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Abstract

The initial creation of human-induced pluripotent stem cells (iPSCs) set the
foundation for the future of regenerative medicine. Human iPSCs can be dif-
ferentiated into a variety of cell types in order to study normal and patho-
logical molecular mechanisms. Currently, there are well-defined protocols
for the differentiation, characterization, and establishment of functionality in
human iPSC-derived hepatocytes (iHep) and iPSC-derived cholangiocytes
(iCho). Electrophysiological study on chloride ion efflux channel activity in
iHep and iCho cells has not been previously reported. We generated iHep
and iCho cells and characterized them based on hepatocyte-specific and
cholangiocyte-specific markers. The relevant transmembrane channels were
selected: cystic fibrosis transmembrane conductance regulator, leucine rich
repeat-containing 8 subunit A, and transmembrane member 16 subunit A. To
measure the activity in these channels, we used whole-cell patch-clamp tech-
niques with a standard intracellular and extracellular solution. Our iHep and
iCho cells demonstrated definitive activity in the selected transmembrane
channels, and this approach may become an important tool for investigating
human liver biology of cholestatic diseases.
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TRANSMEMBRANE CHANNEL ACTIVITY IN HUMAN HEPATOCYTES
AND CHOLANGIOCYTES

INTRODUCTION

Induced pluripotent stem cells (iPSCs) are a form of
pluripotent stem cell originating from adult somatic
cells."? These specialized cells achieve embryonic
stem cell-like properties through reprogramming.[?’] In
2007, the Yamanaka lab at Kyoto University was able to
generate human iPSCs from human dermal fibroblasts
via introduction and subsequent forced expression of
distinct transcription factors: Oct3/4, Sox2, Klf4, and
c-Myc.! The human iPSCs produced were similar to
human embryonic stem cells in morphology, prolifera-
tion, gene expression, and epigenetic status of pluripo-
tent cell-specific genes.[‘” An application that has been
reliably advantageous is the use of iPSCs to create var-
ious cell lines through differentiation.”>4='% |In addition,
iPSCs derived from somatic cells with disease-related
phenotypes can be used to understand the molecu-
lar mechanisms of diseases." Disease modeling with
iPSCs is greater to animal models and human cell
lines due to the ability of researchers to create patient-
specific cells.l'!

Several reports have created relatively successful
protocols for the generation of hepatocyte-like cells
(iHep) and cholangiocyte-like cells (iCho) with differ-
ent levels of maturation.®5°1% Based on the results
found in a microarray of fetal and adult human he-
patocytes, we improved the generation of iHep cells
using additional growth factors and molecules, which
yielded cells with gene-expression profiles and fea-
tures that are more comparable to their human adult
primary cell counterparts.[z'm In recent years, studies
have shown successful differentiation to iCho with the
cells expressing cholangiocyte markers: cytokeratin
7 and cytokeratin 19 (CK19) as well as cystic fibrosis
transmembrane conductance regulator (CFTR) and
inositol 1,4,5-trisphosphate receptor type 3 (ITPR3),
a protein involved in the cholangiocyte functional-
ity.[z'ﬁ'g] Moreover, researchers have been able to
mimic and understand organ development and dis-
ease processes by generating specialized cells using
the organoid formation approach.!"®' Human iPSC-
derived liver cells have been also used to create mini
human liver as a unit for transplant and as a tool to
understand molecular biology in human nonalcoholic
steatohepatitis.[z'm]

lon chloride (CI") channels are important to maintain
the liver functionality. Movement through the plasma
membrane in hepatic cells is performed by specific
transmembrane channels such as CFTR, leucine rich
repeat-containing 8 subunit A (LRRC8A), and trans-
membrane member 16 subunit A (TMEM16A).['51¢]
CFTRis expressed exclusively at the apical membrane
of cholangiocytes and is activated by intracellular cy-
clic adenosine monophosphate (cAMP) contributing
to the bile formation.['®"" TMEM16A, also involved in
bile production, is activated by alteration in intracellular

calcium content and has an additional role in the duct-
ular bile formation."®2% The role of TMEM16A in the
biliary epithelial cells has been studied; however, the
expression of TMEM16A in human hepatocytes has
been recently correlated with metabolic disorders.?"
LRRC8A, a member of the volume-regulated anion
channels (VRACs), can be found in both cells (he-
patocytes and cholangiocytes).“s'zzl Changes in os-
molarity activate LRRC8A, preventing huge alterations
in cell size, consequently reducing cell damage.[23'24]
Alteration in the expression and functionality of these
channels have been linked to the physiopathology of
several cholestatic diseases.[?>2°!

To understand whether human iPSC differentiated
hepatocytes and cholangiocytes can be used to study
transmembrane channel activity, we sought to estab-
lish their functionality through the measurement and
analysis of currents in three important transmembrane
channels—CFTR, LRRC8A, and TMEM16A, because
the activation of these channels is crucial for CI™ ef-
flux across the plasma membrane and contributes to
the bile formation process in adult livers.""=19271 Here
we characterized the CFTR, LRRC8A, and TMEM16A
activity in human iPSC differentiated hepatocytes and
cholangiocytes and demonstrated that these cells can
be used to model not only hepatocyte and cholangio-
cyte active transport processes, but also to further un-
derstand cholestasis diseases progression, to search
for targets and drug screening.

MATERIALS AND METHODS

Cell culture and detailed protocols for differentiation
of human iPSCs into hepatocytes (iHep) and chol-
angiocytes (iCho) are described in the Supporting
Information.

Real-time polymerase chain reaction

To characterize the cells, total RNA was isolated from
the cells in the end of the iHep or iCho differentiation
protocol using Rneasy Mini kits (QIAGEN, Hilden,
Germany) and reverse-transcribed using Super-Script
Il (Invitrogen, Carlsbad, CA, USA) following the man-
ufacturers’ instructions. We performed quantitative
polymerase chain reaction (PCR) with a StepOnePlus
system (Applied Biosystems, Foster City, CA, USA)
using TagMan Fast Advanced Master Mix (Life
Technologies, Waltham, MA, USA). The probes used
are found in the Supporting Information. Relative gene
expression was normalized to p-actin messenger RNA
(mRNA). Relative expression was calculated using the
AACT method. Normal primary adult hepatocytes were
used as a positive control for the iHep differentiation,
and primary hepatocellular carcinoma (PHC) and H69
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cells for the iCho protocol. All of the data were normal-
ized to undifferentiated iPSCs.

Immunofluorescence

At the end of the differentiation, iHep and iCho cells
were washed once with phosphate buffered saline
(PBS), fixed with 4% paraformaldehyde for 15 min,
and washed another 3 times with PBS. Samples were
washed 3 times with wash buffer (PBS, 0.1% bovine
serum albumin [BSA], and 0.1% TWEEN 20) for 5 min
and then blocked and permeabilized in blocking buffer
(PBS, 10% normal donkey or goat serum, 1% BSA,
0.1% TWEEN 20, and 0.1% Triton X-100) for 1 hour at
room temperature. Samples were then incubated with
primary antibody in blocking buffer overnight at 4°C.
Samples were washed 3 times with wash buffer for 5
min and incubated with secondary antibody in blocking
buffer for 1 hour in the dark at room temperature. Then,
the samples were washed 3 times with a wash buffer
for 5 min, 3 times with PBS, and then counterstained
with 1 pg/ml of DAPI (4',6-diamidino-2-phenylindole;
Sigma-Aldrich, St. Louis, MO, USA) for 1 min at room
temperature in the dark. Samples were washed 3 times
with PBS and stored in the dark at 4°C. Samples were
imaged using an Eclipse Ti inverted microscope (Nikon)
and the NIS-Elements software platform (Nikon). A
table with the details relating to the antibodies can be
found in the Supporting Information. Normal primary
adult hepatocytes were used as a positive control for
the iHep differentiation, and primary human cholangio-
cytes and H69 cells for the iCho protocol.

Western blotting

iHep, iCho, H69, human hepatocyte, and cholangiocyte
samples were incubated with radio immunoprecipita-
tion assay lysis buffer (Sigma-Aldrich), 1-times Halt
Protease and Phosphatase Inhibitor Cocktail (Thermo
Fisher Scientific, Waltham, MA, USA) and incubated
for 30 min at 4°C. Samples were centrifuged at 13,000g
for 10 min at 4°C. The supernatant from each sample
was then transferred to a new microfuge tube and was
used as the whole cell lysate. Protein concentrations
were determined by comparison with a known concen-
tration of BSA using a Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific). A total of 30 ug of lysate
was loaded per lane into 10% Mini-PROTEAN TGX
gel (Bio-Rad, Hercules, CA, USA). Next, proteins were
transferred onto PVFD Transfer Membrane (Thermo
Fisher Scientific). Membranes were incubated with
primary antibody solution overnight and then washed.
Membranes were incubated for 1 hour in secondary
antibody solution and then washed. Target antigens
were finally detected using SuperSignal West Pico

PLUS Chemiluminescent Substrate (Thermo Fisher
Scientific). Images were scanned and analyzed using
Imaged software. All band density values were normal-
ized to the band density for glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). The details pertaining to the
antibodies can be found in the Supporting Information.

Bile acid

At the end of the hepatocyte differentiation protocol,
the medium was replaced to Stage 4 medium with-
out ursodeoxycolic acid. Forty-eight hours later the
medium was collected, and a reaction with 3 alpha-
hydroxysteroid dehydrogenase was measured by
fluorescence intensity using the Bile Acid Assay Kit
(Sigma-Aldrich), according to the manufacturer’s
instructions.

cAMP levels

iCho and PHC were plated in a collagen-coated 96-well
plate the day after the cells were stimulated with 10 pM
secretin or 10 uM Forskolin (Cayman Chemical, Ann
Arbor, Ml, USA). cAMP levels were measured using
the cAMP-Glo assay kit (Promega, Madison, WI, USA)
according to the manufacturer’s instructions.

Cholyl-lysyl-fluorescein transport assay

The experiment was performed as previously described
by Sampaziotis et al. with some modifications.® At the
end of Stage 4 for the cholangiocyte differentiation pro-
tocol, the cells were detached and 2 x 10* cells were re-
plated in a thick layer of Matrigel Basement Membrane
Matrix (Corning, New York, NY, USA). Cells were then
further differentiated into mature cholangiocytes using
maturation medium (Stage 5). Ten days later the cells
were incubated with 5 pM of cholyl-lysyl-fluorescein
(CLF; Corning) or 5 pM of unconjugated fluorescein iso-
thiocyanate (Sigma-Aldrich) as control. After 30 min at
37°C, cells were washed with Leibovitz's medium (Life
Technologies, Waltham, MA, USA), and images were
taken right after (loading phase) and 10 min later (ex-
porting phase). Samples were imaged using an Eclipse
Ti inverted microscope (Nikon), and the NIS-Elements
software platform (Nikon) and measurements were
made using Image J software.

Measurement of Cl” currents

Membrane currents were measured via whole-cell patch
clamp techniques. Cells on a cover slip were mounted
in a chamber (volume ~400 pl), and whole-cell currents
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were measured using specific intracellular and extracel-
lular solutions as described subsequently. Patch pipettes
were pulled from Corning 7052 glass and had a resistance
of 2-5 MQ. Recordings were made with an Axopatch ID
amplifier (Axon Instruments, Foster City, CA, USA) and
were filtered at 2 kHz and sampled at 4 kHz for storage
on a computer and analyzed using pCLAMP version 10
(Axon Instruments, Burlingame, CA, USA) as previously
described.®"¥ Two voltage protocols were used: (1)
holding potential ~40 mV, with rapid alteration of mem-
brane potential from =100 mV to +100 mV over 450 ms
every 2 seconds (RAMP protocol), and (2) holding po-
tential —40 mV, with 450-ms steps from =100 mV to +100
mV in 20-mV increments (STEP protocol). Protocol 1 was
used for real-time tracings, and Protocol 2 for genera-
tion of current-voltage (I-V) plots. Results are compared
with control studies measured on the same day to mini-
mize any effects of day-to-day variability and reported
as current density (pA/pF) to normalize for differences
in cell size. Solutions used to maximize potential CAMP-
stimulated CI™ currents (e.g., CFTR) included a pipette
solution containing 150 mM N-methyl-D-glucamine-Cl,
1 mM MgCl,, 1 mM ethylene glycol tetraacetic acid
(EGTA), 0.5 mM adenosine triphosphate (ATP), and
10 mM 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic
acid (HEPES) at pH 7.3; and a bath solution containing
150 mM N-methyl-D-glucamine-Cl, 1 mM MgCl,, 1 mM
CaCl,, and 10 mM HEPES-Tris at pH 7.4. Solutions used
to maximize potential volume-stimulated CI” currents
(e.g., LRRCB8A) included a pipette solution containing 90
Cs-chloride, 50 Cs-aspartate, 1 mg ATP, 10 mM HEPES,
and 2 mM EGTA at pH 7.3, buffered with CsOH; and a
bath solution containing 86 mM NaCl, 1 mM CaCl,, 1 mM
MgCl,, 10 mM HEPES, 120 mM D-mannitol, and 10 mM
glucose at pH 7.4, buffered with NaOH. Osmolarity was
adjusted with D-mannitol to 310 + 5 mOsm/kg (isotonic)
using an Advanced Micro Osmometer (Model 3300;
Advanced Instruments Inc., Norwood, MA, USA). Cell
swelling was induced by omitting a defined concentration
of mannitol from the bath solution to induce hypotonicity
(up to 190 mOsm/kg). Solutions used to maximize poten-
tial Ca*-activated CI” currents (e.g., TMEM16A) included
the pipette solution containing 130 mm KCI, 10 mm NaCl,
2 mm MgCl,, 10 mM HEPES/KOH, 0.5 mM CaCl,, 3 mM
MgATP?", and 1 mm EGTA (pH 7.3); and a bath solu-
tion containing 140 mM NaCl, 4 mM KCI, 1 mM CaCl,, 2
mM MgCl,, 1 mM KH,PO,, 10 mM glucose, and 10 mM
HEPES/NaOH (pH ~ 7.4). A total of 10 pM CFTRinh-172
(Millipore, Billerica, MA, USA) and 10 pM T16Ainh-A01
(Millipore, Billerica, MA, USA) were used to inhibit CFTR
and TMEM16A current, respectively.

Statistical analysis

For statistical analysis, means between two groups
were compared by t test. Comparison of multiple

groups was performed by one-way analysis of vari-
ance followed by the Tukey post hoc test, according to
the number of independent groups, unless otherwise
stated. Data are reported as means + SD. A p value <
0.05 was considered as statistically significant.

RESULTS
Differentiation of human iPSCs into iHep

To induce differentiation of the human iPSCs into
iHep, we used our previously published protocol.[z'm]
The endoderm induction steps were cultured using
a monolayer system (Figure 1A). As a result, more
than 85% of the cells expressed the definitive endo-
derm marker, SRY-BOX 17 (Sox17) (Figure 1B) at Day
4. For hepatic specification, cells were treated with
dimethyl sulfoxide (DMSO) and hepatocyte growth
factor (HGF) for 10 days. The last 4 days the cells
were replated and cultured with growth factors to in-
duce maturation.”) mRNA analyses were performed
on the iHep cells to observe the relative expression
of mature hepatocyte-specific markers (hepatocyte
nuclear factor 4a [HNF4«], liver X receptor [LXR],
and UDP glucuronosyltransferase family 1 mem-
ber A1 [UGT1A1]) (Figure 1C), as well as the loss of
the pluripotent markers Nanog and OCT3/4 (Figure
S3). It is important to note that HNF4a and LXR are
liver-enriched transcription factors, which are vital
in organ development and cellular function.?® The
analyses revealed the up-regulation of HNF4«a and
LXR in iHep to levels comparable to the human adult
primary hepatocyte (Figure 1C), with more than 85%
of cell nuclei expressing HNF4a at the protein level
(Figure 1D). Liver-enriched transcription factors such
as HNF4a and LXR act as regulators for relevant
genes, including UGT1A1.2°! Up-regulation of HNF4a
and LXR in iHep subsequently induced the expression
of UGT1A1, although at levels significantly lower than
in human adult hepatocytes, as already described.
The relative expression of cholangiocyte-specific
markers (Sox9, HNF1p, and ITPR3) was measured in
iHep, to further establish absolute characterization of
our cells (Figure 1C). Despite progress in advancing
the differentiation of human stem cells into hepato-
cytes in vitro, cells that replicate the ability of human
primary adult hepatocytes to metabolize drugs in
vitro and other mature advanced functions, we have
developed a chemically defined system to generate
functional hepatocytes with some characteristics of
a mature phenotype.[zl As a result, up-regulation of
the cholangiocyte markers at the mRNA level was ob-
served within our iHep cells. However, at the comple-
tion of the differentiation protocol, nearly 100% of the
cells expressed albumin, adult isoform of HNF4a, but
did not express alpha-fetoprotein (AFP), an immature
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FIGURE 1 Generation and characterization of hepatocytes from human-induced pluripotent stem cells (iPSCs). (A) Schematic
depiction of the protocol used to differentiate human iPSCs to human-induced iPSCs (iHep). (B) Immunofluorescence analysis exhibiting
expression of a crucial endoderm marker using an antibody that recognized SRY-box 17 (Sox17) at day 4. (C) Messenger RNA (mMRNA)
analyses of the expression of hepatocyte-specific genes: adult isoform of hepatocyte nuclear factor 4a (HNF4a), liver X receptor (LXR),
UDP glucuronosyltransferase family 1 member A1 (UGT1A1), bile salt export pump (BSEP), multidrug resistance-associated protein 2
(MRP2), acetyl-CoA carboxylase alpha (ACC), and fatty acid synthase (FASN); and cholangiocyte-specific genes: Sox9, HNF1p, and
inositol 1,4,5-triphosphate receptor, type 3 (ITPR3). Values are determined relative to p-actin and presented as fold change relative to

the expression in human iPSCs at day 0, which is set as 1. Error bars represent mean + SD of three independent experiments (*p < 0.05;
**p < 0.01 and ***p < 0.001). (D) Immunofluorescence analyses exhibiting expression of key hepatocyte markers at day 18, while using
antibodies that recognized the adult isoform of HNF4«, albumin, and alpha-fetoprotein (AFP). Human adult hepatocytes (hAH) and human
fetal hepatocytes (hFH) were used as controls. (E) Comparison of bile acid production between iHep and human adult hepatocytes. Values
per million cells. Error bars represent mean + SD of three independent experiments (***p < 0.001). PHC, primary hepatocellular carcinoma
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hepatocyte marker (Figure 1D). Moreover, although
some mMRNA expression of Sox9 (cholangiocyte
marker) was detected in iHep at the end of the differ-
entiation protocol, Sox9 protein expression was not
detected, indicating their hepatic phenotype (Figure
S4).

Hepatocytes are responsible for production of sev-
eral plasma proteins, detoxification of endogenous
and xenobiotics compounds, and are involved in the
bile production.ml As an active metabolic cells, he-
patocytes have a large content of mitochondria, as
this organelle is involved in the intracellular energy
production through glucose metabolism.B" In previ-
ous work, we documented that iHep mitochondrial
content was similar to that observed in human pri-
mary adult hepatocytes.[zl We also analyzed the abil-
ity of iHep to store glycogen and secrete urea and
alpha-1-antitrypsin.[2] Here, we analyzed gene ex-
pression of acetyl-CoA carboxylase alpha and fatty
acid synthase, genes involved in the lipogenesis
process.[azl As expected, the cells generated by our
hepatocyte-directed differentiation protocol showed
an up-regulation of both genes, as seen in human he-
patocytes (Figure 1C). We also investigated the ability
of iHep to secrete bile acids. Moreover, quantitative
PCR analyses revealed that bile salt export pump
and multidrug resistance-associated protein 2 are ex-
pressed in the iHeps (Figure 1C). Finally, iHeps are
able to secrete bile acids to the medium comparable
to human hepatocytes (Figure 1E).

Differentiation of human iPSCs into
iCho cells

To induce differentiation of the human iPSCs into iCho
cells, we used our previously published protocol.m
Cholangiocytes and hepatocytes share common pre-
cursors,’® so the endoderm induction steps were iden-
tical to the steps used in the hepatocyte differentiation
protocol (Figure 2A). At the end of definitive endoderm
induction, more than 85% of the cells expressed the
endoderm marker Sox17 (Figure 2B). To induce he-
patic specification, the endoderm cells were exposed
to bone morphogenetic protein 4 (BMP4) and fibroblast
growth factor 2 (FGF2) for 5 days. To stimulate cholan-
giocyte induction, the cells were cultured in activin A,
FGF10, and retinoic acid for 4 days. Finally, to ensure
the maturation of the iCho cells, we treated the cells
with epidermal growth factor (EGF), dexamethasone,
interleukin 6, sodium pyruvate, TGFp1, and sDLL-1 (li-
gand for Notch receptors) to the differentiation program
for 10 days.m Following this treatment, the cells lost the
expression of Nanog and OCT3/4 (pluripotent mark-
ers) (Figure S3). Additional gene-expression analyses
were performed to document the relative expression of
mature cholangiocyte-specific markers (Sox9, HNF1p,

and ITPR3), an intracellular calcium release channel
involved in bicarbonate secretion in bile ducts.** Next,
to fully characterize cholangiocyte phenotype of the
resulting cells, we evaluated gene expression of func-
tional components within the bile production machin-
ery expressed in the human cholangiocytes. Secretin
receptor, CI'/HCO," anion exchanger 2, aquaporin 1,
cholinergic receptor muscarinic 3, and P2Y purinocep-
tor 1 were expressed in iCho cells at comparable lev-
els to those in human primary cholangiocyte, controls
(Figure 2C). Hepatocyte-specific markers HNF4a, LXR,
and UGT1A1 were no longer expressed or became sig-
nificantly reduced, showing that our protocol was effi-
cient in generating cholangiocyte-like cells (Figure 2C).
Following this last stage, the cells expressed CK?7,
CK19 and Sox9, markers found in mature bile ducts!'”
(Figure 2D). Next, to assess the functionality of iCho,
we measured the intracellular levels of cCAMP medi-
ated by secretin and forskolin stimuli (activators of
CFTR and consequently involved in the secretion of
bicarbonate into the bile duct Iumen).[34] As human pri-
mary cholangiocytes, iCho cells were able to elevate
the intracellular levels of cAMP following the secretin
and forskolin stimuli (Figure 2E). iCho were also able
to export bile acids, measured by the exportation of the
fluorescent bile acid CLF in a 3D culture (Figure 2F).
Recent studies have reported that changes in the bile
flow, composition, and osmolarity are detected by
proteins expressed through the cilium, thus activating
intracellular pathways that are important for bile forma-
tion.®% Immune staining analysis shows the expression
of acetyl-a-tubulin localized on cilia of iCho and human
primary cholangiocytes, controls (Figure 2G).

Functional assessment of CFTR

After generating and characterizing iHep and iCho,
we analyzed CFTR to establish the functionality of
our cells. A mRNA analysis revealed a significant up-
regulation of CFTR in iCho cells when compared with
the H69 human cholangiocyte cell line. The relative ex-
pression of CFTR in iHep was essentially nonexistent,
which was comparable to the levels observed in adult
human primary hepatocytes (Figure 3A). To further
substantiate these findings, a protein analysis showed
a strong signal for CFTR in iCho cells, while very weak
signals were present in cholangiocyte cell line, H69,
and iHep. Quantification of protein expression when
normalized with GAPDH indicated a significantly large
difference between the presence of CFTR in iCho
and H69. Additionally, a slightly significant difference
between the CFTR levels in iHeps and adult primary
hepatocytes was recorded (Figure 3B). To determine
the functional significance of CFTR expression, patch
clamp studies were performed in iCho and iHeps.
Under basal conditions, little current is observed (-2.1
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FIGURE 2 Generation and characterization of iPSC-derived cholangiocyte (iCho) cells from human iPSC. (A) Schematic depiction
of the protocol used to differentiate human iPSCs to iCho cells. (B) Immunofluorescence analysis exhibiting expression of a crucial
endoderm marker using an antibody that recognized Sox17 at day 4. (C) mRNA analyses of the expression of cholangiocyte-specific
genes: Sox9, HNF1p, ITPR3, secretin receptor (SCTR), CI'/HCO, anion exchanger 2 (AE2), aquaporin 1 (AQP1), cholinergic receptor
muscarinic 3 (CHRM3), P2Y purinoceptor 1 (P2Y1R), and hepatocyte-specific genes: adult isoform of HNF4a, LXR, and UGT1A1. Values
are determined relative to p-actin and presented as fold change relative to the expression in human iPSCs at day 0, which is set as 1. Error
bars represent mean * SD of three independent experiments (*p < 0.05; **p < 0.01, and ***p < 0.001). (D) Immunofluorescence analyses
exhibiting expression of key cholangiocyte markers at day 23, while using antibodies that recognized cytokeratin 7 (CK7), CK19, and
Sox9. Primary human cholangiocyte was used as a control. (E) Measurement of intracellular cyclic adenosine monophosphate (CAMP) in
response to secretin (10 pM) and forskolin (10 uM) stimuli. Error bars represent mean + SD of three independent experiments (*p < 0.05
and ***p < 0.001). (F) Representative images demonstrating active export of the fluorescent bile acid cholyl-lysyl-fluorescein (CLF) from
the lumen of human iCho organoids compared with controls loaded with fluorescein isothiocyanate (FITC). Results show the fluorescence
intensity in the center of organoids was normalized to background; error bars represent mean = SD of three independent experiments

(**p < 0.01). (G) Acetyl-a-tubulin staining revealed that the iCho cells have a primary cilium as the primary human cholangiocyte. DAPI,
4',6-diamidino-2-phenylindole



TRANSMEMBRANE CHANNEL ACTIVITY IN HUMAN HEPATOCYTES

1568 | AND CHOLANGIOCYTES
(A) cFTR (B)
c 300_ *kk . . 0.8' kK
2 : iCho H69 iHep hAH
o [C— <185 kDa 5 06 _I_
£ 2001 -+ CFTR 5
s O 04 .
2 100- @ o2 —
® GAPDH -“. «37kDa w 0.21
< (&) = %5
(4 . 0.0 T T 2
iCho H69 iHep hAH iCho H69 iHep hAH
© F+l (D) Basal 150002 o= (E) E35
R = 230
1000 E 525
° 500{O %-20
i , g, ovoom o3 | FH 15
iCho ¢ g Sl Q 50 100 mV %10
ts
- - 37
S00pA |— S00PA o 1500 Basal F+l
100s .
iCho
(F) (G) o (H) T°
Basal 1500 g -O-F# 34
10004 § &
£ 23
F+ 5001 g
. — o 52
iHep eommmmsammeee <2, 2 F | % % o0 mv 5,
- -500 g
. oL D NN
500pA soopal 1500 Basal F+l
1ooms 100ms

iHep

FIGURE 3 Cystic fibrosis transmembrane conductance regulator (CFTR) characterization in human iHep and iCho. (A) mRNA
analysis of the expression of CFTR in iCho and iHep. Values are determined relative to p-actin and presented as fold change relative to the
expression in human iPSCs at day 0, which is set as 1. Error bars represent mean + SD of three independent experiments (***p < 0.001).
(B) Representative image of the western blot analysis and quantification of CFTR in iCho (n = 3) at day 23 and iHep (n = 3) at day 14. For
normalization, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used. H69 cell (n = 3) and primary adult human hepatocytes

(n = 3) were used as controls (*p < 0.05 and ***p < 0.001). (C) Representative whole cell currents of iCho measured during basal conditions
and in response to forskolin (10 uM) and IBMX (100 uM). Currents measured at -=100 mV (black circles) and at +100 mV (red circles) are
shown. (D) Currents were measured in iCho during basal (control) conditions and in response to forskolin and IBMX using STEP protocol.
(E) Current-voltage (I-V) plot generated by STEP protocol. (F) Representative whole cell currents of iHep measured during basal conditions
and in response to forskolin (10 uM) and IBMX (100 uM). Currents measured at -=100 mV (black circles) and at +100 mV (red circles) are
shown. (G) Currents were measured in iHeps during basal (control) conditions and in response to forskolin and IBMX using STEP protocol.

(H) I-V plot generated by STEP protocol

+ 0.5 pA/pF at -100 mV); however, in response to a
CFTR-activating cocktail that included forskolin (10
MM) and IBMX (100 uM), large currents are observed
in iCho (-28.5 £ 2.2 pA/pF at =100 mV) (Figure 3C).
Currents were linear with a reversal at 0 mV, consist-
ent with the observed biophysical properties of CFTR
(Figure 3D,E) and inhibited when the cells were ex-
posed to CFTRinh-172 (Figure S5). In contrast, no cur-
rents were observed in iHeps in response to forskolin
and IBMX (Figure 3F,G). Current density analysis con-
firmed that the iCho cells have a great CFTR current
when stimulated with the CFTR-activating cocktail,
and as expected no current was detected in the iHep
cells (Figure 3E,H). These findings are consistent with
the functional expression of CFTR in iCho.

Functional assessment of LRRCS8A

While only cholangiocytes express CFTR, and not
hepatocytes, all cells of the liver exhibit volume-
regulated anion currents. In human, rat, and mouse
models, both hepatocytes and cholangiocytes dem-
onstrate robust CI” currents in response to cell
swelling.“S'zz] Recently, in other cell types, LRRC8A
was identified as a critical member of the volume-
regulated anion channel.?®>?4 To determine whether
LRRC8A was present and functional in our cells,
functional studies were performed. First, LRRC8A
was observed in all models including iHep, iCho,
H69, and human adult hepatocytes (hAH) by quanti-
tative PCR. A slightly significant difference between
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the expression in iCho and H69 was found, but the
difference between expression in iHep and hAH was
not found to be significant (Figure 4A). Additionally, a
western blot analysis showed a positive result for all
of the samples. However, only iCho, iHep, and hAH
displayed strong protein expression of LRRC8A; the
expression of the cholangiocyte control, H69, was
quite weak. Quantification of protein expression when
normalized with GAPDH indicated a moderately sig-
nificant difference between expression in iCho and
H69, while the difference between iHep and hAH was
not significant (Figure 4B). Next, patch clamp studies
were performed to determine whether iCho and iHeps
exhibit functional volume-regulated anion channels in
response to cell swelling. In iCho, little current activity

was observed under basal (isotonic) conditions (+4.5
+ 0.5 pA/pF at +100 mV); however, in response to
hypotonic exposure (190 mOsm), the magnitude of
currents increased dramatically (to +56.8 £ 3.8 pA/
pF at +100 mV) (Figure 4C). Currents demonstrated
time-dependent inactivation at positive membrane
potentials, reversal at 0 mV (I ,,,-). and mild outward
rectification biophysical properties consistent with
LRRC8A (Figure 4D). Similarly, volume-regulated
anion currents were also measured in iHeps with a
maximum current density of 17.2 + 2.6 pA/pF at +100
mV in response to hypotonic exposure, 190 mOsm
(Figure 4F,G). Current density analysis confirmed
that both of our cells, iCho and iHep, respond to
the hypotonic stimuli. However, the response in the
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FIGURE 4 Leucine rich repeat-containing 8 subunit A (LRRC8A) characterization in human iHep and iCho. (A) mRNA analysis

of the expression of LRRCB8A in iCho and iHep. Values are determined relative to p-actin and presented as fold change relative to the
expression in human iPSCs at day 0, which is set as 1. Error bars represent mean + SD of three independent experiments (*p < 0.05). (B)
Representative image of the western blot analysis and quantification of LRRC8A in iCho (n = 3) at day 23 and iHep (n = 3) at day 14. For
normalization, GAPDH was used. H69 cell (n = 3) and primary adult human hepatocytes (n = 3) were used as controls (**p < 0.01). (C)
Representative whole cell currents in iCho in response to hypotonicity (190 mOsm). Currents measured at —100 mV (black circles) and

at +100 mV (red circles) are shown. (D) Currents were measured in iCho during basal (control) conditions and in response to hypotonic

exposure (Hypo) using STEP protocol. (E) I-V plot generated by STEP protocol showing control (black circles) and hypotonic-stimulated
(red circles) currents. (F) Representative whole cell currents of iHeps measured during basal conditions and in response to hypotonicity.
Currents measured at —100 mV (black circles) and at +100 mV (red circles) are shown. (G) Currents were measured in iHeps during basal
(control) conditions and in response to hypotonicity using STEP protocol. (H) I-V plot generated by STEP protocol showing control (black
circles) and hypotonic-stimulated (red circles) currents
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biliary cell was higher than the induced hepatocyte
(Figure 4E,H). Together these findings demonstrate
that both iCho and iHep express LRRC8A and exhibit
volume-regulated anion currents in response to hypo-
tonicity consistent with LRRCB8A.

Functional assessment of TMEM16A

Finally, we investigated functionality through TMEM16A.
A mRNA analysis revealed slight up-regulation of
TMEM16A in iHep and iCho cells, with very strong ex-
pression of TMEM16A within the human adult primary
hepatocyte control, hAH. The difference in relative
expression between iHep and hAH was slightly sig-
nificant (Figure 5A). A western blot analysis showed
a definitively positive result for iCho, iHep, and hAH.
Quantification of protein expression when normalized
with GAPDH confirmed the presence and protein ex-
pression of TMEM16A within all of the samples. A mod-
erately significant difference was observed between
expression in iHep and hAH, while the difference be-
tween iCho and H69 was not significant (Figure 5B).
Previously, we have shown that cholangiocytes exhibit
large TMEM16A-mediated CI™ currents in response to
extracellular ATP, which increases intracellular Ca*
concentration.?3¢ Under patch clamp conditions, iCho
exhibited only small currents during basal conditions;
however, in response to ATP (100 uM), the magnitude
of currents increased significantly to 12.4 + 2.5 pA/pF
at +100 mV. Currents displayed time-dependent activa-
tion, outward rectification, and reversal at 0 mV when
ATP was removed (no-ATP phase), properties consist-
ent with TMEM16A.?! An inhibition of the TMEM16A
current was recorded when the iCho was exposed to
T16Ainh-A01 (Figure S6). In contrast, iHeps exhibited
only very small ATP-mediated CI™ currents in compari-
son with iCho, even though an inhibition of the current
can be observed when T16Ainh-A01 (TMEM16A inhibi-
tor) is used (Figure S7). Together, these studies dem-
onstrate that both iCho and iHep express TMEM16A
channels, although the magnitude of current density is
significantly larger in iCho compared with iHep.

DISCUSSION

iPSCs have been used broadly as a model to under-
stand biological processes and the physiopathology of
several diseases.’”! The forced expression of specific
transcription factors in somatic cells allows these cells
to resemble embryonic stem cells in the expression
of pluripotency markers and differentiation into three
germ layers (endoderm, mesoderm, and ectoderm).[4]
Consequently, researchers have been able to model dif-
ferent organs such as the liver, heart, and brain.[2:38:3%
In our current study, we differentiated iPSCs into two

important cell types within the liver, hepatocytes and
cholangiocytes, using our well-established differentia-
tion protocol.[2'1°] Furthermore, we characterized both
cell types by the level of activity in transmembrane
channels: CFTR, LRRC8A, and TMEM16A. We suc-
cessfully produced differentiated hepatocytes and
cholangiocytes, which possessed components for the
activity of chloride ion mobilization through the plasma
membrane.

Several protocols have been reported to generate
hepatocytes: the major cell type of the liver paren-
chyma.[2104041 ysing different growth factors and
small molecules, most protocols are able to generate
induced hepatocytes with fetal features, indicated by
the expression of AFP and in some cases epithelial
cell adhesion molecule, a hepatoblasts marker.542
Collin de I'Hortet et al. modified previous protocols to
differentiate iPSCs into hepatocytes with more mature
characteristics. In a monolayer, instead of a 3D culture,
the definitive endoderm was induced using a combina-
tion of bFGF2, hBMP4, and activin A. For hepatocyte
specification, HGF and DMSO were used.!"” Recently,
a fourth stage was added to Collin de I'Hortet et al.’s
protocol to reach a higher level of maturation. Based
on the results found in a microarray of fetal and adult
human hepatocytes, the cells were cultured in low glu-
cose with addition of free fatty acids (palmitic and oleic
acid), bile acids (ursodeoxycholicacid), cholesterol,
corticoids (dexamethasone and hydrocortisone), EGF,
and rifampicin to increase maturation. More than 70%
of the cells generated by this protocol had nuclear ex-
pression of the adult isoform of HNF4q; all of the cells
expressed albumin and did not express AFP. These
results were reproduced in this current study (Figure 1).

On the contrary, few protocols have been reported
to induce cholangiocyte-like cells.[6:2431 Cholangiocytes
share the same germ layer as hepatocytes; therefore,
the definitive endoderm was induced using the same ini-
tial steps as the hepatocyte protocol.[2'8] Cholangiocyte
specification and maturation was done by treating the
cells with several growth factors and molecules, TGFp1
and sDLL-1. These growth factors and molecules are
responsible for the activation of the Notch and TGFp
signaling pathways, which are involved in the biliary com-
mitment of hepatoblasts.[7'44‘46] mRNA and protein anal-
ysis, as functional assays, demonstrated that the induced
cholangiocytes generated by our protocol were relatively
close to primary human cells.? Using the same protocol,
our iCho cells expressed biliary markers at the mRNA
level, in addition to CK7, CK19, and Sox9 at the protein
level compared with primary cholangiocytes (Figure 2).

To investigate whether our protocol to differenti-
ate human iPSCs into hepatocytes and cholangio-
cytes was able to generate a functional hepatic cell,
we analyzed the activity of transmembrane channels
involved in liver functions. Bile formation, one of the
major liver functions, is a combination of hepatocyte
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FIGURE 5 Transmembrane member 16 subunit A (TMEM16A) characterization in human iHep and iCho. (A) mRNA analysis of

the expression of TMEM16A in iCho and iHep. Values are determined relative to $-actin and presented as fold change relative to the
expression in human iPSCs at day 0, which is set as 1. Error bars represent mean + SD of three independent experiments (*p < 0.05). (B)
Representative image of the western blot analysis and quantification of TMEM16A in iCho (n = 3) at day 23 and iHep (n = 3) at day 14.
For normalization, GAPDH was used. H69 cell (n = 3) and primary adult human hepatocytes (n = 3) were used as controls (**p < 0.01).
(C) Representative whole cell currents in iCho in response to extracellular adenosine triphosphate (ATP) (100 uM). Currents measured

at =100 mV (black circles) and at +100 mV (red circles) are shown. (D) Currents were measured in iCho during basal (control) conditions
and in response to ATP using STEP protocol. (E) I-V plot generated by STEP protocol showing control (black circles) and ATP-stimulated
(red circles) currents. (F) Representative whole cell currents of iHeps measured during basal conditions and in response to ATP. Currents
measured at 100 mV (black circles) and at +100 mV (red circles) are shown. (G) Currents were measured in iHeps during basal (control)
conditions and in response to ATP using STEP protocol. (H) I-V plot generated by STEP protocol showing control (black circles) and ATP-

stimulated (red circles) currents

and cholangiocyte processes.[‘m Hepatocytes are re-
sponsible for the uptake and/or production and me-
tabolization of bile salts, which are secreted in the
biliary canaliculus.®”! Through complex mechanisms
and different modes of activation, transmembrane
channels in the apical membrane of the cholangio-
cytes move chloride ions to enhance the secretion of
bicarbonate into the lumen of the bile duct.*”! CFTR,
expressed at the apical membrane of biliary cells, is
one of the transmembrane channels.l'”*® Our iCho
cells showed great activation of CFTR in the presence
of the stimuli. However, as expected, there was no dif-
ference observed in the iHep, because this channel is
only expressed in cholangiocytes. Calcium-mediated
activation of TMEM16A with ATP stimuli was also

measured in our iCho cells. According to the results,
the cholangiocyte-like cells produced by our protocol
mimic the functions and features of the bile process
formation. The expression of TMEM16A in human
hepatocytes is not well reported. Recent publica-
tions have shown the correlation between TMEM16A
and metabolic disorders in the liver.2" In our system,
mRNA and protein analysis revealed the expression
of TMEM16A in our iHep and in the human adult he-
patocytes (Figure 5A,B). However, slight activity was
observed, but was not comparable with the activity
recorded in the iCho. More studies need to be per-
formed to truly understand the role of TMEM16A in
human hepatocytes. Finally, we analyzed LRRC8A, a
member of the VRACs. Osmoregulation is important in
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all cell types to maintain functionality at metabolic and
biochemical levels, although it is critical for the cells
of the liver, which are potentially exposed to changes
in osmolarity between fed and fasted states.l*®!
Importantly, both iHep and iCho cells exhibited robust
volume-activated CI™ currents when exposed to hy-
potonic conditions. The role of volume-regulated CI~
channels in coupling cellular metabolism to cell size,
as well as maintaining membrane integrity, deserves
further study in both iHeps and iCho.

In summary, our results showed that both of our pro-
tocols are able to successfully generate differentiated
induced hepatocytes and cholangiocytes. The cells
produced in this study not only express their markers at
mRNA and protein levels, but also showed functional-
ity at these transmembrane channels. The generation
of more reliable models to study liver diseases and a
platform for drug screening are available with the repro-
gramming of somatic cells from patients with genetic
diseases and the production of human-induced hepato-
cytes and cholangiocytes.
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