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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 Af secretion and rescued by 44)
y-secretase inhibitors

PD LRRK2 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 TNNT2 mutations Cardiomyocytes Altered regulation of Ca emphasized by § ad- 47)
renergic agonist and rescued by £ 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-g42

DKC DKCI, TERT, TCABI 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.”” 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
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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 KCNQ! 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, LQTSI-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 KCNQI
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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Abstract Periprocedural myocardial infarction (pMI) is
an important complication associated with percutaneous
coronary intervention (PCI). However, data on the fre-
quency of biomarker testing and the incidence of pMI
remain unclear. Using the multicenter Japan Cardiovascu-
lar Database, we identified 2182 patients who underwent
PCI without preprocedural cardiac biomarker elevation
(silent ischemia, stable angina, or unstable angina without
biomarker elevation) from September 2008 to August
2011. Of these, 550 patients (25.2 %) underwent cardiac
biomarker testing within 624 h after PCI. The incidence
of pMI was 2.7 % among all identified patients and 7.5 %
among those who underwent cardiac marker testing.
Of note, cardiac biomarker testing was performed more
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frequently than no testing in patients with a higher risk
profile such as unstable angina (32.7 vs 24.7 %, P < 0.001),
higher symptom scaling (28.2 vs 22.5 %, P = 0.008), urgent
or emergent procedures (19.3 vs 15.0 %, P = 0.022 or 4.2
vs 1.0 %, P < 0.001, respectively), and type C lesion (31.3
vs 252 %, P = 0.006). Presentation with silent ischemia
(odds ratio = 1.51, 95 % confidence interval (CI)
1.16-1.97) and nonemergent PCIs (odds ratio = 3.45, 95 %
CI 1.79-6.67) were associated with no postprocedural
cardiac biomarker testing. The real-world multicenter PCI
registry in Japan revealed an incidence of 2.7 % for pMI,
however, cardiac biomarkers were assessed in only 25.2 %
of patients after PCI. The results suggest an underuse of
postprocedural biomarker testing and room for procedural
quality improvement, particularly in cases of silent ische-
mia and nonemergent cases.

Keywords Percutaneous coronary intervention - Cardiac
biomarker testing - Periprocedural myocardial infarction -
Quality metrics

Introduction

The association between percutaneous coronary interven-
tion (PCI) and subsequent myonecrosis, termed peripro-
cedural myocardial infarction (pMI), has long been
recognized, with pMI occurring in 5 =30 % of patients after
PCI [1-4]. In most cases, however, the pMI is clinically
silent and could thus be underestimated if cardiac bio-
markers are not measured routinely after PCI. Published
guidelines cite the measurement of cardiac biomarkers in
patients with signs or symptoms of myocardial infarction
during or after PCI as a class I recommendation and the
routine measurement of cardiac biomarkers in those who
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have undergone complicated procedures as a class Ia
recommendation [5]. In the United States, the reported
overall frequency of cardiac biomarker testing after PCI is
24.7 %, with large institutional and regional variations [6].
However, the incidence of pMI and frequency of cardiac
biomarker testing after PCI in Japan, where 200,000 pro-
cedures are performed each year, is unknown. In the
present study, we investigated the important parameters
used to identify the clinical variables associated with
nonmeasurement of postprocedural biomarkers.

Patients and methods
Study design

The Japan Cardiovascular Database (JCD) is a large,
ongoing prospective multicenter cohort study designed to
collect clinical background and outcome data on PCI
patients. Data were collected for approximately 5700
variables, with participating hospitals instructed to record
data from consecutive hospital visits for PCI and to enter
the relevant information into an internet-based database
system. The system then checks the input data to ensure it
is complete and internally consistent. PCI with any com-
mercially available coronary device may be included. The
decision to perform PCI was made according to the
investigators’ clinical assessment of the patient. The study
did not mandate specific interventional or surgical tech-
niques, such as vascular access, use of specific stents, or
closure devices. The majority of clinical variables in the
JCD were defined according to the National Cardiovascular
Data Registry, sponsored by the American College of
Cardiology.

Information disclosure

Before the launch of the JCD, information on the objec-
tives of the present study, its social significance, and an
abstract were provided for clinical trial registration with the
University Hospital Medical Information Network, which
is recognized by the International Committee of Medical
Journal Editors as an “acceptable registry”’ according to a
statement issued in September 2004 (UMIN R000005598).
Written informed consent was obtained from all patients.
The study protocol was approved by the Ethics Committee
of Keio University.

Participants
Patients were enrolled by the event, and all consecutive

PCI procedures during the study period, including failure
cases, were registered. Patients under 18 years of age were
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excluded. A subgroup of patients who underwent intra-
coronary infusion of acetylcholine to induce coronary
vasospasm was also registered, because vasospastic angina
accounts for a significant portion of patients with coronary
artery disease and acute coronary syndrome in Japan.

Procedures and data collection

The JCD began enrolling patients in September 2008. Only
patients who underwent PCI were included in the present
analysis; those who underwent an acetylcholine challenge
test were excluded. We analyzed the data from 3894
patients undergoing PCI at 14 Japanese hospitals partici-
pating in the JCD Kumamoto Intervention Conference
Study from September 2008 to August 2011. Of those 3894
patients, we analyzed 2182, excluding cases of acute
myocardial infarction. These patients were divided into
those with and without cardiac biomarker testing. We
investigated the frequency of cardiac biomarker measure-
ment and compared the predictors or outcome among
patients with and without postprocedure cardiac biomarker
testing. In-hospital complications were documented for
each patient by the treating cardiologists. The clinical
coordinator reported any lack of postprocedural informa-
tion in the report, as mandated by the site data manager.

End points

The end points were defined as in-hospital mortality, heart
failure, cardiogenic shock, and complications. Complica-
tions were defined as all possible complications, i.e., severe
dissection or coronary perforation, myocardial infarction
after PCI, cardiogenic shock or heart failure, cerebral
bleeding or stroke, and bleeding complications. Myocardial
infarction was defined as the new occurrence of a bio-
marker-positive myocardial infarction after PCI. At least
one determination of biomarkers obtained no sooner than 6
h after PCI, and preferably within 6-24 h post-PCI, was
used. In addition, Q waves with absent, incomplete, or
inconclusive biomarkers were considered evidence of
myocardial infarction. Bleeding complications in this reg-
istry were further defined as requiring transfusion and/or
prolonging hospital stay and/or causing a decrease in
hemoglobin levels below 3.0 g/dl. Furthermore, bleeding
complications were divided into puncture-site bleeding,
retroperitoneal bleeding, gastrointestinal bleeding, genito-
urinary bleeding, or other bleeding.

Statistical analysis
All statistical analyses were performed using SPSS version

15.0 (SPSS, Chicago, IL, USA). Continuous variables are
expressed as mean = standard deviation (SD) or the
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corresponding interquartile range. Dichotomous variables
are expressed as counts and percentages. For group com-
parison of continuous variables, a Student ¢ test was used.
A Chi-square test was also used to compare two proportions.
Multivariable logistic regression was used to determine the
factors independently associated with noncardiac biomarker
testing in patients who underwent PCI. A P value of less than
0.05 was considered statistically significant.

Results
Patients’ characteristics

Baseline clinical characteristics of the study group are
shown in Table 1. Among the 2182 patients, 550 (25.2 %)
had cardiac biomarker testing after PCL. Mean patient age
in this group was 68.66 years; 105 patients were female
(19.1 %); and the indications included silent ischemia in
145 patients (26.4 %), unstable angina in 180 patients (32.7
%), urgent PCI in 106 patients (19.3 %), and emergent PCI
in 23 patients (4.2 %). Creatine kinase-muscle/brain (CK-
MB) was measured in 543 patients (98.7 %) and troponin T
was measured in 34 patients (6.2 %).

The rate of cardiac biomarker testing was higher than
the rate of no testing among patients with unstable angina
(32.7 vs 24.7 %), with high Canadian Cardiovascular
Society presentation (28.2 vs 22.5 %), and with urgent and
emergent procedures (19.3 vs 15.0 % and 4.2 vs 1.0 %,
respectively), compared with those patients without either
of these specific conditions. By contrast, the incidence of
cardiac biomarker testing after PCI was significantly lower

than that of no testing among patients with silent ischemia

(26.4 vs 32.5 %).
Angiographic and procedural characteristics

Angiographic and procedural characteristics are detailed in
Table 2. The incidence of cardiac biomarker testing was
significantly higher than that of no testing among patients
with type C lesions (31.3 vs 25.2 %), although other complex
lesions, such as chronic total occlusion and left main trunk
lesions, were not significantly associated with cardiac bio-
marker testing. As a procedural complication, perforation
was associated with cardiac biomarker testing (2.2 vs 0.7 %).

Multivariate analysis

Multivariate analysis identified a high-risk feature, such as
symptoms of heart failure, as an independent variable
indicating cardiac biomarker testing (Table 3). By contrast,
a low-risk feature such as nonemergent PCI was an inde-
pendent variable indicating no cardiac biomarker testing.

145

Table 1 Baseline patient characteristics stratified by presentation of
postprocedural biomarker testing

Characteristic Marker testing ~ Marker testing P value
(=) (n=1632) (+) (n=550)
Patient background
Age (years) 68.0 99 68.7 £9.9 0.189
Gender (female) 329 (20.2 %) 105 (19.1 %) 0.621
BSA 1.68 £ 0.18 1.67 £ 0.19 0.615
BMI 249 + 205 252 +21.8 0.769
Risk factors
Diabetes 738 (45.2 %) 232 (42.2 %) 0234
Dyslipidemia 1137 (69.7 %) 397 (72.2 %) 0.281
Hypertension 1255 (76.9 %) 423 (76.9 %) 1.000
Smoking 470 (28.8 %) 165 (30.0 %) 0.588
CKD 85 (5.2 %) 31 (5.6 %) 0.742
Hemodialysis 68 (4.2 %) 23 (4.2 %) 1.000
Malignancy 66 (4.0 %) 14 (2.5 %) 0.116
CVD 140 (8.6 %) 51 (9.3 %) 0.602
PVD 134 (8.2 %) 52 (9.5 %) 0.378
COPD 44 (2.7 %) 19 3.5 %) 0.377
Previous myocardial 509 (31.2 %) 173 (31.5 %) 0915
infarction
Previous heart 155 (9.5 %) 48 (8.7 %) 0.671
failure
Prior PCI 788 (48.3 %) 259 (47.1 %) 0.657
Prior CABG 117 (7.2 %) 30 (5.5 %) 0.201
Clinical presentation
Silent ischemia 531 (32.5 %) 145 (26.4 %) 0.007
Stable angina 698 (42.8 %) 225 (40.9 %) 0454
Unstable angina 403 (24.7 %) 180 (32.7 %) <0.001
Symptoms of heart 139 (8.5 %) 62 (11.3 %) 0.060
failure
>CCS 3 367 (22.5 %) 155 (28.2 %) 0.008
>NYHA III 59 (3.6 %) 30 (5.5 %) 0.062
Preprocedural 431 (26.4 %) 135 (24.5 %) 0.399
medical angina
treatment
Urgent PCI 245 (15.0 %) 106 (19.3 %) 0.022
Emergent PCI 16 (1.0 %) 23 (4.2 %) <0.001
Noninvasive imaging test
Exercise test 852 (52.2 %) 278 (50.5 %) 0.521
Coronary CT 387 (23.7 %) 139 (25.3 %) 0.454

BSA body surface area, BMI body mass index, CKD chronic kidney
disease, CVD cerebrovascular disease, PVD peripheral vascular dis-
ease, COPD chronic obstructive pulmonary disease, PCI percutane-
ous coronary intervention, CABG coronary artery bypass graft,
CCS Canadian Cardiovascular Society, NYHA New York Heart
Association

In-hospital outcome

The in-hospital outcomes are detailed in Table 4. Overall
in-hospital mortality was 0.5 %, cardiogenic shock was
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Table 2 Angiographic and procedural characteristics

Marker Marker P value
testing (—) testing (+)
(n=1632) (n = 550)
Lesion characteristics
Two-vessel disease 760 (46.6 %) 271 (49.3 %) 0.278
Three-vessel disease 406 (24.9 %) 141 (25.6 %) 0.733
Left main trunk 148 (9.1 %) 66 (12.0 %) 0.056
Bifurcation lesion 357 (219 %) 26 (143 %) 0.053
Type C lesion 411 (25.2 %) 172 (31.3 %) 0.006
Chronic total occlusion 130 (8.0 %) 37 (6.7 %) 0.404
Device used
Plain old balloon 199 (12.2 %) 55 (10.0 %) 0.191
angioplasty 7
Bare metal stent 263 (16.1 %) 91 (16.5 %) 0.841
Drug-eluting stent 621 (38.1 %) 202 (36.7 %) 0.611
Intra-aortic balloon 13 (0.8 %) 9(1.6 %) 0.134
pumping
Intravascular ultrasound 630 (38.6 %) 216 (39.3 %) 0.800
Postprocedural TIMI flow 41 (2.5 %) 19 (3.5 %) 0.290
under grade 3
Procedural complication
Perforation 11 (0.7 %) 12 (2.2 %) 0.006
Dissection 20 (1.2 %) 10 (1.8 %)  0.295

Table 3 Factors associated with noncardiac biomarker testing after
PCI

Variable Odds ratio 95 % CI P value
Nonemergent PCI 345 1.79~6.67 <0.001
Silent ischemia 1.51 1.16~-1.97 0.002
Heart failure 0.71 0.51-0.98 0.037
Stable angina 1.27 1.00~1.62 0.05
Left main trunk 0.73 0.53-1.00 0.05
Table 4 In-hospital outcomes
All Marker Marker P value
(n=2182) testing (—) testing (+)
(n=1632) (n=550)
Death 1105% 906%) 2(0.4%) 0.741
Cardiogenic 1507%) 9(06%) 6((.1%) 0.229
shock
Myocardial 59(27%) 18(1.1 %) 41(75 %) <0.001
infarction
(pMI)
Contrast 131 (6.0 %) 84 (5.1 %) 47 (8.5 %) 0.005
nephropathy
Bleeding 47 22 %) 21 (21 %) 26 (6.3 %) <0.001
Transfusion 3416 %) 18(1.1%) 1629 %) 0.005

@ Springer

0.7 %, and pMI was 2.7 %. In-hospital mortality rate and
cardiogenic shock did not differ between the tested and
untested groups (0.4 vs 0.6 %, P = 0.741 and 1.1 vs 0.6 %,
P = 0.229, respectively), although the incidence was very
low for both outcomes. The frequency of cardiac biomarker
testing was significantly higher among patients with pMI
(7.5 vs 1.1 %). The incidence of cardiac biomarker testing
was significantly higher than that of no testing among
patients with contrast nephropathy (8.5 vs 5.1 %), bleeding
(2.1 vs 6.3 %), and transfusion (2.9 vs 1.1 %).

Discussion

The major findings of the present study based on the JCD
database were as follows: (1) the incidence of pMI among
patients undergoing PCI was 2.7 %, but cardiac biomarkers
were assessed in only 25.2 % of patients after PCI; (2)
cardiac biomarker testing was performed more frequently
in patients with a higher risk profile; and (3) similar rates of
in-hospital complications between tested and untested
patients implies the underuse of postprocedural biomarker
testing and the probable need for procedural quality
improvement, particularly in cases of silent ischemia and
non-emergent cases.

Although pMI occurs in 5 -30 % of patients after PCI
[2-41], the clinical significance and clinical outcome of pMI
remain controversial [7-9]. The general conclusion based
on previous retrospective analyses is that significant myo-
cardial damage is associated with a poor outcome [10, 11},
and a recent report revealed that an increase in CK-MB to
greater than 10 times the upper limit of normal is associ-
ated with a marked and progressive increase in the 1-year
mortality rate [12]. Current guidelines recommend that
patients with a periprocedural CK-MB elevation greater
than 3 times the upper limit of normal should be treated for
standard myocardial infarction [13-16]. Thus, pMI is often
treated similarly to spontaneous myocardial infarction in
clinical trials [17], although the current universal definition
of myocardial infarction attempts to create a specific cat-
egory (type 4a) for pMI to distinguish it from spontaneous
myocardial infarction (type 1 and 2) [13]. In the present
study, the incidence of pMI was 2.7 %, which is signifi-
cantly lower than that in previous reports. Cardiac bio-
marker testing was performed in only 25.2 % of patients
after PCI in the JCD registry cases. Thus, because most
pMlIs are clinically silent, the incidence of pMI might be
underestimated using this approach.

Here we sought to identify factors associated with
noncardiac biomarker testing after PCI. Nonemergent PCI
was an independent variable of noncardiac biomarker
testing, and in general such patients maintained a stable
clinical condition without symptoms during or after PCI,
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even in the presence of a small myocardial infarction.
Thus, the indication for cardiac biomarker testing mainly
depends on the disease state and PCI, rather than the
periprocedural factors mentioned in the guidelines.

Predictors of pMI are reported to be emergent situations,
complex lesions (such as the presence of thrombus and a
type C lesion), complex procedures (such as the use of
rotational atherectomy), and associated complications [18-
21]. In the present study, the incidence of an emergent PCI,
a type C lesion and complications such as perforation were
higher in the cardiac marker-tested group, leading to a
higher incidence of pMI in the group tested for cardiac
markers.

In this study, although the occurrence of pMI was lower
in the noncardiac biomarker testing group than in the car-
diac biomarker testing group, the occurrence of in-hospital
mortality and cardiogenic shock did not differ between
groups. pMI is a suggested quality metric for PCI care [22];
however, because most pMIs are clinically silent, routine
cardiac biomarker testing should be performed to detect
pMI more precisely, and the occurrence of pMI might
actually be underestimated in our nonbiomarker group. In
addition, measurement of cardiac biomarkers leads to the
detection of other complications and intensive care after
PCIL Indeed, our biomarker assessment group showed a
high rate of complications, such as contrast nephropathy
and bleeding, as well as a higher frequency of transfusion.
Biomarker assessment leads to a higher probability of
intensive care in comparison with patients in the noncar-
diac biomarker testing group. Renal insufficiency and
anemia aré reported to be associated with major cardiac
and cerebrovascular events after PCI [23]. Therefore,
intensive care is needed to improve outcomes after PCIL
Together, these findings indicate that pMI is a suitable
quality metric for the care of patients after PCI, and thus
more precise detection of pMI could lead to improved
outcomes for patients undergoing PCL

Study limitations

This was a retrospective observational study. In addition,
the registry data did not include the degree of the increase
in CK-MB and troponin T, or long-term outcomes. Further
studies with quantitative analysis and long-term follow-up
are needed to assess the effects of pMI.

Conclusions
These findings from the multicenter PCI registry in Japan

suggested the underuse of postprocedural biomarker test-
ing. Based on these findings, stronger recommendations for

such testing should be made, particularly in cases of silent
ischemia and nonemergent cases.
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SUMMARY

Heart disease remains a major cause of death
despite advances in medical technology. Heart-
regenerative therapy that uses pluripotent stem celis
(PSCs) is a potentially promising strategy for patients
with heart disease, but the inability to generate highly
purified cardiomyocytes in sufficient quantities has
been a barrier to realizing this potential. Here, we
report a nongenetic method for mass-producing
cardiomyocytes from mouse and human PSC deriva-
tives that is based on the marked biochemical differ-
ences in glucose and lactate metabolism between
cardiomyocytes and noncardiomyocytes, including
undifferentiated cells. We cultured PSC derivatives
with glucose-depleted culture medium containing
abundant lactate and found that only cardiomyo-
cytes survived. Using this approach, we obtained
cardiomyocytes of up to 99% purity that did not
form tumors after transplantation. We believe that
our technological method broadens the range of
potential applications for purified PSC-derived cardi-
omyocytes and could facilitate progress toward
PSC-based cardiac regenerative therapy.

INTRODUCTION

Heart disease is a common and deadly disease, and heart-
regenerative therapy is a promising therapeutic strategy for
some patients (Passier et al., 2008). Pluripotent stem cells
(PSCs) including embryonic stem cells (ESCs) and induced
pluripotent stem cells ({PSCs) are potential sources for produc-
tion of therapeutic cardiomyocytes (Burridge et al., 2012; Taka-
hashi et al., 2007; Thomson et al., 1998). A typical human left

Cell Stem Cell 12, 127-137, January 3, 2013 ©2013 Elsevier Inc.

ventricle contains roughly 6 x 10° cardiomyocytes; thus, nearly
1 x 10° de novo cardiomyocytes would be required per patient
for this type of repair (Hattori and Fukuda, 2012). However, PSC-
based approaches carry a high risk of tumor formation due to
contamination of residual PSCs in the therapeutic cell prepara-
tions. Therefore, obtaining highly purified cardiomyocytes will
be key for achieving therapeutic success in applying these cells.

Procedures involving density-gradient centrifugation (La-
flamme et al, 2007; Xu et al., 2006), genetic modification
(Fijnvandraat et al., 2003; Gassanov et al., 2004; Hidaka et al.,
2003; Klug et al., 1996), and nongenetic methods that use a
mitochondrial dye (Hattori et al., 2010) or antibodies to specific
cell-surface markers (Dubois et al., 2011; Uosaki et al., 2011)
have been established for cardiomyocyte enrichment. However,
none of these methods are ideal for the therapeutic application of
PSC-derived cardiomyocytes because of drawbacks including
insufficient purity, genotoxicity, and the use of fluorescence-
activated cell sorting (FACS) and/or antibodies.

Glucose is the main source of energy and anabolic precursors
in various mammalian cells. It is converted by glycolysis into
pyruvate and/or lactate via glucose-6-phosphate (G6P; a source
of nucleotides) and 3-phosphoglycerate (a source of some
amino acids) for generation of two ATP molecules without the
need for oxygen. Pyruvate is further utilized in the mitochondrial
tricarboxylic acid (TCA) cycle for production of 36 ATP molecules
via oxidative phosphorylation (OXPHOS). Cardiomyocytes
efficiently produce energy from several substrates including
glucose, fatty acids, and lactate via OXPHOS. Interestingly, there
are marked changes between energy substrate utilization by
cardiomyocytes before and after birth. The fetal heart has
a higher capacity for lactate uptake than the adult heart (Fisher
et al., 1981) and uses lactate as a major energy source (Neely
and Morgan, 1974; Werner and Sicard, 1987) by exploiting
the lactate-rich environment created by the placenta (Burd
et al., 1975).

In this study, we took advantage of the unique metabolic
properties of cardiomyocytes to develop an efficient and
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Figure 1. Distinct Metabolic Differences
Between Cardiomyccytes and ESCs in
Transcriptome and Fluxome Analyses

(A) Metabolic pathway map summarizing the
results from gene array and ['3C]-labeled glucose
fluxome analyses. Gene names shown in red or
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blue boxes indicate the mRNA expression levels
increased more than 2-fold in cardiomyocytes or
ESCs, respectively. The bar graphs represent the
detected levels of [°C]-labeled metabolites in
cardiomyocytes (red bar) and ESCs (blue bar) (n =
4). All units are nmol per 1.0 x 107 cells. All data
were obtained from independent experiments.

(B) Total ['°Cl-labeled metabolites of cardio-
myocytes (red bar) and ESCs (blue bar) in each
key pathway (n = 4).

(C) Secreted [**C}-labeled lactate concentration in
the media of cardiomyocytes (red bar) and ESCs
(blue bar) (n = 4). All data were obtained from
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independent experiments.

*p < 0.05; *p < 0.01. Data are shown as mean
SD. All the abbreviations are shown in Table S1.
See also Figure S1 and Table S1.
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2010) (Figures S1A and S1B available on-
line). The results for cardiomyocytes re-
vealed markedly higher expression of
genes encoding enzymes involved in the
TCA cycle than the undifferentiated
ESCs and, in turn, lower expression of
genes involved in the pentose phosphate,
amino acid synthesis, and lipid synthesis
pathways (Figure 1A and Table S1). Next,
we conducted a fluxome analysis (Ki-
noshita et al., 2007; Shintani et al., 2009)
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noninvasive environmental approach for their purification from
PSC cultures.

RESULTS

Integrated Transcriptomic and Metabolomic Analyses
Highlight Distinct Metabolic Differences between
Cardiomyocytes and Other Proliferating Cells

To find metabolism-related genes that are differentially ex-
pressed between undifferentiated stem cells and cardiomyo-
cytes, we performed comparative transcriptome analyses of
undifferentiated mouse ESCs and neonatal mouse cardiomyo-
cytes purified by the “mitochondrial method”(Hattori et al.,

Pentose phosgpate pathway (o}
0

to trace a range of metabolites derived
from ["®C]-labeled glucose in neonatal
rat cardiomyocytes, mouse ESCs, a
hepatocyte cell line (HepG2), and a skel-
etal myoblast cell line (C2C12). ['3Cl-
labeled intermediate metabolites of the
glycolytic, pentose phosphate, and
amino acid synthesis pathways were
subsequently found at higher levels in
ESCs, HepG2, and C2C12 cells than in
cardiomyocytes (Figures 1A, 1B, and
S1C and Table S1). ESCs, HepG2, and
C2C12 cells also discarded more lactate than cardiomyocytes
did (Figure 1C and Figure S1D). In contrast, cardiomyocytes
took up pyruvate into mitochondria, and most ['*C]-labeled inter-
mediate metabolites of the TCA cycle were significantly higher in
cardiomyocytes than in ESCs (Figure 1A). These transcriptome
and fluxome analyses highlighted a dynamic difference in the
metabolic fates of lactate between cell types (Figure S1E).
More specifically, lactate was discarded by noncardiomyocytes
but preferentially used in TCA metabolism by cardiomyocytes.
We hypothesized that cells mainly dependent on glycolysis
might not be able to survive under glucose-depleted and
lactate-abundant conditions, whereas cardiomyocytes would
survive by using lactate as an alternative energy source.
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Figure 2. Cell Viabilities of Various Cells under Glucose-Depleted and Lactate-Supplemented Conditions

(A) Cultured neonatal rat cardiomyocytes and mouse ESCs were exposed to glucose-depleted media supplemented with lactate, and their viabilities were
assessed with the LIVE/DEAD kit, which indicates viable cells with green fluorescence and dead cells with nuclear red fluorescence.

(B) Time course of viability in neonatal rat cardiomyocytes (red), mouse ESCs (blue), and MEFs (green) under giucose-free conditions with and without lactate
(n = 8). Solid lines indicate the glucose-free and lactate-supplemented condition, and dashed lines indicate the glucose-free without lactate condition. All data

were obtained from independent experiments.

(C) Noncardiomyocytes including C2C12, skeletal myotubes, and primary cultured neurons were exposed to glucose-free conditions with and without lactate,
and their viabilities were assessed with the LIVE/DEAD kit. The time courses of viability were plotted in the line graphs (right) (all cells; n = 4). Red lines indicate the
glucose-free and lactate-supplemented condition, and black lines indicate the glucose-free without lactate condition. The inset in primary neurons represents
immunocytochemical staining with an antibody to Blil-tubulin (red) and with DAPI (blue).

Scale bars represent 100 um (A and C). Data are shown as mean + SD. See also Figure S2.

Glucose-Depleted and Lactate-Enriched Culture
Conditions Can Purify Cardiomyocytes from Mouse

and Human PSC Derivatives

To test our hypothesis, we exposed neonatal rat cardiomyo-
cytes, mouse ESCs, primary peripheral lymphatic cells, primary
fetal neurons, primary mouse embryonic fibroblasts (MEFs),
C2C12 cells (myoblasts and myotubes), hepatocytes (HepG2),
and renal cells (HEK293) to glucose-depleted conditions with
and without various concentrations of lactate. Every type of
cell died within 96 hr in the glucose-depleted conditions, and
as expected, supplementation with lactate only prolonged the
survival of cardiomyocytes (Figures 2A, 2B, 2C and S2). We

Cell Stem Cell 12, 127-137, January 3, 2013 ©2013 Elsevier Inc.

named this special culture condition for the growth of cardio-
myocytes the “lactate method.”

We next applied the lactate method to purifying human
PSC-derived cardiomyocytes. First, we optimized the time
course of the method for human ESC (hESC)-derived cardio-
myocytes. Using time-lapse imaging, we observed that 7 days’
exposure of hESC- and human iPSC (hiPSC)-derived attached
embryoid bodies (EBs) to glucose-free conditions supplemented
with 4 mM lactate selectively enriched for beating cells (Movie
S1). Second, we confirmed that days 7-8 of culture were the
best time points for harvesting the cells, as shown in Figure 3A.
To optimize the lactate concentration, we measured the viability
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Figure 3. Purification of Cardiomyocytes under Glucose-Depleted and Lactate-Supplemented Conditions

(A) Representative FACS analyses for a-actinin expression in the hESC-derived cells during metabolic selection. Control indicates hESC-derived cells after 2 days
of differentiation that do not contain any cardiomyocytes.

(B and C) Representative phase-contrast and immunofluorescent staining for a-actinin in the nonpurified hESC-derived EBs (B, left) and for a-actinin and Nkx2.5
in purified hESC (KhES-2)-derived cardiomyocytes (hESC-CMs) (B, right) and purified hiPSC (253G4)-derived cardiomyocytes (hiPSC-CMs) (C). Arrows indicate
o-actinin-positive cells.

(D) Representative immunofluorescent staining for a-actinin (red) in the hESC (KhES-2 and KhES-3)- and hiPSC (201B7)-derived dispersed cells before (upper
left) and after (upper right, lower panels) metabolic selection. The cell nuclei are stained by DAPI (blue).

(E) Percentage of a-actinin-positive cardiomyocytes in the hESG (KhES-2 and KhES-3)- and hiPSC (20187 and 253G4)-derived dispersed cells before and after
metabolic selection. All data were obtained from independent experiments.

(F) Numbers of a-actinin-negative noncardiomyocytes (green) and a-actinin-positive cardiomyocytes {red) in the hESC-derived dispersed cells before (n = 5)
and after (n = 5) metabolic selection (left graph). The right graph represents only a-actinin-positive cardiomyocytes. All data were obtained from independent
experiments.

Scale bars represent 50 um (D, insets), 100 um (B, right; C and D, lower panels), and 500 pm (B, left; D, upper panels). **p < 0.01. Data are shown as mean = SD.
See also Figure S3 and Movies S1, S2, and S3.

of purified hESC-derived cardiomyocytes exposed to glucose-
depleted conditions with various concentrations of lactate
for 6 days; we found the lowest numbers of dead cells in
4 mM lactate (Figure S3A). We further tested for the ideal period
of differentiation using the lactate method and found that
20-30 days of differentiation produced the highest reproduc-
ibility, purity, and yield of cardiomyocytes. To determine why
this period is optimal, we investigated the proliferative activity
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of EBs on various differentiation days (days 14-60) using a
5-ethynyl-20-deoxyuridine (EdU) incorporation assay. The per-
centage of EdU-incorporated cells markedly decreased after
day 30 (Figure S3B), implying that proliferating cells are sensitive
to the lactate method. The optimized condition efficiently en-
riched for globally contracting aggregates in a time-dependent
manner (Figure S3C and Movie S2). Concomitantly, messenger
RNA (mRNA) expression of the cardiomyocyte-related gene
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MYHS increased, while that of the pluripotency-related gene
POUSF1 (Figure S3D) decreased abruptly. In addition, the
mRNAs for noncardiac genes (NANOG, MYOD, AFP, and
MAP2) were completely eliminated, and those for other cardio-
myocyte-related genes (ACTC1 and NKX2.5) were significantly
enriched (Figures S3E and S3F). We also observed clumps of
purified cardiomyocytes in the adhered condition (Figures 3B
and 3C). We dispersed the clumps and cultured the cells therein
and then evaluated their purity before and after metabolic
selection. The percentages of a-actinin-positive cells before
and after metabolic selection were 8.1 £ 2.9% (n = 10) and
98.3 £ 0.9% (n = 10), respectively (Figures 3D and 3E). We also
confirmed the efficacy of the lactate method using other hESC
(KhES-3) and hiPSC (201B7 and 253G4) lines. As shown in
Figures 3D and 3E, the purities were determined as 98.9 + 0.3,
95.5 + 1.3, and 96.5 + 2.0%, respectively. To identify selective
events in KhES-2 and iPSCs (253G4 and 201B7), we obtained
global gene-expression patterns for the PSC-derived EBs and
purified hESC-derived cardiomyocytes. We categorized the
expressed genes following the gene ontology consortium and
found both similarities and differences among EBs derived
from three cell lines (Ashburner et al., 2000). One possible expla-
nation for the differences is that the derived EBs contain various
types of cells that are eventually eliminated by the lactate-purifi-
cation method (Figures S3G and S3H). In our system, 4.0 x 10°
hESCs differentiated into 6.2 + 2.5 x 10° (n = 5) cells containing
6.3 + 2.3 x 10° (n = 5) a-actinin-positive cardiomyocytes, and
4.7 £ 1.8 x 10° (n = 5) a-actinin-positive cardiomyocytes were
finally purified via the lactate method. Therefore, the yield-based
efficiency of our lactate method for hESCs was 74.4 + 12.1%
(Figure 3F). To directly compare the yield-based efficiencies
between the lactate method and our previous mitochondrial
method, we evaluated the yield and found 52.9 + 12.8% recovery
of cardiomyocytes in our previous mitochondrial method
(Figure S3I). To determine the types of noncardiomyocyte cells
remaining after metabolic selection, we performed immunocyto-
chemical screening and found that most of the cells were
smooth muscle actin (SMA)-positive (Figure S3J). Interestingly,
a-actinin- and SMA-double-positive cells were also found
(data not shown), consistent with a previous report that immature
cardiomyocytes express SMA (Clément et al., 2007).

We then applied the lactate method to mouse ESCs using
lactate concentrations and timings optimized through similar
preliminary experiments for mouse cells. EBs attached to the
dishes were exposed to glucose-depleted and 1 mM lactate-
supplemented conditions. After 7 days of selection, we recov-
ered the surviving cells by collagenase digestion and transferred
them into new fibronectin-coated plates (Movie S3). Immunofiu-
orescence staining revealed that most of the surviving cells were
positive for the cardiac markers o-actinin and GATA4 (99.4 =
0.6% purity, n = 5) (Figure S3K).

Cardiomyocytes Showed High Lactate Uptake and Used
Lactate for Metabolic-Energy Production

Why do only cardiomyocytes survive under the lactate-method
condition? To address this question, we first compared the
['“C]-lactate uptake activity of neonatal rat and human ESC-
derived cardiomyocytes, ESCs, MEFs, and noncontracting
EBs, and found that both cardiomyocyte populations showed

higher levels of activity than the other cells (Figures 4A and
4C). We then measured the changes in intraceliular ATP levels
in cardiomyocytes and other cells under lactate-method condi-
tions and found that the levels in mouse ESCs, MEFs, and non-
contracting EBs fell abruptly, whereas those in neonatal rat and
purified human ESC-derived cardiomyocytes were sustained for
significantly longer (Figures 4B and 4D). These results indicated
that cardiomyocytes, but not noncardiomyocytes, can effec-
tively uptake and use lactate to maintain ATP levels.

Lactate supplementation has the potential to cause acidifica-
tion either intracellularly or in the medium, which could lead to
cellular damage. We therefore investigated whether 4 mM
lactate supplementation affects extra- and intracellular pH
values. The extracellular pH values were stable at 7.5 following
1 hr of incubation in a 5% CO, incubator (Figure S4A). The intra-
cellular pH values of cardiomyocytes, mouse ESCs, MEFs, and
C2C12 myoblasts were not affected by supplementation with
4 mM lactate, but all were significantly decreased by the addition
of 20 mM lactate (Figures S4B and S4C). Lactate can be trans-
ported by monocarboxylic acid transporters (MCTs), of which
subtype 1 is abundantly expressed in muscle cells and localizes
at both the plasma and mitochondrial inner membrane (Hashi-
moto et al., 2006). For investigation of the significance of
MCT1 expression for lactate uptake in cardiomyocytes, the cells
were treated with MCT1 inhibitor a-cyano-4-hydroxycinnamate
(a-CHC) (Sonveaux et al., 2008) under glucose-free and
lactate-rich conditions. The lactate-induced prolonged survival
of cardiomyocytes under glucose-free conditions was largely
abolished by the MCT1 inhibitor, despite the lack of «-CHC
toxicity, suggesting that lactate uptake via MCT1 plays a major
role in the long-term survival of cardiomyocytes under metabolic
selection (Figure 4E). To investigate why cardiomyocytes can
effectively take up lactate, we checked the expression levels of
MCT1 in cardiomyocytes and ESCs but could not find a marked
difference between the two (Table S1). We then performed elec-
tron microscopy on the hESCs and their derivative cardiomyo-
cytes, as well as mitochondrial staining of hESC-derived cells.
The cardiomyocytes showed substantially higher numbers of
mitochondria than ESCs and other noncardiomyocytes (Figures
S4D and S4E). Because MCTs are passive transporters, we
suggest that a major mechanism underlying the enhanced
lactate uptake in cardiomyocytes could be the concentration
gradients generated by effective lactate consumption via the
highly active TCA cycle.

We further investigated how lactate is metabolized in various
types of cells. We performed lactate fluxome analysis in mouse
ESCs, hESC-derived EBs, MEFs, and neonatal rat cardiomyo-
cytes under glucose-depleted conditions for short (30 min)
periods. As expected, high levels of [2,4,5-"°Cl-citrate,
[3,4-"3C]-succinate, and [2,3,4-'3C}-malate were detected in
cardiomyocytes, whereas the ESCs, hESC-derived EBs, and
MEFs showed only small amounts of these metabolites,
suggesting that exogenous lactate is more efficiently metabo-
lized via the TCA cycle in cardiomyocytes than in noncardiomyo-
cytes, including ESCs (Figure 5 and Figure S5). To our surprise,
['*C)-labeled glycolytic intermediates including G6P were
observed in both cardiomyocytes and ESCs. These were even-
tually consumed in the pentose phosphate pathway for produc-
tion of inosine, guanosine, and adenosine monophosphates.
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Figure 4. Lactate Uptake and Energetic
Homeostasis in Various Types of Cells
under Glucose-Depleted and Lactate-Sup-
plemented Conditions

(A and C) ['“C]-labeled lactate uptake abilities in
(A) mouse ESCs, MEFs, and rat neonatal car-
diomyocytes (n = 3) and (C) in noncontracting
hESC-derived EBs and purified hESC-CMs
0 4 8 (n = 3). All data were obtained from independent

Time (hr) experiments.

(B and D) Intraceliular ATP levels in (B) the mouse
ESCs, MEFs, and neonatal cardiomyocytes (n = 3),
and (D) in noncontracting hESC-derived EBs and
purified hESC-CMs (n = 3) under glucose-
depleted and lactate-supplemented conditions.
Relative ATP levels are indicated as percentages
of the levels in untreated samples. All data were
obtained from independent experiments.

(E) Cuitured neonatal rat cardiomyocytes were
exposed to glucose-free with lactate conditions
supplemented with MCT1 inhibitor (2-CHC,
5 mM), and their viabilities were visualized using
the LIVE/DEAD kit (left). The time course of the
cardiomyocyte viabilities under different culture
conditions is shown (right). Chain and solid
red lines indicate glucose-depleted and lactate-
supplemented medium supplemented with (n = 4)
and without (n = 6) MCT1 inhibitor, respectively.
The dashed red line indicates the glucose-
depleted without lactate condition (n = 6). The biue
solid line indicates high-glucose medium supple-
mented with MCT1 inhibitor (n = 4). All data were

Cardiomyocytes

NS,

NS)H
e I

0 24 48 72
Time (hr)

Long-period (24 hr) fluxome analysis in viable cardiomyocytes
also detected [5-'3C]-labeled reduced (GSH) and [4,5,6,7,8,
10-"5C}]-labeled oxidized glutathione (GSSG), indicating that
glutamate, glycine, and/or cysteine were also synthesized from
the lactate (Figure 5 and Table S2).

Purified hESC-Derived Cardiomyocytes Showed High
Proliferative Capacity

We next investigated the proliferative capacity of mouse and
human ESC-derived cardiomyocytes purified using metabolic
selection. Some of the purified cardiomyocytes expressed
Ki67 antigen (Figure 6A) and showed EdU-incorporation activi-
ties (Figure 6B). For directly assessing the rate of karyokinesis
and cytokinesis after metabolic selection, the purified hESC-
derived aggregates were completely dissociated and then
seeded sparsely onto the MEF-layered dishes. Counting of
immunocytochemically a-actinin-positive cells after 2, 4, 6, and
8 days revealed that the purified cardiomyocytes could prolif-
erate up to 2.5-fold in 8 days, and the fraction of multinuclear
cardiomyocytes increased over time compared with the second
day (Figure 6C).

Purified Human PSC-derived Cardiomyocytes Showed
Physiologically Relevant Action-Potential

Configurations and Drug Responses

Action-potential recording using glass microelectrodes revealed
that the purified hESC-derived cardiomyocytes had nodal- (14 of
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hY Glucose (-} Lactate (-)
6 obtained from independent experiments.

Scale bar represents 100 um (E). *p <0.05; **p <0.01.

Data are shown as mean = SD. See also Figure S4.

76), atrial- (23 of 76), or ventricular-like (39 of 76) action potentials
(Figure 6D and Figure S6A). We next evaluated their chronotropic
response to the B-agonist isoproterenol and muscarinic agonist
carbamylcholine using the multielectrode array (MEA) system;
the former agent increased the beating frequency, whereas the
latter decreased it, both in a dose-dependent manner (Figure 6E).
We also found that beat frequency could be modulated by
temperature (Figure S6B), and intracellular [Ca®*] recording
using Fluo-4 dye also revealed that the purified hESC-derived
cardiomyocytes showed spontaneous and synchronized Ca?*
oscillations (Figure S6C).

Transplanted Purified Cardiomyocytes Did Not

Form Tumors

Finally, for investigation of the potential tumorigenicity of the
purified cardiomyocyte populations, 1,000 undifferentiated
hESCs, 2.0 x 10° nonpurified hESC-derived cardiomyocytes,
or the same number of purified cells were transplanted into the
testes of immunocompromised nonobese diabetic severe com-
bined immunodeficient (NOD-SCID) mice. Two months later, 9 of
10 (90%), 8 of 20 (40%), and 0 of 20 mice developed tumors,
respectively (Figure 6F and Figure S6D). For further verification
of the absence of residual undifferentiated cells, nonpurified
and purified dispersed hESC-derived cells (2.0 x 10% were
cultured on MEFs under PSC maintenance culture conditions
(colony formation assay) for 4 days. Nonpurified hESC-derived
cells formed Oct3/4- or Tra1-60-positive piled-up colonies, but
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Figure 5. Mechanisms Underlying the Lactate-Mediated Survival of Cardiomyocytes

Fluxome analysis of the short-term (30 min) and iong-term (24 hr) administration of ['3C]-labeled lactate under glucose-depleted conditions in neonatal
cardiomyocytes and ESCs (ESCs, n = 4; cardiomyocytes, n = 3). The relationships between the kinds of bars, kinds of cell, and labeling conditions are shown in
the upper left. All data were obtained from independent experiments. The bold red arrow on the right indicates a possible reflux pathway from malate to G6P. Ali
units are nmol per 1.0 x 107 cells. *p < 0.05; *p < 0.01. Data are shown as mean = SD. PEP, phosphoenolpyruvate. See also Figure S5 and Table S2.

the purified cardiomyocytes formed no colonies (Figure 6G and
Figure SBE). To demonstrate the PSC-elimination capacity of
the lactate method, we used a commercially available kit based
on magnetic-beads-activated cell sorting with a Tra1-60 anti-
body. This experiment confirmed the apparent superiority of
the lactate method in eliminating stem cells compared to the
tested method (Figure S6F).

DISCUSSION

There are several approaches available for obtaining enriched
cardiomyocyte populations from human PSCs. Ma et al. (2011)
performed genetic-modification-based purification of cardio-
myocytes (achieving >98% cardiomyocyte purity) from hiPSC
derivatives, using the intrinsic MYH6 gene to express a blasticidin
S resistance gene. Dubois et al. (2011) used a surface protein,
signal-regulatory protein alpha (SIRPA), as a cardiac-specific
marker in hiPSC derivatives prepared through a highly cardio-

Cell Stem Cell 12, 127-137, January 3, 2013 ©2013 Elsevier Inc.

genic differentiation procedure. They purified cardiomyocytes
(up to 98% purity) via FACS from sources comprising 40%-—
50% cardiomyocytes. The method we report here is a simple
medium-exchanging procedure that enabled cardiomyocyte
purification of up to 99% from a cell source comprising only
10% cardiomyocytes, with an estimated recovery of cardiomyo-
cytes of 74.4 + 12.1%, based on direct cell count before and
after purification. Previously we reported a mitochondrial
method for purifying cardiomyocytes to >99% purity via FACS.
Our direct comparison of these two methods revealed a higher
cardiomyocyte-yield-based efficiency for the lactate method
than for the mitochondrial method. The lactate method has
quantitative and economic advantages relative to other existing
cardiomyocyte-purification methods by virtue of its simplicity
and ease of application.

One question that arose from our studies is why ESCs die
within a few hours under the lactate method but cardiomyocytes
survive for much longer, even though both cell types use lactate
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Figure 6. Characterization of ESC-Derived Cardiomyocytes after Metabolic Selection

(A) Immunofluorescent staining for a-actinin (green) and Ki67 (red) in the purified mouse (top) and human (bottom) ESC-CMs.

(B) EdU-positive cells (green) in purified hESC-CMs.

(C) Numbers of hESC-derived dispersed cardiomyocytes after metabolic selection. The numbers of cardiomyocytes with single, double, and more than triple
nuclei are separately represented by the blue, red, and green bars, respectively.

(D) Action-potential recording of the purified hESC-CMs using microelectrodes. Shown are representative configurations of the nodal- (top), atrial- (middle), and
ventricular-like (bottom) action potentials. .

(E) Drug responses in purified hESC-derived aggregates using the MEA system (top). The line graph (bottom) represents the chronotropic response against
B-agonist isoproterenol (green; n = 3) and muscarinic agonist carbamylcholine (orange; n = 3). All data were obtained from independent experiments.

(F) The teratoma-forming capacities of hESCs (1,000 cells), nonpurified hESC-derived cells (2.0 x 10° cells), and purified hESC-CMs (2.0 x 10° cells) were
evaluated through their transplantation into the testes of NOD-SCID mice. The bar graph represents the summarized results (hESCs, n = 10; nonpurified, n = 20;
purified, n = 20).

(G) Immunofluorescent staining for Oct3/4 in dispersed cells from nonpurified hESC-derived EBs. The bar graph shows numbers of hESC-like colonies obtained
from hESC-derived cells (2.0 x 10% n = 5).

Scale bars represent 50 um (A and B), 100 um (E and G), and 1 cm (F). *p < 0.05; **p < 0.01. Data are shown as mean + SD. See also Figure S6.

for biomass synthesis. Through our investigations, we eliminated  differing properties may be a result of (1) the retrospective
the possibility that lactate supplementation caused toxic extra- glycolytic pathway consuming two ATP molecules during
cellular or intracellular acidification. We propose that these conversion of a lactate molecule to G6P, and (2) ESCs not being
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able to effectively obtain ATP from glycolysis nor from OXPHOS
under glucose-depleted conditions. Therefore, activation of the
retrospective glycolytic pathway may accelerate a catastrophic
balance of ATP supply and demand in ESCs, whereas cardio-
myocytes can maintain cellular ATP homeostasis by producing
more ATP via a highly active OXPHOS mechanism (Hattori
et al., 2010).

A patient would theoretically require about 10° cardiomyo-
cytes in therapeutic applications of purified cardiomyocytes. In
this study, we obtained approximately 5 x 10° purified human
cardiomyocytes per 177 cm? dish. Taking into account their
postpurification proliferative capacities, rough estimates there-
fore suggest that 1 x 10° cardiomyocytes could be obtained
from 800 dishes (14.13 m?). This scale is close to the capacity
of commercially available automatic large-scale culture systems
and suggests that combining more sophisticated differentiation
methods with our lactate method could facilitate realistic appli-
cation of PSC-derived cardiomyocytes to human therapy.

EXPERIMENTAL PROCEDURES

Animals

All animals including pregnant ICR mice, neonatal Wistar rats, and NOD-SCID
mice (8 weeks old, male) were purchased from CLEA Japan (Tokyo). All exper-
imental procedures and protocols were approved by the Animal Care and Use
Committee of Keio University and conformed to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Cells

Mouse ESCs were obtained from the Laboratory of Pluripotent Cell Studies,
RIKEN Center for Developmental Biology. The hESC line (KhES-2 and
KhES-3) was obtained from the Department of Development and Differentia-
tion, Institute for Frontier Medical Sciences, Kyoto University and used in
conformity with the Guidelines for Derivation and Utilization of Human Embry-
onic Stem Cells of the Ministry of Education, Culture, Sports, Science, and
Technology, Japan. The hiPSC line (253G4 and 201B7) was obtained from
the Center for iPSC Research and Application, Kyoto University. The skeletal
myoblast celi line (C2C12), hepatocyte cell line (HepG2), and renal cell line
(HEK293) were obtained from the American Type Culture Collection.

Reagents

The mouse monaclonal antibodies for «-actinin (immunoglobulin Gy [IgG4)
and Ki67 (IgM) were purchased from Sigma-Aldrich (Sigma). The mouse
monoclonal antibodies for SMA (IgGaa), Blil-tubulin, Oct3/4, and Tra1-60
were purchased from Dako, Promega, BD Transduction Laboratories, and
Millipore, respectively. The goat polyclonal antibodies for GATA-4 (C-20)
and Nkx2.5 (N-19) were purchased from Santa Cruz Biotechnology (Santa
Cruz). Alexa Fluor 488 and 546 anti-mouse 1gG (IgGy, 1gG2a, and IgM) antibody
and anti-goat IgG antibody were purchased from Invitrogen. DAPI and E-cad-
herin-Fc were also purchased from Invitrogen. Tetramethylrhodamine methyl
ester perchiorate (TMRM), mitotracker red, 2',7' -bis-(2-carboxyethyl)-5-(and-
6)-carboxyfluorescein (BCECF) and Fiuo-4 dye were purchased from Invitro-
gen. Fibronectin, isoproterenol hydrochloride, carbamylcholine, and «-CHC
were purchased from Sigma. The ['*C]-labeled glucose and lactate were
purchased from lIsotec. The ['*C]-labeled lactate was purchased from
PerkinEimer.

Maintenance of Mouse and Human PSCs

We maintained mouse ESCs on gelatin- or E-cadherin-coated dishes in Glas-
gow minimum essential medium (MEM) (Sigma) supplemented with 10% fetal
bovine serum (FBS; Equitech-Bio), 0.1 mM MEM nonessential amino acid
solution (Sigma), 2 mM L glutamine (Sigma), 0.1 mM B-mercaptoethanol
(Sigma), and 2,000 U/ml murine leukemia inhibitory factor (Chemicon)
(Nagaoka et al., 2006). We maintained hESCs and hiPSCs on MEFs in Dulbec-
co’s modified Eagle's medium/nutrient mixture F-12 Ham 1:1 (DMEM-F12;
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Sigma) supplemented with 20% knockout serum replacement (nvitrogen),
0.1 mM MEM nonessential amino acid solution (Sigma), 2 mM L glutamine
(Sigma), 0.1 mM B-mercaptoethanol (Sigma), and 4 ng/ml basic fibroblast
growth factar (Wako).

Differentiation of Human PSC-Derived Cardiomyocytes

We cultured the enzymatically detached undifferentiated colonies of
hESCs and hiPSCs with «MEM (Wako Pure Chemical, Wako) that contained
50 pg/ml ascorbic acid, supplemented with 5% FBS (Biowest) and 0.1 mM
R-mercaptoethanol in bacterial Petri dishes for formation of EBs. EBs contain-
ing rhythmically beating cells were observed 14 to 20 days later. Typically,
1%-10% of EBs contained beating cells. Media were changed once a week.
EBs were used for purification experiments between days 20 and 30.

Purification of hESC- and hiPSC-Derived Cardiomyocytes

The selection medium was prepared before use. Glucose-free DMEM (no
glucose, no pyruvate; Invitrogen) supplemented with 4 mM lactate medium
was produced using 1 M lactate stock solution prepared from diluting 10 M
lactate (Wako Pure Chemical) with sterile 1M Na-HEPES (Sigma). The
human PSC-derived EBs at differentiation day 20 to 30 were extensively
washed with and exposed to the selection medium. Media were changed
every 2 or 3 days for eliminating dead cells via rapid flushing using
40 pm filters (Becton Dickinson). Cells were sampled daily from day 6 of
purification for optimizing the timing of harvest for each batch. We split
sampled cells into two experiments: one for test cultivation and another
for FACS analysis. In the test cultivation, cells were transferred to fibro-
nectin-coated dishes and cultured for several days with oMEM supple-
mented with 5% FBS. FACS analysis was performed using a-actinin
antibodies. Our criterion for determining the harvest day was at least
95% purity indicated by FACS analysis. All harvested cells were then trans-
ferred to fibronectin-coated dishes and cultured for several more days
under «MEM supplemented with 5% FBS, during which the media were
changed several times for complete removal of debris consisting of dead
cells and insoluble matrix. The purified cardiomyocytes were finally
collected by rapid flushing. Movies were recorded using a fluorescence
microscope (BZ-9000; Keyence).

Cardiomyocyte Purification Using Mitochondrial Dye for Gene Array
To prepare purified cardiomyocytes for the gene array, we used hearts from
neonatal mice (P1). Purification of mouse neonatal cardiomyocytes using mito-
chondrial TMRM dye was performed by FACS (FACS Aria; Becton Dickinson),
as described previously (Hattori et al., 2010).

Immunofluorescence

We fixed cells with 4% paraformaldehyde in PBS (pH 7.0) for 20 min. Subse-
quently, cells were permeabilized with 0.1% Triton X-100 (Sigma) at room
temperature for 10 min and then incubated with the primary antibody at 4°C
overnight. Cells were then washed with Tris-buffered saline (TBS) containing
0.1% Tween 20 four times prior to incubation with the secondary antibodies
at room temperature for 1 hr. After nuclear staining with DAP! (Invitrogen),
stained cells were detected by fluorescence microscopy (IX71; Olympus) or
confocal-laser microscopy (LSM 5 DUOQ; Carl Zeiss).

Cell Viability under Glucose-Depleted Conditions with or without
Lactate

Neonatal cardiomyocytes, ESCs, and noncardiomyocytes including MEFs,
HepG2, HEK293, peripheral lymphatic cells, C2C12, skeletal myotubes,
and fetal neurons were exposed to glucose-free DMEM (Invitrogen)
supplemented with or without lactate (Wako). Cell viabilities were deter-
mined by the LIVE/DEAD Viability/Cytotoxicity Assay Kit (Invitrogen) based
on the simultaneous determination of live and dead cells with the calcein
AM and ethidium homodimer-1 probes. Fluorescence imaging of the cells
(live cells were labeled green, whereas the nuclei of dead cells were labeled
red) was performed with fluorescence microscopy (IX70 microscope;
Olympus) equipped with a color charge-coupled device camera (CS220;
Olympus). The green-labeled live area was measured using Image J.
Relative cell viabilities were calculated in percentages, compared with those
before treatment.
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