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In the past two decades, adopting molecular biological approaches helped to deepen our knowledge of molecu-
lar mechanisms underlying heterotaxy. However, many critical questions remain unanswered. Previous studies
revealed that there are four key steps to establish left-right asymmetry in our bodies. First, the unidirectional
leftward flow of extra-embryonic fluid in the node cavity, “Nodal Flow", breaks the symmetry. Monocilia that
localizes at the apical site of the node epithelial cells generate this Nodal Flow, which is translated into the asym-
metric expression of the TGFJ3 superfamily, Nodal, at the node. Second, this asymmetric information of the node
is transferred laterally to lateral plate mesoderm. Third, this transferred information induces a robust left-side
specific expression of Nodal, followed by the unilateral activation of bicoid-type homeodomain transcription
factor, Pitx2, in the left lateral plate mesoderm. Finally, Pitx2 governs left-side specific morphogenesis. Any of
the anomalous events in this sequential cascade is, theoretically, a potent cause of heterotaxy and cardiac isom-
erism. Unfortunately, our knowledge in clinical genetics is still incomplete to integrate the knowledge that origi-
nates from model animals. The focus of this review is on an overview of the vital steps involved in generation of
left-right asymmetry in mice, with potential application in human pediatric cardiology.
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Fig. 1 Asymmetrically expressed genes in early mouse embryos

The discovery of Nodal and Lefty1/2 genes was a breakthrough that uncovered the molecular mechanism underlying
left-right asymmetric organ morphogenesis in vertebrates. The expression of these genes is elicited from 2~3 somite
stage, embryonic day (E) 8.25, and completely down-regulated until somite 7~8 stage, E8.5. LeftyT is expressed in floor
plate (blue arrow head), whereas Lefty? functions in lateral plate mesoderm (red arrow head). Nodal is bilaterally but
asymmetrically expressed at the node (encircled by dashed line). Pitx2 is induced unilaterally by Nodal signal in lateral
plate mesoderm, whereas the Pitx2 independent of Nodal is expressed bilaterally in other tissues than the lateral plate.
Please note that the expression of Pitx2 is persistent at E9.5. Please refer to the main text for details. This figure is cited

from Reference 11) with some modification. L, left; R, right

ARNRBERSBSFRIME £33F FE5HS



351

Step1 Step2 Step3

Patt Step 4
attern
R..L R L
I ; directional looping |
Heart
Gut

I ; differential lobation

- - Lung o) .RT
Liver

IT; unilateral regression
Vessels ‘ '

Fig. 2 Four critical steps for left-right asymmetry in mice during embryogenesis
Four vital events establish left-right asymmetry during embryogenesis. At Step 1, symmetry is broken in the node. Then,
this “asymmetry” information is transferred laterally to the lateral plate mesoderm. Next, the core module to determine
the “leftness” is activated in the lateral plate mesoderm at the left side. Finally, asymmetric morphogenesis is regulated
accordingly. This morphogenesis of asymmetry is classified into three patterns in general: directional looping, differen-
tial lobation, and unilateral regression. This figure is cited from Reference 11) with some modification. L, left; R, right
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Fig. 3 Monocilia at the node are vital for “Symmetry Break”

A. The scanning electron microscope image of a mouse embryo at embryonic day (E) 7.5 is shown in (a). The node is
magnified in (b) (red arrow) and (c). On the apical surface of epithelium in the node, monocilia are localized and move
rotationally. This figure is cited from Reference 11) with some modification. A, anterior; P, posterior; L, left; R, right. B.
The planar cell polarity and the anteroposterior axis is induced by Wntba/b signals originating from the posterior side
of the node. According to this polarity, monocilia are localized and tilted posteriorly on the apical surface of the node
epithelium. Upper and lower panels illustrate the lateral and ventral views of the node epithelium, respectively. The red
circle represents the basal body of cilium. C. The position and tilted angle of nodal cilia is vital to produce leftward fluid
flow, “Nodal Flow”, by the rotational movement of monocilia. Red arrows represent the rotation of monocilia. The image
is modified from Reference 26) . D. Whole mount in situ hybridization data are indicated as the view from the distal side
of the embryo. Note the asymmetric expression of Nodal/ (a little stronger in the left than the right side) at the node (light
brown arrow). mRNA of Lefty7 in floor plate and that of Nodal in lateral plate mesoderm are indicated by dark blue and
brown arrow, respectively. The node is surrounded by a black rectangle. The image is cited from Reference 13) with
some modification.
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Fig. 4 Laterality transfer from the node to lateral plate mesoderm

A. This illustration represents the sectional plane of mouse embryos indicated by a dotted line at the inset (whole mount
in situ hybridization on E8.25 mouse embryo was performed to visualize Nodal expression). There are two types of node
epithelial cells; “pit cells” and “crown cells”, which surround pit cells. Although the vital role of shear stress for the lat-
erality induction is still disputed, it is likely that calcium signal is activated at the cilia of crown cells at the left side of
the node according to the nodal flow (pink arrow). Asymmetric information seems to be transferred from the node to
lateral plate mesoderm directly via NODAL protein (blue arrow). This illustration is cited from http:/first.lifesciencedb.jp/
archives/5827 with some modification and was created by Drs S. Yoshiba and H. Hamada and licensed under a Creative
Commons 2.1 JP. L, left; R, right. B. If ectopic Nodal expression was induced in the right lateral plate mesoderm by the
injection of liposomes composed of an expression vector and Lipofectamin®2000 (Thermo Fischer Scientific), Nodal was
unilaterally expressed in the “right” lateral plate mesoderm (red arrow). Note that eGFP lipofection did not affect the left-
sided expression of Noda/ (blue arrow). C. Transcriptional regulation of Nodal, Lefty, and Pitx2 in lateral plate mesoderm.
The details are described in the main text. Note that Noda/ and Lefty genes constitute the positive- and negative-feed-

back loops.
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Fig. 5 Core module for unilateral expression of Nodal, Lefty1/2, and Pitx2

A. With a central focus on Nodal, the positive feedback (NODAL molecule activating Noda/ gene) and negative feedback
(NODAL activating its inhibitor Lefty7/2) loops are vital for the unilateral expression of Nodal, Lefty, and Pitx2 genes
in lateral plate mesoderm. As a result, these feedback loops function as a famous mathematic model, Alan Turing’s
Reaction-Diffusion (RD) system. The robust unilateral expression of Nodal directly induces Pitx2 only in the left side of
lateral plate mesoderm. At the midline, Lefty7 is induced by NODAL at the floor plate, and then it prevents the leak of
the Nodal signal from the left side of lateral plate mesoderm to the right side as “midline barrier”. B. RD system can
strengthen a small difference, giving rise to “all or none” patterns as a result. In this model, stronger ones become even
stronger, whereas weaker ones become even weaker. In the end, the negative feedback is so dominant that the robust
signal is completely shut down in this system. Whole mount in situ hybridization for Lefty2 is presented at the bottom
as the frontal view (L, left; R, right). Both of the figures are cited from Reference 26) with some modification.
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W=V TDOHAMICE R ZECESE5FHEEAS
¥ B L, DABEOIN—E VT DEAEMERE T Pitk2
WRIFER T, BF 5 <& Nodal & 7 F )V 7% 321) Tlig
BRF FoxHI WEEEZ DEE 2RIz LTV 5 & HEH
I (Fig. 4C). [ansh e G I ER PRI B
DILREICBLDEE 20, MK O EER KD WFFEK
RigRZIcZLWw, BRLTERREAMBAET O Y
ADRFFTIE, AHRFEENCIEIPIED, AEAFEEIC
BEPIENLTHES>TWVWB T EMD, MiEDFREIC
Nodal—Pitx2 D> 7 F VRS LT3 T &k
REVARWV. A T BICiE, #55 AT Nkx2-3
WEET, Nkx2-3 W EAIERFRCHRET % 2 & &
TNTWVBH, Nkx2-3 DFH 7% Pitx2 HYE HZHIE L
TVB0h, MENZOMIRIATHS . Pitx2 %
B ZD0EOFEICHZMIT 5 &, LIk DA
JARNS TREBRS 2 S KM DRIBD AR Y b T LIc &

B9, Pitx2 B ADT 7 OFREIEIN R R
Eh7a A7 LA %A 7T, TGA, DORV, AVSD, i
B, BRREEE DN FETH D, RRISAHRIREIRS
BEEARSZBRTS. £ B55A, DEOEAGNE
& Pitx2 IHkAF S DT, DEAHHEEZEES. —)5
T, & bOIEFITOLHRKHRITIZ T DK S REBHRD
BRIV, Sk, HRAFEEO K Pitx2
DOKERERF 12 TldRVTH A S T LIEBBIURT
&3, U ROEBETIHIMEOBSD 5EEFN
B RN —REMTHRTDM TN TW5S—/T,
DL EITBEIEHFNE RN TRV e h bk
BRI DM AIZB R 100% SR 5T, hnZ THEAE
ViR T LIVIZT Tldis AR T LIV R E DFER]
EH0EBHEEDNS. ZDXK S EZHEFERS
RHEMI OB AR — S IKE LT, BlEN (R0
W) LHEREN (D% ) T situs BA—EL7xWNC
LE T FORERNC B 2RI OEM S 2 EL D
TH»A5. UL, Pitx2BHEIATHEINS L
DK BEARY 8T LEZWRHICERT S 2 &,
RN SRL TR TIE RN X S ITES

Pitx2 |3 Axenfeld-Rieger Jit i D JF K & U T [FE
ENTHTFTHBHICENND ST, Axenfeld-Rieger
JEMRRE TR ARSI RIS HRL N 2 2RI & 13X BV
W7 BELL TN, BEREORGLFEULL,
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Pitx2 WFEREMIC XU WG A IEIEERSETH D

MOEARDILE KD IER Bk 1d Pitx2 DFERIC
WIFT 2T Ehs, AR TES Pitx2 Z¥ LD
s DFEFNIEIEE T LIVDGE DR T, ZDHER
FEAIEFRI AR DL RE I 2 < G MM E Uk
WA, & L < I Axenfeld-Rieger JEMERE & L TD AN
I I LDHZADTZOAL TR EVNEEZISN

2 50, 54, 58)

FEAIERRRE TERETE B 0D 73~ W £ A Bk D BRI C

A Pharyngeal Arteries B
of E11.5 mouse embryo

R AS L
S ar
7h 1S Gth

/ano

Bl Regressed part until E12.5

C dorsal
R L mesentery

gu mesentery

BAL TI&, & Pitx2 OFRBINHET S N7k, COE
{EZEIR RS BAAIIIC ED K 5 ICTBREICHE DL D
MCBHT B —BENTVBEE>TEWN. 0D
KOIRHNTH D, BRI A Z A LA A=Y
TE% & TAETHRITDHEATZRZLITIC DML
7z,

—D, EMK#RSOEKTH S (Fig. 6A,
B, REZLTHEARLSIC, KBIRSIE, —EiE
FARNRICIEAES N B S EIRD > AT LS HKT

Frontal view

Optical Projection Tomography

Cranial view

Fig. 6 The morphogenesis governed by Pitx2: Two examples

A. The illustration represents the morphology of E11.5 pharyngeal artery system. Red color indicates the parts which
regress until E12.5. In mammals, the fifth pharyngeal arch artery is missing. Please note that asymmetric regression
occurs only in the sixth pharyngeal artery and dorsal aorta (dAo). Generally, the side of regression of the sixth pharyn-
geal artery is concordant to that of dAo. AS, aortic sac; dAo, dorsal aorta: Pat, pulmonary artery trunk; L, left; R, right;
3rd, third pharyngeal arch artery; 4th, fourth pharyngeal arch artery; 6th, sixth pharyngeal arch artery; 7th IS, seventh
intersegment artery. B. Three-dimensional images of the mouse embryos were created by Optical Projection Tomogra-
phy (OPT) to examine the great arteries and conotruncus. Blue and red arrows indicate outflow tract of the right and left
ventricle, respectively. Blue and red asterisks represent pulmonary and aortic trunk, respectively. The lower row sum-
marizes the morphological change of the outflow tract and sixth pharyngeal arteries as an anterior view. At E11.5, aortic
trunk is positioned in front of pulmonary trunk (PAt). Please note that the clockwise rotation of conotruncus is governed
by Pitx2. This rotation makes the right sixth pharyngeal artery narrower. The sixth arteries are painted in orange. Ao,
aorta; PA, pulmonary artery; LA, left atrium; RA, right atrium; LV, left ventricle; RV, right ventricle. The pictures are cited
from Reference 58) with some modification. C. The illustration summarizes Reference 59). The right panel indicates the
E9.5 mouse embryo, which was subjected to whole mount in situ hybridization of Pitx2 and scanned by OPT. Green
color indicates Pitx2 expression. Horizontal section image at the dotted line is illustrated in the left panel. Pitx2, coop-
erating with Wntba, makes the mesothelium and mesenchyme tight and compact in the left side via N-cadherin and a
-catenin, which results in the anticlockwise rotation of the gut (red arrows).

© 2017 Japanese Society of Pediatric Cardiology and Cardiac Surgery
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5. COMSEIRNEGIESEYETY VT RED
% T L TEMREIIRDER T H5DTHZM, K BIE
T % LIEAFRICIHRRT B850 2 AR LA, 2D
HERd B O EATERIFIEF—ET . Lhd, EHiZ
CDOTODOMEZRRKT ZMIEICIX, Pitx2 25T
% (3755 NODAL ¥ 7 IVl 7z Bz %)
ML EFE5 LAy, LD > TEMKEIRS O
R T OBR AR CHEERET T
TV, L LEDS, —RFPETSXIICHAZH,
2SS ARE AT CAMIRBINR S 7% £ OBk O oA
WCEE 2B USR5 HRIE, EAMOERNKIRS O
EAMICKREREEZRIET T EZHRLTWS. 7

LW OfS R, 9 Pitx2 ICEBIEREE A E b N
TV DR DIEIRHEEOTZEET, Pitx2 DFEEIIL >
TREAF IV IRIEEEZD. HHEKIZEILS NS
12,51 TH 90 [E D IfE#ES) 2170y, T OBHjEIC
X0 DFE 6 fliSERZ KELF>RD, £ 6l
SERAME 2% (Fig. 6B). WEMNKLZo7ch
5 6 M5 EIRO M ZIIC B UASR, iR
AN ED AN 6 M SBIIROMRAIERT S, T
DIFEONIIC & D PDGF & VEGE DY 7 F )LDk
MbZR TR 7%, AHITCHEHAEDORMEZET
HIZ, TOHH 6 lSBIROMROERIC E> T
AR REREIIRN\DIMR & 2 Kb, 8 7 RHEi
R CREROSHE FEIR) LUsO PSRBT & BEH
OBfEEEC U, #RE UTEMKEIRS DT %
TEMHIHLT. T OFHERD Pitx2 ICHL 5 EREZAL
WRbNIGE, RO B0 2 R hefEn
M ENT, ZOMEREZIED FIF2BICAET 55
6 5 ERZE (51515 ) FHEEO B FGHEEIDEC 5
Tz, MO E N5 iR il TRz h
2o (EEKEIRS), WREMNITELADESL S TR
DU GEREOLEMREINRS, R7EGHEREINRS)
TR LIRS FBelsSEikOVETY VT
YO UIEWI)ET ) VIR, BELIEEV VY
T B L HERK S B NSO 7 £ O M- A i
ERERHICKELEHZEZHETHA D LHEHIE NS
W, HEFR T ED X S I8 0D AREN G DM IE 4 <
RHTH 5.

D H® Pitx2 1 K 2 e AT IE R TR i 2 T B O ]
3, BREORIEETSHS (Fig. 60)%. IREOREIL,
WA R Rz bRz & S ORI AFAE S % MBI D25 8)
WKEDEAHEINEZ EMMESNTVS. TOME
FAE I BIAR R AR EE,  BI1E Nodal H¥ /A5 JERHFRIC 78]
T % HIREERR S R C, eI T ORIEMIREA Pitx2
RIS, Pitx2 ZFH L C OREME & i E

ARNRBERSBSFRIME £33F FE5HS

JICHWT, Wnatsa D 7 F )b il L TR TaAs
TV /NN Vv UTcy 7 F )VINEMEL,
AR bRz & BRI B XAVINE <, K7l
EAEICHAE LTG5, —)5, RO
DOMEMAIC I Pitx2 WHRBIL R\ 28, Mo
BIR L HBHHEZ DL DA X I THE 7D, #HiR
NI 7E A TRRRO MsRIC DA T i d % O
TH%.

b SR EIREE

RIBIC, b MESREENEMREHCDWVT, BT DER
EMATZO. R TRSE TE L OIERREAERERC
B U728 G ARG S h T &7 0%, i o
BIRCZDIXRTZ I CTHET S IZHLVLO
T, BHNEEZICE EDTVERS D, FARNIC
BEAEIERD T4 DDRAT w7 ICB EZRT LS
BB TERNMELCS E, R TEhNEE
T 2 — VR TEERELT % 70 1 C/x < T hiRansh R
BEAFIE LSS, HlZIE, EN ZIC3 IZET a—)b
DEEORRS F TRV, b N EsssEr e iRR °2
BFEEEN, Z2LRECTEEARICKDESRTEL
TOENZZELLEE>TWVSE Y, RELARST Y X
TEIEIENDERERDE LB D, £505 ZIC3 &H
&/ — R Gl iRsE & FEAERSE CHIE OREHRE
WEELIY, ZOMEEL LT/ — RTOD Nodal D
JERFREDME D 72 { 75 % T &HY ZIC3 DOFERESH
I & BB SEATRE R D IR DO ARED L 5 72 Y. v
MEFIOBIREZEZ BBICTEE LW Lid, ZA%
WEAWZ T Y ZMET 25581, v U ATHIRE
N2 L —EDMENLT NEFEOMANHIEL S 3 |
TeTHAS. ZTOXIITBIETERZIED DIEZRD
RN IEH ITAERIE— R T % L En T 55 & RPN
FIELTWBEIICHATLES. MhOBLETICE
W BOFERFTIRELT, ZOERICK> TEH
I TEDX S TEREREMNET ), ZORE I4D0
ATV ITDECICEDX I ITHENEL RO &
BA LRI URIRT 5 C LA, JRERER B % |
THETHS. L OMEM LTI OIFEZRNTN
BTl RIRT & THD. MAT, Bl T=
7237 « BT 2 —I)VORSRD) TSRS % & Mgassai:
FEMERBEGIIC 350 BER RN T — 2 S A2 LTV B &
EbEBEET, BYETILTHESNZAREE PO
i aREs NEMREEER] TF b N % s AR O SR &
fMc UCTHBEISHE L T O, SHBOREk
HETH B, KR —Z7 =8 U TLLK,
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t k OERBEANTDH I TRV A T ¢ VTR
fiZ RE TV BHIES, SHBORROEBRICIERVITH
RLizw.

BBRZEME & LT, KRETRICITTbNIze DR
MORBIC I 2N YT ) LARBER 0y 2 7 k
T, Nodal 7 F Vb ZAFHLZIMBETNTY
%% cozild, EAMEEHLEERMSN
TR Nodal O.0IETE RETE B S 72 3 RE D AT BE
MAERET 5. EEIZ, Nodal ¥ 7 FIVORIEET L
Ve T ADIRNT T, LEAEDOREIZETRON
VSD HDLHFEMBEENTVS Y. — 5T, Ri
AREE N REERE 2 76423 2 Mt (Nodal > 7))L D ¥
W) DMEET BN, EATEHIKE R ERER 2
UK DIERER D F B VE UTERNE, FRA D
BoT0a M Eicz2vond Lk, Eml Tk
O, A DR TRER T & ZRERNIIIERGED 7 —
AMFIERNENTVBT8, LT ADBHH > TV
. EFIVEITHRLNIZARZE, © MEFICAIL T
RIS %ICiE, TOTEHERBUCHENTBIRETH
A9, EBAA, b MIBEWTIREZRZENNNY 775
UV RO REZTFICHEMICT 22 LITZ,
t bk EEHRHIC BT B ARENRENDE A TV S ATHE
MHEHD, e hEIXTADMRILTLE KT S L
EROLBENCEICEHATERLTBED

BnYIc

<X AT Nodal & Lefty1/2 D IEXFRPED 7 H
LEAET 2V ENE S 120, R E RIS 0%
I3 % R ERREREAS & AR AN ZRIC B U N7 s
M2V, 5F CREREYAE T BN T OB OFE
DOHLZHS TEID, FEEEOTER 2L TEE
flifzbhy, & o EIMERZEINIIZHCSE L, BIRIIE
MEDETIVEID SR ENTT— X LEREREN
T — R WGk URBROTER 2 MG 1D, KK
HURRED IR A RO B DICH5 BRI E T ETEHEETH
5. BlUuzmL, 7/ LEMEEL 05T %, il
PRBRARNT 2 BICRB I 208N D 5. ARRIC
-T, 2 < ONEERARINIRHE SR ORI S FHE Ay
W2, NEARSENIEMEREDRMIIZICB AL TL 2
TNEFENTHS. SHOMIEICKD, HICFATZHBD
HIRNEE B T LR ra Lz, iR, EHEEZ
2 GHEWPHIT CDB Y Z2—E) DROBZENEOD
WIgE 7 V—7h, HEIC C OB EFEF L TET
EHLUIRA TV,
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