addition to activating the mTOR pathway, increased amino
acid uptake into tumor cells might exert other effects.59 For
instance, all these transporters contribute to glutamine trans-
port. Togetherwith the observed increased expression ofGLS1
in iCCA, the current findings suggest augmented glutamine
catabolism in iCCA. Glutamine can contribute to tumor pro-
gression by shuttling into the tricarboxylic acid cycle cycle for
ATP generation. It is also critical for regulating cellular redox
balance.60,61 The increased amino acid transporter expression
in iCCA thus supports further investigation on thesemolecules
for iCCA treatment.62 In addition, these transporters could
allow the delivery of tumor-targeting drugs.63 Currently, the
studies on amino acid transporters in iCCA development are
scanty. Additional investigations are required to illustrate their
function(s) in iCCA initiation and progression. The Nicd/Yap
mouse iCCA model provides an excellent preclinical tool to
address these questions in vivo.

Mounting evidence indicates that the mTOR plays a
central role during tumor development. Targeting the
mTOR pathway has been suggested to be a potentially
effective therapeutic strategy against liver tumors, including
iCCA.41 A previous study found that inhibition of mTORC1
via Raptor silencing hinders iCCA cell growth in vitro and
in vivo.37 The Nicd/Yap iCCA model might represent an
excellent system to address these issues in vivo. Importantly,
this study discovered that MLN0128, a second-generation
dual mTORC1/mTORC2 inhibitor, effectively suppressed
tumor growth in mouse iCCA driven by Akt/Yap onco-
genes.37 Because mTOR is a direct downstream effector of
activated Akt signaling, the results observed in Akt/Yap
mice were predictable. In contrast, in the Nicd/Yap model,
activation of the mTOR signaling is not the consequence of
the ectopically overexpressed Akt oncogene. Thus, this
model might recapitulate more faithfully human iCCA
subtypes exhibiting activated mTOR activation at physio-
logic levels. Testing whether pan-mTOR inhibitors can
hamper iCCA progression in Nicd/Yap mice is important.
The results can provide further evidence of the usefulness of
mTOR inhibitors for the treatment of human iCCA.
Supplemental Data

Supplemental material for this article can be found at
http://doi.org/10.1016/j.ajpath.2021.05.017.
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