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Differentiation of chemically induced liver progenitor cells to cholangiocytes:
Investigation of the optimal conditions
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Chemically induced liver progenitor (CLiP) cells, converted in vitro from mature hepatocytes, possess the bipo-
tentiality to differentiate into both hepatocytes and cholangiocytes. Here, we aimed to investigate the optimal condi-
tions for bile duct (BD) induction from rat CLiPs. A two-step induction protocol was used for the differentiation of
cholangiocytes. We investigated the effects of passage number, preincubation times, Matrigel, and mouse embryonic
fibroblast (MEF) feeder cells on the induction of cholangiocytes. Earlier passages of CLiPs were better for BD induction
compared with stable CLiPs. Extending the preincubation time of CLiPs before induction delayed the formation of the
BD. Matrigel provided cells with space to form three-dimensional (3D) structures, but the long-term use of Matrigel
from the induction step did not benefit the differentiation of CLiPs to cholangiocytes. MEF feeder cells, through the Jag/
Notch pathway, affected BD formation and function, as well as gene and protein expression. CLiPs were a good cell
source for cholangiocyte differentiation under appropriate conditions and may offer a key vehicle for the study of
cholangiopathies in vitro.
� 2020, The Society for Biotechnology, Japan. All rights reserved.
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Cholangiocytes, the epithelial cells that line intrahepatic and
extrahepatic bile ducts (BDs), are highly specialized cells residing in
a complex anatomic nichewhere they participate in bile production
and homeostasis (1,2). Cholangiocytes are damaged in a variety of
human diseases termed cholangiopathies, often causing advanced
liver failure. To gain a better understanding of cholangiopathies, the
development of methods to study cholangiocytes is required.
However, this has proved to be difficult due to the lack of access to
cholangiocytes and relatively low percentage of these cells in the
liver (3). Hence, many researchers have attempted to generate
cholangiocytes from induced pluripotent stem cells (iPSCs) or liver
progenitor cells (LPCs) for use in regenerative medicine (4e7).

In 2017, the Ochiya group in Japan published their significant
findings regarding chemically induced liver progenitor cells (CLiPs)
(8). CLiPs are converted in vitro from mature hepatocytes with a
chemical cocktail named YAC. Similar to LPCs, CLiPs possess the
bipotentiality to differentiate into both hepatocytes (8,9) and
cholangiocytes (8) and form three-dimensional (3D) structures (10)
under special culture conditions. Therefore, CLiPs can be used to
study hepatocytes and cholangiocytes (11). In their work, they
established a two-step protocol to generate ductular structures.
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Good and stable induction conditions will facilitate the appli-
cation of BDs differentiated from CLiPs. Here, we investigate the
optimal conditions for BD induction using rat CLiPs. Four factors
(passage number of CLiPs, length of preincubation before starting
the induction process, use of Matrigel, and use of mouse embryonic
fibroblasts (MEF) feeder cells) affected the efficiency of BD induc-
tion. Our optimal conditions for BD induction using rat CLiPs pro-
vide a platform for future studies of cholangiopathies and other
applications of cholangiocytes.
MATERIALS AND METHODS

Isolation of primary rat hepatocytes Primary mature hepatocytes were
isolated from 7-week-old male Wistar rats (Charles River Laboratories Japan,
Yokohama, Japan) using a modified two-step perfusion method as previously
described (12,13). Briefly, after perfusion with a Ca2þ-free Hank’s/EGTA solution
through the portal vein, the liver was perfused with w130 mL of Hanks solution
containing 130 units/mL collagenase at 20e30 mL/min. The liver was extracted
and mechanically minced with a surgical knife. The minced liver was then filtered
twice by a four-layer cotton mesh and 45 mm stainless steel mesh. Then, the
suspension was purified thrice in DMEM high-glucose medium by centrifugation
at 50 �g for 2 min at 4�C. The cells were then resuspended in 40% Percoll solution
(GE Healthcare, Tokyo, Japan), and the dead cells were removed via centrifugation
at 50 �g for 20 min. We performed all experiments using purified hepatocytes
that were at least 90% viable, which was determined using trypan blue. Animal
studies were performed in compliance with the guidelines of the Animal Ethics
Committee at Nagasaki University.
. All rights reserved.
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FIG. 1. The passaging of CLiPs affects bile duct (BD) formation. (A) The schematic of the BD induction protocol. (B) Representative cell morphologies of BDs at day 12 from primary-
CLiPs (P1 and P2), cryopreserved CLiPs (cryo-CLiPs, P1, and P2), and stable-CLiPs, which were passaged more than 10 times. (C) The heat map of the gene profile in primary-CLiPs,
cryo-CLiPs, and stable-CLiPs used for BD induction (BD-i (þ)). The samples from the same CLiPs cultured in YAC-medium were set as the control group (BD-i (�)). The expression
levels were determined by qRT-PCR, calculated using the 2̂(�DDCt) method, and compared to the housekeeping gene Actb. The color bar represents the levels compared to the
control group, which was set as 1. (D) The percentages of the >5-fold elevated biliary genes among the >1.5-fold upregulated genes in primary-CLiPs, cryo-CLiPs, and stable-CLiPs.
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Conversion of hepatocytes into CLiPs The differentiation protocol has been
previously described (8,11). Briefly, approximately 6 � 105 freshly isolated
hepatocytes were seeded on 100 mm collagen-coated dishes (Asahi Techno Glass,
Tokyo, Japan) in differentiation medium consisting of DMEM/F12 containing 2.4 g/
L NaHCO3 and L-glutamine supplemented with 10 mM Y-27632, 0.5 mM A-83-01,
3 mM CHIR99021, 5 mM HEPES, 30 mg/mL L-proline, 0.5 mg/mL BSA, 10 ng/mL
epidermal growth factor, insulin-transferrin-serine-X, 0.1 mM dexamethasone
(Dex), 10 mM nicotinamide, 1 mM ascorbic acid-2 phosphate, 100 U/mL penicillin,
and 100 mg/mL streptomycin. The medium was changed 1 day after seeding and
every other day thereafter. The cells reached 90% confluency within 2 weeks. In
order to emphasize the key role of the three small chemicals Y-27632, A-83-01,
and CHIR99021, we termed this differentiation medium YAC-medium.

Subculture of CLiPs The cells were passaged once they reached 90% con-
fluency. After washing with phosphate buffered saline (PBS), cells were dissociated
with 2mL of TrypLE Express (Gibco, Thermo Fisher Scientific,Waltham,MA, USA) for
15 min at 37�C. The equivalent volume of pre-culture medium was added, and the
cells were transferred to a 15 mL conical tube and centrifuged at 220 �g for
5 min. The cell pellet was resuspended in 5 mL of culture medium, and the total
number of cells and percent viability were determined using a hemocytometer.
For the next subculture, 2 � 106 cells were seed on 100 mm collagen-collated
dishes in YAC-medium containing 5% FBS. For cryopreserved cells, about
2e5 � 106 cells were frozen in TC-Protector medium (KAC, Kyoto, Japan) at �80�C
for 3e7 days and then transferred to liquid nitrogen for long-term storage. We
termed the first passage of CLiPs as P1, the second passage cells as P2, and cells
that were passaged >10 times were referred to as stable CLiPs. P1 CLiPs were
cryopreserved. Recovered P1 cells were termed as cryo-CLiPs P1, and the
subcultured cells were termed cryo-CLiPs P2. Cells were cultured in the YAC-
medium presented above.

Differentiation of CLiPs into biliary cells We used the two-step induction
protocol for biliary cell differentiation as previously described (8). One day before
obtaining the CLiP suspension, we used commercial MEFs (cat. no. PMEF-N, Merck
Millipore, Tokyo, Japan) to generate MEF feeder layers on collagen-coated 12-well
plates in DMEM with 10% FBS. We set 5 � 104 cells as the Low-MEF condition and
2 � 105 cells as the High-MEF condition. The next day, we seeded CLiPs onto the
MEF feeder cells at a density of 5 � 105 cells/well in YAC-medium supplemented
with 5% FBS, and the cells were cultured for 1e10 days. We then replaced the
medium every 2 days with biliary epithelial cell induction medium (BIM) for 6
days, followed by BIM supplemented with 2% growth factor-reduced Matrigel (lot:
354230, Corning, Tokyo, Japan) for another 6e10 days to facilitate the maturation
of cholangiocytes and formation of BDs. The BIM consisted of mTeSR1 medium
(no. 85850, STEMCELL Technologies, Vancouver, Canada) supplemented with
10 mM of Y-27632, 0.5 mM of A-83-01, and 3 mM of CHIR99021.

Quantitative real-time PCR Total RNAwas extracted using an RNA isolation
kit (NucleoSpin RNA II; Macherey-Nagel, Düren, Germany), as previously reported
(10). cDNAs were converted using a high-capacity cDNA reverse transcription kit
(Applied Biosystems, Tokyo, Japan). Then, PCRs were performed using a
TaqMan Fast Universal PCR Master Mix (Applied Biosystems) and an Applied
Biosystems StepOnePlus Real-Time PCR System according to the manufacturer’s
instructions. The thermocycling conditions were 95�C for 20 s, followed by 40
cycles of 95�C for 1 s and 60�C for 20 s. Cycle threshold (Ct) values were
automatically determined by the StepOnePlus Real-Time PCR System. Actin-beta
(Actb) was used as the housekeeping gene and internal control. Data were
analyzed using the 2

ˇ

(�DDCt) method. The TaqMan primers used for quantitative
real-time PCR (qRT-PCR) are listed in Table S1.

In order to test whether the rat TaqMan cross-react with mouse sample or not,
we checked the mouse embryonic fibroblast (MEF) cell samples with rat TaqMan
which used in this study and compared with the mouse Actb (Actb_m) TaqMan.
Followed by 40 cycles of running, the cycle threshold (Ct) values were automatically
determined by the StepOnePlus Real-Time PCR System. As shown in Fig. S1A, the
mean Ct value of Actb_m was 21, two of the markers (Sox9 and Ck7) ranges at 30 to
35 in Ct value, five markers (Ck19, Ggt1, Gpbar, Mdr1, and Alb) ranged 35 to 40 in Ct
value. The other 12 markers were undetermined. As we know that the higher Ct
value is, the lower expression of this gene.We also calculated the relative expression
level via 2

ˇ

(�DCt) method compared with Actb_m which was set as 1. The data
showed that the cross-reacted markers presented extremely lower level (almost
zero) compared to Actb_m (Fig. S1B). Therefore, most rat TaqMan did not cross react
with MEF samples or with few crosslinking to MEF samples.

Immunofluorescence staining Cells were fixed with 4% paraformaldehyde
at room temperature (RT) for 10 min, permeabilized with 0.1% Triton X-100 (Sig-
maeAldrich, Tokyo, Japan) in PBS for 10 min, and blocked in PBS containing 1% BSA
for 1 h at RT. Cells were incubated with primary antibodies at 4�C overnight. After
washing the cells twice with PBS, cells were incubated with the appropriate



FIG. 2. Extending the preincubation time of CLiPs delays the formation of the bile duct (BD). (A) Representative cell morphologies at the time of BD onset and formation in non-
extending and extending cases. BD onset was defined as the period from the beginning to the emergence of the BD, whereas BD formationwas defined as the period required for the
formation of tubular and cystic structures in all of the cells. The white and red arrows represent the tubular BDs and cystic BDs, respectively. The dotted line represents the area of
undifferentiated CLiPs. (B) The comparison of the time periods of BD onset and formation in non-extending and extending cases (lot ¼ 4, n ¼ 4). Data are shown as the mean � s.d.
and were analyzed with a two-tailed ManneWhitney U test, *p < 0.05.
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secondary antibodies for 2 h at RT. The antibodies, whichwe diluted in PBSþ 1% BSA,
are listed in Table S2. Nuclei were stained with 4’,6-diamidino-2-phenylindole
(Dojindo Laboratories, Kumamoto, Japan) for 30 min. Images were captured using
a confocal laser scanning microscope (Olympus Corporation, Tokyo, Japan).

Rhodamine 123 dye assay After washing once with HBSS, live cells were
incubated with HBSS containing 100 mM of rhodamine 123 (both from
SigmaeAldrich, Japan) for 30 min at 37�C and then washed twice with HBSS. The
stained cells were then visualized using a confocal microscope (Olympus
Corporation).

Measurements of fluorescence intensity The fluorescence intensities of the
dyes along the indicated lines and the graphs of fluorescent values were measured
and generated using ImageJ software (https://imagej.nih.gov/ij/index.html) as pre-
viously described.

Statistical analysis All data are expressed as themean� standard deviations
(s.d.). Statistical analyses were performed with GraphPad Prism 8.0 (GraphPad
Software, Inc., San Diego, CA, USA) using the indicated tests presented in each figure
legend. Differences with p values < 0.05 were considered statistically significant.
The n-value refers to biologically independent replicates.

RESULTS

The passage number of CLiPs affects bile duct
induction We first analyzed the effect of passage number on
cholangiocyte induction using a two-step induction method
(Fig. 1A). We observed among the primary differentiated CLiP
(primary-CLiPs), the cryopreserved primary-CLiP (cryo-CLiPs), and
the CLiPs passaged more than 10 times, which we termed as
stable-CLiPs. We analyzed hepatic and LPC genes among CLiP-P1,
CLiP-P2 and stable-CLiP, compared to mature hepatocyte (MHs)
samples. The data showed the decreased levels of Alb and Hnf4a
in CLiP (Fig. S2A), and elevated the levels of Sox9, Epcam, Afp and
Krt19 in CLiPs compared to the MHs (Fig. S2B). The levels of those
genes are comparable and showed no significant difference
among CLiP-P1, CLiP-2 and stable-CLiP (Figs. S2A and B). Different
cell morphologies were observed among them after induction.
The earlier passages of CLiPs, including primary- and cryo-CLiPs,
both formed typical tubular BD and cystic BD, while only
monolayer structures were formed in the stable-CLiP cultures
(Fig. 1B). We then compared the gene expression profiles among
these CLiPs (Fig. 1C) compared with samples from the same CLiPs
cultured in YAC-medium, which were used as the control group.
Most of the biliary marker genes that were analyzed were
upregulated after induction, whereas some biliary and almost all
hepatic genes were downregulated. The number of biliary marker
genes that increased by >1.5-fold was much higher in primary-
and cryo-CLiPs, with an average of 61.1% and 59.3%, respectively,
than in stable-CLiPs with an average of 53.7%. Furthermore, the
number of genes that were upregulated by >5-fold was higher in
the earlier passages of CLiPs, including primary- and cryo-CLiPs,
compared with stable-CLiPs (Fig. 1D). Besides, CLiP showed
increase trends of Ki67, Pcna and Ki67 genes, and showed
significance in stable-CLiP (Fig. S2C). This quick proliferation rate
in stable-CLiP may result in difficult in BD induction. Therefore, it
is better to use the earlier passages of CLiPs for BD induction.
Among the early passages, we recommend the use of primary-
CLiPs to reduce the failure possibilities associated with cryo-CLiPs
(Fig. S3). Primary-CLiPs P1 were used in all subsequent
experiments unless indicated otherwise.

Extending the preincubation time of CLiPs before induction
delays the formation of the bile duct CLiPs were usually
cultured in the differentiation medium for 1 day before starting the
BD induction to allow the CLiPs to adhere to the dishes (Fig. 1A). In
some cases, we found that the preincubation time was not
sufficient for the CLiPs to attach to the dish, so we extended the
preincubation time to increase the number of cells. To determine
the optimal preincubation time, we compared the time required
for BD onset (emerging of the BD) and typical BD formation
(formation of tubular and cystic structures) (Fig. 2A). When the
preincubation time was 1 day, BD onset and typical BD formation
began on the 6th day and 10th day (on average), respectively
(Fig. 2B). When the preincubation period was extended, BD onset
and typical BD formation started on the 11th day and 15th day
(on average), respectively (Fig. 2B). These data showed that
extending the preincubation of CLiPs delayed the onset and
formation of BD. Therefore, a 1-day preincubation period was
used in all subsequent experiments unless indicated otherwise.

Matrigel affects bile duct formation According to the pre-
vious two-step induction protocol, 2% Matrigel was applied as the
second step for the last 6 days of culture (Matrigel 6 d). In order
to determine the effect of Matrigel on BD formation, we
compared the differences among the no-Matrigel, Matrigel 6 d,
and Matrigel 12 d courses (Fig. 3A). Data showed that neither
typical tubular nor cystic BD morphologies formed in the no-
Matrigel course, while no typical tubular BD structures formed in
the Matrigel 12 d course. In the Matrigel 6 d course, both typical
tubular and cystic BD morphologies were formed (Fig. 3B). We
also compared the levels of biliary gene expression among these
courses (Fig. 3C). Hepatocyte nuclear factor 6 (Hnf6, also known
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FIG. 3. Matrigel affects bile duct formation. (A) Schematic of the treatment with No-Matrigel, Matrigel 6 d, and Matrigel 12 d. (B) Representative cell morphologies at day 12 in no-
Matrigel, Matrigel 6 d, and Matrigel 12 d courses. (C) The relative gene expression level of biliary markers in no-Matrigel, Matrigel 6 d, and Matrigel 12 d courses. Data were
presented as the mean � s.d. (lot ¼ 2, n ¼5), and fold changes relative to the no-Matrigel course were normalized to the housekeeping gene Actb. Data were analyzed with a one-
way ANOVA test, *p < 0.05, ***p < 0.001.
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as Onecut1) showed a relatively high level in the Matrigel 6 d
course, while Aquaporin 1 (Apq1) showed a relatively high level
in Matrigel 12 d course (Fig. 3C). Most of the biliary genes
showed no differences among the three courses; however, the
expression of SRY-Box Transcription Factor 9 (Sox9), Cytokeratin
19 (Ck19), Ck7, Cystic fibrosis transmembrane conductance
regulator (Cftr), and Secretin receptor (Sctr) showed decreased
trends in the Matrigel 12 d course. These data suggest that the
addition of Matrigel provides cells with space to form 3D
structures, but the long-term addition beginning from the
induction step does not benefit the differentiation of CLiPs to
cholangiocytes. For the next experiment, we used the Matrigel
6 d course as the standard protocol unless indicated otherwise.

MEF feeder cells affect BD formation and function, as well as
gene and protein expression Previously, the CLiPs were
cultured on MEF feeder layers. We then asked if the BD structures
could form in the absence of MEFs. To this end, we seeded the
CLiPs without MEFs (No-MEF) and in the presence of a low (Low-
MEF) or high (High-MEF) number of MEFs. The cells were then
cultured with induction medium for 12 days and compared with
the CLiPs without MEFs cultured in YAC-medium for the same
period as the control (Ctrl). There was no BD formation in the
Ctrl groups, and less typical BD structures formed in the No-MEF
condition (Fig. 4A). Both typical tubular and cystic BD formation
were analyzed in the Low- and High-MEF conditions (Fig. 4A).
The number and the size (Fig. 4B) of cystic BDs gradually
increased as the density of MEF feeder cells increased. In
addition, the onset of BD formation in the High-MEF condition
started earlier than that in the Low-MEF condition (Fig. S4). We
also analyzed the expression of biliary marker genes with and
without MEFs (Fig. 4C) and found that the levels were higher in
the cells plated on MEF feeder layers compared with the No-
MEF group. Similarly, the cells on the MEF feeder layers
expressed an increased amount of biliary proteins compared
with the No-MEF group (Fig. 5). Furthermore, we compared the
transportation of rhodamine 123 dye among the different MEF
feeder groups (Fig. 6A), which showed that BD structures
formed in the High-MEF feeder group could transport a larger
amount of dye (Fig. 6B).

MEFs affect BD formation through the Jag/Notch
pathway Previous studies have shown that the Jag/Notch
signaling pathway plays a key role in cholangiocyte genesis
(14e18). Here, we asked if the MEF feeder cells promote BD
formation by regulating Jag/Notch signaling in our system. The



FIG. 4. MEF feeder cells affect bile duct (BD) formation. (A) Representative cell morphologies at day 12 among no-MEF, low-MEF, and high-MEF groups. Cells cultured in YAC-
medium for the same period were used as the control (ctrl). The red arrows show the cystic BD structure. (B) The number and the size of cystic BDs in no-MEF, low-MEF, and
high-MEF groups. Data were presented as the mean � s.d. (lot ¼ 3, n � 10) and analyzed with a one-way ANOVA test, ***p < 0.001. (C) Relative biliary gene markers in no-MEF, low-
MEF, and high-MEF groups were analyzed by RT-qPCR and compared to the samples cultured in YAC-medium for the same period as the control (ctrl). Data were presented as the
mean � s.d. (lot ¼ 1, n ¼ 3) and normalized to Actb as fold changes relative to the control, which was set as 1. Data were analyzed with a one-way ANOVA test, *p < 0.05, **p < 0.01,
***p < 0.001.
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mRNA levels of Notch1 and Notch2were upregulated in co-cultured
with low-MEF, while this upregulation was not shown in high-MEF
condition. Besides, the Notch target Hes1 was correspondingly
elevated in low-MEF condition, not in high-MEF condition. The
Notch ligand Jag1 was upregulated in both low-MEF and high-
MEF conditions. This mRNA expression data showed that the MEF
induced CLiP-derived BD structure through the Jag1-Notch1/2-
Hes1 pathway (Fig. 7).

DISCUSSION

To date, studies of the potential applications of cholangiocytes
have been limited because cholangiocytes make up a very small
proportion of the liver cell population and have proven to be very
difficult to isolate andmaintain in vitro (19,20). At present, there are
only a fewmodels to accurately replicate them in culture (21). With
the rise of stem cell research, studies have indicated that LPCs and/
or iPSCs can be used as an alternate and reproducible source that
can be easily acquired and differentiated into cells with a biliary
phenotype, such as cells under defined culture conditions as 3D
structures (6,7,22,23). Because of their potential for long-term
culture and repopulation capacity, CLiPs are another promising
cell source that can be induced to adopt a cholangiocyte phenotype
using a simple method (8,9).

In this study, we determined that the following key factors
promoted the differentiation of CLiPs into BDs: (i) using earlier
passages of primary-CLiPs, (ii) a 1-day preincubation period of
CLiPs in YAC-medium before the induction step, (iii) 6 days of
Matrigel addition at the second step, and (iv) using an appropriate
MEF feeder cell number, i.e., using more MEF feeder cells to
generate more cystic BD structures and less MEF feeder cells to
obtain more tubular BD structures. The differentiated BDs
expressed many mature biliary genes and proteins. Furthermore,
we demonstrated that activating the Jag/Notch pathway affected



FIG. 5. MEF feeder cells affect bile duct protein expression. The biliary protein markers
in no-MEF, low-MEF, and high-MEF groups were analyzed via immunostaining
analysis.
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BD formation. Therefore, this technique represents a platform for
the future study of cholangiocytes in vitro.

According to the research conducted by Katsuda et al. (8), CLiPs
can be stably cultured without obvious phenotypic alterations.
They defined the cells that were passaged >10 times as stable-
CLiPs (8). Those long-termed cultured CLiPs can be stably
expanded without diminishing their hepatic differentiation abil-
ity. In the present study, we also confirm that long-termed
cultured CLiPs can be differentiated into cells with a biliary
phenotype that express serval biliary markers. On the other hand,
we found that using CLiPs of earlier passages resulted in the for-
mation of better BD structures, including tubular and cystic BDs,
and increased the expression of biliary marker genes compared
with the stable CLiPs. This may partly be caused by the high
proliferation rate in stable-CLiPs. Together, these results indicate
the superiority of younger CLiPs for BD differentiation. Besides,
CLiPs that have been passaged and converted from different in-
dividual hepatocytes may be different after subculture, whichmay
affect the number of cells that attach to the dish. In those cases,
extending the number of preincubation days in YAC-medium
could be used to obtain enough cells before BD induction. How-
ever, it should be noted that a delay in BD formationwas observed
when the preincubation time was extended.

Protocols from the reported studies for biliary cell differentia-
tion from stem cells always used a gel-embedded or 3D culture
system (6,7,22,23). It has been considered that a 3D gel provides a
space for tubulogenesis and the polarization of cholangiocytes.
Similarly, the Matrigel in our system may provide the cells with a
3D space; however, the long-term addition of Matrigel may reduce
typical tubular BD formation. Hence, the two-step protocol with the
addition of Matrigel for 6 days at the second step is believed to
benefit the formation of typical BDs in our system.

Ogawa et al. reported that the coculture of hepatoblasts with
OP9 stromal cells, which are known to express different Notch
ligands, including Jagged1, in a 3D culture system promoted
cholangiocyte development (22). Here, we used MEFs as a 2D
feeder layer for BD induction, and the data showed that MEF
feeder cells affected BD formation and function, as well as gene
and protein expression. In this study, MEF feeder cells offered the
distribution of plated cells in a relative separated CLiPeCLiP
interaction but a close interaction to MEF space. Compared to
the group of BDs without MEF feeder (i.e., only CLiPeCLiP inter-
action), the BD in MEF feeder (i.e., CLiPeMEF interaction) showed
more typical structures with both tubular and cystic BD struc-
tures, expressed much higher level of biliary gene makers (Fig. 4),
and biliary proteins (Fig. 5), as well as Mdr1 transporter func-
tionality (Fig. 6). Therefore, our data demonstrated that CLiPeMEF
interaction is critical for biliary differentiation. It may imply that
artificially plating or distributing the cells as treelike structures
will produce the biliary tree structures. This means that we could
control CLiP-derived duct formation by applying the 3D gel or 3D
printing techniques in the future (24).

Even though the pathways that control biliary development are
not fully understood, several essential signaling pathways and
proteins that play important roles in BD morphogenesis have been
confirmed (25e27). Another important morphogenetic cue comes
from the Notch signaling pathway, which is well known for its
regulation of biliary cell fate and morphogenesis of the developing
biliary tree (14). In our differentiation system, data also showed the
activation of Notch1/Notch2 and Jag1, confirming the important
role of this pathway in BD formation by CLiPs.

Several protocols to induce iPSCs into cholangiocytes have been
reported. Dianat et al. (7) determined the optimal conditions to
drive the differentiation of human iPSCs derived from hepatoblasts
into functional cholangiocyte-like cells using feeder-free and
defined culture conditions, including the use of epidermal growth
factor (EGF), IL-6, sodium taurocholate, and growth hormones. In a



FIG. 6. MEF feeder cells affect bile duct function. (A) The rhodamine 123 assay was used in no-MEF, low-MEF, and high-MEF groups. (B) The fluorescence intensities along the red
line in the images were measured and listed.

FIG. 7. MEF feeder cells affect the Jag/Notch pathway in CLiP-derived BD. The genes
related to the Jag/Notch pathway in CLiP-derived BD induced on no-MEF, low-MEF, and
high-MEF feeder conditions were analyzed via RT-qPCR and compared to the CLiP
samples cultured in YAC-medium for the same period as control. Data were presented
as the mean � s.d. (lot ¼ 1, n ¼ 3) and normalized to Actb as fold changes relative to the
control, which was set as 1. Data were analyzed with a one-way ANOVA test, *p < 0.05,
**p < 0.01, ***p < 0.001.
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3D matrix culture system, those cells developed epithelial/apico-
basal polarity and formed biliary ducts and functional cysts. Af-
terward, Ogawa et al. (22) described a protocol that achieved the
efficient differentiation of cholangiocytes from iPSCs by using a 3D
coculture system of hepatoblasts with OP9 stromal cells and the
combination of three different growth factors, including TGF-b,
EGF, and HGF. Sampaziotis et al. (6) reported that exposure to
FGF10, retinoic acid, and Activin A before 3D culture was important
for cholangiocyte progenitor specification. Another study by De
Assuncao et al. (23) fully characterized the cells in vitro and in vivo
by exposing them to high concentrations of TGF-b and Jagged1. In
our system of BD differentiation from CLiPs, we did not use growth
factors or cytokines. Instead, we usedMatrigel andMEF feeder cells,
which is a much easier technique. Currently, we are trying to
modify our protocol and apply it to human CLiP-derived BDs.

Two future applications of iPSC-derived cholangiocytes in basic
and clinical research are the modeling of cholangiocyte diseases
and the use of cholangiocytes in cell therapy, scaffolding, and bio-
printing (21). Our CLiP-derived BD structures can be used to model
the bile acid drainage system by immerging those cells into hepa-
tocytes, which is an ongoing study in our laboratory.

In summary, we determined the optimal conditions for BD dif-
ferentiation from rat CLiPs. Using our stable and efficient approach,
BD structures can be used to study cholangiocyte diseases and
regenerative medicine.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jbiosc.2020.07.009.
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