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Figure 6. Increased susceptibility to ven-
tricular arrhythmias and cardiac dysfunc-
tion in SGK1-CA mice can be reversed
by ranolazine. A, Mortality is increased in
SGK1-CA mice after ischemia-
reperfusion (/R: 30 minutes LAD liga-
tion/24 hours reperfusion). Left, mortality
in SGK1-CA (8/10), WT (7/29), and
SGK1-DN (2/16) mice, *P<0.005 by Z
test of proportions. Right, Telemetry
demonstrated that SGK1-CA mice
develop lethal ventricular arrhythmias
(VAs) (4/5) after I/R that were not seen in
WT mice (0/4) *P=0.02 by Z test. B,
Representative tracings of VA in
SGK1-CA mice during reperfusion.
Lower tracing shows ventricular bigeminy
(asterisks) before onset of ventricular
tachycardia with AV dissociation (arrows
denote p waves). C, Schema for in vivo
ranolazine experiments. D, Ranolazine
decreases QT and QT, intervals in
SGK1-CA mice in comparison with pla-
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Thus, chronic SGK1 activation and TAC-HF increase traf-
ficking of Navl.5 to the HM fraction, whereas SGK1 inhibi-
tion blocks this response to TAC, suggesting SGK1 is both
necessary and sufficient for these changes.

The increase in HM Nav1.5 would be expected to increase
Na™*-channel surface availability. To test this directly, we
used biotin to label surface-exposed proteins in neonatal rat
ventricular myocytes expressing either SGK1-CA or green
fluorescent protein, and selectively collected labeled surface
proteins with an avidin-coupled column. As controls, the
transmembrane protein, Glut 4, was labeled and recovered
robustly from the surface of both green fluorescent protein-
and SGK1-CA—expressing neonatal rat ventricular myocytes,
while GSK3p, a cytoplasmic protein, was not (Figure 7A).
SGK1-CA expression increased the amount of biotin-labeled
Navl.5 in neonatal rat ventricular myocytes in comparison
with green fluorescent protein—transduced cells (Figure 7A).

80

cebo (*P<0.05 by unequal variance t test
or Mann-Whitney test). E, Fractional
shortening was better in SGK1-CA mice
after 7 days of ranolazine treatment than
in mice treated with placebo (*P<0.05 by
2-way repeated-measures ANOVA). In
paired t tests, mice treated with ranola-
zine showed a nonsignificant trend
toward improved fractional shortening
(P=0.055), whereas there was no change
in placebo-treated mice (P=0.59). F,
Incidence of lethal VA after I/R was
decreased in ranolazine-treated
SGK1-CA mice in comparison with pla-~
cebo (*P<0.05 by Z test of proportions).
WT indicates wild type; SGK1, serum-
and glucocorticoid-regulated kinase-1;
DN, dominant negative; CA, constitu-
tively active; LAD, left anterior descend-
ing artery; and ANOVA, analysis of
variance.
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These data are consistent with the hypothesis that SGK1
activation increases the amount of Nav1.5 available at the cell
surface.

Activation of SGKI in renal tubular cells leads to phos-
phorylation of the ubiquitin ligase, Nedd4-2,03! and de-
creased binding of the phospho-Nedd4-2 to the PY motif of
Enac, Which increases surface expression and channel activity
of Eyac-32 Nav1.5 has also been shown to bind to Nedd4-2 via
a conserved PY motif in its C-terminal tail,>* and in a
heterologous expression system, decreased binding of
Nedd4-2 to Navl.5 leads to increased Navl.5 membrane
expression.3* We therefore examined if altered Nedd4-2
binding plays a role in Nav1.5 trafficking in response to TAC
or SGK1 activation in vivo. Nedd4-2 coimmunoprecipitated
with the Na channel in sham-operated WT hearts, and there
was a marked decrease in Nedd4-2 binding to Na channels in
TAC-HF and SGKI1-CA hearts (Figure 7B). In contrast,
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Figure 7. SGK1 activation is necessary and sufficient for altera-
tions in cardiac sodium channel seen in failing hearts. A, Cardi-
omyocytes were infected with either Ad.SGK1-CA or Ad.GFP,
and biotin labeled to tag surface (eg, Nav1.5, Glut4) but not
cytoplasmic proteins (eg, GSK3p). Biotin-labeled proteins were
captured by using an avidin column and subjected to immuno-
blotting. SGK1-CA expression increased surface expression of
Nav1.5. *P<0.05, n=3 independent experiments. B, Total heart
lysates from WT (sham-operated), TAC-HF, or unoperated
SGK1-CA mice were immunoprecipitated with a pan-Na*-
channel antibody (SP-19). Immunoblotting with antibodies to
Nav1.5 or Nedd4-2 showed a decrease in Nedd4-2 binding in
TAC-HF and SGK1-CA hearts. C, Cardiac lysates from
SGK1-DN transgenic or WT mice subjected to TAC or sham
operation were immunoprecipitated with SP-19 and immuno-
blotted with the antibody-specific Nav1.5 or Nedd4-2 (bottom).
The decrease in Nedd4-2 binding to Nav1.5 seen in failing WT
hearts is completely prevented in SGK1-DN hearts after TAC. D,
SGK1 directly associates with Nav1.5. Sodium channel was
immunoprecipitated from heart lysates by using SP-19 or con-
trol IgG antibody-coupled columns and subjected to immuno-
blotting as labeled. Figures are representative of 3 independent
experiments. WT indicates wild type; SGK1, serum- and
glucocorticoid-regulated kinase-1; DN, dominant negative; CA,
constitutively active; TAC, transverse aortic constriction; and
TAC-HF, TAC-induced heart failure.

SGK1-DN preserved Nedd4-2 binding to Na channels after
TAC (Figure 7C). Thus, SGK1 activation appears both
necessary and sufficient for the alterations in Nedd4-2 bind-
ing to Nav1.5 seen after TAC- HF.

It seems likely that the observed alterations in Nedd4-2
binding and surface-available Na channel contribute to over-
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all increases in /y, but not the observed changes in channel
gating and kinetics. To investigate other possible contributing
mechanisms, we next examined whether SGK1 physically
interacts with Nav1.5 protein. Immunoprecipitation experi-
ments demonstrated that endogenous SGK1 protein binds the
Na channel (Figure 7D). Because isoform-specific Na chan-
nel antibodies for immunoprecipitation are not available, it is
possible that SGK1 binds not only Navl.5, but also less
abundant channel isoforms present in the heart. This physical
association raised the possibility that SGK1 could phosphor-
ylate Nav1.5. To begin to explore this possibility, we deter-
mined the SGK1 consensus target sequence by using a
peptide library.?s The preferred phosphorylation target se-
quence for SGKI1 is similar to that for Akt (RKRRnS/T) but
differs in the secondary amino acids (online-only Data
Supplement Figure IXC). Using the newly defined target
motif in ScanSite, we identified 2 consensus sites in SCN5a
(S483 and S664, both in the DI-II linker, which have been
previously noted'') and an additional novel but weaker
consensus site (S1590) in the D4/S3 region (online-only Data
Supplement Figure IXD). ‘

Overall, our data support the model that SGKI is both
necessary and sufficient for changes seen in Na-channel-
Nedd4-2 binding and trafficking in TAC-HF. In addition,
SGKI1 directly associates with the sodium channel, which
harbors multiple consensus target sequences for SGK1 phos-
phorylation. Cumulatively, these biochemical changes are
likely to account for the electrophysiological alterations
observed in SGK1-CA cardiomyocytes and mice. Determin-
ing the specific functional contributions of these protein—
protein interactions, and the putative SGK1 phosphorylation
sites, as well, will be of interest for future studies.

Discussion

Heart failure and the ventricular arrhythmias that can accom-
pany it are growing causes of morbidity and mortality around
the world.3s Acute activation of proximal phosphatidylinosi-
tol 3-kinase signaling has beneficial effects on cardiomyocyte
survival and function*>37 but is paradoxically increased in
heart failure and diabetes,” raising the possibility that chronic
activation of these initially compensatory pathways may
become maladaptive. In this context, we investigated the role
of SGKI1, a serine-threonine kinase that we had previously
shown is activated early in pressure overload and acutely
promotes cardiomyocyte survival.> We found that SGKI
phosphorylation is also increased in animal models of chronic
heart failure and human dilated cardiomyopathy. In contrast,
SGK1 was not altered in exercise-induced physiological
hypertrophy.

TG mice with constitutive cardiac activation of SGK1
spontaneously developed several hallmarks of adverse ven-
tricular remodeling including systolic and diastolic dysfunc-
tion, as well as susceptibility to ventricular arrhythmias. The
proarrhythmic effects of SGKI1 activation were linked to
biochemical and functional changes in the cardiac sodium
channel that culminated in action potential prolongation and
after-depolarizations, as well as an increase in I, . APD
prolongation and after-depolarizations were completely nor-
malized by treatment with ranolazine at doses that block late
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but not peak Iy, Finally, SGK1-CA mice treated with
ranolazine in vivo not only showed decreased ECG abnor-
malities and susceptibility to ventricular arrhythmias, but also
had better cardiac function, suggesting that altered sodium
flux, specifically increased Iy, , is an important contributor to
both the electric and mechanical phenotypes seen with
chronic SGK1 activation in the heart. Consistent with this
hypothesis, human SCNS5a mutations can cause not only
arrhythmia, but also cardiomyopathy.?>38 However, it seems
likely that other SGK1 targets also contribute to cardiac
dysfunction and fibrosis. The genetic models described in this
work should provide useful platforms for identification of
such pathways and dissecting their functional contributions to
the phenotypes observed.

We also found that SGK1 activation led to biochemical
changes in the sodium channel that recapitulated changes
seen in TAC-induced heart failure and included reduced
association with the ubiquitin ligase, Nedd4-2, and altered
channel trafficking resulting in an increase of surface-
available Navl.5. Conversely, inhibition of SGK1 in the
SGKI1-DN mice blocked the biochemical changes in Nav1.5
after TAC-HF, supporting the specificity of these findings
and suggesting SGK1 is also necessary for at least some
aspects of electric remodeling. SGK1 bound Navl.5, and
peptide mapping identified several candidate SGK1 targets in
the sodium channel. Intriguingly, one of these is in a region
important in channel inactivation gating?? and adjacent to a
site mutated (D1595H in the Domain IV/S3 region) in a
cardiomyopathy syndrome associated with arrhythmias.?238
Testing the functional role of these putative phosphorylation
sites will be of interest for future studies.

Taken together, the current study underscores the impor-
tance of SGKI1 in both cardiac dysfunction and arrhythmia.
Other kinases are also important modulators of Navl.5,
including protein kinase A, protein kinase C,*® and calcium
calmodulin-dependent kinase II,4142 and, thus, the inhibition
SGK1 alone may not fully protect against these phenotypes.
Nevertheless, our genetic data suggest that inhibition of
SGK1 warrants further investigation as a therapeutic target in
these settings, in particular, given the success of therapeuti-
cally targeting kinases on other settings.
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CLINICAL PERSPECTIVE

Patients with heart failure have an increased risk of ventricular arrhythmias and sudden cardiac death. Heart failure is
associated with changes in the electrical properties of the heart that form the triggers and substrate for ventricular
arrhythmias. Available antiarrhythmic drugs have not shown any clinical benefit in patients with heart failure and have
significant proarrhythmic side effects. To gain a better understanding of mechanisms that underlie the electrical changes
in heart failure, we focused on the serum- and glucocorticoid-regulated kinase-1 (SGK1), a component of the cardiac
phosphatidylinositol 3-kinase signaling pathway that is activated in heart failure. Our results demonstrated that activation
of SGK1 in the heart increased mortality, cardiac dysfunction, and ventricular arrhythmias. The proarrhythmic effects of
SGK1 were linked to biochemical and functional changes in the cardiac sodium channel and could be reversed by treatment
with ranolazine, a blocker of the late sodium current. Conversely, inhibition of SGK1 in the heart protected against fibrosis,
heart failure, and sodium channel alterations after hemodynamic stress. Our studies highlight the importance of sodium flux
in the pathogenesis of arrhythmia in heart failure and raise the possibility that drugs that block the late sodium current could
be useful in this setting. Moreover, these results identify SGK1 as a novel kinase target for treatment of both arrhythmia
and cardiac dysfunction. The potential clinical importance of this observation is underscored by the therapeutic success of
kinase inhibitors in other disease processes.
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Subcellular Structures and Function of Myocytes Impaired
During Heart Failure Are Restored by Cardiac
Resynchronization Therapy

Frank B. Sachse,* Natalia S. Torres,* Eleonora Savio-Galimberti, Takeshi Aiba, David A. Kass,
Gordon F. Tomaselli, John H. Bridge

Rationale: Cardiac resynchronization therapy (CRT) is an established treatment for patients with chronic heart
failure. However, CRT-associated structural and functional remodeling at cellular and subcellular levels is only
partly understood.

Objective: To investigate the effects of CRT on subcellular structures and protein distributions associated with
excitation-contraction coupling of ventricular cardiomyocytes.

Methods and Results: Our studies revealed remodeling of the transverse tubular system (t-system) and the
spatial association of ryanodine receptor (RyR) clusters in a canine model of dyssynchronous heart failure (DHF).
We did not find this remodeling in a synchronous heart failure model based on atrial tachypacing. Remodeling
in DHF ranged from minor alterations in anterior left ventricular myocytes to nearly complete loss of the
t-system and dissociation of RyRs from sarcolemmal structures in lateral cells. After CRT, we found a
remarkable and almost complete reverse remodeling of these structures despite persistent left ventricular
dysfunction. Studies of whole-cell Ca>* transients showed that the structural remodeling and restoration were
accompanied with remodeling and restoration of Ca®>* signaling.

Conclusions: DHF is associated with regional remodeling of the t-system. Myocytes undergo substantial
structural and functional restoration after only 3 weeks of CRT. The finding suggests that t-system status can
provide an early marker of the success of this therapy. The results could also guide us to an understanding of the
loss and remodeling of proteins associated with the t-system. The steep relationship between free Ca** and
contraction suggests that some restoration of Ca®* release units will have a disproportionately large effect on
contractility. (Circ Res. 2012;110:588-597.)

Key Words: dyssynchronous heart failure w cardiac resynchronization therapy m cellular remodeling
m excitation-contraction coupling m transverse tubular system

nous activation is an independent predictor of both total
mortality and sudden cardiac death in HF patients.? Simulta-
neous pacing of the right and left ventricles, a procedure
called cardiac resynchronization therapy (CRT), is a major

Heart failure (HF) is associated with a grim prognosis. For
patients with moderate or severe symptoms annual
mortality can be as high as 30—-60%, despite pharmacological
treatment. ' Initial remodeling of structure, metabolism, and

electrophysiology probably compensates for defects pro-
duced by HF. These changes are ultimately maladaptive and
may be associated with progression of the HF phenotype,
arrhythmias, and sudden cardiac death. It has been estimated
that ~40% of patients with HF have conduction delays
associated with dyssynchronous electric activation and me-
chanical contraction of the left ventricle. This dyssynchro-

advance in the treatment of patients with moderate to severe
chronic HF (New York Heart Association class III or IV).
CRT alleviates the marked regional heterogeneity of ventric-
ular function and mechanical loading. CRT reduces symp-
toms and mortality in about 70% of patients who exhibit
resynchronization of mechanical contraction.'> However,
exactly what causes improvements in heart function resulting
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from CRT and what subcellular mechanism(s) underlie this
therapy are only poorly understood. It is even less clear why
a significant number of patients do not benefit from CRT.

There is an extensive literature addressing the subcellular
structural alterations in HF,*-% with some variability in
structural and functional remodeling in differing forms of
experimental and human HF. Some of the more consistent
cellular features of HF are prolongation of action potential
duration, impaired contraction, and impaired Ca** homeosta-
sis with heterogeneous alterations in the amplitudes and
kinetics of Ca®>" transients. The functional remodeling is
associated with alterations in the mRNA and protein expres-
sion and posttranslational modification of a number of pro-
teins involved in Ca®>" signaling underlying excitation-
contraction (EC) coupling.®-!!

We used a canine pacing tachycardia model to study
consequences and mechanisms of dyssynchronous heart fail-
ure (DHF) and CRT. In this model of DHF produced by left
bundle-branch ablation and rapid right atrial pacing, we
characterized the electrical and hemodynamic remodeling as
well as changes in intracellular Ca*™ transients and a variety
of channel and transporter proteins.'!'2 We demonstrated
that DHF causes dyssynchronous anterior-septal and lat-
eral strain'? as well as dyssynchronous septal and lateral
strain rates.'® Recently, we reported DHF associated
changes in the regional cardiac transcriptome primarily of
the left anterior wall.!s Some of these alterations are to
some extent reversed by CRT, which also reduces regional
heterogeneity of gene expression and dyssynchrony of
strains and strain rates.

Remarkably, little is known about the reorganization of
subcellular structures and protein distributions associated
with EC coupling during DHF and after CRT. The transverse
tubular system (t-system) is a crucially important subcellular
structure for efficient EC coupling.'6-'8 In ventricular cardio-
myocytes, this system consists of membrane invaginations,
which are essential for rapid transmission of electric signals
from the outer sarcolemma into the cell interior. The t-system
extends in close proximity to the sarcoplasmic reticulum,
which allows their membrane proteins to form multimolecu-
lar complexes including L-type Ca®* channels in the sarco-
lemma and ryanodine receptors (RyRs) in the membrane of
the sarcoplasmic reticulum apposed to the t-tubules. These
complexes are called couplons.!®20 Alterations of the
t-system and the associated proteins unquestionably underlie
many of the defects produced by HF.818 Three-dimensional
microscopic imaging and image analysis are essential to fully
understand the nature of structural remodeling of the
t-system, as this cannot be assessed in 2-dimensional im-
ages.?! In particular, the changes in density and orientation of
subcellular structures can only be appreciated in 3D recon-
structions. In addition, 3D imaging allows one to obtain a
detailed understanding of any restoration of such structures as
a result of CRT. We investigated for the first time an initial
remodeling of t-tubules and RyR clusters as a result of DHF
and a remarkable and almost complete reverse remodeling
of these structures after CRT despite the persistence of left
ventricular dysfunction. Studies of whole-cell Ca®”* tran-
sients revealed that both structural remodeling and resto-
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Non-standard Abbreviations and Acronyms

CRT cardiac resynchronization therapy
DHF dyssynchronous heart failure
RyR ryanodine receptor

TP time to peak

t-system transverse tubular system
WGA wheat germ agglutinin

ration were accompanied by remodeling and restoration of
Ca** signaling. Our findings of substantial restoration of
structure and function after only 3 weeks of CRT suggest
that the t-system can provide an early marker of the
success of this therapy.

Methods

HF and CRT Models

The animal models of DHF and CRT have been described previ-
ously.132223 In brief, adult male mongrel dogs were used as control
and DHF and CRT models. DHF animals underwent right atrial
pacing (200 bpm) for 6 weeks after radiofrequency ablation of the
left bundle-branch. CRT animals underwent left bundle-branch
radiofrequency ablation and 3 weeks of right atrial pacing followed
by 3 weeks of resynchronization by biventricular pacing at the same
pacing rate. We also studied animals without left bundle-branch
ablation who underwent 6 weeks of right atrial pacing also at 200
bpm (A6) to generate a model of synchronous HF. Hemodynamic
data were measured that characterize control, DHF, CRT, and A6
animals. The data confirm that the paced animals in all groups
develop HF and with the most depressed maximal upstroke of the
left ventricular blood pressure (dP/dt,,.) in the DHF animals
(Online Table I). Myocytes were isolated enzymatically from the
anterior and lateral mid myocardium of the left ventricle. We used
cells from 10 control, 8 A6, 7 DHF, and 11 CRT animals (Online
Table II).

Labeling and Imaging of Sarcelemma and RyRs
Cells were labeled using wheat germ agglutinin (WGA) conjugated
to Alexa Fluo-555 and monoclonal anti-RyR2 antibody with a
secondary goat anti-mouse IgG (H+L) antibody attached to Alexa
Fluor 488 (further detail in the online-only Data Supplement).
Three-dimensional image stacks of labeled cells immersed in glyc-
erol were acquired, using a confocal microscope (LSM 5 Live Duo,
Carl Zeiss, Jena, Germany) equipped with a 63X oil immersion lens
(Numeric aperture, 1.4). The imaging configuration is shown in
Online Figure I. Details regarding our imaging protocol are provided
in the online-only Data Supplement. Online Table II presents the
number of cells and animals that were applied for reconstruction,
analysis, and visualization.

Reconstruction of Sarcolemma and RyR Clusters

The preprocessing of confocal microscopic images is described in
the online-only Data Supplement. The sarcolemma was detected
by thresholding of the WGA image stacks followed by median
filtering.?* The threshold was calculated from image statistics and
set to mode+SD. Image stacks were segmented in outer sar-
colemmal, t-system, and intracellular and extracellular regions by
morphological operators.25 Euclidean distance maps were calcu-
lated from the sarcolemmal regions. RyR clusters were extracted by
maxima search and region-growing methods from the image stacks of
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anti-RyR2 antibody-labeled myocytes. The threshold was set to
mode+4 SD. Centers of RyR clusters were identified by the centers of
mass of segmented regions. Density (number of clusters per unit
volume) and distances between RyR cluster centers were calculated to
quantify the spatial distribution of RyR clusters. Distances of RyR
clusters to the sarcolemma (including t-system) were determined from
probing the distance maps at cluster centers.

Measurement and Analysis of Ca** Transients
Whole-cell Ca®* transients were measured and analyzed as de-
scribed by us previously.!t1225 Myocytes from the lateral left
- ventricle were incubated with the Ca?* indicator Indo-1-AM (Mo-
lecular Probes, Eugene, OR). Measurements were performed at
37°C, using 1-Hz field stimulation. The indicator was excited at a
wavelength of 365 nm. Emitted light at 405 and 495 nm was
collected with an inverted microscope (Ellipse TE2001, Nikon)
equipped with an image/fluorescence system (MyoCam, IonOptix,
MA). Signals were digitized and stored for subsequent analysis. The
ratio of fluorescence at 405 and 495 nm (F405/485) was calculated after
subtraction of cellular autofluorescence. The decay of the Ca** transients
(tau) was determined by fitting a single exponential to the ratioed fluores-
cence. Each experimental group included cells from at least 3 animals.

Statistical Analysis

All statistical analyses of the image stacks were performed with
Matlab 7.9. Density of RyR clusters, distances of RyR clusters to the
sarcolemma, and RyR-nearest-neighbor distances are presented as
mean+SD. Significance of was determined by a 2-tailed Student ¢
test, using a 5% significance level.

Results

Spatial Organization of T-Tubules and RyRs in
Canine Ventricular Myocytes

We first studied control canine cells isolated from both the
anterior and lateral walls of the left ventricle. The sarco-
lemma, including t-tubules, and RyRs were labeled with
WGA conjugate and monoclonal antibodies, respectively. We
obtained image stacks of myocyte segments (Online Figure
I). Figure 1 displays the arrangement of t-tubules and RyR
clusters in a segment of a myocyte isolated from the lateral
wall of the left ventricle. T-tubules are arrayed regularly and

Figure 1. Imaging and recon-
struction of cardiac myo-
cytes from lateral left ventri-
cle of normal canine.
Confocal microscopic images
of A, sarcolemma labeled with
WGA, and B, antibody labeled
RyRs. C and D, Deconvolved
images zooming into marked
regions in A and B. WGA is
shown in blue, RyRs in red.
E, Overlay of images showing
regular arrangement of
t-system and RyR clusters.
Three-dimensional reconstruc-
tion of WGA distribution and
centers of RyR clusters, F,
horizontal section shown from
above; G, vertical section
(shown laterally). Scale bar:

5 pm.

appear in the vicinity of the z-disks as transverse rows (Figure
1A and 1C) in the y-axis. RyRs are clearly registered in the
y-axis (Figure 1B and 1D), similarly to the t-tubules. This
becomes clear in the overlay of WGA and RyR images
(Figure 1E), where many RyR clusters appear colocalized
with t-tubules and presumably form couplons. The image
indicates that a significant number of RyR clusters are not
associated with t-tubules. This is clearer in Figure 1F and 1G,
which display 3D reconstructions of RyRs and t-tubules in
the myocyte segment. The t-tubules and RyRs tend to form
sheets in the vicinity of the z disks. Reconstructions of
t-tubules and RyR clusters in control anterior cells displayed
similar features (Online Figure II).

A detailed analysis of the 3D reconstructions from anterior
and lateral ventricular cells (Figure 2) revealed distances
between centers of RyR clusters and the sarcolemma that are
similar in both cell types (0.44+0.51 um and 0.41£0.49 pum,
respectively). Also, a nearest-neighbor analysis of RyRs did
not show significant differences in anterior and lateral cells
(0.62+0.37 um versus 0.63x0.38 pm). We used Fourier
analysis to characterize the spatial distribution of t-tubules
and RyRs in 3D. The analysis was constrained to spatial
frequencies corresponding to spatial periodicities of z-disks
(2.0+0.5 um). Intensity histograms were calculated in sec-
tors with an opening angle of 10° (Online Figure III). Maxima
in the Fourier histogram from RyRs and WGA images appear
at the sectors to 90° (Figure 2C and 2D), which indicates
regular arrangement of the labeled structures along the y-axis.
A local maximum in the WGA Fourier histogram at 0-10°
indicates regular arrangement of the t-tubules along the x-axis.
The Fourier histograms are almost identical in both anterior and
lateral cells.

Characterization of T-Tubules and RyRs in

A6 Myocytes :

We analyzed A6 cells using the same methods as applied to
control cells. Reconstructions of t-tubules and RyR clusters in
A6 cells displayed features similar to control cells (Online
Figure IV). Differences of the RyR cluster-sarcolemma distance
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between anterior and lateral cells were not significant
(0.45%£0.49 pum and 0.41+0.47 wm, respectively). Similarly,
differences of the nearest neighbor distance of RyR clusters in
both cell types were not significant (0.64+0.40 pm and
0.64£0.40 um, respectively). Control and A6 lateral cells
exhibited insignificant differences for the RyR cluster density
(0.44%0.08/um> versus 0.500.06/um?).

Remodeling of T-Tubules and RyR Distributions
in Myocytes After DHF

We studied the alterations in distribution of t-tubules and
RyRs in isolated left ventricular cells taken from dog
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hearts 6 weeks after left bundle-branch ablation and rapid
atrial pacing. Using this protocol, the hearts had exhibited
severe systolic dysfunction and the animals were in HF.
We examined cells from both the lateral and anterior
ventricular walls. Anterior cells from DHF ventricles did
not show striking alterations when they were visually
compared with control cells. This is apparent in the
deconvolved images and reconstructions displayed in Fig-
ure 3A. However, in lateral ventricular cells, it is imme-
diately apparent that the t-tubular system was dramatically
remodeled. A striking example is presented in Figure 3B.
The t-system is sparse centrally. T-tubules in the cell
periphery exhibit longitudinal components. Furthermore,
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Figure 3. Characterization of cardiac myocytes from left ventricle of DHF canine. Deconvolved confocal microscopic images and
3D reconstructions of segment of A, anterior, and B and C, lateral cells. Lateral cells exhibit structural alterations, in particular, sparse-
ness and increased longitudinal components of the t-system, and reduced alignment of RyR clusters. Histogram of D, distances

between RyR clusters and the closest sarcolemma, and E, distances of RyR clusters to their nearest neighbor. Fourier intensities of F,

WGA, and G, RyR-labeled image stacks.
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the cell shows a loss of alignment of RyRs. A less extreme
case of t-tubule remodeling is shown in Figure 3C. These
consequences of DHF are apparent in the 2D optical slices,
the 3D reconstructions viewed from above the myocyte,
and along the major axis of the myocyte. An effect of
t-system remodeling in DHF is that the majority of RyRs
are not associated with sarcolemmal structures. In compar-
ison to control and A6, distances between RyR clusters and
the nearest sarcolemma increased significantly in DHF
lateral cells (0.66=0.72 wm) but not in anterior cells
(0.48£0.58 um) (Figure 3D). The nearest-neighbor distance
of RyR clusters showed little change between anterior and lateral
cells (0.63£0.38 um and 0.59*0.35 um, respectively) and
" when compared with control and A6 cells (Figure 3E versus
Figure 2B and Online Figure IV, D). ,

Again we used Fourier analysis to characterize the spatial
distribution of t-tubules and RyRs from anterior and lateral
DHF cells (Figure 3F and 3G). Maxima in the Fourier
histogram from WGA images appear for sectors at 0—~10° and
90-100° for both cell types (Figure 3F). In comparison to
normal cells (Figure 2C), the maximum indicating regular

. arrangement of the t-tubules along the y-axis is reduced. The
Fourier histograms from RyR images indicate that the ar-
rangement of RyR clusters is similar in normal and DHF cells
of both types (Figure 3G versus Figure 2D). This type of
analysis allowed us to describe changes in the distribution of
RyRs and t-tubules in both DHF cells and after these cells
have been subject to CRT.

0 20 40 60 80 100120140160
Angle [7]

Partial Restoration of T-Tubules and RyR
Distributions After CRT

We investigated the spatial distributions of t-tubules and
RyRs in myocytes after they had been paced to induce
DHF for 3 weeks and were then subject to rapid pacing
CRT for 3 weeks. The effects on these structures were not
distributed uniformly throughout the heart. First, because
DHF produces relatively small effects in anterior cells, it is
perhaps not surprising to find that there was little effect of
CRT on these cell types. This is clear from Figure 4A.
However, there was a remarkable reverse structural remod-
eling of t-tubules after CRT in lateral cells. This is obvious
from visual inspection of Figure 4B and is particularly
apparent in the 3D reconstruction of the cell segment
viewed from the z-direction (middle panel) and y-direction
(right panel). RyR-nearest sarcolemma distances were
0.40%+0.50 wm and 0.48*0.57 pm for anterior and lateral
cells, respectively. Our measurements of RyR-nearest
sarcolemma distances (Figure 4C versus Figure 3D) indi-
cate that the t-system is not completely restored, but the
remodeling is striking, with t-tubules assuming a more
normal distribution, that is, resembling controls. Some
longitudinal components of the t-system remain, but these
are reduced. CRT did not affect the nearest-neighbor
distance of RyR clusters in anterior and lateral cells
(0.59+0.35 um and 0.61*=0.36 um, respectively) (Figure
4D), which was also not altered in DHF in both cell types.
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Maxima in the Fourier histogram from WGA images
appear at similar sectors for images from CRT and DHF
cells (Figure 4E). Also, the Fourier histograms from RyR
images indicate that the arrangement of RyR clusters is
similar in CRT and DHF cells of both types (Figure 4F
versus Figure 3G).

Quantitative Analysis of the Effects of DHF and
CRT on Subcellular Structure

A summary and statistical analysis of the results are
presented in Figure 5. A striking marker of t-system
remodeling is the RyR-sarcolemma distance (Figure 5A).
In lateral myocytes, a significant increase is associated
with DHF, which was substantially restored by CRT.
Compared with control, neither DHF nor CRT caused
alterations of the nearest-neighbor distance (Figure 5B).
Differences of the density of RyR clusters were not
significant for control versus DHF as well as A6 versus
CRT (Figure 5C). The spatial arrangement of the t-system
and RyR was characterized by the ratio of intensities
associated with the longitudinal axis of cells to the overall
intensities in the WGA and RyR image stacks, respec-
tively. In comparison to control and A6, DHF was associ-
ated with a reduced longitudinal intensity ratio of WGA
signals in both lateral and anterior cells (Figure 5D). This
reduction indicates a less regular longitudinal spacing of
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DHF  CRY

Figure 5. Structural characterization of con-
trol, DHF, and CRT cells. A, Distances of RyR
clusters to closest sarcolemma. B, Nearest-
neighbor distances of RyR cluster centers. C,
Density of RyR clusters. The t-system and RyR
arrangement were characterized in D, WGA,
and E, RyR image stacks, respectively, by the
normalized magnitudes of longitudinal fre-
quency. 1P<0.05 versus control, *P<0.05 ver-
sus AB, #P<0.05 versus DHF. Color coding as
in Figure 4.

the t-system in DHF. After CRT, the longitudinal intensity
ratio was partially restored in lateral and anterior cells.
However, in comparison to control, the longitudinal inten-
sity ratio remained at reduced levels after CRT. DHF was
associated with a slightly reduced longitudinal intensity
ratio of RyR signals in anterior cells but not in lateral cells
(Figure 5E). CRT cells exhibited a significant albeit small
reduction of longitudinal intensity ratios of RyR signals in
both cell types versus control. The differences between
DHF and CRT cells were not significant, indicating that
CRT was not able to restore the spatial arrangement of
RyR clusters.

Analysis of Effects of DHF and CRT on

Ca®* Transients

Because we observed significant disorganization of structures
associated with EC coupling in DHF, we expected reduced
Ca®" transients in the cardiomyocytes in which we found
structural disorganization. We measured Ca®" transients in
the presence and absence of B-adrenergic stimulation with
isoproterenol, which among other things increases the peak
and time to peak of transients (Figure 6A). There was, as
expected, a reduction of the Ca>" transient peak (Figure 6B),
increased time to peak (TTP) (Figure 6C), and slowed Ca**
extrusion (Figure 6D and 6E) as a result of DHF regardless of
whether or not cells were treated with isoproterenol. CRT
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Figure 6. Characterization of Ca** transients in control, DHF, and CRT cells from lateral left ventricle. Ca?* transients were
evoked by field stimulation and measured by indo-1 fluorescence. A, Representative ratioed fluorescent signals at baseline and after
application of isoproterenol. Analyses of these signals yielded B, peak amplitudes; C, time to peak (TTP); D, the time constant (tau) of
the Ca®* transient decay; and E, the time to 50% decay. DHF cells exhibit slowed and attenuated Ca2* transients, which are normal-
ized by CRT. 1P<0.05 versus control, #°<0.05 versus DHF, *P<0.05 versus baseline. n, Number of cells.

restored the peak transient and TTP to values similar to those
observed for control. Also, Ca®" extrusion in CRT cells in the
absence of B-adrenergic stimulation was accelerated versus
DHF cells but not significantly different compared with
control cells. This is consistent with the restoration of
structure that we observed. Notably, our analysis revealed
some differences between control and CRT cells in the
presence of B-adrenergic stimulation. In the presence of
isoproterenol, Ca®>" extrusion in CRT cells was slowed versus
control. Also, CRT cells did not show a significant adrenergic
response for the measures of Ca*" extrusion.

Discussion

Despite the success of CRT in clinical treatment of patients
with HF and cardiac dyssynchrony,!? little is known about
restoration of subcellular structures and functions related to
EC coupling. Fluorescent labeling, 3D confocal microscopy,
and image analysis provide a quantitative way of describing
subcellular structures, their remodeling, and restoration. Us-
ing this approach, we demonstrated for the first time substan-
tial remodeling of the t-system as a deleterious consequence
of DHF and subsequent structural restoration of the t-system
that result from CRT. In addition, we characterized the
location of specific effects of DHF-associated structural
remodeling of the t-system and its relationship to RyR
clusters. Remodeling of t-tubules in DHF ranged from minor
alterations in anterior left ventricular cells to nearly complete
depletion in lateral cells. Our analyses did not reveal remod-
eling of the t-system by atrial tachypacing, indicating that
remodeling in DHF is a consequence of cardiac dyssynchrony
and its regional effects.

Ca®" transients of cardiac myocytes are attenuated and
Ca®* extrusion is slowed in various models of HF, including
our DHF model. We demonstrated previously that these

alterations were particularly prominent in cells isolated from
the lateral wall and that these features of Ca* transients were
partially restored after CRT with more pronounced improve-
ment in lateral cells.!! We showed an increase of TTP for
lateral DHF cells and restoration of TTP after CRT to control
values. This restoration of Ca®* transients is difficult to
explain by changes of expression levels of proteins involved
in Ca®" signaling and their RNA messenger levels. Ca,1.2
expression and messenger levels were not altered in DHF and
after CRT."' RyR2 and SERCAZ2 levels declined in DHF and
were not restored by CRT. A number of studies have
demonstrated the depletion of the t-system in HF,4-7 ische-
mia,? and cell culture.?’28 Studies on cultured ovine myo-
cytes demonstrated that as a result of t-tubular loss sparks are
less synchronized.2® This would significantly reduce the
efficiency of EC coupling by among other things producing
reduced and inhomogeneous Ca®" transients. Because
t-tubules and the associated RyR clusters are essential for
normal EC coupling and Ca®" transients are partially restored
by CRT, we hypothesized that CRT would produce a resto-
ration of the structure of the t-system and its relationship to
RyRs. We suggest that the restoration revealed by our study
can in part account for the restoration of Ca®>* transients that
were observed as a result of CRT and are clearly essential for
the restoration of function that is known to occur as a result
of CRT.

In agreement with our results, several authors have dem-
onstrated a loss or remodeling of t-tubules in HF. This is
apparent in failing human heart?®?® and has also been
observed in other species, for example, in a murine model
of myocardial infarction—induced congestive HF,3° a rat
model of aortic-banding—induced failure,” and a canine
model based on tachypacing from an epicardial left ven-
tricular site.*5 An exception appears in the results obtained
by Ohler et al,® who did not observe statistically significant
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loss of t-tubular surface area or volume in a study on a
small number of failing human hearts with diverse condi-
tions (2 hearts with dilated cardiomyopathy, 1 heart will
familial cardiomyopathy, and 1 heart with ischemic car-
diomyopathy). It is unclear what explains this exception or
if the studied hearts exhibited electric or mechanical
dyssynchrony. However, it is clear from a number of
studies?8:30.31 that Ca>" release appears to be delayed or
asynchronous in cells from hearts progressing to or in
failure. This is particularly apparent in the studies of
Litwin et al®' on myocytes from infarcted hearts. These
authors observed highly asynchronous sparks and in the
absence of structural studies this finding remains unex-
plained. In those cases in which asynchrony is associated
with t-tubular loss, it probably is due to spatially inhomo-
geneous release of Ca?*. Eventually, Ca?* from couplons
will spread to regions where release does not occur. This
will amplify any asynchronous release of Ca®>" from
couplons. Even if couplons are activated in "a highly
synchronous fashion, with missing release sites inhomo-
geneity of Ca®* release from couplons will lead to the
asynchronous appearance of Ca* in the cytosol. Inhomo-
geneous and/or asynchronous Ca®" release in cells with
reduced and/or disorganized t-tubules will reduce the cell’s
ability to shorten. In regions where sarcomeres are first
exposed to Ca®*, they will shorten. If they are in series
with other sarcomeres that have not been exposed to Ca**
because its appearance is delayed, the activated sarcomeres
will shorten against the compliance of sarcomeres, which
have not been activated. This will continue until either
shortening of activated sarcomeres is complete or inacti-
vated sarcomeres start to activate. This will have a
tendency to reduce cellular shortening particularly if the
effect is extensive. Gao et al32 reported that cardiac force
generation in intact ventricular tissue has an extremely
steep dependence on Ca®* with a Hill coefficient of 4.87.
This steep relationship has been suggested to amplify
effects of inhomogeneous Ca*>" delivery on cell shortening.?
Indeed, Song et al33 point out that at —30 mV, when local Ca**
release events are asynchronous, cell shortening is barely detect-
able. This can explain the dramatic weakening of contraction
that results from HF. Any mechanism that restores t-tubules will
add homogeneity to cytosolic Ca®* increases and has a dispro-
portionately large effect on the restoration of shortening. Again,
this is because the relationship between contractility and Ca** is
steep. Thus a relatively modest restoration of t-tubules and
release sites could have a pronounced effect on contractility. We
assume that this is one reason for the efficacy of CRT.
Although we can clearly document depletion and disorga-
nization of the t-system and, to a lesser extent, RyR clusters
in DHF as well as their reorganization on CRT, the mecha-
nisms underlying these alterations remain unclear. It is known
that gene expression changes during HF,34 and this change is
to some extent restored during CRT.!> Although the studies
indicated that transcriptional alterations were particularly
apparent in anterior cells, it is the late-activated lateral wall
that undergoes the greatest stress in DHF and a major stress
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reduction during CRT via biventricular pacing. Changes in
stress could in principle activate sarcolemmal stretch-acti-
vated jon channels and provide a signal, for example Ca®",
that precipitates a cascade of events leading either to remod-
eling or restoration of the structures that we have studied. A
similar effect could occur at the nuclear envelope, and it will
be of interest to determine whether deformation of the
nucleus by for example stretch precipitates ion fluxes (eg,
Ca®") that could function as signals that ultimately lead to
changes in genomic expression responsible for remodeling.
An alternative possibility is that alterations in mechanical
stress during DHF directly affect the structure of t-tubules
and in turn directly influence the maintenance of t-system
organization. This alternative is supported by studies demon-
strating marked differences in strain profiles in DHF!!-13 and
transmission of cellular strain to the t-system in ventricular
myocytes.?> Alterations of tissue strain (or stress) can be
expected also in other models of HF, for instance, infarction
and left ventricular tachypacing models, with demonstrated
t-system remodeling.

We suggest that t-system restoration can serve as a
complementary marker of CRT success. Assessment of
CRT success will become even more important in the
future as recommendations for CRT applications are ex-
tended for New York Heart Association classes I and IL.36
Because not all HF patients respond to CRT, an early
marker of the benefit of CRT may inform decisions
regarding continued pacing or alternative therapeutic strat-
egies. By applying the labeling and imaging approaches that
we described to cardiac biopsies, it should be possible to
rapidly assess the efficacy of CRT.2!37 Also, recently devel-
oped fiberoptic confocal microscopy in conjunction with
established catheter technology may provide information on
t-system organization of myocytes in situ.?® However, limi-
tations of this approach are associated with its invasiveness,
and the effort needed, in particular, in comparison to estab-
lished indices of resynchronization.

It should be recognized that in the model of CRT that we
used mechanical synchrony is restored; however,
tachycardia pacing is continued to maintain HF. Thus, in
this study, t-system restoration does not coincide with the
restoration of hemodynamic function during CRT (Online
Table I). Hemodynamic function in CRT animals was in
many aspects similar to animals undergoing 6 weeks of
atrial tachypacing (A6). T-system restoration was apparent
after 3 weeks in CRT. The restoration of the t-system
architecture appears to be a marker of reduction in regional
heterogeneity in loading and stress in the left ventricle
rather than improvement in ventricular function per se. Our
data suggest that the exaggerated differences in regional
stresses have profound and direct effects on subcellular
structure of myocytes. Moreover, these subcellular
changes alter the spatial relationships of key components
of Ca®* signaling and are consistent with defects in Ca®"
transients observed in cells from DHF hearts. Remarkably,
even in the context of ongoing HF, the subcellular changes in
the high stress lateral wall of the left ventricle are reversible
with restoration of electric and mechanical synchrony pro-
duced by CRT. The reversal of the subcellular structural
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alterations not only contributes to improvement in Ca®*
homeostasis but might also arrest the progression in the HF
phenotype in patients that respond to CRT.
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Novelty and Significance

What Is Known?

¢ Cardiac resynchronization therapy (CRT) reduces symptoms and
mortality in patients affected by dyssynchronous heart failure
(DHF).

* DHF is caused by dyssynchronous electric and mechanical activation
of the left and right ventricle.

* Remodeling of electrophysiological properties, hemodynamics, and .
protein expression due to DHF is partially restored by CRT.

What New Information Does This Article Contribute?

* DHF is associated with structural remodeling of the transverse tubular
system (t-system) and its spatial relationship to ryanodine recep-
tor clusters in lateral left ventricular myocytes, which also
exhibited reduced and slowed calcium transients.

« After CRT, we found restoration of the t-system, its spatial relation-
ship to ryanodine receptor clusters, and the calcium transient.

» A heart failure model based on tachypacing did not exhibit significant
depletion and disorganization of the t-system, suggesting that
dyssynchrony underlies changes that we found in DHF.

This study was designed to investigate subcellular remodeling
underlying DHF and CRT in a large-animal model. We applied
scanning confocal microscopy to generate 3D reconstructions of
the t-system and ryanodine receptor clusters in segments of
isolated cells. Analyses of reconstructions of DHF cells revealed
regional depletion and disorganization of the t-system and
alterations of its spatial relationship to ryanodine receptor
clusters. These structures were restored by CRT. Structural
remodeling and restoration were accompanied with remodeling
and restoration of calcium transients. Our approach opens the
possibility of investigating the causes of remodeling of subcel-
lular structure after DHF and CRT, including changes in genome
expression and protein distributions as well as aiterations in
mechanical stress. Our findings suggest that the organization of
t-system can provide an early marker for the success of CRT.
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Induced pluripotent stem cell (iPSC) technology has great potential to establish novel therapeutic ap- -
proaches in regenerative medicine and disease analysis. Although cell therapy using iPSC-derived cells still
has many hurdles to overcome before clinical applications, disease analysis using patient-specific iPSCs may
be of practical use in the near future. There are several reports that patient-specific iPSC-derived cells have
recapitulated the apparent cellular phenotypes of a wide variety of diseases. Moreover, some studies revealed
that it could be possible to discover effective new drugs and to clarify disease pathogenesis by examination of
patient-specific iPSC-derived cells in vitro. We have recently reported that iPSCs can be a diagnostic tool in
a patient with a novel mutation. For definitive diagnosis in a patient with long QT syndrome whe had an un-
characterized genetic mutation, we succeeded in clarifying the patient’s cellular electrophysiologic character-
isties and the molecular mechanism underlying the disease phenotype through the multifaceted analyses of
patient-specific iPSC-derived cardiomyocytes. In this review, we focus on the conceptual and practical issues
in disease modeling using patient-specific iPSCs and discuss future directions in this research field.

Key words

1. INTRODUCTION

Induced pluripotent stem cells (iPSCs) are defined as artifi-
cial pluripotent stem cells that can be generated from somatic
cells by introducing reprogramming factors (e.g, OCT3/4,
SOX2, KLF4, c-MYC, NANOG, and LIN28).? The methodol-
ogy for generating iPSCs has markedly improved and now
integration-free iPSCs, without transgene insertion in the host
genome, can be obtained using several procedures.>” iPSCs
maintain the two essential stem cell characteristics of infinite
self-renewal capability and pluripotency, meaning that they
can give rise to all cell types of the three germ layers and
differentiate in a fashion similar to normal embryogenesis.®

One of the expectations of iPSCs is the generation of
human disease-specific pluripotent stem cells from patients.
Such iPSCs, refered to as patient-specific iPSCs, can dif-
ferentiate into any type of cell including a patient’s diseased
organ tissue, and the genetic information of patient-specific
iPSCs is identical to that of the patient.'” Therefore we can
directly and repetitively analyze diseased cells using patient-
specific iPSC-derived cells. Figure 1 shows the conceptual
scheme for the utilization of patient-specific iPSCs in clinical
practice. To date, many groups have reported that the apparent
cellular phenotypes of genetic disorders can be recapitulated
in patient-specific iPSC-derived cells in vitro (Table 1). Some
reports also involved drug screening using iPSCs, resulting in
the proposal of novel drug candidates.'"'® We have recently
reported that functional analyses of patient-specific iPSC-de-
rived cardiomyocytes elucidated the molecular mechanism of
the disease phenotype in a patient with undiagnosed sporadic
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long QT syndrome (LQTS).!? This paper reviews current top-
ics in disease modeling using patient-specific iPSCs and in-
troduces our study as an actual example in this research field.

2. GENERATION OF PATIENT-SPECIFIC iPSCs

Disease Selection Although any type of disease can theo-
retically be reproduced by patient-specific iPSC-derived cells,
in many diseases it appears difficult to recapitulate the pheno-
type using this technique because of problems related to both
the properties of iPSCs and the disease causality. First, the
differentiation efficiency of iPSCs into specific cells restricts
the category of disease.” In terms of the maturity of iPSC-
derived cells, it may be easier to to reproduce the phenotype
of disease occurring in younger individuals because of the
immaturity of iPSC-derived cells.”) Disease mainly caused
by the alteration of epigenetic status due to environmental
parameters is not suitable for modeling using iPSCs because
the cellular epigenetic information can be partly renewed dur-
ing the process of reprogramming.'®'” On the other hand, in
disease directly caused by a genetic aberration that is clearly
preserved in iPSCs, it is feasible to confirm whether patient-
specific iPSC-derived cells can reproduce diseased cellular
kinetics. In addition, apparent phenotypes can be determined
even at the single-cell level because of the difficulty in organ
formation from iPSCs."®

Considering those issues comprehensively, the first disease
to be analyzed using patient-specific iPSCs should be a mono-
genetic disorder with severe phenotypes diagnosed in infancy
and easily examined with simple methods at the single-cell
level. Most studies using patient-specific iPSCs focus on dis-
eases that satisfy such requirements. LQTS was selected by

© 2013 The Pharmaceutical Society of Japan
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Overview of Issues in Clinical Applications Using Patient-Specific iPSC Technology

This scheme shows the circle that is one model of patient-specific iPSC technology. The disease type was selected from among many conditions. Controls are often
first-degree relatives of patients. Somatic cells are obtained from the blood, skin, hair, or teeth and then reprogramming factors are introduced using various methods (e.g.,
plasmid, virus, or chemical compounds) and both patient-specific and control iPSCs are generated. If possible, isogenic control iPSCs could be generated through genetic
rescue by gene targeting. After evaluating the quality of iPSCs generated, they are differentiated into disease-relevant cells. Then both types of iPSC-derived cell are
characterized using various techniques (imaging, genomics, epigenomics, proteomics, metabolomics, efc.). Based on the results of pioneering studies, further examinations
such as high-throughput screening using large chemical libraries are planned through collaborations between academic research groups and pharmaceutical companies.
Expected results of studies on iPSCs are the development of novel therapeutic compounds, establishment of novel risk factors predicting the onset of disease and progno-

sis, and suggestions on appropriate lifestyles which can serve as feedback to patients.

our and other groups as a disease model using patient-specific
iPSCs. LQTS is an inherited life-threatening disease caused
by functional impairment of the cardiac ion channel with a
monogenetic aberration and often causes sudden cardiac death
due to ventricular tachyarrhythmia even in infancy.!>?%

Derivation and Characterization of Patient-Specific
iPSCs Originally, iPSCs were generated from dermal fibro-
blasts in a retroviral transduction system.»?" Subsequently,
the methodology for generating iPSCs rapidly improved and
became simpler and more efficient, enabling the generation of
iPSCs using less patient-invasive methods. Moreover, using
plasmid vectors, RNA viruses, and other methods, good-
quality iPSCs can be obtained without the need for integrating
reprogramming factors.>™ Integration-free iPSCs appear ideal
because exogenous genes integrated in the host genome may
affect the genetic properties of the iPSCs generated and mod-
ify the cellular phenotypes of patient-specific iPSC-derived
cells.??

We previously reported that integration-free iPSCs can
be efficiently, easily, and rapidly generated from terminally
differentiated circulating T lymphocytes in peripheral blood
using Sendai virus (RNA virus).” Our method makes it

possible to generate iPSCs from any patient including infants,
girls, and the very elderly via simple blood sampling, which
is one of the least-invasive common clinical procedures. Such
cumulative progress in generating iPSCs can accelerate the
widespread application of patient-specific iPSC technology.
Before the utilization of generated iPSCs in disease mod-
eling, their characteristics must be evaluated.?® It should
be determined whether problems occurred during iPSC re-
programming and maintenance, such as the occurrence of
somatic coding mutations,” dynamic changes in the allelic
copy number variation,?® abnormality of X chromosome in-
activation,”” incomplete demethylation,”™ etc. These elements
may affect the phenotype of iPSC-derived cells and skew
the interpretation of the results of their assay. In addition,
the most appropriate control group remains controversial. In
most previous studies, the control groups comprised healthy
volunteers without genetic mutations who were unrelated to
or relatives of the patients involved. It remains unclear which
controls are optimal in disease modeling using patient-specific
iPSCs. To examine the unadulterated functions of mutated
genes, it appears preferable to compare patients with fam-
ily members who do not carry the mutation, although related
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Table 1. Summary of the Literature on Disease Modeling Using Patient-Specific iPSCs
Disease Gene mutation Cell type Cellular phenotype Refs.

AD PS1 mutations Neurons Increase in Ap secretion and rescued by 44)
y-secretase inhibitors :

PD LRRK?2 mutations Neurons-dopaminergic Degeneration due to increased oxidative-stress 45)

CPVT RYR2 mutations Cardiomyocytes Abnormal dynamism in Ca handling and 46)
treatment with several drugs rescues the
phenotype

DCM TNNT?2 mutations Cardiomyocytes Altered regulation of Ca emphasized by g ad- 47)
renergic agonist and rescued by 8 blocker

FH LDL receptor mutations Hepatocytes Impaired ability to incorporate LDL 48)

CML BCR-ABL iPSCs, Hematopoietic cells . Imatinib resistant in iPSCs and immature 49)
Hematopoietic cells

MD (+DM) mtDNA A3243G mutation iPSCs, EBs Variety of degree of mutation heteroplasmy in 50)
each iPSC clones

DS (+AD) Trisomy 21 Neurons-cortical Secretion of the pathogenic peptide fragment 51)
amyloid-f42

DKC DKC1, TERT, TCAB1 iPSCs Progressive telomere shortening and loss of 52), 53)

mutation self-renewal of iPSCs
RP RP1, RP9, PRPH2, RHO Rod photoreceptor cells Decreased numbers of differentiated rod cells 54)
mutations and expression of cellular stress markers
GD GCase mutations Neurons-dopaminergic Lysosomal protein degradation, causes ac- 55)

cumulation of a-synuclein

AD: Alzheimer’s Disease, PD: Parkinson’s Disease, CPVT: Catecholaminergic Polymorphic Ventricular Tachycardia, DCM: Dilated Cardiomyopathy, FH: Familial Hyper-
cholesterolemia, CML: Clonic Myeloid Leukemia, MD: Mitochondrial Disease, DM: Diabetes Mellitus, DS: Down Syndrome, DKC: Dyskeratosis Congenita, RP: Retinitis

Pigmentosa, GD Gaucher Disease.

family members partly share genetic information including
single-nucleotide polymorphisms, and this could affect disease
phenotype. A recent study has demonstrated that ideal control
iPSCs can be obtained by mutated gene correction using a tar-
geting strategy.?>>® Even though it cannot be applied in every
disease model, further analysis using isogenic-control iPSCs
may be the answer to this problem.

Differentiation into Disease Relevant-Cells iPSCs can
give rise to a wide variety of cell types present in the three
germ layers. In most cases, differentiation methods for iPSCs
are applied with some modification from the methods es-
tablished in embryonic stem cells, which are similar to the
regulatory mechanisms of normal early development®® To
establish methods for in vitro differentiation from pluripotent
stem cells, various screening methods for essential signaling
molecules in normal development have been performed.>”

Among several iPSC lines, the variation in differentiation
propensity into specific cell types is well known.’>*® There-
fore the cell type of each iPSC generated should be confirmed
before selecting the optimal cell line that can most efficiently
differentiate into the cells of interest. A recent study has
shown that iPSCs maintain epigenetic memories originally
belonging to somatic cells, and this epigenetic status can
regulate the characteristics of iPSCs, especially their differ-
entiation propensity.**® Therefore it is important to confirm
which cells are the best source for iPSCs to obtain stable,
disease-relevant cells.

To investigate more sophisticated experimental conditions
similar to the physiologic environment, further improvements
are required. First, it is necessary to establish a procedure to
purify the cells from aggregations of iPSC-derived miscel-
laneous cells.’”*® In addition, it would be ideal to be able
to differentiate iPSCs into all constitutive cell types of an
organ. In other words, to create organs in vitro, not only
a single specific cell type but also other cell types such as
endothelial cells, fibroblasts, and peripheral neural cells are

needed. Furthermore, there are various subpopulations among
cardiomyocytes such as atrial-, nodal- and ventricular-type
cardiomyocytes, although at present there is no method to ob-
tain each specific cell type.3® These are crucial limitations on
the reliability of results of the novel iPSC assay. In addition,
iPSC-derived cells retain the original fetal-like characteristics,
and it remains unclear how these cells can be appropriately
matured.*® Still another unresolved issue is the best time in
the developmental stage of patient-specific iPSC-derived cells
to analyze cellular function in terms of disease properties.

A recent advance in reprogramming to change the cellular
fate is direct conversion, which allows terminally differenti-
ated cells to be transformed into other functional cells of
different lineages without passing through the pluripotent
state.**? In this method, mature target cells can be obtained
within a shorter period, and disease modeling using this direct
conversion technique has also been reported.*” However, in
spite of lower induction efficiency and the lack of a method
established for all cell lineages, iPSCs seem to be a suitable
cell source for disease modeling. The infinite self-renewability
of iPSCs allows repetitive, reproducible analysis of the disease
cells of interest.

Disease Modeling Using Patient-Specific iPSCs To
date, several patient-specific iPSC lines have been generated
from patients with a wide variety of mainly monogenetic,
early-onset diseases such as neurologic disorders,***? heart
disease,*®*? metabolic disease,*® hematologic disorders,* mi-
tochondrial disease,”® chromosomal abnormalities,”” telomere
disease,’>*? sensory organ disorder,” and storage disease.’
The current list of studies of disease modeling using patient-
specific iPSCs is shown in Table 1. While findings on patient-
specific iPSCs have accumulated, analysis becomes more
complicated in polygenic, sporadic, late-onset disease.'>*¢"
The next steps that will deliver useful clinical information
resulting from patient-specific iPSC technology will result
from collaborations between academic research groups and

—T709—



February 2013

pharmaceutical companies, which are expected develop
novel therapeutic compounds and clarify possible sife effects
through advanced high-throughput screening systems using
patient-specific iPSC-derived cells.

3. CARDIOVASCULAR DISEASE MODELING USING
iPSCs ‘

Functional Characteristics of iPSC-Derived Cardiomyo-
cytes On the premise that the study of human cardiovascu-
lar disease modeling will be initiated using patient-specific
iPSCs, it is necessary to confirm that the characteristics of
human iPSC-derived cardiomyocytes are physiologically anal-

“ogous to human cardiomyocytes in vivo. Previous molecular
biological and physiologic studies revealed that iPSC-derived
cardiomyocytes have normal cardiomyocyte functional
properties.’®*® iPSC-derived cardiomyocytes have a striated
muscle structure identical to that of normal functional cardio-
myocytes and express cardiac-specific proteins, as confirmed
in molecular biological assays such as immunocytochemistry
and reverse-transcriptase polymerase chain reaction (PCR).
Based on the waveform of the action potential, iPSC-derived
cardiomyocytes can be divided into three subpopulations:
atrial, nodal, and ventricular cells. Moreover, the contraction
of iPSC-derived cardiomyocytes is regulated by physiologic
intracellular signaling including excitation-contraction cou-
pling,°? and those cardiomyocytes express typical ion chan-
nels with the expected functional responses to several ion
channel blockers.? All these findings indicate the validity of
studies that will lead to the analysis of cardiovascular disease
using patient-specific iPSC-derived cardiomyocytes.

Modeling LQTS Type 1 Some groups thought that
LQTS would be a suitable disease for modeling using iPSCs
because of the promising reproducibility of disease pheno-
types in iPSC-derived cardiomyocytes.'>®-" Moretti et al.
first showed that patient-specific iPSC-derived cardiomyo-
cytes could recapitulate the disease phenotype in congenital
LQTS.%? They generated iPSCs from two patients with LQTS
type 1, who had autosomal-dominant inheritance of a G569A
missense mutation in the KCNQI gene encoding the IKs cur-
rent which was previously shown to be relevant to LQTS onset
by functional analysis of the mutated gene.®®

Individual cardiomyocytes derived from LQTS type 1 pa-
tient-specific iPSCs (LQTS1-iPSC-CMs) showed prolonged ac-
tion potentials using whole-cell patch clamping compared with
cardiomyocytes from healthy control donors who were unre-
lated to the patients. Moreover, LQTS1-iPSC-CMs exhibited
increased susceptibility to catecholamine-induced tachyar-
rhythmia, which is one of the most important clinical features
of the syndrome.®? Even though that study was recognized
as an important work first confirming the great potential of
patient-specific iPSCs, -we thought that there was room for
expansion of the scope. In not only that study but also in other
reports of LQTS disease modeling using iPSCs, patients who
had mutated channel profiles characterized by conventional
experimental methods were selected. In reality, many patients
have unknown mutations that give no specific information on
their disease phenotype. To address whether iPSC technology
could be used to characterize the disease phenotype with a
novel mutated gene, we selected LQTS patients with no family
history or previous disease characterization.'
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We generated iPSCs from a 13-year-old boy who was a spo-
radic LQTS patient. He had survived cardiopulmonary arrest
due to ventricular fibrillation, and his subtype of LQTS could
not be diagnosed using standard clinical tests.”*” Two healthy
volunteers served as controls who donated iPSCs that had
differentiated into cardiomyocytes. Our patient had a novel
heterozygous mutation located in the KCNQI gene, 1893delC,
identified by genotyping of his blood sample.”® Electrophysi-
ologic function was measured using a multielectrode array
system,”™ which showed that the duration of the field potential
was markedly prolonged in LQTS-iPSCs-CMs as compared
with cardiomyocytes derived from controls, which suggested
that LQTS-iPSC-CMs maintained the patient’s characteristics
and could be successfully reproduced in this assay system.

Next we tried to confirm the responsible channel for the
disease phenotype by precise evaluation ‘of several drug re-
sponses. We clarified that the IKs channel was functionally
impaired and that the IKr channel could compensate for this
effect in LQTS-iPSC-CMs with the administration of several
potassium current blockers. In general, the IKr and IKs chan-
nels work in a complementary fashion in the repolarization
of cardiomyocytes, which is known as the repolarization
reserve,”? and we confirmed that this mechanism regulated
the balance of the potassium current in LQTS-iPSC-CMs.
Arrhythmogenic events in LQTS-iPSC-CMs caused by ad-
renergic stimulation also suggested that the patient’s IK chan-
nel was significantly attenuated.”%’ These findings strongly
suggested that cardiomyocytes in the patient’s IKs channel
were functionally impaired and that the precise diagnosis
was LQTS type 1. To confirm the dominant-negative role
of the KCNQI 1893delC mutation in IKs channel function,
we performed electrophysiologic and histochemical analy-
ses in iPSC-derived cardiomyocytes and found that KCNQJ
1893delC has a dominant-negative effect via a trafficking
deficiency.

Importantly, our study demonstrated that iPSCs could be
useful to characterize the electrophysiologic cellular pheno-
type of a patient with a novel mutation. We performed func-
tional analysis of the novel mutation using patient-specific
iPSCs, which may support the diagnosis of LQTS type 1.
Moreover, this system allowed us to perform several drug
administration tests on LQTS-iPSC-CMs, which would be ex-
tremely risky to such a patient in clinical practice.”® Therefore
patient-specific iPSC technology can be used for drug evalua-
tion and monitoring. At the same time, we were able to clarify
the underlying molecular mechanism of the disease phenotype
using this assay system.

4. CONCLUSION

Although iPSC technology is an attractive tool for analyz-
ing human genetic diseases, it is clear that technological in-
novation remains necessary for the utilization of iPSCs in rou-
tine medical practice. Disease modeling using patient-specific
iPSCs is a novel procedure for analyzing disease. It enables
a direct, repetitive approach to diseased cells and has great
potential to elucidate novel disease pathogenesis and develop
new therapeutic compounds. However, in terms of the effort,
cost, and time required in current studies using iPSCs, routine
clinical usage is not yet feasible.”” In addition, improvement
of the quality of iPSCs and iPSC-derived cells is required
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to make disease models using iPSCs more faithful. Some
problems such as genetic mutations during reprogramming,
incomplete epigenetic reprogramming, and undesired gene
expression should also be controlled and standardized. More
sophisticated differentiation, maturation, and purification
protocols will be indispensable to create physiologic cellular
conditions that reflect the actual disease phenotype.

In conclusion, steady progress is being made in iPSC
technology to overcome the hurdles, and disease modeling
using iPSCs appears a likely technique for the future. Recent
and future innovations in the technique hold out the promise
of patient-derived iPSC technology to achieve personalized
medicine in the clinical setting.
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