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YrMAHNY S(VICERTEI AL ALER
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BARERE R L ENTVEHHE .

CPVT B& TGO Call R 4R T & %
AHNDBLIHY T I Y %EKE carsequestrin Diit
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4% &, phosphokinaseA (A-kinase) {2 & 5 L& A )V
VY LFXANDY YEALORER, MBANDCa
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Jervell and Lange —Nielsen fE iR &

Jervell and Lange —Nielsen syndrome

Key words : Jervell and Lange -Nielsen fEf%&#. KCNQ1, KCNE1, QT ZEEE

B8, torsade de pointes

1. 8% -£% )

Jervell and Lange Nielsen fE&H (JLNS) i3,
Fe L THEBEASHRET, QTEREEX
HOWMUMBALES FFIZERLEBETHEL. W
H@ 5 EREAENREZERT QTIEREREEF
T % Romano Ward JEfE#E (RWS) L D b, —
A CIREERIIEE TH D, DPEEH» S KR
RIRFEARIT I EMFHSN TS, 1957 4,
Jervell & Lange-Nielsen”ld, /L7 z—AD
RKRAT, MEZETCRL2VERE»ET AL
bADFHRD I BLAANLERE, FLWQT
HEEHUBLEEL, GPE»SHBDETEH
ERILT, BIZ, 9B3ANE44, 5 9
BRIZRRFE L -G L7, Shat, ARAEMRE
DIKPDOBEIRFEEL I TEY, F0%, %<
DUF—bBINIIHE, MEEETE CER
CHREMUEEELETHMETH S LIRS
nrct. LaLanrs, HNOEFSRE" T,
BERFCLBED QTEENEDHLNEIE L
&b, WELE, Schwartz, FHH 53 JLNS » 187
AT DT, TOFEMEHE L5 86%A
FHEIRTHY, TOEHITIHEMBEIIRIEL T
Wi EHQTCHMIEEL(ERLTED, L
AR DIB%IE, LQTL &L BB KRG
FBEAG - TRIEL Tz 370y 71—
RWSOHa &), EYhlenE L, 27%IC
ZIREARED b7,

2. iREERRE a
=73, 1995 FE LA DK 1 4 QT M RAE ¥

Minoru Horie: Department of Cardiovascular and Respiratory Medicine. Shiga University of Medical Science %%

Bk S LRSI

0047-1852/07/ ¥40/3/JCLS

BI &=

DERBEFOREOER, JINSOEMEHEE
FbH, HEHHEORWS LHEH, LHOBETEA
BEONPELBAV L - Fralbea— T
LABEFOERIIEBZHAIVILA - FrRLD
loss—of—function Bl OBEEREELNER I N T,
FOHR, RETLIIENHShER S T
bbb, LHEHETOBIEIELENS
7290, FEROY LML= 38 (torsade de
pointes: TdP) A8 3 h, Fhi S .0EME)
L), BRIEERET I LAbh o TELS,
LEHOTFSTBEBIE E2EEHoH Uy
L FrANDHEELTVEA F09 5B
EHEE R TERERER Y)Y 4 - Fr 2L,
2OMEEFT 4 H KCNQL £ KCNELIZ L B
I-FENEREZESY BLAY L -
FrRlid, AEICRBRLTBEY, A VT
DH) T NIBEHERI, LHOBEEL TV A,
ZOF X RDEEIIREINRS D, £XKE
DOEMBIRET 5.

1997 sELLR%, JLNS @4ERI T, KCNQL1 & 5 W
IZKCNE1EBEFDOFED L IIATFOLERD
ReBERINLTY RLCHE #HEsh
TVAHJINSHEDZER T $ £ 5. Neyroud
S DWYDOHEIL, 2KADJLNS T3 ADFit
IZKCNQL D CRMNDEREZRR LA LI b
DTH5B. F72, FHAROEMIZH SA. RWST
&, —#RICCRMDERDOERIGITBEMTH S
L3h, EBE ZO2KRFOANTUBREERIZ
FTARTEEBEMETH - 720",

~—73. Splawski 5" A% L 72k & 74 JLNS
KATIE. KCNQ1 » S2-83 ") » # —E 5D+

m
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Bt BXRERAK HHEURGEBEE ) —X No. 4

%1 JINSOEBEGEFRE

s TI/R . ERDO  ~A7uFxY7 £0OQIc \
adnis| 21 A s47  oRK Wy 2B
KCNQ1
451-452delCT Al150fs+132 S2 FS/del none N 16
47741 G>A  M159sp S2 SE unknown unknown 17
47745 G>A  M159sp S2 SE none N, B, P 18
C513G Y171X S2-S3 NS none N, B 19, 20
567insG G189fs+94 S2-S3 FS/ins syncope, SD B, P 10
572-576del L191fs+90 S2-S3 FS/del syncope N, B, P 21-23
585delG R195fs+40 S2-S3 FS/del none N 20
G604A D202N S3 MS none B, P 20
G728A R243H $4-S5 MS unknown N, B 18, 22
G783C E261D S$4-S5 MS none N 23, 24
G806A G269D S5 MS none N, B, P 20
G914C W305S pore MS none N, B 25
1008delC A336fs+16 S6 FS/del none N 24
1188delC 1396fs+21 C-term FS/del unknown unknown 26
C1552T R518X C—term NS normal N, B 23, 26, 27
C1588T Q530X C-term NS none N 2, 23, 24
1630 del6/ins7 E543fs+107 C-term FS/del/ins none N, B, P 9
C1760T T587M C-term MS de novo (=) 28
G1766A G589D C~term MS none N, B, P 19
G1781A R594Q C-term MS none N 24
1892del20 P630fs+-13 C-term FS/del none N 28
KCNE1
C20T/G226A  T71/G38S N-term/pore  double MS none N 11
G254A N76D C-term MS syncope P 12
— T59P/L60P transmembrane double MS unknown unknown 24

del: R348, ins: §fiA, FS: 7L —A ¥ 7§, SE: 2754 ¥ v 74,

U ABER, MS: I ALY AER, SD: ERE
N, B, P®sE# ; N: normal QTc<450ms, B: borderline QTc 450-480ms, P: prolonged QTc>

480 ms

EER (567insG) BRIGEICHRAIN TV LD,
ZOFRIZHRREEZ ELRERYEO QTIEEAD
LN ZOXHICHRETFERIERLT,
0 JLNSKIEHNOBREIE, FEFIRRY,
LEMTHESNS QTHEBLIESD L) T
H5HD, WErALINED, EEEOATOE
RE¥ELYTHE, bI31272FTHY, £0d
KCNQ1®» S2-S3 ) » H — D 572-576del &£
Thotl:. BMAORETREINL-IBAD
3h, TAZFUMRREL TV FES D, K
ETHEEEELEL, 6K OHD LT TP
2k BdthEie 2 e T KCNQL @ S4-S5
) U AH—EREFR LY, ARG 2rEDT

NS: stop codon & 7% J

X, EHRERTE L EORBEREIE R, QTH
b IEEEHBNTSH - 7.

W, HERSRVWATKCNEL R EERIZE
BJLNSHEFIOANTFOERF v ) 713, HEAER
WTHD, LA oT, JLNSOEMHIL, RWS
OFNE D LRI, BRENEETSHY,
FORBOERF ) 7T, BERETHEZ
ENVZE, FOFBHELT, ~TOTHREAE
THELIRERES A TOERIKREHEGOLE,
embryonic death & 7% Z W figtEAH 5.

3. 2 EERIZZH O

AR & 9 D S, JLNS DBETIEES
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M Thsb. BEFRETIE, ZOIULUET
AKCNQL1APKCNE1ITHh B EbhroTnb:
B E <, KICHBRD R E OBGEA S
b, BETRERREEZEDTITIRETH 5.
4. BEETFE a
—#RIIC, JLNSIZLAHE L ) TP 5645 % k2
CL, RWSX ) bAEGTHRIITRE SN B
R E LTR B 7ay h =D TH DA,
—ETH TP & 5V EMREMENDH L L9 TH
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tid, EHI, ICD ##t (5 % i3 home AED) %
EZETH, HEEFENDEIATLHRUL LD
2, RIROANTOERF v ) TOHE, QTE
B2 kT ERREA ) v AMER EOFERIDH
HE, WwhwaH) T ALRHEOTFHEEK cur-
rent reserve) R V72, QT RHEAIEH
K==L DX REHETH, TP 2 RIE
T5Y)A7DPEEFIHRTE Y, LT,
TR ROBRRE L T3 570103, #HEZ
TRENEETDH 5.
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Dominant Negative Suppression of Rad Leads to QT
Prolongation and Causes Ventricular Arrhythmias via
Modulation of L-type Ca’* Channels in the Heart

Hirotaka Yada, Mirtsushige Murata, Kouji Shimoda, Shinsuke Yuasa, Haruko Kawaguchi,
Masaki Ieda, Takeshi Adachi, Mitsuru Murata, Satoshi Ogawa, Keiichi Fukuda

Abstract—Disorders of L-type Ca®* channels can cause severe cardiac arrhythmias. A subclass of small GTP-binding
proteins, the RGK family, regulates L-type Ca®* current (J,,) in heterologous expression systems. Among these
proteins, Rad (Ras associated with diabetes) is highly expressed in the heart, although its role in the heart remains
unknown. Here we show that overexpression of dominant negative mutant Rad (S105N) led to an increase in /¢, and
action potential prolongation via upregulation of L-type Ca?* channel expression in the plasma membrane of guinea pig
ventricular cardiomyocytes. To verity the in vivo physiological role of Rad in the heart, a mouse model of
cardiac-specific Rad suppression was created by overexpressing S105N Rad, using the a-myosin heavy chain promoter.
Microelectrode studies revealed that action potential duration was significantly prolonged with visible identification of
a small plateau phase in SI05N Rad transgenic mice, when compared with wild-type littermate mice. Telemetric
electrocardiograms on unrestrained mice revealed that STOSN Rad transgenic mice had significant QT prolongation and
diverse arrhythmias such as sinus node dysfunction, atrioventricular block, and ventricular extrasystoles, whereas no
arrhythmias were observed in wild-type mice. Furthermore, administration of epinephrine induced trequent ventricular
extrasystoles and ventricular tachycardia in S105N Rad transgenic mice. This study provides novel evidence that the
suppression of Rad activity in the heart can induce ventricular tachycardia, suggesting that the Rad-associated signaling
pathway may play a role in arrhythmogenesis in diverse cardiac diseases. (Circ Res. 2007;101:69-77.)

Key Words: G protein m L-type Ca™" channels ® arrhythmia

resistance and glucose intolerance, which is consistent with
the observed upregulation of Rad in diabetic patients.” De-
spite the crtical roles of Rad in diverse biological processes.
its function in the heart is still unknown.

Recently, RGK proteins were found to suppress voltuge-
gated L-type Ca®* currents (I.,,) in heterologous expression
systems und insulin-secreting 3 cells of the puncreas. =10 This
was shown to occur via an interaction with Ca** channel
subunits, and the finding suggests that Rad may play an
important role in cellutar Ca®* homeostasis. Indeed, overex-
pression of Gem in PCI12 cells and MIN6 cells prevents
Cu®*-triggered exocytosis via inhibition of L-type Ca** chan-
nels.!" In the heart. Ca’* is essential for electrical activity and
is a direct activator of the myofilaments in contraction.

Rad (Ras associuted with diabetes) is the prototypic
member of the newly emerging RGK family of proteins,
a group of Ras-related GTPases that includes Rad, Gem, and
Rem.' Rad was initially identified by subtraction cloning as
an mRNA overexpressed in skeletal muscle in a subset of
patients with type 2 diabetes mellitus.> Among the RGK
proteins. Rad is abundantly expressed in skeletal and cardiac
muscle.? 1t interacts with various signal transduction mole-
cules such as Rho kinase. calmodulin, and calmodulin-
dependent protein kinase II, leading to inhibition of their
downstream signals.>$ In epithelial or fibroblastic cells,
overexpression of Rad results in stress fiber and focal
adhesion disassembly, implicating an involvement in cy-

toskeletal regulation through the Rho kinase pathway.? In
vascular smooth muscle cells, focal gene transduction of Rad
attenuates neointimal formation after balloon injury by inhib-
iting smooth muscle proliferation and migration activated
through the Rho kinase pathway.® Furthermore. overexpres-
sion of Rad in skeletal muscle worsens diet-induced insulin

Among the many Ca”~ handling proteins, cardiac L-type Ca*"
channels play central roles in initiation of excitation— contrac-
tion coupling and in cardiac electrophysiological properties.
Abnormal function of Rad in the heart might therefore lead to
various cardiac disorders such as arthythmias or contractile
dysfunction.
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We show here that dominant negative suppression of Rad
led to the enhancement of I, by facilitating channel expres-
sion in the plasma membrane of cardiomyocytes, resulting in
prolongation of the action potential. Furthermore. transgenic
mice with heart-specific overexpression of dominant negative

consequence of QT prolongation. Our results constitute the
first evidence that Rad plays an important role in regulating
cardiac electrophysiological properties and that Rad could be
a key molecule for understanding the mechanism of arrhyth-
mogenesis in cardiovascular diseases.

Materials and Methods
All experimental procedures and protocols were approved by the
Animal Care and Use Committee of Keio University and conformed
10 the NIH Guide for the Care and Use of Laboratory Animals. An
expanded Materials and Methods section is available in the online
data supplement at hitp://circres.ahajournals.org.

Myocyte Isolation and Cultures

Myocytes were isolated from the left ventricles of adult guinea pigs
and mice using cnzymatic digestions as previously described, with
slight modifications.’2'3 After isolation, ventricular myocytes were
cultured in DMEM containing 10% FBS and 1% penicillin-strepto-
myein (all from Invitrogen, Carlsbad, Calif) for 24 hours.

Production of S105N Rad Transgenic Mouse

The complete mutant mouse S105N Rad (with the serine at the
105-aa position substituted to arginine. to inhibit GTP binding)
¢DNA construct was subcloned into the region downstream of the

Blot: HA-WT Rad

a-myosin heavy chain promoter™ previously subcloned into the
PBS2 SK+ plasmid. The complete transgene was isolated using Notl
digestion of the PBS2 SK+ plasmid. Transgenic micc were gencr-
ated by the Animal Laboratory Center of Keio University by cDNA
microinjection of fertilized CS7BL/6XSIL oocytes using standard
techniques.

Statistical Analysis

All data are shown as means*SEM. Statistical differences were
determined using repeated-measures ANOVA, and P<0.05 was
considered significant.

Results

Rad Interacts With L-Type Ca’* Channel

B Subunits

Previous reports have shown that Rad interacts with Ca®*
channel B subunits in heterologous expression systems,
resulting in the inhibition of /¢,.'5'® To examine whether
Rad physically interacts with the S subunits, glutathione
S-transferase (GST) pull-down assays were performed. As
shown in Figure 1A, recombinant GST wild-type (WT) Rad
bound to the B subunits in whole-cell extracts derived from
transtected Cos7 cells, whereas GST-S105N Rad did not.
Furthermore, interaction between Rad and B subunits was
confirmed in the context of the cellular environment.
HEK293 cells were transiently transfected with Flag-tagged
B, subunits and hemagglutinin-tagged WT Rad or SI105N
Rad. After 24 hours in culture, coimmunoprecipitation assays
were performed. Consistent with the previous report,'® the 3,
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Figure 2. Rad regulates L-type Ca?* channel function via o subunit trafficking to plasma membrane. A, Localization of WT Rad and
S105N Rad in HEK293 cells. B, Localization of Ca?* channel «y, subunits in HEK293 cells, when expressed with or without [3,, subunit.
C and D, Subcellular localization of GFP-a;,. subunit (green) and Flag-tagged B, subunit (biue) in a cell coexpressing hemagglutinin-
tagged WT Rad or S105N Rad (red). The localizations of each subunit are depicted diagrammatically on the left. E, Representative Ba®~
current traces in HEK293 cells transiently cotransfected with GFP-a,. subunit, 8,, subunit, and blank, WT Rad, or S105N Rad. Dashed
lines indicate 0 current. F, Current/voltage relationships of Ba®* currents in HEK293 cells cotransfected with GFP-c, subunit, ,, sub-
unit, and blank (n=7), GFP-u; subunit, B, subunit, and WT Rad (n==4), or GFP-ay, subunit, 8, subunit, and S105N Rad (n=6). ns indi-

cates not significant vs control, *P<0.01 vs control.

subunits showed an interaction with WT Rad (Figure 1B). but
no interaction with SIOSN Rad was detected. Because S105N
Rad, which could bind GDP but not GTP, is known to
function as a dominant negative mutant in the regulation of
neointimal formation after vascular injury,® we examined
whether STO5N Rad showed dominant negative inhibition of
the interaction between WT Rud and 3 subunits. A plasmid
encoding S105N Rad fused with Myc tag at its N terminus
was cotransfected with WT Rud and 3,,-subunit plasmids into
HEK293 cells. As shown in Figure 1C, Myc-tagged S105N
Rad suppressed the interaction between WT Rad and S,
subunits in a dose-dependent manner. indicating that S105N
Rad did function as a dominant negative mutant for the
interaction between WT Rad and $,, subunits.

Based on these resuits, we next studied whether the
interaction between Rad and the B subunit affected the
trafficking of Ca** channel « subunit to the plasma mem-
brane. To do this. green fluorescent protein (GEP)-fused
Ca, 1.2 (cardiac a;, subunit) and 8, subunit were coimmuno-
stained with WT Rad or S105N Rad in HEK293 cells and
visualized by confocal microscopy. Both WT Rad and S105N
Rad were localized at the plasma membrane, when expressed
alone (Figure 2A). Although individually expressed a,. sub-
unit was localized mainly in the cytoplasm (Figure 2B),

cotransfection with B,, subunits resulted in the translocation
of ay. subunits from the cytoplasm to plasma membrane,
confirming that the 8 subunit plays a chaperon-like role with
the «y. subunit (Figure 2B). When WT Rad was expressed
together with both the «,. and B,, subunits, the «a,. subunit
showed a cytoplasmic distribution. whereas WT Rad and the
B, subunit were still colocalized at the plasma membrane,
indicating that WT Rad disrupted the binding of «,, subunit to
3z, subunit (Figure 2C). In contrast, S105N Rad did not affect
the localization of the «,. and ., subunits (Figure 2D). These
results indicated that the interaction between Rad and the 8
subunit regulated the trafficking of the «,. subunit to the
plasma membrane.

To examine whether Rad regulates the function of L-type
Ca** channels, we recorded Ba®* currents in HEK?293 cells
using the whole-cell patch clamp technique. Currents con-
ducted by L-type Ca** channels were recorded with 4 mmol/L
Ba** in the external solution as a charge carrier. The currents
in cells in which SI03N Rad was coexpressed with GFP-a,
subunit and 8., subunit were similar to those in control cells
(average current densities for GFP-a,, subunit, $,, subunit,
and S105N Rad: 9.4£0.9 pA/pF [n=6]; for GFP-a,, subunit,
B;. subunit. and blank: 8.8+0.9 pA/pF [n=7]; not signifi-
cant), whereas in cells expressing the GFP-«,, subunit, 8,
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Figure 3. Effects of Rad on L-type Ca?* current and action potential configuration in guinea pig ventricular cardiomyocytes. A, Repre-
sentative /g, traces in an Ad-GFP-transduced (control) cell, an Ad-WT Rad-transduced cell, and an Ad-S105N Rad-transduced cell.
Dashed lines indicate O current. B, Current/voltage relationships of /¢, in control (n=8), Ad-WT Rad-transduced (n=6), and Ad-S105N
Rad-transduced (n=7) cells. #P<0.05 vs control, *P<0.01 vs control. C. Representative action potential traces in a control cell, an
Ad-WT Rad-transduced cell, and an Ad-S105N Rad-transduced cell. Dashed lines indicate 0 mV. D, Pocled data for APD in contro!
(n=8), Ad-WT Rad-transduced (n=5). and Ad-S105N Rad-transduced (n=6) cells. #P<:0.05 vs control, *P<0.01 vs control.

subunit, and WT Rad, the currents were very small
(0.200.03 pA/pF [n=5] versus control; P<0.01), and sim-
ilar to those in cells expressing GFP-a,. subunit alone
(0.19=0.04 pA/pF [n=3])), indicating the association of WT
Rad-mediated suppression with the 8 subunit (Figure 2E and
2F). These results confirmed that WT Rad dramatically
suppressed the function of the L-type Ca™™ channel, whereas
S105N Rad did not.

Rad Regulates I, via Inhibition of « subunit
trafficking to Plasma Membrane in Guinea Pig
Ventricular Cardiomyocytes

To investigate the physiological role of Rad in the heart, we
transduced adenovirus (Ad) encoding WT Rad or S105N Rad
into guinea pig veatricular cardiomyocytes and recorded /¢,
using the whole-cell patch clamp technique. Interestingly, the
peak i¢,; was larger in the cells overexpressing SIO5N Rad
than in controls (12.0+1.5 pA/pF at 0 mV [n=7] in Ad-
S1O3N Rad-transduced cells versus 5.4+1.0 pA/pF at 0 mV
[n=8] in Ad-GFP transduced controls: P<.0.05), whereas /¢,
was dramatically smaller in cells overexpressing WT Rad
(1.4£0.1 pA/pF at 0 mV [n=6] in Ad-WT Rad-transduced
cells versus control; P<<0.01) (Figure 3A and 3B). Because
ST05N Rad itself does not affect the /¢, (, as shown in Figure
2F, enhancement of I, by SIOSN Rad in cardiomyocytes
might be attributable to the dominant negative suppression of
endogenous Rad activity. Because the L-type Ca’™ channel
contributes to the ion influx and plateau phase of the cardiac
action potential. we investigated whether Rad-mediated reg-
ulation of /., might affect the action potential in heart cells.
Action potentials were recorded in guinea pig ventricular

cells transduced with Ad-GFP (control), Ad-WT Rad, and
Ad-S105N Rad. As expected, overexpression of WT Rad
resulted in a dramatic shortening of the action potential
duration (APD) and abolished the robust action potential
plateau (APDy, 128+7.76 ms [n=5] in Ad-WT Rad-
transduced cells versus 267%26.3 ms [n=8] in Ad-GFP-
transduced control cells; P<0.01). whereas S105N Rad
significantly prolonged the APD without changing the
action potential configuration (538%=70.0 ms [n=6] in
Ad-S105N Rad—transduced cells versus control: P<0.01)
(Figure 3C and 3D).

To investigate the mechanisms of Rad-mediated regulation
of I, in native guinea pig cardiomyocytes, we performed
cell fractionation and used Western blot analysis to quantify
the expression of ;. subunit in the plasma membrane of cells
after 24 hours in culture. The amount of «,, subunit protein
extracted from the membrane fraction was significantly lower
in Ad-WT Rad—transduced cells than in Ad-GFP-transduced
control cells. whereas the overexpression of S105N Rad
resulted in a significantly greater extraction of a;. subunit
protein from the membrane fraction (Figure 4). These find-
ings show that dominant negative suppression of endogenous
Rad by S105N Rud increased Ca*' channel expression at the
plasma membrane, thereby implicating endogenous Rad in
the regulation of cardiac L-type Ca®™ channel expression in
the physiological context.

In Vivo Phenotype of Dominant Negative
Suppression of Rad in Mouse Heart

To investigate the physiological role of endogenous Rad in
vivo. we took advantage of the dominant negative mutant Rad
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Figure 4. Rad modulates L-type Ca?* channel membrane expression in guinea pig ventricular cardiomyocytes. Quantitative Western
blot analysis comparing «. subunit protein extracted from plasma membranes of cardiomyocytes transduced with Ad-GFP (control),
Ad-WT Rad, or Ad-S105N Rad after 24 hours in culture. N-Cadherin was used as an internal control for the membrane protein fraction.
M indicates molecular size markers. Data are from 5 independent experiments. *P<0.05 vs control.

to engineer an in vivo model of Rad disruption, obtained by
overexpressing the SI0SN Rad under the control of the
a-myosin heavy chain promoter. In transgenic (TG) mice
aged 12 weeks, the totul Rad protein expression in whole
heart wus 6 times greater thun in their WT littermates (Figure
5A), indicating that the expression level of ST0SN Rad was
approximately 5 times that of endogenous Rad. This level of
exogenous ST0SN Rad expression in TG mice should have
been sufficient to suppress the endogenous Rad/B subunit
interuction, as shown in Figure IB. Thus, we performed

cotmmunoprecipitation assays to confirm the effect of SI105N
Rad overexpression on the endogenous Rad/B subunit inter-
action in whole hearts. As shown in Figure 5B, the total
amount of Rad that bound to the 8 subunits was much less in
S105N TG mouse heart than that in WT mouse heart.
Furthermore, we used Western blot analysis to compare «,,
protein expression in the plasma membranes of S105N Rad
TG and WT mice. The a, protein expression was signifi-
cantly greater in S105N Rad TG mice than WT mice,
supporting the proposition that dominant negative suppres-

Figure 5. S105N Rad suppresses
the in vivo interaction between
Rad and 8 subunit in the heart, A,

S105N
Rad TG Western blot analysis comparing
— total Rad protein level in cardiac
' Blot: Rad muscle from WT and S105N Rad
TG mice. Data are from 5 WT and
veo- I Blot B, 5 S105N Rad TG mice. *P<0.05
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vs WT. B, In vivo interaction
between Rad and 8 subunit in the
heart. Lysates from whole heart
were coimmunoprecipitated with
anti-f3, subunit antibody, and
associated Rad proteins were
detected by Western blotting. C,
Western blot of cardiac a;, sub-
unit protein in the membrane frac-
tion from WT and S105N Rad TG
mouse hearts. N-Cadherin was
used as an internal control for the
membrane fraction. M indicates
molecular size markers. Data are
from 5 WT and 5 S105N Rad TG
mice. *P<0.05 vs WT. D, Immuno-
histochemical analysis of ;s sub-

w
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Relative «,, fluorescence intansity
N
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S105N
'Rad TG
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units in WT and S105N Rad TG ventricular cardiomyocytes. The white squares in the upper panels indicate the regions shown at higher
magnification below. Vinculin was used as a T-tubule marker. Scale bar=10 um. Pooled data for relative oy, mean fluorescence in WT

(n=10) and S105N Rad TG mouse cardiomyocytes (n=10).
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sion of Rad facilitates «,. subunit expression at the plasma
membrane (Figure 5C). Accordingly, immunohistological
analysis revealed that the T tubules of ventricular cardiomyo-
cytes isolated from SI0SN Rad TG mouse hearts were more
intensely immunoreactive for e, subunits than those of WT
mice (Figure 5D). The relative mean fluorescence of a,
subunits in the T-tubule areas to that in non-T-tubule area
(between T tubules) were significantly greater in the SI05N
Rad TG mouse cells than in the WT mouse cells, indicating
that S10SN Rad facilitated the « . subunit trafficking to the T
tubules in cardiomyocytes (Figure 5D).

Next, action potentials were recorded from left ventricular
papillary muscles using conventional microelectrode tech-
niques. The APD was measured at 3 different pacing cycle
lengths (100 ms, 150 ms, and 200 ms). As shown in Figure
6A. the APD was prolonged, and a subtle plateau phase was
observed in S105N Rad TG mice. Consistent with the in vitro
data in guinea pig cells, the APDy, and APDy, were both
longer in SIOSN Rad TG mice than in WT mice at each:
pacing cycle length (Figure 6B; APDy, at 100 ms pacing cycle
length, 33.9x£25 ms [n=8} in SI0SN TG mice, versus
209+2.6 ms [n=8] in WT mice; P<0.05). There were no
significant differences in resting membrane potential or V,,,
between WT and TG mice (Figure 6C und 6D), suggesting

L
20

40 60 (MV)

that dominant negative suppression of Rad did not affect the
inward rectifying K* currents and Na" currents. We also
examined the transient outward potassium current (/,,),
which mainly affects repolarization in the mouse action
potential. There were no significant differences between
the WT and S105N Rad TG mice in either peak or
sustained /,, current densities, implying that Rad did not
affect I, function (Figure 6E).

As expected from the APD data, surtace electrocardio-
grams showed QT prolongation in S10SN Rad TG mice
compared with WT mice (Figure 7A). Both QT and QTc
intervals in S105N Rad TG mice were significantly longer
than those in WT mice (QTc, 60.1£3.0 ms [n=28] in S105N
Rad TG mice, versus 47.3%£3.3 ms [n=8] in WT mice;
P<0.05; Figure 7B). No significant differences were detected
in other ECG parameters, such as RR, PR, and QRS intervals,
as described in Table I in the online data supplement. Given
the importance of QT prolongation as a cause of lethal
ventricular arrhythmias, we investigated whether the domi-
nant negative suppression of endogenous Rad activity pro-
duced arrhythmias in SIO5N Rad TG mice. In vivo ECGs
were recorded from freely moving mice for 24 hours. No
arrhythmias were observed in the recordings from WT mice
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aen sues from WT and S105N Rad TG mice. Data
are from 4 WT and 4 S105N Rad TG mice.
"P<0.05 vs WT.
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transient sinus arrest and second-degree atrioventricular

block in 6 mice euch, and ventricular extrasystoles in 5 mice’

(Figure 7C). In some patients with long QT syndrome, fatal
ventricular arrhythmias occur under physical exertion and
emotional stress.'”'™ To mimic these circumstances, we
injected epinephrine (2 mg/kg) into the peritoneum of S105N
Rad TG mice (n=8) and WT mice (n=8). Under the
epinephrine louding. nonsustained ventricular tachycardia
was induced in 3 of the TG mice (Figure 7D), and consecu-
tive ventricular extrasystoles were more frequently observed
(7 TG mice). although no ventricular wrhythmias were
observed in WT mice (see supplemental Table 1),

Because the increase in /., should facilitate nodal con-
duction, the abnormal nodal function observed in TG mice
seemed anomalous. Rad is also known to suppress the Rho
signaling pathway by direct interaction with its substrate,
ROCK.? Furthermore, disruption of Rho signaling results in
progressive atrioventricular conduction defects, probably at-
tributable to a dramatic decrease of connexind(.'%0 We

examined the atrial expression of connexin4Q) in mouse hearts
by Western blot analysis. As expected, connexind(Q expres-
sion was significantly lower in S105N Rad TG mice than WT
mice (Figure 7E).

Discussion
The mujor finding of this study was that dominant negative
suppression of endogenous Rad in the heart resulted in an
increase in /Ip,,, via upregulation of L-type Ca’* channel
expression at the plasma membrane. Using a transgenic
approach for cardiac-specific inhibition of Rad by expressing
the dominant negative form of Rad (S105N), the present
study provides important new insights into the physiological
function of Rad in regulating cardiac electrophysiology.
Although mouse echocardiography showed no significant
changes in cardiac size or function in transgenic animals at 12
weeks of age (supplemental Figure 1), the phenotype of the
transgenic animals comprised a prolonged QT interval, nodal
dysfunction, and extrasystoles. These ECG phenotypes were
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accompanied by prolonged APDs and enhanced [.,,, which
were attributable to the upregulation of L-type Ca** channels
in T tubules. Under baseline conditions, TG mice displayed
ventricular extrasystoles but no ventricular tachycardia. Fur-
thermore, epinephrine administration exacerbated the ventric-

ular arrhythmias in TG mice but did not induce arrhythmias

in WT mice. These data indicate that the Rad signaling
pathway plays an important role in cardiac antiarrhythmia via
the strong suppression of Ie, .

We did not predict any nodal dysfunction in TG mice
because an increase of Ig,, would be expected to facilitate
nodal conduction. The induction of nodal dysfunction was
probably attributable, at least in part, to the reduction of
connexind( expression in TG mice. Previous studies have
shown that Rad binds directly to ROCK, resulting in the
inhibition of Rho/ROCK signaling pathways,>* which regu-
lates the connexin4Q expression in mouse hearts.'” The GST
pull-down assays revealed that STOSN Rad, as well as WT
Rad, could physically interact with ROCK (data not shown).
This implies that overexpression of S105N Rad in TG mice
may have led to a decrease of connexindQ expression via
suppression of the Rho signaling pathways. Furthermore, this
inhibitory effect of Rud on Rho pathways was likely to have
been especially strong in the heart because Rad binds to
ROCK?2, which is highly expressed in the heart, whereas the
other isoform (ROCK1) is preferentially expressed in non-
cardiac tissues such as lung, liver. spleen, kidney. and testis.*!
This distinct tissue-specific expression of ROCK isoforms
might explain the opposite eftects of Gem and Rad on nodal
conduction because Gem predominantly binds to ROCK1.3
However, turther studies are needed to test this hypothesis.

One major cause of mortality in patients with diabetes
mellitus is diabetic cardiomyopathy, which occurs indepen-
dently from diabetes-mediated vascular complications.
Pereira et ul?? reported that the systolic dysfunction of type 2
diabetic mice is partly attributable to a reduction of Ic,.
implicating Rad-mediated Cu™" channel regulation as a pos-
sible factor in diabetic cardiomyopathy. Furthermore, dia-
betic cardiomyopathy is characterized by electrical remodel-
ing, metabolic remodeling with malignant biochemical
processes, and anatomical remodeling with progressive loss

of cardiomyocytes.? The abnormal prolongation of QT |

interval is the most prominent electrical remodeling that
oceurs in diagbetic hearts. QT prolongation is a significant
predictor of mortality in diabetes patients because it is
associated with an increased risk of sndden cardiac death
caused by lethal ventricular arrthythmias.?* One of the mech-
anisms for QT prolongation in diabetes mellitus is depression
of multiple ion currents including the transient outward
current, /g, . and the delayed rectifier K* current.2223 Given
that Rad mRNA is upregulated in type 2 diabetes patients?
and Rad protein expression in diabetic mouse heart is
upregulated relative to WT mice (data not shown). Rad-
mediated regulation of I, might be involved in the electro-
physiological remodeling in diabetic cardiomyopathy. Dom-
inant negative suppression of Rad led to QT prolongation and
induction of arrhythmias even in the nondiabetic mice used in
this study. Considering these experimental and clinical data,
it is plausible that upregulation of Rad in diabetic patients

might function as a negative regulator to counteract QT
prolongation by compensating for the decreased outward K*
currents with downregulation of /¢, . If so, the preservation of
Rad function might be a potential strategy for the prevention
of lethal ventricular arrhythmias in diabetic cardiomyopathy.

Our data clearly demonstrated that Rad regulated the
tratficking of Ca®* channel « subunit in both heterologous
systems and cardiomyocytes. However, the precise mecha-
nisms of RGK protein-mediated modulation of L-type Ca™*
channels remain to be clarified. Consistent with our data,
Beguin et al? showed that inhibition of /¢, by another RGK
protein, Gem, is attributable to the decreased expression of «
subunits in the plasma membrane. However, in our study, the
complete inhibition of /,; 24 hours after transduction of WT
Rad in guinea pig cells could not be explained solely by the
suppression of « subunit trafficking to the plasma membrane
because our Western blot data still detected a small amount of
Ca™* channel expression in the T tubules. These channels may
have remained because the turnover of L-type Ca** channels
in the plasma membrane is 36 to 48 hours?¢; thus a 24 hour
culture period might not be sufficient for the complete
degradation of preexisting channels. Therefore. other mech-
anisms for suppression of f,, by Rad. unrelated to traffick-
ing. are also likely to be involved. One possibility is the direct
inhibition of L-type Ca** channels by association of Rad with
channel subunits. Rem2 has recently been shown to almost
completely suppress /¢, without altering channel expression
at the plasma membrane, 2’28 which supports this hypothesis.
The possibility remains that Rad may regulate the expression
of other RGK proteins, which in turn alter L-type Ca™*
channel function. However, the expression level of Rem
protein did not change with overexpression of Rad (data
not shown), which leads us to conclude that Rem is not
associated with the Rad-mediated regulation of the L-type
Ca’" channel. Further studies are required to identify the
multiple mechanisms involved in regulation of the L-type
Ca’* channel by Rad.

In summary, dominant negative suppression of Rad in the
heart induced QT prolongation and ventricular arrhythmias.
caused by the augmentation of /... The finding that Rad
regulates L-type Ca?” channel function in the heart suggests
that the Rad-associated signaling pathway may play a role in
arrhythmogenesis in diverse cardiac diseases.
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Sema3a maintains normal heart rhythm through
sympathetic innervation patterning

Masaki Ieda!?, Hideaki Kanazawal2, Kensuke Kimura!, Fumiyuki Hattori!, Yasuyo Iedal, »
Masahiko Taniguchi3, Jong-Kook Lee?, Keisuke Matsumura®?, Yuichi Tomita!, Shunichiro Miyoshiz,
Kouji Shimoda®, Shinji Makino!, Motoaki Sano!, Itsuo Kodama®, Satoshi Ogawa® & Keiichi Fukuda'

Sympathetic innervation is critical for effective cardiac function. However, the developmental and regulatory mechanisms
determining the density and patterning of cardiac sympathetic innervation remain unclear, as does the role of this innervation in
arrhythmogenesis. Here we show that a neural chemorepellent, Sema3a, establishes cardiac sympathetic innervation patterning.
Sema3a is abundantly expressed in the trabecular layer in early-stage embryos but is restricted to Purkinje fibers after birth,
forming an epicardial-to-endocardial transmural sympathetic innervation patterning. Sema3a~ mice lacked a cardiac sympathetic
innervation gradient and exhibited stellate ganglia malformation, which led to marked sinus bradycardia due to sympathetic
dysfunction. Cardiac-specific overexpression of Sema3a in transgenic mice (SemaTG) was associated with reduced sympathetic
innervation and attenuation of the epicardial-to-endocardial innervation gradient. SemaTG mice demonstrated sudden death and
susceptibility to ventricular tachycardia, due to catecholamine supersensitivity and prolongation of the action potential duration.
We conclude that appropriate cardiac Sema3a expression is needed for sympathetic innervation patterning and is critical for heart

rate control.

Cardiac tissues are extensively innervated by autonomic nerves. The
cardiac sympathetic nerves extend from the sympathetic neurons in
stellate ganglia, which reside bilateral to the vertebrae. Previous studies
have established regional differences in the sympathetic innervation of
the heart in larger mammals'. Sympathetic nerve fibers project from
the base of the heart into the myocardium and are located predomi-
nantly in the subepicardium in the ventricle>*. The central conduction
system, including the sinoatrial node, the atrioventricular node and
the His bundle, is abundantly innervated as compared with the
working myocardium!*6. The sympathetic nervous system augments
cardiac performance by increasing heart rate, conduction velocity,
myocardial contraction, and relaxation. Accordingly, unbalanced
neural activation or suppression might trigger lethal arrhythmia in
diseased hearts’"'%. These findings have demonstrated that sympa-
thetic innervation patterning is critical for effective cardiac perfor-
mance; however, little is known about the developmental and
regulatory mechanisms underlying cardiac sympathetic inner-
vation patterning. Moreover, the consequence of its disruption
remains unknown.

We and others have reported that nerve growth factor (NGF), a
member of the neurotrophin family, is required for sympathetic axon
growth and innervation in the heart'™'? However, the neural

chemorepellent that induces growth cone collapse and repels sympa-
thetic axons in the heart has not been identified. Sema3a is a class 3
secreted semaphorin and a potent neural chemorepellent for sensory
and sympathetic axons'>1>. Targeted inactivation of Sema3a disrupts
neural patterning and projections, indicating the importance of
Sema3a signaling for directional guidance of nerve fibers''7. It
remains unknown, however, whether cardiomyocytes produce
Sema3a, and, if so, whether this protein affects sympathetic neural
patterning and cardiac performance. Here we demonstrate the
expression pattern of Sema3a in developing hearts and its critical
roles in cardiac sympathetic innervation patterning and arrhythmia,
using various gene-modified mouse models.

RESULTS

Sympathetic nerve distribution in mouse heart

We first analyzed the distribution of cardiac sympathetic nerves in
adult mouse hearts at postnatal day (P) 42 by immunostaining with
an antibody to tyrosine hydroxylase, a marker of sympathetic nerves.
Tyrosine hydroxylase-immunopositive (TH*) nerves were most
abundant in the sinoatrial node, the atrioventricular node and the
His bundle, as indicated by acetyl cholinesterase (AChE) activity
staining (refs. 18,19 and Fig. 1a). In contrast, TH* nerves in Purkinje
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fibers, which express connexind0 (Cx40)2%, were barely detectable and
present in much smaller numbers than in the surrounding working
myocardium (Fig. 1b,c). In the ventricular myocardium, TH* nerves
were abundant and more so in the subepicardium than the subendo-
cardium (Fig. 1d,e). The norepinephrine concentration was also
significantly higher in the subepicardium (3.7-fold; Fig. 1f).

We next analyzed the time course of cardiac sympathetic innerva-
tion in developing mouse ventricles. Nerve endings appeared at
embryonic day (E) 15 in the epicardial surface and were apparent in
the myocardium at P7 and P42 (Supplementary Fig. 1 online).
Together, these results show that cardiac sympathetic nerve density
exhibits regional differences, and that sympathetic nerve fibers in mice
develop from the epicardial base of the heart into the myocardium, as
observed in larger mammals'2°,

Sema3a expression is inversely related to sympathetic innervation
To test whether Sema3a might be a signal for determining cardiac
sympathetic innervation patterning, we analyzed heterozygous
Sema3a knocked-in lacZ mice (Sema3a®Z*) and determined
Sema3a expression in the heart'S. At E10, we observed lacZ expression
in the forelimb buds and somites and weakly in the heart. In situ
hybridization for Sema3a confirmed that lacZ expression in
Sema3aZ* mice correctly reflected endogenous gene expression
(Fig. 2a). At E12, we detected strong lacZ expression in the heart,
especially in the trabecular component of both ventricles (Fig. 2b). In
E15 hearts, we observed lacZ expression at the subendocardium but

ARTICLES

Figure 1 Regional heterogeneity of sympathetic innervation in the mouse
heart. (a) The sinoatria! (SA) node, atrioventricular (AV) node and His
bundle (arrows) stained with AChE (brown) were abundantly innervated by
tyrosine hydroxylase-positive (TH*) nerves. Top, acetyl cholinesterase (AChE)
and hematoxylin staining. Bottom, immunofluorescent staining for

a-actinin, tyrosine hydroxylase (TH) and TOTO3 (as a nuclear stain).

(b) Immunofluorescent staining for a-actinin, TH, Cx40 and TOTO3 was
performed. Few TH* nerves were detected in Purkinje fibers. (c) Quantitative
analysis of TH* nerve areas (n = 4). (d) Immunofluorescent staining for
a-actinin, TH and TOTO3. ‘Low' and ‘high’ indicate low- and high-power
fields, respectively. TH* nerves (arrows) were more abundant in the
subepicardium (epi) than in the subendocardium (endo); quantitative data
are shown in e {n = 4). (f) Cardiac norepinephrine (NE) concentration
measured by high-performance liquid chromatography (HPLC) (n = 6).

*P < 0.001; ** P < 0.01; NS, not significant (in ¢, compared to SA).
Scale bars, 100 um.

not at the subepicardium in the atria and ventricles. At P1 and P42,
lacZ expression was reduced in certain locations and highlighted the
Purkinje fiber network along the ventricular free wall (Fig. 2c). To
verify the presence of lacZ* cells in Purkinje fibers at P42, we
immunostained sections with an antibody to Cx40 and found that
ventricular subendocardial lacZ" cells also stained for Cx40 (Fig. 2d).
In contrast, richly innervated and AChE-positive sinoatrial nodes
(data not shown), atrioventricular nodes and His bundles did not
express lacZ (Fig. 2e).

Quantitative RT-PCR of Sema3a in developing hearts also revealed
that Serma3a mRNA was present from E12 and its levels then decreased
in a linear fashion, in contrast to the sympathetic innervation
(Fig. 2f). At P42, Sema3a mRNA expression was 2.3-fold higher in
the subendocardium than in the subepicardium (Fig. 2g). These
results indicated that Serma3a expression has an opposite time course
and distribution from sympathetic innervation in developing hearts.
Double staining with tyrosine hydroxylase and 5-bromo-4-chloro-3-
indolyl-B-p-galactopyranoside (X-gal) revealed that most sympathetic
nerves were restricted to the subepicardium at P1, when Sema3a was
expressed extensively at the midcardial and subendocardial layers.
At P42, sympathetic innervation extended vigorously into the
ventricular myocardium, concomitant with Sema3a being downregu-
lated and confined only to Purkinje fibers (Fig. 2h). Together,
these results suggested that Sema3a is synthesized in Purkinje
fibers and its expression is inversely related to the extent of
sympathetic innervation.

Innervation patterning is disrupted in Sema3a~- hearts

To investigate whether Sema3a is critical for cardiac sympathetic nerve
development, we analyzed Sema3a homozygous null mice
(Sema3a~)'6, Most Sema3a™~ mice die within the first postnatal
week, and only 20% remain viable until weaning!®!”. At P1, thick and
fasciculated nerve fibers were restricted to the epicardial surface and
few fibers were detected within the myocardium in the hearts of wild-
type mice. In Sema3a™ hearts, only a few fibers were observed at the
epicardial surface, but many axons projected aberrantly into the
myocardium at this early stage (Fig. 3a,b). To examine the overall
pattern of cardiac sympathetic innervation, we performed whole-
mount immunostaining for tyrosine hydroxylase at P1 on wild-type
and Sema3a™" hearts. Sympathetic nerve fibers appeared thinner and
were fewer in number on the epicardial surface of Sermna3a™ hearts
(Fig. 3c). At P14, when the sympathetic nerves extended into
the myocardium, wild-type hearts showed a clear epicardial-to-
endocardial gradient of sympathetic innervation. In contrast, sympa-
thetic nerve density was reduced in the subepicardium but increased
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