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Figure 81 Cardiomyogenesis of P19 cells, P19CL6 cells and P19CL6 cell
sublines

(A-C) PCA was performed using expression data of cardiac marker genes [Nkx2.5, Gata4,
Mef2c, Myh6 (e:-MHC), Myh7 (8-MHC), Mic2a and Mic2v] in differentiated P19 cells,
P19CL6 cells and P19CL6 cell sublines (CL6G26, CL6G36, CL6G45 and CL6GS2). (A)
Scree plot indicates eigenvalues plotted against the factor numbers (left-hand panel). Factor
loadings plot compares the two factor analyses (right-hand panel). (B) First component scores of
P19 cells, P19CL6 cells and P19CL6 cell sublines at days 8, 12, 16 and 20. (C) Second
component scores of P19 cells, P19CL6 cells and P19CLS cell sublines at days 8, 12, 16 and
20. (D) P19 cells, P19CL6 cells and P19CL6 cell sublines (CL6G26, CL6G36, CL6G4S
and CL6G52) were differentiated in the presence of 1% DMSQ. Nodules exhibiting spontaneous
beating were counted with a microscope every other day and assessed non-parametrically, as
described in the Materials and methods section of the main paper.
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Figure S2 Efficiency of CMR gene knockdown by siRNA targeting the CMR genes in EC cells

CLBG52 cells were transfected with 100 nM siRNA targeting the CMR genes or the negative control siRNA. After 48 h, total RNA was isolated from the transfected cells. mRNA levels of the CMR
genes were measured by gRT-PCR and normalized to 185 rRNA levels. Expression levels in cells transfected with the negative control were set to 1. Results are means + S.E.M. (n = 6). Statistical
significance was determined using a Student's { test (*P < 0.05 compared with control).
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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, Gata4, Mei2c, Myh6 (a-MHC), Myh7 (8-MHC), Mic2a and Mic2v were normalized to 185 rRNA levels. Results are means + SEM. (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 o 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 ¢ test (*P < 0.05 compared with control).
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Table 81 Probes and primers for qRT-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
Gatad TGCATCTCCTGTCACTCAGACATCGCA TGCTCTAAGCTGTCCCCACAA GTGATTATGTCCCCATGACTGTCA
Mef2c CCAGTTACCATCCCAGTGTCCAGCCATAAC TCCACCTCCCAGCTTTGAGAT TGACAGGATTGCTGTACACCAAAC
Mic2a AAGGCCTTCAGCTGCATTGACCAGAAC AAGCCCAGATTCAGGATTCAAG AGCTCTTCCTCCGGAACACTT
Mic2v CATGGACCAGAACAGAGACGGCTTCA GGAGTTCAAGGAAGCCTTCACA TGTGTCCCTTAGGTCATTCTTGTC
Myh6 (o-MHC) TCTGCTGATACCGGTGACAGTGGTAAAGG CATGGCTACACTCTTCTCTACCTATGC GGTGGAGAGCAGACACTGTTTG
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
Tmem38 CCAAGATGAAGACGTCAGCAAGTGTCAGTG CAGAAAAACTCGTTGCCATGAC GTTTGGCCACCACAATGATG

Cisc TTCAACCCCTTCGAGCTGACAAATCATG ACGATGACTTCCTACACTACCACAGT CCATAGCCCACAAGCAAAACA
For CTTTCTTGTGCCGTTGATCGTTTCCAC CGTCCTCAGTGAGAACCTGATG ACAAAGCCCGCGACTTCTT
Sema3e CCGAGCACAGCAGTAAAGGTAGAAGAATGC GTGAGTGACGGCTACAGAGAGATATACT CACACTCATTTGCGTCTTTTCC
Maged2 AGGCTATGACAATGCCTACAACCCCGA AGCTGACACCAAGACGCAGAA GTACCCTCAGGCTCTGGTTCAT
2810405K02Rik TGTCTGGTGACCTGCTGCAAAGTGGA CCAAGGCTAAAGCTGTTGGTATC TCTGGATGAAGTGCAACAGTACCT
Rhox4b TGTGGGCGTGAATGGAAAGTCTA GCCCTAATTATTCTTGTCCTTATTTGTAA CGCAGGCTTCCTACCTTGTG
Cd302 ACCTGTGGTTTTCTGTACACCAAGAC GATCAAGATGGTGAGGACCTAGTTG CACAATCCCCTTTTCTCCATTC
Fzd1 ACTTCTTTCCTGCTGGCCGGTTTCGT CGCCTCTCTTCGTTTATCTGTTC TCTCTGTCTTGGTGCCGTCAT
Adarb1 ACCTGCCACCGCTCTACACTCTCAACAA GTACCAGCGGATCTCCAACATAG TGCCTCTGCATTGCTGATG

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

Tsgatd AAGTGACAGCTGAGGAGATCCAAAGGCTC CAAGTCGCTTCCCTGTCAGAT CTCCCGTGCTGTTGATGAACT
Hnrnpatl TTCTCAGCGACCAGGTGCCCACTTAACT GTTGTGGAACCTAAGAGAGCTGTCT CGTAGGTGATGTTCTTCAGTGTCTTC
Adm TACAAGCCAGCAATCAGAGCGAAGC CTCGCTGATGAGACGACAGTTC GGTAGCGTTTGACACGAATGTG
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Table 82  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')

WO N U W N

Prdm5
AW551984
D430028G21Rik
5330410G16Rik
Tmem38

Ctsc

Far

Sema3e
Maged?
2810405K02Rik
Rhox4b

£d302

Fzd1

Adarb1

Gpaal

Chst2
9830115L13Rik
9630055N22Rik
Ptprb

Gstz1
1110021L09Rik
Tsgat4
Hnrnpal

Adm

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

UUUAGUUCCAGCUGCCAACUGUCCC
UUAUAUGAGAGACACACUUCACCGG
UAUACUUAUAGGUCUUGUCCUCAGC
AAUAGGACCCAUCGAGGCAGCCCGG
AAUCUUCAAGAUGGCGAUGCAGUGG
AUUCAACACAAUCUCGAAGCCUUGG
UUAUAUUUAAGUAGACUGCCCUACC
AUACUCAUCCAGCAGCAUUGUAUGG
UUGUAUUGACCUUUGGAUCGGUACC
UACCAACAGCUUUAGCCUUGGAGGC
UCUUGACCACGGCGUCCGCUU
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

nodules

rs, Spearman’s rank correlation cosfficient.

principal components, lag time to the onset of beating and number of

First principal component

Second principal component

Lag time to the onset of beating

Number of nodules

CMR gene number rs P value IS P value rs P value rs P value

CMR1 0.8237 226 x10-¢ 0.7368 344x 10~ —0.4932 561 x10-3 0.4384 154 %102
CMR2 0.7836 3.04x10°7 0.7464 218x10-¢ —0.5419 198102 0.4153 2.25x 1072
CMR3 0.7596 1.13x 106 0.4397 151 %1072 ~0.6333 1.73 %104 0.6455 117 %104
CMR4 0.7596 113x 108 0.6386 146 x 104 —0.4859 6.48 x 102 0.4202 2.08x10-?
CMR5 0.7573 127 x10-8 0.466 944103 —0.6856 290 %1035 0.6881 264x10-%
CMR6 —0.7196 7.42 %106 —0.5235 299 %103 0.6771 397 x10-° - 0.5907 5.90 x 104
CMR7 0.6589 752x10° 0.1282 50010~ —0.492 5.75%10-% 0.6004 452x10~4
CMR2 0.6521 9.46 % 1035 0.3798 3.85% 102 —0.8038 8.85 % 108 0.7672 757 %107
CMR8 —0.6246 2.25% 104 —0.4588 1.08x10-2 0.4177 216x 1072 —0.3824 3.70x10-2
CMR9 — (15903 5.96 x 104 —0.3103 952 %102 0.503 461x10-3 - 05164 349 x10-°
CMR10 0.5658 1.12x10-3 0.2336 214 % 10" —0.6151 2.98x10-* 0.6455 117 %104
CMR11 0.5651 114x10-¢ 0.4277 1.84 x 102 —0.6308 186 %1074 0.5858 .71 %104
CMR12 0.556 142 %103 0.4157 223x10-2 —0.3982 2.93x 102 0.4165 221%x1072
CMR13 0.5399 2.07 x 103 0.3055 1.01x10-1 —0.4299 1.77 %1072 0.4323 1.70 % 1072
CMR13 0.5388 213x 103 0.1761 352x10~" —0.5858 6.71 %104 0.682 3.32x 103
CMR14 0.5366 2.24 %1078 0.2432 1.95x 101 —0.4671 926 %103 0.5012 478 %103
CMR15 0.485 6.59 > 10-° 0.0012 9.95% 10" - 0.6735 453 %1073 0.7806 3.61x10-7
CMR16 0.4685 9.02x10-32 —0.1186 5.32x 10" —0.4744 8.08 x 103 0.64 140 x 104
CMR17 —0.4559 113 x10-2 - 0.0503 7.92x10-1 0.7673 753 %107 —0.8313 128 %108
CMR18 0.453 1.19x10-2 - 0.0635 7.39x10-" —-0.369 448 %102 0.548 1.72%x 103
CMR19 —0.4404 149 x10-? —0.1066 575% 101 0.643 1.27 x 1074 —0.7124 1.00 % 103
CMR20 —0.4256 1.91 %102 0.0036 9.85x 101 0.4214 2.04 %102 —0.539 2.09x10-8
CMR21 0.397 2.99 %102 —0.0204 9.15% 10" —0.5809 763 %104 0.6832 317 %103
CMR22 —0.3924 3.20 x10-? —0.2839 1.28 %10~ 0.5249 2.90 % 10-3 —0.4579 1.09 x 102
CMR23 ~0.3924 3.20x10-? 0.109 5.66x 10" 0.6978 1.81x10-% -0.822 254108
CMR24 —0.3856 353 %1072 01414 456x10" 0.4623 - 0.603 420%10-4

1.01x10-2
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Crucial role of AW551984 in cardiomyogenesis

Table 84 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); +transcript expression significantly decreased compared with the control (P < 0.05); ttranscript expression significantly increased compared with the control
(P <0.05).

Myh6 (e-MHC) Myh7 (B8-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
CNR5 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 Caz’/calmodulin—dependent kinase II (CaMKII) were
increased in MLP (—/-) mouse hearts. Acitivity of Racl, 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.

Keywords:

Transient receptor potential channel
Muscle LIM protein

Dilated cardiomyopathy

Rac

Reactive oxygen species

DCM is a principal cause of death and disability in children
and young adults. Despite recent progress in the treatment of

1. Introduction

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; AR, B adrenergic
receptor; PARK, PAR kinase; BARK-ct, carboxyl-terminal region of BARK (BARK
inhibitor); CaMKII, 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.

* Corresponding author. Address: Department of Pharmacology and Toxicology,
Graduate School of Pharmaceutical, Sciences, Kyushu University, 3-1-1 Maidashi,
Higashi-ku, Fukuoka, Fukuoka 812-8582, Japan. Fax: +81 92 642 6878.

E-mail address: nishida@phar.kyushu-u.ac,jp (M. Nishida).

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.04.124

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) Il typetl receptor
(ATR) or overexpression of the carboxyl-terminal region of the p
adrenergic receptor (BAR) kinase (BARK-ct) attenuates the
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progression of heart failure in MLP (—/-) mice [10,11], BAR 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 deterioration of heart failure [12-
14]. For example, activation of CaMKII§ causes p53 accumulation
and cardiomyocyte apoptosis in DCM [13]. In contrast, p47P"°*, 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 TRPC6 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 l-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 pm 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-Il 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: JaICA, 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 pum thickness using Cryostat (Leica, CM1100). The LV
sections were incubated with DHE (100 uM) 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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culture dishes were loaded with DCFH,DA (10 pM) at 37 °C for
10 min. The DCF fluorescence or fura-2 fluorescence at an emission
wavelength of 510 nm was observed at room temperature by
exciting DCF at 488 nm or exciting fura-2 at 340 nm and 380 nm
using a video image analysis system (Aquacosmos, Hamamatsu
Photonics).

2.7. Statistical analysis

The results are shown as means + S.E.M. All experiments were
repeated at least three times. Statistical comparisons were made
with two-tailed Student's t-test or one way analysis of variance fol-
lowed by the Student-Newman-Keuls procedure with significance
imparted at P < 0.05.

3. Results

3.1. Increase in TRPC3-mediated Ca®* signals in MLP (—/—) mouse
hearts

Compared with MLP (+/+) mouse hearts, the expression levels of
TRPC3 and TRPC6 proteins, but not TRPC1, TRPC5, and TRPC7, were
significantly increased in MLP (—/—) mouse hearts (Fig. 1A). Treat-
ment of isolated MLP (+/+) mouse cardiomyocytes with OAG in-
duced a Ca** influx-mediated increase in [Ca®*]. This [Ca*'];
increase was completely suppressed by the addition of Pyr3
(Fig. 1B). The OAG-induced maximal [Ca®*]; increase was markedly
enhanced in MLP (—/—) mouse cardiomyocytes (Fig. 1C), indicating
that up-regulation of TRPC3 enhances DAG-mediated Ca?" influx.
NFAT and CaMKII are two major downstream effectors of Ca%*/cal-
modulin-mediated cardiac hypertrophy [17]. The CaMKII activity
was increased in MLP (—/-) mouse hearts (Fig. 1D). This CaMKII
activation was significantly suppressed by Pyr3 treatment. These
results suggest that up-regulation of TRPC3 contributes to Ca%* in-
flux-dependent CaMKII activation in MLP (—/—) mouse hearts.

3.2. Inhibition of TRPC3 attenuates LV dilation and dysfunction

Both LV wall thickness and LV function were markedly reduced
in 8-week-old MLP (—/-) mouse hearts (Tables 1 and 2). Treatment
of MLP (—/-) mice with Pyr3 significantly attenuated the progres-
sion of LV dilation and dysfunction. Inhibition of TRPC3 also re-
duced the increase in heart weight and cardiomyocyte
hypertrophy (Fig. 2A-C) and the increases in mRNAs of hypertro-
phy-related markers (B-myosin heavy chain (BMHC), o-skeletal
muscle actin («SKA) and Ang converting enzyme (ACE)) (Fig. 2D).
We previously reported that cardiac hypertrophy and fibrosis are
independently regulated by two heterotrimeric GTP-binding pro-
teins [24]. Therefore, we next examined whether inhibition of
TRPC3 suppresses cardiac fibrosis in MLP (—/—) mice. Collagen
deposition in the interstitial area was markedly increased in MLP
(—/-) hearts, and this fibrosis was suppressed by Pyr3 treatment
(Fig. 3A and B). Pyr3 also suppressed the increase in expression
of fibrosis-inducible proteins (ACE and periostin) in MLP (—/—)
mouse hearts (Fig. 3C). These results suggest that inhibition of
TRPC3 attenuates the development of cardiac hypertrophy and
fibrosis in MLP (—/-) mice.

3.3. TRPC3-mediated Ca®* influx contributes to ROS production

It is generally thought that oxygen free radical release is in-
creased in the failing heart and oxidative stress is a major cause
of the progression of heart failure [12,14]. Up-regulation of
TRPC3 channels participate in CaMKII activation in MLP (—/-)
mouse hearts, and it has been reported that Ca®* influx is
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Fig. 1. Involvement of TRPC3 in CaMKII activation of MLP-deficient hearts. (A)
Protein expression levels of respective TRPC channels in wild type (MLP (+/+)) and
MLP-deficient (MLP (—/—)) mouse hearts. Hearts were removed from 5 week-old
mice. (n=4) **P<0.01 (B) Typical time course of Ca®" response induced by OAG
(15 uM) in the absence (0 mM Ca?*) or presence of extracellular Ca2* (2 mM Ca®*) in
isolated MLP (+/+) mouse cardiomyocytes. Cells were treated with Pyr3 (1 pM).
(n=10-12) (C) Maximal Ca*" influx-mediated increase in [Ca*"]; induced by OAG.
(D) Effects of pyrazole-3 (Pyr3) on the phosphorylation of CaMKII proteins. (n = 6)
*P<0.05.

Table 1
Echocardiographic parameters.

MLP(+/+) Veh MLP(+/+) Pyr3 MLP(-/-) Veh MLP(—/-) Pyr3

(n=5) (n=5) (n=11) (n=11)

HR (bpm) 53810 541+14 533+11 529+16
IVSd (mm) 0.88+0.04 0.90+0.03 0.63+0.03"  0.92%0.04*
LVPWd (mm) 0.98+0.02  0.94 +0.02 0.71+£0.04"  0.97 +0.04*
LVIDd (mm) 2.08+0.09  2.04+0.02 325%0.17"  2.64+0.04*
LVIDs (mm) 0.50+0.06  0.48 +0.02 24840197 1.39£0.18%
EF (%) 98.8+0.3 98.8+0.2 56.0+3.9" 83.2+3.4%
ES (%) 78.0+2.1 78.0+£1.1 254£1.1" 50.6+4,7%*

HR, heart rate; 1VSd, interventricular septum diastolic diameter; LVPWd, left ven-
tricular posterior wall diastolic diameter; LVIDd, left ventricular internal at end-
diastole; LVIDs, left ventricular internal diameters at end-systole; EF, ejection
fraction; FS, Fractional shortening; Veh, vehicle.

" P<0.01 vs. MLP(+/+) Veh.

#* P<0.01 vs. MLP(—/—) Veh.

required for Nox-mediated ROS production [28,29]. Therefore,
we examined whether TRPC3-mediated Ca®* influx regulates
ROS production in DCM. The expression level of 4-HNE adducts
and superoxide production were markedly increased in MLP
(=/-) mouse hearts (Fig. 4A and B). These ROS accumulations
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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 +3 504 +2 500 + 4 505+ 1
(bpm)
LVESP (mm 123+4 127+3 10227 108 £ 2*
Hg)
LVEDP (mm 44+08 3610 141x127 8.4+04"
Hg)
dP/dt max 13,365+199 12,756+412 6252+294° 8235+316%"
(mm Hg/s)
dP/dt min 8049+617  8444+530 3240:185° 4516+178*
(mm Hgs)
Tau (msec) 9.8+0.4 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 pum
(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 B-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 [3031], 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 p22P"°* while
Nox4 is constitutively activated [32]. In addition, Rac1 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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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 p47P1o*
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 Il-induced cardiomyo-
cyte hypertrophy [21], suggesting that AT;R works upstream of
TRPC3 in MLP (—/-) mouse hearts. In contrast, BARK-ct inhibits
BARK1-mediated ;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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Maraviroc binds to the pocket of extracellular loops of the cell surface CCR5 and prevents R5 HIV-1 from using
CCRS5 as a coreceptor for entry into CD4-positive cells. To evaluate the contribution of the V3 loop structure in
gp120 to maraviroc resistance, we isolated maraviroc-resistant variants from the V3 loop library virus
(HIV-1y31;) containing a set of random combinations of 0-10 polymorphic mutations in vitro. HIV-1ysy;, at
passage 17 could not be suppressed even at 10 pM (>1400-fold resistance), while HIV-1jz_p_ at passage 17
revealed an 8-fold resistance to maraviroc. HIV-1ysip-p17 contained T199K and T275M plus 5 mutations in the
V3 loop, 1304V/F312W/T314A/E317D/1318V. The profile of pseudotyped virus containing 1304V/F312W/

HIV-1 T314A/E317D/1318V in V3 loop alone revealed a typical noncompetitive resistance, although T199K and/or
CCR5 T275M could not confer noncompetitive resistance. This type of library virus is useful for isolation of escape

gp120

V3 loop

Viral entry

Maraviroc
Noncompetitive resistance

viruses from effective entry inhibitors.

© 2011 Elsevier Inc. All rights reserved.

Introduction

The entry of human immunodeficiency virus type 1 (HIV-1) in
target cells is a feasible step where small compounds could be used to
block viral replication (Donzella et al., 1998; Dragic et al., 2000; Strizki
etal, 2001; Trkola et al,, 2002). To completely suppress viral entry in
vivo, various antiviral agents have been developed that target unique
viral proteins and receptors (Kuhmann and Hartley, 2008 Tsibris and
Kuritzkes, 2007; Westby and van der Ryst, 2010). Enfuvirtide
(Fuzeon) is an antiviral peptide that prevents HIV entry by blocking
gp41-mediated fusion through interaction with the gp41 N-heptad
repeat domain to form a heterologous trimer of heterodimer complex
(Chan et al,, 1997; Chan and Kim, 1998; Wild et al., 1993). Another
target to block viral entry is CCR5. Small compounds that can bind to
the pockets of the extracellular loops of CCR5 are expected to be
potent antiviral agents. Several small-molecule CCR5 inhibitors have
progressed through clinical development (Westby and van der Ryst,
2010). Maraviroc (Dorr et al.,, 2005; Fatkenheuer et al., 2005) is the
first and only CCR5 antagonist approved by the U.S. Food and Drug
Administration in 2007 for treatment-experienced patients with an
R5-tropic virus.

* Corresponding author. Fax: 481 3 3700 9084.
E-mail address: yusak@nihs.go.jp (K. Yusa).

0042-6822/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2011.02.019

The emergence of viruses resistant to entry inhibitors as well as
other classes of antiviral agents has been reported in vitro and in vivo
(Moore and Kuritzkes, 2009; Westby and van der Ryst, 2010). The
intuitive manner of resistance to small-molecule CCR5 inhibitors
depends on coreceptor switching from a CCR5-using virus to a dual-
tropic virus or a CXCR4-using virus, but these are rare cases in vitro
and in vivo (Maeda et al., 2008; Westby and van der Ryst, 2010).
Virologic failure in clinical aspects is an outgrowth of the pre-existing
minority population of the CXCR4-using virus (Gulick et al., 2007;
Moore and Kuritzkes, 2009; Westby and van der Ryst, 2010). These
results indicate that the acquisition of the other type of resistance
occurs preferentially in R5 viruses because coreceptor switching
requires multiple mutations throughout gp160 through transitional
intermediates with poor replication fitness (Pastore et al., 2004). Two
types of genetic pathways for virus escape have been reported in vitro
(Marozsan et al.,, 2005; Pugach et al., 2007; Trkola et al,, 2002). The
first is the accumulation of multiple amino acid substitutions in Env
including 2-4 substitutions in the gp120 V3 domain. Unique changes
have been detected in different isolates (Baba et al., 2007; Kuhmann
et al., 2004; Marozsan et al.,, 2005; Ogert et al., 2008; Pugach et al,,
2007; Trkola et al.,, 2002; Westby et al., 2007). Some of these resistant
viruses revealed noncompetitive resistance (Kuhmann et al., 2004;
Trkola et al., 2002; Westby et al., 2007). In noncompetitive resistance,
the escape variants could use the inhibitor-bound form of CCR5 as well
as free CCR5 for entry. The second is a genetic pathway independent of
V3 mutations. Resistance to vicriviroc has developed through multiple
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amino acid substitutions throughout gp160 without any changes in the
V3 loop (Marozsan et al,, 2005). The determinants of resistance induced
by vicriviroc have been mapped on a 200-residue stretch of gp120
spanning the C2-V5 region (Ogert et al., 2008). These reports indicate
that resistance to small-molecule CCR5 inhibitors is complicated and
there appears to be no common key mutations.

In this study, we used the V3 loop library virus (HIV-1ysy;p), which
carries a set of random combinations from 0 to 10 substitutions
(27,648 possibilities) in the V3 loop (residues 302, 303, 304, 305, 306,
312, 314, 317, 318, and 321; V3 loop from Cys**? to Cys*?7) (Yusa
etal, 2005) (Fig. 1A). They were polymorphic mutations derived from
31 R5 clinical isolates. To further elucidate the contribution of the V3
loop to resistance to small-molecule CCR5 inhibitors, we selected
maraviroc-resistant variants from HIV-1ysip. We describe the
isolation of maraviroc-resistant variants after 17 passages with a
gradual increase in maraviroc concentration in vitro, and discuss the
finding that the resistant variants from HIV-1ysy;, revealed noncom-
petitive resistance to maraviroc.

Results
Selection of maraviroc-resistant variants from HIV-1jg-g and HIV-1y31

We used the replication-competent HIV-1ysy, for selection of
maraviroc-resistant viruses. Each virus clone in the library contains a
set of 0-10 amino acid substitutions in the gp120 V3 loop from Cys?%3
to Cys**” (Fig. 1A). We used PM1/CCR5 cells for virus passages
because they have two advantages. First, PM1/CCR5 cells are highly
sensitive to the R5 virus compared to the parental PM1 cells; second,
prominent cell fusion caused by viral infection is a straightforward
sign of virus proliferation. ECsos of HIV-1jg-p and HIV-1yag, to
maraviroc were 0.0069 4 0.0019 pM and 0.0055 4 0.0007 UM, respec-
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Fig. 1. (A) Amino acid substitutions in HIV-1ys;,. Residues in boldface indicate the
substitutions that were randomly incorporated in HIV-1ysu,. Underlined residues
indicate the substitutions that were not detected in 31 R5 viruses (Yusa et al., 2005).
F312C, E317H, and E317P were inevitably incorporated in HIV-1ys, due to
combinations of nucleotide substitutions. (B) Induction of maraviroc-resistant variants
from HIV-1yaip. HIV-1jrep and HIV-1ys(, were passaged in PM1/CCR5 cells in the
presence of maraviroc increasing from 0.003 pM to 0.1 uM for HIV-1 jr-fL and from
0.003 pM to 0.7 M for HIV-Tyspp.

tively (Table 1). The susceptibility of HIV-1ysj, to maraviroc was
similar to that of the wild type. To select maraviroc-resistant variants,
PM1/CCR5 cells were infected with HIV-1jr_pr or HIV-1ysyp in the
presence of 0.003 UM maraviroc in passage 1 (Fig. 1B). After infection,
4 to 7 days were required for the viruses to sufficiently replicate for
the next passage. During the passages, the concentration of maraviroc
was gradually increased up to 0.1 WM until passage 14 for HIV-1jg ¢
and HIV-1yayp in the same manner. At passage 15, the library virus
could replicate in 4 days in the presence of 0.2 pM maraviroc, but the
wild type could not. The concentration of maraviroc was increased up
to 0.7 M for HIV-1ys1ip and up to 0.1 M for HIV-1jr_r1-p17 at passage
17.

We determined the drug susceptibilities in the passaged viruses
(Table 1). HIV-1jg_g -p17 revealed an 8-fold higher resistance than the wild
type without drug selection. It should be noted that replication of HIV-
1vatib-p17 could not be blocked with even 10 UM of maraviroc, indicating
that HIV-1yayip-p17 Was >1449-fold more resistant than the wild type with
selection. HIV-1ysyip-p17 could replicate at extremely high concentrations
of maraviroc; we designated this full resistance as complete resistance.
Furthermore, HIV-1yspp17 revealed a cross-resistance of >230-fold to
TAK-779, although HIV-1jgp.p17 showed only a 3.5-fold resistance
compared with the wild type without selection. These results suggested
that a certain intrinsic change occurred in HIV-1ys, after passage 14. The
viral fitness of HIV-1jg_g-p17 and HIV-1ysyip-p17 Was compared with that of
viruses without selection by measuring p24 Gag in the supernatant
(Fig. 2A). Before selection with maraviroc, HIV-1ysp;, revealed lower
fitness than HIV-1jz.g. Replication of HIV-1 JR-FL-P17 Was almost compa-
rable to that of HIV-1jzg, while the viral fitness of HIV-1y31i,p17 Was
higher than that of HIV-1jg_g_or HIV-1ysy, on day 2 or 4. These results
indicated that not only more resistant but also more fitness-adapted
variants dominantly overgrew during the passages for selection.

HIV-1y31y, did not inherently contain V3 mutants that could use
CXCR4 as a coreceptor (Yusa et al,, 2005 ). To address whether coreceptor
switching occurred in HIV-1y3y55-p17, MT-2 cells, which could support X4
virus HIV-1n14.3 but not R5 virus HIV-1 jr-rL (Fig. 2B), were infected with
the virus. It was clearly shown that HIV-1ysys,-p17 could not replicate in
MT-2 cells using CXCR4, indicating that the high resistance to maraviroc
in HIV-1y3y3,-p17 Was not due to coreceptor switching.

Mutations in HIV- 1]R—FL~P17 and HIV-]v3Lib;p17 at passage 17

To identify the mutations responsible for complete resistance to
maraviroc, we sequenced env genes at passage 10 and 17 (Table 2). At
passage 10, S303G was partially detected in HIV-1jg_g1-p10 gp120 by
direct sequencing. Actually, 2 of 4 clones of HIV-1jg_p.p10 contained
S303G alone in the V3 loop, and no other common mutations were
detected in the other regions of gp120 and gp41 (data not shown).
Virus clones containing S303G did not become a major population
after further selection at passage 17. T314P (4 of 8 clones), S303G (2 of
8 clones), N299S (2 of 8 clones), K302E (1 of 8 clones), and A311L (1 of
8 clones) were detected in the V3 loop, indicating that the V3

Table 1
Susceptibility of the viruses selected with maraviroc.
ECso (UM)
Maraviroc” TAK-779"
HIV-1jrfL 0.0069 +0.0019° (1.0) 0.043 £0.009 (1.0)
HIV-1jr-pi-p17 0.055 4 0.0055 (8.0) 0.154+0.033 (3.5)
HIV-1y3Lip 0.0055 +0.0007 (0.80) 0.025+0.007 (0.58)

HIV-1y3iip-p17 >10 (>1400) >10 (>230)

® PM1/CCRS5 cells were infected at 100 TCID50 of viruses in the presence of the CCR5
inhibitor on day 0. Cytopathic effect was determined on day 6 by MTT method.

" Drug concentration of 50% growth inhibition of the cells (CC50) was >10 pM.

¢ Mean#+SD (n=3).
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Fig. 2. Replication of HIV-1jg_s-p17 and HIV-1ysyip-p17 in PM1/CCRS cells (A) or MT2 cells (B). Cells (5x 10*) were infected with 10 ng of p24 Gag. Viral replication was monitored by

measuring p24 Gag in the supernatant. Experiments were performed in triplicate.

structure was not strictly focused on the selection pressure. Instead,
T199K in the C2 region was the only mutation detected by direct
sequencing, and the mutation was confirmed in 7 of 8 clones. The
mixture of these clones (HIV-1jr-ri-p17) revealed 8-fold resistance to
maraviroc (Table 1), suggesting that T199K may be a responsible
mutation for the low resistance in HIV-1jg_.-p17.

The mutation profile of HIV-1y3y, at passage 10 was different from
that at passage 17. In passage 10, S303G (4 of 4), I306M (3 of 4), F312W
(3 of 4), T314A (3 of 4), and 1322N (4 of 4) were detected in a major
population, and 1 of 4 clones contained G149R/T199A in the non-V3
region. Thus, suggesting that the low concentrations of maraviroc from

Table 2
Mutations in gp120 of V3 loop library virus selected with maraviroc.

0.003 to 0.01 pM compelled the condensation of the V3-mutant mixture
to a small number of V3 structures. After further selection, the V3
structures detected in passage 10 were lost at passage 17, and 5
mutations in the V3 loop, 1304V/F312W/T314A/E317D/I318V (desig-
nated as V3-M5) and T199K/T275M (all 8) were detected by direct
sequencing. The amino acid substitutions of V3-M5 were polymorphic
mutations inherently incorporated into the library virus. All of the
clones from HIV-1yayjpp17 contained these 7 common mutations,
although some of them contained minor mutations such as T262L (3
of 8). There were no other mutations detected in the other regions of
gp120 and gp41 (data not shown). HIV-1y3p-p17 revealed a > 1400-fold

maraviroc (uM) non-V3 mutations

V3 mutations?
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* Amino acid residues underlined are the mutation positions in HIV-1jg_g-vaLib.
b P10, P17 direct sequencing was performed to detect mutations (in bold) in Env.
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resistance to maraviroc compared with HIV-1jrg (Table 1). These
results strongly suggested that T199K/T275M plus V3-M5 conferred
complete resistance to maraviroc.

Susceptibilities of recombinant viruses to maraviroc

To confirm which mutations were responsible for complete resistance,
we constructed molecular clones containing combinations of T199K,
T275M, and/or V3-M5, and measured their susceptibilities to maraviroc
(F]g 3 ) ECSO 0fHIV-1JR_FL was 0.018 +-0.004 'J.Nl, while those OfHIV—]ﬂ 99K
and HIV-Tr75v were 0.042+0.007 uM and 0.07440.011 HM. Thus
HIV-111ggx and HIV-11p75 were 2.3- and 4.1-fold more resistant than
HIV-1jr-p. HIV-111991/1275m Was 3.3-fold more resistant, indicating that
without V3 mutations, T199K, T275M, or T199K/T275M could confer low
resistance, but not lead to complete resistance. On the other hand, the
V3-MS5 alone could confer complete resistance to maraviroc, although its
viral fitness was lower than that of HIV-1 jr-rL (Fig. 4). p24 Gag produced in
the absence of maraviroc in HIV-1ys.ys was 1040 pg/ml and that in
HIV-1jp.p. was 8600 pg/ml. T199K combined with V3-M5 can confer
complete resistance, and increase its viral fitness. p24 Gag production in
HIV-111901nv3-m5 in the absence of maraviroc was 8.5-fold higher than that
in HIV-1y3.ms. T275M was detected in all 8 clones at passage 17, however,
the combination of T275M with V3-MS5 resulted in marked decrease of
viral fitness (Fig. 4), although the viral replication could not be suppressed
by 3 or 10 uM maraviroc. These results indicated that T275M with V3-M5
could confer complete resistance. T275M/V3-M5 plus T199K restored the
decreased viral fitness with complete resistance. The replication of
HIV-11199k/m275Mn3-m5 i the presence of 3 or 10 UM maraviroc was
comparable to that of HIV-1jrf1. Taken together, V3-M5 is responsible for
the acquisition of complete resistance, and T199K and/or T275M have a
strong effect on viral replication under drug selection pressure.

Susceptibilities of pseudotyped viruses: single-round entry assay

To confirm the noncompetitive resistance mechanism, we determined
the susceptibilities of the recombinant viruses with a single-round entry
assay using MAGIC-5 cells (Hachiya et al, 2001). ECsp of pseudotyped
HIV-1gqyr s Was 0.00035 4+ 0.00007 pM. The pseudotyped viruses HIV-
1env-m19sk/m275Mv3-Ms, HIV-Tenvorisek, HIV-1gnv-t275m, HIV-1gny.t190K/
1275M HIV-Tenv-vams, HIV-1envrigekvsams, and HIV-1 gnyro7smasavs
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Fig. 3. Susceptibilities of replication-competent recombinant viruses. PM1/CCR5 cells
were infected with recombinant virus at 100 TCIDs, in the presence of maraviroc and
cultured for 6 days, and the cytopathic effect was determined by the MTT assay.
Susceptibility of HIV-1r275mpv3.ms could not be examined because of its low replication.
Mean +SD (n=3).
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Fig. 4. The effect of 3 or 10 uM of maraviroc on the production of p24 Gag in the
recombinant viruses. Cells (5 x 10*) were infected with 10 ng of p24 Gag in the presence of
3 or 10 uM of maraviroc. After 6 days, the amount of p24 Gag in the supernatant was
measured with HIV-1 p24 Gag ELISA. Mean+SD (n=3).

revealed a <3.4-fold resistance compared with HIV-1 Env-JR-FL. The
competent molecular clones containing T199K/T275M/V3-M5, V3-M5,
T199K/V3-M5, and T275M/V3-M5 could not be blocked by 3 or 10 uM
maraviroc (Fig. 4), while single-round entry of these pseudotyped viruses
could be inhibited by 50% with <0.0012 uM of maraviroc (Table 3).
However, in the presence of 0.1 or 1 uM maraviroc, inhibition of viral entry
could not be completely blocked (Fig. 5), indicating that the viruses could
utilize the maraviroc-bound form of CCR5. HIV-1y3.ms, HIV-111901v3-M5,
and HIV-1riggi/m275Mv3-ms5 Tetained 19, 26, and 36%, respectively, of their
entry ability at 1 UM maraviroc than those of the pseudotyped virus in
drug-free conditions. These results indicated that these viruses acquired
noncompetitive resistance by interacting with the maraviroc-binding
CCR5 complex as a second receptor.

Discussion

Maraviroc is a highly potent antiviral agent targeting CCR5 to block
the viral entry step (Kuhmann and Hartley, 2008; MacArthur and
Novak, 2008). Primary R5 isolates cultured in stimulated PBMC are
usually used to induce CCR5 inhibitor-resistant variants (Baba et al,,
2007; Kuhmann et al., 2004; Marozsan et al., 2005; Ogert et al., 2008;
Pugach et al., 2007; Trkola et al., 2002; Westby et al., 2007). Here we
used PM1/CCR5 cells with the HIV-1ys, constructed from a
laboratory strain to further focus on the contribution of the V3 loop
in gp120 in acquisition of maraviroc resistance. If HIV-1ys3;, originally
contained maraviroc-resistant viruses without additional mutations,

Table 3
Susceptibility of recombinant viruses to maraviroc determined by single-round entry
assay.

Maraviroc

ECso® (HM)
HIV-1gqy gL 0.00035 +0.00007" (1.0)
HIV-1gny-T199k/T275M/V3-M5 0.00090 +0.00014 (2.6)
HIV-Teqv-r199K 0.00050 4 0.00007 (1.4)
HIV-1gnv-1275M 0.00085 +0.00015 (24)
HIV-1gnv-t18sK/m275M 0.00064 4-0.00018 (2.6)
HIV-Tgnvovs-ms 0.00071 4 0.00022 (2.0)
HIV-1gqv-T190k/v3-M5 0.0012 +0.0005 (34)
HIV-Tgnv-t275MMV3-M5 0.00064 +0.00021 (1.8)

* MAGIC-5 cells (2 x 10*) were infected with pseudotyped virus on day 0, and 48
h postinfection luciferase activity was measured to determine effective concentration of
50% entry inhibition (ECsp).

> Mean+SD (n=3).



