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Figure 83  Transcript expression of cardiac marker genes in differentiated EC cells

An EC cell strain, CL6G52, was differentiated in the presence of 1% DMSO. Total RNA was isolated from differentiated CLEG52 cells at days 8, 12, 16 and 20 and was subjected to one-step gRT-PCR.
mRNA levels of Nkx2.5, Gatad, Mef2c, Myh6 (a-MHC), Myh7 (B-MHC), Mic2a and Mic2v were normalized to 185 rRNA levels. Results are means + S.EM. (n = 6).
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Figure S4 Efficiency of CMR gene knockdown by siRNA targeting the CMR genes in ES cells

R1 cells were transfected with 50 nM siRNA targeting the CMR genes or the negative control siRNA in the presence of 1000 units/mi LIF. After 24 h, total RNA was isolated from the transfected cells.
MRNA levels of the CMR genes were measured by qRT-PCR and normalized to those of Gapdh. Expression levels in cells transfected with the negative control were set to 1. Results are means +
S.EM. (n =5). Statistical significance was determined using a Student's f test (*P < 0.05 compared with control).
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Table 81  Probes and primers for gRT-PCR

Gene names are provided in the main paper.

Gene Probe sequences (5'—3') Forward primer sequences (5'~3') Reverse primer sequences (5'—3')
Nkx2.5 TGCTGAAGCTCACGTCCACGCAG CTTCAAGCAACAGCGGTACCT CGCTGTCGCTTGCACTTGTA
Gata4 TGCATCTCCTGTCACTCAGACATCGCA TGCTCTAAGCTGTCCCCACAA GTGATTATGTCCCCATGACTGTCA
Mei2c CCAGTTACCATCCCAGTGTCCAGCCATAAC TCCACCTCCCAGCTTTGAGAT TGACAGGATTGCTGTACACCAAAC
Mic2a AAGGCCTTCAGCTGCATTGACCAGAAC AAGCCCAGATTCAGGATTCAAG AGCTCTTCCTCCGGAACACTT
Mic2v CATGGACCAGAACAGAGACGGCTTCA GGAGTTCAAGGAAGCCTTCACA TGTGTCCCTTAGGTCATTCTTGTC
Myh6 (a-MHC) TCTGCTGATACCGGTGACAGTGGTAAAGG CATGGCTACACTCTTCTCTACCTATGC GGTGGAGAGCAGACACTGTTIG
Myh7 (B-MHC) ACCCCTACGATTATGCGTTCATCTCCCAA TTTCTACCAAATCCTGTCTAATAAAAAGC GTCATCAATGGAGGCCACAGT
Nanog ACTCCACTGGTGCTGAGCCCTTCTGA CAGTGGTTGAAGACTAGCAATGG GCTGCAATGGATGCTGGGA
Oct3/4 CCCGAGGAGTCCCAGGACATGAAAGC CGTGAAGTTGGAGAAGGTGGAA CCAAGGTGATCCTCTTCTGCTTC
T/brachyury TGCCAGCACCAGGAACAAGCCACC AGCAGCCGGGGTATTCCC CTGAGGGTGGGAGCTGGC

Mesp1 AGCCCAGTCCCTCATCTCCGCTCTTC CATCCCAGGAAAGGCAGGAAA GCGGCGTCCAGGTTTCTAG

Thx5 Mm00803518_m1 (Applied Biosystems)

CMR gene Probe sequences (5'—3") Forward primer sequences (5'—3') Reverse primer sequences (5'—3')
Prdm5 CCACAGTGTGAATCGAGCTTTCCCAGTG AGGTCACCTTGGCTGTGAAGA CCGCAGTTCTCGCATTTGA
AW551984 CCGATGGACGTGAGGACAGTAATCTGGA CCATCCTGAATCCTAGATACCATCTC TAGTGGCAACCATGCTGAGTGT
D430028G21Rik AGTGCACTCTTGGCTGTATTCCTGGCA CCCCAAGAAGAGGAAGAACATTG CGCCTACTACGGTACAGCATCA
5330410G16Rik TCTCCCTTCGGTACCTGTTTTCCATGC GGAGCAGAAGGACTTGGCTTT GGAATATGTCCAGGAGGAGGATAGA
Tmem98 CCAAGATGAAGACGTCAGCAAGTGTCAGTG CAGAAAAACTCGTTGCCATGAC GTTTGGCCACCACAATGATG

Cisc TTCAACCCCTTCGAGCTGACAAATCATG ACGATGACTTCCTACACTACCACAGT CCATAGCCCACAAGCAAAACA
For CTTTCTTGTGCCGTTGATCGTTTCCAC CGTCCTCAGTGAGAACCTGATG ACAAAGCCCGCGACTTCTT
Sema3e CCGAGCACAGCAGTAAAGGTAGAAGAATGC GTGAGTGACGGCTACAGAGAGATATACT CACACTCATTTGCGTCTTTTCC
Maged? AGGCTATGACAATGCCTACAACCCCGA AGCTGACACCAAGACGCAGAA GTACCCTCAGGCTCTGGTTCAT
2810405K02Rik TGTCTGGTGACCTGCTGCAAAGTGGA CCAAGGCTAAAGCTGTTGGTATC TCTGGATGAAGTGCAACAGTACCT
Rhox4b TGTGGGCGTGAATGGAAAGTCTA GCCCTAATTATTCTTGTCCTTATTTGTAA CGCAGGCTTCCTACCTIGTG
Cd302 ACCTGTGGTTTTCTGTACACCAAGAC GATCAAGATGGTGAGGACCTAGTTG CACAATCCCCTTTTCTCCATTC
Fzd1 ACTTCTTTCCTGCTGGCCGGTTTCGT CGCCTCTCTTCGTTTATCTGTTC TCTCTGTCTTGGTGCCGTCAT
Adarb1 ACCTGCCACCGCTCTACACTCTCAACAA GTACCAGCGGATCTCCAACATAG TGCCTCTGCATTGCTGATG

Gpaal CAGCGCACTTACATGTCTGAGAATGCCA TGGCTTTTCCGCCGTTAAC CAAACTGTTCTCTCACCATGGT
Chst2 CTTCGGTGAGCTCTTCAACCAGAAC GACAAGCGGCAGTTGGTGTAT CCACACAGGCTCATAGAGGAAGA
9830115L13Rik TCCACCAGGACATTAGACAGTCGTAAAG AGGTTGTAGGTCCCGCATACA CCACACACAAACTGTTCGTTCTG
9630055N22Rik CAGATGGTTTCAGAAGCTGTTGCA CATCACCTGTGTCTGCCTTCA GGTGGCATTCCAGTTGCTAAC
Ptprb TGCATGCACGGTTTAGAGCAGAAGTCG GAACAGTTCACGGCTCCACATACC ATCCAAAGCACACAGCCAGAA
Gstz1 AGGCATTGACTATGAGATAGTGCCCA TCGAATTGCTCTGGCGTTAA GTTGCCCGCCATCCTTTAT
1110021L09Rik CAGAAAGCTGGCTCACCAAGGCAACA CTGGAAGTGTCAAGCTGCATTT TGGCTGGTTTGCCCTTTCT

Tsgal4 AAGTGACAGCTGAGGAGATCCAAAGGCTC CAAGTCGCTTCCCTGTCAGAT CTCCCGTGCTGTTGATGAACT
Hnrnpat TTCTCAGCGACCAGGTGCCCACTTAACT GTTGTGGAACCTAAGAGAGCTGTCT CGTAGGTGATGTTCTTCAGTGTCTTC
Adm TACAAGCCAGCAATCAGAGCGAAGC CTCGCTGATGAGACGACAGTTC GGTAGCGTTTGACACGAATGTG
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Table S2  Oligonucleotide sequences for siRNAs targeting CMR genes

Gene names are provided in the main paper.

CMR gene number

Target gene

Sense sequences (5'—3')

Antisense sequences (5'—3')

W~ DU AW R

Prdm5
AW551984
D430028G21Rik
5330410G16Rik
Tmem398

Cisc

Fr

Semas3e
Maged?
2810405K02Rik
Rhox4b

Cd302

Fzd1

Adarb1

Gpaal

Chst2
9830115L13Rik
9630055N22Rik
Piprb

Gstz1
1110021L09Rik
Tsgal4
Hnrnpal

Adm

GGGACAGUUGGCAGCUGGAAGUAAA
CCGGUGAAGUGUGUCUCUCAUAUAA
GCUGAGGACAAGACCUAUAAGUAUA
CCGGGCUGCCUCGAUGGGUCCUAUU
CCACUGCAUCGCCAUCUUGAAGAUU
CCAAGGCUUCGAGAUUGUGUUGAAU
GGUAGGGCAGUCUACUUAAAUAUAA
CCAUACAAUGCUGCUGGAUGAGUAU
GGUACCGAUCCAAAGGUCAAUACAA
GCCUCCAAGGCUAAAGCUGUUGGUA
AAGCGGACGCCGTGGTCAAGA
GGCAGACAUGGUAAGCAUACACAAU
CCAAGGUUUACGGGCUCAUGUACUU
GGGACGAAGUGUAUCAACGGUGAAU
CCCAGCGCACUUACAUGUCUGAGAA
GGUGAGUCCCGAAAUGGAGCAGUUU
CCCUUGCUCCGUUACCUAACGACUY
CCUUGAAAUACUAGCUGCUGUCUUU
GCAACUGAACCUGUUAUGUUCUAUA
GGGAAGCCUAUCCUCUACUCCUAUU
CCCAGUCCAGAGCAUUUCUUGGCUU
CCCAUUGCAACUCUAUCCAGGACAA
GGAACACUAACAGACUGUGUGGUAA
GCUGGUUUCCAUCACCCUGAUGUUA

UUUACUUCCAGCUGCCAACUGUCCC
UUAUAUGAGAGACACACUUCACCGG
UAUACUUAUAGGUCUUGUCCUCAGC
AAUAGGACCCAUCGAGGCAGCCCGG
AAUCUUCAAGAUGGCGAUGCAGUGG
AUUCAACACAAUCUCGAAGCCUUGG
UUAUAUUUAAGUAGACUGCCCUACC
AUACUCAUCCAGCAGCAUUGUAUGG
UUGUAUUGACCUUUGGAUCGGUACC
UACCAACAGCUUUAGCCUUGGAGGC
UCUUGACCACGGCGUCCGCUY
AUUGUGUAUGCUUACCAUGUCUGCC
AAGUACAUGAGCCCGUAAACCUUGG
AUUCACCGUUGAUACACUUCGUCCC
UUCUCAGACAUGUAAGUGCGCUGGG
AAACUGCUCCAUUUCGGGACUCACC
AAGUCGUUAGGUAACGGAGCAAGGG
AAAGACAGCAGCUAGUAUUUCAAGG
UAUAGAACAUAACAGGUUCAGUUGC
AAUAGGAGUAGAGGAUAGGCUUCCC
AAGCCAAGAAAUGCUCUGGACUGGG
UUGUCCUGGAUAGAGUUGCAAUGGG
UUACCACACAGUCUGUUAGUGUUCC
UAACAUCAGGGUGAUGGAAACCAGC
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Table 83 Correlation of GeneChip probe set intensities with the first and second principal components, lag time to the onset of beating and number of
nodules

rs, Spearman's rank correlation coefficient.

First principal component Second principal component Lag time to the onset of beating Number of nodules

CMR gene number 1S P value & P value rs P value rs P value

CMR1 0.8237 226x10-8 0.7368 3.44x10-6 —0.4932 561 %103 0.4384 154 %102
CMR2 0.7836 3.04x10°7 0.7464 218x 106 —0.5419 1.98x10~° 0.4153 2.25%x 1072
CMR3 0.7596 1.13x 106 0.4397 151 % 10-2 —0.6333 1.73x10-4 0.6455 117 %104
CMR4 0.7596 113 x10-8 0.6386 1.46 %104 —0.4859 6.48 x 103 0.4202 2.08x10-?
CMR5 0.7573 1.27 x10-6 0.466 944 x10-3 —0.6856 2.90 % 10-° 0.6881 264x10-°
CMR6 —0.7196 7.42 %10~ —0.5235 2.99 %103 0.6771 3.97 x 105 - 0.5907 590 % 10—4
CMR7 0.6589 7521075 0.1282 5.00x 10" —0.492 575%103 0.6004 452 %104
CMR2 0.6521 9.46 x 10-3 0.3798 3.85% 102 —0.8038 8.85x 108 0.7672 757 x10-7
CMR8 —0.6246 225x10~1 —0.4588 1.08 %102 0.4177 216x 102 —0.3824 3.70% 1072
CMR9 —0.5903 596 x10~* —0.3103 952102 0.503 461x10-3 — 05164 3.49x10-3
CMR10 0.5658 112x10-3 0.2336 214 %10 ~0.6151 2.98x 104 0.6455 147 %104
CMR11 0.5651 114x10-3 0.4277 1.84x1072 - 0.6308 1.86x 104 0.5858 6.71x 104
CMR12 0.556 142x10-3 0.4157 2.23% 102 —0.3982 2.93x10-2 0.4165 221%x1072
CMR13 0.5399 207103 0.3055 1.01 %10~ —0.4299 177 %102 04323 1.70 x 102
CMR13 0.5388 213x10-% 0.1761 352101 —0.5858 6.71x 104 0.682 3.32x10-°
CMR14 0.5366 224x10°3 0.2432 1.95%x 101 — 04671 9.26x 102 0.5012 478x10-3
CMR15 0.485 659 %103 0.0012 9.95%x 10" —0.6735 453x10~° 0.7806 3.61x10-7
CMR16 0.4685 9.02 x10-3 —0.1186 5.32% 10! — 04744 8.08x 108 0.64 1.40 %104
CMR17 — 04559 113 %102 - 0.0503 7.92 %101 0.7673 753 %107 —0.8313 1.28%10-8
CMR18 0.453 119 %102 —0.0635 7.39 %10~ —0.369 448 %102 0.548 1.72x10-3
CMR19 —0.4404 1.49 % 10-2 —0.1066 575%x 101 0.643 127x10~¢ —0.7124 1.00%10-5
CMR20 —0.4256 1.91%10-? 0.0036 9.85x 101 0.4214 2.04x10~2 —0.5395 2.09 %103
CMR21 0.397 299 %102 —0.0204 9.15% 10" —0.5809 763x104 0.6832 317 x10-%
CMR22 —0.3924 320x10-2 —0.2839 1.28 %101 0.5249 2.90%x10-3 —0.4579 1.09 % 1072
CMR23 —0.3924 3.20x10-2 0.109 5.66x10~" 0.6978 1.81x10-% -0.822 2545108
CMR24 —0.3856 353x10-? 0.1414 4561071 0.4623 1.01x 102 - 0.603 420104
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Table S4  Effects of CMR gene knockdown on cardiac marker gene expression and the number of nodules in differentiated EC cells and ES cells

*Not significant (NS; P > 0.05); Hranscript expression significantly decreased compared with the control (P < 0.05); Jtranscript expression significantly increased compared with the control
(P < 0.05).

Myh6 (a-MHC) Myh7 (8-MHC) Mic2a Mic2y

Gene targeted EC cells ES cells EC cells ES cells EC cells ES cells EC cells ES cells Number of nodules (EC cells)
CMR1 NS* NS NS NS NS NS NS NS NS
CMR2 ‘Downt Down Down Down Down Down Down Down Down
CMR3 Down NS NS NS NS NS Down NS Down
CMR4 Down NS NS NS Down NS Down NS Down
CNRS Down NS NS NS NS NS Down NS Down
CMR6 NS NS NS NS NS NS Down NS NS
CMR7 NS NS NS Upt NS Up Up NS Up
CMR8 NS Down NS Down Down Down NS NS NS
CMR9 NS NS NS Up NS Up NS Up Down
CMR10 Down Down NS Down Down Down Down Down Down
CMR12 Up Up NS Up NS Up Up NS Up
CMR13 Down NS Down NS NS NS Down NS Down
CMR14 NS Down NS Down NS Down NS Down NS
CMR15 NS Down NS Down ) NS Down NS Down NS
CMR16 NS NS Up NS Up NS Up NS Up
CMR17 NS NS Up NS NS NS NS NS Up
CMR18 Down NS NS NS NS NS NS NS Down
CMR20 NS Down NS NS Down Down NS NS NS
CMR21 NS NS NS Up NS Up NS NS Up
CMR23 Up Down Up Down Down Down Up Down Up
CMR24 NS NS NS Up NS Up NS NS Down

Received 22 March 2011/3 May 2011; accepted 10 May 2011
Published as BJ Immediate Publication 10 May 2011, doi:10.1042/BJ20110520
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Dilated cardiomyopathy (DCM) is a myocardial disorder that is characterized by dilation and dysfunction
of the left ventricle (LV). Accumulating evidence has implicated aberrant Ca®* signaling and oxidative
stress in the progression of DCM, but the molecular details are unknown. In the present study, we report
that inhibition of the transient receptor potential canonical 3 (TRPC3) channels partially prevents LV dila-
tion and dysfunction in muscle LIM protein-deficient (MLP (—/—)) mice, a murine model of DCM. The
expression level of TRPC3 and the activity of Ca®*/calmodulin-dependent kinase II (CaMKII) were
increased in MLP (—/—) mouse hearts. Acitivity of Rac1, a small GTP-binding protein that participates
in NADPH oxidase (Nox) activation, and the production of reactive oxygen species (ROS) were also
increased in MLP (—/-) mouse hearts. Treatment with pyrazole-3, a TRPC3 selective inhibitor, strongly
suppressed the increased activities of CaMKII and Rac1, as well as ROS production. In contrast, activation
of TRPC3 by 1-oleoyl-2-acetyl-sn-glycerol (OAG), or by mechanical stretch, induced ROS production in rat
neonatal cardiomyocytes. These results suggest that up-regulation of TRPC3 is responsible for the
increase in CaMKII activity and the Nox-mediated ROS production in MLP (—/—) mouse cardiomyocytes,
and that inhibition of TRPC3 is an effective therapeutic strategy to prevent the progression of DCM.

© 2011 Elsevier Inc. All rights reserved.
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1. Introduction DCM is a principal cause of death and disability in children

and young adults. Despite recent progress in the treatment of

Dilated cardiomyopathy (DCM), a poorly understood disorder
in which the LV chambers enlarge, is the most common causes
for congestive heart failure [1]. Heart failure resulting from

Abbreviations: Ang, angiotensin; AT;R, Ang typel receptor; PAR, B adrenergic
receptor; BARK, BAR kinase; BARK-ct, carboxyl-terminal region of BARK (BARK
inhibitor); CaMKIl, Ca®*/calmodulin-dependent kinase II; DAG, diacylglycerol; DCF,
dichlorofluorescein; DCM, dilated cardiomyopathy; DHE, dihydroethidium; DPI,
diphenyleneiodonium; 4-HNE, 4-hydroxy-2-nonenal; LV, left ventricle; MLP,
muscle LIM protein; LTCCs, L-type Ca®* channels; NFAT, nuclear factor of activated
T cells; Nox, NADPH oxidase; OAG, 1-oleoyl-2-acetyl-sn-glycerol; PKC, protein
kinase C; pyrazole-3 (Pyr3), ethyl-1-(4-(2*3*3-trichloroacrylamide)phenyl)-5-(tri-
fluoromethyl)-1H-pyrazole-4-carboxylate; ROS, reactive oxygen species; RIRR,
ROS-induced ROS release; TRP, transient receptor potential; TRPC, TRP canonical.
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heart failure, the only meaningful treatment for DCM is cardiac
transplantation. Although most cases of DCM develop as a conse-
quence of specific inflammatory, metabolic or toxic insults [2],
25-35% of DCM cases are caused by genetic mutations [3-5]. Af-
fected genes encode proteins that function in the Ca®* regulatory
system, the contractile/cytoskeltal apparatus, or reside at a sar-
comeric Z-disk. One of the Z-disk proteins that has been impli-
cated in DCM etiology is the muscle LIM protein (MLP) [6-8].
MLP interacts with telethonin, a titin-interacting protein, to form
a component of the mechanical stretch apparatus [8], and genet-
ic ablation of MLP in mice causes age-related DCM, which clo-
sely resembles human DCM [8,9]. Thus, MLP deficient (MLP (—/
—)) mice are commonly employed as a murine DCM model sys-
tem. Since genetic ablation of angiotensin (Ang) II typel receptor
(AT{R) or overexpression of the carboxyl-terminal region of the B
adrenergic receptor (BAR) kinase (BARK-ct) attenuates the
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progression of heart failure in MLP (—/—) mice [10,11], AR and
AT4R signalings are thought to participate in the progression of
heart failure in MLP (—/-—) mice.

Abnormal Ca®" metabolism and production of ROS have been
implicated in the progressive deterjoration of heart failure [12-
14]. For example, activation of CaMKII§ causes p53 accumulation
and cardiomyocyte apoptosis in DCM [13]. In contrast, p47°"%, a
Nox subunit, and the small GTP-binding protein Racl, are up-
regulated and oxygen free radical release is increased in human
LV myocardium from patients with DCM [14]. Furthermore, oxi-
dative stress inactivates calcineurin, a Ca**-dependent protein
phosphatase that mediates cardiac hypertrophy, indicating the
functional cross-talk between Ca?* signaling and ROS signaling
[12]. Although both Ca** and ROS evidently play key roles in
the progression of heart failure, their upstream regulator(s) re-
main elusive.

Transient receptor potential (TRP) family proteins, first de-
scribed in a Drosophila visual transduction mutation trp, comprise
28 mammalian cation channels expressed in almost every tissue
[15-17]. Among them, canonical TRP subfamily (TRPC) proteins
have been up-regulated in hypertrophied and failing hearts [17-
20]. TRPC channels were originally proposed as store-operated
channels activated by Ca?* depletion of stores, while closely related
TRPC3, TRPC6, and TRPC7 showed activation sensitivity to the
membrane-delimited action of diacylglycerol (DAG). In particular,
TRPC1, TRPC3 and TRPC6E proteins participate in agonist-induced
cardiomyocyte hypertrophy through activation of Ca%*-dependent
calcineurin/nuclear factor of activated T cells (NFAT) signaling
pathways [18-20]. We have reported that TRPC3 and TRPC6 chan-
nels mediate the Ang Il-induced cardiomyocyte hypertrophy
in vitro and pressure overload-induced cardiac hypertrophy
in vivo [21,22]. The TRPC3/6-mediated cation influx induces mem-
brane depolarization, followed by an increase in the frequency of
Ca?* transients evoked by voltage-dependent Ca®* influx-induced
Ca®* release, leading to NFAT activation in rat cardiomyocytes
[21]. However, calcineurin/NFAT signaling is apparently desensi-
tized in MLP (—/-) mouse hearts, as MLP is essential for mechani-
cal stretch-induced NFAT activation through anchorage of
calcineurin at the Z-disk [23]. Therefore, it is unknown whether
TRPC-mediated Ca®* signals are involved in the progression of
heart failure in MLP (—/-) mice.

In the present study, we examine the effects of a selective
TRPC3 inhibitor, pyrazole-3 (Pyr3) [22], in the progression of
DCM using the MLP (—/—) mouse model. We demonstrate that
TRPC3-mediated Ca®* signals are increased in MLP (—/—) mouse
hearts, and Pyr3 potently inhibits LV dysfunction, CaMKII activa-
tion and ROS production. The inhibitory effect of Pyr3 on LV dys-
function is apparently small compared to the pronounced effects
on CaMKII activation and ROS production, indicating that TRPC3
only plays a complementary role in the progression of DCM. How-
ever, our findings suggest that TRPC3 blockade is a therapeutic
strategy for preventing DCM.

2. Materials and methods
2.1. Animals and drug treatment

The basal cardiomyopathic phenotype of MLP (—/-) mice was
described previously [7,8]. Wild type littermates (MLP (+/+))
served as controls for all studies. A mini osmotic pump (Alzet)
filled with pyrazole 3 (Pyr3), a selective inhibitor of TRPC3, or poly-
ethylene glycol 300 (vehicle) was implanted intraperitoneally into
5-week-old mice, and Pyr3 (0.1 mg/kg/day) was continuously
administered for 3 weeks. All animal care procedure and experi-
ments were approved by the guidelines of Kyushu University.

2.2. Transthoracic echocardiography and cardiac catheterization

Echocardiography was performed in anesthetized mice (50 mg/
kg pentobarbital sodium) by using Nemio-XG echocardiograph
(TOSHIBA) equipped with a 14 MHz transducer. A 1.4 French mic-
ronanometer catheter (Millar Instruments, Houston, TX) was in-
serted into the left carotid and advanced retrograde into the LV.
Hemodynamic measurements were recorded when heart rate
was stabilized within 500 £ 10 beats/min.

2.3. Histological analysis of mouse hearts

The paraffin-embedded LV sections (5 um in thickness) were
stained with hematoxylin and eosin (H&E) or picrosirius red, and
cell-sectional area (CSA) of cardiomyocytes and collagen volume
fraction (CVF) of LV sections were analyzed using BZ-II analyzer
(Keyence) [24].

2.4. Isolation of cardiomyocytes and siRNA treatment

Rat neonatal cardiomyocytes were prepared as described previ-
ously [25]. For knockdown of rat TRPC3 proteins, cells were trans-
fected with siRNA (100 nM) for TRPC3 using lipofectamine2000 for
72 h [26]. Adult mouse cardiomyocytes were isolated from 8-
week-old mouse hearts as described previously [5].

2.5. Real time PCR, pulldown assay, and Western blot analysis

RNA extraction, real time RT-PCR and Rac pulldown assay were
performed as described previously [24]. Hearts were homogenized
in RIPA buffer (pH 8.0) containing 0.1% SDS, 0.5% sodium deoxy-
cholate, 1% NP-40, 150 mM NaCl, 50 mM Tris-HCl, and protease
inhibitor cocktail (Nacalai). Supernatants (10 pg) were fractionated
by SDS-PAGE gel, and expression levels of endogenous proteins
were detected by antibodies raised against ACE (1/10,000, R&D sys-
tems), Periostin (1/10,000, R&D systems), Rac1 (1/1000, BD Biosci-
ence), CaMKII (1/1000, Santa Cruz), phospho-CaMKII (Thr286) (1/
1000, Cell Signaling) and GAPDH (1/3000, Santa Cruz). Membrane
fractions (10 pg) were isolated using Proteoextract transmem-
brane protein extraction kit (Novagen) to detect TRPC1, TRPC3,
TRPC5, TRPC6 and TRPC7 proteins using respective TRPC antibodies
(1/2000, Alomone). Proteins were visualized with chemilumines-
cent detection of antibodies conjugated with horseradish peroxi-
dase (ECL plus, Perkin Elmer). The optical density of the film was
scanned and measured with Scion Image Software.

2.6. Measurement of ROS production and intracellular Ca**
concentration

The paraffin-embedded LV sections were stained with anti-4-
hydroxy-2-nonenal (4-HNE) antibody (1/500: JalCA, Nikken Seil
Co., Ltd.). The 4-HNE adducts were visualized with Alexa Fluor
546 anti-mouse IgG antibody (1/1000, Molecular Probes). Superox-
ide production in the heart was measured using dihydroethidium
(DHE) [27]. Hearts were solidified with liquid nitrogen and sec-
tioned in 10 pm thickness using Cryostat (Leica, CM1100). The LV
sections were incubated with DHE (100 ptM) at room temperature
for 5 min. After washing the LV sections with PBS, digital photo-
graphs were taken at x60 magnification using confocal microscopy
(FV10i, Olympus), and 5 regions selected at random for each spec-
imen of the heart. The average intensity was analyzed using Meta-
Morph Software. Measurement of intracellular Ca?* concentration
([Ca%"];) in adult mouse cardiomyocytes was performed using
fura-2 [26]. Production of ROS in rat neonatal cardiomyocytes
was measured using 2/,7'-dichlorofluorescein diacetate (DCFH,DA)
and DHE [27]. Cells plated on laminin-coated silicone rubber
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Table 2
Cardiac parameters measured by Millar Catheter.
MLP(+/+) MLP(+/+) MLP(—/-) MLP(—/-)
Veh Pyr3 Veh Pyr3
(n=5) (n=5) (n=11) (n=11)
Heart Rate 498 +3 5042 500 + 4 505+ 1
(bpm)
LVESP (mm 123+4 127+3 102+2" 108 + 2%
Hg)
LVEDP (mm 44108 3610 141127 8.4+0.4%
Hg)
dP/dt max 13,365+199 12,756+412 6252+294™° 8235+316%F
(mm Hg/s)
dP/dt min 8049+ 617  8444+530 3240:185" 45162%178*
(mm Hg/s)
Tau (msec) 9.8+04 89+02 287187  202208%

HR, heart rate; LVESP, left ventricular end systolic pressure; LVEDP, left ventricular
end diastolic pressure; dP/dt max, maximal rate of pressure development; dP/dt
min, maximal rate of decay of pressure; Tau, monoexponential time constant of
relaxation. Veh, vehicle.
" P<0.01 vs. MLP(+/+) Veh.

* P<0.05.
## P<0.01 vs. MLP(—/—) Veh.
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Fig. 2. Inhibition of TRPC3 attenuates left ventricular dysfunction in MLP-deficient
mice. Effects of Pyr3 on morphological changes (A)-(C) and hypertrophic gene
expression (D) in MLP (+/+) and MLP (—/-) mouse hearts. (A) H&E-stained mid-
transverse LV sections of the hearts isolated from 8 week-old mice. Bars = 400 um
(left) and 50 pm (right). (n=5-11) (B) Heart weight (HW) to body weight (BW)
ratios. (C) Average areas of cardiomyocytes. (n=5). (D) Expressions of p-MHC, o~
SKA and ACE mRNAs. (n=4) "P<0.05, ** P <0.01.

were completely suppressed by Pyr3. Mitochondria and Nox are
two major sources of ROS in the heart. The heart expresses two
Nox isoforms: Nox2 and Nox4 [30,31], and up-regulation of
either isoform has been reported to induce mitochondrial
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Fig. 3. Inhibition TRPC3 attenuates interstitial fibrosis of MLP-deficient mice. (A) LV
sections stained by picrosirius red (Bars = 50 pm). (B) Results of fibrosis in MLP (—/
—) and MLP (+/+) mouse hearts with or without Pyr3. (n=5) (C) Effects of Pyr3 on
the expressions of ACE, periostin, and GAPDH proteins. (n=6) *P < 0.05, **P < 0.01.

dysfunction in the heart [14,31]. The Nox2 activity is predomi-
nantly regulated by Rac, p47Pf°* p67P" and p22P"* while
Nox4 is constitutively activated [32]. In addition, Racl has been
implicated in the progression of DCM [14]. Although Nox2 and
Nox4 mRNA levels were not increased in MLP (—/-) mouse
hearts (data not shown), the expression and activity of Racl
were markedly increased (Fig. 4C). Treatment with Pyr3 signifi-
cantly suppressed Racl activation without affecting total Racl
protein levels. These results suggest that up-regulation of TRPC3
contributes to Racl-mediated ROS production in MLP (—/-)
mouse hearts. We further examined whether activation of TRPC3
actually induces ROS production in rat neonatal cardiomyocytes.
We recently reported that mechanical stretch induces a Ca®* re-
sponse through activation of TRPC3/6 channels [26]. Mechanical
stretch of cardiomyocytes gradually increased DCF fluorescence
intensity (Fig. 4D). This ROS production was significantly sup-
pressed by Pyr3 or knockdown of TRPC3. Treatment with OAG
also induced superoxide production, and the DHE accumulation
was reduced by TRPC3 knockdown or by pretreatment with
Pyr3 or diphenyleneiodonium (DPI), a Nox inhibitor (Fig. 4E
and F). Furthermore, the OAG-induced superoxide production
was inhibited by the elimination of extracellular Ca®*. These re-
sults suggest that TRPC3-mediated Ca®" influx mediates ROS pro-
duction through Nox activation in rodent cardiomyocytes.

4. Discussion

Several reports have suggested the involvement of TRPC up-
regulation in the development of cardiac hypertrophy in vivo
[17-20]. On the other hand, DCM is believed to represent a mal-
adaptive response of the heart in a late stage of heart failure. We
first demonstrated that TRPC3 channels participate in the
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Table 2
Cardiac parameters measured by Millar Catheter.
MLP(+/+) MLP(+/+) MLP(—/-) MLP(—/-)
Veh Pyr3 Veh Pyr3
(n=5) (n=15) (n=11) (n=11)
Heart Rate 498 +3 504 +2 500+ 4 505+ 1
(bpm)
LVESP (mm 123+4 127+3 102+2" 108 + 2%
Hg)
LVEDP (mm 44+08 36+1.0 141127 8.4 +0.4%F
Hg)
dP/dt max 13,365+199 12,756+412 6252+294™° 8235+316%
(mm Hg/s)
dP/dt min 8049+617  8444+530 3240185 4516+178%
(mm Hg/s)
Tau (msec) 9.8+04 89+02 287+18"  202:08%

HR, heart rate; LVESP, left ventricular end systolic pressure; LVEDP, left ventricular
end diastolic pressure; dP/dt max, maximal rate of pressure development; dP/dt
min, maximal rate of decay of pressure; Tau, monoexponential time constant of
relaxation. Veh, vehicle.
" P<0.01 vs. MLP(+/+) Veh.

* P<0.05.
## P<0.01 vs. MLP(—/-) Veh.
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Fig. 2. Inhibition of TRPC3 attenuates left ventricular dysfunction in MLP-deficient
mice. Effects of Pyr3 on morphological changes (A)-(C) and hypertrophic gene
expression (D) in MLP (+/+) and MLP (—/-) mouse hearts. (A) H&E-stained mid-
transverse LV sections of the hearts isolated from 8 week-old mice. Bars = 400 pm
(left) and 50 um (right). (n=>5-11) (B) Heart weight (HW) to body weight (BW)
ratios. (C) Average areas of cardiomyocytes. (n=>5). (D) Expressions of 8-MHC, o-
SKA and ACE mRNAs. (n=4) “P<0.05, ™ P<0.01.

were completely suppressed by Pyr3. Mitochondria and Nox are
two major sources of ROS in the heart. The heart expresses two
Nox isoforms: Nox2 and Nox4 [30,31], and up-regulation of
either isoform has been reported to induce mitochondrial
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Fig. 3. Inhibition TRPC3 attenuates interstitial fibrosis of MLP-deficient mice. (A) LV
sections stained by picrosirius red (Bars = 50 pm). (B) Results of fibrosis in MLP (—/
—) and MLP (+/+) mouse hearts with or without Pyr3. (n = 5) (C) Effects of Pyr3 on
the expressions of ACE, periostin, and GAPDH proteins. (n=6) *P < 0.05, **P < 0.01.

dysfunction in the heart [14,31]. The Nox2 activity is predomi-
nantly regulated by Rac, p47P"* p67P"°* and p22°", while
Nox4 is constitutively activated [32]. In addition, Racl has been
implicated in the progression of DCM [14]. Although Nox2 and
Nox4 mRNA levels were not increased in MLP (—/—) mouse
hearts (data not shown), the expression and activity of Racl
were markedly increased (Fig. 4C). Treatment with Pyr3 signifi-
cantly suppressed Racl activation without affecting total Racl
protein levels. These results suggest that up-regulation of TRPC3
contributes to Racl-mediated ROS production in MLP (—/-)
mouse hearts. We further examined whether activation of TRPC3
actually induces ROS production in rat neonatal cardiomyocytes.
We recently reported that mechanical stretch induces a Ca** re-
sponse through activation of TRPC3/6 channels [26]. Mechanical
stretch of cardiomyocytes gradually increased DCF fluorescence
intensity (Fig. 4D). This ROS production was significantly sup-
pressed by Pyr3 or knockdown of TRPC3. Treatment with OAG
also induced superoxide production, and the DHE accumulation
was reduced by TRPC3 knockdown or by pretreatment with
Pyr3 or diphenyleneiodonium (DPI), a Nox inhibitor (Fig. 4E
and F). Furthermore, the OAG-induced superoxide production
was inhibited by the elimination of extracellular Ca®*. These re-
sults suggest that TRPC3-mediated Ca®* influx mediates ROS pro-
duction through Nox activation in rodent cardiomyocytes.

4. Discussion

Several reports have suggested the involvement of TRPC up-
regulation in the development of cardiac hypertrophy in vivo
[17-20]. On the other hand, DCM is believed to represent a mal-
adaptive response of the heart in a late stage of heart failure. We
first demonstrated that TRPC3 channels participate in the
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Fig. 4. TRPC3 mediates mechanical stretch-induced superoxide production in cardiomyocytes. (A) Immunostaining for 4-HNE adducts of the hearts. (B) Superoxide
production of the hearts stained by DHE. Bars = 50 um. (n = 5) (C) Effects of Pyr3 on the expression and activity of Rac1 in MLP (—/-) and MLP (+/+) mouse hearts. n.s.; not
significant. (n = 6) (D) Average time courses of increase in DCF fluorescence intensity induced by mechanical stretch in rat neonatal cardiomyocytes. Cardiomyocytes were
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progression of DCM. In the DCM mouse model, the up-regulation
of TRPC3 increases not only cardiomyocyte Ca%*-dependent CaM-
KII activity, but also ROS production. TRPC channels have two
functions: to act as receptor-activated or mechanical stretch-
activated cation channels in cardiomyocytes, and to act as a pro-
tein scaffold at the plasma membrane to control the amplifica-
tion and co-ordination of receptor signaling [16,33,34]. We
previously reported that TRPC3 interacts with phospholipase C
and protein kinase C (PKC), leading to sustained activation of
an extracellular signal-regulated kinase induced by receptor
stimulation in B lymphocytes [33,34]. Activation of PKC contrib-
utes to Nox2 activation through phosphorylation of the p47PMx
subunit [32]. In addition, we found that TRPC3-mediated Ca®* in-
flux also contributes to Racl activation in MLP (—/-) mouse
hearts (Fig. 4). Although the molecular mechanism underlying
activation of Racl by Ca®* is still unclear, our results strongly
suggest that TRPC3-mediated Ca®* influx controls Nox-dependent
ROS production in rodent cardiomyocytes.

Oxidative stress plays a critical role in the progression of
DCM, and the major source of ROS production in the heart is
mitochondria. Based on the results that the increase in ROS pro-
duction was associated with an increase in Rac activity in MLP
(—/-) mouse hearts, and that the Nox inhibitor suppressed
TRPC3-mediated superoxide production in rat cardiomyocytes
(Fig. 4), Nox may be a primary source of ROS production. ROS
have been reported to induce mitochondrial superoxide produc-
tion, by a phenomenon reported as ROS-induced ROS release
(RIRR) [35,36]. Thus, TRPC3-mediated Ca®?* influx in rodent

cardiomyocytes may initially induce Nox-dependent ROS produc-
tion, with the subsequent induction of an oxygen burst through
RIRR-mediated ROS production.

Previous reports have shown that ablation of AT;R or expression
of BARK-ct attenuates LV dysfunction in MLP (—/—) mice. We also
reported that TRPC3/TRPC6 mediates Ang II-induced cardiomyo-
cyte hypertrophy [21], suggesting that AT;R works upstream of
TRPC3 in MLP (—/-) mouse hearts. In contrast, BARK-ct inhibits
BARK1-mediated B;AR internalization through sequestration of
the By subunit (GBy) released from the o subunit of G proteins
coupled to B;AR. However, inhibition of TRPC3 does not affect
B1AR-mediated Ca** signaling in rat cardiomyocytes (unpublished
data). As BARK is activated by Gog-mediated PKC activation in
rat cardiomyocytes [37], one explanation is that TRPC3 contributes
to PKC-mediated BARK activation downstream of AT;R signaling in
the heart [34].

Both Ca?*/calmodulin-dependent calcineurin and CaMKII func-
tion as key mediators in the development of cardiac hypertrophy
[38,39]. Cardiomyocyte-specific overexpression of the constitu-
tively active mutant of NFAT causes cardiac hypertrophy,
whereas expression of calcineurin or CaMKII causes cardiomyop-
athy [13,40]. Although calcineurin/NFAT signaling may partici-
pate in the development of hypertrophy, CaMKI may
participate in the development of heart failure. Since the inhibi-
tion of TRPC3 suppresses both calcineurin/NFAT and CaMKII sig-
naling pathways in cardiomyocytes, our findings strongly suggest
TRPC3 channels as a putative therapeutic target for the treat-
ment of heart failure.
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Hepatocyte-like cells from human embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs) are
expected to be a useful source of cells drug discov-
ery. Although we recently reported that hepatic com-
mitment is promoted by transduction of SOX17 and
HEX into human ESC- and iPSC-derived cells, these
hepatocyte-like cells were not sufficiently mature for
drug screening. To promote hepatic maturation, we
utilized transduction of the hepatocyte nuclear factor
40 (HNF40) gene, which is known as a master regula-
tor of liver-specific gene expression. Adenovirus vector-
mediated overexpression of HNF4o in hepatoblasts
induced by SOX17 and HEX transduction led to upreg-
ulation of epithelial and mature hepatic markers such
as cytochrome P450 (CYP) enzymes, and promoted
hepatic maturation by activating the mesenchymal-
to-epithelial transition (MET). Thus HNF4o might play
an important role in the hepatic differentiation from
human ESC-derived hepatoblasts by activating the MET.
Furthermore, the hepatocyte like-cells could catalyze the
toxication of several compounds. Our method would be
a valuable tool for the efficient generation of functional
hepatocytes derived from human ESCs and iPSCs, and
the hepatocyte-like cells could be used for predicting
drug toxicity.
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Human embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) are able to replicate indefinitely and differen-
tiate into most of the body’s cell types.!? They could provide an
unlimited source of cells for various applications. Hepatocyte-
like cells, which are differentiated from human ESCs and iPSCs,

would be useful for basic research, regenerative medicine, and
drug discovery. In particular, it is expected that hepatocyte-
like cells will be utilized as a tool for cytotoxicity screening in
the early phase of pharmaceutical development. To catalyze the
toxication of several compounds, hepatocyte-like cells need to
be mature enough to exhibit hepatic functions, including high
activity levels of the cytochrome P450 (CYP) enzymes. Because
the present technology for the generation of hepatocyte-like cells
from human ESCs and iPSCs, which is expected to be utilized
for drug discovery, is not refined enough for this application,
it is necessary to improve the efficiency of hepatic differentia-
tion. Although conventional methods such as growth factor-
mediated hepatic differentiation are useful to recapitulate liver
development, they lead to only a heterogeneous hepatocyte
population.** Recently, we showed that transcription factors
are transiently transduced to promote hepatic differentiation
in addition to the conventional differentiation method which
uses only growth factors.” Ectopic expression of Sry-related
HMG box 17 (SOX17) or hematopoietically expressed homeo-
box (HEX) by adenovirus (Ad) vectors in human ESC-derived
mesendoderm or definitive endoderm (DE) cells markedly
enhances the endoderm differentiation or hepatic commitment,
respectively.”* However, further hepatic maturation is required
for drug screening.

The transcription factor hepatocyte nuclear factor 4o
(HNF40) is initially expressed in the developing hepatic diver-
ticulum on E8.75,>'° and its expression is elevated as the liver
develops. A previous loss-of-function study showed that HNF4o.
plays a critical role in liver development; conditional deletion
of HNF4o. in fetal hepatocytes results in the faint expression of
many mature hepatic enzymes and the impairment of normal
liver morphology."" The genome-scale chromatin immunopre-
cipitation assay showed that HNF4a binds to the promoters of
nearly half of the genes expressed in the mouse liver,? including
cell adhesion and junctional proteins,'® which are important in
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the hepatocyte epithelial structure.”® In addition, HNF4o! plays a
critical role in hepatic differentiation and in a wide variety of liver
functions, including lipid and glucose metabolism.'>*¢ Although
HNF40 could promote transdifferentiation into hepatic lineage
from hematopoietic cells,”” the function of HNF4a in hepatic
differentiation from human ESCs and iPSCs remains unknown.
A previous study showed that hepatic differentiation from mouse
hepatic progenitor cells is promoted by HNF40, although many
of the hepatic markers that they examined were target genes of
HNF40.'® They transplanted the HNF4o-overexpressed mouse
hepatic progenitor cells to promote hepatic differentiation, but
they did not examine the markers that relate to hepatic matu-
ration such as CYP enzymes, conjugating enzymes, and hepatic
transporters.

In this study, we examined the role of HNF4a in hepatic dif-
ferentiation from human ESCs and iPSCs. The human ESC- and
iPSC-derived hepatoblasts, which were efficiently generated by
sequential transduction of SOX17 and HEX, were transduced
with HNF40-expressing Ad vector (Ad-HNF40:), and then the
expression of hepatic markers of the hepatocyte-like cells were
assessed. In addition, we examined whether or not the hepato-
cyte-like cells, which were generated by sequential transduction
of SOX17, HEX, and HNF4q, were able to predict the toxicity of
several compounds.

ESULT

Stage-specific HNF4o transduction in hepatoblasts
selectively promotes hepatic differentiation

The transcription factor HNF4a plays an important role in both
liver generation'! and hepatic differentiation from human ESCs
and iPSCs (Supplementary Figure S1). We expected that hepatic
differentiation could be accelerated by HNF4a transduction. To
examine the effect of forced expression of HNF4a in the hepatic
differentiation from human ESC- and iPSC-derived cells, we used a
fiber-modified Ad vector.” Initially, we optimized the time period
for Ad-HNF4a transduction. Human ESC (H9)-derived DE cells
(day 6) (Supplementary Figures S2 and S3a), hepatoblasts (day
9) (Supplementary Figures S2 and S3b), or a heterogeneous
population consisting of hepatoblasts, hepatocytes, and cholangi-
ocytes (day 12) (Supplementary Figures S2 and S3c) were trans-
duced with Ad-HNF4o and then the Ad-HNF4o-transduced
cells were cultured until day 20 of differentiation (Figure 1).
We ascertained the expression of exogenous HNF40. in human
ESC-derived hepatoblasts (day 9) transduced with Ad-HNF4o
(Supplementary Figure S4). The transduction of Ad-HNF4a
into human ESC-derived hepatoblasts (day 9) led to the highest
expression levels of the hepatocyte markers albumin (ALB)* and
o-1-antitrypsin (Figure 1a). In contrast, the expression levels of
the cholangiocyte markers cytokeratin 7 (CK7)* and SOX9% were
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(a—) The human ESC (H9)-derived cells, which were

cultured for 6, 9, or 12 days according to the protocol described in Figure 2a, were transduced with 3,000 vector particles (VP)/cell of Ad-HNF4a
for 1.5 hours and cultured until day 20. The gene expression levels of (a) hepatocyte markers (ALB and a-1-antitrypsin), (b) cholangiocyte markers
(CK7 and SOX9), and (c) pancreas markers (PDX1 and NKX2.2) were examined by real-time RT-PCR on day 0 (human ESCs (hESCs)) or day 20 of
differentiation. The horizontal axis represents the days when the cells were transduced with Ad-HNF4ca. On the y-axis, the level of the cells without
Ad-HNF4o transduction on day 20 was taken as 1.0. All data are represented as means + SD (n = 3). ESC, embryonic stem cell; HNF4a, hepatocyte

nuclear factor 40; RT-PCR, reverse transcription-PCR.
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downregulated in the cells transduced on day 9 as compared with
nontransduced cells (Figure 1b). This might be because hepatic
differentiation was selectively promoted and biliary differen-
tiation was repressed by the transduction of HNF4a in hepato-
blasts. The expression levels of the pancreas markers PDX1% and
NKX2.2* did not make any change in the cells transduced on day
9 as compared with nontransduced cells (Figure 1c). Interestingly,
the expression levels of the pancreas markers were upregulated,
when Ad-HNF4o. transduction was performed into DE cells (day
6) (Figure 1c). These results suggest that HNF4o might promote
not only hepatic differentiation but also pancreatic differentiation,
although the optimal stage of HNF4 transduction for the differ-
entiation of each cell is different. We have confirmed that there
was no difference between nontransduced cells and Ad-LacZ-
transduced cells in the gene expression levels of all the markers
investigated in Figure la-c (data not shown). We also confirmed
that Ad vector-mediated gene expression in the human ESC-
derived hepatoblasts (day 9) continued until day 14 and almost
disappeared on day 18 (Supplementary Figure S5). These results
indicated that the stage-specific HNF4a overexpression in human
ESC-derived hepatoblasts (day 9) was essential for promoting effi-
cient hepatic differentiation.

HNF40. Promotes Hepatic Maturation

Transduction of HNF4a into human ESC- and
iPSC-derived hepatoblasts efficiently promotes
hepatic maturation

From the results of Figure 1, we decided to transduce hepatoblasts
(day 9) with Ad-HNF4o. To determine whether hepatic maturation
is promoted by Ad-HNF4a: transduction, Ad-HNF4o.-transduced
cells were cultured until day 20 of differentiation according to
the schematic protocol described in Figure 2a. After the hepatic
maturation, the morphology of human ESCs was gradually changed
into that of hepatocytes: polygonal with distinct round nuclei
(day 20) (Figure 2b). Interestingly, a portion of the hepatocyte-
like cells, which were ALB®-, CK18?'-, CYP2D6-, and CYP3A4%-
positive cells, had double nuclei, which was also observed in
primary human hepatocytes (Figure 2b,c, and Supplementary
Figure S6). We also examined the hepatic gene expression levels
on day 20 of differentiation (Figure 3a,b). The gene expression
analysis of CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP3A4, and
CYP7A1” showed higher expression levels in all of Ad-SOX17-,
Ad-HEX-, and Ad-HNF4o-transduced cells (three factors-
transduced cells) as compared with those in both Ad-SOX17- and
Ad-HEX-transduced cells (two factors-transduced cells) on day 20
(Figure 3a). The gene expression level of NADPH-CYP reductase
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(a) The procedure for differentiation of human ESCs
IF medium was supplemented with 10pg/ml human

recombinant insulin, 5 pg/ml human apotransferrin, 10 umol/l 2-mercaptoethanol, 10 umol/l ethanolamine, 10 pmol/I sodium selenite, and 0.5 mg/ml
fatty-acid-free BSA. The L15 medium was supplemented with 8.3% tryptose phosphate broth, 8.3% FBS, 10 umol/l hydrocortisone 21 -hemisuccinate,
1pmol/linsulin, and 25 mmol/l NaHCO,. (b) Sequential morphological changes (day 0-20) of human ESCs (H9) differentiated into hepatocytes via
DE cells and hepatoblasts are shown. Red arrow shows the cells that have double nuclei. (€) The morphology of primary human hepatocytes is shown.
Bar represents 50 um. BSA, bovine serum albumin; DE, definitive endoderm; ESC, embryonic stem cell; iPSC, induced pluripotent stem cell.
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hepatocytes according to the protocol described in Figure 2a. On day 20 of differentiation, the gene expression levels of (@) CYP enzymes (CYP1A2,

CYP2C9, CYP2C19, CYP2D6, CYP3A4, and CYP7AT) and (b) POR were examined by real-time RT-PCR in undifferentiated human ESCs (hESCs), the
hepatocyte-like cells, and primary human hepatocytes (PH, hatched bar). On the y-axis, the expression level of primary human hepatocytes, which
were cultured for 48 hours after the cells were plated, was taken as 1.0. (c—e) The hepatocyte-like cells (day 20) were subjected to immunostaining
with (c) anti-drug-metabolizing enzymes (CYP2D6, CYP3A4, and CYP7AT1), (d) anti-hepatic surface protein (ASGR1 and c-Met), and (e) anti-ALB
antibodies, and then the percentage of antigen-positive cells was examined by flow cytometry on day 20 of differentiation. All data are represented

as means + SD (n = 3). ESC, embryonic stem cell; HNF4o, hepatocyte nuclear factor 40; iPSC, induced pluripotent stem cell.

(POR)?, which is required for the normal function of CYPs, was
also higher in the three factors-transduced cells (Figure 3b). The
gene expression analysis of ALB, o-1-antitrypsin (0-1-AT), tran-
sthyretin, hepatic conjugating enzymes, hepatic transporters, and
hepatic transcription factors also showed higher expression levels
in the three factors-transduced cells (Supplementary Figures S7
and S$8). Moreover, the gene expression levels of these hepatic
markers of three factor-transduced cells were similar to those of
primary human hepatocytes, although the levels depended on the
type of gene (Figure 3a,b, and Supplementary Figures S7 and
$8). To confirm that similar results could be obtained with human
iPSCs, we used three human iPS cell lines (201B7, Dotcom, and
Tic). The gene expression of hepatic markers in human ESC- and
iPSC-derived hepatocytes were analyzed by real-time reverse
transcription-PCR on day 20 of differentiation. Three human
iPS cell lines as well as human ESCs also eflectively differentiated
into hepatocytes in response to transduction of the three factors
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(Supplementary Figure S9). Interestingly, we observed differences
in the hepatic maturation efficiency among the three human iPS
cell lines. That is, two of the human iPS cell lines (Tic and Dotcom)
were more committed to the hepatic lineage than another human
iPS cellline (201B7). Because almost homogeneous hepatocyte-like
cells would be more useful in basic research, regenerative medicine,
and drug discovery, we also examined whether our novel methods
for hepatic maturation could generate a homogeneous hepatocyte
population by flow cytometry analysis (Figure 3c-e). The per-
centages of CYP2D6-, CYP3A4-, and CYP7Al-positive cells were
~80% in the three factors-transduced cells, while they were ~50%
in the two factors-transduced cells (Figure 3c). The percentages
of hepatic surface antigen (asialoglycoprotein receptor 1 (ASGR1]
and met proto-oncogene (c-Met))-positive cells (Figure 3d) and
ALB-positive cells (Figure 3e) were also ~80% in the three fac-
tors-transduced cells. These results indicated that a nearly homo-
gencous population was obtained by our differentiation protocol

www.moleculartherapy.org vol. 20 no. 1 jan. 2012



using the transduction of three functional genes (SOX17, HEX,
and HNF4o).

The three factors-transduced cells have characteristics
of functional hepatocytes

The hepatic functions of the hepatocyte-like cells, such as the
uptake of low-density lipoprotein (LDL) and CYP enzymes activ-
ity, of the hepatocyte-like cells were examined on day 20 of dif-
ferentiation. Approximately 87% of the three factors-transduced
cells uptook LDL in the medium, whereas only 44% of the two
factors-transduced cells did so (Figure 4a). The activities of CYP
enzymes of the hepatocyte-like cells were measured according to
the metabolism of the CYP3A4, CYP2C9, or CYP1A2 substrates
(Figure 4b). The metabolites were detected in the three factors-
transduced cells and their activities were higher than those of
the two factors-transduced cells (dimethyl sulfoxide (DMSO)
column). We further tested the induction of CYP3A4, CYP2C9,
and CYP1A2 by chemical stimulation, since CYP3A4, CYP2C9,
and CYP1A2 are the important prevalent CYP isozymes in the
liver and are involved in the metabolism of a significant propor-
tion of the currently available commercial drugs (rifampicin or
omeprazole column). It is well known that CYP3A4 and CYP2C9
can be induced by rifampicin, whereas CYP1A2 can be induced
by omeprazole. The hepatocyte-like cells were treated with either
of these. Although undifferentiated human ESCs responsed to
neither rifampicin nor omeprazole (data not shown), the hepato-
cyte-like cells produced more metabolites in response to chemical
stimulation as well as primary hepatocytes (Figure 4b). The activ-
ity levels of the hepatocyte-like cells as compared with those of
primary human hepatocytes depended on the types of CYP; the
CYP3A4 activity of the hepatocyte-like cells was similar to that of
primary human hepatocytes, whereas the CYP2C9 and CYP1A2
activities of the hepatocyte-like cells were slightly lower than those
of primary human hepatocytes (Figure 3a). These results indi-
cated that high levels of functional CYP enzymes were detectable
in the hepatocyte-like cells.

The metabolism of diverse compounds involving uptake,
conjugation, and the subsequent release of the compounds is
an important function of hepatocytes. Uptake and release of
Indocyanine green (ICG) can often be used to identify hepato-
cytes in ESC differentiation models.”” To investigate this function
in our hepatocyte-like cells, we compared this ability of the three
factors-transduced cells with that of the two factors-transduced
cells on day 20 of differentiation (Figure 4c). The three factors-
transduced cells had more ability to uptake ICG and to excrete ICG
by culturing without ICG for 6 hours. We also examined whether
the hepatocyte-like cells could store glycogen, a characteristic of
functional hepatocytes (Figure 4d). On day 20 of differentiation,
the three factors-transduced cells and the two factors-transduced
cells were stained for cytoplasmic glycogen using the Periodic
Acid-Schiff staining procedure. The three factors-transduced cells
exhibited more abundant storage of glycogen than the two-factors-
transduced cells. These results showed that abundant hepatic func-
tions, such as uptake and excretion of ICG and storage of glycogen,
were obtained by the transduction of three factors.

Many adverse drug reactions are caused by the CYP-dependent
activation of drugs into reactive metabolites.”® In order to examine
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metabolism-mediated toxicity and to improve the safety of drug
candidates, primary human hepatocytes are widely used.?® Because
primary human hepatocytes have quite different characteristics
among distinct lots and because it is difficult to purchase large
amounts of primary human hepatocytes that have the same char-
acteristics, hepatocyte-like cells are expected to be used for this
purpose. To examine whether our hepatocyte-like cells could be
used to predict metabolism-mediated toxicity, the hepatocyte-
like cells were incubated with four substrates (troglitazone, acet-
aminophen, cyclophosphamide, and carbamazepine), which are
known to generate toxic metabolites by CYP enzymes, and then
the cell viability was measured (Figure 4e). The cell viability of the
two factors plus Ad-LacZ-tansduced cells were higher than that
of the three factors-transduced cells at each different concentra-
tion of four test compounds. These results indicated that the three
factors-transduced cells could more efficiently metabolize the test
compounds and thereby induce higher toxicity than either the two
factors-transduced cells or undifferentiated human ESCs. The cell
viability of the three factors-transduced cells was slightly higher
than that of primary human hepatocytes.

HNF4a, promotes hepatic maturation by activating
mesenchymal-to-epithelial transition

HNF4o is known as a dominant regulator of the epithelial
phenotype because its ectopic expression in fibroblasts (such as
NIH 3T3 cells) induces mesenchymal-to-epithelial transition
(MET)", although it is not known whether HNF4o. can promote
MET in hepatic differentiation. Therefore, we examined whether
HNF4o. transduction promotes hepatic maturation from hepa-
toblasts by activating MET. To clarify whether MET is activated
by HNF40. transduction, the human ESC-derived hepatoblasts
(day 9) were transduced with Ad-LacZ or Ad-HNF4q, and the
resulting phenotype was analyzed on day 12 of differentiation
(Figure 5). This time, we confirmed that HNF4o transduction
decreased the population of N-cadherin (hepatoblast marker)-
positive cells,”” whereas it increased that of ALB (hepatocyte
marker)-positive cells (Figure 5a). The number of CK7 (cholan-
giocyte marker)-positive population did not change (Figure 5a).
To investigate whether these results were attributable to MET, the
alteration of the expression of several mesenchymal and epithe-
lial markers was examined (Figure 5b). The human ESC-derived
hepatoblasts (day 9) were almost homogeneously N-cadherin®
(mesenchymal marker)-positive and E-cadherin'! (epithelial
marker)-negative, demonstrating that human ESC-derived hepa-
toblasts have mesenchymal characteristics (Figure 5a,b). After
HNF4a transduction, the number of E-cadherin-positive cells
was increased and reached ~90% on day 20, whereas that of
N-cadherin-positive cells was decreased and was less than 5% on
day 20 (Supplementary Figure S10). These results indicated that
MET was promoted by HNF4o transduction in hepatic differen-
tiation from hepatoblasts. Interestingly, the number of growing
cells was decreased by HNF4o! transduction (Figure 5¢), and the
cell growth was delayed by HNF4o transduction (Supplementary
Figure S11). This decrease in the number of growing cells might
have been because the differentiation was promoted by HNF4c
transduction. We also confirmed that MET was promoted by
HNF4o transduction in the gene expression levels (Figure 5d).
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‘ ineduction of the three factors enhances hepatic functions. The human ESCs were differentiated into hepatoblasts and transduced with
3,000 VP/cell of Ad-LacZ or Ad-HNF4a for 1.5 hours and cultured until day 20 of differentiation according to the protocol described in Figure 2a. The
hepatic functions of the two factors plus Ad-LacZ-transduced cells (SOX17+HEX+LacZ) and the three factors-transduced cells (SOX17+HEX+HNF40)
were compared. (a) Undifferentiated human ESCs (hESCs) and the hepatocyte-like cells (day 20) were cultured with medium containing Alexa-Flour
488-labeled LDL (green) for 1 hour, and immunohistochemistry and flow cytometry analysis were performed. The percentage of LDL-positive cells
was measured by flow cytometry. Nuclei were counterstained with DAPI (blue). The bar represents 100 um. (b) Induction of CYP3A4 (left), CYP2C9
(middle), or CYP1A2 (right) by DMSO (gray bar), rifampicin (black bar), or omeprazole (black bar) in the hepatocyte-like cells (day 20) and primary
human hepatocytes (PH), which were cultured for 48 hours after the cells were plated. On the y-axis, the activity of primary human hepatocytes
that have been cultured with medium containing DMSO was taken as 1.0. (c) The hepatocyte-like cells (day 20) (upper column) were examined for
their ability to take up Indocyanin Green (ICG) and release it 6 hours thereafter (lower column). (d) Glycogen storage of the hepatocyte-like cells
(day 20) was assessed by Periodic Acid-Schiff (PAS) staining. PAS staining was performed on day 20 of differentiation. Glycogen storage is indicated
by pink or dark red-purple cytoplasms. The bar represents 100um. (e) The cell viability of undifferentiated human ESCs (black), two factors plus
Ad-LacZ-tansduced cells (green), the three factors-transduced cells (blue), and primary human hepatocytes (red) was assessed by Alamar Blue assay
after 48 hours exposure to different concentrations of four test compounds (troglitazone, acetaminophen, cyclophosphamide, and carbamazepine).
The cell viability is expressed as a percentage of cells treated with solvent only treat: 0.1% DMSO except for carbamazepine: 0.5% DMSO. All data
are represented as means + SD (n = 3). ESC, embryonic stem cell; DMSO, dimethyl sulfoxide; LDL, low-density lipoprotein.
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(red) antibodies on day 9 or day 12 of differentiation. Nuclei were counterstained with DAPI (blue). The bar represents 50 pm. Similar results were
obtained in two independent experiments. (c) The cell cycle was examined on day 9 or day 12 of differentiation. The cells were stained with Pyronin
Y (y-axis) and Hoechst 33342 (x-axis) and then analyzed by flow cytometry. The growth fraction of cells is the population of actively dividing cells
(G1/5/G2/M). (d) The expression levels of AFP, PROX1, a-1-antitrypsin, ALB, CK7, SOX9, N-cadherin, Snaill, Ceacam], E-cadherin, p15, and p21 were
examined by real-time RT-PCR on day 9 or day 12 of differentiation. The expression level of hepatoblasts (day 9) was taken as 1.0. All data are repre-
sented as means + SD (n = 3). (e) The model of efficient hepatic differentiation from human ESCs and iPSCs in this study is summarized. The human
ESCs and iPSCs differentiate into hepatocytes via definitive endoderm and hepatoblasts. At each stage, the differentiation is promoted by stage-
specific transduction of appropriate functional genes. In the last stage of hepatic differentiation, HNF4o. transduction provokes hepatic maturation by
activating MET. ESC, embryonic stem cell; HNF40, hepatocyte nuclear factor 40; iPSC, induced pluripotent stem cell; MET, mesenchymal-to-epithelial
transition; RT-PCR, reverse transcription-PCR; VP, vector particle.

The gene expression levels of hepatocyte markers (0i-1-antitrypsin
and ALB)* and epithelial markers (CeacamI and E-cadherin) were
upregulated by HNF40. transduction. On the other hand, the gene
expression levels of hepatoblast markers (AFPand PROXI)%, mes-
enchymal markers (N-cadherin and Snail)*, and cyclin dependent
kinase inhibitor (p15 and p21)* were downregulated by HNF4c.
transduction. HNF4a transduction did not change the expression
levels of cholangiocyte markers (CK7 and SOX9). We conclude
that HNF4o promotes hepatic maturation by activating MET.

This study has two main purposes: the generation of functional
hepatocytes from human ESCs and iPSCs for application to drug
toxicity screening in the early phase of pharmaceutical development
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and; elucidation of the HNF4a function in hepatic maturation from
human ESCs. We initially confirmed the importance of transcrip-
tion factor HNF4o. in hepatic differentiation from human ESCs by
using a published data set of gene array analysis (Supplementary
Figure S1).** We speculated that HNF40l transduction could
enhance hepatic differentiation from human ESCs and iPSCs.

To generate functional hepatocytes from human ESCs and iPSCs
and to elucidate the function of HNF4a in hepatic differentiation
from human ESCs, we examined the stage-specific roles of HNF4c.
We found that hepatoblast (day 9) stage-specific HNF4o. transduc-
tion promoted hepatic differentiation (Figure 1). Because endog-
enous HNF40.is initially expressed in the hepatoblast,*'® our system
might adequately reflect early embryogenesis. However, HNF4o
transduction at an inappropriate stage (day 6 or day 12) promoted

133



HNF40. Promotes Hepatic Maturation

bidirectional differentiation; heterogeneous populations, which
contain the hepatocytes and pancreas cells or hepatocytes and cho-
langiocytes, were obtained, respectively (Figure 1), consistent with a
previous report that HNF4a plays an important role not only in the
liver but also in the pancreas.'? Therefore, we concluded that HNF4o:
plays a significant stage-specific role in the differentiation of human
ESC- and iPSC-derived hepatoblasts to hepatocytes (Figure 5e).

We found that the expression levels of the hepatic functional
genes were upregulated by HNF4a transduction (Figure 3a,b,
and Supplementary Figures S7 and S8). Although the ¢/EBPo.
and GATA4 expression levels of the three factors-transduced
cells were higher than those of primary human hepatocytes, the
FOXA1, FOXA2, FOXA3, and HNF1la, which are known to be
important for hepatic direct reprogramming and hepatic differ-
entiation,”* expression levels of three factors-transduced cells
were slightly lower than those of primary human hepatocytes
(Supplementary Figure S8). Therefore, additional transduction
of FOXA1, FOXA2, FOXA3, and HNF1a might promote further
hepatic maturation. Some previous hepatic differentiation proto-
cols that utilized growth factors without gene transfer led to the
appearance only of heterogeneous hepatocyte populations.* The
HNF4a transduction led not only to the upregulation of expres-
sion levels of several hepatic markers but also to an almost homo-
geneous hepatocyte population; the differentiation efficacy based
on CYPs, ASGR1, or ALB expression was ~80% (Figure 3c-e). The
efficient hepatic maturation in this study might be attributable to
the activation of many hepatocyte-associated genes by the trans-
duction of HNF40,, which binds to the promoters of nearly half of
the genes expressed in the liver.'? In the later stage of hepatic mat-
uration, hepatocyte-associated genes would be strongly upregu-
lated by endogenous transcription factors but not exogenous
HNF40 because transgene expression by Ad vectors was almost
disappeared on day 18 (Supplementary Figure $5). Another rea-
son for the efficient hepatic maturation would be that sequential
transduction of SOX17, HEX, and HNF4a. could mimic hepatic
differentiation in early embryogenesis.

Next, we examined whether or not the hepatocyte-like cells
had hepatic functions. The activity of many kinds of CYPs was
upregulated by HNF40. transduction (Figure 4b). Ad-HNF4a.-
transduced cells exhibit many characteristics of hepatocytes:
uptake of LDL, uptake and excretion of ICG, and storage of gly-
cogen (Figure 4a,c,d). Many conventional tests of hepatic char-
acteristics have shown that the hepatocyte-like cells have mature
hepatocyte functions. Furthermore, the hepatocyte-like cells can
catalyze the toxication of several compounds (Figure 4e). Although
the activities to catalyze the toxication of test compounds in pri-
mary human hepatocytes are slightly higher than those in the
hepatocyte-like cells, the handling of primary human hepatocytes
is difficult for a number of reasons: since their source is limited,
large-scale primary human hepatocytes are difficult to prepare as
a homogeneous population. Therefore, the hepatocyte-like cells
derived from human ESCs and iPSCs would be a valuable tool for
predicting drug toxicity. To utilize the hepatocyte-like cells in a
drug toxicity study, further investigation of the drug metabolism
capacity and CYP induction potency will be needed.

We also investigated the mechanisms underlying efficient
hepatic maturation by HNF4a transduction. Although the
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number of cholangiocyte populations did not change by HNF4o
transduction, we found that the number of hepatoblast popula-
tions decreased and that of hepatocyte populations increased,
indicating that HNF40 promotes selective hepatic differentiation
from hepatoblasts (Figure 5a). As previously reported, HNF4a
regulates the expression of a broad range of genes that code for
cell adhesion molecules,”® extracellular matrix components, and
cytoskeletal proteins, which determine the main morphological
characteristics of epithelial cells.'****” In this study, we elucidated
that MET was promoted by HNF4a transduction (Figure 5b,d).
Thus, we conclude that HNF4a overexpression in hepatoblasts
promotes hepatic differentiation by activating MET (Figure 5e).

Using human iPSCs as well as human ESCs, we confirmed
that the stage-specific overexpression of HNF40o could promote
hepatic maturation (Supplementary Figure §9). Interestingly, the
differentiation efficacies differed among human iPS cell lines: two
of the human iPS cell lines (Dotcom and Tic) were more commit-
ted to the hepatic lineage than another human iPS cell line (201B7)
(Supplementary Figure S7). Therefore, it would be necessary to
select a human iPS cell line that is suitable for hepatic matura-
tion in the case of medical applications, such as drug screening
and liver transplantation. The difference of hepatic differentiation
efficacy among the three iPSC lines might be due to the differ-
ence of epigenetic memory of original cells or the difference of the
inserted position of the foreign genes for the reprogramming.

To control hepatic differentiation mimicking embryogenesis,
we employed Ad vectors, which are one of the most efficient tran-
sient gene delivery vehicles and have been widely used in both
experimental studies and clinical trials.* We used a fiber-modified
Ad vector containing the EF-1a promoter and a stretch of lysine
residue (KKKKKKK, K7) peptides in the C-terminal region of
the fiber knob.!” The K7 peptide targets heparan sulfates on the
cellular surface, and the fiber-modified Ad vector containing the
K7 peptides was shown to be efficient for transduction into many
kinds of cells including human ESCs and human ESC-derived
cells.”-#1° Thus, Ad vector-mediated transient gene transfer should
be a powerful tool for regulating cellular differentiation.

In summary, the findings described here demonstrate that
transcription factor HNF4at plays a crucial role in the hepatic
differentiation from human ESC-derived hepatoblasts by activat-
ing MET (Figure 5e). In the present study, both human ESCs and
iPSCs (three lines) were used and all cell lines showed efficient
hepatic maturation, indicating that our protocol would be a uni-
versal tool for cell line-independent differentiation into functional
hepatocytes. Moreover, the hepatocyte-like cells can catalyze the
toxication of several compounds as primary human hepatocytes.
Therefore, our technology, by sequential transduction of SOX17,
HEX, and HNF40, would be a valuable tool for the efficient gen-
eration of functional hepatocytes derived from human ESCs and
iPSCs, and the hepatocyte-like cells could be used for the predic-
tion of drug toxicity.

Human ESC and iPSC culture. A human ES cell line, H9 (WiCell Research
Institute, Madison, HI), was maintained on a feeder layer of mitomycin
C-treated mouse embryonic fibroblasts (Millipore, Billerica, MA) with Repro
Stem (Repro CELL, Tokyo, Japan) supplemented with 5ng/ml fibroblast
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