natriuretic peptides are potential therapeutic targets
for heart disease (9-14).

Mice transgenic for various loci, including the 5'-
flanking regions of the natriuretic peptide genes, have
been used to identify the regulatory elements required
for transcriptional activation either during heart devel-
opment or in the diseased heart. These studies re-
ported that the 5'-flanking regions of the natriuretic
peptide genes regulated their expression during heart
development (9, 10, 18); however, the 5'-flanking re-
gions were not responsible for their specific reactiva-
tion in the diseased heart (11, 12). A recent study
identified the distal enhancer elements regulating the
natriuretic peptide genes in the developing heart by
examining cardiac-specific transcription factor binding
sites; however, these enhancer elements did not re-
spond to heart failure (14). Therefore, the stress-
responsive regulatory elements that function during
heart failure have not yet been identified and are
potentially located outside the 5'-flanking regions.

In this study, we aimed to identify the novel stress-
responsive enhancer elements of the Nppa and Nppb
genes in the failing heart. Furthermore, we established
a noninvasive and quantitative live imaging assay to
monitor the transcriptional activity of candidate en-
hancers in the failing heart. In vivo live imaging of the
firefly luciferase reporter in a single mouse enabled us
to analyze the sequential changes in enhancer activity
during the progression of heart failure. Combined with
a fine mapping technique using epigenetic markers, we
identified a 650-bp stress-responsive enhancer that was
strongly activated by cardiac hypertrophy and heart
failure.

MATERIALS AND METHODS
Animals

All procedures were performed according to the U.S. Na-
tional Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals (NIH publication no. 85-23, revised
1996) and were approved by the Animal Experiments Com-
mittee, Osaka University (approval no. 21-78-10).

Reagents and antibodies

Phenylephrine (PE) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). The anti-RNA polymerase II and anti-
histone H3 trimethylated at lysine 4 (H3K4me3) antibodies
used for chromatin immunoprecipitation sequencing (ChIP-
seq) were kind gifts from Dr. H. Kimura (Graduate School of
Frontier Biosciences, Osaka University).

Primary culture of neonatal rat cardiomyocytes

Ventricular myocytes obtained from 1- or 2-d-old Wistar rats
were prepared and cultured overnight in Dulbecco’s modi-
fied Eagle’s medium (Sigma-Aldrich) containing 10% FBS, as
described previously (15).
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Comparative genomics

Genome-wide multiple alignments of the genomic sequences
containing the Nppa and Nppb genes were performed using
the University of California Santa Cruz (UCSC) . Genome
Browser (16); 8 vertebrate species were compared, including
mouse (mm9, July 2007), rat (m4, Nov. 2004), human (hgl8,
Mar. 2006), orangutan (ponAbe2, July 2007), dog (canFam?2,
May 2005), horse (equCabl, Jan. 2007), opossum (mon-
Domd4, Jan. 2006), and chicken (galGal3, May 2006). We used
vertebrate Multiz alignment of DNA sequences (17) to ana-
lyze the homology of DNA sequences among mouse and
other species. We used the Placental Mammal Basewise
Conservation assessed by PhyloP (18) to assess the degree of
mammalian conservation. Next, we identified discrete con-
served fragments. The transcribed sequences within the con-
served set were filtered out using known genes, spliced ESTs,
and mRNA annotations obtained from the UCSC genome
browser. Finally, we manually curated the data set to remove
any additional false positives by visual examination of the
UCSC genomic data. We defined the noncoding conserved
regions (CRs) that were homologous at least in the human
and mouse genomes and at least 1 kb away from the tran-
scription start sites as the enhancer candidates.

ChIP sequencing on mouse heart tissues

Whole hearts were isolated from 8-wk-old C57BL6 mice,
perfused rapidly with cold PBS, flash-frozen in liquid nitro-
gen, homogenized using a sterile tissue grinder, and cross-
linked with 0.3% paraformaldehyde. Subsequently, chroma-
tin isolation, sonication, and immunoprecipitation using an
anti-RNA polymerase II antibody and an anti-H3K4me3 anti-
body were performed. The ChIP DNA and input samples
were sheared by sonication, end-repaired, ligated to the
sequencing adapters, and amplified. The purified ChIP DNA
library samples were sequenced using the Illumina Genome
Analyzer II (Ilumina, Inc., San Diego, CA, USA). Unfiltered
sequence reads were aligned to the mouse reference genome
[U.S. National Center for Biotechnology Information (NCBI)
build 37, mm9)] using Bowtie. RNA polymerase II- and
H3K4me3-enriched regions were identified using MACS (19)
with the default parameters.

Lentiviral enhancer assay

Eleven CRs were PCR amplified from the mouse BAC clone
containing the Nppa and Nppb loci (clone RP23-128ES8;
BACPAC Resources Center, Children’s Hospital Oakland,
Oakland, CA, USA; primers and probes are listed in Supple-
mental Table S1). The PCR fragments were subcloned into
the pCR-Blunt II-TOPO vector (Invitrogen, Carlsbad, CA,
USA) and recombined into a lentiviral vector encoding the
firefly luciferase reporter (pGreenFire Transcriptional Re-
porter Lentivector; System Biosciences, Mountain View, CA,
USA). The lentiviral particles were produced by transfection
of 293T cells with the 3 lentiviral packaging plasmids (i.e.,
pMDLg/pRRE, pRSV-Rev, and pMD2.VSV.G) using Lipo-
fectamine 2000 (Invitrogen). The supernatant from 293T
cells containing the lentiviral particles was collected 48 h after
transfection, sterilized using a 0.45-pm cellulose acetate filter,
and concentrated by centrifugation (Peg-it Virus Precipita-
tion Solution, System Biosciences).

Rat neonatal cardiomyocytes isolated as described above
were plated in 96-well plates. The next day, the medium was
replaced with a serum-free medium containing the lentiviral
vector, and the cells were incubated for 12 h. Subsequently,
the cardiomyocytes were exposed to 100 pM PE for 48 h prior
to the luciferase assay.
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RNA extraction and quantitative RT-PCR

The total RNA was prepared from rat cardiomyocytes, rat
cardiac fibroblasts, murine hearts, and murine brains using the
RNA-Bee RNA isolation reagent (Tel-Test, Friendswood, TX,
USA) and then converted to cDNA using the high-capacity
¢DNA reverse transcription kit (Applied Biosystems, Foster City,
CA, USA), according to the manufacturer’s instructions. The
quantitative RT-PCR was performed using the TagMan technol-
ogy and the StepOnePlus real-time PCR System (Applied Bio-
systems). All samples were processed in duplicate. The level of
each transcript was quantified according to the threshold cycle
(C) method using GAPDH as an internal control. Inventoried
TaqMan gene expression assays were used: Nppa, Rn0056661,
MmO01255748; Nppb, Rn00580641, Mm01255770; Gapdh, rodent
GAPDH control reagent.

3C analysis

The whole hearts of the mice were isolated, perfused rapidly
with cold PBS, flash-frozen in liquid nitrogen, homogenized
using a sterile tissue grinder, and fixed with 1% paraformal-
dehyde. The crosslinked tissues utilized for 3C experiments
were subjected to digestion with BamHI following standard
protocols (20, 21). The mouse BAC DNA containing Nppa
and Nppb (clone RP23-128E8) was used as a control. The
TagMan real-time PCR was performed using probes near the
restriction sites; the primers and probes are listed in Supple-
mental Table S2.

Transgenic mouse enhancer assay

The candidate enhancer regions were cloned into a vector
encoding the minimal CMV promoter driving the luciferase
gene as described above. Transgenic mouse embryos were
generated by pronuclear injection into the zygotes of BDF1
mice using standard methods. Because black fur attenuates
light transmission, albino mice were generated by crossing
the transgenic founders to ICR albino mice.

In vivo bioluminescence imaging

Prior to in vivo imaging, the mice were anesthetized using
isoflurane, and the black mice were shaved from the neck to
the lower torso to allow the optimal visualization of fluores-
cence without interference from the black fur. A p-luciferin
solution was injected intraperitoneally (150 mg/kg i.p.) or
intravenously (75 mg/kg i.v.). The mice were imaged using
an in vivo live imaging system (IVIS Lumina II; Caliper Life
Sciences, Waltham, MA, USA). For quantification, the biolu-
minescence light intensity was measured at the region of
interest and expressed in relative light units (RLU/min)
using Living Image 4.0 (Caliper Life Sciences). To calculate
the enhancer activity in the heart, we defined the ratio of
heart to brain luciferase intensities as the cardiac-specific
enhancer activity.

Transverse aortic constriction (TAC)

Transgenic mice aged 8 wk and weighing 20-25 g were
subjected to pressure overload, as described previously (22).
Briefly, the chest was entered via the second intercostal space
at the upper left sternal border. After the arch of the aorta
was isolated, a TAC was created using a 7-0 suture tied twice
around a 27-gauge needle and the aortic arch, between the
innominate and left common carotid arteries. After the

1872 Vol. 28 April 2014

The FASEB Journal - www.fasebj.org

144

suture was tied, the needle was gently removed, yielding
60—80% constriction of the aorta.

PE-induced hypertrophy

Transgenic mice aged 8 wk and weighing 20-25 g were
treated with PE (75 mg/kg/d) using an osmotic minipump
(Alzet, Cupertino, CA, USA) to induce cardiac hypertrophy,
as previously reported (23, 24).

Statistical analysis

Data are expressed as means * sk. The 2-tailed Student’s ¢ test
and repeated ANOVA were used to analyze differences be-
tween the groups. Values of P < 0.05 were considered to
represent a significant difference.

RESULTS

Identification of candidate enhancers near the Nppa-
Nppb locus using comparative genomics and ChIP-seq

To identify potential enhancers, we performed a com-
parative analysis of the genomic sequences of mouse
and divergent species and identified CRs that may
function as common regulatory sequences (25-27). We
defined CRs that were homologous at least in the
human and mouse genomes and at least 1 kb away from
the transcription start sites of Nppa and Nppb as the
candidate enhancers. First, we analyzed the 50-kb Nppa-
Nppb locus bounded by the binding sites of 2 CCCTC-
binding factors (CTCFs), which can function as insula-
tors (28, 29). Using a genome database (30), we
identified 11 CRs, including the Nppa and Nppb introns
in the 50-kb region (Fig. 1).

Next, we performed a ChIPseq analysis on RNA
polymerase II and H3K4me3 in the adult mouse heart.
We analyzed the epigenetic modifications near the
Nppa and Nppb genes combined with the ChIP-seq
analysis using a public database of the adult mouse
heart (30). We hypothesized that the normal heart
would have activated epigenetic marks because Nppa
and Nppb are expressed, albeit at low levels, in normal
conditions. Recent genome-wide studies have deter-
mined that enhancers can be defined as DNA se-
quences bound by the RNA polymerase II and tran-
scriptional coactivator protein p300, and where histone
H3 monomethylated at lysine 4 (H3K4mel) accumu-
lates instead of H3K4me3 (31-34). Among the 11 CRs
identified, only CR9 coincided with the binding sites of
RNA polymerase II and p300, and overlapped with the
gene areas modified by H3K4mel, and filled all criteria
for the enhancer (Fig. 1). In addition, H3K4mel
modifications in CR9 were only observed in the heart
but not in the other organs (Fig. 1 and Supplemental
Fig. S1). Therefore, we analyzed the 11 CRs, including
CR9, as the most likely distal candidate enhancers for
the stress-responsive regulatory regions of the natri-
uretic peptide genes.
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Figure 1. Mammalian evolutionarily conserved regions and ChIP-seq data surrounding the murine Nppa and Nppbloci. We used
an open database on the University of California Santa Cruz (UCSC) Genome Browser to assess the degree of DNA sequence
conservation around Nppa and Nppb gene loci. Blue and red vertical lines, the Placental Mammal Basewise Conservation assessed
by PhyloP; black vertical lines, the vertebrate Multiz alignment of DNA sequences among mice and 7 other species (rats,
humans, orangutans, dogs, horses, opossums, and chickens). We defined noncoding conserved regions (CRs) that were
homologous at least in the human and mouse genomes and at least 1 kb away from the transcription start sites of Nppa and Nppb
as the candidate enhancers. CRs are highlighted as light red vertical bars (CR1-9, Nppa intron, and Nppb intron). ChIP-seq data
for H3K4mel, p300, and CTCF were obtained from an open database of the adult mouse heart. Some CRs coincided with the
peaks for H8K4mel, RNA polymerase II, and the transcriptional coactivator protein p300. R, rat; Hu, human; Or, orangutan;
D, dog; Hr, horse; Op, opossum; Ch, chicken.

Identification of a distal enhancer element responsive results suggest that CR9 is the regulatory element that is
to an o -adrenergic receptor agonist responsive to PE specifically in cardiomyocytes.

We screened the candidate enhancers for potential
stress-responsive regulatory regions. We analyzed the
enhancer activity of these 11 CRs after treatment with
PE, an oj-adrenergic receptor agonist, which mimics
cardiac overload and induces Nppa and Nppb expres-
sion in cardiomyocytes (35). We confirmed that PE
induced the expression of endogenous Nppa and Nppb
specifically in cardiomyocytes but not in cardiac fibro-

Long-range physical interaction between the distal
enhancer element and the proximal promoters of the

Nppa and Nppb genes

Confirming the looping interactions between distal
elements and promoters is one way to demonstrate the
transcriptional regulatory activity of distal elements. We
- ) ' performed a 3C assay (20) to comprehensively investi-
blasts (Fig. 24). Then, we introduced the I1CRswitha  gate whether the genomic region containing CR9
minimum human cytomegalovirus (CMV) promoter  mgved closer to the Nppa or Nppb promoter in an adult
and the luciferase gene into rat cardiomyocytes using 2 muyrine heart treated with a continuous infusion of PE
lentiviral vector system. in vivo.

Among the 11 CRs tested, only CR9, which is located The ligation frequencies were quantified by TaqMan
22 kb upstream from the Nppb transcription start site real-time PCR using speciﬁc primers and probes and
and shows high mammalian conservation score in the  were compared to the ligation frequency of noncross-
Placental Mammal Basewise Conservation by PhyloP linked BamHI-digested BAC DNA containing the Nppa-
(Fig. 2B), reproducibly increased the PE-induced lu-  Nppb locus. We observed that CR9 interacts with both
ciferase activity by ~b-fold compared to the minimal  the Nppa and Nppb promoter regions at a higher
CMV promoter alone (Fig. 2C). However, CR9 did not  frequency relative to other gene areas (Fig. 2D); fur-
respond to PE in cardiac fibroblasts (Fig. 2C). These thermore, PE treatment strengthened these interac-

LIVE IMAGING FOR MONITORING THE ENHANCER ACTIVITY 1873

145



A B chré: CR9 650 bp
B Cont 20~
O PE A
. T £5-1.0 M ‘["H'W'l il ﬂ%%ﬂ%?ffw
Cardio- | PP ST R
myocytes 58|, T T T o
Nppb | T Eg or NS I, |
I Nopa 52 D imm 1 S e 1401
Cardiac | VPP =3 (v 0 A R N
fibroblasts 1 p = T T e T L T
Nppb Ch == I A i S R —
2 4 6 8
Fold Increase vs Cont D 20kb
C CRQ Nppb Nppa
mCMV - Cardio-
myocytes 35 1
Nppa _ oMy Cardiac Primer — o2 -
intron O -~ At
Pb _ MMV fibroblasts BamHI
ﬁ'on site I ] i l
CR2 - mCMV :
CR3 - mCMV g 1019
CR4 - mCMV S NN :
[0} Py & . ) 1
CR5 - mCMV o 0- T ; {)Vr%er?oter
c
2091 11
CR6 - mCMV B M : 1 2 Nppa (PE mouse)
k=) Tl iy ! ,  © Nppa (Sham)
7- v b , .
CR7 -mCM § 10 - M H \ & Nppb (PE mouse)
CR8 - mCMV = P : ' © Nppb (Sham)
* ¥o) X § X H
CR9 -mCMV | . ' ‘ 4 5 \ Nppb
2 4 6 4 32 1 promoter

Relative luciferase activity

Primer number
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cultures). *P < 0.001 uvs. mCMV alone; ¢ test. D) In vivo 3C analysis of the murine Nppa and Nppb loci, showing relative ligation
frequencies of each primer to the Nppa promoter (blue triangle, mouse with PE treatment; blue circle, mouse without PE) and
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Op, opossum; Ch, chicken. *P < 0.05 vs. control; ¢ test.

tions (Fig. 2D). These results suggest that there is a close
proximity between the distal genomic region containing
CR9 and the proximal promoters of the Nppa and Nppb
genes in the PE-induced hypertrophic heart.

Establishment of an in vivo live imaging system for
gene expression in a murine model of heart disease

We confirmed the activity of the newly identified en-
hancer CR9 in the heart in vivo. The conventional
histological evaluation of LacZ reporter expression in
the heart only provides data at a single time point;
therefore, this method cannot be employed for kinetic
assessments or time course analyses of reporter expres-
sion in a live heart.

To overcome this difficulty, we established a nonin-
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vasive and quantitative live imaging system that allowed
real-time monitoring of the firefly luciferase reporter.
We generated 3 transgenic mouse lines (Tglinel, Tg-
line2, and Tg-line3) in which the CR9 enhancer ele-
ment and a minimal CMV promoter driving the lu-
ciferase reporter gene were introduced into the germline.
The live-imaging system detected luciferase expression
in the heart, brain, and intestine of the Tglinel (Fig. 34),
in the heart, salivary glands, and skin of the Tg-line2
(Supplemental Fig. S24), and in the heart of the
Tgline3 (Supplemental Fig. S2E).

To identify the organs in which CR9 functioned as a
stress-responsive enhancer, we examined the luciferase
reporter expression in each organ by quantitative PCR.
Continuous infusion of PE increased the blood pres-
sure and resulted in cardiac hypertrophy (24, 36). The

MATSUOKA ET AL.

146



A Tg-line1 B C D

Whole mouse

Nppa Nppb Luciferase
g 8 A Sham 8 B Sham 8 B Sham
o P *
o [ PE3d 0 PE3d . ] PE3d
% 8 6 5 6 I 8 6
% 7] 7] [
3 38 3 ®
& O 4 * g, a
= 5 R [ % e 4]
= —_ o @ @
2 X 5 5 5
£ g O, O 2 O o NS
© 2 —
o & NS j NS
= | — |
l‘&):1. % 0 - 0+ T - 1 0+ "
[ o 3 Heart Brain Heart Brain Heart Brain
% - @
e Heart Brain =

m
ey

Intraperitoneal Injection

Injection1 Injection2 A Intraperitoneal Injection
50 = O Intravenous Injection
-
o
°
T L 5
0 o &
o5 B~ 20—
23 ¥ &
g o o
o T E
@ L9
10 = T3 R? = 0979
£ 2
g
Intravenous Injection €2 10
% =
Injection3 Injection4 Injection5 B X
I /
0 2.5 5

Radiance in Brain ROI
(x 105 p/seclcm?/sr)

Figure 3. Establishment of an in vivo live imaging system for enhancer activity. A) Chemiluminescence imaging of CR9 in a
mouse of Tg-linel. Top panel: result from whole-animal ¢n vivo live imaging. Bottom panels: chemiluminescence images of the
heart and brain in the same mouse. B, C) Relative transcript levels of Nppa and Nppb in the ventricular myocardium and brain
of CR9 Tg-linel mice treated with continuous infusion of PE for 3 d. Average transcript level in the ventricular myocardium of
preinfused mice was defined as 1 (means * sg; n=5 hearts). *P < 0.01 vs. sham-infused mice; ¢ test. D) Relative transcript levels
of luciferase reporter in the ventricular myocardium and brain of the CR9 Tg-linel mice continuously infused with PE for 3 d.
Average transcript level in the ventricular myocardium and brain of preinfused mice was defined as 1. (means * sg; n=>5 hearts).
*P < 0.01 vs. sham-infused mice; ¢ test. £) Comparison of the chemiluminescence intensities obtained using different luciferin
injection methods in a Tg-linel mouse; injections 1 and 2, intraperitoneal injections (top panels), injections 3, 4, and 5,
intravenous injections (bottom panels). Injections were performed =4 h apart to eliminate the effect of the previous injection.
Inset in each panel shows a magnified image of the heart. F) Scatterplots of the chemiluminescence intensities in the heart and
brain. Plots indicate the independent experiments shown in each panel in E. There is a linear relationship between the
expression in the heart and the brain, B2 = 0.979.

expression of endogenous Nppa and Nppb mRNA in-  patterns of PE-nduced luciferase expression suggest
creased 3 d after the PE infusion began (Fig. 38, Cand  that CR9 is almost exclusively active in the heart.
Supplemental Fig. S2B, C, F, G). Concomitantly, the = Because the integration sites were random in these
quantitative PCR analysis of the CR9 luciferase mRNA  three lines, the patterns of luciferase expression de-
expression showed enhanced expression in the ventric-  pend on CR9 or other enhancers near the integrated
ular myocardium 3 d after the PE infusion (Fig. 3Dand  sites. The expression of luciferase in the brain of
Supplemental Fig. S2D, H). On the other hand, in the = Tglinel and salivary glands of Tg-line2, both of which
brain and the salivary glands where neither Nppa nor  express neither Nppa nor Nppb, might be driven by
Nppb is highly expressed, the CR9-driven luciferase  other enhancers near the integrated sites.

mRNA expression did not respond to PE (Fig. 3B-D To evaluate the accuracy and reproducibility of this
and Supplemental Fig. S2B-D, F-H). Therefore, the = method, we measured the luminescence in the heart of
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a mouse from Tglinel. In this transgenic line, the
brain, intestine, and testis expressed the reporter pro-
tein due to positional effects of the insertion site and
most likely not due to CR9 activity. Because the lu-
ciferase mRNA expression in the brain remained un-
changed after PE treatment (Fig. 3D), we used the
reporter activity in the brain as a control. The absolute
luminescence values of the heart were affected by the
injection method and the amount of luciferase sub-
strate injected (Fig. 3E). However, using brain lumines-
cence as a control, we successfully eliminated the signal
variations caused by these differences. The ratio of the
luminescence in the heart and brain remained constant
within each mouse, independent of the injection
method (Fig. 3F). Therefore, we defined the ratio of
heart to brain luciferase intensities as the cardiac-
specific enhancer activity.

Distal enhancer element was activated in the murine
model of heart failure

To examine whether the CR9 enhancer was also re-
sponsible for gene expression in other pathological

conditions, we subjected Tg-linel mice to heart failure

induced by TAC and compared them with sham-sur-
gery mice. This model mimics the heart condition of
patients with hypertension who suffer a continuous
pressure overload on the heart. The pressure overload
by TAC caused potent cardiac hypertrophy at 2 wk
postsurgery and reduced cardiac contractility at 3 wk
postsurgery (Fig. 44, B), as previously reported (22).
The endogenous Nppa and Nppb expression increased
severalfold in the ventricular myocardium 3 wk after
the TAC surgery (Fig. 4C). The heart to brain luciferase
intensity ratio also increased severalfold 3 wk following
the TAC surgery (Fig. 4D, E and Supplemental Fig. S3).
However, the heart to brain luciferase intensity ratio of
sham-surgery mice did not change after the surgery
(Fig. 4D, E and Supplemental Fig. S3; 3 wk after TAC
surgery: 5.7x1.3 fold; 3 wk after sham surgery: 1.0:0.2
fold; P < 0.001, repeated ANOVA). These results
suggest that CR9 increases transcriptional activity dur-
ing mechanical pressure overload-induced hypertrophy
and subsequent heart failure.

DISCUSSION

Here, we focused on the stress-responsive regulatory
elements of Nppa and Nppb in heart failure. By screen-
ing the evolutionarily conserved and epigenetically
modified regions around the Nppa and Nppb gene loci,
we identified a 650-bp transcriptional enhancer that
was responsive to an o;-adrenergic receptor agonist in
vitro. Furthermore, in vivo 3C analysis revealed that this
distal enhancer directly interacted with the 5'-flanking
regions of both Nppa and Nppb. Using in vivo live
imaging of luciferase reporter gene expression, we
observed that this 650-bp enhancer caused cardiac-
specific activation of reporter gene expression during
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the progression of pressure overload-induced heart
failure. Notably, this is the first study to provide a time
series analysis for monitoring enhancer activity under
pathological conditions in an individual live mouse.

Although numerous approaches have been used to
explore the stress-responsive regulatory elements driv-
ing gene transcription during heart failure (11, 12, 14),
these elements have not yet been identified due to the
technical difficulty involved. To detect the elements
that are responsive to pathological conditions such as
heart failure, it is essential to confirm the activity of the
responsive element using a beating heart that remains
connected to the systemic cardiovascular system. There-
fore, it would be beneficial to establish transgenic
mouse lines carrying a reporter plasmid to assess the
responsive elements driving the expression of specific
genes. However, the creation of multiple stable adult
mouse lines to identify these elements is time-consum-
ing. :

In this study, we utilized two improved methods for
reporter analysis and successfully identified a novel
potent enhancer.

First, by performing an enhancer analysis using a
lentiviral vector, we accurately identified candidate
enhancers in cardiomyocytes and subsequently gener-
ated transgenic reporter mice. Previous promoter anal-
yses used electroporation or: lipofection to transfect
cultured cardiomyocytes with plasmids (37, 38), but the
transfection efficiency of these methods in primary
cardiomyocytes is too low to accurately measure re-
porter activity during the stress response. In this study,
greater than 90% transduction efficiency of cardiomy-
ocytes ‘was achieved using a lentiviral vector, which
enabled us to accurately identify a specific enhancer
fragment. Using this method, we efficiently minimized
the number of reporter plasmids to be subsequently
integrated into the mouse genome to screen for poten-
tial enhancers.

Second, by sequentially measuring the enhancer
activity in a single live mouse, we collected robust data
to assess enhancer activity in the heart in vivo. LacZ is
not a suitable reporter for this purpose because LacZ
activity can only be assessed after animal euthanization.
Therefore, we overcame this limitation using the lu-
ciferase reporter plasmid. Recent advances in high-
sensitivity lJuminescence imaging have made it possible
to evaluate enhancer-driven luciferase activity without
operating on the mice. Therefore, we sequentially
assessed reporter activity and hemodynamic changes in
the same mouse throughout the time course of the
development of heart failure. These data were highly
reproducible and enabled us to identify an enhancer
element that was activated by cardiac overload. Because
this method can be applied to any organ, the in vivo
luciferase reporter assay may be used for assessing the
in vivo enhancer or promoter activities responsible for
clinically important diseases. The noninvasive nature of
this method also enabled us to simultaneously assess
the hemodynamic and metabolic parameters in vivo
along with reporter activity. Specifically, the Tg-linel
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Figure 4. Distal enhancer element is reactivated in the murine model of heart failure. A) Representative M-mode
echocardiograms in a mouse of Tglinel (TAC1) before and after TAC. Open bars indicate maximal left ventricular internal
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transcript levels in the ventricular myocardium 3 wk after the TAC procedure (means * sE; n=3 hearts). *P < 0.05 vs.
sham-surgery mice; ¢ test. D) Sequential in vivo live imaging of 4 representative Tg-linel mice before and after TAC or sham
surgery at each time point. Top 2 and bottom 2 panels represent sequential imaging data of TAC and sham-surgery mice,
respectively. Sequential imaging of the 6 other surgically treated mice is shown in Supplemental Fig. S3. Insets in images show
magnified images of the heart. Color scale depends on the ratio relative to brain intensity. £) Cardiac-specific enhancer activity
plots of 10 Tg-linel mice (TACI, TAC2, and Sham]l, Sham2, shown in D) and TAC3-5 and Sham3-5 shown in Supplemental
Fig. S3). Heart to brain luciferase intensity ratio represents the cardiac-specific enhancer activity; enhancer activity in presurgery
mice was defined as 1. 3 wk after TAC surgery: 5.7 = 1.3 fold; 3 wk after sham surgery: 1.0 = 0.2 fold; means * sg; n = 5.
*P < 0.001, repeated ANOVA.

mice enabled us to accurately quantify the expression  enhancer did not respond to heart failure. This en-
level of the natriuretic peptides. These mice are useful ~ hancer does not overlap with CR9 and might regulate
tools for repeatedly assessing the degree of heart failure ~ Nppa expression only during the embryonic stage (14).

to screen various cardiovascular drugs. On the other hand, Horsthuis ef al. (11) showed that
The integration of activities from multiple enhancers  the regulatory region from ~27 to +58 kb relative to
could confer specificity and robustness to transcrip-  the transcription start site of Nppa was sufficient for

tional regulation (1). Warren ef al. (14) identified the = Nppa gene expression in the failing heart, similar to
Nppa enhancer in the embryonic heart by examining  CR9. However, because this 85-kb regulatory region
Nkx2-b binding regions around the Nppalocus, but the  does not include CR9, Nppa may have multiple enhanc-
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ers that regulate its expression during heart failure.
Furthermore, the length of the 85-kb region poses a
challenge for understanding its specific biological role.

This is the first study to provide a time course
imaging analysis of enhancer activity using an individ-
ual live diseased mouse model. Using this new method,
we identified a novel heart enhancer. This method
can be widely used for identifying enhancers that
regulate transcriptional activity only under patholog-
ical conditions.
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Oguri G, Nakajima T, Yamamoto Y, Takano N, Tanaka T,
Kikuchi H, Morita T, Nakamura F, Yamasoba T, Komuro I
Effects of methylglyoxal on human cardiac fibroblast: roles of tran-
sient receptor potential ankyrin 1 (TRPA1) channels. Am J Physiol
Heart Circ Physiol 307: H1339-H1352, 2014. First published August
29, 2014;  doi:10.1152/ajpheart.01021.2013.—Cardiac fibroblasts
contribute to the pathogenesis of cardiac remodeling. Methylglyoxal
(MG) is an endogenous carbonyl compound produced under hyper-
glycemic conditions, which may play a role in the development of
pathophysiological conditions including diabetic cardiomyopathy.
However, the mechanism by which this occurs and the molecular
targets of MG are unclear. We investigated the effects of MG on Ca?*
signals, its underlying mechanism, and cell cycle progression/cell
differentiation in human cardiac fibroblasts. The conventional and
quantitative real-time RT-PCR, Western blot, immunocytochemical
analysis, and intracellular Ca?* concentration [Ca?*]i measurement
were applied. Cell cycle progression was assessed using the fluores-
cence activated cell sorting. MG induced Ca®* entry concentration
dependently. Ruthenium red (RR), a general cation channel blocker,
and HCO030031, a selective transient receptor potential ankyrin 1
(TRPA1) antagonist, inhibited MG-induced Ca®* entry. Treatment
with aminoguanidine, a MG scavenger, also inhibited it. Allyl iso-
thiocyanate, a selective TRPA1 agonist, increased Ca®* entry. The use
of small interfering RNA to knock down TRPAI reduced the MG-
induced Ca®* entry as well as TRPA1 mRNA expression. The quanti-
tative real-time RT-PCR analysis showed the prominent existence of
TRPA1 mRNA. Expression of TRPA1 protein was confirmed by
Western blotting and immunocytochemical analyses. MG promoted
cell cycle progression from G0/G1 to S/G2/M, which was suppressed
by HC030031 or RR. MG also enhanced a-smooth muscle actin
expression. The present results suggest that methylglyoxal activates
TRPA1 and promotes cell cycle progression and differentiation in
human cardiac fibroblasts. MG might participate the development of
pathophysiological conditions including diabetic cardiomyopathy via
activation of TRPAL.

human cardiac fibroblast; transient receptor potential ankyrin 1 chan-
nels; methylglyoxal

CARDIAC FIBROBLASTS ARE THE predominant secretary cell types
located within the extracellular matrix (ECM) (18), which
account for 60~70% of the cells in human hearts and play a
key role in regulating normal myocardial function and in the
adverse myocardial remodeling that occurs with hypertension,
heart failure, and myocardial infarction (12, 71). Many of the
functional effects of cardiac fibroblasts are mediated through
differentiation of cardiac fibroblasts to myofibroblasts pheno-
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type that expresses contractile proteins such as a-smooth
muscle actin (a-SMA), and they consequently exhibit in-
creased migratory and proliferative properties. Cardiac fibro-
blasts also take a part in the maintenance of myocardial
function by producing the type I and type HI collagens and by
secreting growth factors (48), and a key source of components
of the ECM that regulates the structure of the heart and hence
mechanical, chemical, and electrical signals between cellular
and noncellular components (54). Thus cardiac fibroblasts play
an essential role in the fibrosis and remodeling by increased
proliferation (4) and elevated collagen production (61) under
the various pathophysiological conditions such as diabetic
cardiomyopathy (41).

Methylglyoxal (MG) is a highly reactive dicarbonyl metab-
olite produced during glucose metabolism (23). MG levels
mediate rapid nonenzymatic glycation of proteins and other
substrates, promoting formation of advanced glycation end
(AGE) products, which are involved in the pathogenesis of
vascular complications of diabetes (7), (23). AGEs and AGEs
receptor (RAGE) cause inflammation, apoptosis, oxidative
stress, gene transcription, atherogenesis, and impaired angio-
genesis. In addition, MG can react with and modifies certain
proteins, lipids, and DNA and alters their normal structure
and/or function (7, 23). It has been reported that MG levels
were elevated in spontaneously hypertensive rats (68) and in
diabetic patients (65) since hyperglycemia strongly enhances
MG accumulation (8, 45). In vitro studies also showed that
incubation of vascular smooth muscle cells (VSMCs) with high
glucose or fructose for 3 h increased MG production 3.5- or
3.9-fold, respectively, and increased oxidative stress (24).

Diabetic cardiomyopathy is a diabetic complication and a
risk of heart failure (HF) (10) defined as ventricular dysfunc-
tion that occurs in diabetic patients independent of a recog-
nized cause (e.g., coronary heart disease, hypertension). Dia-
stolic dysfunction is a functional character in diabetic cardio-
myopathy (27), (57). AGE product deposition has been
reported to increase LV diastolic stiffness directly by cross-
linking collagen, indirectly by enhancing collagen formation or
reducing nitric oxide bioavailability (33, 63). Recently, Shao et
al. (56) showed that MG reduced the ability of sarco(endo)
plasmic reticulum Ca®*-ATPase 2a to transport Ca** and
induced diastolic dysfunction, which may play a role in devel-
opment of diabetic cardiomyopathy. In addition, MG has been
reported to affect cardiac fibroblasts function by promoting
myofibroblast differentiation (74), but the mechanism by
which this occurs and the molecular targets of MG are unclear.

The transient receptor potential (TRP) channel superfamily
consists of 28 mammalian cation channels and is expressed in
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almost tissue, including the heart. Most TRP channels are
permeable to Ca®" and are prime molecular candidates for
store-operated channels, receptor-operated channels, ligand-
gated channels, and stretch-activated channels. In the whole
heart, the expression of several TRP channels has been dem-
onstrated in RT-PCR or biochemical studies (31, 36). These
TRP channels act as multifunctional cellular sensors and have
several fundamental cell functions such as contraction, prolif-
eration, and secretion. Among TRP channel family, several
studies have revealed the involvement of TRP channels
(TRPCs) on cardiac hypertrophy and remodeling (31, 44, 72).
Cardiac fibroblasts also contribute to the pathogenesis of car-
diac remodeling, and the existence of TRPCI, 3, 4, and 6 has
been reported by RT-PCR analysis in cardiac fibroblasts (17,
25, 35). Treatment with TGF-B1 has been reported to increase
the Ca?* influx via activation of TRP channels (TRPM7,
TRPC1, and TRPCO) (25, 35). Davis et al. (22) showed an
obligate function for TRPC6 in promoting myofibroblast dif-
ferentiation and wound healing in mice, whereas Harada et al.
(32) reported the essential role of TRPC3 on rat cardiac
fibroblast proliferation and differentiation. The function and
existence of TRPV1, TRPV2, and TRPV4 have also been
reported in cardiac fibroblasts and myocytes (34, 42, 75).

Alternatively, the TRP ankyrin channel (TRPA) is also a
member of the large TRP family of ion channels and functions
as a Ca’* permeable nonselective cation channel. The only
mammalian TRPA subfamily member, TRPAI, is widely ex-
pressed in peripheral and central termini of small diameter
primary afferent neurons and the ganglia of these dorsal,
trigeminal, and nodose neurons (6, 59), and nonneuronal cells
including epithelial cells (49). Based on localization and func-
tional properties, TRPA1 is considered a key player in acute
and chronic (neuropathic) pain and inflammation and integrates
the nociception of a large variety of different, potentially
damaging and noxious stimuli: cold (40, 59) and electrophilic
compounds (6, 38). Diabetic neuropathy is one of diabetic
complication. And it has been reported that a rise in serum MG
density participates in diabetic neuropathy directly (9), and
MG activates nociceptors through TRPA1 in diabetic neurop-
athy (26, 53). Thus it is likely that MG may play a role in
diabetic complication such as neuropathy. Therefore, it is
interesting to investigate the molecular target of MG and
involvement of TRPA1 on human cardiac fibroblasts.

The purpose of the present study is to investigate the
expression and function of TRPA1 and the effects of MG on
Ca?* signals, fibroblast proliferation, and differentiation in
human cardiac fibroblasts. We show that MG activates TRPA1
and promotes cell cycle progression and differentiation in
human cardiac fibroblasts.

MATERIALS AND METHODS

Cell culture of human cardiac fibroblasts. Human adult ventricular
cardiac fibroblasts (ACBRI 5118) were purchased from DS Pharma
Biomedical (Osaka, Japan). Cells were maintained at 37°C under 5%
COs in Cell System containing 10% serum and defined cell boost
(CSC Catalog 4Z0-50). At confluence, the cells were detached using
0.25% trypsin in 0.02% EDTA and cultured into the medium. Medium
was replaced more than twice weekly. Cells before confluence at
passage 3—6 were detached from culture dish with 0.25% trypsin in
0.02% EDTA and used for later experiments.
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Solutions and drugs. MG was purchased from Nakarai Tesque
(Kyoto, Japan). HC030031 [2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetra-
hydro-7H-purin-7-yl)-N-(4-isopropylphenyl)acetamide], a selective
TRPA1 blocker, was purchased from Abcam Biochemicals (Cam-
bridge, UK). Ruthenium red, a general cation channel blocker, and
allyl isothiocyanate (AITC), a selective TRPA1 agonist (38), and
15-deoxy-delta-12, 14-prostaglandin J2 (15d-PGJ2) were purchased
from Wako Pure Chemical Industries (Osaka, Japan). Nicardipine,
aminoguanidine, dithiothreitol (DTT), and fura-2 acetoxymethyl ester
(fura-2 AM) were purchased from Sigma-Aldrich (Poole, UK).
LY2157299, a potent and selective TGF-B; receptor blocker, was
purchased from AdooQ BioScience.

Measurement of intracellular Ca®* concentration [Ca®™*];. Cyto-
solic free Ca** concentration ([Ca®>*];) was determined using the
fluorescence method as described previously (30, 52). Human cardiac
fibroblasts were trypsinized, washed twice in the standard solution,
adjusted to a cell density of 10° cells ml-1 and loaded with 2 pM
fura-2 AM for 30 min at 37°C under 5% CO,. After incubation, the
medium containing fura-2 AM was removed, and fluorescent cells in
suspensions were measured at 37°C while stirred continuously in a
cuvette placed by a spectrofluorometer (CAF-100; Jasco, Tokyo,
Japan). The excitation wavelengths were 340 and 380 nm, and
emission was 500 nm. In the evaluation of Ca®* responses, the
amplitude of Ca®* elevation in response to each stimulant was
calculated by the increase of F340/F380 with reference to the value at
the resting state. In experiments of HC030031, ruthenium red, or
DTT, we added them 1 min before the application of Ca>™ into the
bath solution.

Immunocytochemistry. Immunocytochemistry was performed on
human cardiac fibroblasts using anti-TRPA1 channels antibodies
(Novus Biologicals) or anti-a-smooth muscle actin (SMA) (Cy3-
conjugated anti-a-actin; Sigma). The cells were cultured on Lab-Tek
collagen-coated chamber slide (Nalge Nunc International, Naperville,
IL), fixed with 2% paraformaldehyde in PBS in 20 min, and then
blocked for 15 min with 2% horse serum and 0.1% saponin in PBS.
The cells were incubated for 1 h with primary antibodies diluted with
0.01% Triton X and 0.01% NaN3 in PBS into 1:200-1:1,000. For
negative controls, cells were treated with normal Rabbit IgG. Alexa
Fluor 555 labeled Goat anti-rabbit IgG antibody diluted 1:1,000
(Molecular Probes; A21428) was used to visualize the channel ex-
pression. The cells were also stained with 2-(4-amidinophenyl)-1H-
indole-6-carboxamidine (DAPI) to visualize nuclei. A confocal laser
scanning microscopy (Olympus Fluo View FV300; Olympus) was
used for observations.

RNA extraction, RT-PCR, and real-time quantitative RT-PCR. To
determine the expression of TRP channel in human cardiac fibroblasts
by RT-PCR, total cellular RNA was extracted from the cultured cells
by using the RNeasy mini kit (Qiagen, Cambridge, MA). For RT-
PCR, complementary DNA (cDNA) was synthesized from 1 pg of
total RNA with reverse transcriptase with random primers (Toyobo,
Osaka, Japan). The reaction mixture was then subjected to PCR
amplification with specific forward and reverse oligonucleotide prim-
ers for 35 cycles consisting of heat denaturation, annealing, and
extension. The cycling conditions were denaturation at 98°C for 20 s,

‘annealing at 52-56°C for 10 s, and extension at 74°C for 1 min. PCR

products were size-fractionated on 2% agarose gels and stained with
ethidium bromide and visualized under UV light. The forward and
reverse primer sequences for TRPA1 were 5'-TGGTGCACAA-
ATAGACCCAGT-3' and 5'-TGGGCACCTTTAGAGAGTAGC -3'.
The forward and reverse primer sequences for GAPDH were 5'-
GAGTCAACGGATTTGGTCGT -3’ and 5-TGACAAAGTGGTC-
GTTGAGG -3'.

Real-time quantitative RT-PCR was performed with the use of
real-time Tag-Man technology and a sequence detector (ABI
PRISM7000; Applied Biosystems, Foster City, CA). Gene-specific
primers and Taq-Man probes were used to analyze transcript abun-
dance. The 18S ribosomal RNA level was analyzed as an internal
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control and used to normalize the values for transcript abundance of
TRP family genes. The probes used in this study ware purchased as
Assay-on-Demand from Applied Biosystems (Foster City, CA): assay
ID Hs00175798_m1 for TRPA1, assay ID Hs00608195_m1 for TRPCI,
assay ID Hs01066071 _m1 for TRM2, assay ID Hs00218912 _ml
for TRPV1, assay ID Hs00901640_m1 for TRPV2, and assay ID
4310893E for 18S rRNA endogenous control.

Western blotting. Proteins were separated on a 10% polyacrylamide
gel for 60 min at 200 V and then transferred to Amersham Hypond-P
(GE Healthcare UK, Buckinghamshire, England) for 60 min at 72 mA
with semi-dry method. After the transfer, the membrane was blocked
with Blocking One (Nakarai Tesque, Kyoto, Japan) at room temper-
ature for 1 h. The membrane was then exposed to anti-TRPA1
antibodies (Novus Biologicals, Littleton, CO) or anti-a-SMA (Cy3-
conjugated anti-a-actin; Sigma) at the dilutions in blocking buffer
overnight at 4°C. Probed membrane was then washed three times in
PBS-T for 15 min each time and subsequently incubated with anti-
rabbit IgG linked to peroxidase (Santa Cruz Biotechnology) diluted to
1:5,000 with blocking buffer for 1 h at room temperature. After three
additional washes, bound antibodies were detected by Chemi-Lumi
One Super (Nacalai Tesque, Kyoto, Japan) and analyzed with an
LAS-3000 mini image analyzer (Fuji-Film, Tokyo, Japan).

Transfection of synthetic small interfering RNA. TRPA1 small
interfering RNA (siRNA; Sense: ACGAAUUCAUAUCUAA-
UAATT; Antisense: UUAUUAGAUAUGAAUUCCGUGG) and
nonsilencing siRNA (negative control; Allstars Negative control)
were purchased from Qiagen (Cambridge, MA). They were trans-
fected into human cardiac fibroblasts to a final concentration of 24
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¥
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nmol/l, by using the Lipofectamine RNAIMAX Transfection Reagent
(10 ml/ml culture; Life Technologies, Carlsbad, CA) according to the
instructions of the manufacturer. Transfected cells were incubated for
48 h in an atmosphere of 5% CO, and 95% air at 37°C before each
experiment. Analysis of mRNA by using real-time RT-PCR and the
functions of the cells were then performed. Rhodamine-conjugated
siRNA was used to confirm the transfection of siRNA by using Nikon
ECLISE TE200-u.

Cell-cycle analysis using flow cytometry. Human cardiac fibroblasts
were plated about 5,000 cells/cm? into 6-cm dishes, after saved in
serum-free media for 24 h, and in the presence or absence of
methylglyoxal (300 uM) or drugs for 48 h at 37°C, 5% CO,. After 48
h incubation, cells were totally washed in PBS (Wako Pure Chemical
Industries, Osaka, Japan) and harvested from all dishes following
trypsinization. Cells were then mixed in 500 I of PBS contained 3%
FBS and 0.05% NaN3 and centrifuged. And cells were added 5 ml of
ice-cold 70% ethanol and resuspended and incubated at room tem-
perature for 30 min. They were then again centrifuged and added PBS
contained 0.05 mg/ml Ribonuclease A -(Sigma-Aldrich) and 0.01
mg/ml propidium iodide (PI; Sigma-Aldrich). The final volume in
each sample was 600 pl. In each preparation, the numbers of cells and
PI fluorescence were measured with a Guva easycyteplus (Merck
Millipore, Billerica, MA) at 680 nm emission-wavelength to create a
DNA content-frequency histogram. Samples were gated on fibroblast
population stained PI. The percentage of cells in each phase of the cell
cycle, GO/G1, S, and G2/M phases, was analyzed using Cytosoft 5.3
of Merck Millipore.

Fig. 1. Transient receptor potential ankyrin 1
(TRPA1) expression in human cardiac fibro-
blasts. A: expression of o subunit gene of
TRPA1 channel in human cardiac fibro-
blasts. Marker, M; GAPDH, used as a load-
ing control. B: quantitative real-time RT-
PCR analysis of TRPA1, TRPC1, TRPM?2,
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Double staining of nuclei DAPI to visualize
nuclei is illustrated. Note that human cardiac
fibroblasts have significant expression for
TRPAL. E and F: effects of high glucose (20
and 30 mM) on TRPA1 expression. The
cells were treated with 5.4 mM (control
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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 t-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 TRPAI and TRP family mRNA
members (TRPC1, TRPM2, TRPVI1, 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 TRPAI, 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
TRPA1 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 TRPAI1
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 um) significantly induced an
increase of [Ca®*]; (Fig. 24). In contrast, in a cell bathed into
the Ca*-free standard solution, MG (500 pMm; 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 pM) 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 M) on
[Ca?*Y;. In the presence of extracellular Ca®*, methyglyoxal (A) increased
[Ca?*}i. 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 pMm gradually increased
[Ca®*]; in a concentration-dependent manner. MG (1,000 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 44 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 uM) induced
a biphasic increase of [Ca®*]; (Fig. 4A4). 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 pM)
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 puM; Fig. 4Ba) induced an increase in [Ca?*];. The
additional application of AITC (100 pM) induced a further
increase of [Ca?*];. On the other hand, after AITC (100 puM;
Fig. 4Bb) increased [Ca®"];, the additional application of MG
(100 pM) 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 uM). Each data represent the
mean * SD of paired 4 different experiments.
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Effects of HC030031 and ruthenium red on MG-induced
[Ca?™*]; increase. These results suggest the involvement of
TRPA1 on MG-induced [Ca®*]; increase in human cardiac
fibroblasts. Therefore, we investigated the effects of HC030031 (50,
100 pM), a selective TRPA1 antagonist, on MG-induced
[Ca?*); increase. As shown in Fig. SA, HC030031 (100 pM)
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 pM) 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 pwM nicardi-
pine, a L-type Ca>* channel blocker, into the cuvette before the
addition of extracellular calcium. The inclusion of 10 uM
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 pM), 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 ;M

10 uM), a nonselective TRP blocker including TRPA1, were
investigated as shown in Fig. 5, A and C. Pretreatment with
ruthenium red (10 pM; Fig. 5A) significantly inhibited MG-
induced [Ca®"];, compared with control cells. Ruthenium red
(10 pM) 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 uM)
for 48 h and analyzed by flow cytometry. Treatment with MG
(300 pM; Fig. 8) showed a larger proportion of cells entering
G2/M and a smaller proportion arrested in G0/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 pM) and HC030031 (Fig. 10, 100 pM) 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
o-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
puM) and HC030031 (100 pM) on MG-enhanced a-SMA
expression. Treatment with MG (300 pM) enhanced a-SMA
protein expression, and ruthenium red and HC030031 signifi-
cantly inhibited MG-enhanced o-SMA expression as shown in
Fig. 12B.

MG enhances a-SMA expression by a TGF-3;-independent
mechanism. To investigate whether MG enhances o-SMA
expression independently of TGF-B;, we have performed the
following experiments. First, TGF-B; levels were evaluated by
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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-$ 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 pM) 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-f3; secretion in the present conditions.
In addition, LY2157299 (0.1 and 1 pM), a potent and selective
TGF-8; 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
(TRPAL1) 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
TRPA1 agonist, increased induced Ca?* entry. The use of
siRNA to knock down TRPA1 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 G0/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
TRPAL.

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 TRPA1>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.

TRPAL1 is widely expressed in neuronal and nonneuronal
cells (49), (58). The TRPAI1 channel is activated by noxious

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 Ca?". 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?*1i as well as AITC. Furthermore, after AITC increased
[Ca®*]i, 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 TRPA1 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
TRPAL1. 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, 2 major pathologi-
cal manifestation of diabetes, may promote the development of

control

sm o0

min

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
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red.

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 GO/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 TRPAI 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
BKca-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

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
o-SMA (28). The present study also showed that a-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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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 TRPA1-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 uM in healthy
humans and from 3.6 to 5.9 pM in patients with diabetes (62,
65). Therefore, MG concentrations (more than 10 wM) 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 uM (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 pwM) 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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