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Figure 1. Reprogramming of disease-specific CPCs. (A) Schematic presentation of CPC isolation and iPS generation. (B) Retroviral transduction
was verified by tagged-PCR and endogenous genes (C) are shown. (D) Retroviral silencing was confirmed during reprogramming after 3 months of

infection. Trans- and endogenous-gene expressions are shown.
doi:10.1371/journal.pone.0102796.g001

CPCs, undifferentiated iPS cells, and differentiated iPS cells were

cross-linked with 1% formaldehyde solution for 5 min at room

temperature. The cells were harvested and nuclei were extracted,
lysed, and enzymatically sheared to obtain chromatin. Immuno-
precipitation was performed on an end-to-end rotation overnight
at 4°C using the following antibodies: IgG (Upstate, Millipore 12-
370), H3K4me2 (Upstate, Millipore 07-030), H3K27me3 (Up-
state, Millipore 07-449), and acH3 (Upstate, Millipore 06-599).
Crosslinking between DNA and proteins was reversed. DNA was
purified after proteinase K digestion using Chromatin IP DNA
Purification Kit (Active Motif). All precipitated DNA samples were
amplified and quantitated by real-time PCR with SYBR Premix
Ex Taq II (TaKaRa) and NKX2-5 ChIP primers (Table S2 in File
S1). Signals corresponding to each antibody were normalized by
respective input.

PLOS ONE | www.plosone.org

Promoter Assays

The TNNT2 (HPRMI12846-PG04) and NPPA (natriuretic
peptide A; HPRM?23486-PG04) promoter activities were mea-
sured using a Dual Luminescence Assay Kit with a dual reporter
construct containing Gaussia luciferase (GLuc) and secreted
alkaline phosphatase (SEAP) side by side from a single sample
(all from GeneCopoeia, Inc.). Each promoter is placed upstream of
the GLuc reporter gene and contains a specific cardiac transcrip-
tion factor as an insert. A secondary reporter gene SEAP was used
to monitor the transfection efficiency for normalization. To detect
serum response clement (SRE) promoter activities, both SRE
fragment (pGI1.4.33 [luc2P/SRE/Hygro], Promega) and pG1.4.74
(hRluc/TK, Promega) were co-transfected into human cells by
using X-tremeGene HP reagent (Roche). The relative expression
of SRE (luc2P) construct was normalized using a control vector
(hRluc) introduced into the same cells. Human cells were
transfected with human NKX2-5 ¢cDNA (SC122678), human
NKX2-5 shRNA (short hairpin RNA; TR311165B), human
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Figure 2. Characterization of disease-specific iPS cells. Representative patient-specific iPS clones at passage 10 (A, iPS30: HLHS; B, iPS65:
TAPVC, representing BV). Colonies were stained with transcription factors typically expressed in iPS cells. Bar, 200 um. (C and D) Bisulfite sequencing
analysis of OCT4 and NANOG promoter regions during reprogramming is shown. Closed and open circles represent methylated and unmethylated
CpG dinucleotides, respectively.

doi:10.1371/journal.pone.0102796.g002

HAND! ¢DNA (8C122690), human HANDI1 shRNA  Statistics

(TR316857C), human NOTCHI cDNA (SC308883), or human Results are presented as the mean * S.D. The significance of
NOTCHI shRNA (TR302916D) along with single- or dual- differences was evaluated by paired or unpaired Student’s £ test. A
reporter constructs (all from OriGene Technologies, Inc.). The 4 value of less than 0.05 was considered significant.

luciferase activities were measured by the Glomax-Multi+Detec-

tion System (Promega) 48 hours after transfection.
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Figure 3. Patient-specific CPCs were fully reprogrammed. (A) Representative images of alkaline phosphatase staining are shown for iPS cells
generated from HLHS (iPS30) and TAPVC representing BV (iPS65) patients. Bar, 200 um. (B) Chromosomal abnormalities were not found in both iPS
clones at 10 weeks by the G-banding method. (C) Heat map (right) and hierarchical cluster analysis (left) of global gene expression from patient-
specific CPCs and iPS clones are shown. A commercially available 20187 clone (Riken) was used as control human iPS cells.

doi:10.1371/journal.pone.0102796.g003

Results

Generation of Disease-Specific iPS Cells Using
Patient-Derived CPCs

CPCs were isolated from the right atria of patients with
congenital heart diseases undergoing cardiac surgery (Figure 1A).
Individual cardiosphere-derived CPCs were isolated and infected
with a combination of retroviruses encoding the transcription
factors OCT4, KLF4, SOX2, and MYC as previously reported
(Figure 1B) [11]. Among the iPS clones generated, five HLHS-iPS
clones (iPS30, iPS46, iPS59, iPS68, and iPS72) and one BV-iPS
clone (iPS65), obtained from a total anomalous pulmonary venous
connection (TAPVC) patient, could propagate robustly when
maintained on SNL feeder cells. We then used the iPS clones

PLOS ONE | www.plosone.org

(iPS30-, iP346-, and iPS72-HLHS) and the iPS65 clone (iPS-BV)
for further evaluation in this study. Genomic integration of viral
transgene was confirmed by RT-PCR. The reactivation of
endogenous genes OCT4 and NANOG led to higher levels in
patient-specific iPS cells than in parental CPCs (Figure 1C). We
also examined the expression of viral transgenes; RT-PCR showed
that four factors (transgenes) were efficiently silenced in the
established iPS cell lines; they were maintained for more than 15
passages and examined at 3 months post-infection (Figure 1D).

Characterization of Patient-Derived iPS Cells

" The two types of disease-specific iPS cell grew at similar rates
and uniformly expressed stringent pluripotent markers such as
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Figure 4. Patient-derived iPS cells differentiated into all three germ layer origins in vivo. Gross morphology and hematoxylin and eosin
staining of patient-specific iPS cell-derived teratomas are shown. Teratomas were found in the testes of NOD/SCID mice 10 to 12 weeks after
transplantation. Histological sections of identified cells represent all three germ layers. Bar, 50 um.

doi:10.1371/journal.pone.0102796.9004
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Figure 5. HLHS-derived iPS cells could give rise to cardiomyocytes. (A) Both HLHS- and BV-derived iPS cells could generate cardiac troponin-
T (TNNT2)-positive cardiomyocytes (green) 3 weeks after lineage induction. Nuclei were shown by DAPI (blue). Bar, 30 pm. (B) Time course of TNNT2
expression in disease-specific iPS cells. Data were normalized using B2-microglobulin and human heart tissue for comparisons. *, p<0.05 vs. control
and differentiated BV-derived iPS cells at 3 weeks. T, p<<0.05 vs. before cardiac lineage induction (0 weeks) in each group.
doi:10.1371/journal.pone.0102796.g005
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Figure 6. HLHS-IPS cell-derived cardiomyocytes showed decreased cardiac transcripts. mRNA expressions in control 201B7 iPS cells and
one BV- and two HLHS-derived iPS cell lines during cardiac lineage induction at respective time points were determined by quantitative RT-PCR. All
data were obtained from more than five independent experiments with three different clonal derivatives and normalized using B2-microglobulin and
human heart tissue for comparisons. *, p<<0.05 vs. differentiated 201B7 and BV-derived iPS cells at corresponding time points. T, p<<0.05 vs. 201B7 at

corresponding time points.
doi:10.1371/journal.pone.0102796.g006

OCT4, SSEA-3, SSEA-4, TRA-1-60, TRA-1-81, and NANOG,
as determined by immunofluorescence (Figures 2A and B). We
next sought to confirm the epigenetic reprogramming in individual
iPS cells. Bisulfite sequencing analysis was performed to verify the
degree of DNA methylation of the OCT4 and NANOG promoters
(Figures 2C and D). CpG dinucleotides in both promoter regions
were highly demethylated in both patient-derived iPS cells relative
to parental CPCs. Consistent with their ES-like morphology, both
HLHS- and BV-derived iPS cells were positive for alkaline
phosphatase staining (Figure 3A) and could maintain a normal
karyotype for at least 10 weeks (Figure 3B).

Molecular Signatures of Patient-Derived CPCs and iPS
Cells

We next performed global gene expression analysis on patient-
specific iPS cells and parental CPCs using oligonucleotide
microarray (Figure 3C). The heat map image showed that the
expression profiles of both iPS cells were similar to those in control
human iPS cells (clone 201B7) and hiunan embryonic stem cells
(clone khESC-1), but different from that in parental CPCs.
Consistent with this, hierarchical clustering analysis demonstrated
that disease-specific iPS cells closely resembled control human iPS
cells, but were distinct from parental CPCs. Of particular note,
pluripotency-associated genes represented by NANOG, POU5F1
(OCT4), and TDGF1 were expressed at remarkable levels in iPS
cells compared with the levels in parental CPCs analyzed using
three-independent CPC lines (Table S1 in File S1). Patient-derived
CPCs significantly expressed typical gene transcripts indispensable
for progenitor cell proliferation and differentiation, including
IL1B, GREMI, LIF, TGFBR2, and IFGBP7 [12-15], and also
showed a vascular-lineage-committed phenotype by expressing
EDNI, LMO2, and VEGFC (Table S1 in File S1).

To assess the #n vivo pluripotency, iPS cells generated from
patients were injected into NOD/SCID mice. Ten to twelve weeks
after transplantation, both iPS cells gave rise to teratomas
originating from all three embryonic layers, including gut-like
epithelia (endoderm), cartilage and adipose tissue (mesoderm), and
neuroectodermal tissue (ectoderm) (Figure 4).

Cardiomyocyte Differentiation Potential of
Disease-Specific iPS Cells

Upon cardiac differentiation, both HLHS- and BV-derived iPS
cells gencrated cells that expressed typical cardiac structural
proteins, cardiac troponin-T (TNNTZ2) verified by immunostain-
ing, suggesting that HLHS-derived iPS cells are capable of
generating cardiomyocytes in vitro (Figure 5A). Quantitative RT-
PCR revealed that TNNT2 expression was significantly upregu-
lated at 3 weeks after differentiation compared with that at
baseline in both types of iPS-derived cardiomyocyte; however,
HLHS-derived iPS cells showed reduced cardiomyogenic potenﬂal
than those from control and BV heart (Fig. 5B).

Reduced Transcriptional Regulatory Programs During

Cardiac Differentiation in HLHS-Derived iPS Cells
To determine whether HLHS-derived iPS cells have a distinct
cardiac differentiation program, quantitative RT-PCR was
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performed. We found that cardiac transcriptional factors such as
NKX2-5 and HANDI, known to drive cardiac growth and
morphogenesis through primary heart field development, were
significantly downregulated in HLHS-derived iPS cells at 2 to 3
weeks after differentiation compared with their levels in control
201B7 iPS- and BV-iPS-derived cardiomyocytes (Fig. 6) [16].
HAND?Z gene expression, which is known to preferentially control
right heart morphogenesis but has a partially cumulative role with
HANDI in ventricular chamber formation, was also suppressed
[17]. T-box transcription factor TBX2, a particularly important
regulator for outflow tract cushion development and atrioventric-
ular canal formation as myocardial patterning, was significantly
reduced in differentiated HLHS-derived iPS cells [18]. In
addition, reduced expression of NOTCH/HEY signaling was
found. The decreased transcripts of these genes may be associated
with obstruction in the inflow and outflow tracts seen in patients
with HLHS due to the developmental defects in the regions of
atrioventricular and outflow tract myocardium [19]. These data
suggest that HLHS-derived iPS cells have the ability to give rise to
cardiomyocytes; however, these cells had suppressed levels of
indispensable genes involved in progenitor cell expansion and
differentiation to initiate cardiogenesis, atrioventricular canal
formation, and left ventricular outflow tract development to
achieve functional ventricular growth.

NKX2-5, HAND1, and NOTCHT Are Indispensable to
Restore the Activation of Cardiac-Specific Promoters in

HLHS-Derived Cells

Next, we sought to determine whether NKX2-5, HANDI, and
NOTCH1 genes might be involved in the control of cardiac-
specific promoter activities during the development of HLHS.
Three possible targets of cardiac-related promoters, namely, SRE,
TNNT?2, and NPPA, were examined. To demonstrate that the
generated shRINAs were specific for NKX2-5, HANDI, and
NOTCH]1, we performed transient transfection experiments to
verify the inhibitory effects of respective gene expressions (Figure
S1 in File S1). Four sets of shRNA for each gene were generated
and transfected into HLHS-derived CPCs with either the full-
length cDNA of interest or combined corresponding shRNA and
cultured for 48 hours. Real-time RT-PCR analyses were per-
formed to determine the appropriate ones for subsequent -
experiments. The inhibitory effects of selected shRNAs were
confirmed by using additional clones of HLHS- and BV-derived
CPCs (Figure S1 in File S1).

To investigate whether NKX2-5, HANDI, and NOTCH]I
might be the crucial transcriptional activators during cardiomy-
ocyte differentiation, we performed co-transfection studies using
the luciferase reporters driven by SRE, TNNTZ2, and NPPA
promoters, respectively. As shown in Figures 7A and B, both
HLHS-derived CPCs and iPS cells demonstrated a significant
decrease in SRE transcriptional activation that was synergistically
increased when NKX2-5, HANDI, and NOTCHI1 were co-
transfected into the cells, which was equivalent to the level in BV-
derived cells without exogenous gene induction. To address
whether these transcriptional factors are capable of suppressing
endogenous SRE activation, we transfected shRNAs into BV-
derived CPCs and found that either single shRINA or combina-

July 2014 | Volume 9 | Issue 7 | 102796



relative luciferase activity
SRE
w

NKX2-5
HAND1
NOTCH1

relative luciferase activity A

NKX2-5
HAND1

NOTCH1

m
= N
w o

relative luciferase activity
NPPA
=
(]

0
NKX2-5

HAND1
NOTCH1

o

0
shNKX2-5 -

ShHANDL -
ShNOTCHL -

relative luciferase activity
%]

[EEY
S
1

BV (CPC65)

HLHS (CPC30) & HLHS (CPC72) # BV (CPC65) B

SRE

555

PLOS ONE | www.plosone.org

Patient-Specific iPS Cells in HLHS

HLHS (iPS30) # HLHS (iPS72) & BV (iPS65)
CPCs 140 iPS cells
120
100

80

SRE

60

40

20

0
NKX2-5 - * - - - +

HANDL - - + - + - + +
NOTCH1 - - - + - + + +

D 3

NKX2-5 - + - - + + - +
HAND1 - - + - + - + +
NOTCH1 - - - + - + + +

iPS cells
+ ¥ N kS

(@]
©
(]
[7)
-

25

20

NPPA
G

ny
o

0
NKX2-5 - * - - + + - +

HAND1 - - + - + - * +

NOTCHL - - - + - * * +

HLHS (CPC30) H # BV (CPC65) & HLHS (CPC30) | & BV (CPC65) #2 HLHS (CPC30)
TNNT2 NPPA
10
5
0
+ - shNKX25 -~ + - - + 4+ - + - shNKX25 - + . - + 4+ - + -
+ - shHAND1 - - + - + - + + - ShHANDL - - + - + - + + -
+ - shNOTCH1 - - - + - 4 + + - chNOTCH1 - T N,
9 : July 2014 | Volume 9 | Issue 7 | 102796



Patient-Specific iPS Cells in HLHS

Figure 7. Synergistic restoration of target promoters by NKX2-5, HANDI1, and NOTCH in HLHS-derived CPCs and iPS cells.
Transcriptional activation of SRE promoter luciferase construct by combinatorial transfection of NKX2-5, HAND1, and NOTCH1 in HLHS- and BV-
derived CPCs (A) or iPS cells (B). Co-transfection of TNNT2 luciferase reporter with NKX2-5, HAND1, and NOTCH?1 in CPCs (C) or iPS celis (D) is shown.
NPPA luciferase construct was co-transfected with NKX2-5, HAND1, and NOTCH?1 alone or in combination into CPCs (E) or iPS cells (F). (G-I) BV-derived
CPCs were transfected with either control or shRNAs specific to inhibit NKX2-5, HAND1, and NOTCH1 expression. Results were normalized using an
internal control (SEAP or hRIuc) and obtained from more than triplicate sets of experiments. ¥, p<0.05 vs. the same HLHS sample without transfection
of the gene of interest. T, p<0.05 vs. BV sample transfected with control vector alone. 1, p<<0.05 vs. both HLHS samples with the same treatment.

§, p<<0.01 vs. BV sample transfected with control vector alone.
doi:10.1371/journal.pone.0102796.9007

torial treatment had the potential to suppress SRE promoter
activities (Figure 7G). We therefore hypothesized that these
transcriptional . factors may also participate in cardiomyocyte
maturation. A TNNTZ2 promoter-driven luciferase reporter was
used in patient-derived CPCs and iPS cells with or without
exogenous gene transfection. We found that BV-derived CPCs
and iPS cells showed prominent TNNT2 promoter activity
compared with those in two independent HLHS-derived cells
(Figures 7C and D). Induction of NKX2-5, HANDI, and
NOTCHI synergistically restored the reduced TNNT2 transcrip-
tional activation in both HLHS-derived CGPCs and iPS cells. Loss-
of-function studies using shRNAs showed that combinatorial
inhibition of three genes, except for shHANDI alone, could
markedly suppress the TNNTZ2 promoter activities (Figure 7H).
NPPA promoter-driven luciferase assays demonstrated a striking
finding that either NKX2-5 alone or combinatorial gene
transfection containing NKX2-5 could fully restore the NPPA
transcriptional activation in both HLHS-derived cell types
(Figures 7E and F). This great impact of NKX2-5 on the NPPA
promoter was confirmed by shRINA experiments that demonstrat-
ed that inhibition of NKXZ2-5 alone resulted in significant
reduction of NPPA transcriptional activation in BV-derived CPCs

(Figure 71).

Histone Modification on NKX2-5 Promoter in
HLHS-Derived iPS cells

To investigate further whether epigenetic modifications, such as
histone H3 methylation and acetylation, could be involved in
transcriptional regulation in HEHS-derived iPS cells during
cardiac-lineage induction, ChIP assay was performed using CPCis,
undifferentiated iPS cells, and differentiated iPS cells. Although
there were no differences in methylation or acetylation modifica-
tion at histone H3 in CPCs and undifferentiated iPS cells derived
from HLHS and BV patients, a marked decrease in dimethylated
histone H3-lysine 4 (H3K4me?2) and acetylated histone H3 (acH3)
was found within the NKX2-5 promoter regions in differentiated
HILHS-derived iPS cells compared with those from a BV patient.
We also identified significantly increased trimethylated H3-lysine
27 (H3K27me3) in the differentiated HLHS-derived iPS cells
(Figure 8).

Discussion

Congenital heart disease involves abnormalities in cardiac
structure or function that arise before birth. Although a number of
studies have uncovered that heterozygous mutations in cardiac
regulatory genes caused congenital heart defects in humans, the
identified genetic variants may not be directly correlated with
biological insights that potentially contribute to disease develop-
ment [20]. In lower vertebrates, the key regulatory mechanisms
involved in early heart morphogenesis have been investigated
extensively, but our understanding of the causal genes responsible
for the development of such complex disease is still limited in
humans [16]. Recent progress in stem cell biology has revealed a
previously unappreciated aspect of cardiac morphogenesis that is
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genetically controlled by a series of lineage-restriction steps of
common progenitor cells that arise from the primary cardiac
crescent during development [21]. In this study, we employed an
integrated approach by using patient-derived iPS cells to study the
pathogenesis of HLHS in order to uncover the molecular
fingerprints that may control progenitor cell fate during early
cardiac development.

Endogenous CPCs from adult mammalian heart were identified
a decade ago [22,23]. Although human CPCs can also be used in
cell culture to dissect the molecular mechanisms underlying
congenital heart defects, investigation of inductive signals associ-
ated with early cardiogenesis by using postnatal cells, obtained
after the onset of the disease of interest, may not be appropriate for
the definitive identification of genes responsible for early
developmental defects. In addition, it may not be possible to
recapitulate the phenotypes by CPCs as in vitro sources because
the pathogenesis of these complex diseases may require multiple
cell types to initiate disease development. Reprogramming
technology may facilitate disease investigation by assessing a wide
variety of pluripotent stem cell differentiation pathways, including
cardiomyogenic commitment, rather than by tracking the lineage-
restricted progenitor cell fate. In this regard, patient-specific iPS
cells may represent a promising cell source to study disease
mechanisms.

There are several limitations in this study. The generation of
patient-derived iPS cells remains technically demanding and
clonal variation within patients or clones from other patients
could be seen among studies; as such, their pathogenetic
heterogeneity should not be ruled out. The lack of patients and
control samples needs to be further emphasized and acknowledged
could be a major limitation in this study. Whether the in vitro
observations at 3 weeks after iPS cell differentiation could be used
as a compatible model of embryonic heart development in humans
remain unclear, so the obtained results may need to be interpreted
with caution. Ethical concerns have limited the use of human
CPCs isolated from healthy individuals due to the safety issues that
must be considered during cardiac biopsy procedures. Our
approach of using myocardial tissue specimens obtained during
cardiac surgery in children was absolutely safe without any
appearance of defects compared with the common skin biopsy
procedures. With respect to a control, 201B7 iPS cells were used
for comparative analysis in this study. We have also isolated
disease-derived CPCs from a TAPVC patient in whom the
pulmonary veins fail to enter the left atrium but supply the blood
flow into the right atrium. Besides the malpositioned pulmonary
vessels in this case, four-chamber morphogenesis and outflow tract
developed normally in the presence of patent foramen ovale to
support oxygenation.

In this study, we found a series of transcriptional repression
during the directed differentiation of HLHS-derived iPS cells,
which are implicated in the development of HLHS (Figure 9A)
and mutually controlled by a core-transcriptional regulatory
network, including NKX2-5 and HAND [16]. These results are
consistent with a previous mouse study demonstrating that the
Nkx2-5-Hand1 transcriptional pathway plays an essential role in
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lead to a hypoplastic ventricle. (B-D) Schematic diagrams of SRE, TNNTZ2, and NPPA transcriptional activation. HLHS-derived CPCs and iPS cells showed
significantly reduced luciferase activities compared with BV-derived cells. Co-transfection analysis of reporter constructs with NKX2-5, HAND1, and
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NOTCH1, proposed core transcriptional factors, could synergistically restore the transcriptional activation in these reporters equivalent to the levels in
BV-derived cells. (E) Major chromatin features in differentiated HLHS- and BV-derived iPS cells are shown. Upon cardiomyocyte differentiation, HLHS-
derived iPS cells failed to enrich the active histone marks such as H3K4me2 and acH3, whereas repressive histone marks such as H3K27me3 increased,
resulting in compact chromatin that lost enhancer marks and gained repressor marks on the NKX2-5 promoter.

doi:10.1371/journal.pone.0102796.g009

left ventricular formation during cardiogenesis [24]. Of particular
note, potential NKX2-5 mutations were found in patients with
HLHS [25,26] and a frameshift mutation in HANDI was reported
[27]. The epigenetic signature of NKX2-5 transcripts in iPS cells
during differentiation is unknown [28]. In general, undifferenti-
ated stem cells show hypomethylation of specific gene promoters
to allow their rapid activation during the processes of differenti-
ation. Methylation at H3K4 is associated with transcriptional

activation, whereas FHI3K27me3 represents a suppressive mark of

condensed chromatin status. The results of ChIP assay suggest that
reduced H3K4me?2 and increcased H3K27me3 on the NKX2-5
promoter might be the alternative epigenetic mechanism to
Jinterpret the impaired transcriptional expression found in the
differentiation processes of HLHS-derived iPS cells.

The atrioventricular canal is located between atrial and
ventricular chamber regions and is an essential source to complete
endocardial cushion and valve development. Decreased inflow
dynamics may lead to mitral stenosis/atresia as seen in HLHS.
Although we did not observe significant changes in BOP1, which
is a signaling control of secondary heart ficld development,
combinatorial contributions by the NOTCH/HEY and TBX2
axes from both heart fields might specify this process in HLHS
(Figure 94) [18,29,30].

HLHS generally involves a predisposition to obstructed left
ventricular outflow, which is commonly associated with aortic
atresia [31]. The pathogencsis of HLHS may originate as a
primary defect in valve development that leads to secondary LV
hypoplasia (Figure 9A). NOTCH 1 mutations have been identified
in HLHS individuals and aortic valve anomalies [32,33]. Recent
study related to NOTCHI mutations in humans suggests a direct
function of activated NOTCH and NOTCH ligand JAGGED
complex in controlling myocardial growth through NKX2-5
activation [34,35]. The most prominent NOTCH effectors are
basic helix-loop-helix transcription factors, HEY1/2. Endocardial
NOTCH/HEY signal integration during endocardial to mesen-
chymal transition has been shown to be critical in the generation
of cardiac valve as a specialized structure [36]. Finally, HANDI
and HAND2 are preferentially expressed in primary and
secondary heart fields to develop left and right chamber
morphogenesis [37,38]. Although the role of Hand?2 is generally
essential in the secondary heart field [39], it was reported that the
decreased expression of Hand?2 in mice could influence formation
of the LV and the aortic arch system [24], suggesting some
implications in the phenotype of HLHS.

In this study, HLHS-derived iPS cells demonstrated lower
capability of differentiating into cardiomyocytes (Figure 5B), which
is consistent with a recent report showing that iPS cells generated
from HLHS patients had impaired sarcomeric organization as well
as altered calcium transient patterning and responses to B-
adrenergic antagonist during differentiation when compared with
control iPS and human ES cells [40]. These observations indicate
that HLHS-derived cells may have critical defects of transcrip-
tional activation that are required for cardiac differentiation and
organ morphogenesis of the heart. Among the genes analyzed in
this study, NKX2-5, HAND1, and NOTCH1 were identified to be
the essential transcripts to activate a subset of cardiac lineage-
specific gene transcription. In contrast, the transcripts of GATA4
and TBX5 have been shown to be cooperatively involved in
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directing early cardiac transcriptional activation in vitro and in
vivo; indeed, we only observed comparable expression of these
genes between HLHS- and BV-derived cells during cardiac
differentiation (data not shown) [41,42]. Novel insights have come
from the gain- and loss-of-function experiments that demonstrated
that these three transcription factors synergistically regulated SRE,
TNNTZ2, and NPPA transcriptional activation (Figure 9B-D).
Although the chromatin states of tissue-specific stem cells have
been shown to be intermediate between pluripotent and differen-
tiated cells [43], we found that HLHS-iPS-derived cardiomyocytes
but not undifferentiated CPCs failed to acquire active histone
marks at the NKX2-5 promoter region to achieve full cardiac-
lineage induction compared with BV-derived iPS cells (Figure 9E).
These results suggest that epigenetic pre-patterning during
development may also contribute to reduced cardiac-lineage
specification and impaired heart morphogenesis in HLHS.

In conclusion, patient-derived CPCs can be efficiently repro-
grammed into disease-specific iPS cells for modeling congenital
heart malformations. This integrated technology offers an
unprecedented opportunity to reveal the genes differentially
expressed between iPS cells with and without ventricular chamber
defects and might enable correction of the gene variants for
therapeutic purposes in HLEHS. With knowledge of early cardiac
development, the molecular regulatory networks that mediate
myocardial growth and morphogenesis can be more informatively
dissected by using patient-derived iPS cells.

Supporting Information

File S1 TFile contains Figure S1 and Tables S1 and S2.
Figure S1. Verification of inhibitory effects of shRNAs
for NKX2-5, HAND1, and NOTCHI1 in CPCs. (A) HLHS-
derived CPCs were cultured in growth medium and transfected
with transcriptional factors as indicated with or without corre-
sponding four sets of shRNAs. The inhibitory cffects for each gene
were confirmed by real-time RT-PCR. (B) The most efficient
shRINA for each gene was selectively used to inhibit endogenous
expression of transcription factors in BV-derived CPCs. Full length
of cDNA for each transcription factor was transfected into HLHS-
derived CPCs and the repressive effect was examined. Data were
obtained from more than five-independent experiments and
normalized by using B2-microglobulin and human heart tissue
for comparisons. *, p<0.05 vs. sample transfected with gene of
interest alone. T, p<<0.05 vs. sample without shRNA transfection.
Table S1. Expression of embryonic development-associ-
ated genes in patient-derived CPCs and their iP$S cell
derivatives during reprogramming. Table S$2. Primers
used for RT-PCR, quantitative RTPCR, bisulfite se-
quencing analysis, and ChIP assay.
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Atherosclerosis is often associated with chronic vascular inflammation. High-mobility group box 1
protein (IHMGBI) plays various roles, not only as a transcriptional regulatory factor in the nucleus,
but also as an inflammatory mediator. A previous study suggested that fibrinogen is an important fac-
tor associated with atherosclerosis progression. The present study was performed to examine the
levels of plasma HMGBI protein in atherosclerosis patients. We studied 24 patients with peripheral
artery disease (PAD) with atherosclerosis, and 10 healthy controls. We found that the concentrations
of HMGBI1 were increased in the plasma of the patients with atherosclerosis, and there were signifi-
cant correlations between the plasma HMGBI1 and fibrinogen levels. Plasma HMGBI may play a key
role in the pathogenesis of clinical and experimental atherosclerosis.

Key words: HMGBI, fibrinogen, atherosclerosis, peripheral artery disease

therosclerosis is the one of the most common

causes of cardiovascular disease. Although
atherosclerosis is associated with hypertension, dia-
betes and hyperlipidemia, recent studies suggest an
additional association with inflammation and the
coagulation system.

High-mobility group box 1 protein (HMGB1) is a
nuclear protein present in many cells, When inflamma-
tion occurs, HMGBI is released into the extracellular
space in both an active and a passive manner. It func-
tions as a signal for inducing inflammation and as an
activator for inducing the immune response [1, 2].
The action of extracellular HMGB1 appears to be
dependent on its interactions with several cell surface
receptors, e.g., the receptor for advanced glycation
end products (RAGE) and toll-like receptor 2/4
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(TLR-2/4). Extracellular HMGBI has been reported
in a variety of clinical conditions associated with
inflammation and reperfusion injury [3-6].

It's was suggested that atherosclerosis is charac-
terized by a chronic inflammatory response to arterial
wall injury [7]. RAGE is expressed in human athero-
sclerotic lesions [8]. Smooth muscle cells with ath-
erosclerosis show increased expressions of HMGB1
and RAGE [9, 10]. RAGE expression is significantly
up-regulated in macrophages associated with athero-
sclerotic lesions [8], and inhibition of RAGE signal-
ing prevents the progression of atherosclerotic injury
[11].

In the coagulation system, serum fibrinogen is one
of the factors associated with blood coagulation and
viscosity. Fibrinogen may therefore be closely related
to atherosclerosis [8-10]. It was suggested that the
mortality rate of individuals with cardiovascular dis-
ease is associated with high levels of serum fibrinogen
[12]. Fibrinogen is essential for fibrin formation
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under the influence of thrombin and platelet aggrega-
tion' [13]. In addition, fibrinogen synthesis is stimu-
lated by cytokines from activated macrophages, and
thus fibrinoge behaves as an acute-phase protein [14].

These observations suggest that fibrinogen, like
HMGBI1, might be associated with the coagulation and
inflammation systems. In the present stud, we exam-
ined the expression of plasma HMGBI in patients with
atherosclerosis and we evaluated the correlation
between plasma HMGBI1 and the inflammatory or
coagulation systems.

Materials and methods

The plasma levels of HMGB1 were measured in 10
healthy controls (age 66.3 = 11.7 years, 7 males and 3
females) and 24 PAD patients (age 64.5 = 17.4 years,
21 males and 3 females). All patients and volunteers
provided informed consent, and the study was approved
by the institutional review board at Okayama University
Hospital (Okayama, Japan). First blood samples
(0.5ml.) were collected from the subjects’ peripheral
vein and then centrifuged (3,000 rpm, 10min) to obtain
plasma samples. Second blood samples (0.5ml.) were
collected using citric acid and centrifuged to obtain
plasma samples. After centrifugation, these samples
were stored at —80°C until they were analyzed. The
last blood samples (0.5mL.) were collected using EDTA
2Na for the blood cell counts.

The concentration of HMGB1 in plasma samples
was determined using an enzyme-linked immunosor-
bent assay (ELISA) kit according to the manufac-
turer’s protocol (Shino-Test, Sagamihara, Japan).
The HMGB1 levels are expressed as nanograms per
milliliter (ng/mL). We then analyzed the white blood
cells count (WBC: x 10*/mm?), C-reactive protein
(CRP: mg/dL), platelet count (Plt: x 10%/mm®),
activated partial thromboplastin time (APTT: sec),
and fibrinogen (Fib: mg/dL) using the standard meth-
ods established by the Department of the Central
Clinical Laboratory, Okayvama University Hospital.

The patients were divided into 2 groups according
to the ankle brachial pressure index (ABI): the mild
PAD group (ABI = 0.6) and the severe PAD group
(ABI < 0.6). All data are expressed as the mean i
SD. Group comparisons were performed using -an
analysis of variance (ANOVA) followed by the Mann-

- Whitney U-test. Correlation coefficients were deter-
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mined using the Spearman rank test. In order to
identify possible confounders of the correlation
between HMGB1 and PAD both a univariate and a
multivariate analysis with a multiple linear regression
model were performed. A probability of < 0.05 was
considered to be significant.

Results

HMGBI expression in systemic circulation.
The patients with PAD showed higher plasma levels
of HMGB1 compared to the healthy controls (n = 10,
median 4.63ng/mL; 95% confidence interval [CI]
3.56-5.41). In addition, there were significant differ-
ences in the plasma HMGBI levels between the mild
(n=12, median 6.16 (3.51-11.25; 95% CI) ng/mL.;
p<0.05 vs. severe PAD group) and severe PAD
patients (n =12, median 16.18ng/mL; 95% CI 3.18-
29.00; p < 0.01 vs. control group) (Fig. 1).

Relationship between plasma HMGBI and
inflammatory or coagulation factors. The
demographic data for the 24 subjects are presented in
Table 1. The PAD grade also showed a significant
correlation with the plasma level of fibrinogen (438 +
99mg/dL in the mild PAD group vs. 559 + 151 mg/
dL in the severe PAD group; p < 0.05). Table 2 shows
the results of the multivariable analysis for factors

“correlated with plasma HMGB1 levels. Both the ABI

{p=0.003) and the plasma level of fibrinogen (p <
0.001) were significantly associated with the subjects’
HMGBI levels. However, CRP and other coagula-
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Fig. 1 The plasma levels of HMGB1 in atherosclerosis patients

and relations between atherosclerosis progress and plasma levels of
HMGB1. Data represent the median = 95% confidence interval
{Cl). *p<.05, **p<.01 in comparison to the severe PAD group.
PAD; peripheral artery disease.
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Table 1 Comparison of baseline characteristics according- Fontaine in PAD Patients
PAD Patients mild PAD severe PAD ’
Variables (n=12) (h=12) b value
Male 9 (75.0) 12 (100.0)
Age, years 63.9 4+ 15.9 65.1 -+ 18.0 0.869
Body weight, kg 63.3 +13.1 59.6 - 12.2 0.504
Systoric BP, mmHg 145.4 -+ 16.2 1342+ 124 0.109
Diastolic BP, mmHg 7744 8.0 77.6+86.7 0.880
Ambulatory distance, m 174.3  294.4 34,5+ 30.2 0.116
ABI 0.72+0.10 0.32+0.15 <.001
Smoking 12 (100.0) 11 91.6
Medication for

Hypertention 11 (91.6) 7 (83.3)

Diabetes 7 (58.3) 3 (25.0)

Hyperlipidemia 7 (58.3) 8 (32.0)
Laboratory values
WBC, x10"/mm? 6,536 =+ 3,576 8,583 - 3,623 0.209
Hb, mg/dl 121424 128424 0.509
Het, % 36.6:+:6.8 38.3:+6.6 0.556
Plt, x 10%/mm? 222+72 344+ 197 0.078
APTT, sec 329+48 31.8 6.7 0.657
Fibrinogen, mg/dl 438 + 99 559 + 151 0.045
CRP, mg/di 1.25+2.13 1.38 -+ 3.00 0.912
HMGB1, ng/ml 7.38:6.09 19.08 1 15.59 0.024

Data are expressed as mean + SD or number (percentage).

PAD, peripheral artery disease; BP, blood pressure; ABI, ankle brachial pressure index; WBG, white blood cell number; Hb,
hemoglobin; Het; PIt, platelet number; PT, prothorombin time; APTT, active partial thromboplastin time; CRP, C-reactive protein.

Table 2 Correlation coefficients for HMGB1 in PAD patients
Variables Correlation coefficients p value
Age, vears —0.022 0.922
Body weight, kg 0.170 0.225
Systoric BP, mmHg —0.288 0.231
Diastolic BP, mmHg —0.301 0.210
Ambulatory distance, m —-0.194 0.353
ABI -0.566 0.003
Smoking 0.124 0.555
Medication for
Hypertention -0.126 0.438
Diabetes —0.231 0.307
Hyperlipidemia -0.313 0.127
Laboratory values
WBC, x 10%/mm? 0.097 0.677
Hb, mg/dl 0.127 0.584
Hat, % 0.083 0.688
Pit, x 10°/mm? 0.359 . 0.110
APTT, sec 0.211 0.371
Fibrinogen, mg/dl 0.754 <0.001
CRP, mg/dl 0.229 0.331

PAD, peripheral artery disease; WBC, white blood cell number;
APTT, active partial thromboplast; CRP, C-reactive protein.

tion-related factors demonstrated no significant rela-
tionship with HMGBL.

Fig. 2 shows the relationships between the plasma
HMGB1 and fibrinogen levels. The correlation coef-
ficient was 0.455. Table 3 shows the results of the
multivariable analysis for factors correlated with
plasma HMGBL1 levels. The only factor significantly
associated with the HMGB1 level was fibrinogen
(p=.003). The multiple stepwise regression analysis
showed that fibrinogen was the only factor indepen-
dently related to the HMGBI1 levels (R*=10.353)
(Table 4).

Discussion

Atherosclerosis and extracellular HMGEI.
Our results showed an association between athero-
sclerosis and increased plasma HMGB1 levels.
Plasma HMGB1 levels have been reported to increase
during inflammation, such as sepsis [1] and lung
inflammation [3]. In the present study, the plasma
HMGB1 levels in patients with PAD were much
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Fig. 2  The scatterplot shows that the relations between Plasma

HMGB1 levels and fibrinogen for healthy control and peripheral
artery disease. r, correlation coefficient.

Table 3  Multivariable analysis for correlates of HMGB1 levels
Characteristics B SE o)
ABI —0.563 10.118 0.310
WBC 0.201 0.774 0.455
Hb . -0.133 4412 0.892
Plt —0.474 0.019 0.100
APTT 1.843 2,758 0.056
Fibrinogen 0.783 0.021 0.003
CRP —1.400 3.006 0.065
Table 4  Multiple stepwise regression analysis for correlate of
plasma HMGB1

Characteristics B SE p
Fibrinogen 0.594 0.019 0.006

R?=0.353 .

higher than those in healthy controls (Table 1). The
source of circulating HMGB1 in atherosclerosis
patients has not been determined, but 2 mechanisms
are speculated to increase the general circulating
HMGB]1 levels. A local inflammatory secretory release
of HMGB1 might be induced from immune responder
cells such as monocytes, macrophages and endothelial
cells with cytokine stimulation. Atherosclerotic lesions
express high levels of HMGBI, thus leading to inflam-
mation in atherosclerotic lesions [1, 2, 9]. However,
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the source of plasma HMGBI may be not only immune
responder cells but also vascular smooth muscle cells
in atherosclerotic plaques [10].

In atherosclerotic plaques, endothelial cells and
smooth muscle cells contain cytoplasmic HMGBI.
HMGBI1 is accumulated from the cytoplasm into
secretory vesicles, However, atherosclerotic plagues
contain extracellular HMGBI1, which is released from
necrotic cells [9]. While atherosclerotic inflammation
continues, HMGB1 may be released into circulating
blood. ~

It was suggested that HMGBI is associated with
the inflammatory and coagulation systems [15]. During
the last stage of atherosclerosis, plaque rupture
induces the formation of a thrombus. Endothelial cells
lose their anti-coagulation properties and adhere to
platelets. As shown in Fig. 1, the plasma levels of
HMGBI correlate with the progression of atheroscle-
rosis. Normally, patients with severe PAD have
severe local infection and gangrene of the foot.
However, our present findings indicate that the
infection-related factors WBC and CRP were not
significantly related to the ABI degree, and thus the
plasma level of HMGB1 may be independent from local
infection or necrosis. Therefore, the extracellular
HMGB1 secreted from atherosclerotic lesions and
local HMGB1 may contribute platelets to the forma-
tion of thrombosis and the progression of atheroscle-
rosis.

Atherosclerosis and fibrinogen.  Athero-
sclerosis has heen demonstrated to be associated with
inflammatory processes in the vascular walls [15, 16].
The activity and progression of atherosclerosis is
influenced by vascular inflammation [17]. Fibrinogen
is an acute protein marker as well as a coagulation
factor and has various other functions such as deter-
mining the blood viscosity and stimulating vascular
smooth muscle cell migration and proliferation.
Fibrinogen provides an indirect measure of eytokine-
dependent inflammatory processes in the atheroscle-
rotic wall. In addition to its role as a nonspecific
marker of inflammation, fibrinogen is involved in
atherogenesis and thrombogenesis by acting as a
bridging molecule for many types of cell-to cell adhe-
sion events that are critical for atherogenesis [18].

Fibrinogen plays a central role in the coagulation
cascade and has a critical impact on the formation of
fibrin clots following the rupture of an atherosclerotic
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plaque [19]. The agents used to treat atherosclero-
sis, such as statins and angiotensin-converting enzyme
inhibitors, which improve clinical outcomes in primary
and secondary prevention [20], decrease the fibrino-
gen levels [21]. It was thus suggested that increased
plasma fibrinogen is one of the risk factors for PAD
[8-10]. In the present study, there was a significant
correlation hetween HMGB1 and fibrinogen (IFig. 2).

In addition, the present subjects’ fibrinogen levels
were independently correlated with HMGBL levels
(Table 3). The multiple stepwise regression analysis
showed that fibrinogen’s R* (multiple regression coef-
ficient) was 0.353, and the p-value for fibrinogen was
0.006 (Table 4). Our results may indicate a causal
relationship between HMGBI and fibrinogen, and thus,
high levels of plasma HMGB1 and fibrinogen may
induce atherosclerotic progression. A prior study
suggested that HMGBL is a potential biomarker for
subclinical inflammation [1]. HMGB1 may be a good
candidate as a marker for atherosclerosis.

Here we found that the concentration of HMGB1
was increased in the patients.with atherosclerosis, and
the level of plasma HMGBI was correlated with that
of fibrinogen. We therefore speculate that the plasma
HMGBLI level is increased in atherosclerotic patients,
and a significant correlation between the plasma
HMGBL1 and plasma fibrinogen levels will be examined
and perhaps confirmed in future studies.

However, our study also has some technical limita-
tions. First, we evaluated a very small number of
patients. Comparisons of large numbers of PAD
patients may better elucidate the relationships among
plasma HMGBI1, fibrinogen and PAD. Second, we
used only the ABI for our atherosclerosis classifica-
tion. The ABI values were obtained with an oscillo-
metric automated device, and small differences in the
device's measurements may have altered the final
numerical ABI values. Using another measurement
device such as a skin perfusion pressure (SPP) or
transcutaneous partial pressure (tcPOs) device may
better clarify these relations. Third, we do not yet
know the mechanisms underlying how HMGB1 is
related to atherosclercsis. A longitudinal study is
needed to clarify the causal relationships among
HMGBI, fibrinogen levels, and atherosclerosis pro-
gression. We also do not know whether HMGB1 as a
biomarker has a strong relationship with atheroscle-
rosis progression. Further investigations of the role

HMGB1 and Peripheral Artery Disease 161

of HMGB1 may make it possible to identify a novel
biomarker for atherosclerosis.
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Figure 1. Main pulmonary angiogram demonstrating the des-
cending aortic artery through a patent arterial duct from the
main pulmonary artery (MPA), and the right subclavian artery
(RSCA) originating from the main pulmonary artery. LPA: left
pulmonary artery; RPA: right pulmonary artery.

A 3-day-old girl born at 39 weeks gestation weighing
2804 g was referred for cardiac evaluation on the 3rd
day of life due to a heart murmur and tachypnea. She
was found to have an interrupted aortic arch type B, a
ventricular septal defect, a dysplastic aortic valve, 2
adequate-sized ventricles, and a patent arterial duct
on echocardiography. She was immediately started on
a prostaglandin E, infusion. We planned a staged
biventricular repair with the combined Norwood and
Rastelli procedures. The patient underwent bilat-
eral pulmonary artery banding for regulation of high
pulmonary flow on day 10 after birth, as an initial pal-
liative treatment. An angiogram (Figure 1) and multi-
detector computed tomography (Figure 2A, 2B) after
the initial palliative operation revealed a rare anomaly:
an aberrant right subclavian artery that originated from
the junction of the main pulmonary artery and the right
pulmonary artery.
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Figure 2. (A) Multidetector computed tomography angiogram
showing the aberrant right subclavian artery (RSCA) from the
main pulmonary artery (MPA). (B) Three-dimensional recon-
structed image of the multidetector computed tomography
clearly displayed the right subclavian artery (RSCA) arising from
the main pulmonary artery, interrupted aortic arch, and the
banding on both pulmonary arteries (asterisk). LCCA: left
common carotid artery; LPA: left pulmonary artery; PDA: patent
ductus arteriosus; RCCA: right common carotid artery; RPA:
right pulmonary artery.
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Abstract

OBJECTIVES: In cases of severe Ebstein’s anomaly, it is essential to determine whether biventricular repair (BVR) or single-ventricle palli-
ation is feasible. Since 1999, in our institution, we have used the novel technique comprising tricuspid valve (TV) closure and right ventricu-
lar and right atrial (RV/RA) exclusion to reduce the deleterious effects of an enlarged RV in patients with severe Ebstein’s anomaly.
However, in cases with good RV function, primary BVR is performed. In the present study, we describe our surgical strategy in the treat-
ment of severely symptomatic neonates with Ebstein’s anomaly.

METHODS: From June 1999 to October 2011, 12 neonates with a severely symptomatic Ebstein’s anomaly underwent surgical repair. The
mean age at the first operation was 29 + 25 (range, 5-92) days; and the mean body weight was 2.8 + 0.5 (range, 2.0-4.7) kg. The associated
anomalies included pulmonary atresia with an intact ventricular septum in 7, critical pulmonary stenosis in 1, ventricular septal defect in 3
and coarctation of the aorta in 1 patient. The mean cardio-thoracic ratio (CTR) was 80 + 14% (range, 57-98%). Preoperatively, 9 patients
had grade IV tricuspid regurgitation (TR), as detected by echocardiography, and 6 required ventilator support.

RESULTS: Five patients underwent primary BVR. Seven patients underwent staged palliation using a modified Blalock-Taussig shunt (BT
shunt) with/without RV/RA exclusion. There was 1 case each of hospital death and late death. The median follow-up duration in the
" present study was 6.5 years. Among the 8 patients who underwent TV repair, postoperative TR was trivial or mild in 6 patients, moderate in
1 and absent in 1. After surgery, the mean CTR and serum B-type natriuretic peptide levels decreased to 59 = 14% (range, 45-70%) and
46 + 28 (range, 12-83) pg/d|, respectively. )

CONCLUSIONS: Critically ill neonates with Ebstein’s anomaly can be successfully treated using RV/RA exclusion combined with a modified
BT shunt in cases where RV function is poor. However, in cases of good RV function, we recommend the use of primary BVR.

Keywords: Ebstein’s anomaly « Neonate - Cardiac surgery * Right ventricular exclusion

INTRODUCTION using a fenestrated patch and a modified Blalock-Taussig shunt (BT
shunt). Acceptable survival rates have been reported for neonates
or early infants with Ebstein’s anomaly who underwent the Starnes
operation. Since 1998, in our institution, we have used a novel tech-
nique comprising TV closure and free wall resection of the RV and

right atrium (RV/RA exclusion) to create a single left ventricle (LV) in

Management of a neonate with symptomatic Ebstein’s anomaly is
a very challenging situation for paediatric cardiologists and paedi-
atric cardio-thoracic surgeons, as these patients tend to have a
higher risk of early mortality compared with necnates with hypo-

plastic left heart syndrome, even in institutions with the most
experienced surgeons [1, 2]. Tricuspid valve (TV) repair for symp-
tomatic neonatal Ebstein’s anomaly is reportedly an extremely
high-risk procedure with a high early mortality rate. TV repair out-
comes in patients with Ebstein’s anomaly and right ventricular (RV)
outflow obstruction are particufarly poor. In 1991, Starnes et al. [3]
introduced an innovative surgical treatment for severe neonatal
Ebstein’'s anomaly, referred to as the Starnes operation. This proced-
_ ure involved the univentricularization of the heart by TV closure

'Presented at the 26th Annual Meeting of the European Association for Cardio-
Thoracic Surgery, Barcelona, Spain, 27-31 October 2012.

patients with isolated RV dysfunction to reduce the deleterious
effects of an enlarged RV [4]. We have applied this technique since
1999 to patients with severe Ebstein’s anomaly.

Appropriate patient selection and determination of which
patients should be treated with a univentricular or biventricular
approach have been problematic, since accurately estimating RV
function is difficult despite the development of diagnostic proce-
dures, including echocardiography and magnetic resonance
imaging. Some doctors state that all neonates with symptomatic
Ebstein’s anomaly and pulmonary obstruction should undergo the
Starnes operation, which has been accepted in most institutions
worldwide. However, in our institution, an effort has always been

© The Author 2013. Published by Oxford University Press on behalf of the European Association for Cardio-Thoracic Surgery. All rights reserved.



