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The exome sequencing study of cholangiocarcinoma (CCA) revealed SMAD4 mutation
was frequently observed. The role of SMAD4 to cholangiocarcinogenesis as well as cell origin
of CCA are not fully understand. According to current CCA model including cell lines and
animal models, it still limited in resembling human cells and early event during carcinogenesis.
The objective of this study was to study the role of SMAD4 signaling disruption in
cholangiocyte progenitors. To clarify these questions, we used induced pluripotent stem cells
(iPSCs) to differentiate into cholangiocyte organoids by using growth factors induction in this
study. The result demonstrated that cholangiocyte organoids were revealed cholangiocyte
progenitor potential to long-term propagate (>8 months) and cholangiocyte-associated genes
including hepatocyte-like cell conversion capacity. Our findings indicated that cholangiocyte
organoids could represent as modelling for further CCA study. Additionally, we generated
inducible SMAD4 knockout iPSC for SMAD4 knockout study in cholangiocyte organoids by using
CRISPR/Cas9. Loss of SMAD4 in cholangiocyte organoids significantly affected on proliferation
capacity, DNA damage-induced radiation response as well as tubular morphogenesis of
cholangiocyte progenitors. The knowledge of SMAD4 knockout in cholangiocyte progenitors will
provide more understanding of early event mechanism during cholangiocarcinogenesis and

beneficial to develop CCA model in further study.
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CHAPTER |
INTRODUCTION

Cholangiocarcinoma (CCA), malignancies of the biliary duct system, is a major
public health problem especially in the region of northeastern Thailand and
increased in several part of the world. Unfortunately, this aggressive cancer was often
detected at advanced state with the poor prognosis. To developing cancer therapy,
the understanding of the carcinogenesis-involved key pathway mechanism is still
needed. Although, the number of mutated tumor suppressor and oncogenic genes
have been identified in this cancer, the mechanisms of crucial mutation that drive
cholangiocarcinogenesis remain unknown.

SMAD4, a crucial mediator of TGF—B signaling pathway, has been linked to
Opisthorchis viverrini infection associated-intrahepatic CCA with high mutation
frequency. (1) In animal models, several studies revealed loss of SMAD4 contribute
to carcinogenesis in other cancer type. (2) However, how SMAD4 loss drive to CCA is
remain unclear. As mentioned above, early event in CCA development is mostly
associated with chronic inflammation such as PSC, recurrent cholangitis, liver cirrhosis
and infection with parasite (ex. Opisthorchis viverrini). In addition to cholangiocyte,
cholangiocyte progenitor is involved in regeneration and homeostasis in chronic
inflammation environment. (3) It has been reported that progenitor may serve as the
cell origin of CCA. (4-7) However, liver cell contains plasticity. it is still under debate
the cellular origin of CCA.

The essential of cancer study is reliable cancer model with resemble human
tumor biology. Cancer cell lines are widely used as a tool for cancer study, drug
screening and development of new therapies. Due to the loss of the natural cancer
heterogeneity and genotypic- phenotypic drift, their mutation and genomic instability
of cell lines are limited for studying cancer development. For isolated primary cells,
the major limitation is an ethical issue. Recently, human induced pluripotent stem
cells (iPSCs) are easy to genetically modified and dividing indefinitely, provide an

alternative unlimited cell source for disease modelling. Therefore, iPSC-derived



model may represent as a suitable model for elucidating the molecular mechanisms
of cholangiocarcinogenesis.

In this study, we modified culture medium for long-term expansion of iPSC-
derived cholangiocyte organoids and generated an inducible SMAD4 knockout (KO)
iPSCs by using TALENSs to target inducible SMAD4 knockout cassette into AAVSI, safe
harbor site. We demonstrated inducible SMAD4 KO-iPSCs revealed the potential of
dsDNA break at SMAD4 after doxycycline induction as well as cholangiocyte
differentiation potential. Additionally, SMAD4 KO iPSC-derived cholangiocyte
organoids showed increased proliferation rate, reduced irradiation response and
defect in tube morphogenesis. Our SMAD4 KO model will be used as CCA model and

still need to investigate the cholangiocarcinogenesis role in further study in vivo.



CHAPTER Il
LITERATURE REVIEW

Cholangiocyte and Function

Cholangiocytes, the bile duct epithelial cells, are approximate 3% of liver cell
population. Bile duct is divided into Intrahepatic bile duct (within the liver) and
extrahepatic bile duct (outside the liver). The tube network of bile duct epithelial
cell is start from Canals of Hering in intrahepatic bile duct to duodenum. These
continuous duct epithelial cells are heterogeneity in functions, size, and
morphological characteristics. Differentiation degree of cholangiocyte (small to large
bile duct) is affect the expression of receptors, transporters, and several proteins. (8)
In small bile ducts, cell morphology is flattened, or cuboidal and large bile ducts are
columnar morphology (Figure 1). The number of cholangiocyte in large intrahepatic
bile duct is approximate 40 cholangiocytes. Whereas, the number of cholangiocyte in
small intrahepatic bile duct is approximate 4-5 cholangiocytes. (9) Intrahepatic
cholangiocyte are considered as progenitor cell with immature characteristics in
regeneration capacity and poorly differentiated cell. Small cholangiocytes are high
nucleus-to-cytoplasm ratio. While large cholangiocytes are small nucleus with high

cytoplasmic area.
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Figure 1 Cholangiocyte morphology.

The function of cholangiocyte are involved in ion exchanger, bicarbonate
secretion, bile acid absorption, water transporter and ductal bile formation. Many
transporter/ receptor proteins expressed in cholangiocyte.  Apical membrane
transporter proteins are involved in liver homeostasis, bile acid modification,
bicarbonate secretion (Anion exchanger 2, AE2), water transporter (AQP1, Aquaporin
1), Chloride secretion (cystic fibrosis transmembrane conductance regulator, CFTR),
chemo-sensor (G protein-coupled bile acid receptor 1, TGR5), bile acid absorption
(apical sodium-dependent bile acid transporter, ASBT). Basolateral membrane
transporter proteins are c-AMP activation (secretin receptor, SR), bile absorption
(basolateral truncated ASBT, t-ASBT). In addition, intracellular signaling pathway of
immature and differentiated cholangiocyte are differently pathway. Both of c-AMP
and Ca®* Signaling pathway are important to bicarbonate and chloride secretion.
Immature cholangiocyte which depending on intracellular Ca?*signaling is considered
as hepatic progenitor cell population. However, intracellular c-AMP and Ca?*signaling
are activated in differentiated cholangiocyte. (10) Differentiated cholangiocytes

contain cell apico-basolateral polarity and primary cilium. (8)



Cholangiocyte development, iPSC-derived model, and markers

Since well-understanding of the liver organogenesis studies, the key
developmental pathways have been revealed in several reports. (11, 12) The origin
of intrahepatic bile ducts is different from extrahepatic bile ducts in term of
embryonic development. Intrahepatic bile ducts (IHBD) are derived from hepatoblast
(Hepatic progenitor cells) which developed from cranial part ventral foregut
endoderm. While extrahepatic bile ducts (EHBD) are directly derived from caudal part
of ventral foregut endoderm. The high level of Nodal/TGF—B signaling induce the
segregation of definitive endoderm from mesoderm. The optimal level of Bone
morphogenetic protein (BMP) and WNT signaling pathways support the definitive
endoderm differentiation. The Nodal, BMP4, Fibroblast growth factor (FGF) signaling
pathways are induce the hepatic specification stage. Hepatic specification provides
the foregut progenitor cells which contain multipotent differentiation potential into
pancreatic or hepatic commitment. Bipotent hepato-cholangiocyte progenitor
(hepatoblast) is located on Canals of Hering of intrahepatic biliary tree which can
differentiate into hepatocytes and cholangiocytes. (9) Following cholangiocyte
specification, hepatoblasts adjacent the periportal mesenchymal cells are formed
single layer of ductal plate and eventually the morphogenesis of intrahepatic bile
duct. The expression of cholangiocyte associated genes are upregulated at this stage,
while hepatocyte associated genes are downregulated. (13) Wnt, Notch, TGF-B and
FGF signaling pathway are contribute to cholangiocyte differentiation. Notch signaling
play a crucial role in differentiation and morphogenesis of cholangiocyte. (11)
Remaining hepatoblast which distant from the portal tract are differentiate into

hepatocyte.

As described above, cholangiocyte membrane transporters and its functions
are commonly used for cholangiocyte identification. Since the advent of induced
pluripotent stem cells (iPSCs), several studies revealed the differentiation protocol of

pluripotent cells to hepatic lineage especially PSC-derived hepatocytes. (14-19) In



contrast to the well-known study of hepatocyte differentiation, the iPSC-derived
cholangiocyte protocol was later published. Several cholangiocyte differentiation
protocols are based on the developmental study of bile duct (Table 1). (11, 12, 20-
23) Dianat’s protocol was the first cholangiocyte differentiation from iPSC. Growth
hormone (GH), epidermal growth factor (EGF), and IL-6 were used in differentiation
media. The transporter markers of cholangiocyte including cystic fibrosis
transmembrane conductance regulator (CFTR), secretin receptor (SR), ASBT apical
sodium-dependent bile acid transporter (ASBT) were expressed. It also formed
apicobasal polarity cyst morphology. The combination of OP9 cells with iPSC-derived
hepatoblast was cultured by Ogawa’s protocol. TGF—B, EGF, and HGF were used in
cholangiocyte differentiation media. The co-culture technique induces the branch
morphology and functional cholangiocyte. This protocol was focused on the notch
signaling which crucial for cholangiocyte development and tubulogenesis. While
Thiago’s protocol was using TGF—B alone to drive cholangiocyte maturation.
Sampaziotis’s protocol was using Activin A, FGF10, and retinoic acid (RA) then EGF
was used to induce of cholangiocyte maturation. Many cholangiocyte-specific
transporters are expressed in iPSC-derived cholangiocyte including response to
hormonal stimulation. Both of Ogawa and Sampaziotis’s protocol can generate
functional cholangiocyte and disease modeling. However, the current limitation of

iPSC-derived cholangiocyte model is fetal gene expression. (22)
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In the current, there is no single specific markers to identify the differentiation
of bipotent progenitor cells, immature and mature IHBD. It is still needed several
hepto-biliary specific markers. To characterize, the most of cholangiocyte markers are
obtained from the studies of animal models and primary human specimens. LifeMap
Discovery™ database and Carpino revealed markers to distinguish the hepato-biliary
cells (Table 2). (24) Oncostatin M receptor (OSMR), CK7, CK19, DLK-1, ALB, AFP, SOX9,
NCAM are expressed in bipotent progenitor cells. SOX9, CK19, OC-1, OC-2, NOTCH2,
TGFBRII, SALL4 are expressed in immature IHBD. The expression of HNF4A is not
detected in immature IHBD. SOX9 is positive for both immature and mature IHBD.
TGFBRIl is only expressed in immature but not in mature IHBD. While immature cell
markers are overlap with progenitor cells by expressing stem cell markers (EpCAM,
SOX9, AFP). The markers of specific transporters commonly used to separate
immature and mature cells (CFTR, SCTR, SSTR2, AE2, SCTR, AQP1, AQP4). The single
cell RNA sequencing studies of human liver section revealed the specific markers of
adult cholangiocyte (CK19, EpCAM). (25, 26) Only identified markers are not sufficient
to define the cell type. The combination of specific markers and functional test often

use to identify cell type in hepatic lineage.



Table 2 Bipotent hepatocytic progenitor, hepatocyte and cholangiocyte Markers

Cell Type
Markers Immature Bipotent Immature
Cholangiocyte cholangiocyte hepatic progenitor hepatocyte | Hepatocyte
Primary cilium +
CFTR +
SCTR +
CK19 + + +
CK7 + + 4
SOX9 - + +
EpCAM - + +
CD133 - - +
AFP - ¥ + +
ALB - 4 + + n
HNF4A - o - + +
ABCB11 (BSEP) - 2 - - +
CYP3A4 - - - - +

Cholangiocarcinoma

Cholangiocarcinoma (CCA) is cancer of bile duct system which can
categorized into 3 groups based on anatomical location: Intrahepatic
cholangiocarcinoma (iCCA), perihilar (pCCA) and distal common duct (dCCA) (Figure
2). Among three type of cholangiocarcinoma, iCCA types is rare in western countries.
However, it has been reported that the incidence rate has increasing in Southeast
Asia including Thailand. (27) The prognosis is poor due to detected at late stage. In
pathological feature, the categorization of CCA are mass-forming, periductal-
infiltrating or intraductal-papillary. Mass forming pattern is most often observed in

iCCA type. However, periductal-infiltrating pattern is observed in pCCA type.
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Figure 2 Anatomical of CCA.(28)

Among many risk factors that causing CCA such as toxic agents, primary
sclerosing cholangitis, Opisthorchis viverrini or Clonorchis sinensis infection,
hepatolithiasis, Caroli’s disease and Choledochal cysts. O. viverrini Infection is crucial
risk factor of CCA in Northeast of Thailand. Mechanism of O. viverrini-related CCA may
involve mechanical activity of parasite (fluke’s sucker), immunopathology
(inflammation) and secretory molecules from O. viverrini (Figure 4). In chronic
inflammation, crucial inflammatory cytokine is TGF—B. (29) Due to these mechanism,
it has been reported that chromosome 1p36, 9p21, 17913 and 22gl2 contains
chromosomal instability. (30) Additionally, O. viverrini Infection cause genetic
alteration. With genetic background of O. viverrini-related CCA, the mutation
frequencies of SMAD4 and TP53 were dramatically higher than those of non-O.
viverrini-related CCA. (1) Consequently, O. viverrini may affect chromosomal and
genetic alteration via these mechanisms which provide a specific mutation frequency

pattern.
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Figure 3 Immunopathological mechanism of O. viverrini-related CCA. (29)

SMAD4 and Role of SMAD4

SMAD4 gene is encoding SMAD4 protein, which localized on chromosome 18 of
long arm at position 21.2 (Figure 4). The SMAD4 protein plays role as a transcription
factor and tumor suppressor. Additionally, SMAD4 is also plays role as a central
mediator of TGF—B and BMP signaling pathway including cell proliferation, cell growth,
cell apoptosis, cell differentiation, angiogenesis, and ECM production. In canonical TGF-
[3 signaling, TGF—B ligand stimulate activation of SMAD2 and SMAD3 via C-terminal
phosphorylation by TGF—B receptor type |. After that, SMAD Complexes of
phosphorylated SMAD2, SMAD3 and SMAD4 translocate into the nucleus and regulate
gene expression by interact with DNA transcription factors. In addition, SMAD7 is an
essential regulator of canonical TGF—B signaling by negative feedback loops.
Additionally, SMAD4 is also relate to non-canonical pathway. In the role of MAPK/ERK

signaling pathway are cell proliferation and cell survival which can interfere
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TGF—B/SMAD4 signaling by phosphorylating SMAD2, SMAD3. JNK signaling pathway is
involved in cell proliferation and apoptosis. JNK target, C-Jun can bind with corepressor
TG-interacting factor to suppress SMAD2 downstream activity. PI3K/AKT signaling
pathway which involved in cell proliferation and apoptosis inhibition is suppress

phosphorylating SMAD3 via mTOR (Figure 5). (2)

DNA binding Protein-protein interaction

NS DNA © nes & E g

Co-Smad: == X il & =

. * : M

Figure 4 Domain structure of SMAD4. (31)
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Figure 5 Signaling pathway involved in SMAD4. (32)
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Role of SMAD4 in Hepatocellular carcinoma (HCC)

As crucial mediator of TGF—B/BI\/\P signaling pathway, SMAD4 are play role
involved in liver regeneration and development. (33) In cholangiocyte commitment,
TGF—B/SMAD4 signaling are require for cell fate decision of hepatoblast. This signal
induce the differentiation of hepatoblast to cholangiocyte. (8) The aberration of TGF-
B/SMAD4 signaling in hepatoblast generate hybrid hepato-biliary cells. (34)

TGF-B/SMADﬁl signaling is a proinflammatory cytokine inducing liver fibrosis,
cirrhosis, and eventually HCC. In acute inflammation, apoptotic program of
hepatocyte is induced by TGF—B. Hepatic stellate cell (HSC) are transdifferentiating
into myofibroblasts. After chronic inflammation, TGF-B/SMAD4 signaling is promote
cirrhosis to HCC. The aberration of SMAD4 in HCC are rare and associated with
aggressiveness. (33) SMAD4 inhibition is reduce growth and induce apoptotic program
of HCC cells. (35) In molecular genomic landscape study in 2018, most frequently
mutation of HCC driver genes is involved in TP53, WNT signaling and TERT. While
biliary tract cancer driver genes are TP53, ARID1A, SMAD4, KRAS and BAPI1. The role of
driver mutation of SMAD4 is commonly found in biliary tract cancer. It is clear the
difference of driver mutation result in CCA and HCC. (36) The most specific gene
knockout in mouse models of HCC carcinogenesis are TP53, Wnt/B-catenin, c-Myc

and PTEN. (37)

Role of SMAD4 in Cholangiocarcinoma (CCA)

Chronic information from risk factors cause genetic alteration leading to
carcinogenesis. The molecular study was pioneered the district mutational profiles of
liver fluke-relate and non-liver fluke-related CCA. It was shown that O. viverrini-
related CCA is predominant with the high mutation frequencies of SMAD4 (19.4%) in
Thailand. It was indicated that the impact of different etiology affects the mutation
profiles. (1) In biliary tract cancer, COSMIC (Catalogue of Somatic Mutations in Cancer)

database demonstrated that SMAD4 mutation was often observed in MH1 and MH2
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domain but low incident in linker domain (Figure 6). The loss of SMAD4 expression
was associated with degree of prognosis in CCA. (38) The various cancer type
revealed SMAD4 mutation. Loss of SMAD4 induce cell proliferation shift from G1 to S
phase in cell cycle. (39) It has been demonstrated that TGF-B/SMAD4 play important
role in EMT in advanced CCA via increased mesenchymal markers. (40) Although loss
function of SMAD4 was often found in CCA. (1, 41) It remains unclear in the role of
SMAD4 in cholangiocarcinogenesis which arise from cholangiocyte. The role of SMAD4
in cholangiocarcinogenesis remain unknown. Due to difficult to detect at early stage,
previous study was proposed cholangiocarcinogenesis model based on histological
study with SMAD4 mutation. (42) Previously, most of carcinogenesis of CCA were
studied in genetically engineered mouse models (GEMM) based on Cre-Lox system. It
remains unclear conclusion which is a cell origin of CCA, due to not specific cell

lineage tracing in liver which may target undesired cell type. (43)
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Role of SMAD4 in other cancers

In other cancer type, colorectal cancer, the role of SMAD4 are known in
colorectal carcinogenesis which contribute to aggressive phenotype and
chemoresistance. (44, 45) Loss of SMAD4 alone may contribute to carcinogenesis.
Previous study has been reported the role of SMAD4 in carcinogenesis by using
tissue-specific knockout mouse model. The SMAD4 disruption of animal model can
develop to cancer in mammary epithelial cells and epidermal. The disruption of
SMAD4 gene in epithelial cells generating an abnormal characteristic. However, it was
not insufficient to tumorigenesis induction in gastrointestinal tract. (2) As an
Inflammation-associated cancer, the study of Colitis-associated colorectal cancer
revealed the combination of SMAD4 knockout and chronic inflammation
environment can lead to tumorigenesis. (46, 47) Inactivation of SMAD4 is
approximately found in 50% of Pancreatic ductal adenocarcinoma (PDAC) patients. In
early stage, SMAD4 is play role as tumor suppressor gene which induced cell cycle
arrest in cancer cell. (48) Loss of SMAD4 or down-regulated SMAD4 enhanced cancer
cell survival from apoptotic program or cell cycle arrest. TGF—B/S!\/\ADUr non-
canonical pathways (Ras, PI3K, P38 and Rho-GTPase) are dominant in late stage of
PDAC. (49, 50) Both of TGF—B/SMADﬁl canonical and non-canonical pathway can

induce aggressiveness of cancer.
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Current cholangiocarcinoma models

The effective CCA models with recapitulate primary cancer are required for
the understanding of CCA mechanism and drug screening. It has been reported many
CCA model for several years. The most widely used are cell lines. The long-term
propagation capacity of cell lines allows to high throughput drug screening study.
However, these cells contain genetic alterations and not well characterized in
molecular profiles. Most CCA cell lines were obtained from cancer cells accordingly
the molecular studies for cancer initiation need to be concerned (Table 3). To date,
introducing genetic editing models can result in the molecular study of target gene
which allowing to the mechanism understanding of gene. Genetically engineered
mouse models (GEMMs) are frequently use for study of target gene alteration (tumor
suppressor genes, oncogenes). It has been reported the cholangiocarcinogenesis
involved signaling pathway such as Notch, KRAS IDH1 and P53. Several models
revealed the mixed CCA-HCC. It should be noted that this model is difficult to
determine the molecular mechanism of carcinogenesis at the early stage. To bridge
the gap of these limitations, organoids (3D culture system) represent tissue-specific
structure with recapitulate human organ. Extracellular matrix (ECM) was used for
culture organoids to establish apico-basal polarity. It has been reported the
cholangiocarcinogenesis of human liver organoid with combination of SMAD4 and
tumor suppressor gene knockout. It was unclear how loss of SMAD4 alone affect to

organoid or drive to carcinogenesis.



Table 3 Current cholangiocarcinoma models
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Cholangiocarcinoma models
Model Name/ Induction | Characteristic Reference
Cell MMNK-1 Human Telomerase immortalized (51)
lines cholangiocyte cell line
Choi-CK Human iCCA with abnormality of chromosome | (52)
3,6,7,8, 12,14, 17, and 18
SCK Human iCCA with moderate differentiated cell | (52)
SNU-1079 Human iCCA with IDH1 heterozygous (53)
KKK-D049 Human iCCA with well differentiated cell (54)
KKK-D068 Human iCCA with adenosquamous | and (54)
contain chromosome Y aberration
GEMMs SMAD4-PTEN Hyperplastic nodule with no cancer progression | (55)
knockout
KRAS knockin /P53 | Develop iCCA with metastatic progression (56)
knockout
P53 knockout / Develop iCCA with hyperplasia and fibrotic (57)
ccl, environment
Organoid | BAP1, TP53, PTEN, | Develop human CCA in mice with impaired cell | (58)
SMAD4, and NF1 polarity and organization
knockout in
human liver
organoid




18

3D Cholangiocyte organoids

Organoids are in vitro 3D culture technology with resemble to real organ
structure. It can derive directly from human adult stem cells or pluripotent stem cells. It
represents self-renewal and differentiation capacity. The long-term culture of organoid
provides stable genotypic and phenotypic characteristic corresponding the original
tissue. The protocols of multiple tissue-specific organoid have been established. (59)
These organoids can act as a modelling for development and drug screening. Niche
factors are the environment which required for organoid maintenance. The niche factor
condition in human liver organoid was established in 2015. (60) Based on human
intestinal organoid culturing, R-spondin, epidermal growth factor (EGF), WNT3A, HGF,
FSK, Gastrin, FGF10, TGF—B inhibitor and nicotinamide are required for promoting the
long-term expansion of liver organoid.

The developmental study provides required key stages and essential growth
factors for organogenesis. Interestingly, the effort of generation of organs in a dish is
result in an organoid technology. Organoid culture system is 3D culture in vitro
system may derive from embryonic stem cell (ESC), induced pluripotent stem cell
(iPSC) or derived from adult-progenitor cell. With self-renewal and expansion
capacity, their structure resembles in vivo tissue structure as mini organ. In case of
cholangiocyte-associated disease studies, the ethic of using cholangiocyte primary
cells (2-3% of liver cells) lead to find an alternative source. As pluripotent and
undifferentiated capacities, ESC is used as unlimited cell source which provides
various differentiated-cell type. (61) Previously, there was no reported a functional
cholangiocyte differentiation from human pluripotent stem cell until Dianat and
colleagues were performed in 2014. (20) However, it was not closely resembled
cholangiocyte molecular profiles. Recently, cholangiocyte differentiation protocol
was established by using 3D organoid culture system. (22) It shows the cholangiocyte

functional properties and specific markers such as GGT1, CFTR, CK7 and SOXO.
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Additionally, this cholangiocyte organoid was used to study cholangiocyte specific

disease and represented disease’s characteristic. (21)

CRISPR-CAS9 genome editing

Genome editing technologies are efficient method for genome sequences
modification. Earlier genome editing approaches, zinc-finger nucleases (ZFNs) and
transcription-activator like effector nucleases (TALENs), have limitation in cost, time
consuming in large scale studies. As emerging a new nucleases approach in 2013,
CRISPR-CAS9 (Clustered Regularly Interspaced Short Palindromic Repeats and CRISPR-
associated genes) is the type Il CRISPR nuclease system which consist of Cas9, gRNA,
crRNA and trRNA. In fundamental mechanism of CRISPCR-CAS9, Complex CAS9-gRNA
will be generated by trRNA. This complex can bind and cleave target gene. Cleaved
target DNA can repair into 2 patterns: Non-homologous End Joining (NHEJ) with base
insertion or deletion and Homology directed repair (HDR) with same DNA template
(Figure 7). These patterns of DNA repair are necessary for study function of gene. The
application of this technology to genome editing in organoids were reported by

various specific cell types. (62, 63)
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For application in carcinogenesis modelling, it has been reported that CRISPR-
CAS9 was used in sequential mutation of human colorectal organoid. (65) Inactivation
of SMAD4 had successful rate with indel mutation. Interestingly, targeted organoid
revealed self-selective growth advantage and in vivo tumorigenic capacity. Taken
together, combination of CRISPR-CAS9 and organoid technology may provide more

understanding of cholangiocarcinogenesis mechanism.



CHAPTER IlI
MATERIALS AND METHODS

Human iPSCs culture and maintenance

iPSCs were cultured on Matrigel-coated dish with mTeSR1 medium (StemCell
Technologies) and dissociated by using CTK enzyme (consist of 10 % collagenase IV,
0.25 % trypsin, 1mM CaCl,, H,O and 20% knockout serum replacement) when the
confluency of cell is up to 80%-90%. iPSCs were incubated at 37° C with 5%CO..

Medium was replaced daily.

Differentiation of iPSC-derived hepatoblasts, cholangiocyte progenitors and
cholangiocytes

Cholangiocyte differentiation protocol was performed as described in
Sampaziotis (2017). iPSCs were dissociated into small clumps by using 0.5ml of CTK
enzyme. Cells were incubated for 7 minutes at 37°C. Then cells were washed by 1ml
of 1x phosphate buffer saline (PBS) for twice. After that, cells were maintained on
gelatin-coated plate in chemically defined medium-polyvinyl alcohol (CDM-PVA)
medium supplemented with 10 ng/ml activin A and 12 ng/ml FGF2. This day referred
as Day 0. The medium was replaced as described in Table 4. To prevent over
confluence, cells were dissociated with 1ml of 1x TrypLE™ Select Enzyme at day 7.
To differentiate into cholangiocyte-like cell, cholangiocyte progenitor was dissociated
and cultured in 3D with Matrigel. 1 x 10° cells were mixed with 50% (vol/vol) Matrigel
supplemented with 20 ng/ml EGF and 10 uM Rho kinase inhibitor (Y-27632) and this
mixture was dropped into 6-well plate for 200 pl. Cells were incubated for 30
minutes at 37 °C. Medium was replaced every 2 days. Cells at day 26 were referred

as cholangiocyte-like cells.
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Table 4 Media and growth factors used in each stage of cholangiocyte differentiation

Stage Day Media Growth factors

Pluripotent Day 0 CDM-PVA 10 ng/ml activin A
12 ng/ml FGF2

Definitive endoderm Day 1 CDM-PVA 100 ng/ml activin A
80 ng/ml FGF2

10 ng/ml BMP-4

10 pM LY294002

3 uM CHIR99021

Day 2 CDM-PVA 100 ng/ml activin A
80 ng/ml FGF2

10 ng/ml BMP-4

10 uM LY294002

Day 3 RPMI 100 ng/ml activin A
80 ng/ml FGF2

Foregut progenitor Day 4 - 8 RPMI 50 ng/ml activin A

Hepatoblast Day 9-12 | RPMI 10 pM SB-431542
50 ng/ml BMP-4

Cholangiocyte Day 13- 16 | RPMI 50 ng/ml activin A
progenitor 50 ng/ml FGF10
3 UM retinoic acid

Cholangiocyte-like cells | Day 17 - 26 | WE 20 ng/ml EGF

Expansion medium (Liver maintenance medium) and selection medium
iPSC-derived cholangiocyte-like cells were maintained in Advanced DMEM/F-
12 supplemented with 30% (vol/vol) Rspol-conditioned medium, 30% (vol/vol)
Wnt3a-conditioned medium, 1:100 N2 supplement, 1:50 B27 supplement, 1 mM N-
acetylcysteine, 10 mM nicotinamide, 10 nM recombinant human gastrin I, 100 ng/ml
recombinant human FGF10, 25 ng/ml recombinant human HGF, 50 ng/ml

recombinant human EGF, 5 yM A83-01, 10 pM Forskolin, and 25 ng/ml Noggin. To
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select SMAD4 KO cholangiocyte organoids, selection medium (liver maintenance

without Noggin and A83-01) was used in this study. 10 ng/ml TGF—B was added into

this medium.

Rhodamine 123 uptake assay

Cholangiocyte organoids were incubated with 100 M rhodamine 123 in
Hanks' Balanced Salt solution (HBSS) containing for 10 minutes. Then cholangiocyte
organoids were washed three times with HBSS for 5 minutes. For MDR1 inhibition,
cells were incubated with 10 uyM verapamil for 30 minutes before Rhodamine 123

incubation.

Generation of Inducible SMAD4 knockout cassette

SMAD4 ¢RNA was used in this study obtained from Sato (2015). To generate
U6 promoter with SMAD4 gRNA Cassette, SMAD4 ¢RNA was cloned into BPK1520
vector followed Joung lab gRNA cloning protocol. A pair of primer which contains
homology arm of Puro-Cas9 donor at Sac/ restriction site was designed for amplify
U6-SMAD4 ¢RNA PCR product. This PCR product was cloned into Puro-Cas9 donor by
using In-Fusion HD Cloning Kits (Clontech). An inducible SMAD4 gRNA cassette was

analyzed by DNA sequencing for vector validation.

iPSC transfection and selection

iPSCs were pre-treated with 10 uM Y27632 one day before electroporation.
1x10° cells of iPSCs were dissociated into single cells by using Accutase (Thermo
Fisher Scientific). Cells were incubated for 3 minutes at 37°C. mTeSR1 medium was
added into cell mixture. Then cell mixture was centrifuged at 800 rpm for 4 minutes.
Medium was removed from cell pellet. Cells were resuspended in 100 pl of
Nucleofection solution P3 which contains 5 pg of AAVS1-TALEN-L, 5 pg of AAVS1-
TALEN-R,10 pg of AAVS1-Neo-M2rtTA and 10 pg of SMAD4 Puro-Cas9 donor. This cell

mixture was transferred into nucleofection cuvette and electroporated by 4D-
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Nucleofector™ X (Lonza) with CB-150 program. Pre-warm mTesR1 medium was
added into the cell mixture in the nucleofection cuvette. Cells were transferred to
new Matrigel-coated plate with mTeSR1 medium and 10 pM Y27632. After
electroporation, transfected cells were treated with 0.5 pg/mL of Puromycin for 3
days, followed by 70 pg/mL of geneticin treatment for 5 days. After that, transfected
cells were treated with 0.5 pg/mL of puromycin and 70 pg/mL of Geneticin
combination for 6 days. When confluency, each single clone of iPSC was dissociated

into Matrigel-coated plate for expansion and validation.

AAVS1-targeted site validation
To determine AAVSI-target site of vector in iPSC, CAS9-AAVS1 primer and
m2rtTA-AAVS1 primer were used for analysis by thermocycler. PCR product was

separated by gel electrophoresis.

Doxycycline treatment
To activate Cas9 activation, cells were treated with doxycycline (2 pg/ml, 5
ug/ml) for 3 days. Medium was replaced daily. Cells were dissociated for genomic

DNA or RNA extraction.

T7 endonuclease assay

To detect SMAD4 indel of genomic DNA, 50 ng of genomic DNA was amplified
by PCR. PCR products was reannealed by using the following protocol: 95°C, 5
minutes; 95°C-85°C at -2°C/s; 85°C-25°C at -0.1°C/s; hold at 4°C. The hybridized PCR
products were incubated with 5U of T7El (NEB) at 37°C for 15 minutes and analyzed

with gel electrophoresis. Intensity of product band was determined by ImageJ.
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Table 5 Primers used for SMAD4 KO validation by T7 endonuclease assay

Primers Sequence

SMAD4#2T7 _F | TTAATCCAGTTG GGGTGC

SMADA4#2T7 R | ACACCGACAATTAAGATGGAGTG

RNA extraction and Quantitative real-time RT-PCR (qRT-PCR)

Total RNA was extracted RNA by using TRI Reagent®. The collected cells were
resuspended in TRI Reagent for 10 minutes. 200 pl of BCP solution was mixed into
cell mixture and incubated for 10 minutes at room temperature. Then this cell
mixture was centrifuged at 12,000 rpom for 10 minutes at 4°C. Clear aqueous phase
was transferred into new tube. Isopropanol was added into this tube and incubated
at 4°C for overnight. After centrifugation, mixture was washed twice with 70%
ethanol. The RNA pallets were dissolved with nuclease-free water. cDNA was
synthesized by using RevertAid™ H Minus Reverse. gRT-PCR was performed using
Maxima SYBR Green/ROX gPCR Master Mix (2X) on Biosystems 7500 Fast Real-Time
PCR system (Applied Biosystems). gRT-PCR primers of cholangiocyte differentiation
was obtained from Sampaziotis (2015). gRT-PCR primer of Cas9 fragment was
obtained from Gonzalez (2014). GAPDH was used as internal control housekeeping

gene.

Genomic DNA extraction

Genomic DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen).
Briefly, pellet cells were resuspended in 1xPBS. 20 pl of Proteinase K solution and
200 pl of AL solution were added into cell mixture. Then the cell mixture was
incubated in heating block at 56°C for 10 minutes. Absolute ethanol was added into
the cell mixture. The cell mixture was transferred to column and centrifuged at 8,000
rom for 3 minutes. Then it was washed and centrifugated. Genomic DNA was eluted
with nuclease-free water. Concentration of genomic DNA was measured by

spectrophotometer.
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Immunofluorescence

Cells were fixed in 4% paraformaldehyde in PBS for 20 minutes at room
temperature. Cells were permeabilized and blocked with blocking buffer solution
(2% BSA, 0.3% Triton X-100 in PBS or 2% BSA in PBS) for 1 hour at room temperature.
Next, the cells were incubated at 4 °C for overnight with the following primary
antibodies diluted in antibody diluent solution. Cells were washed three times with
0.05% Tween 20 in PBS for 5 minutes and incubated for 2 hours at room
temperature with secondary antibodies in antibody diluent solution. Cells were
washed three times with 0.05% Tween 20 in PBS for 5 minutes. Nuclei were stained
using 4',6-diamidino-2-phenylindole (DAPI) (1:1000) for 5 minutes. Cells were washed
three times with PBS for 5 minutes each and then imaged using a fluorescence

microscope.

pGEM-T easy vector cloning

SMAD4 fragment was amplified by using PCR. The amplified SMAD4 fragment was
purified by using QlAquick Gel Extraction Kit. The purified SMAD4 fragment was
cloned into pGEM-T easy vector (Promega) and incubated at 4°C for overnight. This
plasmid DNA was transformed into competent cells and extracted for genomic DNA

sequencing analysis.

Organoid formation and quantification of organoid

Organoids were dissociated into single cells by TrypLE select enzyme. 1,000 cells
were mixed with 10% Matrigel and seeded into 96-well plate. Cells (whole-well
image) were counted for colonies at day 1 and day 4 after seeding. The
quantification of organoids was measured and analyzed with ZEISS ZEN Microscope

Software.

Organoid irradiated-induced DNA damage
Single cells (100,000 cells) were cultured in 70% Matrigel and seeded into 12-

well plate. Organoids were treated with X-ray radiation (2 days after seeding). Dose of



27

radiation vary between 0 — 8 Gy for optimal concentration. Cells were collected at
96 hours after irradiation for cell survival analysis (CellTiter-Glo™). For p53 and p21
MRNA expression, cells were collected for RNA extraction at 24h and 48h after

irradiation and analyzed by RT-PCR.

Statistical analysis
T-test statistical analysis was performed by using GraphPad Prism (GraphPad
Prism 8.4.0).



CHAPTER IV
RESULTS

Optimize differentiation protocol for generating cholangiocyte progenitor cell
using iPSCs

Recently, iPSC-derived cholangiocyte differentiation protocols were
developed in order to generate mature cell for drug testing and modeling biliary
disorder. (22) Due to the interline variability, we first validated published
cholangiocyte differentiation protocol using our iPSC (Figure 8A, upper panel).

iPSCs were stepwise differentiated into definitive endoderm (SOX17%), foregut
progenitor cells (FOXA2"), and hepatoblast (HNF4A and CK19 positive cells) which are
the precursor of hepatocytes and cholangiocytes. For cholangiocyte specification,
hepatoblast were cultured in differentiation medium supplemented with fibroblast
growth factor 10 (FGF 10). 4 days after culture, SOX97CK19" cells, cholangiocyte
progenitor cells, were observed, and then terminally differentiated into 3D structure
cholangiocyte-like cells (CLCs) by culture in Matrigel (Figure 8A and B).

iPSC derived CLCs expressed cholangiocyte specific markers (CK19, CK7)
(Figure 8C). However, these CLCs have a limit expansion potential which cannot be
subculture and generate large number of cells for large scale experiment. To
overcome this limitation, we modified CLC culture media by adding growth factors,
gastrin I, FGF10, hepatocyte growth factor (HGF), epidermal growth factor (EGF), A83-
01, Noggin that have been known to support cholangiocyte proliferation. (60) We

called these cells as iPSC-derived cholangiocyte organoids.
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Figure 8 Characterization of iPSC-derived cholangiocyte-like cells.

(A) Differentiation timeline of cholangiocyte organoids derived from CLCs modified from study of
Huch (2015), Sampaziotis (2017) and Light microscopy images and (B) Immunofluorescence
images of cholangiocyte differentiation. (C) Quantitative real-time RT-PCR (gRT-PCR) analysis of
cholangiocyte-associated genes in iPSC-derived cholangiocyte-like cells (CLC), iPSC-derived
cholangiocyte organoids (CO) at early (P.4) and late passage (P.18). n = 3 biological replicates for
each sample. iPSC; induced pluripotent stem cell; DE, definitive endoderm; FP, foregut progenitor
cell; HB, hepatoblasts; CP, cholangiocyte progenitors; CLC; cholangiocyte-like cells; CO, iPSC-
derived cholangiocyte organoids; Early CO, iPSC-derived cholangiocyte organoid passage 5; Late
CO, iPSC-derived cholangiocyte organoid passage 18, CK7, cytokeratin 7; CK19, cytokeratin 19;
AFP, alpha fetoprotein; CFTR, cystic fibrosis transmembrane conductance regulator; HNF4A,
Hepatocyte nuclear factor 4 alpha. The relative expression levels were compared to the house

keeping gene, Glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
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iPSC-derived cholangiocyte organoids showed better proliferation potential as
these cells can be long-term cultured for more than 8 months (Figure 9A). iPSC-
derived cholangiocyte organoids expressed cholangiocyte specific markers (CK19,
CK7, SOX9) and negative for hepatocyte markers (AFP, ALB) (Figure 9B). Compare to
CLCs, cholangiocyte progenitor marker, CK19, was upregulated in iPSC-derived
cholangiocyte organoid as well as others cholangiocyte mature marker CK7 and
CFTR. The expression of mature hepatocyte marker, AFP, was reduced while HNF4A,
regulator of hepatocyte differentiation was not different (Figure 8C). These results
suggesting that CLCs acquired more cholangiocyte characteristics and might retain the
potential of hepatocyte differentiation after culture in our expansion media.
Moreover, this expression of cholangiocyte specific genes was slightly increased

during long-term culture of iPSC-derived cholangiocyte organoids.

Passage 5 Passage 33
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Figure 9 Characterization of iPSC-derived cholangiocyte organoids.

(A) Light microscopy images of iPSC-derived cholangiocyte organoids at passage 5, 15, and 33. (B)

Light microscopy and immunofluorescence images of iPSC-derived cholangiocyte organoids.

Next, we tested whether iPSC-derived cholangiocyte organoids resemble to
primary cholangiocytes isolated from adult liver. RT-PCR revealed the expression
level of cholangiocyte specific markers, CK19, CK7, SOX9, AFP, CFTR, AQP1 and AEZ2 in
iPSC-derived  cholangiocyte organoids were more comparable to primary
cholangiocyte organoids than MMNK-1, mostly used cholangiocyte cell line (Figure
10A). The important physiological function of cholangiocyte is transportation of small
substances, to modulate bile composition by MDR1 transporter. To determine the
functionality of MDR1, iPSC-derived cholangiocyte organoids were cultured in the
presence of Rhodamine 123, MDR1 substrate, and transportation of Rhodamine 123

was observed 20 minutes after incubation using fluorescence microscopy. The
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fluorescence of Rhodamine 123 was detected inside the lumen of iPSC-derived
cholangiocyte organoids which indicate the transportation of Rhodamine 123 from
the basal (outside) to the apical (inside) side. Additionally, in the presence of
Verapamil, MDR inhibitor, the transportation into the central lumen was inhibited

(Figure 10B).
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Cholangiocyte differentiation

- Verapamil

+ Verapamil

Figure 10 Expression of cholangiocyte associated genes and function in iPSC-derived
cholangiocyte organoids.

(A) Quantitative real-time RT-PCR (gRT-PCR) analysis of cholangiocyte-associated genes and
cholangiocyte-specific transporters in iPSC-derived cholangiocyte organoids compare to primary
organoids from adult cells and MMNK-1. (B) Rhodamine 123 uptake of  iPSC-derived
cholangiocyte organoids with (lower panel) or without Verapamil (upper panel). CO, iPSC-derived
cholangiocyte organoid; PCO, primary cholangiocyte organoid; MMNK1, immortalized human
cholangiocyte cell line; CFTR, cystic fibrosis transmembrane conductance regulator; ASBT, apical
sodium-dependent bile acid transporter; AQP1, aquaporin 1; AE2, anion exchange protein 2 ;

SSTR2, somatostatin receptor 2; SOX9, SRY-Box transcription factor 9.

Biliary tubulogenesis is the critical state for bile duct development. We next
ask whether iPSC-derived cholangiocyte organoids have ability to form tubular
structure. HGF, EGF, TGF-Bl and Notch signaling have been known as key factors that
promote tubular morphogenesis. (23) In the presence of these signaling, iPSC-derived
cholangiocyte organoids developed extended structures that resemble to tubular
morphology which branched and elongated corresponding to the day of
differentiation (Figure 11A). Mature cholangiocyte markers, CK7, ASBT, AE2, AQOP1, and

SSTR2, was significantly increased in differentiated cells compare to cholangiocyte
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organoid. (Figure 11B). These results indicated that iPSC-derived cholangiocyte
organoid displayed cholangiocyte characteristic and functional in vitro. Nonetheless,
the remaining of fetal gene expression, such as LIN28B, was observed in iPSC-derived
cholangiocyte organoids (Figure 11C). There are many studies reported that, during
recovery phase after liver injury, biliary epithelial cell has ability to transdifferentiated
into hepatocyte to restore the loss of parenchymal mass. So, we next test whether
iPSC-derived cholangiocyte organoids have hepatocyte function.

When cultured with hepatocyte differentiation media, morphology of iPSC-
derived cholangiocyte organoids were changed from cyst structure with central
lumen to compact spheroid (Figure 11D). RT-PCR analysis demonstrated the
downregulation of cholangiocyte specific genes, CK17, CK19 and significantly
upregulation of gene that found in functional hepatocytes including CYP34A, ALB,
MRP2, TAT and CYP2C9 in hepatocyte differentiated cells (Figure 11E). ALB positive
cells were detected by immunofluorescence staining. This finding indicated that iPSC-
derived cholangiocyte organoids have a potential to differentiate into hepatocyte-like
cells (Figure 11D). Together with data, our modified cholangiocyte differentiation
protocol could generate functional iPSC-derived cholangiocyte organoids that have
long-term expansion potential which can generate large number of cholangiocyte for

biliary disease modeling and drug testing.
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Figure 11 Differentiation potential of iPSC-derived cholangiocyte organoids.

(A) cholangiocyte and hepatocyte differentiation protocol outline and brightfield images of tube
morphogenesis of iPSC-derived cholangiocyte organoids. (B) RT-PCR of cholangiocyte-specific
genes and transporter genes in tube formation differentiation compare to cholangiocyte
organoids. (C) gRT-PCR analysis of fetal gene (LIN28B) expression in iPSC-derived cholangiocyte
organoids compare to primary organoids. (D) Light microscopy and immunofluorescence images
of hepatocyte differentiation. (E) gRT-PCR analysis of cholangiocyte-associated genes and mature
hepatocyte-associated genes in hepatocyte differentiated cells. Red arrow indicates duct-like
structure. Co or Control, iPSC-derived cholangiocyte organoid; PCO, primary cholangiocyte
organoid; Hep; Hepatocyte-induced cholangiocyte organoids; TUBE, cholangiocyte organoids in
tube formation medium, CYP3A4, cytochrome P450 3A4 ; ALB, albumin ; MRP2, multidrug
resistance-associated protein 2; TAT, tyrosine aminotransferase; CYP2C9, cytochrome P450 2C9;

LIN28B, Lin-28 Homolog B.

SMADA4-KO was successfully generated with vary efficiency in any stage of
cholangiocyte differentiation using inducible-Cas9-U6-SMAD4 SgRNA iPSC

SMAD4 is a key mediator of TGF—B and BMP signaling which play a critical in
development as well as differentiation of mature cholangiocyte. In order to elucidate
the role of SMAD4 in cholangiocarcinoma using iPSC-derived cells, Dox-inducible
CRISPR/ Cas9 system was used to knockout SMAD4 at specific stage during iPSC to
cholangiocyte differentiation.

SeRNA targeted SMAD4 at V370 position (65), which is a conserved and MH2
domain that essential for TGF-B and BMP signaling transduction, was synthesized,
and cloned into inducible Cas9 vector (66) under the control of U6 promoter in order
to generate Dox-inducible Cas9-U6-SMAD4 SgRNA cassette. Dox-inducible and rtTA
cassette were specifically targeted into AAVSI locus (Safe harbor) of iPSC through
homologous recombination using TALEN (Figure 12A). Inducible-Cas9-U6-SMAD4
SgRNA iPSC (inSMAD4-KO iPSC) were selected by using puromycin and geneticin. The
presence of inducible cassette and rtTA cassette of AAVSI locus of the selected
clone were confirmed by PCR (Figure 12B and C). Moreover, this iPSC still express
NANOG, OCT4 which confirmed their pluripotency (Figure 12D).
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Figure 12 Generation of inducible SMAD4 knockout cassette in iPSCs.

(A) TALEN-mediated gene targeting of an inducible SMAD4 knockout cassette and Neo-m2rtTA
into AAVSI locus. Induced Cas9 expression with doxycycline treatment result in DNA double-
strand break (DSB) in SMAD4 target gene. (B) PCR analysis of AAVSI-target site of inducible SMAD4
knockout vector and m2rtTA vector. (C) PCR analysis of SMAD4 gRNA part (U6 promoter-SMAD4
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gRNA-guide scaffold) which is crucial part of inducible SMAD4 knockout vector. (D) Light

microscopy image and immunofluorescence of inSMAD4-KO iPSCs.

To validate the CRISPR/ Cas9 inducible system, inSMAD4-KO-iPSCs were
treated with doxycycline for 72 hours. gRT-PCR analysis revealed the upregulation of
CAS9 and SMAD4-SgRNA expression upon doxycycline treatment (Figure 13A). Next,
we test whether this inducible system could introduce mutation in SMAD4 gene.
iNSMAD4-KO iPSCs were treated with 2 pg/ ml doxycycline for 72 hours and T7
endonucleases | (T7El) mismatch detection assay was used to evaluated indel
mutation rate (Figure 13B). 20 % indel mutation rate was detected in inSMAD4-KO
iPSC treated with doxycycline (Figure 13C). DNA sequencing of SMAD4 gene indicated
frameshift mutation pattern which confirmed the knockout efficiency of the inducible

system in pluripotent state (Figure 13D).
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Figure 13 Validation of inducible SMAD4 knockout cassette in iPSCs.

(A) Quantitative real-time RT-PCR (gRT-PCR) analysis of Cas9 expression and SgRNA expression
with or without doxycycline treatment in inSMAD4-KO iPSC (B) Timeline of doxycycline treatment
in iNSMAD4-KO iPSC (C) T7 endonuclease | mismatch detection of SMAD4 gene knockout at PSC
stage. In this study, red arrowhead indicate the expected T7El-specific fragments used to quantify
indel frequency. (D) Representative sequence patterns of various knockout mutant clones.

Control or Wildtype, SMAD4 Wildtype-iPSCs; CL.1, inSMAD4-KO clone 1.

To determine the SMAD4-KO efficiency in each stage of cholangiocyte
differentiation, iInSMAD4-KO iPSCs were stepwise differentiated as described above

(Figure 14A, B and C). SMAD-KO efficiency in hepatoblast stage and cholangiocyte
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progenitor state were analyzed 72 hours after additional of doxycycline (Figure 14D).
Indel mutation rate was gradually decreased during differentiation. 5.6% and 4.26%
indel were detected in hepatoblast and cholangiocyte progenitor, respectively, after
treatment with 2 pg/ ml doxycycline (Figure 14E and F). Increase the doxycycline
concentration to 5 pg/ml could enhanced SMAD4 mutation efficiency. However, high
concentration of doxycycline affected both iPSC and cholangiocyte cell growth. Thus,
2 pg/ml doxycycline was used in further experiment.

These results demonstrated that our inSMAD4-KO iPSC is a useful tool for
studying the role of SMAD4 signaling in each stage of cholangiocyte, as well as
cholangiocarcinoma development. Moreover, this iPSC line can be use to modeling

the role of SMAD4 in other cell type that has successful iPSC differentiation protocol.

Pluripotent stage (Day 0) Definitive endoderm (Day 3) Foregut progenitor (Day 8)
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Figure 14 Characterization of inducible SMAD4 KO iPSC-derived cholangiocyte-like cells and
iPSC-derived cholangiocyte organoids and iPSC-derived cholangiocyte lineage-committed cells.

(A) Light microscopy images and (B) immunofluorescence images of cholangiocyte differentiation.
(O Bright field and immunofluorescence images of inducible SMAD4 KO iPSC-derived
cholangiocyte organoids. (D) Timeline of doxycycline treatment in cholangiocyte lineage-
committed cells; hepatoblasts, cholangiocyte progenitors. (E) T7 endonuclease | mismatch
detection of SMAD4 gene knockout at hepatoblast stage. (F) T7 endonuclease | mismatch
detection of SMAD4 gene knockout at cholangiocyte progenitor stage. In this study red arrowhead

indicates the expected T7El-specific fragments used to quantify Indel frequency.

Loss of SMAD4 promote iPSC-derived cholangiocyte organoids proliferation
survival after low dose radiation

To assess SMAD4 function, iPSC-derived cholangiocyte organoids were treated
with doxycycline for 5 days. Dox-induced cholangiocyte organoids were cultured in
expansion media supplemented with TGF—Bl in order to selected SMAD4-derived
cholangiocyte organoid (Figure 15A). After selection, SMAD4 KO-iPSC derived
cholangiocyte organoids were cultured and expanded in expansion media without
noggin and A83-01. TE7l assay revealed indel mutation at SMAD4 gene. DNA
sequencing showed 21 bp and 5 bp deletion in MH2 domain which confirmed the
knockout efficiency in our inducible system (Figure 15B).

To prove whether the mutation in MH2 domain has an effect on TGF—B
signaling transduction, SMAD4 KO and control organoids were treated with TGF—Bl
and the expression of TGF—B signaling target genes cell cycle growth arrest (p21,
GADD45B and AKAP12) and epithelial-to-mesenchymal transition (PAI-1, SMURFI,
ITGB6, DLX2) were analyzed by RT-PCR. While mRNA level of TGF—B target genes
were significantly upregulated in treated-control, the level in SMAD4 KO cells were
not different compare to untreated cell (Figure 15C and D). These findings confirmed

the loss of SMADll—TGF—B signaling in iPSC-derived cholangiocyte organoids.
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Figure 15 Validation and TGF—B transduction of SMAD4 KO iPSC-derived cholangiocyte organoids.
(A) Brightfield morphology of wildtype and SMAD4 KO cholangiocyte organoids in selection
medium with TGF-B1 and T7 endonuclease | mismatch detection of SMAD4 gene knockout in
SMAD4 KO iPSC-derived cholangiocyte organoids. (B) Representative sequence patterns of SMAD4
KO clone. (C) gRT-PCR analysis of TGF—B/SMADCL downstream target genes which are involved
cytostasis and (D) genes involved cell migration. Statistical analysis was analyzed by Student’s t
test, *P<0.05, **P<0.01, ***P<0.001, or nonsignificant (ns) P=0.05. n = 3 biological replicates for
each sample. C, SMAD4 Wildtype iPSC-derived cholangiocyte organoids; KO, SMAD4 KO-iPSC-
derived cholangiocyte organoids; TGF, Transforming growth factor beta; P21, cyclin-dependent
kinase inhibitor p21 ; GADD45B, Growth arrest and DNA-damage-inducible, beta; AKAP12, A-Kinase
Anchoring Protein 12 ; PAI-1, Plasminogen activator inhibitor-1; SMURF1, E3 ubiquitin-protein
lisase SMURF1; ITGB6, Integrin beta-6 ; DLX2, Distal-Less Homeobox 2.

Previous study of Hernandez in 2019 reported the loss of SMAD4 promote
cell proliferation in squamous cell carcinoma. While overexpression of SMAD4 in
pancreatic cancer cell line promote TGF-B Signaling dependent G; arrest. (67)

So, we next investicate whether loss of SMAD4 function induce cell
proliferation in iPSC-derived cholangiocyte organoid. Based on organoid formation
assay, 24 hours after initiating culture the average organoid size in control-cassette
and SMAD4-KO group were not significantly different, however at 96 hours the
average SMAD4-KO organoid size were increased to 49.2 + 1.56% pm (mean + SD)
whereas the average control-cassette size were increased in 30.4 pm + 6.60% pm
(Figure 16A and B). Additionally, the organoid formation rate of SMAD4-KO line
revealed higher number of organoids forming cell compared to control-cassette
(39.7% vs  51.4%, control-cassette vs SMAD4-KO) (Figure 16C). Comprehensive
transcriptome analysis demonstrated the differential gene expressions between
control and SMAD4-KO lines (Figure 16D and E). Gene Ontology enrichment analysis
indicated that upregulated differentially expressed genes (DEGs) in SMAD4 KO iPSC-
derived cholangiocyte organoids were particularly associated cell proliferation (MAPK,
PI3K and Hippo signaling pathway) correspond to proliferation rate result, whereas

the downregulated DEG was associated with cellular senescence (Figure 16F).
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Figure 16 Proliferation rate of SMAD4 KO iPSC-derived cholangiocyte organoids.

(A) Brightfield images of organoid formation at 96 hours (B) Average organoid size (upper panel)
and the representative proportion of organoid size (lower panel) at 24 hours and 96 hours. (C)
Organoid formation efficiency. (D) Differentially expressed genes of control, cassette and SMAD4
KO iPSC-derived cholangiocyte organoids. (E) Volcano plots of differential expressed genes
between control and SMAD4 KO iPSC-derived cholangiocyte organoids. (F) Gene ontology term
enrichment of up-regulated and down-regulated genes in SMAD4 KO iPSC-derived cholangiocyte
organoids compare to control. Statistical analysis was analyzed by Student’s t test, *P<0.05,
**P<0.01, ***P<0.001, or nonsignificant (ns) P=0.05. n = 3 biological replicates for each sample.
Control or Wildtype, SMAD4 wildtype iPSC-derived cholangiocyte organoids; Cassette, Inducible
SMAD4 KO-PSC derived cholangiocyte organoids; KO, SMAD4 KO-iPSC-derived cholangiocyte

organoids.

Next, we test the effect of SMAD4 loss on DNA damage-induced stress. iPSC-
derived cholangiocyte organoids were exposed gamma-radiation at vary dose and
cell viability were measured 4 days after radiation. The finding revealed that survival
rate of SMAD4 KO iPSC-derived cholangiocyte oreanoids was higher than the control.
Interestingly, at 2 Gy the survival rate of SMAD4-KO iPSC-derived cholangiocyte
organoids was 84% whereas the survival of control organoid was reduced to 54%
(Figure 17A). Increasing of radiation concentration, the different of survival rate was
decreased and no effect at 8 Gy. Then, the expression of p53 and p21 of irradiated
cells at 2 Gy and 6 Gy radiation were analyzed by RT-PCR. At 2 Gy, the expression of
p53 in control cell and SMAD4-KO cells at 24 hours was not increased, whereas the

2.34-fold upregulation of p21 were observed in control but still slightly increased to
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1.53-fold in SMAD4-KO iPSC-derived cholangiocyte organoids (Figure 17B). This finding
was associated with the cell death that observed in at 2 Gy radiation. At 6 Gy, high
radiation concentration induced the upregulation of p53 both in control and SMAD4-
KO cells. The upregulation of p21 in 6 Gy radiation was significantly upregulated to 5-
fold in control and 3.8-fold in SMAD4-KO iPSC-derived cholangiocyte organoids
(Figure 17C). Our finding demonstrated that after radiation in absence of SMAD4, p21

activation after injury was reduced, which enhance the cell survival rate, especially in

lower concentration.
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Figure 17 Cell viability and the expression of p53 and p21 in SMAD4 KO iPSC-derived
cholangiocyte organoids after irradiation.

(A) Cell viability after irradiation at 96 hours. (B) gRT-PCR analysis of p53 and p21 expression level
with 2 Gy of irradiation and (C) 6 Gy irradiation. Statistical analysis was analyzed by Student’s t
test, *P<0.05, ***P<0.001, or nonsignificant (ns) P=0.05. n = 3 biological replicates for each

sample. Wildtype, SMAD4 wildtype iPSC-derived cholangiocyte organoids; Cassette, Inducible
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SMAD4 KO-PSC derived cholangiocyte organoids; KO, SMAD4 KO-iPSC-derived cholangiocyte

organoids.

TGF—B/ SMAD4 signaling pathway is crucial for cholangiocyte differentiation
and tubular morphogenesis. We next examine whether loss of SMAD4 affect the
tubular morphogenesis of iPSC-derived cholangiocyte organoid. As expected, duct-
like structure was not detected in SMAD4-KO iPSC-derived cholangiocyte organoids
throughout the differentiation day (Figure 18A). SMAD4-KO line retained it cyst
structure whereas tubular formation was clearly observed since day 2 of
differentiation in control. This result indicated the defect in tubular morphogenesis of

SMAD4-KO iPSC-derived cholangiocyte organoids
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Figure 18 Differentiation of mature cholangiocyte of SMAD4 KO iPSC-derived cholangiocyte
organoids.

(A) Light microscopy images of cholangiocyte differentiation. Red arrow indicate duct-like
formation. Wildtype, SMAD4 wildtype iPSC-derived cholangiocyte organoids; Cassette, Inducible
SMAD4 KO-PSC derived cholangiocyte organoids; KO, SMAD4 KO-iPSC-derived cholangiocyte

organoids.
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CHAPTER V
DISCUSSION

The limitation of primary cholangiocyte culture and expansion are obstacle of
biliary pathology study for drug testing. (68) Currently, functional human
cholangiocyte protocols from induced pluripotent stem cells (iPSCs) have been
reported in several studies for using as alternative disease modeling to bridge the
gap. (20, 22, 23) Due to the long-time of differentiation process and small number of
cholangiocyte production, the combination of required growth factors in adult liver
organoid culture medium in previous reports were used in this study. (60, 69) Our
iPSC-derived cholangiocyte organoids, cholangiocyte progenitor, revealed the
proliferating potential to long-term culture (more than 8 months) and containing
cholangiocyte-associated gene expression profiles. Thus, our findings can effectively
provide the alternative tool to generate large number of human cholangiocytes for
many applications. Interestingly, we demonstrated that iPSC-derived cholangiocyte
organoid cultured in this condition has potential to differentiate into hepatocyte-like
cells with hepatocyte-specific gene expression profile. Our finding was correlated
with recent reports which showing cell plasticity of liver during injury events. (70) In
further study, it is still required more testing in order to validate whether these
hepatocyte-like-cell has genuinely hepatocyte function as human hepatocytes and

whether it can be used for disease modeling and cell therapy.

Compare to adult liver organoid culture, iPSC-based model provides the
opportunity to study the roles of genes that critical for early developmental stage of
hepatobiliary tract. Moreover, effective protocols using CRISPR/Cas9 technique to
downregulate target genes in several adult organoids have been developed. (58, 65,
71, 72) it is still difficult to disrupt gene and transfection in mature cells, primary
cholangiocytes. Our results demonstrated the wusing inducible CRISPR/ Cas9-

engineered iPSCs model, we can promote gene knockout in human cells in any
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developmental stage including more differentiated stage, cholangiocyte-like-cells, in
the same way as conditional knockout animal models. In our system, during
cholangiocyte differentiation in iPSC revealed low gene disruption rate as a result of
the silenced Tet-On promoter during differentiation. We will further optimize the
promoter selection and culture condition to improving the mutation rate
effectiveness in iPSC-based model.

To generate resembling human cell model, we ask whether the expression of
fetal genes remain exhibited in our iPSC-based model. We observed the expression
of LIN28B in iPSC-derived cholangiocyte organoid, whereas it was not found in adult
liver organoids. To the extent of our knowledge, LIN28B is RNA-binding protein which
play role as a regulator in cell proliferation, differentiation, and metabolism. (73)
iPSC-derived cholangiocyte organoid will be further investigate the function of this
gene. It should be underlined that LIN28B reactivation has been reported in late
stage of cancer as well as hepatocellular carcinoma. It also promotes the cancer
aggressiveness. (74) Our system may provide useful model for LIN28B-expressed cells
study.

Compare to progenitor cell which obtained from adult tissues, Currently,
there was a few studies of iPSC-derived  cholangiocyte progenitor. The
BMP/TGFB/SI\/\AD signaling are known to play important roles in fate decision during
liver and bile ducts development including repair process and cell-type-specific gene
expression. BMP/TGFB/SMAD signaling aberration can promote or inhibit
carcinogenesis in a cell-specific and context-dependent manner. (75) SMAD4
mutation in extrahepatic cholangiocarcinoma has been reported approximately 5-
10%. (76, 77) However, the SMAD4 mutation rate is significant higher in both
intrahepatic and extrahepatic CCA with O. viverrini-associated CCA in Thailand (16.1-
23.9%). (78, 79) Interestingly, the detection of SMAD4 mutation was found in primary
sclerosing cholangitis-derived tissue. (80) It has been unclear whether how SMAD4
loss contribute to cholangiocarcinogenesis. In this study, we used our inducible
CRISPR/Cas9 iPSC system for investigate the role of SMAD4 in human cholangiocyte
progenitors. Our results showed that SMAD4 knockout iPSC-derived cholangiocyte
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progenitors exhibited higher proliferation rate and colony-forming capacity compare
to wildtype. Additionally, it also revealed elevating resistant to radiation.

According to co-regulator, SMAD4 are required for activating the expression of
P53 downstream target which involved in DNA damage response (P21). (81, 82) The
study of whole transcriptomics would provide more data for understanding the role
of SMAD4 in these cells. Taken together, our finding revealed the accelerating
carcinogenesis. It is still unclear whether SMAD4 aberration alone in cholangiocyte
progenitors would be sufficient for cancer initiation in this study. It has been reported
that SMAD4 mutation can initiate tumor formation and progression in head-and-neck
squamous cell carcinoma. (83) Loss of SMAD4 alone is insufficient to induce the
pancreatic cancer formation but can promote cancer metastasis. (84) In animal
model, SMAD4 knockout in hepatocytes and bile duct epithelial cells alone revealed
insufficient to induce CCA. However, CCA was developed high rate when combining
with PTEN. (55) The investigation of cancer initiation potential in SMAD4 KO
cholangiocyte organoid or mature cholangiocyte will be observed in NSG mice.
Additionally, it would be test whether chronic carcinogen exposure in vitro could
induce these cells into CCA in vivo.

To summarize, we generate and validate a new effective system for
investigate gene function in normal human liver and biliary cells. In this study, we
demonstrate that SMAD4 loss is sufficient to promote cholangiocyte progenitor
proliferation, clonal expansion as well as protect from radiation injury-induced cell
death. Therefore, these cells revealed the enhancement of tumor formation
potential. Due to controllable of SgRNA in this system, it can be change or combine
with any SeRNA to disrupt genes of interest in specific cell type. This system will be a

potential tool in liver research as well as investigate cell origin of CCA in future study.
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