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Data analysis. All values are expressed as means = SD. Differ-
ences between groups were compared by one-way ANOVA and
Bonferroni’s post hoc test. Two-group analysis was performed with a
Student’s #-test. The level of significance was set at P < 0.05.

RESULTS

Expression of TRPAI mRNA in human cardiac fibroblasts.
We investigated the expression of TRPA1 in human cardiac
fibroblasts (Fig. 14). TRPA1 mRNA was detected in human
cardiac fibroblasts. The amplitude of cDNA fragments was of
predicted molecular size (317 bp), identical to cDNA frag-
ments amplified from reversely transcripted mRNA.

The expression level of TRPA1 and TRP family mRNA
members (TRPC1, TRPM2, TRPV1, and TRPV2) was com-
pared by real-time quantitative RT-PCR analysis (Fig. 1B).
Transcript levels were normalized to 18S ribosomal house-
keeping gene. Significant expression of TRPA1l, TRPCI,
TRPV1, and TRPV2 mRNA was observed. The relative abun-
dance of TRP mRNA was TRPA1>TRPV2>TRPC1>TRPV1.
Thus TRPA1 appears to be dominantly expressed in human
cardiac fibroblasts.

Expression of TRPAI protein in human cardiac fibroblasts
(immunocytochemistry and Western blotting). To confirm
TRPAI protein expression, Western blot analysis was per-
formed. A specific antibody for TRPA1 channel protein
revealed a strong band as shown in Fig. 1C. Expression of
TRPA1 was also confirmed by immunocytochemistry in
human cardiac fibroblasts as shown in Fig. 1D. The cells
were also counterstained with DAPI to visualize nuclei, and
double staining of nucleus and TRPA1 channel protein. No
significant expression was detected in negative controls with
normal rabbit IgG instead of a primary antibody (Fig. 1D,
right part). These Western blotting and immunocytochemi-
cal analysis showed the expression of TRPA1 in human
cardiac fibroblasts.

It has been reported that high glucose modulates the expres-
sion of TRPC such as TRPC6 (29, 73). Therefore, we inves-
tigated the effects of high glucose (20 and 30 mM) on TRPA1
expression. As shown in Fig. 1E, treatment of human cardiac
fibroblasts with high glucose (20 and 30 mM) for 24 and 48 h
did not significantly affect the expression of TRPA1 protein,
compared with the control solution (5.4 mM glucose).

Effects of MG and AITC on [Ca®™]; in human cardiac
fibroblasts. The above results suggest that the definite expres-
sion of TRPA1 was observed in human cardiac fibroblasts.
Therefore, to investigate whether TRPA1 can function in
cardiac fibroblasts, the [Ca?*]; measurement using fura-2 AM
was applied. The effects of a dicarbonyl compound MG, an
agent to activate TRPA1 (13, 26, 53), which is produced during
glucose metabolism and in higher levels under hyperglycemic
conditions, on [Ca®*]; were investigated. In the presence of
extracellular Ca?*, MG (500 pm) significantly induced an
increase of [Ca?™]; (Fig. 2A). In contrast, in a cell bathed into
the Ca?*-free standard solution, MG (500 pm; Fig. 2B) did not
significantly increase [Ca®*];. These results suggest that MG
mainly increased [Ca®*]; due to Ca®* entry, but not Ca?*
release from intracellular store sites in human cardiac fibro-
blasts.

Figure 3 shows the concentration-dependent effects of MG
(10-1,000 uM) on [Ca?*];. MG significantly increased [Ca®*];
in a concentration-dependent manner. The application of MG
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Fig. 2. Effects of methylglyoxal on intracellular Ca®* concentration [Ca?*]; in
human cardiac fibroblasts. The Ca?*-free bathing solution contained 0.9 mM
EGTA in the absence of Ca®*. A and B: effects of methylglyoxal (500 uwM) on
[Ca®*];. In the presence of extracellular Ca®>*, methyglyoxal (A) increased
[Ca*];. However, methylglyoxal (B) did not significantly increased [Ca®*]; in
the Ca®*-free bathing solution, but the additional application of extracellular
Ca?* (5 mM) induced an increase of [Ca®*].

at concentrations lower than 300 pm gradually increased
[Ca®T}iina concentration-dependent manner. MG (1,000 p.M)
induced a biphasic increase of [Ca®*];. It induced a sharp peak
response of [Ca®*];, followed by a gradual decrease. The decay
of [Ca?*]; during continuous application of MG may be due to
the desensitization induced by Ca®* entering the channel (3,
51, 70). Figure 3B showed the concentration-dependent effects
of MG on [Ca®*];. The increased value in F340/F380 measured
at the peak level or 2 min after the application of MG with
reference to F340/F380 at the resting state was plotted against
each concentration of MG. These results indicate that MG
increased [Ca®"]; dose dependently in human cardiac fibro-
blasts.

Figure 4A shows the effects of AITC, a selective TRPA1
agonist (38), on [Ca®*]; in human cardiac fibroblasts. In the
presence of extracellular Ca?*, AITC (100 uM) significantly
increased [Ca®*];. The application of AITC (100 wM) induced
a biphasic increase of [Ca®*}; (Fig. 44). The addition of AITC
rapidly increased [Ca®"];, and the [Ca®"]; rise gradually de-
creased and reached to the steady state. In contrast, in a cell
bathed into the Ca?*-free standard solution, AITC (100 wM)
did not significantly increase [Ca®*};. Similarly, PGJ, (Fig. 4C,
30 wM), an agent known as other TRPA1 agonist (20), signif-
icantly increased [Ca?™);.

Figure 4B shows the effects of MG and AITC on [Ca®"].
MG (500 pM; Fig. 4Ba) induced an increase in [Ca®*];. The
additional application of AITC (100 pwM) induced a further
increase of [Ca®>*];. On the other hand, after AITC (100 puM;
Fig. 4Bb) increased [Ca®"];, the additional application of MG
(100 wM) induced a only small increase in [Ca®*];, suggesting
that MG and AITC activated the common Ca®*-influx path-
ways in human cardiac fibroblasts.
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Fig. 3. Dose-dependent effects of methylglyoxal on
[Ca?*]i. Concentration-dependent effects of methylg-
lyoxal on [Ca?*]; are shown. In A, the typical original
traces are illustrated. The data were representative of 4
different experiments. In B, the increased value in F340/

F380 measured 2 min after the application of methylg-
lyoxal with reference to F340/F380 at the resting state
was plotted against each concentration of methylglyoxal
(0, 10, 100, 300, 1,000 p.M). Each data represent the
mean * SD of paired 4 different experiments.

300

Effects of HC030031 and ruthenium red on MG-induced
[Ca?™]; increase. These results suggest the involvement of
TRPA1l on MG-induced [Ca®"]; increase in human cardiac
fibroblasts. Therefore, we investigated the effects of HC030031 (50,
100 uM), a selective TRPA1 antagonist, on MG-induced
[Ca®*]; increase. As shown in Fig. 54, HC030031 (100 uM)
significantly inhibited the MG-induced [Ca®™]; increase, com-
pared with control cells, suggesting that TRPA1 is involved in
MG-induced [Ca®*}; increase in human cardiac fibroblasts.
HC030031 (100 uM) inhibited MG-induced [Ca®*]; rise by
71 = 7% (n = 3; Fig. 5B).

Effects of various blockers on MG and AITC-induced
[Ca*™].. We next investigated the effects of various blockers
on MG-induced [Ca®*]; rise. First, we added 10 uM nicardi-
pine, a L-type Ca?™* channel blocker, into the cuvette before the
addition of extracellular calcium. The inclusion of 10 pM
nicardipine in the bath solution did not significantly affect
MG-induced Ca?* entry, compared with the control cells (data
not shown), suggesting that L-type Ca’?* channel does not
significantly contribute to the Ca®* influx elicited by MG in
human cardiac fibroblasts. Similarly, mibefradil (10 puM), a
T-type Ca®" channel blocker, did not affect the [Ca®*]; rise
(data not shown). To further determine the type of channels
involved in the calcium influx, the effects of ruthenium red (5,

1000 v

10 pM), a nonselective TRP blocker including TRPA1, were
investigated as shown in Fig. 5, A and C. Pretreatment with
ruthenium red (10 pM; Fig. 54) significantly inhibited MG-
induced [Ca?*];, compared with control cells. Ruthenium red
(10 wM) inhibited methylglyoxal-induced [Ca®*]; rise by 77 +
11% (n = 4; Fig. 5C).

In addition, it is very likely that MG stimulates TRPA1
through formation of reversible hemithioacetals with cys-
teine residues (26). To investigate this possibility, we ex-
amined the effect of the reducing agent, DTT (10 mM), on
methylglyoxal-induced [Ca?*];. As shown in Fig. 5D, treat-
ment of DTT (10 mM) inhibited methylglyoxal-induced
[Ca?*], DTT (10 mM) inhibited MG-induced [Ca®*]; rise
by 81 = 5% (n = 4; Fig. 5E).

Effects of aminoguanidine on MG-induced [Ca®*]; rise.
Figure 6 shows the effects of aminoguanidine, a MG scavenger
(46, 67), on MG-induced [Ca**); rise. The cells were pre-
treated with various concentrations of aminoguanidipne, and
then MG was added into the bathing solution. The [Ca®*];
response was compared with the control cells (untreated cells).
Treatment with aminoguanidine (1-10 mM) inhibited MG-
induced [Ca®*}; rise in a concentration-dependent manner as
shown in Fig. 6B.
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Effects of treatment with siRNA targeted for TRPAI on
expression level of TRPAI mRNA and MG-induced [Ca®™};
increase. To determine whether TRPA1 is involved in [Ca? "]
mobilization induced by MG in human cardiac fibroblasts, we
investigated the effects of siRNA targeted for TRPA1. After
siRNA transfection, the level of TRPA1 mRNA expression
was analyzed by real-time quantitative RT-PCR. The expres-
sion level of TRPA1 mRNA in cells transfected with siRNA
significantly decreased, compared with nonsilencing (negative
control) siRNA-treated cells (Fig. 7A). In addition, the MG-
induced [Ca®*]; response was compared in between siRNA-
and nonsilencing (negative control) siRNA-treated cells. MG-
induced [Ca®*); rise was significantly inhibited in cells trans-
fected with siRNA for TRPA1 (Fig. 7, B and C), compared
with nonsilencing (negative control) siRNA-treated cells.
These results suggest that TRPA1 is mainly involved in MG-
induced calcium entry from extracellular medium in human
cardiac fibroblasts.

Effects of MG on cell cycle progression in human cardiac
fibroblasts. We investigated the effects of MG on cell cycle.
Cells were treated in the absence or presence of MG (300 M)
for 48 h and analyzed by flow cytometry. Treatment with MG
(300 wM; Fig. 8) showed a larger proportion of cells entering
G2/M and a smaller proportion arrested in GO/G1, compared
with control cells. These results suggest that MG induced cell
proliferation with cell cycle progression to S and G2/M.

Figures 9 and 10 show the effects of ruthenium red (Fig. 9,
10 nM) and HC030031 (Fig. 10, 100 uM) on MG-induced cell
cycle progression in human cardiac fibroblast. Treatment with
ruthenium red (Fig. 9) and HCO030031 (Fig. 10) inhibited
MG-induced cell cycle entry/progression with a smaller pro-
portion of cells entering S and G2/M and a larger proportion
arrested in GO/G1.

Effects of MG on cell differentiation. After fibroblasts pro-
liferate, they differentiate into ECM proteins -secreting myo-
fibroblasts characterized by altered morphology and increased
a-SMA expression. The effects of MG on a-SMA protein
expression were investigated as shown in Fig. 11. Treatment
with MG (30-300 uM) for 24 h enhanced a-SMA expression
as shown in Western blotting (Fig. 11, A and B). The signifi-
cant staining of a-SMA was observed in cells treated with MG
for 24 h (Fig. 11C), compared with negative control.

Figure 12, A and B, shows the effects of ruthenium red (10
wM) and HC030031 (100 pwM) on MG-enhanced a-SMA
expression. Treatment with MG (300 wM) enhanced a-SMA
protein expression, and ruthenium red and HC030031 signifi-
cantly inhibited MG-enhanced a-SMA expression as shown in
Fig. 12B.

MG enhances a-SMA expression by a TGF-B;-independent
mechanism. To investigate whether MG enhances a-SMA
expression independently of TGF-B, we have performed the
following experiments. First, TGF-$; levels were evaluated by
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Fig. 5. Effects of HC030031, ruthenium red (RR), and DTT on methylglyoxal-induced [Ca?*]; entry. Effects of HC030031 (4 and B) and RR (A and C) on
methylglyoxal-induced [Ca?*]; rise. The cells were pretreated with these agents, and then methylglyoxal was added into the bathing solution. The [Ca2*];
response was compared with the control cells (untreated cells). The typical data are illustrated in A. Aa: control cells. Ab: HC030031 (100 pwM)-treated cells.
Ac: RR (10 pM)-treated cells. The data were representative of 4 different experiments. B and C: inhibitory effects of HC030031 (B; 50 and 100 M) and RR
(C; 5 and 10 M) on methylglyoxal-[Ca®*]; rise. The increased value in F340/F380 induced by methylglyoxal was obtained in the absence or presence of drugs.
The increased value in the absence of drugs is considered as 100%. The percent inhibition of these agents is illustrated in B and C. D and E: effects of DTT
on methylglyoxal-[Ca®*]; rise. The cells were pretreated with DTT for 1 min. Each datum represents the mean == SD of paired 4 different experiments. **P <

0.01 vs. control.

ELISA in conditioned media from MG-treated cells. Treatment
of MG (300 pM) for 24 h did not significantly increase
TGF-B; production. The concentration of TGF-8 in bath so-
lution was 34.9 = 29.5 (in pg/ml; n = 8) in control, 34.1 *
25.8 (in pg/ml; n = 8) in cells bathed with MG (30 uM) for 24
h, and 28.2 = 19.9 (in pg/ml; n = 8) in cells bathed with MG
(300 uM) for 24 h, suggesting that treatment with MG for 24
h did not enhance TGF-[3; secretion in the present conditions.
In addition, LY2157299 (0.1 and 1 nM), a potent and selective
TGF-B; receptor blocker, did not inhibit the MG-enhanced
a-SMA expression as shown in Fig. 12, C and D. These results
suggest that MG enhanced a-SMA expression independently
of endogenous TGF-(; production or activation.

DISCUSSION

The major findings of the present study are as follows. First,
in human cardiac fibroblasts, MG induced Ca®" entry in a

concentration-dependent manner. Second, treatment with ru-
thenium red (RR), a general cation channel blocker, and
HCO030031, a selective transient receptor potential ankyrin 1
(TRPA1) antagonist, inhibited MG-induced Ca®* entry. Treat-
ment with an MG scavenger, aminoguanidine, and DTT, a
reducing agent, also antagonized it. Third, AITC, a selective
TRPAL1 agonist, increased induced Ca?* entry. The use of
siRNA to knock down TRPAI markedly reduced the MG-
induced Ca®* entry as well as the expression level of TRPA1
mRNA. Fourth, the conventional and quantitative real-time
RT-PCR analysis showed the prominent existence of TRPA1
mRNA. Expression of TRPA1 protein was confirmed by West-
ern blotting and immunocytochemical analyses. Finally, MG
promoted cell cycle progression from G0O/G1 to S/G2/M, which
was significantly suppressed by treatment with HC030031 or
RR. MG also enhanced a-SMA expression. The present results
suggest that MG activates TRPA1 and promotes cell cycle
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progression and differentiation in human cardiac fibroblasts.
MG might participate the development of pathophysiological
conditions including diabetic cardiomyopathy via activation of
TRPAI.

The TRP protein superfamily consists of a diverse group of
cation channels in a variety of cells (47) including cardiac
fibroblasts, which play an important role on physiological and
pathophysiological conditions. In the present study, the expres-
sion of TRPV1, TRPV2, and TRPV4 transcripts was detected
among TRPVs, and the significant expression of TRPM2,
TRPM4, and TRPM7 was observed among TRPMs (data not
shown). In addition, the present study provided the first evidence
showing that the prominent existence of TRPA1 mRNA was ob-
served in human cardiac fibroblasts, by using the conventional and
quantitative real-time RT-PCR analysis. The expression level of
mRNA was TRPAI>TRPV2>TRPC1>TRPV1. TRPA1 mRNA
appears to be dominantly expressed in human cardiac fibro-
blasts. And, expression of TRPA1 protein was confirmed by
Western blotting and immunocytochemical analyses. From
these results, it is very likely that TRPA1 is functionally
expressed in human cardiac fibroblasts.

TRPAT1 is widely expressed in neuronal and nonneuronal
cells (49), (58). The TRPA1 channel is activated by noxious

control 1mM_ 2mM__ 5mM 10 mM

cold (<17°C) and chemical compounds such as mustard oil
(38). The present study provided the first evidence showing
that the functional expression of TRPA1 was observed in
human cardiac fibroblasts. AITC, a selective TRPA1 agonist
(38), significantly increased [Ca®*]i in the presence of
extracellular Ca%*, while it failed to increase it in the
absence of extracellular Ca2*. MG, a dicarbonyl compound,
which has been recently shown to activate TRPA1 in rat
pancreatic B-cells (13), and PGJ,, an agent known as an-
other TRPA1 agonist (20), also significantly increased
[Ca*]i as well as AITC. Furthermore, after AITC increased
[Ca®*1i, the additional application of MG induced a only
small increase in [Ca?"]i, suggesting that MG and AITC
activated the common Ca?*-influx pathways. And, HC030031, a
selective TRPAT1 antagonist, and ruthenium red, a nonselec-
tive TRPA1 blocker, which can block the channel pore,
inhibited MG-induced [Ca?"]i increase. The use of siRNA
to knock down TRPA1 also markedly reduced the MG-
induced Ca®" entry as well as the expression level of
TRPA1. Thus these results strongly suggest the involvement
of TRPA1 on MG-induced [Ca?*]i increase in human car-
diac fibroblasts. However, we have not ruled out the con-
tribution of other ionic channels such as Ca?*-activated K*
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channels, which are functionally expressed in human car-
diac fibroblasts (69), on the MG-induced Ca?* moblilization
as described in isolated blood vessel (50).

Long-term diabetes results in the development of diabetic
cardiomyopathy. Heart failure due to diastolic ventricular dys-
function is a characteristic of diabetic cardiomyopathy and can

* occur during the early stages of diabetes (55). Heart cells per se
are impaired in diabetic cardiomyoptahy. In addition, cardiac
fibrosis is one of the pathological processes of diabetic cardio-
myopathy (63) and manifests as enhanced proliferation of
cardiac fibroblasts and excessive deposition of ECM, such as
collagens and fibronectin. Hyperglycemia, a major pathologi-
cal manifestation of diabetes, may promote the development of

control

s O

heart failure, primarily by causing excessive accumulation of
collagen within the interstices of the myocardium, and then
resulting in impaired diastolic and systolic functions (60).
Intracellular Ca®* has been reported to be essential for fibro-
blast functions. Chelating external Ca®>* by EGTA prevents
substance P-induced proliferation of cultured rat cardiac fibro-
blasts (43). In human fibroblasts, it has been reported that Ca**
influx is essential for the proliferation, and intracellular Ca®™ is
required for cell cycle progression from G1/GO to S phase (64).
We have recently shown that human cardiac fibroblasts contain
several TRPC-mediated Ca®* influx pathways, and TGF-B,
enhances the Ca®>* influx pathways requiring Ca?* signals for
its effect on fibroblast proliferation (35). Several papers have

methylglyoxal

control
o methylglyoxal

*¥%

Percentages of various phases 09
of the cell cycle

G0/G1 S 2/M

Fig. 8. Effects of methylglyoxal on cell cycle ana-
lyzed by flow cytometry. The serum-deprived cells
were treated in the absence (Aa) or presence (Aa) of
methylglyoxal for 48 h and analyzed by flow cy-
tometry. Note that methylglyoxal (300 uM) induced
GO0/G1 to S/G2/M progression. B: summary data
showing percentage of cells in GO/G1, S, and G2/M
under control and the presence of methylglyoxal.
The typical data are illustrated in this figure. The
typical data obtained from 4 different experiments
are illustrated in this figure. Each datum represents
the means = SD of paired 4 different experiments.
#*P < 0.01 vs. control.
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Fig. 9. Effects of ruthenium red on methylglyoxal-induced cell cycle progression analyzed by flow cytometry. The serum-deprived cells were treated.in the
absence (Aa), presence of methylglyoxal (Ab), and the additional application of ruthenium red (Ac) for 48 h and analyzed by flow cytometry. Note that
methylglyoxal (Ab; 300 uM) induced cell cycle progression with GO/G1 to S/G2/M progression, compared with control cells (Aa). Treatment with ruthenium
red (10 pM; Ac) showed a smaller proportion of cells entering S and G2/M, and a higher proportion arrested in G0/G1, compared with methylglyoxal by itself
(Ab). B: summary data showing percentage of cells in G0/G1, S, and G2/M under these conditions. Groups: control, methylglyoxal, methylglyoxal plus ruthenium
red.

control

reported that treatment of cardiac fibroblasts with high concen-
trations of glucose results in increased proliferation and colla-
gen synthesis (5, 66). Dai et al. (21) also reported that high
glucose induces the proliferation of cardiac fibroblasts and
collagen synthesis via activation of STAT1 and STAT3. Here,
we provided the first evidence showing that MG promoted cell
cycle progression from GO0/G1 to S/G2/M. The MG-induced
cell cycle progression was significantly suppressed by treat-
ment with HC030031, a TRPA1 specific blocker, or ruthenium
red, a nonspecific TRPA1 blocker, suggesting that TRPA1 is
involved in MG-induced cell cycle progression. Similarly,
MG-induced cell proliferation has been described in vascular
smooth muscle cells and adipocytes (14, 37). In addition,
cardiac fibroblasts not only produce the ECM, but also are
electrically and mechanically coupled with cardiomyocytes,
resulting in affecting the electrical activity (1, 39). They cannot
generate action potentials, but their membrane potential is
controlled by mechanical stretch or compression of the sur-
rounding myocardium, which in turn affects their interaction
with cardiomyocytes. Thus cardiac fibroblasts appear to be
dynamic participants in the physiology and pathophysiology of
cardiomyocytes. Wang et al. (69) reported the contribution of
BKc,-channel activity in human cardiac fibroblasts to electrical
coupling of cardiomyocytes-fibroblasts. Similarly, the activa-
tion of TRPA1 induced by MG in cardiac fibroblasts may play

'MG-+ruthenium red

a role in affecting electrical activity in cardiomyocytes under
the pathophysiological conditions including diabetic cardiomy-
opathy.

Davis et al. (22) showed an obligate function for TRPC6
in promoting myofibroblast differentiation and wound heal-
ing in mice, whereas Harada et al. (32) reported the essential
role of TRPC3 on rat cardiac fibroblast proliferation and
differentiation. An increase in local Ca®* concentration may
trigger protein-protein interactions that activate downstream
signaling pathways that regulate fibroblast function such as
protein kinase C and ERK1/2 signaling pathway (32). The
present study provided the first evidence showing the essen-
tial role of TRPA1 on MG-induced fibroblast proliferation
and differentiation, but further studies are needed to clarify
its downstream signaling pathways as reported in human
endothelial cells (2).

After fibroblasts proliferate, they differentiate into ECM-
secreting myofibroblasts characterized by altered morphology
and increased a-SMA expression. The differentiation of fibro-
blasts into myofibroblasts is strongly upregulated in failing
hearts (12), which is characterized by de novo expression of
a-SMA (28). The present study also showed that o-SMA
expression in human cardiac fibroblasts was enhanced by MG
in a dose-dependent manner. This is compatible with the
previous reports in human cardiac fibroblast used collagen gels
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Fig. 10. Effects of HC030031 (HC) on methylglyoxal-induced cell cycle progression analyzed by flow cytometry. The serum-deprived cells were treated in the
absence (Aa) or presence (Ab) of methylglyoxal, and the addition of HC030031 (100 M) for 48 h, and analyzed by flow cytometry. Note that methylglyoxal
(Ab; 300 nM) induced cell cycle progression with GO/G1 to S/G2/M progression, compared with control cells (Aa). Treatment with HC030031 (100 pM; Ac)
showed a smaller proportion of cells entering S and G2/M, and a higher proportion arrested in G0/G1, compared with methylglyoxal by itself (Ab). B: summary
data showing percentage of cells in GO/G1, S, and G2/M under these conditions. Groups: control, methylglyoxal, methylglyoxal with HC030031 (100 uM). The

typical data are illustrated in this figure.

with 0.01~1 mM MG. Thus MG appears to induce human
fibroblasts proliferation and enhance differentiation into myo-
fibroblasts. Based on the results presented in this study, we
propose the underlying mechanisms of MG on human cardiac
fibroblasts involving the TRPA1 ion channel. Under normal
conditions the TRPA 1-mediated pathway may act as a low tone
system to cause cell proliferation. However, in hyperglycemic
conditions, production of MG can directly evoke cell prolifer-
ation and differentiation through this pathway, providing a
novel signaling mechanism leading to cell proliferation. In
addition, MG increased fibronectin production, an ECM (data
not shown), suggesting that MG might participate the devel-
opment of pathophysiological conditions including diabetic
cardiomyopathy via activation of TRPA1. Further studies are
needed to clarify this possibility.

Plasma levels of MG range from 1.4 to 3.3 pM in healthy
humans and from 3.6 to 5.9 uM in patients with diabetes (62,
65). Therefore, MG concentrations (more than 10 M) used in
this study are high. However, it was in the range of those
applied by Brouwers et al. (11) and by Cook et al. (19) to rat
B-cells. Also, MG concentration of cultured Chinese hamster
ovary cells has also been reported to reach up to 310 puM (15).
In addition, the intracellular MG level is likely much higher
than the plasma MG level in the diabetic condition because
diabetic tissues are chronically (months to years) exposed to
high MG levels, which may cause dramatic intracellular MG

accumulation. In contrast, cultured cells were only transiently
(days) exposed to high concentrations of MG, which may limit
intracellular MG accumulation (16). Thus the MG concentra-
tion range (10-1,000 p.M) used in the present study is not only
physiologically relevant but also suitable for our in vitro
experiments on cultured cells. Further work will be required to
examine the longer-term effects of lower doses (~5-10 uM) of
MG on the function of cardiac fibroblasts. However, the effects
of MG could be antagonized by HC030031, a TRPA1 blocker,
RR and he funcsiRNA traged for TRPA1, suggesting that the
effects of MG are not mediated by nonspecific toxic effects,
but specifically by TRPA1 channel. It has been reported that
extracellular applied MG accesses specific intracellular binding
sites of TRPA1 and activates it via MG-induced modification
of cysteine residues (26). To investigate this possibility
whether disulfide bridge formation or reversible noncovalent
interactions contribute to the agonist activity of MG, the effect
of the reducing agent DTT on methylglyoxal-induced [Ca?*];
was investigated. DTT is expected to reduce cysteine bridges
to free thiols, but also to form hemithioacetals with MG,
thereby inhibiting the activation. Treatment with DTT signif-
icantly inhibited MG-induced Ca®" entry, suggesting that MG
may activate TRPA1 via MG-induced modification of cysteine
residues. Further studies are needed to clarify the basic molec-
ular mechanisms underlying the activation of TRPA1 caused
by MG.
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Limitation of the present study. We used the commercially
available cultured cardiac fibroblasts obtained from healthy
donors. The aspects of cardiac fibroblast phenotype, such as
ion channel and receptor function and calcium modulation
mechanisms, may change after isolation and during culture
conditions. Therefore, further studies using intact heart are
needed to clarify the usefulness and validity of conclusions
from the present study.

A

M C

Fig. 12. Effects of ruthenium red (RR),
HC030031 (HC), and LY2157299 (LY) on
MG-enhanced a-SMA expression in human
cardiac fibroblasts. A and B: effects of
HC030031 (100 M) and ruthenium red (10
wM) on MG-enhanced a-SMA expression
analyzed by Western blotting. Treatment
with ruthenium red and HC030031 signifi-
cantly inhibited MG-enhanced a-SMA ex-
pression. C and D: effects of LY2157299
(0.1 and 1 pM) on MG-enhanced a-SMA
expression. The a-SMA expression was
measured by Western blotting, and the ratio
of a-SMA loptical density to the corresponding M C
GAPDH optical density is shown. Each da-

tum represents the means + SD of paired 3 50@
different experiments. *P < 0.05; **P <
0.01 vs. control. Note that L'Y2157299 did
not inhibit the MG-enhanced a-SMA ex-
pression, as shown in C and D.
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Conclusions

The present results provide the first evidence that MG
activates TRPA1 and promotes cell cycle progression and
differentiation in human cardiac fibroblasts. MG might
participate the development of pathophysiological condi-
tions including diabetic cardiomyopathy via activation of
TRPAL.
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CORRESPONDENCE

resulted in an overestimation of the expected
number of deaths from colorectal cancer in the
background population and an underestimation
of the risk in the screening cohort. Taking this
into account, their results would show a stan-
dardized incidence rate ratio of colorectal cancer
of between 0.7 and 1.4 (with lead-time estimates
between 5 years and 1 year), which is in line with
the rate in our study.

Both de Groen et al. and Winawer emphasize
the quality of colonoscopy as a determinant for
a reduction in the risk of colorectal cancer. Our
study did not include information on the quality
of colonoscopy, but it is derived from a large
sample in a country with a national colonoscopy
quality-assurance program.® Thus, our study
should facilitate valid estimates for what can be
achieved in routine colonoscopies.

Winawer correctly notes that surveillance in
patients with high-risk adenomas seems more
compelling than surveillance in patients with
low-risk adenomas. However, we agree with
Haug and Senore that the observed 16% excess
risk of death from colorectal cancer in the high-
risk group (with the very limited surveillance
applied in the study) is modest. On the basis of
the results of our sample study, we further think
that the real risk in fact may even be lower in
both the high-risk group and the low-risk group,
because more detailed polyp classification would
have moved the adenomas with the highest risk

in the low-risk group to the high-risk group,
resulting in a lower risk in both groups. This is
what is commonly referred to as the “Will Rog-
ers phenomenon.” Indeed, our findings of only a
slightly increased risk of death from colorectal
cancer among high-risk patients and no increased
risk among low-risk patients call for a critical
review of current recommendations for surveil-
lance. It is worthwhile to consider the prioritiza-
tion of screening colonoscopy for everybody in-
stead of the use of large resources for intensive
surveillance after adenoma removal. A large-scale
randomized trial investigating various surveil-
lance intervals after adenoma removal is sched-
uled to start in Europe in 2015.3
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University of Oslo
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Somatic Mutations in Cerebral Cortical Malformations

TO THE EDITOR: Jamuar et al. (Aug. 21 issue)
showed that targeted high-coverage sequencing
is useful in detecting somatic mutations in etio-
logic genes in DNA obtained from the leukocytes
of patients with cerebral cortical malformations.
They observed that five of the eight mosaic muta-
tions detected with high-coverage sequencing
had been missed by Sanger sequencing because
of their low prevalence. The phenotype of disease
caused by a mosaic variant was typically milder
than that caused by the identical variant occur-
ring as a germline mutation. At what point does
the low somatic prevalence of a mutation that
has an established cause (when constitutive) ren-
der the mutation nonetiologic? Presumably, there

is a threshold under which the mutation does not
place a burden on the biology of the nervous sys-
tem. Could any “pathogenic” mosaic variant with
a very low prevalence — that may not reach the
threshold of pathogenicity — be incidentally de-
tected in healthy control persons?

Hiroyuki Morita, M.D., Ph.D.
Issei Komuro, M.D., Ph.D.
University of Tokyo
Tokyo, Japan
hmrt-tky@umin.net
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THE AUTHORS rerry: Morita and Komuro sug-
gest that pathogenic mosaic variants reported in
our study, with a very low allele frequency, may
perhaps be incidental rather than pathogenic.
We did not sequence unaffected control persons
but imagine that they might show mutations at
low levels of mosaicism. For example, targeted
deep sequencing of PIK3CA of healthy persons?
showed a mean mutant allele frequency of
0.2x10~* to 19x10~*, which does not exceed the
expected allele frequency of sequencing-related
errors (0.1 substitutions per 100 bases)? and is
lower than the lowest level of mosaicism detect-
ed in our study (5%). Other research groups have
reported mosaicism of etiologic mutations as
low as 1% in leukocyte-derived DNA of persons
with brain malformation® and 4.2% in the DNA
of persons with neonatal-onset multisystem in-
flammatory disease.? In addition, as described in
the article and illustrated in Figure S5 in the
Supplementary Appendix (available with the full
text of our article at NEJM.org), when we com-
pared rates of neutral and deleterious mutations
according to disease category, we observed a
highly significant association between deleterious

mutations and the diagnosis to which they were
specific, and no such association with neutral
variants (i.e., these had similar allele frequencies
across the different disorders). These data support
causal roles for the reported mutations and argue
against their being incidental findings.

Saumya S. Jamuar, M.B., B.S.

KK Women's and Children’s Hospital
Singapore, Singapore
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Boston, MA
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A Molecular Basis for Nicotine as a Gateway Drug

7o THE Epitor: In their Shattuck Lecture (Sept. 4
issue),* Kandel and Kandel share evidence of a
biochemical basis by which the use of nicotine
enhances the addictive potential of cocaine. The
experiments they report measured addiction-
related behaviors and molecular markers of ad-
diction in mice. However, before we conclude
that nicotine is a biochemical gateway drug, it is
important to compare the effect size of the bio-
chemical properties of nicotine against the enor-
mity and ubiquity of social factors associated
with tobacco products.

Whether tobacco use is causal of; or only as-
sociated with, future drug use remains a central
question. Kandel and Kandel present compelling
molecular evidence in mice, but experiments
involving humans are necessary to address the
social confounders of tobacco use. An experi-
ment to address this question would be to com-
pare rates of cocaine addiction at the more than

1477 smoke-free college and university campus-
es in the United States before the implementa-
tion of such policies with rates after implemen-
tation.?

Jacob M. Rosenberg, Sc.B.
Stanford University School of Medicine
Stanford, CA
jakeros@stanford.edu
No potential conflict of interest relevant to this letter was re-
ported.
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THE AUTHORS REPLY: Rosenberg is correct that
in humans, social factors play an important role
in the use of drugs. This is one of the key rea-
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Anti-Inflammatory Peptides From Cardiac Progenitors Ameliorate

Dysfunction After Myocardial Infarction

Mei-Lan Liu, MD, PhD; Toshio Nagai, MD, PhD; Masakuni Tokunaga, MD, PhD; Koji Iwanaga, MD, PhD; Katsuhisa Matsuura, MD, PhD;
Toshinao Takahashi, MD, PhD; Masato Kanda, MD, PhD; Naomichi Kondo, MD, PhD; Atsuhiko T. Naito, MD, PhD; Issei Komuro, MD, PhD;
Yoshio Kobayashi, MD, PhD

Background—Cardiac cell therapy has been proposed as one of the new strategies against myocardial infarction. Although several
reports showed improvement of the function of ischemic heart, the effects of cell therapy vary among the studies and the
mechanisms of the beneficial effects are still unknown. Previously, we reported that clonal stem cell antigen-1—positive cardiac
progenitor cells exerted a therapeutic effect when transplanted into the ischemic heart. Our aims were to identify the cardiac
progenitor-specific paracrine factor and to elucidate the mechanism of its beneficial effect.

Methods and Resulis—By using an antibody array, we found that soluble junctional adhesion molecule-A (JAM-A) was abundantly
secreted from cardiac progenitor cells. Pretreatment of neutrophils with conditioned medium from cultured cardiac progenitor cells
or soluble JAM-A inhibited transendothelial migration and reduced motility of neutrophils. These inhibitory effects were attenuated
by anti—-JAM-A neutralizing antibody. Injection of cardiac progenitor cells into infarct heart attenuated neutrophil infiltration and
expression of inflammatory cytokines. Injection of soluble JAM-A—expressing, but not of JAM-A siRNA-—expressing, cardiac
progenitor cells into the infarct heart prevented cardiac remodeling and reduced fibrosis area.

Conclusions—Soluble JAM-A secreted from cardiac progenitor cells reduces infiltration of neutrophils after myocardial infarction
and ameliorates tissue damage through prevention of excess inflammation. Our finding may lead to a new therapy for
cardiovascular disease by using the anti-inflammatory effect of JAM-A. (J Am Heart Assoc. 2014;03:e001101 doi: 10.1161/
JAHA.114.001101)

Key Worde: cardiac progenitor cells » cell adhesion molecules « cell transplantation ¢ inflammation = myocardial infarction

any randomized controlled clinical trials have demon-
/... strated that cell therapy improves the function of
ischemic heart. However, the results are inconsistent among
the ftrials. One reason for improvement is said to be
procedure-related variables. Thus, the establishment of
optimal protocol regarding to the cell source, timing of
transplantation, and delivery methods is awaited.”? In
addition to these technical issues, it has been recognized
that an understanding of the mechanism of action is
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Inc., by Wiley Blackwell. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work is
properly cited and is not used for commercial purposes.

important to overwhelm the current limitation of cell therapy.
Recently, the secretion of factors with paracrine effects by
the transplanted cells has been considered as one of the
mechanisms of the beneficial effects of cell therapy.®
Previously, we reported that among cardiac progenitor cells,
bone marrow mononuclear cells (BMs), skeletal myoblasts
(SMs), and adipose tissue—derived mesenchymal cells
(AMCs), transplantation of cardiac progenitor cells {CPCs)
most effectively prevents cardiac remodeling and dysfunc-
tion.* The superior effect of CPC transplantation was based
on both transdifferentiation of transplanted cells and para-
crine mechanism. Recently, we have identified soluble
vascular cell adhesion molecule 1 (VCAM-1), which was
secreted in a large amount from CPCs but not AMCs,
attenuate cardiac remodeling after myocardial infarction (Ml)
through the promotion of angiogenesis and survival of
cardiomyocytes.® Various types of cells, such as BMs, SMs,
AMCs, and CPCs, secrete many kinds of distinct proteins
according to their organ-specific profile. Therefore, it is
conceivable that comprehensive analysis of secreted proteins
from different cell sources may help us to find a new
paracrine factor that can ameliorate cardiac function through

DOI: 10.1161/JAHA.114.001101

Journal of the American Heart Association 1

Downloaded from http:/jaha.ahajournals.org/ at1I701KYO U MED LIB DQ56580 on March 25, 2015



Antinflarmmatory Effect of Cardiae Progenttors Liv et &/

cytoprotective and angiogenic potential or even some
unidentified mechanisms.

We analyzed secreted proteins from CPCs, BMs, SMs, and
AMCs by using a cytokine antibody array. Among 144
cytokines, we identified that junctional adhesion molecule-A
(JAM-A), VCAM-1, and granulocyte-colony stimulating factor
were exclusively released from CPCs. JAM-A is a component
of the junction of epithelial and endothelial cells, and recently
it was reported that the soluble form of JAM-A regulates
transendothelial migration of Ieukocy’tt—zs.6 We examined the
potential mechanism of CPC transplantation from the facet of
JAM-A—mediated anti-inflammatory effect by using a mouse
MI model.

Methods
Animals

Wild-type mice (C57BI/6J, 10 to 12 weeks) were purchased
from japan SLC. All protocols were approved by the Institu-
tional Animal Care and Use Committee of Chiba University
Graduate School of Medicine and the Japanese Government
Animal Protection and Management Law (No. 105).

Preparation of Celis

CPCs are clonal cells established from adult mouse heart
stem cell antigen-1—positive cells as described previously.*’
CPCs were cultured in Iscove’s modified Dulbecco’s medium
(Life Technologies) with 10% FBS and passaged before
reaching confluence. AMCs were isolated from adult mice
as described previously with a few modifications.® Briefly,
white adipose tissues were digested at 37°C in PBS with
2.5 mg/mL Dispase (Life Technologies) for 45 minutes. After
filtration through 25-um filters and centrifugation, isolated
AMCs were suspended in DMEM (Sigma-Aldrich) supple-
mented with 10% FBS and penicillin-streptomycin and
cultured on 1% gelatin-coated dishes. AMCs after passages
3 to 5 were used. SMs were isolated from the hindlimbs of
adult mice as described previously.’ In brief, minced muscle
tissues were digested in 0.05% trypsin-EDTA and cultured in F-
10 medium (Life Technologies) with 20% horse serum and
2.5 ng/mL basic fibroblast growth factor (Promega) for
4 days. SMs were expanded in the medium with 20% FBS
and used within 2 or 3 passages. BMs were harvested from
adult mice. Mononuclear cells were subsequently separated
by using Histopaque 1083 (Sigma-Aldrich), suspended in
Iscove’s modified Dulbecco’s medium.

Neonatal rat cardiomyocytes were isolated as previously
described.'® Cardiomyocytes were plated at a field density of
1x10% cells/cm? on 10-cm culture dishes (BD Biosciences)
and cultured in DMEM supplemented with 10% FBS. To obtain

a chemotactic condition medium, cardiomyocytes were
exposed to 12 hours of hypoxia (<0.1% O, 5% CO,—95% N,)
in serum-free DMEM without glucose.

Animal Surgery and Cell Transplantation

The mice were anesthetized via intraperitoneal injection of
50 mg/kg sodium pentobarbital and ventilated with use of a
volume-regulated respirator. Ml was produced through liga-
tion of the left anterior descending coronary artery with a 10-
0 Prolene suture. Transplantation of CPCs and self-assembling
nanopeptide (Puramatrix™ [PM] kindly provided from 3-D
Matrix, Ltd) was performed as previously described.* Briefly,
10 pL of 0.1% PM-CPC mixture containing 2x 10* cells was
directly injected into the border zone of infarct myocardium 2
times just after ligation of the coronary artery. Subsequently,
20 pL of 0.5% PM-CPC mixture containing 2x 10* cells was
disseminated onto the surface of infarct area. To deliver
soluble JAM-A protein into the heart tissue, 0.25 pg/pl
recombinant mouse JAM-A Fc chimera (JAM-A Fc; R&D
Systems) was mixed with PM and transplanted in the same
way as the CPCs. The final concentration of JAM-A Fc in PM
was 25 pg/mL. To detect the transplanted CPCs, they were
infected with red fluorescent protein (RFP)-expressing retro-
viral vector as described previously.*

Cytokine Antibody Array

CPCs, AMCs, and SMs (1.0><10"’) were seeded onto 10-cm
dishes. After incubation for 12 hours in the appropriate
medium supplemented with 10% FBS, cells were thoroughly
washed with PBS 3 times and medium was changed to serum-
depleted DMEM. Isolated BMs (1.0x 10°) were seeded onto
10-cm dishes with serum-depleted Iscove’s modified Dul-
becco’s medium. After incubation for 24 hours in serum-
depleted medium, the supernatant was collected as condi-
tioned medium (CM) and the contaminating cells were
removed via centrifuge. The released cytokine was measured
by using Mouse Cytokine Antibody Array (RayBiotech Inc and
R&D Systems). The expression level of each cytokines was
quantified by using Gene Pix 4000B (Molecular Devices, Inc).

Neutrophils Migration Assay

Human umbilical vein endothelial cells (HUVECs) (6x10°)
were seeded onto 1% gelatin—coated transwell culture inserts
with 3-pm pores (Corning) and grown for 2 days in 5% CO, at
37°C. Human polymorphonuclear leukocytes were isolated as
previously described.”’ Briefly, whole blood was obtained
from healthy laboratory volunteers. Leukocytes were sepa-
rated from whole blood through dextran sedimentation and
lysis of contaminating erythrocytes. Neutrophils were further
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purified by using Ficoll (Sigma-Aldrich) density gradient
centrifugation. Isolated neutrophils were preincubated with
either 10 ng/mL JAM-A Fc, 5 mL of CPC CM, or 5 mL of CPC
CM with 1 pg/mL neutralizing anti-mouse JAM-A antibody
(R&D Systems) for 30 minutes, washed, and added to the
upper chamber (5x 10° cells in RPMI medium with 0.2% BSA).
A chemotactic gradient was created by the addition of 40 ng/
mL tumor necrosis factor-o (TNFo; R&D Systems) or hypoxic
cardiomyocytes CM to the lower chamber. After 3 hours of
incubation, transmigrated cells in the lower chamber were
counted by using a hematocytometer.

For the assay of the length of neutrophil tails, neutrophils
were purified from bone marrow by using EASYSEP (BD
Pharmingen) according to the manufacture’s instruction. After
preincubation with either 10 pg/mL JAM-A Fc, CPC CM, or
CPC CM with 1 pg/mL neutralizing anti-mouse JAM-A anti-
body for 30 minutes, neutrophils (0.4x 10° cells) were seeded
onto fibronectin-coated (20 ug/mL in PBS) coverslips for
10 minutes at 37°C followed by additional incubation with
5 nmol/L. WKYMVm (Merck Millipore) for 20 minutes at
37°C. Cells were fixed with 4% paraformaldehyde for
20 minutes at room temperature and permeabilized with 1%
NP-40 for 5 minutes. Actin was stained with rhodamine
phalloidin (Life Technologies). Images were taken made with
fluorescent microscopy (Axioskop 40; Carl Zeiss), the length
of neutrophil tails was measured by using Adobe Photoshop
software version 12.0 for Macintosh (Adobe Systems), and
the frequency of cells with different tail size was examined.

Morphological Examination and
immunohistochemistry

The transversal sections (4 pm) from paraffin embedded
formalin fixed tissue were subjected to Masson’s trichrome
staining. Fibrous infarct area was measured as described
previously.* The paraffin sections were stained with anti-von
Willebrand factor (vWF) (DAKO), and the detection of
antibodies was performed by using VECSTATIN ABC kit
(Vector Laboratories Inc) according to the manufacturer’s
instruction. Nuclei were stained with hematoxylin. For
fluorescent immunohistochemistry, fresh frozen sections
were fixed with 4% paraformaldehyde, treated with 0.1% NP-
40 and 2% BSA in PBS, and stained with anti-Ly-6G (BD
Pharmingen) or anti-myeloproxidase (MPO) (Abcam) antibody.
For the detection of JAM-A, CD31, and Sca-1, fresh frozen
sections were fixed with chilled acetone, treated with 10%
donkey serum in PBS and stained with anti-JAM-A (Hycult
Biotech), anti-CD31 (BD Pharmingen), or anti—Sca-1 (Ly6A/E,
BD Pharmingen) antibody. For the detection of RFP-positive
cardiomyocytes, the isolated hearts were perfused and fixed
with PLP (periodate lysine paraformaldehyde) Solution Set
(Wako) before being frozen and then costained with anti-RFP

antibody (MBL) and anti-sarcomeric o-actinin antibody
(Sigma-Aldrich). Antibodies were detected appropriate fluo-
rescent conjugated secondary antibodies (Life Technologies
or Jackson Immunoresearch Laboratory). Nuclei were stained
with Hochst33342 (Sigma-Aldrich). Images were taken with
the use of bright field and fluorescent microscopy (Axioskop
40; Carl Zeiss). JAM-A and CD31 immunofiuorescence in the
border and infarct areas were analyzed by using Adobe
Photoshop software version 12.0.

Picrosirius Red Staining and Collagen Matrix
Quality

Paraffin sections were deparaffinized and stained by using the
Picrosirius Red Stain Kit (Polysciences, Inc) according to the
manufacturer’s instructions. The images of myocardial scar
area were obtained through microscopy (Axioskop 40) with a
polarizer filter to quantify thick, tightly packed collagen fibers
as yellow-red and thin, loosely assembled, immature fibers as
green.'? The images were analyzed with the use of Image)
software (National Institutes of Health) based on the hue
component of the images, and the numbers of red, orange,
yellow, and green pixels were calculated.'®

Echocardiography

Echocardiography in spontaneous breathing mice was per-
formed by using a Vevo770 (Visual Sonics) with a 25-MHz
imaging transducer. Two-dimensional images and M-mode
tracing were recorded from the parasternal long-axis view at
midpapillary level to determine left ventricular internal
diastole diameter (LVIDD) and left ventricular internal systolic
diameter (LVISD). LV fractional shortening (FS) was calculated
as %FS=[(LVIDD—LVISD)/LVIDD]x 100.

Dihydroethidium Fluorescence Analysis

The frozen sections (4 um thick) were prepared and stained
with 10 pumol/L dihydroethidium (DHE) in Krebs-HEPES buffer
composed of (in mmol/L) 99.01 NaCl, 4.69 KCI, 1.87 CaCl,,
1.20 MgS0,, 1.03 K2HPO,, 25.0 NaHCO3, 20.0 Na-HEPES,
and 11.1 glucose (pH 7.4) at 37°C for 30 minutes in a dark.
The intensities of fluorescence were quantitatively analyzed
with the use of Adobe Photoshop software version 12.0 for
Macintosh.

CGuantitative Real-Time PCR

Total RNA extraction and DNase treatment were performed by
using SV total RNA Isolation Kit (Promega). RNA was DNase
treated and reverse transcribed by using QuantiTect Reverse
Transcription Kit (Qiagen). Real-time quantitative PCR was
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Table 1. Primer Sequences and Universal Probe Library UPL Number

Mouse 285 rRVA agcgacactcggacttge cgaaggactccacaggtitt 109
Ly6G tigtggticctactgtgtgeag ggtgggaccccaatacaat 19
Myeroperoxidase ggaaggagacctagaggitgg tagcacaggaaggccaatg 7
cxel? agactccagecacactccaa tgacagcgcagctcattg 83
Cxcl2 cagaaaatcatccaaaagatactgaa ctttggttcticcgtigagg ~ 26
oxel3 ccccaggcettcagataatca gggatggatogcttitctc 69
cel3 caagtcttctcagegecata ggaatcttccggctgtagg 40
Interfeukin-15 tgtaatgaaagacggcacacc tctictttgggtattgcitgg 78
Interleukin-6 getaccaaactggatataatcagga ccaggtagctatggtactccagaa 6
Interleukin-10 cagagccacatgctectaga tgtccagetggtectitgtt 41
TNFo tetictcaticetgetigtgg ggtctgggecatagaactga 49

TNF indicates tumor necrosis factor; UPL, Universal Probe Library.

performed by using Universal Probe Library (UPL) (Roche
Molecular Diagnostics) and Light Cycler TagMan Master kit
(Roche). Relative levels of gene expression were normalized to
the mouse 28S rRNA expression by using the delta delta CT
method according to the manufacturer’s instructions and
shown as fold increase to sham-operated mouse. Primer
sequences and UPL number were listed in Table 1.

Knockdown of JAM-A Gene

Stealth small interfering RNA (siRNA) against mouse JAM-A was
designed and purchased from Invitrogen. The sequence for

SiRNA was agugaaugaagaauucaugaaggcc. Negative controls for
siRNA were purchased from Life Technologies. Transfection of
siRNA was performed by using Lipofectamine RNAiMax (Life
Technologies). Knockdown of JAM-A gene and reduction of JAM-
A secretion were validated by using quantitative real-time PCR
and ELISA (R&D Systems), respectively (Figure 1).

Flow Cviometry

Cells were isolated from individual hearts as previously
described. Briefly, the heart was rapidly removed, minced, and
then digested for 20 minutes with prewarmed buffer containing

1.4

Relative mRNA expression

JAM-A
siRNA

control
siRNA

B

pg/mi
2000

1500 1

10001

500

Concentration of soluble JAM-A

JAM-A
siRNA

control
siRNA

Figure 1. Validation of siRNA-mediated knockdown of JAM-A in CPC. A, Relative JAM-A mRNA expression
in JAM-A siRNA-transfected CPC. RNA was collected from the cells 3 days after JAM-A siRNA transfection
(means+SE of duplicate samples). The results shown are representative of those from 3 independent
experiments. B, Concentration of soluble JAM-A in CPC CM. CM was collected from the cells 3 days after
JAM-A siRNA transfection (mean+SEM of duplicate samples). Nontransfected CPCs (—) and CPCs
transfected with RNAi negative control were shown as control. CM indicates conditioned medium; CPC,
cardiac progenitor cells; JAM-A, junctional adhesion molecule-A; siRNA, small interfering RNA.
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Table 2. Results of Cytokine Antibody Array

Decorin 289.94 243.61 VCAM-1 53.72 2.48 JAM-A 16.06 25.04
MCP-1 32.02 18.98 JAM-A 20.64 3.01 VCAM-1 10.37 3.40
TWEAK R 24.61 8.25 GCSF 2.61 7.49 Pentraxin 3 8.34 3.04
Growth arrest specific 1 16.68 20.56 GCSF 5.86 3.36
MFG-E8 13.57 27.83 GITR ligand 3.96 3.79
TIMP-1 11.63 9.96 IL-6R 2.01 3.06
VEGF 11.43 13.87

VCAM-1 9.13 9.64

JAM-A 6.62 10.99

Galectin-1 6.09 4.20

GITR Ligand 5.59 8.92

GCSF 4.94 2.59

STNF Rl 3.87 - 5.09

Axl 3.50 | 4.91

RANTES 2.55 3.62

TACI 247 9.46

IGFBP-2 215 2.25

M-CSF 2.06 8.09

Each number indicates the ratio of normalized net fluorescent intensity of CPCs to BMs, AMCs, and SMs. The cytokines showing the ratio of normalized net fluorescent intensity more than
2.0 were presented. The results of 2 different samples were shown. AMC indicates adipose tissue-derived mesenchymal cell; BM, bone marrow mononuclear cell; CPC indicates cardiac
progenitor cell; GCSF, granulocyte-colony stimulating factor; GITR, glucocorticoid-induced tumor necrosis factor receptor family-related gene; IGFBP-2, insulin-like growth factor binding
protein 2; JAM-A, junctional adhesion molecule-A; MCP-1, monocyte chemotactic protein-1; M-CSF, macrophage colony-stimulating factor; MFG-E8, milk fat globule~EGF factor 8 protein;
RANTES, regulated upon activation normal T cell expressed and secreted; SMs, skeletal myoblasts; sTNF Rl, soluble tumor necrosis factor receptor I; TACI, transmembrane activator and
calcium modulator and cyctophilin ligand interactor; TIMP1, tissue inhibitor of matrix metalloproteinase 1; TWEAK R, TNF-related weak inducer of apoptosis receptor; VCAM-1, vascular cell

adhesion molecule 1; VEGF, vascular endothelial growth factor.

1% collagenase type 2 (Worthigton), 4.6 U/mL Dispase Il (Life
Technologies), and 2.4 mmol/L CaCl,. After the enzymatic
reaction was stopped by adding 5 mL of cold PBS with 3% FBS,
the celis were suspended in cold PBS with 3% FBS and then
filtered through a 70-pum cell strainer. Cells were stained at 4°C
for 30 minutes simultaneously with 2 colors using the following
antibodies: fluorescein PE-Cy5-labeled rat anti-mouse CD45,
FITC-labeled rat anti-mouse Ly-6G, and control rat IgG2b. All
antibodies were purchased from eBioscience. Cell flucrescence
was measured with EPICS ALTRA flow cytometer using EXPO32
software, version 1.2 (Beckman Coulter, Inc). Heart cell
isolation and flow cytometry were performed on 3 mice per
PM-, CPC+PM-—, or JAM-A+PM-treated group.

Detection of Proliferative Endogenous CPCs and
Cardiomyocytes

To label the proliferating cells, 50 mg/kg BrdU (Sigma-
Aldrich) was intraperitoneally injected into the mouse shortly
after creating Ml. The mice were treated with PM or JAM-
A+PM. Administration of BrdU was continued every 12 hours

for 9 days. After 2 weeks, the hearts were excised, and
paraformaldehyde-fixed frozen sections were subjected to
immunohistochemical analysis as described here earlier. For
BrdU detection, 12% HCI was applied for 10 minutes before
anti-BrdU antibody (eBiosciences) was applied. For Nkx2.5
(Abcam) detection, Tyramide Signal Amplification Kits (Molec-
ular Probe) were used according the manufacturer’s instruc-
tion. The images were obtained with laser confocal
microscopy (TCS-SP5 Ver2.0; Leica Microsystems).

Statistical Analysis

The normality and variance of data were analyzed adjusted
with a P value of 0.05 as the rejection criterion. Results are
presented as mean=+SEM. Statistical significance was calcu-
lated by using the unpaired Student ¢ test for comparison
between 2 groups or by 1-way ANOVA-Tukey—Kramer post
hoc test for multiple comparisons. To assess expression-level
changes in CD31 and JAM-A over time, 2-factor factorial
ANOVA was used. In cases where the data were not normally
distributed and/or the variances were not homogeneous, the
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Table 8. Total Dataset of Net Intensity Ratio of Mouse
Cytokine Array

Decorin 243.6053593 | Decorin 289.9391128
MFG-E8 27.83344467 MCP-1 32.01844262
Growth arrest 20.55963322 | TWEAK R 24.60629921
specific 1
MCP-1 18.98397752 | Growth arrest | 16.68112364
specific 1

ACE/CD143 14.92782397 | MFG-E8 13.56520795
VEGF 13.87443635 | TIMP-1 11.63453596
JAM-A 10.98973559 | VEGF 11.43053095
Pentraxin 3 10.79074586 | VCAM-1 9.132837116
Cb27 10.04580889 | JAM-A 6.618177486
TIMP-1 9.956688405 | Galectin-1 6.091580826
VCAM-1 9.644875678 | GITR ligand 5.588652799
CD36 9.487486006 GCSF 4.944326879
TACI 9.458321905 | STNFRI 3.870478314
RAGE 8.942304253 | AXl 3.504762973
GITR ligand 8.923870461 | RANTES 2.551918788
TWEAK R 8.254911672 | TACI 2.465841925
M-CSF 8.089109632 | IGFBP-2 2.150204699
Prolactin 7.795143626 | M-CSF 2.061830163
CD40 ligand 6.167091168
IL-17F 5.970149254
EGF 5.686212073
Cardiotrophin-1 5.644615037
IL-20 5.562199294
E-cadherin 5.515689378
STNF Ri 5.085538762
Al 4.914922688
IGFBP-6 4842310169
Epiregulin 4.580852038
Neprilysin 4.348620183
IL-17B 4.34436948
Amphiregulin 4.212441868
Galectin-1 4202969818
Granzyme B 3.777176787
RANTES 3.61856032
IL-17E 3.389876473
DKK-1 3.306167656
HGF 3.228295363
CXCL16 3.208676261

Continued

Table 8. Continued

IL-1R4/ST2L 3.172357347
IL-21 3.132733937
IL-28 3.116993224
VEGF R1 2.977360153
Endoglin 2.888804151
MAdCAM-1 2.745585784
4-1BB 2.589278316
GCSF 2.585622902
HAI-1 2500606397
MIP-3c 2.461647531
IL-11 2437425202
IGFBP-2 2.24696379

Epigen 2129707719

VCAM-1 53.72011818 GCSF 7.488729462
MIP-1y 31.50797152 JAM-A 3.012311316
Growth arrest 23.48354977 VCAM-1 2.479888107
specific 1

MFG-E8 20.97623393

JAM-A 20.63855695

STNF RI 16.48886177

MCP1 15.4038109

IL-Tra/IL-1F3 13.60100103

ACE/CD143 12.95588521

STNF RIl 10.13880017

CD36 10.1361282

RAGE 0.864462288

Decorin 9.685230024

TACI 9.212514279

cb27 8.337224038

Galectin-1 7.900391859

IL-6 R 7.464636286

RANTES 7.417572229

GITR ligand 7.180967564

CD40 ligand 7.065490027

EGF 7.050843633

Prolactin 6.247813265

E-cadherin 6.179018525

IL-17F 5.921714929

Continued
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Table 3. Continued

Liv et al

Table 3. Continued

IL-20 5.60850025 Epiregulin 3.789572612 | Axl 2.324024839
M-CSF 5.414243793 GITR ligand 3788553265 | STNF Rl 2.221955588
Amphiregulin 5.270897792 Prolactin 3.669563175 IL-6 R 2.006175007
CXCL16 5.184086927 Cardiotrophin-1 3.573892004

Granzyme B 5.071045345 IL-17F 3.565214911

Pentraxin 3 5.070505377 IL.-20 3.46275975

Epiregulin 4833533119 VCAM-1 3.402772579

Neprilysin 4570634587 HAI-1 3.358104954

IGFBP-6 4.431956177 GCSF 3.357811781

VEGF 4.394773735 4-1BB 3.324335465

HGF 4.286271501 Granzyme B 3.309526804

Axi 4.18075931 CD36 3.282045896

Cardiotrophin-1 4141815772 E-cadherin 3.237545164

4-1BB 3.949291102 IL-tra/lL-1F3 3.171703332

IL-21 3.563207742 IL-6R 3.060780989

IL-28 3.32499867 Neprilysin 3.05722514

VEGF R1 3.242331885 Pentraxin 3 3.038839406

TWEAK R 3.223508402 cb27 3.02893542

IL-17B 3.208120394 CD40 ligand 3.004311187

MAdCAM-1 3.103286691 DKK-1 2.978885658

MIP-30 2.828550255 Amphiregulin 2.925139822

DKK-1 2.756529529 IL-17B 2.848207623

HAI-1 2.685493768 MIP-3at 2.716623563

Osteopontin 2.617437895 IL-17E 2588226159

GCSF 2.610679769 TWEAK 2.344572432

Pro-MMP-9 2.448897629 IL-28 2.235206287

Endoglin 2.430818894 IL-21 2.211239732

IL-11 2.400147849 MAdJCAM-1 2.194450235

Epigen 2.191636714 IL-11 2159332853

IL-17E 2.168468302 IL-1R4/ST2L 2.040633086

Epigen 2.003514164 i

JAM-A 25.03567584 | JAM-A 16.05961328
ACE/CD143 5.537006584 | VCAM-1 10.36924896
TAC! 4.99797582 Pentraxin 3 8.343484573
RAGE 4.813246053 | GCSF 5.857819017
Endoglin 4.256206613 | GITR Ligand 3.964431124
EGF 3.917390078 | Growth arrest | 2.759427584
specific 1
Continued

ACE indicates angiotensin converting enzyme; BM, bone marrow mononuclear cell; CPC;
cardiac progenitor cell; DKK-1, Dickkopf-related protein 1; EGF, epidermal growth factor;
GCSF, granulocyte-colony stimulating factor; GITR, glucocorticoid-induced tumor necrosis
factor receptor family-related gene; HAI-1, hepatocyte growth factor activator inhibitor
type1; HGF, hepatocyte growth factor; IGFBP-2, insulin-like growth factor binding protein 2;
IL, interleukin; MCP-1, monocyte chemotactic protein-1; M-CSF, macrophage colony-
stimulating factor; MFG-E8, milk fat globule~EGF factor 8 protein; MIP, Macrophage
inflammatory protein; RAGE, receptor for advanced glycation end products; RANTES,
regulated upon activation normal T cell expressed and secreted; sTNF RI, soluble tumor
necrosis factor receptor I; TAC), transmembrane activator and calcium modulator and
cyclophilin ligand interactor; TIMP1, tissue inhibitor of matrix metalloproteinase 1; TWEAKR,
TNF-related weak inducer of apoptosis receptor; VCAM-1, vascular cell adhesion molecule 1;
VEGF, vascular endothelial growth factor. The results of two different samples were shown.
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