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the presence of b- and y-series fragment ions of peptides of
putative glycopeptides or molecular weight difference of
sugar unit. The molecular weight of the carbohydrate in the
glycopeptide was calculated from the molecular weights of
the glycopeptide and the suggested peptide. The oligosac-
charide composition and type were deduced from the
molecular weight of the carbohydrate.

Oligosaccharide sequencing by exoglycosidase digestions

Trypsin in the digest of human CP was inactivated by
boiling for 5min at 100°C. Aliquots of the digest (4png)
were digested in a volume of 20pl for 12h at 37°C in
50mM sodium phosphate buffer (pH 5.0) using the follow-
ing exoglycosidases alone or in combination: «2-3 neur-
aminidase, 20mU/ml; 42-3,6,8,9 neuraminidase, 100mU/
ml; ol-3,4 fucosidase, 20mU/ml; and Bl-4 galactosidase,
30mU/ml. Aliquots (0.08 ug) before and after exoglycosi-
dase digestions were subjected to LC-ESI-MS at m/z 700 to
2000 in which MS/MS acquisition was not performed.

Results

Peptide mapping of tryptic digest of human CP (LC-ESI-
MSIMS in miz range of 400-2000)

The amino acid sequence of human CP (National Center
for Biotechnology Information protein database: P00450)
is shown in Fig. 1. The tryptic peptides, including potential
‘N-glycosylation sites, are shown in bold type. Trypsin can
digest human CP into seven glycopeptides containing only
one potential N-glycosylation site. To determine the glyco-
sylation state at each glycosylation site, we performed mass
spectrometric peptide mapping of the tryptic digest of CP.
An aliquot of 0.2 pg of the tryptic digest was analyzed by

KEKHYYIGIT ETTWDYASDH GEKKLISVDT EHSNIYLONG PDRIGRLYKK ALYLOYTDET
FRTTIEKPVW LGFLGPIIKA ETGDKVYVHL KNLASRPYTF HSHGITYYKE HEGAIYPD]%;
TOFQRADDKV_ YPGEQYTYML LATEEQSPGE GDGNCVTRIY HSHIDAPKDI ASGLIGPLII
CKKDSLDKEK EKHIDREFVV, MFSVVDE;VIOTBFS WYLEDNIKTY CSEPEKVDKD NEDFQESNRM
YSVNGYTFGS LPGLSMCAED RVKWYLFGMG NEVDVHAAFF HGOALTNKNY RIDTINLFPA
TLFDAYMVAQ NPGEWMLES_Q_ NLNHLKAGLQ APPQVQE(%?R SSSKDNIRGK HVRHYYIAAR
EITWNYAPSG IDIFTKENLT APGSDSAVFF EQGTTRIGGS YKKLVYREYT DASFTNRKER
GPEEEHLGIL GPVIWAEVGD TIRVTFHNKG AYPLSIEPIG VRFNKNNEGT YYSPNYNPQS
RSVPPSASHV APTETETYEW TVPKEVGETN ADPVCLAKMY YSAVDPTKDI PTGLIGPMKT
CKKGSLHANG RQKDVDKEFY LPPTVFDEE;&Z SLLLEDNIRM FTTAPDQVDK EDEDFQESNK
MHSMNGFMYG NQPGLTMCKG DSVVHWYLFSA GNEADVHGIY FSGNTYLWRG ERRDTANLFP
QTSLTLHMWE DTEGTFNVEC LTTDHYTGGM KOKYTVNQCR RQSEDSTFYL GERTYYIAAV
EVEWDYSPQR EWEKELHHLO EQ'%{’SNAFLD RGEFYIGSKY KKVVYRQYTD STFRVPVERK
AEEEHLGILG PQLHADVGDK VKIIFKNMAT RPYSTHAHGV OTESSTVIPT LPGETLTYVH
KIPERSGAGT EDSACIPWAY YSTVDQVKDL YSGLIGPLIV CRRPYLKVFN PRRKLEFALL
FLVFDENESW. YLDI'JQISJZIKTYS DHPEKYNKDD EEFIESNKMH AINGRMFGNL QGLTMHVGDE
VNWYLMGMGN FEIDLHTVHFH GHSFQYKHRG VYSSDVEDIF PGTYQTLEME PRTPGIWLLH
CHVTDHIHAG METTYTVLON EDTKSG

Fig. 1. Primary amino acid sequence of human CP (P00450). The tryptic
peptides, including potential N-glycosylation sites, are shown in bold type.
Tryptic peptides identified in the LC-ESI-MS/MS analysis are underlined.
Cysteine residues are carboxymethylated. Identified N-glycosylation sites
are indicated by arrow.

LC-ESI-MS/MS in the m/z range of 400-2000 (data not
shown). When molecular ions with more than a single
charge were detected, the product ion spectrum was
acquired automatically. Peptide identification of each prod-
uct ion spectrum was done using the Mascot search engine.
More than 70% of the amino acid sequence was identified;
identified amino acids of CP are underlined in Fig 1. Three
peptides containing the potential N-glycosylation site
(Asn208, Asn569, and Asn907 [residues 197-218, 558-579,
and 895-917, respectively]) were detected, whereas peptides
containing the other N-glycosylation sites were not
detected. Thus, Asnll9, Asn339, Asn378, and Asn743
might be glycosylated.

Glycosylation analysis of human CP (LC-ESI-MS/MS
in the m/z range of 1000-2000)

N-glycosylated peptides have relatively high molecular
weights due to their oligosaccharide moiety. Because ions at
fower m/z values can be detected in the m/z range of 400-
2000, glycopeptide ions with higher m/z values might be
missed to obtain product ion spectra. To detect glycopep-
tide ions preferentially, another LC-ESI-MS/MS analysis
was carried out in the m/z range of 10002000 using an ali-
quot of 0.4 ug of the tryptic digest. Fig. 2A shows a total ion
chromatogram (TIC) of a TOF-MS scan for the full scan
miz 1000-2000. Fig. 2B shows a TIC of the product ion
scan. Because product ion spectra of glycopeptide precur-
sor ions have abundant carbohydrate B-ions, m/z 204 (Hex-
NAc), mfiz 186 (HexNAc-H,0), m/z 366 (HexHexNAc), and
miz 292 (NeuAc), the extracted ion chromatogram at m/z
204.05-204.15 (HexNAc, 204.08) of the product ion scan is
illustrated in Fig. 2C. The extracted ion chromatogram at
miz 204.05-204.15 of product ion spectra provides a useful
indication of the selection of glycopeptide precursor ioms.
The glycopeptide ions were assigned based on an examina-
tion of product ion spectra using the information on amino
acid sequences of the peptides containing a putative N-gly-
cosylation site.

Identification of Asnl19 glycopeptide

The product ion spectrum of 1366.6 (+3) at 26min,
Iabeled by A in Fig. 2C, is shown in Fig. 3A. There were
abundant oligosaccharide oxonium ions such as m/z 204
(HexNAc), miz 366 (HexHexNAc), m/z 186 (HexNAc-
H,0), m/z 168 (HexNAc-2H,0), m/z 274 (NeuAc-H,0),
and m/z 292 (NeuAc). Thus, this precursor ion was assigned
as a glycopeptide. Several fragment ions consistent with b-
and y-series fragment ions [24] derived from the peptide
EHEGATIYPDN!TTDFQR (residues 110-125) were
detected together with several deamidated (—17) or dehy-
drogenated (—18) b- and y-series ions and y-series ions with
the GlcNAc residue. Thus, the peptide moiety EHEGA
IYPDNTTDFQR was suggested. The carbohydrate’s
molecular weight, 2223.0, was calculated by subtracting the
theoretical molecular weight of the peptide (1891.8) from
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Fig. 2. LC-ESI-MS/MS in the m/z range of 1000-2000 of the tryptic digest
of human CP. (A) TIC of the TOF-MS scan for the full-scan m/z 1000—
2000 and the HPLC gradient. (B) TIC of the product ion scan acquired
data-dependently. (C) Extracted ion chromatograph at m/z 204.05-204.15
of the product ion spectra. Brackets denote glycopeptide fraction and pep-
tide sequences of the glycopeptides. Product ion spectra indicated by A-D
are shown in Fig. 3.

the calculated molecular weight of the glycopeptide
(4096.7) and adding the molecular weight of H,O (18.0).
The presence of product ions at m/z 274 (NeuAc-H,0) and
milz 292 (NeuAc) suggested sialylation of the oligosaccha-
ride. Thus, the carbohydrate’s composition, [Hex-
NAc],[Hex]s[NeuAc],, was deduced.

Identification of Asn743 glycopeptide

The product ion spectrum of 16284 (+3) at 29min,
labeled by B in Fig. 2C, is shown in Fig. 3B. This precursor
ion was assigned as a glycopeptide due to the presence of
abundant oligosaccharide oxonium ions such as m/z 204
(HexNAc), m/z 366 (HexHexNAc), and m/z 292 (NeuAc) in
the product ion spectrum. Several fragment ions were con-
sistent with theoretical b- and y-series fragment ions
derived from the peptide ELHHLQEQN"#VSNAFLDK
(residues 735-751). Doubly charged ions of peptide (m/z
1011.7), peptide + HexNAc (m/z 1113.1), peptide+ 2Hex-
NAc (m/z 1214.6), peptide + 2HexNAc + Hex (m/z 1295.5),
peptide + 2HexNAc +2Hex (m/z 1376.7), and peptide+
2HexNAc+3Hex (m/z 1457.5) showed the sequential frag-
mentation of the pentasaccharide carbohydrate core. The

carbohydrate’s molecular weight, 2879.1, was calculated
from the theoretical molecular weight of the peptide
(2021.0) and the calculated molecular weight of the glyco-
peptide (4882.1). The carbohydrate’s composition, [Hex-
NAc]s[Hex][NeuAc];, was deduced from the molecular
weight.

Identification of Asn378 glycopeptide

The product ion spectrum of 1444.6 (+3) at 35min,
labeled by Cin Fig. 2C, is shown in Fig. 3C. Abundant oli-
gosaccharide oxonium ions were detected, as were several
fragment ions consistent with b- and y-series fragment ions
derived from the peptide EN**LTAPGSDSAVFFEQGT
TR (residues 377-391). The carbohydrate’s molecular
weight, 2222.9, was calculated from the theoretical molecu-
lar weight of the peptide (2126.0) and the calculated molec-
ular weight of the glycopeptide (4330.9). Thus, the peptide
moiety ENLTAPGSDSAVFFEQGTTR and the carbohy-
drate’s composition, [HexNAc],[Hex]s[NeuAc],, were sug-
gested.

Identification of Asn339 glycopeptide

The product ion spectrum of 1282.6 (+3) at 39min,
labeled by D in Fig. 2C, is shown in Fig. 3C. The spectrum
contains abundant oligosaccharide oxonium ions, and sev-
eral fragment ions consistent with b- and y-series fragment
ions derived from the peptide AGLQAFFQVQECN3¥K
(residues 327-340) were detected. The product ion spec-
trum contains the ions of the peptide (m/z 1640.8) and
peptide + HexNAc (m/z 1843.9) and several y-series frag-
ment ions of the peptide with a GlcNAc residue. The carbo-
hydrate’s molecular weight, 2223.0, was calculated from the
theoretical molecular weight of the peptide (1639.7) and the
calculated molecular weight of the glycopeptide (3844.7).
Thus, the peptide moiety AGLQAFFQVQECNK and the
carbohydrate’s composition, [HexNAc],[Hex]s[NeuAc],,
were suggested.

Heterogeneity of oligosaccharides at each glycosylation site

Glycopeptides with the potential N-glycosylation sites
Asnll9, Asn339, Asn378, and Asn743 were detected,
whereas no glycopeptides containing the other sites
(Asn208, Asn569, and Asn907) could be detected in this
LC-ESI-MS/MS analysis. These findings suggest that
Asnll9, Asn339, Asn378, and Asn743 of human CP are
glycosylated and that Asn208, Asn569, and Asn907 are not.
Once a glycopeptide was identified, the other glycopeptides
with the same peptide could be easily assigned because they
were eluted at a similar retention time in the order of the
number of NeuAc and had similar product ion spectra and
molecular weight difference of sugar units. The oligosaccha-
ride heterogeneity at each four N-glycosylation sites was
determined by mass spectrum. For a representative exam-
ple, the mass spectrum of the glycopeptides containing
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Fig. 3. Product ion spectra of m/z 1366.6 (+3) at 26 min (A), m/z 1628.4 (+3) at 29 min (B), m/z 1444.6 (+3) at 35 min (C), and m/z 1282.6 (+3) at 39 min (D)
labeled by A, B, C, and D, respectively, in Fig. 2C. These spectra show abundant carbohydrate-derived ions at m/z 168 (HexNAc-2H,0), m/z 186 (Hex-
NAc-H,0), m/z 204 (HexNAc), miz 366 (HexHexNAc), m/z 274 (NeuAc-H,0), and m/z 292 (NeuAc). The b- and y-series fragment ions [24] derived from
the peptide moiety were observed. The molecular weights of the oligosaccharide were calculated from the molecular weights of the glycopeptide and pep-
tide, and the deduced oligosaccharide composition is presented. Cystein residue was carboxymethylated.
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Asn743 at 27.5 to 31.5min is shown Fig 4. The results of
glycosylation analysis are summarized in Table 1. Deduced
compositions of the oligosaccharides are estimated based
on the calculated molecular weights of the oligosaccharides.
Relative peak intensity was calculated by comparing triply
charged glycopeptide ions. All glycosylation sites were
occupied by at least three kinds of oligosaccharides, namely
disialobiantennary structures ([HexNAc],[Hex]s[NeuAc],),
disialobiantennary structures with fucose ([HexNAc],
[Hex]s[NeuAc], [Fuc]), and trisialotriantennary structures
([HexNAc)][Hex][NeuAc];). Trisialotriantennary struc-
tures with one fucose or two fucoses ([HexNAc]; [Hex]q
[NeuAc], [Fuc],,) were also detected at Asnll9 and
Asn743; furthermore, tetrasialotetraantennary structures
with no fucose or one fucose ([HexNAc][Hex],[NeuAc],
[Fucy_;) were detected at Asn743.

Linkage analysis of oligosaccharides by exoglycosydase
digestion

To elucidate the oligosaccharide structure in terms of
sequence and linkage, aliquots of the tryptic digest were fur-
ther digested with exoglycosidases. As a representative exam-
ple, Fig. 5 shows integrated mass spectra during the periods
at which Asnll9 glycopeptides were eluted in LC-ESI-MS
analyses before and after digestion with exoglycosidase
arrays. Treatment with o2-3 neuraminidase removed one
NeuAc residue from most of the triantennary structures
([HexNAc]j[Hex]{[NeuAc}, [Fuc], ;) and a small amount of
biantennary structures ([HexNAc],[Hex]s[NeuAc}], [Fucl,_;)
(Fig. 5B). A minor amount of triantennary structures
removed two NeuAc residues. Thus, it appears that most tri-
antennary structures contain one o2-3-linked NeuAc. Treat-

~— [HexNAcl4[Hex]5[NeuAc]2
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ment with 023 neuraminidase+ $1-4 galactosidase removed
all terminal galactose residues from the desialylated glycans
without fucose residues but only partially digested terminal
galactoses from the desialylated glycans with fucoses
(Fig. 5C). The addition of «l-34 fucosidase to o2-3
neuraminidase +p1-4 galactosidase treatment completely
digested the remaining terminal galactose by releasing one
fucose and one galactose (Fig. 5D). Thus, galactose residues
are linked Bl-4 to GleNAc, and undigestion of terminal
galactose by Pl1-4 galactosidase is due to attachment of
fucose [25,26]. Because galactose was linked to GlcNAc in
the B1-4 position, the fucose removed with «1-3.4 fucosidase
may be linked al-3 to GlcNAc but not al-4 to GlcNAc.
These data strongly suggested that sialyl Lewis X structure
was present in human CP. Sialyl Lewis X structure was pres-
ent predominantly in triantennary oligosaccharides, but a
small amount seemed to be present in biantennary oligosac-
charides as well. The remaining fucose residue may be linked
a1-6 to reducing end GicNAc (core fucose).

Fig, 6 shows integrated mass spectra of Asnll9, Asn743,
Asn378, and Asn339 glycopeptides in LC-ESI-MS analysis
following digestion with 02-3,6,8,9 neuraminidase+ 14
galactosidase. Treatment with 02-3,6,8,9 neuraminidase
+ B1-4 galactosidase removed all NeuAc and then removed
terminal galactoses in the outer arms without fucose. Thus,
this treatment could differentiate glycoforms based on the
location of fucose residues. Fucosylation occurred predomi-
nantly at reducing end GlcNAc in biantennary oligosaccha-
rides and occurred at reducing end GlcNAc and/or outer
arm GIcNAc in triantennary oligosaccharides. Mass spectra
of Asnl19 and Asn743 glycopeptides showed higher oligo-
saccharide heterogeneity, and a minor amount of tetraan-
tennary glycans could be detected. The glycosylation profile
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Fig. 4. Mass spectrum of the glycopeptides containing Asn743 eluting at 27.5-31.5min from F1g 2A. Deduced composition of the oligosaccharides is indi-

cated based on the molecular weights of the oligosaccharides.
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Fig. 5. LC-ESI mass spectra of the glycopeptides containing Asn119
digested with the following exoglycosidases: (A) exoglycosidase (—); (B)
a2-3 neuraminidase; (C) 02-3 neuraminidase + B1-4 galactosidase; (D)
«2—3 neuraminidase + p1-4 galactosidase + a1-3,4 fucosidase. Arrows
between panels A and B, panels B and C, and panels C and D correspond
to the digestion of NeuAc, Gal, and Gal+Fuc, respectively. H, hexose; N,
N-acetylhexosamine; F, fucose; S, N-acetylneuraminic acid.

of Asn378 glycopeptides showed lower core fucosylation,
and that of Asn339 glycopeptides showed lower branching,
These glycosylation profiles provided the heterogeneity of
fucose linkage and the number of arms at
each glycosylationsite in human CP.

Discussion

A site-specific glycosylation analysis of human CP was
conducted using LC-ESI-MS/MS, where product ion
spectra were acquired in a data-dependent manner. The
collision energy for the product ion scan was adjusted
from 30 to 80 eV depending on the size and charge of the
precursor ion. Under these conditions, peptide precursor
ions were degraded and produced b- and y-series frag-
ment ions derived from the amino acid sequence. Glyco-
peptide precursor ions produced abundant carbohydrate
ions (m/z 204, 186, 168, and 366) together with several
low intensity b- and y-series fragment ions derived from
the amino acid sequence [20,21]. Thus, product ion spec-
tra of glycopeptides are readily distinguishable from
those of peptides by such carbohydrate marker ions, and
the peptide moiety in the glycopeptide could be deduced
from the product ions that were consistent with the
expected fragment ions derived from the peptide contain-
ing the N-glycosylation site. It is known that the glyco-
peptide ions are more labile than peptide ions and
produce consecutive monosaccharide/polysaccharide
losses at much lower collision energy, and this would pro-
vide information about branching and fucose location
[18]. However, we used relatively high collision energy in
this site-specific glycosylation analysis to identify the
peptide ions in parallel with the detection and identifica-
tion of the glycopeptide ions.

Protein coverage of more than 70% in human CP was
obtained in the LC-ESI-MS/MS analysis with the m/z range
of 400-2000 (for peptide mapping). The heterogeneity at
four potential N-glycosylation sites was determined in the
mfz range of 1000-2000 (glycosylation analysis). We could
detect all of the potential glycosylation sites as either glyco-
peptides or nonglycosylated peptides. Peptides containing
the potential N-glycosylation site Asn208, Asn569, or
Asn907 were detected in nonglycosylated but not glycosyl-
ated forms. Peptides with the potential N-glycosylation site
Asnl19, Asn339, Asn378 or Asn743 were detected in gly-
cosylated but not nonglycosylated forms. These findings
indicate that Asnll9, Asn339, Asn378, and Asn743 of
human CP are glycosylated and that Asn208, Asn569, and
Asn907 are not. Human CP was reported to have no O-
linked glycosylation [8]. No information on O-glycosylation
was obtained from this analysis. These results are consistent
with a previous study determining the glycosylation sites of
human CP [9].

Heterogeneity of oligosaccharides was determined at
each of four glycosylation sites. Disialobiantennary struc-
tures with no fucose or one fucose ([HexNAc], [Hex]s
[NeuAcl,[Fuc], ;) and trisialotriantennary structures
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Fig. 6. LC-ESI mass spectra of the glycopeptides containing Asnl19 (A),
Asn743 (B), Asn378 (C), and Asn339 (D) after digestion with 02-3,6,8,9
neuraminidase + p1—4 galactosidase. Glycosylation profiles showed differ-
ent degrees of branching and fucosylation at core GIcNAc and outer arm
GIcNAc between glycosylation sites. Open circles, mannose; closed circles,
galactose; open squares, N-acetyl glucosamine; open triangles, fucose.

([HexNAc][Hex]{NeuAc];) were observed at all sites.
These dominant oligosaccharides were consistent with
structures published previously [7,8]. Furthermore, we
detected trisialotriantennary structures with one fucose
([HexNAc)[Hex][NeuAc]s[Fuc],) at Asn119, Asn378, and
Asn743, trisialotriantennary structures with two fucoses
([HexNAc][Hex][NeuAc];[Fuc],) at Asnl19 and Asn743,
and tetrasialotetraantennary structures with no fucose or
one fucose ([HexNAc][Hex},[NeuAc]y[Fuc], ;) at Asn743.

To determine the linkage of fucose and NeuAc, exogly-
cosidase digestions were performed. Treatment with 02-3
neuraminidase suggested that roughly one antenna of tri-
antennary glycans was linked by NeuAc in the a2-3 posi-
tion. This is consistent with the previous findings that
NeuAc is linked o2-3 to the Galpl-4GIcNAcpl-
4Manoal-3Manpl-4GlcNAcB1-4GIlcNAc group in the
triantennary glycan in human CP [7,8]. Results from 02-3
neuraminidase + p1-4 galactosidase treatments with or
without a1-3,4 fucosidase suggested that fucose residues
were linked to reducing end GicNAc and/or outer arm
GlcNAc in the «1-3 position in the antenna where NeuAc
is linked to galactose in the 02-3 position. These findings
indicated that human CP contains a certain amount of
sialyl Lewis X structure in triantennary glycans. Treat-
ment with 02~3,6,8,9 neuraminidase + f1-4 galactosidase
reveals the heterogeneity of the location of fucosylation
as well as the number of arms. Although relative peak
intensity does not express the relative amount of each gly-
can due to the different ionization efficiencies, the mass
spectra showed the difference in fucosylation pattern and
number of arms among sites.

No asialo oligosaccharides were detected in this analy-
sis. It is known that desialylated CP is rapidly cleared
from the circulation by the asialoglycoprotein receptor
within the parenchymal cells of liver [27,28]. It is possible
that desialylated CP might be cleared immediately by the
liver.

Although the N-linked carbohydrate structures linked to
human CP have been studied, only a few carbohydrate
structures have been reported and site-specific characteriza-
tion of these oligosaccharides has not been described. To
determine the glycosylation state at each glycosylation site,
the tryptic digest was examined by LC-ESI-MS/MS, where
product ion spectra were acquired data-dependently. Gly-
copeptide ions were assigned based on the product ion
spectra. Fucose and NeuAc linkages were determined by
exoglycosidase digestions. Our data successfully provided
comprehensive information on the site-specific N-linked
oligosaccharides in human CP. This method is a powerful
technique for elucidating the glycosylation of a biological
sample.
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Angiotensin (Ang) II participates in the pathogenesis of
heart failure through induction of cardiac hypertrophy.
Ang II-induced hypertrophic growth of cardiomyocytes is
mediated by nuclear factor of activated T cells (NFAT), a
Ca®™" -responsive transcriptional factor. It is believed that
phospholipase C (PLC)-mediated production of inositol-
1,4,5-trisphosphate (IP3) is responsible for Ca®" increase
that is necessary for NFAT activation. However, we demon-
strate that PLC-mediated production of diacylglycerol
(DAG) but not IP; is essential for Ang II-induced NFAT
activation in rat cardiac myocytes. NFAT activation and
hypertrophic responses by Ang II stimulation required the
enhanced frequency of Ca®*™* oscillation triggered by mem-
brane depolarization through activation of DAG-sensitive
TRPC channels, which leads to activation of L-type Ca®™
channel. Patch clamp recordings from single myocytes
revealed that Ang II activated DAG-sensitive TRPC-like
currents. Among DAG-activating TRPC channels (TRPC3,
TRPCG, and TRPC?7), the activities of TRPC3 and TRPCG6
channels correlated with Ang II-induced NFAT activation
and hypertrophic responses. These data suggest that DAG-
induced Ca®?* signaling pathway through TRPC3 and
TRPC6 is essential for Ang II-induced NFAT activation
and cardiac hypertrophy.

The EMBO Journal (2006) 25, 5305-5316. doi:10.1038/
sj.emboj.7601417; Published online 2 November 2006
Subject Categories: signal transduction; molecular biology of
disease

Keywords: angiotensin; cardiac hypertrophy; diacylglycerol;
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Introduction

Regulators of cardiac function such as vasoactive neurotrans-
mitters and hormones activate phospholipase C (PLC) and
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thereby generate inositol-1,4,5-trisphosphate (IP;) and diacyl-
glycerol (DAG). These agonists elevate the concentration of
cytoplasmic free Ca** ([Ca®*]) in cardiomyocytes, which
induces positive inotropic effects on the heart and activates
several transcriptional pathways that lead to cardiac hypertro-
phy (Wilkins and Molkentin, 2004; Woodcock and Matkovich,
2005). NFAT is one of the transcriptional factors regulated by
[Ca?*); (Crabtree and Olson, 2002). The relevance of the NFAT
signaling pathway to cardiac hypertrophy is underscored by
the observation that cardiac-targeted transgenic animals ex-
pressing constitutively activated forms of either calcineurin
or NFAT produced ventricular hypertrophy (Molkentin et al,
1998; Taigen et al, 2000). The Ca® " -sensitive serine/threonine
phosphatase (calcineurin) primarily regulates NFAT activity by
rapid dephosphorylation of NFAT proteins and their transloca-
tion to the nucleus. A drop in nuclear Ca®* deactivates
calcineurin and allows one of several NFAT kinases to rephos-
phorylate NFAT, causing it to leave the nucleus and thereby
inactivating transcription (Timmerman et al, 1996; Dolmetsch
et al, 1997). Therefore, a sustained elevation of [Ca%™); is
required for NFAT-dependent transcription.

The importance of agonists that activate PLC for cardiac
hypertrophy is well established (Molkentin and Dorn, 2001).
Many lines of evidence have shown that stimulation of PLC-
linked G protein-coupled receptors, such as oy-adrenergic
receptor (Maruyama et al, 2002), Ang II receptor (Nishida
et al, 2005) and endothelin receptor (Arai et al, 2003), induce
hypertrophic growth of rat cardiac myocytes. More clinically
relevant, hypertrophied hearts induced by volume overload
are commonly characterized by high levels of IP;-generating
agonists such as Ang II (Dostal et al, 1992; Sadoshima
et al, 1993). Numerous studies have demonstrated the need
for sustained or periodic increases in [Ca®™]; to cause the
nuclear localization of NFAT (Dolmetsch et al, 1997; Tomida
et al, 2003). In nonexcitable cells, IP; is generally accepted
to function as a mediator of sustained Ca’* responses
(Timmerman et al, 1996; Dolmetsch et al, 1997). The sus-
tained Ca®* signaling requires the store-operated Ca** chan-
nel (SOC), which opens in response to depletion of
intracellular stores through IP; receptor (IP3;R). Therefore,
it is currently believed that Ca** entry through SOC regulates
NFAT translocation. In the heart, however, the expression
level of IPsR is much lower than that of ryanodine receptor
(Moschella and Marks, 1993). Voltage-dependent L-type Ca®*
channel and ryanodine receptor function as the major source
of Ca®>™ for normal Ca®*-induced Ca** release of excitation-
contraction (E-C) coupling, but many reports do not support
the idea that the increase in [Ca®*™]; through E~C coupling
between L-type Ca®’™ channel and ryanodine receptor is
coupled to NFAT activation (Wilkins and Molkentin, 2004).

A possible source of Ca** for activation of calcineurin is
Ca®* influx through transient receptor potential (TRP) pro-
teins that are involved in store-operated Ca’* entry
(Clapham, 2003). Upregulation of canonical transient receptor
potential (TRPC) proteins is recently reported to contribute to
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the development of cardiac hypertrophy (Seth et al, 2004).
Other groups reported that TRPM? regulates Mg?* homeo-
stasis, and TRPM6 and TRPM?7 are differentially regulated by
Ang I in vascular smooth muscle cells (He et al, 2005; Touyz
et al, 2006). However, it is still unknown whether TRP
channels contribute to receptor-stimulated activation of calci-
neurin-NFAT pathway in the heart. In this study, we investi-
gated the mechanism of how Ang II stimulation induces the
sustained Ca?* signaling leading to NFAT activation and
hypertrophic growth of rat neonatal cardiomyocytes.

Results

Essential role of DAG in Ang ll-induced NFAT activation
and cardiac hypertrophy

We first examined whether IP; or DAG is involved in Ang II-
induced NFAT activation in rat neonatal cardiomyocytes. As it

has been reported that pressure overload- and Ang II-induced
cardiac hypertrophy are attenuated in NFAT4 (NFATc3)-null
mice (Wilkins et al, 2002), the translocation of NFAT4 was
determined in this study. Stimulation of cardiac myocytes
with Ang II for 30min increased the maximal nuclear
predominant fluorescence of GFP-fused amino-terminal re-
gion of NFAT4 protein (GFP-NFAT4) (Figure 1A-C). The Ang
[I-induced NFAT translocation was completely suppressed
by the expression of DAG kinase § (DGKB), an enzyme that
decreases the cellular DAG level by converting DAG to
phosphatidic acid. Treatment with RHC80267, a DAG lipase
inhibitor, significantly increased the Ang II-induced nuclear
translocation of GFP-NFAT4. However, treatment with xesto-
spongin C, an IP3R blocker, did not affect the Ang II-induced
translocation of GFP-NFAT4 to the nucleus. To directly inhibit
IP;-mediated signaling, we expressed the ligand-binding
region of type 1 IPsR (IPs-sponge) (Uchiyama et al, 2002).
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Figure 1 Essential role of DAG in Ang II-induced cardiomyocyte hypertrophy. (A) Nuclear translocation of GFP-NFAT4 by Ang II stimulation.
A portion of cells was treated with RHC80267 (30 uM) or xestospongin C (XestC, 20 uM) for 30 min before the addition of AngII (100 nM), and a
portion of cells was infected with DGKP for 48 h before Ang II stimulation. (B, C) Quantification of nuclear predominant fluorescence of GFP-
NFAT4 after Ang II stimulation. (D, E) Effects of DGKp, RHC80267, and XestC on the increase in NFAT-dependent luciferase activity by Ang II
stimulation for 6h. The fold activation was calculated by the values of untreated cells set as 1. (F-H) Effects of DGKB and GFP-IP;-sponge on
Ang II-induced actin reorganization (F), protein synthesis (G), and BNP expression (H). Scale bar =20 pm. *P<0.05, **P<0.01 versus control

or LacZ-expressing cells.
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The Ang Il-induced transient increase in [Ca**]; (or Ca®*
release) was completely suppressed by the treatment with
xestospongin C and by the expression of IP;-sponge but not
DGKB (Supplementary Figure S1), suggesting the efficient
inhibition of IP;-mediated Ca®™ signaling. The Ang II-
induced increase in NFAT-dependent luciferase reporter acti-
vity was suppressed by DGKp, but not by xestospongin C
and IP;-sponge (Figure 1D and E). Treatment with RHC80267
promoted the Ang II-induced NFAT activation (Figure 1E).
These results suggest the involvement of DAG in Ang II-
induced NFAT activation. We also examined the involvement
of DAG in Ang II-induced hypertrophic responses. Expression
of DGKpB, but not IP;-sponge, completely suppressed Ang II-
induced hypertrophic responses, such as actin reorganization
(Figure 1F), protein synthesis {Figure 1G), and expression of
brain natriuretic peptide (BNP) (Figure 1H). These results
suggest that DAG, but not IP3, is essential for Ang ll-induced
NFAT activation and hypertrophic responses of neonatal
cardiomyocytes.

Rele of TRPC3 and TRPCG in NFAT activation
N Onohara et af

Involvement of Ang Il type 1 receptor, Gu,, and PLC

in Ang l-induced NFAT activation

In contrast to the absence of extracellular Ca®¥
(Supplementary Figure S1A), myocytes showed spontaneous
increases in [Ca®*]; in the presence of extraceliular Ca*™*.
Treatment with Ang II induced the transient increase in
[Ca®*]; followed by sustained oscillatory increase in
[Ca®*]; (Figure 2A; the former can more clearly be seen
in Supplementary Figure S1A). The Ca®* oscillation repre-
sents a spontaneous activity of myocytes, and Ang II stimula-
tion increased its frequency (Supplementary Figure S1C). The
Ang ll-induced Ca?* response and NFAT activation were
greatly suppressed by U73122, a PLC inhibitor, but not by
U73343, an inactive analog of U73122 (Figure 2A-C). Thus,
PLC primarily regulates Ang Il-induced Ca®* signal genera-
tion. The Ang Il-induced translocation of GFP-NFAT4 was
suppressed by CV11974, an Ang II type 1 receptor (AT1R)
blocker, but not by PD123319, an AT2R blocker (Figure 2D).
These results indicate that AT1R-mediated PLC activation is
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involved in Ang Il-induced NFAT4 activation. We next
examined which G proteins are involved in Ang II-induced
NFAT activation. It has been generally believed that Gog
plays an important role in agonist-induced cardiac hyper-
trophy (Molkentin and Dorn, 2001). To examine the involve-
ment of Gog, we expressed regulator of G protein signaling
(RGS) domain that is ~200 amino acids, specifically binds
GTP-bound form of Go and accelerates GTPase activity. When
RGS domain is expressed in cells, it competes with activated
form of Ga for endogenous effectors and accelerates turn-off
reaction of Ga. Therefore, RGS domain can work as a specific
inhibitor of Ga. As expected, the expression of a Goq-specific
RGS domain of G protein-coupled receptor kinase 2 (GRK2-
RGS) completely suppressed the Ang II-induced translocation
of GFP-NFAT4 (Figure 2E). However, the expression of a
Goy2/15-specific RGS domain of p115RhoGEF (p115-RGS) did
not affect the Ang Il-induced translocation of GFP-NFAT4.
Pertussis toxin (PTX) and carboxyl terminal region of GRK2
(GRK2-ct), a By subunit of G protein (GPy)-sequestering
polypeptide, did not inhibit the Ang II-induced translocation
of GFP-NFAT4 (Figure 2E). Thus, these results support the
evidence that agonist-induced Ca®*-dependent NFAT activa-
tion is predominantly regulated by Gog, but not by Gotz13,
G; or GBy in cardiomyocytes.

Requirement of Ca®* influx through L-type Ca®™*
channels and nonselective cation channels in

Ang ll-induced NFAT activation

It has been reported that DAG induces Ca** influx through
activation of cation channels (Hofmmann et al, 1999; Clapham,
2003). As the Ang Il-induced periodic increase in [Ca®*];

A None Angll  OAG B

Control

NFAT activity (fold)

likely results from enhanced spontaneous activity of myo-
cytes (which are dependent on extracellular Ca®*; see
above), and these were suppressed by DGKp (Supple-
mentary Figure S1), we next examined whether Ca?* influx
is involved in DAG-mediated responses. Treatment of cardiac
myocytes with Ang II or with a DAG derivative, 1-oleoyl-2-
acyl-sn-glycerol (OAG), increased the nuclear translocation
of GFP-NFAT4 and NFAT activity, both of which were
almost completely suppressed by the voltage-dependent
Ca®>* channel blocker nitrendipine and a receptor-activated
cation channel (RACC) inhibitor SK&F96365 (Figure 3A-C).
As OAG-induced NFAT activation was also completely
suppressed by cyclosporine A, a calcineurin inhibitor
(Figure 3C), DAG increases NFAT activity through calcineurin
activation. These results suggest that RACC and Ca®* influx
through L-type Ca®*™ channel mediate Ang II- or DAG-
induced NFAT activation.

Ang Il activates DAG-sensitive cation channels

in cardiac myocytes

To directly demonstrate that Ang II activates DAG-sensitive
RACC, whole-cell patch-clamp experiments were performed.
In quasi-physiological ionic conditions, administration of Ang
II into the bath activated inward currents at —80 mV, which
were further enhanced by RHC80267 (Figure 4A and B).
These currents were completely abolished by N-methyl-p-
glucamine substitution for all external cations (data not
shown), and showed an outward-rectifying property with
the reversal potential of ca. 0mV (1.0+1.0mV, n=6),
when Cs* was intracellularly dialyzed via patch pipette
and TTX (3pM) and nitrendipine (1 pM) were added into

] None
[ Ang 1i
B oac

Control SKF

Nit CysA

Figure 3 Requirement of RACC and L-type Ca®* channel in DAG-mediated NFAT translocation. (A) Effects of SK&F96365 (SKF), nitrendipine
(Nit) and valinomycin (Val) on Ang II- or OAG-induced NFAT translocation. (B) Quantification of the nuclear predominant fluorescence of GFP-
NFAT4 without (None) or with Ang II or OAG stimulation. (C) Effects of SKF, Nit, and cyclosporine A (CysA) on Ang II- or OAG-induced
increase in NFAT-]luciferase activity. Cells were treated with SKF (10 uM), Nit (1 pM), Val (1 pM), or CysA (1 pM) for 30 min before the addition
of Ang II (100 nM) or OAG (25 pM). **P<0.01 versus Ang II stimulation of control cells. ##; P<0.01 versus OAG stimulation of control cells.
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Figure 4 Activation of DAG-sensitive currents from single cardiomyocytes by Ang II stimulation. (A) Representative traces of ionic currents
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internal solution containing myo-IP; (10 uM). TTX (3 uM) and nitrendipine (1 pM) are included in the K™ -free external solution. (Inset) I-V
relationship of TRPC-like currents induced by Ang II {differences between Ang II and Control). (D) Representative traces of time-dependent
changes in the membrane potential and the frequency of action potential by Ang I stimulation in the current-clamp mode.

K*-free external solution to block voltage-dependent K¥,
Na™, and L-type Ca®™ channels, respectively (see inset in
Figure 4C). Administration of OAG (25 uM) also activated
inward currents showing indistinguishable properties from
those activated by Ang I, whereas application of myo-IPs
(10 M) in the internal solution was unable to activate any
discernible currents by itself (data not shown). These results
collectively suggest that Ang II activates DAG-sensitive non-
selective cation currents in cardiomyocytes via an IPz-inde-
pendent pathway, which bears considerable resemblance to
heterologously expressed TRPC channels.

In the next step, we examined Ang Il-induced changes in
membrane potential by using the current-clamp technique,
since the treatment with valinomycin, a K* ionophore,
which causes inactivation of voltage-dependent channels
via stabilization of membrane potential (Linares-Hernandez
et al, 1998}, completely suppressed the Ang II-induced trans-
location of GFP-NFAT4 (Figure 3A and B), and in general, the
activation of RACC causes membrane depolarization (Large,
2002). As expected, membrane potential recording from
single myocytes with current-clamp mode clearly demon-
strated that Ang 1I increased the frequency of action poten-

©2006 European Molecular Biology Organization

tials, which eventually led to continuous burstic firing
superimposed on concomitant sustained depolarization
(22.245.6mV, n=35) (Figure 4D). It is noteworthy that the
time course of these effects is very similar to that observed for
the enhanced frequency of Ca®™ oscillations induced by Ang
1I (see above).

Properties of DAG induced membrane depolarization
in rat cardiac myocytes

Current-clamp recordings were technically little feasible to
monitor the membrane potential for a long period of time,
because of rhythmical contractions of myocytes evoked by
Ang II. To circumvent this problem, we adopted a voltage-
sensitive fluorescent probe DIBAC,(3). After DIBAC,(3) enters
the cells, it binds to cellular proteins and membrane lipids.
Then, DiBAC,(3) enhances fluorescence. Because of its slow
dissociating nature, DiBAC,4(3) can only detect slow cumula-
tive changes in resting potential rather than rapid changes in
membrane potential generated by action potential. Ang II
stimulation gradually increased the fluorescence intensity
of DiBAC4(3) (Figure 5A and B), indicating the shift of
membrane potential to positive (BACzkd et al, 2004). The
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averaged changes in membrane potential induced by Ang II
were estimated to be ~15mV. Treatment with RHC80267
enhanced the Ang Il-induced increases in the fluorescence
intensity of DiBAC4(3) (Figure 5C). These results indicate that
DAG generated by Ang II stimulation shifts the membrane
potential of cardiac myocytes more positively. DAG also
activates other signaling molecules including protein kinase
C (PKC). PKC is known to potentiate the extent of L-type

Ca®™ channel activation, and both OAG and pherbor 12-
myristrate 13-acetate (PMA) have been reported to increase
the channel open probability in rat cardiomyocytes
(Guinamard et al, 2004). However, treatment with PMA did
not increase the fluorescence intensity of DiBAC4(3) (Figure
SA and B} and OAG-induced translocation and activation of
NFAT were not affected by bisindolylmaleimide, a selective
PKC inhibitor (Supplementary Figure S2). It is possible that
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Figure 5 Changes in membrane potential through RACC activation by DAG. (A) Representative time courses of changes in Ang II-, OAG-, or
PMA-induced F/F, of DiBAC4(3) fluorescence from time course experiments. Cells were stimulated with Ang II (1 uM), OAG (25 uM), PMA
(1 uM), or KCl (10 mM). F; means the initial value of fluorescence. (B) Maximal changes in resting membrane potential calculated from the
changes in DiBAC,4(3) fluorescence intensity during 15 min drug treatment. For the in vivo calibration of the membrane potentials, the KCl-
induced maximal changes in fluorescence were fitted to the theoretical potentials obtained from Nernst equation, and then the changes in
membrane potential by Ang II stimulation was calculated based on the fitting fomula. (C) Effects of RHC80267 on the concentration-dependent
changes in resting membrane potentials induced by Ang II stimulation. (D) Involvement of RACC in Ang II-induced increases in the resting
membrane potential. Cells were treated with SK&F96365 (SKF, 10 uM), nitredipine (Nit, 1 pM), or xestospongin C (XestC, 20 uM) for 30 min
before the addition of Ang II. **P<0.01 versus Ang II stimulation of control cells. (E) Effects of SK&F96365 (SKF), nitrendipine (Nit), and
xestospongin C (XestC) on Ang Il-induced Ca®>* responses. The digital images were obtained every 1s during 0-3 min under basal conditions
and during 25~28 min after Ang II stimulation. (F) Number of Ca?* spikes was normalized to per minute. **P<0.01 versus Ang II stimulation
of contro] cells.
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the metabolites of DAG work as mediators for NFAT translo-
cation. However, treatment with arachidonic acid (AA) or
phospholipase A; (PLA;) inhibitors did not affect Ang 1I-
induced NFAT translocation (Supplementary Figure S2).
These results suggest that PKCs and DAG metabolites do
not participate in Ang Il-induced depolarization and NFAT
translocation. The Ang H-induced increases in the fluores-
cence intensity of DIBAC,(3) were completely suppressed by
SK&F96365, but not by nitrendipine and xestospongin C
(Figure 5D).

We next examined whether periodic increase in [Ca®**);
is regulated by RACC. The myocytes showed spontaneous
Ca?™ oscillations in the presence of extracellular Ca®* (top
panel in Figure 5E). The frequency of Ca*™ oscillations was
increased by Ang II stimulation and this was suppressed by
SK&F96365 and nitrendipine, but not by xestspongin C
(middle and bottom panels in Figure 5E and F). These results
support the idea that DAG generated by Ang Il-induced PLC
activation causes membrane depolarization through RACC
activation and thereby secondarily activates L-type Ca*™
channel, leading to increased frequency of Ca®* oscillations.

Requirement of TRPC3 and TRPC6 in Ang ll-induced
membrane depolarization

TRPC proteins are thought to be molecular candidates for
RACC (Clapham, 2003). We found the expression of at least
five TRP canonical (TRPC) mRNAs (TRPC1, TRPC3, TRPC4,
TRPCS, TRPC6, and TRPC7) in rat neonatal cardiomyocytes
by RT-PCR analysis (data not shown). Recent reports have
demonstrated that three TRPC channels (TRPC3, TRPC6, and
TRPC7) are activated directly by DAG (Hofmann et al, 1999;
Clapham, 2003). Thus, we next examined which DAG-sensi-
tive TRPC protein is involved in Ang II-induced NFAT activa-
tion. We overexpressed TRPC3, TRPC6, or TRPC7, and
examined the Ang II-induced changes in membrane potential
with DiBAC4(3) (Figure 6A and B). Among three TRPC
proteins, Ang Il<induced increases in the fluorescence inten-
sity of DiBAC4(3) were significantly enhanced by the expres-
sion of TRPC3 and TRPC6 but not by TRPC7 (Figure 6B),
although the latter enhanced OAG-induced [Ca®™]; increases
to the same extent as the former two did (Supplementary
Figure S3). These results indicate that TRPC3 and TRPC6, but
not TRPC?, likely regulate the Ang Il-induced membrane
depolarization. This conclusion was further corroborated by
siRNA-mediated knockdown of TRPC3 (siRNA 1397, 1992,
and 2043) and TRPC6 (siRNA 1609 and 1786) in the cardio-
myocytes; this procedure decreased the expression level of
endogenous TRPC3 and TRPC6 proteins without affecting
other TRPC proteins (Figure 6C-F), and simultaneously
caused significant suppression of Ang Il-induced increases
in the fluorescence intensity of DiBAC,(3) (Figure 6G). Taken
together, the above results strongly suggest that DAG-
mediated activation of TRPC3 and TRPCG6 channels coniri-
butes to the enhanced Ca®* oscillation by Ang II via their
membrane depolarizing actions.

In addition, siRNA silencing of TRPC3 and TRPCG also
significantly suppressed Ca** entry-mediated [Ca®*]; eleva-
tion induced by the addition of Ca** into the bath after Ang II
stimulation (Supplementary Figure $3). Thus, some role of
direct Ca*™ entry via TRPC3/TRPC6-associated pathway
cannot completely be excluded in the Ang IH-enhanced
Ca®™ oscillation.

©2006 European Molecular Biology Organization
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Requirement of TRPC3 and TRPC6 in Ang ll-induced
NFAT translocation and hypertrophic responses

We next examined whether TRPC3 and TRPC6 are involved
in Ang Il-induced hypertrophic responses. Treatment with
siRNAs of TRPC3 and TRPC6 significantly suppressed Ang II-
induced NFAT translocation (Figure 7A and B). Furthermore,
both TRPC3 and TRPC6 siRNAs suppressed Ang II-induced
actin reorganization and protein synthesis (Figure 7C and D).
We further examined the involvement of TRPC6 in Ang II-
induced cardiomyocyte hypertrophy by using two dominant
negative TRPC6 mutants (Hofmann et al, 2002; Hisatsune
et al, 2004). Expression of TRPC6-A(N) and TRPC6-3A
significantly suppressed Ang Ilinduced NFAT activation,
actin reorganization, and protein synthesis (Supplementary
Figure $4). These results suggest that TRPC3 and TRPC6 play
a critical role in Ang II-induced hypertrophic responses in rat
neonatal cardiomyocytes.

Discussion

This study reveals the role of DAG in Ang Il-induced NFAT
activation and hypertrophic responses. DAG produced by Ang
I-induced PLC activation directly activates TRPC3 and
TRPC6, and the resulting cation (Na*, Ca*™") influx changes
membrane potential to positive, leading to activation of
voltage-dependent L-type Ca®* channel possibly through
the generation of action potential. The increase in ca*t
influx through L-type Ca** channel can activate calci-
neurin/NFAT pathway and hypertrophic responses in rat
neonatal cardiomyocytes (Figure 8).

The physiological role of TRPC was first identified in the
vascular smooth muscle cells (Inoue et al, 2001). In the
vascular system, activation of TRPC6 contributes to mem-
brane depolarization and regulates myogenic tone of resis-
tance arteries (Large, 2002; Welsh et al, 2002). In the present
study, we demonstrated that TRPC3 and TRPC6 activated
by DAG conmtributes to the shift of membrane potential
and subsequent Ca®* signal generation through voltage-
dependent Ca®* channel in cardiac myocytes. The role of
DAG-induced TRPC3 and TRPC6 activation in membrane
depolarization has been reported in vascular smooth
muscle cells (Reading et al, 2005; Soboloff et al, 2005). The
novel finding of the present study is to characterize the
pathophysiological significance of TRPC3 and TRPC6 in
Ang Tl-induced hypertrophic responses of the heart.

We cannot determine the subtype(s) of TRPC proteins
activated by Ang II from the I-V relationship of native
RACC, as inward current activated by Ang II was too small
(Figure 4). Previous report has shown that fulfenamate
inhibits TRPC3 but enhances TRPC6 channel activity (Inoue
et al, 2001). The Ang ll-induced inward current was slightly
inhibited by flufenamate (data not shown). However, the
similar behavior of currents to the present study was reported
in TRPC3/C6-co-expressing HEK293 cells (Maruyama et al,
2006). TRPC3-like currents were observed by coexpression of
TRPC3 and TRPC6. As Ang Il-induced responses were inhib-
ited both by siRNAs of TRPC3 and TRPC6 {Figures 6 and 7),
we speculate that TRPC3 and TRPCG form heterotetramers to
regulate DAG-sensitive native cationic currents in cardiac
myocytes.

In our hands, the expression of TRPC?7 did not enhance
Ang Il-induced membrane depolarization (Figure 6B). This
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Figure 6 Requirement of TRPC3 and TRPC6 in Ang Il-induced increases in membrane potential. (A) Western blots of the respective TRPC
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Effects of TRPC3 siRNAs (C, D) and TRPC6 siRNAs (E, F) on the expression of the respective TRPC proteins. (C, E) Representative Western
blots with anti-TRPC3 (C) and anti-TRPC6 (E). (D, F) Effects of siRNAs of TRPC3 and TRPCG on the average expression of native TRPC3,
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stimulation of control siRNA-treated cells (Control).

may be explained by differential spatial organization and
dynamics in the receptor-transduction systems (Delmas
et al, 2002). As OAG-induced increases in [Ca®*]};, but
Ang Il-induced shift of membrane potential, was not
enhanced in TRPC7-expressing cells (Supplementary Figure
S3, Figure 6B), Ang II signaling microdomain may contain
TRPC6 and TRPC3, but not TRPC?. This idea is supported by
the reports that stimulation of AT1R activates TRPC6 (Large,
2002; Winn et al, 2005).

Previous report suggested that capacitative Ca®*™ entry
contributes to the nuclear translocation of NFAT and hyper-

VOL 25 | NO 22 | 2006

trophy in cardiomyocytes (Hunton et al, 2002). In contrast
with the present study, they showed that IP;-mediated store
depletion triggers the activation of SOC and activates hyper-
trophic responses. Although we cannot explain the discre-
pancy between their report and the present study, we clearly
demonstrated that xestospongin C or IP;-sponge did not
affect Ang Il-induced changes in fluorescence intensity of
DiBAC4(3), NFAT activation, and hypertrophic responses
(Figures 1 and 5D). We also confirmed that the application
of high concentration of IP; did not activate whole-cell
currents (data not shown). In addition, treatment with

©2006 European Molecular Biology Organization
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Figure 8 Schema of Ang Il-induced NFAT activation in cardiac
myocytes. In cardiac myocytes, stimulation of AT1R induces NFAT
activation through Gog-PLC signaling pathway. DAG, generated by
PLC activation, directly activates TRPC3 and TRPC6 (TRPC3/C6).
Activation of TRPC3/C6 causes slow increases in the membrane
potential to a positive direction (A¥) and concomitantly increases
the frequency of spontaneous firing due to activation of L-type Ga%*
channel. The Ca®* influx though L-type Ca** channel activates
calcineurin-NFAT pathway, which leads to hypertrophic responses
in cardiomyocytes.
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caged-IP; did not affect the localization of GFP-NFAT4 upon
UV irradiation, although caged-IP; induced a marked in-
creases in [Ca®™]; (Supplementary Figure 5). We observed
that the treatments with thapsigargin and ionomycin induce
NFAT activation through store-operated Ca’* influx.
However, Ang II-stimulated increase in [Ca®*]; through IPs-
mediated Ca®?* release is 25-30% of those induced by
thapsigargin and ionomycin treatment. This IPs;-mediated
increase may not be enough for the activation of SOC.
These results suggest that IP;-mediated Ca®>™ signaling,
including SOC, is not responsible for Ang II-induced NFAT
activation.

Whole-cell current experiments revealed that the mem-
brane currents were activated more than 1min after Ang II
stimulation (Figure 4A). However, the maximal shift of
membrane potential was achieved about 2min after Ang II
stimulation (Figure 5A). The distinct delay may be explained
by DAG metabolism, as RHC80267 enhanced Ang Il-induced
inward current (Figure 4B). The steady-state DAG lipase
activity may regulate the time to elevate DAG concentration
required for the activation of whole-cell currents and sub-
sequent changes in membrane potential.

The EMBO Journal VOL 25 | NO 22 | 2006
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Growing evidence has indicated the involvement of L-type
Ca*™* channels in the induction of cardiac hypertrophy (Lubic
et al, 1994, 1995; Whitehurst et al, 1999; Liao et al, 2005).
The role of L-type Ca®* channels in excitation-transcription
coupling is well established in the nervous system
{Dolmetsch et al, 2001, 2003). Calmodulin is reported to be
critical for conveying the Ca®** signal to the nucleus
(Dolmetsch et al, 2001). As calmodulin also regulates calci-
neurin activity, calmodulin may convey the signal to the
nucleus in the cardiovascular system in a similar manner
to the nervous system.

While this study is in review process, Bush et al (2006)
reported that TRPC channels are involved in hypertrophy
through pathological calcineurin/NFAT signaling. They
showed that TRPC3 expression is upregulated in mice with
pathological hypertrophy. We demonstrated that TRPC3 and
TRPC6 mediate hypertrophic responses of neonatal myocytes
by Ang II stimulation. Thus, the upregulated TRPC channels
in vivo may enhance receptor-stimulated hypertrophy
through the mechanism that we have demonstrated in this
study.

In summary, we demonstrated for the first time that PLC-
generated DAG has a pathophysiological role in activation of
TRPC3 and TRPC6, and TRPC3/6 mediates NFAT-mediated
hypertrophic responses through L-type Ca®™ channel.

Materials and methods

Materials, plasmid construction, and cell cultures

ATIR blocker CV11974 was provided from Takeda Chemical
Industries Ltd (Osaka, Japan). PTX, SK&F96365, caged-IP;, and
cPLA, inhibitor were purchased from Calbiochem. Valinomycin,
cyclosporine A, U73122, U73343, AA, PACOCF;, myo-IP;, TTX, and
PD123319 were from Sigma. Fura2/AM was from Dojindo.
Collagenase, Liberase (enzyme 3), and Fugene 6 were from Roche.
Alexa Fluor 594-phalloidin and DiBAC4(3) were from Molecular
Probe. Nitrendipine was from Wako. The c¢cDNA coding DGKB
(KIAAQ718) was obtained from Kazusa DNA Research Institute. The
cDNAs coding mouse TRPC3, TRPC6, and TRPC?, and anti-TRPC7
antibody were prepared as described (Inoue et al, 2001; Nishida
et al, 2003). Anti-TRPC6 and anti-TRPC3 antibodies were from
Alomone. Mouse TRPCG6-3A and TRPC6-A(N) were constructed
according to the previous reports (Hofmann et al, 2002; Hisatsune
et al, 2004). The cDNA coding IP;-sponge was cloned from mouse
brain (Uchiyama et al, 2002), and GFP-IP;-sponge was constructed
in pEGFP-C1 vector (Clontech). Isolation of rat neonatal cardio-
myocytes was described (Nishida et al, 2000).

Production of adenoviruses, infection, and transfection
Recombinant adenoviruses of GFP-NFAT4, HA-tagged DGKB, GFP-
DGKB, wild-type TRPC6, TRPC6-3A, TRPC6-A(N), and GFP-fused
IP;-sponge (GFP-IP;-sponge) were produced by the method of He
et al (1998) with a slight modification. Other adenoviruses were
prepared as described previously (Nishida et al, 2000, 2005; Arai
et al, 2003). Cells were infected with adenovirus(es) at 100 MOI for
48h. Small interference RNAs (250nM) were transfected with
lipofectamine 2000 for 72 h.

Measurement of NFAT activity

Measurement of NFAT activity was performed as described
previously (Fujii et al, 2005). At 2h after adenoviral infection in
serum-free medium, cardiomyocytes (1 x10° cells) plated on 24-
well dishes were transiently cotransfected with 0.45 pug pNFAT-Luc
and 0.05pg pRL-SV40 control plasmid, using Fugene 6. For
measuring the translocation of GFP-NFAT4, cells (1 x10°) plated
on glass-bottom 35mm dishes were infected for 48h with
adenovirus coding GFP-NFAT4 at 100 MOL. After Ang II stimulation
(100 nM) for 30 min, the localization of GFP-NFAT4 was determined
with a Laser Scanning Confocal Imaging System (Carl Zeiss
LSM510) as described (Fujii et al, 2005).

5314 The EMBO Journal VOL 25 | NO 22 | 2006

Measurement of [Ca®™ J; and membrane potential

The intracellular Ca®* concentration ([Ca®*];) of cardiomyocytes
was determined as described (Arai et al, 2003; Nishida et al, 2005).
Briefly, cells (1 x10°%) were plated on gelatin-coated glass-bottom
35mm dishes and were loaded with 2.5 uM fura-2/AM at 37°C for
30min. For measurement of cell membrane potential, cells were
loaded with 1.5 uM DiBAC,4(3) at 37°C for 30 min. The fluorescence
intensity of DiBAC,(3) was measured at an excitation wavelength
of 488nm with a video image analysis system (Aquacosmos,
Hamamatsu Photonics). The peak changes (AF/F,) of DiBAC.(3)
fluorescence intensity were defined as values obtained by subtract-
ing the basal fluorescence intensity (Fy) from the maximal intensity
during 19 min Ang II treatment.

Measurement of the expression of TRPC proteins
Cardiomyocytes (3 x10° cells) plated on six-well dishes were
directly harvested with 2 x SDS sample buffer. The protein samples
were fractionated by 8% SDS-PAGE gel and then transferred onto
PVDF membrane. The expression of endogenous TRPC proteins
was assessed by Western blotting using anti-TRPC antibodies. To
examine the involvement of TRPC3 and C6, knockdown experi-
ments using siRNAs were performed (sequences of siRNAs used
in this study were presented in Supplementary Table 1}. We used
Stealth (Invitrogen) siRNA sequence to eliminate nonspecific
responses by siRNA. Transfection was performed by lipofectamine
2000.

Measurement of hypertrophic responses of cardiomyocytes
Measurement of cardiomyocyte hypertrophy was performed
as described (Maruyama et al, 2002). Briefly, 24 h after infection,
cardiomyocytes were stimulated with Ang I (100nM) for 48h.
The cells were washed, fixed, and then stained with Alexa
Fluor 594-phalloidin to visualize actin filaments. Protein synthesis
was measured by [°H]leucine incorporation. After cells were
stimulated with Ang II (100nM) for 18h, [*H]leucine (1 pCi/ml)
was add to the culture medium and further incubated for 6h. The
incorporated [*H]leucine was measured using liquid-scintillation
counter.

Electrophysiology

Single neonatal rat cardiac myocytes plated on thin coverslips for
1-2 days (3 x 10 mm; Matsunami, Japan) were used for patch-clamp
experiments, The details of patch-clamp experiments are described
elsewhere (Shi et al, 2004). Internal solution used for the whole-cell
variant of patch clamp; K*-internal solution (mM): 140K™, 4 Na™,
2Mg?*, 144 CI", 2 EGTA, 2 ATP, 10 HEPES or Cs * -internal solution
(mM): 140 Cs*, 2 Mg®™, 20 CI7, 2 SO3™, 120 aspartate, 2 ATP,
S EGTA (2 Ca®™ added), 10 HEPES, and 10 uM myo-IP,. For current-
clamp recordings, normal external solution and K™-internal
solution of the same composition as used for whole-cell voltage-
clamp experiments were used. All experiments were performed at
25-28°C with the aid of a temperature control unit (Warner
Instruments) to facilitate the response to Ang II.

Statistical analysis

The results are shown as means+s.em. All experiments were
repeated at least three times. Mean values were compared with
control by Student’s t-test (for two groups) or one-way ANOVA
followed by Dunnett’s t-test (for three or more groups).

Supplementary data
Supplementary data are available at The EMBQO Journal Online
(http://www.embojournal.org).
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