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Fig. 4. Significance of CIRB
domain at the C terminus of
TRPC3 (A) and TRPC6 (B) in
channel activity. Influence of de-
letion of CIRB domain in ROCE
induced by 10 nM ET-1 was esti-
mated by [Ca®]; measurement.
Data are presented as the mean +
S.EMM. of the results obtained
from 4 - 6 experiments, **P <
0.01 vs. wild type (TRPC3-GFP
or TRPC6-GFP).

Fig. 5. Significance of CIRB domain
at the C terminus of TRPC3 (A) and
TRPC6 (B) in subcellular localization.
Intracellular distribution of wild type
(left column) and deletion mutants
(right column) for TRPC3 (A) and
TRPC6 (B) under basal condition was
visualized by confocal microscopy.
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tity of f-actin. Data are presented
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channels and that DAG-sensitive TRPC3, TRPC6, and
TRPC7 form ROCC rather than SOCC (32, 33). How-
ever, there is conflicting evidence on whether each TRPC
isoforms form SOCC or ROCE, e.g., TRPC3 is reported
to form SOCC (34) while other studies indicate that
TRPC3 acts as ROCC independently of SOCC activation
(11, 35). Furthermore, the expression level of TRPC3 is
important to determine its activation mechanisms:
TRPC3 functions as a ROCC at higher levels of expres-
sion, while it is activated by the depletion of ER at rela-
tively low levels of expression (36).

In the present study, we first explored TRPC isoforms
functioning as ETsR-activated ROCCs in HEK293 cells
stably coexpressing HA-ETAR and one of the TRPC
tagged with GFP at the C terminus, since Ca** entry via
TRPC is particularly an important stimulus for the devel-
opment of cardiovascular diseases such as IPAH associ-
ated with excessive stimulation of ETAR (6). To estimate
ROCE, we added 10 uM Gd** to the extracellular medium
to inhibit SOCE that masks the ROCE (19). However, 10
uM Gd* did not completely inhibit SOCE triggered by
TG-induced Ca®'-depletion/Ca**-restoration. It is well-
known that TRPC proteins can form heteromultimeric
channels that function as SOCCs. Since HEK293 cells
express native TRPC1, TRPC3, TRPC4, TRPC6, and
TRPC7 (37), there is the possibility that the TRPC3 and
TRPC6 exogenously expressed in HEK293 cells also
form Gd**-resistant heteromultimers in combination with
the endogenous TRPC proteins, of which some can trig-
ger Gd*-insensitive SOCE. Using this experimental
condition with 10 uM Gd**, we found that TRPC3,
TRPCS, TRPC6, and TRPC7 are operated upon ETAR
stimulation in the cells whose SOCE had been triggered
by the TG-induced ER depletion/Ca**-restoration proto-
col (Fig. 1). In addition, there was no significant differ-
ence in the ET,R-operated Ca** entry via TRPC3 and
TRPC6 between wild-type and GFP-tagged TRPC, when
transiently expressed in the HEK293 cells (data not
shown). These results suggest that augmentation of Ca®™
entry via these TRPC isoforms in response to ETsR
stimulation occurs independently of the depletion of ER
and that the C-terminal fusion with GFP does not affect
the TRPC-mediated Ca®* entry. The observation that
TRPC3, TRPCS5, TRPC6, and TRPC7 function as ROCCs
(Fig. 1) is basically consistent with the evidence for the
involvement of store-independent mechanisms in the
regulation of TRPC3 (38), TRPCS (38), TRPC6 (25),
and TRPC7 (19). Among the ETaR-operated TRPC
channels identified in this study, G/PLC-dependent ac-
tivation of TRPC3 and TRPC6 is a particularly important
mechanism underlying Ca** responses to ET-1 in cardio-
vascular systems (2, 3, 26, 27, 39).

Remarkably, unlike the ROCE via TRPC3, the

TRPC6-mediated ROCE was not associated with a sus-
tained Ca”" entry phase after the transient Ca** entry (Fig.
1). In addition, the function of TRPC6 as a ROCC was
not observed (Supplementary Fig. 1B), when Ca®* influx
was triggered by the ET-1~induced Ca™ release from the
ER/Ca -restoration protocol. This may result from the
inactivation of TRPC6 by an ETAR-activated signaling
molecule(s). In contrast to TRPC6, the TRPC3-mediated,
Gd*-insensitive Ca*" influx induced by the ET-1-induced
Ca” release/Ca”"-restoration was unexpectedly strong as
compared to the TRPC3-mediated ROCE (Fig. 1C), in-
dicating the possibility that activity of TRPC3 is potenti-
ated by ETAR stimulation. Future studies are needed to
identify the mechanisms underlying modulation of TRPC
activity after stimulation of ETAR.

Stimulation of ETAR induces Ca®* release from ER and
Ca™ influx via SOCC and/or ROCC, resulting in in-
creases in [Ca*’]; (21 - 23, 40). Intracellular Ca®* can
activate CaM that is a ubiquitous intracellular Ca*-
binding protein involved in the Ca®*-dependent regulation
of numerous proteins including TRPC channels (41).
CaM competes with [P;R for binding to the CIRB domain
at the C terminus of any TRPC in a Ca**-dependent man-
ner (16, 17). CaM is reported to be critical for the regula-
tion of TRPC channels and its role is different depending
on channel isoforms (see “Introduction™).

Unlike the previous reports (16, 18), the present find-
ings clearly indicate that TRPC3 and TRPC6 were acti-
vated by Ca* and CaM. That is, ETR-mediated ROCE
and OAG-induced Ca* influx via TRPC3 and TRPC6
were inhibited by W-13, a CaM antagonist. TRPC3(4749-
783)-GFP and TRPC6(4840-874)-GFP, both of which
lack the CIRB domain, can no longer trigger ROCE in
responses to ET-1 and OAG. Notably, with the biotinyla-
tion assay, there was no change in the proportion of cell
surface expression of these mutant TRPC channels to
total cell expression following the deletion of the CIRB
domain, although the total cell expression level of the
mutant TRPC channels was slightly altered (Fig. 6C). In
addition, CaM inhibition by W-13 did not alter the cell
surface expression of TRPC channels (Fig. 7). These
data taken together indicate that the channel function of
TRPC3 and TRPC6 is positively regulated by CaM bind-
ing to the CIRB domain of these TRPC channels, and
they also indicate that this positive regulation is not due
to translocation of these channel molecules to the plasma
membrane but probably due to alterations of channel
function itself. There are two possible mechanisms for
activation of TRPC3 and TRPC6 by CaM. First, CaM
binding itself to the CIRB domain of either TRPC3 or
TRPC6 results in allosteric regulation of channel activity,
as previously suggested for TRPC6 in human platelets
(14). Alternatively, TRPC3 and TRPC6 require their
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phosphorylation by CaM-dependent protein kinase 11 for
activation (42).

In addition to regulation of TRPC channel activity by
CaM binding, there is a previous report that implicates a
role of the CIRB domain of TRPC3 in translocation be-
tween the cell surface and intracellular compartments
(13). This study based on confocal microscopic imaging
suggests that deletion of the CIRB domain changes the
subcellular distribution of TRPC3 from the cell surface
to ER/Golgi (13). We also observed a similar change in
subcellular distribution for CIRB deletion mutants of
TRPC6, TRPC6(4840-874)-GFP (Fig. 5B), using confo-
cal microscopic imaging. However, in sharp contrast
with confocal microscopic findings, our cell surface bi-
otinylation experiments have clearly revealed that the
mutant TRPC3 and TRPC6 proteins lacking the CIRB
domain show no substantial change in the proportion of
cell surface expression to total cell expression, in com-
parison with that of wild-type TRPC channels, as de-
scribed above. The reason for the discrepancy between
the biotinylation study and confocal microscopic study is
at present unknown, but it is probably due to the intrinsic
property of confocal microscopic study that quantifica-
tion of target proteins expressed on the plasma membrane
is virtually impossible.

In summary, we have demonstrated that four TRPC
isoforms, TRPC3, TRPC5, TRPC6, and TRPC7, can
function as ET,R-operated Ca®" channels. Both TRPC3-
and TRPC6-mediated ROCE in response to ETAR stimu-
lation are positively regulated by G, protein, PLC, and
CaM. The CIRB domain present in the C terminus of
TRPC3 and TRPC6 is important for channel activation,
which is performed through CaM binding to the domain
but not translocation of TRPC channels to the cell
surface.
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ABSTRACT

Receptor-operated Ca®* entry (ROCE) via transient receptor
potential canonical channel 6 (TRPCB6) is important machinery
for an increase in intracellular Ca®* concentration triggered by
the activation of G, protein-coupled receptors. TRPC6 is phos-
phorylated by various protein kinases including protein kinase
A (PKA). However, the regulation of TRPC6 activity by PKA is
still controversial. The purpose of this study was to elucidate
the role of adenylate cyclase/cAMP/PKA signaling pathway in
the regulation of G protein-coupled endothelin type A receptor
(ETaR)-mediated ROCE via TRPC®6. For this purpose, human
embryonic kidney 293 (HEK293) cells stably coexpressing hu-
man ET,R and TRPC6 (wild type) or its mutants possessing a
single point mutation of putative phosphorylation sites for PKA
were used to analyze ROCE and amino acids responsible for
PKA-mediated phosphorylation of TRPC6. Ca?* measure-
ments with thapsigargin-induced Ca®*-depletion/Ca?"-resto-

ration protocol to estimate ROCE showed that the stimulation
of ETAR induced marked ROCE in HEK293 cells expressing
TRPC6 compared with control cells. The ROCE was inhibited
by forskolin and papaverine to activate the cAMP/PKA path-
way, whereas it was potentiated by Rp-8-bromoadenosine-
CcAMP sodium salt, a PKA inhibitor. The inhibitory effects of
forskolin and papaverine were partially cancelled by replacing
Ser28 (TRPC6%2%4) but not Thré9 (TRPC6'®°?) of TRPC6 with
alanine. In vitro kinase assay with Phos-tag biotin to determine
the phosphorylation level of TRPC6 revealed that wild-type and
mutant (TRPC6S?®A and TRPC6'™®°") TRPC6 proteins were
phosphorylated by PKA, but the phosphorylation level of these
mutants was lower (approximately 50%) than that of wild type.
These results suggest that TRPC6 is negatively regulated by
the PKA-mediated phosphorylation of Ser28 but not Thr69.
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Introduction

Ca®" signaling regulates various important physiological
and pathophysiological events, including cell constriction,
cell proliferation, cell differentiation, and activation of im-
mune cells. Increased Ca®" influx via transient receptor po-
tential canonical channel 6 (TRPC6), a voltage-independent,
Ca®*-permeable nonselective cation channel, is particularly
a major stimulus for the development of cardiovascular dis-
eases, such as idiopathic pulmonary arterial hypertension
(IPAH), which is associated with the continued stimulation of
endothelin type A receptor (ET,R) resulting from excessive

ABBREVIATIONS: TRPC, transient receptor potential canonical; AC, adenylate cyclase; BSA, bovine serum albumin; [Ca2*], intracellular free
Ca** concentration; ECL, enhanced chemiluminescence; EPAC, exchange protein activated by cAMP; ER, endoplasmic reticulum; ET-1,
endothelin-1; ET,R, endothelin type A receptor; fura-2/AM, fura-2/acetoxymethy! ester; GFP, green fluorescent protein; G4PCR, G, protein-
coupled receptor; HA, hemagglutinin; HEK293, human embryonic kidney 293; HRP, horseradish peroxidase; IB, immunoblotting; IP, immuno-
precipitation; IPAH, idiopathic pulmonary arterial hypertension; PDE, phosphodiesterase; PKA, protein kinase A; PKG, protein kinase G; ROCC,
receptor-operated Ca?* channel; ROCE, receptor-operated Ca?* entry; Rp-8-Br-cAMP, Rp-8-bromoadenosine-cAMP sodium salt; SA, strepta-
vidine; SOCE, store-operated Ca®* entry; SQ-22,536, 9-(tetrahydro-2-furanyl)-9H-purin-6-amine; TG, thapsigargin; WT, wild type.
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production of endothelin-1 (ET-1) (Abramowitz and Birn-
baumer, 2009). TRPC6 has been identified as a potential
candidate for a receptor-operated Ca®* channel (ROCC)
rather than a store-operated Ca®* channel, and it is operated
by phospholipase C-mediated diacylglycerol production after
stimulation of G, protein-coupled receptors (G,PCRs) such as
«y-adrenergic and angiotensin type I receptors (Watanabe et
al., 2008). However, it remains unclear whether the activa-
tion of G, protein-coupled ET,R with its agonist, ET-1, trig-
gers ROCE through TRPC6.

The activity of TRPC6 is positively and negatively regu-
lated by various protein kinases: the channel is activated by
Ca?*/calmodulin-dependent protein kinase II and the Src
tyrosine kinase family (Hisatsune et al., 2004; Shi et al.,
2004), whereas it is inactivated by protein kinase C and
protein kinase G (PKG) (Kim and Saffen, 2005; Kinoshita et
al., 2010; Nishida et al., 2010). TRPCS is also phosphorylated
by protein kinase A (PKA), which is a downstream target of
cAMP, whereas PKA-mediated phosphorylation of TRPC6 is
reported not to affect channel function (Hassock et al., 2002).
However, Nishioka et al. (2011) have shown that PKA-medi-
ated phosphorylation of TRPC6 at Thr69 is essential for the
vasorelaxant effects of phosphodiesterase type 3 (PDE3) in-
hibition against the angiotensin II-induced constriction of
vascular smooth muscle cells. In contrast to the negative
regulation of TRPC6 activity by PKA-mediated phosphoryla-
tion, cAMP is reported to activate TRPC6 via the phospho-
inositide 3-kinase/protein kinase B/mitogen-activated pro-
tein kinase kinase/extracellular signal-regulated kinase 1/2
signaling pathway (Shen et al.,, 2011). Thus, post-transla-
tional modification of TRPC6 by protein kinases plays a
critical role in the regulation of channel activity.

Drug therapy designed to elevate intracellular contents of
cAMP and ¢cGMP with G, protein-coupled prostaglandin I,
receptor agonists (e.g., beraprost) and ¢cGMP-specific PDE5
inhibitors (e.g., sildenafil), respectively, is highly effective
against IPAH, which is closely correlated with either the
prolonged activation of ET,R or the augmentation of Ca®*
influx through up-regulated TRPC6 (Kunichika et al., 2004;
Yu et al., 2004). Many lines of evidence indicate that the
PKA- and PKG-dependent phosphorylation of TRPC6 at
Thr69 inhibits channel activity, leading to vasorelaxant and
antihypertrophic effects, respectively (Kinoshita et al., 2010;
Nishida et al., 2010; Nishioka et al., 2011). In terms of the
substrate specificity of PKA, a study with an oriented peptide
library has demonstrated that PKA is an arginine-directed
serine/threonine protein kinase, and arginine residue is pre-
ferred at positions —4 to —1 amino terminal to the phosphor-
ylation site (Songyang et al., 1994). In addition, the greatest
selectivity was observed at residues —3 and —2, that is,
Ry-X-S/T, and the lysine residue at the —2 position was the
second preferred amino acid (R-L-X-S/T) (Songyang et al.,
1994). Searching for the primary sequence of TRPC6, we
have found that, in addition to the R-R-Q-T sequence sur-
rounding Thr69, potential sequences for PKA-mediated phos-
phorylation are present within the TRPC6 sequence, namely
R-R-G-G-S at Serl4, R-R-N-E-S at Ser28, and R-K-L-S at
Ser321. Unlike Thr69, which is responsible for PKA-medi-
ated negative regulation of TRPC6 activity (Nishioka et al.,
2011), there is no conclusive evidence for the functional role
of these serine residues in the regulation of TRPC6 activity
by PKA.

In the present study, we tried to clarify whether TRPC6
functions as ET,R-operated Ca®" channels by using Ca®*
measurements with a thapsigargin (TG)-induced Ca®*-de-
pletion/Ca®* -restoration protocol. In addition, we made and
used TRPC6 mutants possessing a single point mutation of
putative phosphorylation sites for PKA to identify key amino
acids responsible for the regulation of TRPC6 activity by
PKA-mediated phosphorylation. For this purpose, we im-
proved an in vitro kinase assay by using Phos-tag biotin (a
phosphate-specific ligand with biotin tag) to detect specifi-
cally phosphorylated proteins (Kinoshita et al., 2006). We
here show that, although PKA can phosphorylate TRPC6 on
Ser28 and Thr69, ET ,R-operated Ca®" entry through TRPC6
is negatively regulated by the activation of the AC/cAMP/
PKA signaling pathway, via phosphorylation of TRPC6 on
Ser28 but not on Thr69 of the N terminus.

Materials and Methods

Materials. The following drugs and reagents were used in the
present study: synthetic human ET-1 (Peptide Institute Inc., Osaka,
Japan); fura-2/acetoxymethyl ester (fura-2/AM) and Pluronic F-127
(Dojindo Laboratories, Kumamoto, Japan); gadolinium (IIT) chloride,
G418, TG, probenecid, aprotinin, leupeptin, pepstatin, sodium de-
oxycholate, SDS, phenylmethylsulfonyl fluoride, Na;VO,, NaF, pu-
romycin dihydrochloride, forskolin, 1,9-dideoxyforskolin, 8-bromoad-
enosine-cAMP, papaverine hydrochloride, ATP, and bovine serum
albumin (BSA) (Sigma-Aldrich, St. Louis, MO); Rp-8-bromoadenos-
ine-cAMP sodium salt (Rp-8-Br-cAMP) and 8-(4-chlorophenylthio)-
2'-0O-methyladenosine-cAMP sodium salt (Enzo Life Sciences Inc.,
Plymouth Meeting, PA); SQ-22,536 [9-(tetrahydro-2-furanyl)-9H-pu-
rin-6-amine] (Calbiochem, San Diego, CA), cAMP-dependent protein
kinase catalytic subunit (Promega, Madison, WI); and rapid alkaline
phosphatase (Roche Applied Science, Mannheim, Germany). All cell
culture media and supplements, except fetal calf serum (Invitrogen,
Carlsbad, CA), were obtained from Sigma-Aldrich. Antibodies for
FLAG peptide, a green fluorescent protein (GFP), glyceraldehyde-3-
phosphate dehydrogenase, horseradish peroxidase (HRP)-conju-
gated FLAG peptide (HRP-FLAG), and HRP-conjugated streptavi-
dine (HRP-SA) were obtained from Sigma-Aldrich, Clontech
(Mountain View, CA), Santa Cruz Biotechnology Inc. (Santa Cruz,
CA), Medical and Biological Laboratories Co., Ltd. (Aichi, Japan),
and Thermo Fisher Scientific (Waltham, MA), respectively. Phos-tag
biotin was obtained from NARD Institute, Ltd. (Hyogo, Japan). The
other reagents used were of the highest grade in purity.

Construction of Retrovirus Vectors. The pCl-neo mammalian
expression vector encoding TRPC6 (pCI-neo-TRPC6) was generously
provided by Dr. Yasuo Mori (Kyoto University, Kyoto, Japan). The
insert cDNA of wild-type TRPC6 was generated from the pCI-neo-
TRPC6 as a template by a polymerase chain reaction with specific
primers containing the restriction enzyme sites, which are BamHI at
the 5’ end and Agel at the 3’ end, for subcloning into the pCR-Blunt
II-TOPO vector (Invitrogen). The resulting pCR-Blunt II-TOPO vec-
tor and the pEGFP-N1 vector encoding a red-shifted variant of GFP
(Clontech) were digested with two restriction enzymes (BamHI/Agel,
Agel/Notl, or BamHI/Notl) simultaneously. The ¢cDNA fragments
were ligated into the BamHI/NotI-treated pMXrmv5 retrovirus vec-
tor to yield the pMXrmv5 vectors encoding GFP and TRPC6 fused
with GFP at the C terminus (TRPC6-GFP). All of the constructs were
verified by DNA sequencing.

To identify the target sites of TRPC6 for phosphorylation by PKA,
serine residues at positions 14, 28, and 321, and threonine at 69 were
replaced with alanine by using a KOD-Plus- Mutagenesis Kit
(Toyobo Co., Ltd., Osaka, Japan). The sequences of the resulting
mutants tagged with GFP or FLAG peptide at the C terminus were
confirmed by DNA sequencing.
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Cell Culture. Human embryonic kidney 293 (HEK293) cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% (v#v) fetal calf serum, penicillin (100 units - m1™%), and strepto-
mycin (100 pg - ml™") at 37°C in humidified air with 5% CO,,

Stable Expression of Human ET, R in HEK293 Cells. The
pDisplay mammalian expression vector containing cDNA of human
ETAR fused with an influenza hemagglutinin (HA) epitope tag at the
N terminus (HA-ET,R) was transfected into HEK293 cells by using
a TransIT-293 transfection kit (Mirus Bio Corporation, Madison, WI)
according to the manufacturer’s instructions. Stable transformants
were selected in medium containing 800 pg - ml~! G418 for 3 weeks.
Clonal cell lines were obtained by limiting dilution. Clones were
expanded and screened for expression levels by whole-cell radio-
ligand binding assay and Western blot analysis. The resulting
suitable clone (HA-ET,R/HEK293 cells) was grown up for further
experiments.

Stable Expression of TRPC6 and Its Mutants. To generate
HA-ET,R-positive HEK293 cells stably expressing GFP, TRPC6-
GFP, TRPC6-FLAG, or their mutants, these genes were introduced
into HA-ET,R/HEK293 cells by retroviral gene transfer. In brief,
retroviruses were produced by triple transfection of HEK293T cells
with retroviral constructs along with gag-pol and vesicular stomati-
tis virus G glycoprotein expression constructs (Yee et al., 1994). The
supernatants containing virus were collected 24 h after transfection
and added to HA-ET,R/HEK293 cells. The HA-ET ,R/HEK293 cells
were then centrifuged at 900g for 45 min at 25°C followed by incu-
bation for 6 h at 37°C in 5% CO, and 95% air. Then, fresh culture
media were added to dilute supernatants containing virus. GFP- or
TRPC6-positive HA-ET,R/HEK293 cells were selected for growth in
medium containing 5 pg - ml™! puromycin for 1 week.

Measurement of Intracellular Free Ca®* Concentration. In-
tracellular free Ca®* concentration ({Ca®*];) was monitored by using
a fluorescent Ca®* indicator, fura-2/AM, as described previously
(Horinouchi et al., 2009; Higa et al., 2010). In brief, HEK293 cells
grown in 3.5-cm dishes were incubated with 4 pM fura-2/AM ad-
mixed with 2.5 mM probenecid and 0.04% Pluronic F-127 at 37°C for
45 min under reduced light. After collecting and washing cells, the
cells were suspended in Ca®*-free Krebs-HEPES solution (140 mM
NaCl, 3 mM KCI, 1 mM MgCl,-6H,0, 11 mM p-(+)-glucose, and 10
mM HEPES, adjusted to pH 7.3 with NaOH) at 4 x 10° cells - ml™.
CaCl, was added to 0.5-ml aliquots of the cell suspension at a final
concentration of 2 mM, when necessary. Changes of [Ca®"]; in cells
were measured at 30°C by using a CAF-110 spectrophotometer
(Jasco, Tokyo, Japan) with the excitation wavelengths of 340 and 380
nm and emission wavelength of 500 nm.

Confocal Microscopy. Confocal microscopy was carried out by
using a FluoView FV300 microscope (Olympus, Tokyo, Japan) with a
63X oil-immersion lens.

In Vitro Kinase Assay. Wild-type and mutant TRPC6-FLAG
protein-expressed HA-ET,R/HEK293 cells grown in 10-cm dishes
were washed twice with ice-cold PBS and lysed in radioimmunopre-
cipitation assay buffer (150 mM NaCl, 1.5 mM MgCl,, 50 mM Tris-
HCI, pH 6.8, 1% nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS,
1 mM phenylmethylsulfonyl fluoride, 1 mM Na,VO,, 20 mM NaF, 10
pg - ml™! leupeptin, 10 pg - ml~* aprotinin, and 10 pg - ml™?*
pepstatin) supplemented with EDTA-free, protease inhibitor cocktail
(Thermo Fisher Scientific). The cell lysates were sonicated for 10 s on
setting 10 of a handy sonicator (UR-20P; Tomy Seiko Co., Ltd.,
Tokyo, Japan) and centrifuged at 20,000g for 20 min at 4°C. Protein
content of supernatant was measured according to the method of
Bradford (1976) using BSA as standard. Immunoprecipitation was
carried out with an immunoprecipitation kit (Dynabeads Protein G;
Invitrogen). In brief, the Dynabeads were incubated with a primary
antibody (anti-FLAG, 1:100 dilution) for 1 h at room temperature.
The Dynabeads-antibody complex was washed twice with washing
buffer (150 mM NaCl, 1.5 mM MgCl,, 50 mM Tris-HCl, pH 6.8, 1%
nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS) by gentle
pipetting, and then incubated with lysates containing equal protein
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amounts for 1 h at room temperature. Western blot analysis showed
that the expression of TRPC6 proteins relative to total protein was
quantitatively similar between wild-type and mutant proteins (Sup-
plemental Fig. S1). The resulting Dynabeads were washed three
times with the washing buffer. The Dynabeads-binding TRPC6 pro-
teins were then incubated with alkaline phosphatase for 1 h at 37°C
to reduce basal phosphorylation levels. After being rinsed with the
washing buffer three times, the dephosphorylated TRPC6 proteins
were incubated in phosphorylation buffer [20 mM Tris-HCI, pH 8.0,
5 mM MgClL,, 0.1 mM ATP, and cAMP-dependent protein kinase
catalytic subunit (40 units per reaction)] at 37°C for 30 min. This
amount of cAMP-dependent protein kinase catalytic subunit pro-
duced approximately 50% response of the maximum TRPC6 phos-
phorylation (Supplemental Fig. S2). The TRPC6 proteins bound to
the Dynabeads were eluted in the phosphorylation buffer by adding
SDS sample buffer (62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 5%
2-mercaptoethanol, 2.5% SDS, and 0.1% bromphenol blue) followed
by incubation at 37°C for 30 min. The phosphorylation levels of
TRPC6 protein were analyzed by Western blotting.

Western Blot Analysis. The proteins in immunoprecipitated
samples and whole-cell lysates were separated on a 5 to 20% poly-
acrylamide gel (SuperSep; Wako Pure Chemicals, Osaka, Japan) and
electrotransferred to a polyvinylidene fluoride membrane (Immo-
bilon-P; pore size 0.45 pm; Millipore Corporation, Billerica, MA) with
a semidry electroblotter. After transfer, the membranes were
washed three times for 5 min with Tris-buffered saline-Tween 20 (10
mM Tris-HCI, pH 8.0, 100 mM NaCl, and 0.1% Tween 20) followed by
blocking (2% BSA in Tris-buffered saline-Tween 20) of nonspecific
binding for 1 h at room temperature. The membranes were incubated
with anti-FLAG-HRP antibody or Phos-tag biotin-bound HRP-SA
complex (which was prepared according to the instructions of the
manufacturer, Nard Institute, Ltd.) at room temperature for 6 h or
with a monoclonal antibody for GFP or glyceraldehyde-3-phosphate
dehydrogenase as a primary antibody overnight at 4°C. The anti-
FLAG-HRP antibody and Phos-tag biotin-bound HRP-SA complex
were detected with an ECL Western blotting Analysis System (GE
Healthcare, Little Chalfont, Buckinghamshire, UK). The primary
antibody was detected with a secondary horseradish peroxidase-
conjugated anti-mouse IgG antibody and enhanced chemilumines-
cence (GE Healthcare). The blots were exposed to Amersham Hyper-
film ECL (GE Healthcare). Phosphorylation levels of wild-type and
mutant TRPC6 proteins were analyzed with Image J1.37 software
(National Institutes of Health, Bethesda, MD).

Data Analysis. Data regarding change in [Ca®**]; were collected
and analyzed by using a MacLab/8s with Chart (v. 3.5) software
(ADInstruments Japan, Tokyo, Japan). All data are presented as
means * S.E.M. where n refers to the number of experiments. The
significance of the difference between mean values was evaluated
with Prism (version 3.00; GraphPad Software Inc., San Diego, CA) by
Student’s paired or unpaired ¢ test. A P value < 0.05 was considered
to indicate significant differences.

Results

Characterization of ET,R-Operated Ca*' Entry
through TRPC6. To determine whether the stimulation of
ET,R with its agonist, ET-1, induces ROCE via TRPC6, we
used the TG-induced Ca®"-depletion/Ca®*-restoration proto-
col to measure store-operated Ca** entry (SOCE) followed by
ET,R stimulation to measure ROCE (Boulay, 2002). Gd®*
(10 uM) in the extracellular medium was used throughout
the experiments to inhibit the endogenous SOCE (capac-
itative Ca®" entry) that masks the ROCE via TRPC3 and
TRPC7 in HEK293 cells (Okada et al., 1999). In GFP- and
TRPC6-GFP-expressing HA-ET,R/HEK293 cells, SOCE in-
duced by TG-induced Ca®" depletion/Ca®* restoration was
significantly inhibited by the addition of 10 uM Gd®*
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(210.2 += 11.5 to 46.0 = 2.1 nM for GFP and 177.2 = 4.8 to
41.2 + 1.9 nM for TRPC6-GFP; n = 6 for each). Figure 1
shows that in nominally Ca®"-free solution containing 10 pM
Gd®** 2 pM TG evoked Ca®* release from the endoplasmic
reticulum (ER), causing a transient increase in [Ca®"]; that
promptly returned to near baseline. In the TG-treated HA-
ET,R/HEK293 cells expressing GFP as a control, stimulation
with 10 nM ET-1 after restoration of extracellular Ca®* to 2
mM did not produce a further increase in [Ca®*]; (Fig. 1A),
indicating that under this condition ET R stimulation can-
not elicit either Ca®* release from Ca®* store, SOCE, or
ROCE. On the other hand, the stimulation of ET,R with 10
oM ET-1 elicited a Gd®"-insensitive transient increase in
[Ca%"]; resulting from ROCE through TRPC6 in the TG-
treated HA-ET,R/HEK293 cells expressing TRPC6-GFP
(Fig. 1B; Table 1). These results clearly suggest that the
activation of ET,R is able to elicit ROCE mediated through
TRPC6-GFP.

Negative Regulation of ET,R-Operated, TRPC6-
Mediated Ca®" Entry by the Activation of Adenylate
Cyclase/cAMP/Protein Kinase A Signaling Pathway.
Next, we examined the effects of cAMP and PKA on TRPC6-
mediated ROCE in response to ET R stimulation. The ROCE
was markedly suppressed by either 10 uM forskolin, an AC
activator (Fig. 2B), or 10 nM papaverine, a nonselective PDE
inhibitor (Fig. 2D), both of which increase the intracellular
cAMP level, thereby activating PKA. The inhibitory effect of
forskolin on TRPC6-mediated ROCE was cancelled by treat-
ment with 1 mM SQ-22,536, a membrane-permeable AC
inhibitor, that also weakly but significantly augmented the
ROCE (Supplemental Fig. S3). Because it is well known that
forskolin can exhibit pleiotropic effects in an AC-independent
manner (Laurenza et al., 1989), we examined the effect of
1,9-dideoxyforskolin, an inactive analog of forskolin as a neg-
ative control (Pinto et al., 2008, 2009), on the ET ,R-operated
Ca?* influx via TRPC6. We were surprised to find that 10 pM
1,9-dideoxyforskolin as well as 10 pM forskolin inhibited the
TRPC6-mediated Ca®" entry (Supplemental Fig. S3). The
inhibitory effect of 10 uM 1,9-dideoxyforskolin was cancelled
by 1 mM SQ-22,536, indicating the possibility that 1,9-dide-
oxyforskolin was able to directly activate AC. Rp-8-Br-cAMP
(100 pM), a membrane-permeable PKA inhibitor, enhanced

A GFP B TRPC6-GFP
600~ 600~
5 5
£ £
- J\_f——"’/ 2 °
J~—5 ET e ET-1
J 2 —_ J 2+
0= TG Ca* 5 min 0° 16 Ca 5 min
R O Ptz v g )

10 uM Gd* 10 uM Gd3*

Fig. 1. Characterization of ROCE induced by the activation of ET R in
HEK293 cells stably coexpressing human ET,R and TRPC6-GFP. Rep-
resentative traces for TG-induced SOCE and ET,R-activated ROCE after
store depletion in the presence of 10 uM Gd®* in GFP-transfected (A) and
TRPC6-GFP-transfected (B) HEK293 cells stably expressing human
ET,R are shown. TG (2 pM)-induced Ca®* release from ER in nominally
Ca**-free medium was followed by SOCE upon restoration of 2 mM
extracellular Ca®". ROCE was triggered by the stimulation of ET 4R with
10 nM ET-1 12 min after the addition of extracellular Ca®*.

TABLE 1

Comparison of ET,R-operated Ca®" entry mediated through wild-type
and mutant TRPC6 in HEK293 cells stably coexpressing human ET,R
and TRPC6 proteins

Results are presented as means = S.E.M. of n number of experiments. Sequences

represent amino acids at amino-terminal to phosphorylation sites for PKA.
[Ca%]jmx (nM) is the peak of ROCE induced by 10 nM ET-1.

Mutation Sequences n [Ca®" Jarax
nM
Wild type 8 266.4 + 40.1
S14A R-R-G-G-S** 6 243.8 = 32.6
S28A R-R-N-E-5%8 7 247.4 *+ 26.6
T69A R-R-Q-T®° 7 282.8 + 27.6
S321A R-K-L-§%% 6 221.0 = 38.8

S, serine; A, alanine; T, threonine; G, glycine; N, asparagine; E, Glutamic acid; Q,
glutamine; K, lysine; L, leucine.

ET R-operated Ca®" influx (Fig. 2C), whereas 500 p.M 8-bro-
moadenosine-cAMP, a membrane-permeable direct PKA ac-
tivator, suppressed the Ca®* response to ET-1 (Supplemental
Fig. S3). The effects of these drugs on ET R-induced ROCE
via TRPC6 are summarized in Fig. 2E and Supplemental Fig.
S3. Our findings indicate the possibility that the activity of
TRPC6 is negatively regulated by its phosphorylation by
PKA, resulting in the inhibition of ET,R-operated Ca®" en-
try via TRPCB6.

Effect of Activation of cAMP/PKA Signaling Path-
way on Subcellular Localization of TRPC6. Wild-type
TRPC6 protein expressed in HEK293 cells is reported to be
mainly present on the plasma membrane (Lussier et al.,
2008; Graham et al., 2010). We confirmed the subcellular
localization of TRPC6-GFP expressed in HA-ET,R/HEK293
cells under basal conditions by using a confocal laser-scan-
ning microscopic approach. Although GFP expressed in HA-
ET,R/HEK293 cells as a control was localized in the cytosol
and nucleus (Fig. 3A), wild-type TRPC6-GFP was predomi-
nantly targeted to the plasma membrane (Fig. 3B). The in-
tracellular distribution of GFP and TRPC6-GFP after treat-
ment with 10 pM forskolin (Fig. 3, C and D), and 10 uM
papaverine (Fig. 3, E and F) was similar to that in the control
cells. Likewise, pharmacological inhibition of AC and PKA
with 1 mM SQ-22,536 and 100 M Rp-8-Br-cAMP, respec-
tively, did not seem to affect the intracellular distribution of
GFP and TRPC6-GFP (Supplemental Fig. S4).

Determination of the Amino Acid Residue Responsi-
ble for the Inhibition of TRPC6-Mediated Ca®* Influx
by Forskolin and Papaverine. To determine the critical
amino acid residues involved in the inhibition of ROCE via
TRPC6 by forskolin and papaverine, we searched for the
PKA phosphorylation candidate sites in the TRPC6 se-
quence. As a result, we found three serine residues at
positions 14 (R-R-G-G-S), 28 (R-R-N-E-8), and 321 (R-K-
L-S) and a single threonine residue at 69 (R-R-Q-T): all of
these sequences were present on the intracellular N-ter-
minal region of TRPCG. To identify the target residues of
PKA phosphorylation, we made HA-ET,R/HEK293 cells
stably expressing GFP-tagged TRPC6 mutants carrying an
alanine substitution for these serine/threonine residues.
Functional study with Ca®" measurement demonstrated
that there was no significant difference in the magnitude
of ROCE between wild type and these mutants (Table 1).
Replacement of Ser28 (S28A) but not other residues
(Ser14, Thr69, and Ser321) by alanine (S14A, T69A, and
S321A) attenuated the inhibitory effects of 10 .M forskolin
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Fig. 2. A to D, effects of DMSO (A), forskolin (B), Rp-8-Br-cAMP (C), and papaverine (D) on ROCE via TRPC8-GFP induced by 10 nM ET-1. Data are
presented as means = S.E.M of the results obtained from four to six experiments. E, summary of results. ==, P < 0.01, versus vehicle.

GFP

TRPCG-FP

No treatment

10 uM Forskolin

10 uM Papaverine

Fig. 8. C to F, effects of forskolin and papaverine on the intracellular
distribution of GFP (C and E) and TRPC6-GFP (D and F) expressed in
ET,R/HEK293 cells. The cells were treated with 10 pM forskolin (C and
D) and 10 pM papaverine (E and F) for 30 min. A and B, no treatment for
GFP (A) and TRPC6-GFP (B). The subcellular localization of GFP and
TRPC6-GFP was visualized by fluorescence confocal microscopy.

(Fig. 4, A and B) and 10 pM papaverine (Fig. 5, A and B).
The effects of these drugs on ET,R-induced ROCE via
wild-type and mutant TRPC6 proteins are summarized in
Figs. 4C and 5C.

Identification of PKA Phosphorylation Sites on
TRPC6 by Using In Vitro Kinase Assay with Phos-Tag
Biotin. To directly demonstrate that TRPC®6 is a substrate
for PKA, PKA-mediated phosphorylation of TRPC6 was
estimated by using Phos-tag biotin, which is a biotinylated
phosphate-specific ligand that can specifically detect phos-

phorylated proteins (Kinoshita et al., 2006). Figure 6A
shows that immunoblotting with Phos-tag biotin-bound
HRP-SA complex detected wild-type and mutant phosphor-
ylated TRPC6 proteins under basal conditions, which were
reduced by treatment of immunoprecipitated TRPC6 pro-
teins with phosphatase, indicating the ability of Phos-tag
biotin to specifically identify phosphorylated proteins. The
basal phosphorylation level of wild-type TRPC6 was simi-
lar to that of mutant TRPC6 proteins (Fig. 6A). To analyze
a change in the levels of TRPC6 phosphorylation by PKA in
vivo, the HA-ET,R/HEK293 cells stably expressing wild-
type or mutant TRPC6-FLAG protein were treated with a
combination of 10 uM forskolin and 10 pM papaverine to
enhance cAMP production and inhibit cAMP breakdown by
PDE, respectively. However, there was little or no change
in the phosphorylation levels of wild-type and mutant
TRPC6 after the activation of the AC/cAMP/PKA signaling
pathway (Fig. 6B). We considered the possibility that the
high basal phosphorylation levels masked the effects of
cAMP-elevating agents. Therefore, we next attempted to
perform an in vitro kinase assay on immunoprecipitated
TRPC6 proteins, which were pretreated with a phospha-
tase to reduce their basal phosphorylation levels. Incuba-
tion with an exogenous PKA catalytic subunit induced
phosphorylation of wild-type TRPC6 protein dephosphory-
lated with a phosphatase pretreatment (Fig. 6C, top), dem-
onstrating that the target sites for PKA-mediated phos-
phorylation are present within the TRPC6 sequence. There
was no significant difference in an increase in the phos-
phorylation level of TRPC6 protein by PKA between wild
type and TRPC65™*# mutant. It is noteworthy that an in
vitro kinase assay using TRPC6 mutants with Ser28
(TRPC652%4) and Thr69 (TRPC6T** replaced to alanine
showed significant loss of phosphorylation, suggesting that
PKA can phosphorylate TRPC6 on these sites and the
Ser28 and Thr69 residues contributed to approximately
50% of the phosphorylation of TRPC6 by PKA.

Zin7 “17 Kieniaad tuo ar aiin eniedevn e Ain'sieininohadsenadl o naneniiimon



7]
<
=
-
s
:
in
-
<
=
Z
3
=
~
a
3
o
d
2
5
O
=
O
é
:

148

Horinouchi et al.

A TRPC6(S28A)-GFP

C Effects of 10 uM forskolin

60074 29, DMSO 80040 M Forskolin 80,
L ]
— —_ %ok
T g N
= = -
N N w
S 5 S = 60
ET-1 o =
° 2 ° .2* ET'1 [ '3
+ —_— J— -
04 16 Ca" T, ol 16 C&" o T &
oo e
10 uM Gdo* 10 uM G g S
® 40
B TRPC6(T69A)-GFP g9°
600~ 600 TS
0.2% DMSO 10 uM Forskolin £
L 1] foci s
- — w
= z Q20
£ £ o
= jad 14
© ‘S
Q [$]
= S e
‘) ET-1 e oo ETL 0 Hitl i
0- TG Ca 5 min 0~ TG a 5 min E 5, § % g
o ] ~
10 pM Gd** 10 uM Gd3* o u = o

Fig. 4. Effects of alanine substitutions for putative PKA phosphorylation sites on the inhibition of ROCE via TRPC6-GFP by forskolin. A and B,
representative traces for inhibitory effects of 10 uM forskolin on ROCE via TRPC6 induced by 10 nM ET-1 in TRPC6(S28A)-GFP (A) and
TRPC6(T69A)-GFP (B). C, inhibitory effects of 10 p.M forskolin on ROCE in response to 10 nM ET-1 in wild-type (WT) and mutants of TRPC6. Data
are presented as means = S.E.M of the results obtained from four to six experiments. ==, P < 0.01, versus wild type.
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Fig. 5. Effects of alanine substitutions for putative PKA phosphorylation sites on the inhibition of ROCE via TRPC6-GFP by papaverine. A and B,
representative traces for inhibitory effects of 10 pM papaverine on ROCE via TRPC6 induced by 10 nM ET-1 in TRPC6(S28A)-GFP (A) and
TRPC6(T69A)-GFP (B). C, inhibitory effects of 10 uM papaverine on ROCE in response to 10 nM ET-1 in wild-type and mutants of TRPC6. Data are
presented as means = S.E.M of the results obtained from four to six experiments. =+, P < 0.01, versus wild type.

Discussion

Activation of G,PCR and tyrosine kinase receptor induces
formation of the second messengers such as inositol 1,4,5-
trisphosphate and diacylglycerol via phospholipase C. Bind-
ing of inositol 1,4,5-trisphosphate to its receptor on ER trig-
gers Ca®" release from ER, resulting in store-operated
(capacitative) Ca®" entry mediated through voltage-indepen-
dent Ca®*"-permeable cation channels including TRPC and
Orai proteins (Lee et al., 2010). In addition, ROCE is acti-
vated, and it is mediated via certain TRPCs categorized as

ROCCs that operate independently of store depletion. TRPC6
is reported to be involved in ROCE triggered by the stimu-
lation of G, PCRs such as muscarinic (Bousquet et al., 2010)
and «,-adrenergic receptors (Suzuki et al., 2007). In the
present study, we showed that activation of G, protein-cou-
pled ET R induced TRPC6-mediated ROCE but not SOCE.
That is, an increase in [Ca?"]; induced by TG-induced Ca®*-
depletion/Ca®*-restoration in GFP-expressing cells was not
significantly different from that in TRPC6-GFP-expressing
cells, indicating that TRPC6 does not contribute to SOCE.
Different from no significant Ca®* influx in response to ET-1
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Fig. 6. Phosphorylation of wild-type and mutant TRPC6 proteins stably expressed in HA-ET,R/HEK293 cells. Top blots are representative
immunoblots with Phos-tag biotin-bound HRP-SA complex detecting phosphorylated TRPCS proteins (indicated as phospho TRPC6). Bottom blots are
representative immunoblots with anti-FLAG-HRP antibody to determine the quantity of TRPC6 in the immunoprecipitate (indicated as total TRPC6).
A, effects of phosphatase treatment on the basal phosphorylation of FLAG-tagged TRPC6 proteins immunoprecipitated with anti-FLAG antibody.
Immunoprecipitated TRPC6 proteins were incubated in the dephosphorylation buffer for 1 h. B, effects of forskolin and papaverine (For + Pap) on the
basal phosphorylation of TRPC6-FLAG proteins in vive. HA-ET,R/HEK293 cells expressing wild-type and mutant TRPC6-FLAG were treated with
a combination of 10 pM forskolin and 10 pM papaverine for 30 min. Subsequently, immunoprecipitation and immunoblotting of TRPC6 were
performed to estimate changes in the phosphorylation level of TRPC6 proteins. C, phosphorylation of TRPC6 on Ser28 and Thr69 by PKA.
Immunoprecipitated TRPC6 proteins were incubated in the PKA phosphorylation buffer for 30 min. The histogram represents the relative ratio of
PKA-induced phosphorylation of mutant TRPC6 proteins to that of wild-type TRPC6. The PKA-induced phosphorylation of each sample was calculated
as the ratio of the phosphorylation level of TRPC6 (phospho TRPCS) in the presence of PKA catalytic subunit to that in the absence of PKA catalytic
subunit. These phosphorylation levels were normalized by the quantity of total TRPC6 protein (total TRPCS6). Data are presented as means = S.E.M

of the results obtained from four experiments. #=, P < 0.01, versus its wild type.

after TG-induced Ca®*-depletion/Ca?*-restoration in the
GFP-expressing cells, 10 nM ET-1 was capable of producing
additional Ca®* influx in the TRPC6-expressing cells where
SOCE had been maximally activated by TG-induced Ca?*
depletion/Ca®*"* restoration. In addition, our fluorescent con-
focal microscopic observations were consistent with the pre-
vious report of Graham et al. (2010) showing that, unlike
diffuse distribution of GFP, TRPC6-GFP is predominantly
present in the plasma membrane or subplasma membrane of
the cells. These data, taken together, indicate that TRPC6
located in plasma membrane functions as an ET ,R-activated
ROCC but not a store-operated Ca®" channel.

Other studies have indicated that the negative regula-
tion of TRPC6 by PKA in addition to PKG is an important
mechanism underlying the protective effect of cAMP-elevat-
ing agent against cardiovascular diseases such as hyperten-
sion and cardiac hypertrophy (Kinoshita et al., 2010; Nishida
et al., 2010; Nishioka et al., 2011). PKA is the major target of
the intracellular second-messenger cAMP, which is synthe-
sized from ATP via AC and inactivated by some members of
the PDE superfamily (Boswell-Smith et al., 2006; Pearce et
al., 2010). To elucidate the functional role of AC/cAMP/PKA
signaling pathway in the regulation of ET R-operated Ca®*
influx via TRPC6, we used pharmacological agents targeting
this pathway. The TRPC6-mediated ROCE in response to
ET,R stimulation was markedly reduced in the presence of
cAMP-elevating agents, forskolin and papaverine. In con-
trast, the response was significantly potentiated by pretreat-
ment with a membrane-permeant PKA inhibitor, Rp-8-Br-
cAMP, that competitively binds to the cAMP-binding domain
of the PKA regulatory subunit and inhibits dissociation of the
catalytic subunit from the regulatory subunit (Schwede et al.,

2000). Furthermore, either forskolin or papaverine did not
change the membrane localization of TRPC6 protein (Fig. 3).
cAMP can activate not only PKA but also exchange protein
activated by cAMP (EPAC) that functions as guanine nucle-
otide exchange factors for both Rapl and Rap2, members of
the Ras family of small G proteins (Gloerich and Bos, 2010).
However, the possibility that cAMP-dependent EPAC activa-
tion by forskolin or papaverine inactivates TRPC6 could be
ruled out, because the selective EPAC agonist, 8-(4-chloro-
phenylthio)-2’'-O-methyladenosine-cAMP sodium salt (200
M), had no or little effect on the ROCE via TRPC6 (data not
shown). Taken together, these findings suggest the inactiva-
tion of ET,R-activated TRPC6 by the AC/cAMP/PKA signal-
ing pathway. This supports the observation by Nishioka et al.
(2011) that cAMP-dependent PKA activation induced by
cilostazol, a selective PDE3 inhibitor, results in the suppres-
sion of TRPC6-mediated Ca®" entry. However, conflicting
results have been reported on the role of cAMP-dependent
signaling pathways in the regulation of TRPC6 activity. As
opposed to the findings described in the present and previous
studies (Nishioka et al., 2011), cAMP/PKA pathway did not
affect SOCE-independent, nonselective cation entry (ROCE)
via TRPC6 (Hassock et al., 2002), whereas TRPC6-mediated
Ca®* entry was triggered by cAMP-dependent activation of
phosphoinositide 3-kinase/protein kinase B/mitogen-acti-
vated protein kinase kinase/extracellular signal-regulated
kinase 1/2 signaling pathway (Shen et al., 2011). The reason
for the discrepancy in these experimental results is not clear.
However, the discrepancy may be attributed to the difference
in the basal phosphorylation state of TRPC6, because TRPC6
is phosphorylated by several types of protein kinases under
basal conditions (Fig. 6) (Bousquet et al., 2011).
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It is noteworthy that we have found that 1,9-dideoxyfors-
kolin, an inactive analog of forskolin (Pinto et al., 2008,
2009), also inhibited ET R-operated Ca®* influx via TRPC6
(Supplemental Fig. S3). The inhibition of the ROCE by 10 uM
1,9-dideoxyforskolin seems to be caused by the activation of
AC, because the inhibitory effect is sensitive to 1 mM SQ-
22,536, an AC inhibitor. Other studies with purified catalytic
AC subunits clearly have suggested that 1,9-dideoxyforskolin
binds to AC, whereas the stimulatory activity in AC is not
observed (Pinto et al., 2008, 2009). Activation of AC requires
both the binding of diterpenes, including forskolin and 1,9-
dideoxyforskolin, to the catalytic subunits of AC and an
additional conformational switch via a yet unidentified
step (Pinto et al., 2009). In native systems such as intact
cells the binding of 1,9-dideoxyforskolin to AC may trigger
a second conformational switch that results in the activa-
tion of catalysis.

Does the activation of PKA via AC/cAMP signaling path-
way induce phosphorylation of TRPC6? Hassock et al. (2002)
have reported that pharmacological stimulation of cAMP/
PKA signaling pathway actually phosphorylates an uniden-
tified phosphorylation site of TRPC6 endogenously expressed
in human platelets and exogenously overexpressed in QBI-
293A cells (a subclone of HEK293 cells). Other studies have
shown that a Thr69 residue within the TRPC6 sequence is
phosphorylated by PKA in addition to PKG (Nishida et al.,
2010; Nishioka et al., 2011). We analyzed the primary se-
quence of TRPC6 and found some serine/threonine residues
other than Thr69, i.e., Serl4, Ser28, and Ser321, as potential
sites for PKA phosphorylation. Both our site-directed mu-
tagenesis and [Ca®']; measurement experiments have pro-
vided the first functional evidence that Ser28 but not Thr69
is involved in the inhibition of TRPC6-mediated ROCE in
response to ET,R stimulation by cAMP-elevating agents.

Finally, we have conducted immunoblotting analysis with
Phos-tag biotin to clarify whether PKA can phosphorylate
TRPC6 on Ser28 residue. Phos-tag biotin is a phosphate-
specific ligand with a biotin tag and allows us to detect
specifically phosphorylated proteins (Kinoshita et al., 2006).
As shown in Fig. 6A, we have confirmed that Phos-tag biotin
can discriminate between phosphorylated and unphosphory-
lated states of TRPC6 proteins. Bousquet et al. (2011) have
reported that TRPC6 protein stably expressed in HEK293
cells is phosphorylated under basal conditions and the
Ser814 residue contributes to 50% of the basal phosphoryla-
tion state, although its functional significance is unknown.
Our site-directed mutagenesis approach has revealed that
the contribution of Ser14, Ser28, and Thr69 residues to the
basal phosphorylation of TRPC6 is minor (Fig. 6, A and B). In
vivo treatment of wild-type and mutant cells with a combi-
nation of forskolin and papaverine to activate PKA via the
AC/cAMP signaling pathway induced little or no significant
change in the phosphorylation level, indicating that the high
basal phosphorylation masks the relatively weak PKA-medi-
ated phosphorylation of TRPC6. Therefore, we have carried
out an in vitro kinase assay with immunoprecipitated wild-
type and mutant TRPC6 proteins that are dephosphorylated
by phosphatase treatment. We were surprised to find that an
in vitro kinase assay revealed that PKA phosphorylates
TRPC6 on not only Ser28 but also Thr69, although only
Ser28 is involved in the negative regulation of ET,R-medi-
ated ROCE via TRPC6 by the activation of the AC/cAMP/

PKA signaling pathway. This discrepancy between [Ca®"],
measurement and in vitro kinase assays could result from
the fact that the Thr69 mutant of TRPC6 is functionally
resistant to increased PKA activity, because Thr69 but not
Ser28 is maximally phosphorylated under basal conditions.
Another possibility is that the PKA catalytic subunit at 40
units used in the present study nonspecifically phosphory-
lates Thr69 as a PKG phosphorylation site in addition to
Ser28 as a PKA phosphorylation site, because PKA and PKG
are known to have very similar consensus sites.

In summary, we have identified a new phosphorylation site
(Ser28) on TRPC6 for PKA in addition to Thr69. We have
provided the first evidence that the activation of the AC/
cAMP/PKA signaling pathway inhibits ET,R-mediated
ROCE via TRPC6 by phosphorylation of Ser28 but not Thr69,
although both sites could be phosphorylated by PKA in vitro.
In the treatment of IPAH attributable to excessive ET, R
signaling and/or Ca®* entry via TRPC6 (Kunichika et al.,
2004; Yu et al., 2004), prostacyclin and its analogs have been
used as cAMP-generating drugs to relax contracted pulmo-
nary artery and inhibit the proliferation of pulmonary artery
smooth muscle cells (Clapp et al., 2002). Taken together, our
findings imply that the negative regulation of ET,R-acti-
vated TRPC6 via PKA phosphorylation may be an important
therapeutic target for the treatment of PAH with cAMP-
elevating agents.
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Abstract. We examined cytotoxic effects of nicotine/tar-free cigarette smoke extract (CSE) on
C6 glioma cells. The CSE induced plasma membrane damage (determined by lactate dehydroge-
nase leakage and propidium iodide uptake) and cell apoptosis {determined by MTS [3-(4,5-dime-
thylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium] reduction ac-
tivity and DNA fragmentation}. The cytotoxic activity decayed with a half-life of approximately 2
h at 37°C, and it was abolished by N-acetyl-L-cysteine and reduced glutathione. The membrane
damage was prevented by catalase and edaravone (a scavenger of "OH) but not by superoxide dis-
mutase, indicating involvement of ‘'OH. In contrast, the CSE-induced cell apoptosis was resistant
to edaravone and induced by authentic H,O, or O, generated by the xanthine/xanthine oxidase
system, indicating involvement of H,O- or O™ in cell apoptosis. Diphenyleneiodonium [NADPH
oxidase (NOX) inhibitor] and bisindolylmaleimide I [BIS I, protein kinase C (PKC) inhibitor]
abolished membrane damage, whereas they partially inhibited apoptosis. These results demonstrate
that 1) a stable component(s) in the CSE activates PKC, which stimulates NOX to generate reac-
tive oxygen species (ROS), causing membrane damage and apoptosis; 2) different ROS are re-
sponsible for membrane damage and apoptosis; and 3) part of the apoptosis is caused by oxidants
independently of PKC and NOX.

[Supplementary methods and Figure: available only at http://dx.doi.org/10.1254/jphs.11166FP]

Keywords: cigarette smoke extract (CSE), reactive oxygen species (ROS),
NADPH oxidase (NOX), apoptosis, protein kinase C (PKC)

Introduction

Cigarette smoking is a major risk factor for atheroscle-

oxygen species (ROS) such as peroxynitrate and free
radicals of organic compounds (2, 12). Although these
ROS are highly reactive, they have lifetimes of fractions

rotic vascular diseases including stroke and coronary
artery disease (1, 2), for chronic pulmonary obstructive
disease (3 - 6) and for several different forms of cancer
(7-9).

Cigarette smoke is reported to contain over 4,000
chemical constituents (10, 11). Among these are reactive
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of a second and are rapidly quenched during the passage
of the smoke through the cigarette: thus neither of these
radicals is considered to reach lungs of smokers (12).

In addition to ROS, cigarette smoke contains relatively
stable substances that have the potential to stimulate
production of ROS (13, 14). In this context, it has recently
been reported that following exposure to cigarette smoke,
cultured pulmonary artery endothelial cells generate su-
peroxide anion (O,7), and it is suspected that a stable
thiol-reactive compound, acrolein, is one of the candidate
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factors to trigger the generation of O, (15, 16). Such
stable substances could be carried throughout the sys-
temic circulation and act in organs remote to the lungs to
stimulate ROS generation (17).

Cigarette smoke can be divided into two phases, the tar
(or particle)-phase and the gas-phase. The separation into
two phases is usually performed by the use of a filter,
typically a Cambridge glass-fiber filter that retains 99.9%
of the particles larger than 0.1 micron (12). The fraction
that is trapped on the filter is the tar-phase, while the
fraction that goes through the filter is the gas-phase. Most
of the previous works on toxic effects of cigarette smoke
have been performed using either crude cigarette smoke
extract (crude CSE) (15, 16, 18 - 21) or the tar phase
alone (22).

The crude CSE is usually prepared by bubbling ciga-
rette smoke in physiological salt solution and hence
contains both the tar phase and gas phase. However, be-
cause the tar phase could theoretically be removed by
passing the cigarette smoke through a filter like the
Cambridge glass-fiber filter as described above, it is
important to characterize the cytotoxic effects of the gas
phase of the cigarette smoke in order to know the actual
toxic effects of cigarette smoking against human health.
In fact, recent works have shown that cigarette smoke
extract (CSE) free of the tar phase and nicotine (nicotine-
and tar-free CSE), which is prepared by bubbling ciga-
rette smoke in salt solution after passage of it through a
Cambridge glass-fiber filter, can oxidize low density 1i-
poprotein cholesterol in vitro and promote atherosclerotic
changes in aortas in vivo (23 - 25).

Our final goal is to identify the stable toxic compounds
in the nicotine- and tar-free CSE that exert cytotoxic ef-
fects, to clarify the molecular mechanisms for their cyto-
toxic effects and to develop harmless cigarettes by re-
moving such toxic compounds. As the first step toward
this goal, we investigated the cytotoxic effects of the
nicotine- and tar-free CSE and its action mechanism in
cultured cells in terms of several aspects of cell damage.
That is, analytical methods used in the present study were
the lactate dehydrogenase (LDH) leakage assay and
propidium iodide (PI) uptake for plasma membrane dam-
age, MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] re-
duction assay for cell viability, and DNA fragmentation
assay by agarose gel electrophoresis and TUNEL
(Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling) staining.

Materials and Methods

Materials
The cigarettes used in this study were the Hi-Lite™

brand (Japan Tobacco, Inc., Tokyo) containing 17 mg of
tar and 1.4 mg of nicotine per cigarette. Mouse monoclo-
nal antibody against rat neuronal nuclear antigen AG0
(NeuN) and goat anti-mouse IgG Alexa fluor 488—conju-
gated secondary antibody were purchased from Invitro-
gen Corporation (Carlsbad, CA, USA). CytoTox-ONE™
Homogeneous Membrane Integrity Assay Kit for mea-
surement of LDH activity, CellTiter 96™ Aqueous One
Solution Cell Proliferation Assay Kit (MTS reduction
assay), and Dead-End™ Fluorometric TUNEL System
were from Promega Corporation (Madison, W1, USA).
The reagents were purchased from the following sources:
catalase, superoxide dismutase (SOD), xanthine oxidase,
N-acetyl-L-cysteine (NAC), reduced-type glutathione
(GSH), diphenyleneiodonium chloride (DPI), PI from
Sigma-Aldrich Co. (St. Louis, MO, USA); edaravone
(3-methyl-1-phenyl-2-pyrazolin-5-one) from Tokyo
Chemical Industry Co., Ltd. (Tokyo); bisindolylmaleim-
ide 1 (BIS I; 2-[1-(3-dimethylaminopropyl)-1H-indol-3-
y1]-3-(1H-indol-3-yl)-maleimide), U-73122 {1-[6-((174-
3-methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl]-
1H-pyrrole-2,5-dione} from Calbiochem (San Diego,
CA, USA); 4',6-diamidino-2-phenylindole dihydrochlo-
ride (DAPI), N%-nitro-L-arginine methyl ester hydrochlo-
ride (L-NAME) from Dojindo Laboratories (Kumamoto).
The other reagents were of the analytical grade in
purity.

Preparation of nicotine- and tar-free CSE

The nicotine- and tar-free CSE was prepared according
to the method of Yamaguchi et al. (23) with some modi-
fications. Briefly, each cigarette was fixed horizontally
to be burned, and the mainstream of the smoke was aspi-
rated at a flow rate of 1.050 I'min™', which was strictly
regulated by the KOFLOC™ mass flow controller
(MODEL 8300 series; Kojima Instruments Inc., Kyoto)
and passed through a Cambridge glass fiber filter (Heinr.
Borgwaldt GmbH, Hamburg, Germany) to remove the
tar phase of cigarette smoke and nicotine. The remaining
gas phase of the smoke was bubbled into phosphate-
buffered saline (PBS) at 25°C. For one experiment, the
gas-phase of 40 cigarettes was bubbled into 10 ml of PBS
and stored at —80°C before use. This CSE solution was
defined as the concentration of 100%. A slight difference
of activities between CSE samples prepared on different
days was adjusted after determination of cytotoxic activ-
ity on C6 glioma cells with assays of LDH leakage and
MTS reduction activity.

Co-culture of primary neurons and glia isolated from
Setal rat brain

Neurons and glial cells for a co-culture system were
obtained from the cerebral cortex of fetal Wistar rats
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(17 - 19 days of gestation) according to the procedures
described previously (26, 27). Briefly, whole cerebral
cortex was isolated from a fetal rat brain and was minced
using scalpel blades, and filtered through stainless steel
mesh (150 mesh). The resulting single cells were seeded
on glass coverslips placed on a 12-well plate (1.4 x 10°
cells per ml per well) and were cultured in Eagle’s
Minimum Essential Medium (MEM) supplemented with
L-glutamine (2 mM), p-(+)-glucose (11 mM), NaHCO;
(24 mM), HEPES (10 mM), and 10% (v/v) heat-inacti-
vated fetal calf serum (FCS, I — 7 days after plating) or
10% heat-inactivated horse serum (8 — 18 days after
plating) at 37°C in humidified air with 5% CO,. In order
to inhibit the growth of nonneuronal cells, 10 #M cyto-
sine arabinoside (AraC) was added for 24 h on the 6th
day after seeding. This study was performed according to
the Guidelines for Animal Experiments of Hokkaido
University. The mature co-cultures (18 days after plat-
ing) without CSE treatment consisted of 51.3% + 4.4%
neurons and 48.7% + 4.4% glial cells (% of average
S.E.M.) by immunochemical staining with anti-NeuN
antibody.

Evaluation of the effects of CSE on glia and neurons in
co-culture system by Pl staining

We evaluated the cytotoxic activity of CSE on a co-
culture system by PI staining as an index of membrane
damage because P1 is specifically taken up into cells with
membrane damage, and intercalates double-stranded
nucleic acid, leading to staining of the cell nucleus (28).
The neuronal and glial cells in a mature co-culture system
were incubated with various concentrations of CSE for 4
h in culture medium containing PI (5 ug-ml™).

After CSE treatment, neurons were identified by anti-
body against neuronal nuclear antigen A60 (NeuN).
Briefly, the cells were washed with PBS and then fixed
for 30 min at 4°C with 4% paraformaldehyde in PBS.
After washing with PBS at room temperature, permeabi-
lization was performed with 0.3% Triton X-100 in PBS
(Triton/PBS) for 30 min at room temperature. After
washing with Triton/PBS and blocking with 1.5% normal
goat serum (Vector Laboratories, Inc., Burlingame, CA,
USA), the cells were incubated with mouse anti-rat NeuN
antibody (1:300) at 4°C for overnight; and on the next
day, the cells were washed with Triton/PBS, followed by
incubation with goat anti-mouse IgG Alexa fluor
488—conjugated secondary antibody (1:500) for 1 h at
room temperature in the dark. After washing with PBS,
the cells were embedded on slide glasses with VectaShield
(Vector Laboratories, Inc.) containing DAPI (1:300) for
staining of cellular nuclei.

The fluorescence of PI, Alexa fluor 488-NeuN, and
DAPI were observed by a fluorescence microscopy (IX-

71; Olympus Corporation, Tokyo) with excitation
wavelengths of 530, 495, and 372 nm and emission
wavelengths of 615, 519, and 456 nm, respectively. All
cells were identified by nuclear staining with DAPL
among DAPI-positive cells, those cells positive for NeuN
were regarded as neuronal cells, while the cells negative
for NeuN, as glial cells. The cells positive for PI were
regarded as cells with membrane damage. The cells were
counted in three fields in each experiment, and the results
were expressed as a percentage of all neurons or of all
glial cells, respectively.

Culture of immortalized C6 glioma cells and evaluation
of cytotoxic activity of CSE

C6 glioma cells derived from rat brain were grown as
a monolayer culture in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% (v/v) heat-
inactivated FCS, penicillin (100 units'ml™) and strepto-
mycin (100 zg'ml™) at 37°C in humidified air with 5%
CO..

We evaluated the cytotoxic activity of nicotine- and
tar-free CSE on C6 glioma cells by LDH leakage, MTS
reduction activity and DNA fragmentation with agarose
gel electrophoresis or by TUNEL staining. C6 glioma
cells were plated at a density of approximately 1 x 10*
cells per well of a 96-well plate for LDH and MTS as-
says, 1 x 10° cells per 6-cm dish for DNA fragmentation
by gel electrophoresis, or 5 x 10° cells per 3.5-cm dish
for TUNEL staining. After the cells were cultured for 24
h, CSE was added to culture media at the indicated con-
centrations. The cells were incubated with CSE for a
further 4 h in LDH and MTS assays or for 24 h in DNA
fragmentation assays, unless otherwise stated. After the
CSE treatment, the cells were subjected to the corre-
sponding assays for cytotoxicity.

LDH leakage assay was performed using the CytoTox-
ONE™ Homogeneous Membrane Integrity Assay Kit
(Promega) according to the manufacturer’s instructions.
For measurement of LDH activity leaked into medium,
culture medium (100 gl per well) was transferred to a
new 96-well plate for the subsequent enzyme assay
(Black Cliniplate; Thermo Fisher Scientific Inc.,
Rockford, IL, USA). For measurement of total LDH ac-
tivity, the cells cultured in parallel were disrupted by
adding 2 gl of Lysis Buffer to the culture medium, and
subsequently, the whole lysate was transferred to the
96-well plate. The reaction was started by adding 100 pl
of CytoTox-ONE™ reagent containing diaphorase and
resazurin, incubated for 10 min at room temperature, and
terminated by adding 50 u1 of Stop Solution. The amount
of the reaction product, rezorufin, was measured using a
microplate reader (Fluoroskan II; Labosystems Japan,
Tokyo) with an excitation wavelength of 544 nm and an
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emission wavelength of 590 nm. LDH activity leaked
into culture medium was represented as a percentage of
the total LDH activity: LDH activity in culture media
without cells was regarded as zero.

MTS reduction activity was assessed using the
CellTiter 96™ Aqueous One Solution Cell Proliferation
Assay Kit (Promega) according to the manufacturer’s
instructions. Briefly, after incubation with CSE for the
indicated time, 20 ul of the kit reagent solution was added
to the cell culture in a 96-well plate (100 ul of culture
medium) and incubated for a further 1 h. The amount of
the reduced form of MTS was measured by absorbance
at 490 nm using a microplate reader (SPECTRA MAX
250; Molecular Devices Corp., Sunnyvale, CA, USA).
MTS reduction activity of CSE-treated cells was repre-
sented as a percentage of the values obtained in non-
treated cells (control): MTS reduction activity in culture
media without cells was regarded as zero.

For analysis of DNA fragmentation by gel electropho-
resis, the cells, which had been detached from the culture
dish during treatment with CSE or vehicle and had been
suspended in culture medium, were first collected by
centrifugation of the culture medium at 400 x g for 10
min at 4°C. The collected cells and the cells that remained
attached to the culture dish were washed with PBS, lysed
by incubation with the lysis buffer [10 mM Tris-HCI (pH
7.4), 5 mM EDTA, and 0.5% Triton X-100] for 30 min
at 4°C, and centrifuged at 27,000 x g for 15 min at 4°C.
The resulting supernatants were transferred to a new set
of tubes, incubated with 40 ug-ml™ proteinase K for 30
min at 37°C, and extracted with phenol/chloroform (1:1
v/v). The DNA was precipitated with the conventional
ethanol precipitation method. The precipitated DNA was
treated with 40 ug-ml™ RNase A for 30 min at 37°C. The
purified DNA was subjected to gel electrophoresis on a
1.8% agarose gel at 50 mV on ice and stained with 0.5
ugml™ ethidium bromide.

For analysis of DNA fragmentation by TUNEL stain-
ing, the cells were stained using the Dead-End™ Fluoro-
metric TUNEL System (Promega) according to the
manufacturer’s instructions. Briefly, after treatment with
CSE, the cells were washed with PBS and fixed with 4%
paraformaldehyde in PBS for 30 min at 4°C. After wash-
ing with PBS at room temperature, the cells were permea-
bilized with 0.3% Triton X-100 in PBS for 30 min at
room temperature. After preincubation for 10 min in
Equlibration Buffer, the DNA-labeling reaction was
started by adding the solution containing rTdT and fluo-
rescein-labeled 12-dUTP, incubated for 60 min at 37°C,
and terminated by adding Stop Solution. After washing
with PBS, the fluorescence of fluorescein-labeled 12-
dUTP was observed by fluorescence microscopy with an
excitation wavelength at 490 nm and emission wave-

length at 520 nm.

Data analysis

All data are presented as means = S.E.M. The signifi-
cance of the difference between mean values was evalu-
ated with GraphPad PRISM™ (version 3.00; GraphPad
Software Inc., San Diego, CA, USA) by Student’s paired,
unpaired r-test, or one-way ANOVA, followed by the
Tukey multiple comparison test. A P-value less than 0.05
was considered to indicate statistically significant
differences.

Results

Comparison of sensitivity of various cells to nicotine- and
tar-free CSE

We first compared the sensitivity of various cultured
cells to nicotine- and tar-free CSE (Fig. 1). All types of
the cells except RAW264.7 cells were sensitive to the
CSE, with C6 glioma cells being the most sensitive. In
C6 glioma cells, LDH leakage was observed at the CSE
concentration of 2% and reached the maximal level at
2.5%, with the ECs, value being around 2.2% (Fig. 1A).
In CHO cells and HEK293 cells, the the ECs, values for
LDH leakage were larger, that is, around 3.6% and 4.4%,
respectively. In contrast, in RAW264.7 cells, no LDH
leakage was observed. Essentially similar results were
obtained for MTS reduction activity, except that in
RAW264.7 cells, MTS reduction activity was increased
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Fig. 1. Effects of varying concentrations of CSE on LDH leakage
(A) and MTS reduction activity (B) in various cells. After the cells
were cultured for 24 h, nicotine- and tar-free cigarette smoke extract
(CSE) was added to culture medium at the indicated concentrations
and incubated for a further 4 h. After the treatment, the cells were
subjected to LDH leakage (A) and MTS reduction assays (B). LDH
activity leaked into culture medium was represented as a percentage
of the total LDH activity. MTS reduction activity of the CSE-treated
cells was represented as a percentage of the values obtained in vehicle-
treated cells. Data are presented as means + S.E.M. of the values from
three experiments, each in triplicate. Open circles, C6 glioma cells;
open triangles, CHO cells; open squares, HEK293 cells; closed circles,
RAW264.7 cells.
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at low concentrations of CSE (Fig. 1B).

Glial cells are more sensitive to CSE than neurons
Because C6 glioma cells showed the highest sensitiv-
ity to CSE, we prepared a primary co-culture of glial
cells and neurons from fetal rat brain and compared their
sensitivity to CSE (Fig. 2). The cytotoxic effects of CSE
were assessed by staining with P1, which was specifically
taken up into cells with membrane damage and interca-
lated between double stranded DNA, leading to staining
of the cell nucleus. As shown in Fig. 2A, the number of
Pl-stained cells was markedly increased following treat-
ment with CSE for 4 h at concentrations of either 1.5%
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or 2.0% but not 1.0%. Glial cells that were identified by
negative staining for NeuN were more sensitive than
neurons that were positive for NeuN. That is, the propor-
tion of the damaged cells among all glial cells was higher
than that of the damaged cells among all neurons (Fig.
2B). Because glial cells were more sensitive to CSE than
neurons, we decided to use an immortalized rat glioma
cell line, C6 glioma cells, as a cell model in the following
experiments.

Time course for LDH leakage and half-life of CSE

We examined the time course of the cytotoxic effects
of CSE in C6 glioma cells (Fig. 3A). In C6 glioma cells
incubated with vehicle alone, LDH leakage was un-
changed up to 24 h. In contrast, when the cells were in-
cubated with 5% CSE, LDH leakage was significantly
increased at 60-min and reached a plateau of approxi-
mately 90% at 2 h.

To get insights into the chemical properties of cyto-
toxic factors in CSE, we attempted to estimate the half-
life of the cytotoxic activity in CSE (Fig. 3B). For this
purpose, CSE was preincubated at 4°C, 25°C, or 37°C
for various times (2 — 24 h) without the cells: after the
preincubation, it was added to the cell culture and 4 h
later, LDH leakage from the cells was measured (Fig.
3B). When CSE was preincubated at 37°C, the cytotoxic
activity in CSE was lost within the 4-h preincubation
with a half-life of approximately 2 h. When the preincu-
bation temperature was lower, the rate of a decrease in
cytotoxic activity in CSE was slower: at 25°C, complete
loss of the activity was observed at 24-h preincubation,
and at 4°C, 70% of the activity remained even at 24-h
preincubation. Considering that the half-life of ROS is
very short (of the order of milliseconds) (12), these re-
sults indicate that the cytotoxic activity of CSE is not be

Fig. 2. Effects of varying concentrations of CSE on neurons and glial .
cells in co-culture prepared from fetal rat brains. A) Co-culture of neurons
and glial cells were prepared from fetal rat brains as described in Materi-
als and Methods, and it was incubated with the indicated concentrations
of CSE for 4 h in the presence of propidium iodide (PI) for identification
of the cells with membrane damage. After the incubation, the cells were
fixed, permeabilized, and incubated with anti-rat NeuN antibody followed
by anti-mouse IgG Alexa 488 labeled secondary antibody for identifica-
tion of neurons. Cell nuclei were stained with DAPI upon embedding.
Among DAPI-positive cells, the cells positive for NeuN were regarded as
neuronal cells, while those negative for NeuN were regarded as glial
cells. The fluorescence of DAPI (blue), Alexad488-NeuN (green), and Pl
(red) were observed by a fluorescence microscopy with excitation/emis-
sion wavelengths of 530/615, 495/519, and 372/456 nm, respectively. B)
The cells were counted in three fields in each experiment, and the per-
centages of Pl-positive neurons (open circles) and glial cells (open trian-
gles) were expressed as a percentage of all neurons and all glial cells, re-
spectively. Data are presented as means + S.E.M. of the values from three
experiments. ¥*P < 0.01 vs. neurons.
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Fig. 3. Time course of CSE-induced LDH leakage (A) and quench-
ing of cytotoxic activity of CSE at varying temperatures (B). A) After
C6 glioma cells were incubated with vehicle (open circles) or 5%
CSE (closed circles) for the indicated time intervals, LDH activity
leaked into culture medium was assayed and represented as a percent-
age of the total activity in the cells. B) CSE was preincubated at 4°C
(open squares), 25°C (open triangles), and 37°C (open circles) for the
indicated time intervals (2 - 24 h) in the absence of the cells. The
preincubated CSE was added to cultured C6 glioma cells, and 4 h
later, LDH leakage from the cells was measured. Data are presented
as means = S.EM. of the values from three experiments, each in
triplicate.

due to ROS in CSE, which was generated upon burning
of tobacco.

Nicotine’s effects

To examine whether nicotine is involved in the CSE-
induced cytotoxicity or not, we analyzed the effect of
nicotine on LDH leakage, MTS reduction activity, and
DNA fragmentation in C6 glioma cells (Fig. 4). Nicotine
at concentrations up to 1 mM was found to be without
effect on LDH leakage (Fig. 4A), MTS reduction activity
(Fig. 4B), and DNA fragmentation (Fig. 4C). These re-
sults taken together indicate that nicotine is not involved
in the cytotoxic activity of CSE.
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Fig. 4. Effects of nicotine on LDH leakage (A), MTS reduction (B),
and DNA fragmentation (C) in C6 glioma cells. After C6 glioma cells
were incubated with the indicated concentrations of nicotine either for
4 h with LDH leakage and MTS reduction assays or for 24 h with
DNA fragmentation assays on agarose gel electrophoresis; they were
subjected to either of the assays as described in Materials and
Methods. For LDH leakage and MTS reduction activity, data are
presented as means + S.E.M. of the values from three experiments,
each in triplicate.

CSE-induced cell damage is due to apoptosis

As shown in Fig. 5A, when the cells were incubated
for 24 h with vehicle alone, the number of the cells posi-
tive for TUNEL staining was negligible. In contrast, after
incubation with 5% CSE for 24 h, virtually all of the cells
were positive for TUNEL staining. Likewise, when the
cells were incubated with 5% CSE for 24 h, DNA from
the cells showed fragmentation on agarose-gel electro-
phoresis (Fig. 5B). Furthermore, to visualize changes in
the morphology of cell nuclei, the cells treated with CSE
for 24 h were fixed, permeabilized with Triton X-100,
and stained with PI. Confocal microscopic analysis of the
Pl-stained cells showed small and pyknotic nuclei typical
of cell apoptosis (Supplementary methods and Figure:
available in the online version only). These data taken
together indicate that the CSE-induced cell damage is
due to apoptosis.



