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Development and Prospect of Basic Research in Pediatric Cardiovascular Disease

Kazuki Kodo
Department of Pediatrics, Keio University School of Medicine, Tokyo, Japan

Despite its clinical importance, the detailed genetic etiology of congenital heart disease is unknown, and it has
been considered a “multifactorial” disease. The development of the heart is regulated by the spatiotemporal
control of many genes in order to construct a three-dimensional complex form. To elucidate the pathogenesis of
congenital heart disease, it is essential to promote research focusing on site-specific development in cardiovas-
cular morphogenesis. Studies using genetically modified animals and stem cells are actively being conducted,
and new insights into cardiac development and mechanisms of pathogenesis have accumulated over the past
20 years. These include the detailed roles of multiple cardiac progenitors contributing to the development of
each component of the heart. This review describes the developments and future prospects in the field of basic
research on pediatric cardiovascular disease.
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Fig. 1 Schematic representation of the developing heart including the contribution of cardiac progenitor

lineages

First heart field progenitor cells (red) of the cardiogenic mesoderm forms cardiac crescent under in the anterior part of
the embryo at E7.5, then move ventrally to the midline and form the linear heart tube. The second heart field (blue) are
situated in medial splanchnic pharyngeal mesoderm and migrate into anterior and posterior part of liner heart tube, pro-
viding the source of right ventricle, outflow tract and atrial cardiomyocytes. After the looping of the heart tube around
E8.5, cardiac neural crest cells migrate from the dorsal neural tube to Ill, IV and VI pharyngeal arch arteries and con-
tribute to vascular smooth muscle cells of the aortic arch and cardiac outflow tract around E10.5. At the same time, the
proepicardial organ progenitor cells contact the surface of the developing heart, give rise to the epicardium.
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Fig. 2 Schematic representation of the key transcription/signaling factors involved in the morphogenetic

processes during cardiogenesis
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Fig. 3 Identification of GATAB mutations in patients with persistent truncus arteriosus (PTA)?”

BRNRBERSBF M

(A) The structure of the human GATAG6 gene, the position of the two mutations (asterisks), and conservation of alignment
between species are shown. Zf, zinc finger; NLS, nuclear localization signal. Changes in amino acids are highlighted in
red. The E486del mutation causes two nucleotide deletions, resulting in nine amino acid changes followed by P489 to
termination (Ter) codon. (B) Pedigree indicating cardiac phenotype and the presence (+) or absence (—) of the GATA6
mutation in the family of proband A(E486del; arrow) and proband B(N466H; arrow).The probands are indicated by
arrows. (circle), female; (box), male; (solid fill), with CHD. In addition, a sequence chromatogram of one frame shift
mutation (E486del, proband A) and a point mutation (N466H, proband B) are shown. (C) GATA cis-elements in the Sema3c
enhancer/promoter are essential for their expression in outflow tract development. Schematic diagram of the mouse
4.7-kb Sema3c promoter-lacZ reporter plasmid with or without site-directed mutagenesis of Site1 (Site1-lacZ). The num-
ber of transgenic embryos analyzed is indicated. (D) Embryonic day (E) 11.5 embryos harboring the Sema3c-lacZ trans-
gene (left two lanes). Clearing of the embryo (right two lanes) revealed lacZ-positive cells migrating into the outflow
tract (oft) and subpulmonary myocardium (arrowheads), and the right ventricle (rv) shown in the higher-magnification
image of the heart. No lacZ-positive cells in the oft and rv, shown in the higher-magnification image of the heart in the
embryo harboring the transgene with site 1 mutation. sm, somites; Ib, limb bud; nt, dorsal neural tube; ra, right atrium;
Iv, left ventricle; la, left atrium; 3/4, paa 3 and 4; 6, paa 6. (E) The expression of SEMA3C and PLXNA2 in the developing
outflow tract is directly regulated by GATAG6 through the consensus GATA binding sites. Mutant GATAG proteins failed
to transactivate SEMA3C and PLXNA2, and mutation of the GATA sites on enhancer elements of SEMA3C and PLXNA2
abolished their activity, specifically in the outflow tract/subpulmonary myocardium and cNCC derivatives in the outflow
tract region, respectively, suggesting that mutations of GATA6 cause specific forms of human outflow tract defects.
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Fig. 4 The regulatory mechanism of SEMA3C expression during cardiogenesis by FOXC1, FOXC2 and

TBX1-FGF8 signaling®®

(A) Aberrant mRNA expression of SEMA3C in pharyngeal arch region in the hypomorphic state of TBX1 (Thx77¢°"¢),
DIG-labeled whole mount in situ hybridization of SEMA3C mRNA in Tbx77°* (upper, left) and Tbx77°°"*° (lower, left)
mouse embryos at E10.5. Higher magnification bilateral views of pharyngeal arch region (white box) are shown in
right lane. (B) Pharyngeal arch regions of chick-quail chimeras with bilateral transplantation of cNCCs. Fgf8ab injec-
tion causes less migration of cNCCs from the 6th pharyngeal arch region (white arrowhead) to the outflow tract (black
arrowhead) compared to control. I, lll, IV and VI, 2nd, 3rd, 4th, and 6th pharyngeal arch arteries, respectively. (C) TBX1
in the SHF inhibited the expression of SEMA3C through its downstream signaling molecule, FGF8, in migrating cNCCs
along the pharyngeal arches. In contrast, in the embryos with the developmental defect of SHF, downregulation of
TBX1-FGF8 signaling in the pharyngeal arch region may lead to misexpression of SEMA3C in migrating cNCCs, result-
ing in their aggregation and the disruption of migration. SEMASC is a key signaling molecule that mediates an interac-
tion between cNCCs and the SHF implicated in proper septation of the outflow tract. This work is licensed under the
Creative Commons Attribution 4.0 International License. To view a copy of this license, visit http://creativecommons.
orgl/licenses/by/4.0/ or send a letter to Creative Commons, PO Box 1866, Mountain View, CA 94042, USA.
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Fig. 5 Characterization of patient-specific LVNC iPSC-CMs carrying a TBX20 mutation generating the

animal model of LVNC using TGFB1 overexpression mouse*?

(A) Schematic pedigree of two families with LVNC. The probands are indicated by arrows (A-lll-4 and B-11-2). Plus and
minus signs indicate the presence and absence of the TBX20 Y317 mutation in the family A and the T262M mutation
in the family B, respectively. (B) Immunostaining of nuclear (blue), TNNT2 (red) and EdU (green) in iPSC-CMs derived
from the proband, father and healthy control. The iPSC-CMs derived from the proband showed significant decrease of
EdU positive cells suggesting proliferation defect in the LVNC iPSC-CMs. (C) Schema of TBX20 and the position of the
Y317 and T262M mutations. TAD, transactivation domain; RD repression domain. (D) Immunostaining of nuclear (blue),
alpha-sarcomeric actin (green) and phospho-SMAD?2 (red) in the LV of control donor heart tissue versus the explanted
heart of proband no. 1. (E) Mechanistic schema of the pathology of LVNC caused by TBX20 loss of function mutation.
During the myocardium development, TBX20 inhibits activation of TGFB signaling and promotes embryonic cardio-
myocyte proliferation. TBX20 mutation disturbs the suppression of TGFB and promotes early exit of cardiomyocyte cell
cycle. Decreased ventricular cardiomyocyte proliferation leads to failed formation of compact layer of developing myo-
cardium and results in LVNC.

. . SR BT 3 C 21, BRI B 2 U

IPS #fia% Ao DS EM SR OPIREK 5 (KRS T 3 > 7. 2005 4E0 iPS HIfE0
HROE 512, DIREGHEORE SHHEL LT, BIFEE NS T LA 7 A—I, ChETOL FRER
DR EOREIET B NBD, —HT, DY RONEHNAEZZ, BEMIAEMERELTL M
(b4 & O D REEDIZRRIC & LD )% §7d I B PRSI DR LR B 2 R 3 LU0 S
LREIBNTVNE. LALCHET, b hGHED Wi I 2 TTRE L %85 B4 ST R | %

© 2020 Japanese Society of Pediatric Cardiology and Cardiac Surgery



104

#eC Ufz. DA iPS Mz fIH Uz, #ifzie/ NG
ERESTEIIC BT BIITL DA M2 AN 5.

FERE SR R DO E T B D FE SRR D f e & ZEh2 I BY
Y2 EEZONLOELE UT, KRB0 b
# (left ventricular non compaction: LVNC) H%F
513 %, DL, WEIBK, Bt
KXURREY TV 7 DOFETat AW, BRI - 242
MIICHIEE N C LickD5ElENnsd. TNETIC
v M BITEYZ HWTZZET, Ol oM E
NS B4 2 B n TREDZZ B R YOl O s 5ERE
P ZG| &R T L, LVNCERDORBIH 2 B9 % i3
WMESNTERD, ZOFMIR A = X LIEKTZAH
Tdb 3 . iPS MFHE O GPS cell-derived
cardiomyocyte: iPS-CM) (&, HBHDOBICNTE R2 T
DEERFELTHD, EEETIVAOF NS
N%. 2T THRELIEX, ZOWRHEEHSMIT S
7e¥, LVNC K ZH9 5550 5 5 ER iPS
Mz R U7z 2 (Fig. 5A). LVNC B3k iPSC-
CMsZzary ru—)Ufif& iR L7z & %, LVNC#
ICH B RHAE K T AR E e (Fig. 5B). LVNC
iPSC-CMs IC #2885 N 7= HEEE REX N D A 7 i i 5
128, RNA Y — 27Ty v BVi-fginEs
TR BT 217 > 7o KR, Upstream fif# At C LVNC
iPSC-CMs 1%, > bra—)LREE [bXT TG 7'+
IVOTE LD EEE TH B T L hRE N, TGERY J
FIVOIEFE LN OEIEIAREIC 5 2 5 8 2 i\ 5
728, RS TGEB1 2L 7z & T %, iPSC-CMs
O S WL E RIS T L, TGEAALLiMI
HEEEICHIRIFNCER S 2 nlREMENE 2 bk,

CDORRICBIT 2 EERKEETOMIHD 28,
IV —LY—0ITYAZHVT, i, FAidbk
O iR DR EAR 2 BT 217 > Te kbR, OldER
BRI DA —E L C TBX20 DF >t v AEHRNE
bHhiz (Fig. 5A, C). TBX20 H' LVNC DA
BIZTTHB T LRIANHT DI, FLRYE, il
BT ZIE T LT R DO ki,
LVNCEE 78 % O DNA Z it LTz & T A, %
B 1 A& D DNA A TEEKIC de novo ZFERHE
N, TBX20 ZFORIFEIENFEHE Nz (Fig. 5A, ©).
TBX20 DFEEMOHMINEN T TGES 7 F IWiEMEIC S
A BRI D I, v b ESHIlRD TBX20 7% / v
A2 LTI ERL L, D EaAE %I/
BHERETS K O TGEBY 7' )V B A 1 D FEE 2 5 X Tz
fi®, LVNC iPS-CM & [A#RIC TBX20 /v 7 2
ES Hifa el O iR, 2 oM EHEEEIXEK T L,
TGFBEHE m T DR BUIEINCHIING 5 T & W ER

ARNRBERSBSFRIME £36F F£25

&, TBX20B{n 1 DERERE M TGFRY 7 F IV ik
Mtz | E i TRt AR E Nz, E5IC LVNC
BEDDET TGFRY 7 IV OIEHE NGRS 55 T
Ll d 278, FEbiHE OMMIFICH L U7z O
YV TIEe LT ZIT>72 L T3, iPSC-CMs D
AL & RIRRIC, FE5iE# 0 Tl TGRS 7' F )L D
SMAD DOV VgL yt#ENEH 5Nz (Fig. 5D).
RICEAZ I, TGEBY 7 F IV DIGTEAL AR D0
R G5 A 2 B N5 128, DIiliHaE SIS
TGFB1 25 Bl L, FBi& % doxycycline I & b 7 i
AR NS VAV 22w I T A2 E LTz, TGF
Bl 7z R EICHRE T S B e~ IEIRA 13 HE T
WICHEC Uiz, BRAE 12.5 HOWLHiZfigit Liz & T 5,
MR LA O HEHEAME T U, #eEE»NIEHL L T
WA ENHLMEE DT,
RZBICIHFBEABET 55 F & LT, LVNC iPSC-
CMs DRIV Z {5 5 728, TGFRY 7 F IV D&
I, BXUDNA L)V TOBEZAFTz. TGFRZ
BROR RN EEH 263 2180 L&Yz i
WTTGEY 7 Vv z2l#EdT 5 &lic kb, LVNC
iPSC-CMs OAIFEFAREIF SGE Lz, 51, Find
HoK iPS MfTIC 7/ LGSR 21710, TBX20 £ R4
ZIEHFEY TE# Lz E T3, LVNC iPSC-CMs O
WETEREAR FIZSGEEN RS BN, TBX20 £ 5 LVNC
iPSC-CMs D ERHANC F 1 2508k 52 TC\5 T k
MR E Nz, LD RZXE® 5 L, TBX20 &
TGEB 7 F )bzl L, BRIz L,
HIEIE RIS EHRk T % A, TBX20E s TARICKD
TBX20 DHEENRIZ DN D &, TGERY 7 FILVDFEH
LD ER X D, TGERY 2 )LD TTHEIF AR LD
ez RS L, SEEERA 2N ER SN,
LVNC WWHIES % &£ 2 bz (Fig. 5E). HEkD#E
LR L BT T IVCNZ T, b MEBs LT
B K iPS M & O DM R 2 FR U, KRBT
itz 1o T ick D, b MBI B DEFAERED
HHICBELTE, FHlARRIMI S K ORI D
REND &2 HEREMAMIS NS ATRENEN D % .
SHBIDXIEFEICEKD, £ < D CHD DiEEMR
W, JBRGEBFED RS 5 2 LR ENS.

#&

T D20 EM, 77 FAEMAN TR BRI R,
FRIAET O FERIC K D T OMHEZISNICT B 72
DHIRMNZHEIERE N, 2R DAL O R
WRPE S NTETD, EEIT O Z DM TG
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NTRBEZ TR 2 DI L, wiSHREER D £ D X
ICEFHT BME, AT ANZ LN RS NS
ThHs. DIEEYHEXOD FIEZORROMESR,

WD B A > 2 —T = —AH LD 2 A

T lickoTHEtEE NS, DIEmEEE O Y
¥k, e b7 LEHIDFERIC K > THE#EE N T
Efe. DREBRORBBNCEE R 52 268K B X T
R Z R [AET 2 RE1E, REOFEHTFICOV
TOWRZREL, 74T — A1 NEEDORIFIC L
BRI IS LB\ fe. IREBETIVEYIC I
ZBIETZNRNNCATEE LT 2 Heiii, OlERRES
KU BRER 272 il 2 385 O BERE 72 ok I fiRiH 3
L2756 Uiz, TSIzl ng A=
g, MR, MlEN, BXUREEEOLNILTO
IDHERENDBIEI B K I 2EZ B D h 2 T REIC L
DDOH%. TOXIREENEZTORMMKE K-
TElesE3NZmhcHLnWT a—F28 Lic, #E
(G IREECH I AR R O Ffli 2 X S icioEbd %
T ik D, DIEFREAFS ORI, B, W
4, ZLTTRINOEZY)0 B Iz nl itk %
L DOHHITR LUK TV 3.

FIEHER
AANRIEER S E R DOED 5, FISHICE S 2 HREHE I3 S
DEEA.
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