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Formation of the Heart and Progenitor Cells

Hiroki Kokubo
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An early model of heart formation suggested that the heart is sequentially formed through the anatomical
compartmentalization of the cardiac primordium along the anteroposterior axis, from the outflow tract to the
atrium. However, this model has drastically changed since the proposal 20 years ago of the secondary heart
field, where cardiac progenitor cells exist on the medial side of the cardiac primordia. Recently, transcriptome
analyses of single cells have shown that the fate of each anatomically segmented region may be determined in
a different spatial and temporal order depending on the timing of mesoderm formation, thereby prompting
further refinement of the model. Cell fate is determined by mesodermal cell migration to the anterior part of the
embryo to form the cardiac primordium, including designated cardiac regions, along the mediolateral axis. The
heart is formed when a portion of the cardiac primordium changes morphologically and remains as a pool of
cardiac progenitor cells supplying the inflow and outflow tracts. The behavior of cells from the progenitor pool
during heart formation is now better understood. This review evaluates recent findings and provides an updated
model of heart formation.
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Fig. T Old model of heart development
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E8.5 E9.5

In mouse, mesodermal cardiogenic precursors form the cardiac crescent (left panel), which is patterned along the ante-
rior-posterior axis to form specific segments of the linear heart tube. The linear heart tube (middle panel) forms the var-
ious regions and chambers of the looped and mature heart. Corresponding days of mouse embryonic development (E)

are indicated. This illustration is modified from Fig. 1 of Srivastava et a

1.9 A, atrium; AS, aortic sac; AVV, atrioventricular

canal; CT, conotruncus; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; V, ventricle
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Fig. 2 A recent model of the heart development

In mouse, the cardiac crescent (CC) is formed with the second heart field (SHF) lying medial to the first heart field,
which was formerly thought of as the CC (right panel). The heart tube (HT), shown from front (upper middle) and lateral
(lower middle) views, is formed. The SHF migrates anteriorly and consists of splanchnic (SM) and pharyngeal meso-
derm (PM). The sinus venosus progenitor (SVP) appears in the vicinity of the venous pole of the HT. As indicated in the
dotted box, cells of the SVP are scattered in the mesenchymal cell mass (MCM), which also includes the proepicardium
(PE). The looped heart tube is compartmentalized with the right ventricle (RV) and the outflow tract (OFT), both of which
are derived from the SHF, as well as the left ventricle (LV) and atrium (A), which arise from the FHF. The SHF in the sub-
pharyngeal mesoderm (SPM) is characterized by several core properties, such as continued proliferation.
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SDENEWRA L TRBESHLEZEKT 5 &
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NCWie, A, OEIEREIEIC O e~ — 71—
2 FEBL U TN E R ORI TR L ¢, fEnE 21
% EVSHEN T ENT V. ZO—/T, AN
Mo MDA L CORZIEKT % C & 2R IR
RERDEEG SN, — RO OIS DA EN T
MENB RS Ich-oTER.

IR F2 3— F9 2% Thx5 #{n Db~ —
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JCF Left lateral side 1 _) Left lateral side
B Heart tube (HT) il A\ PM
M Ssinus vensus (SV) PM
M Proepicardium (PE)
B Blood vessles S
Fig. 3 A new model of the heart development

In mouse, the mesoderm, which is formed through gastrulation, migrates anteriorly and forms the cardiac crescent
at embryonic day (E) 6.5. The cardiac crescent is divided into three fields, including the first heart field (FHF: orange),
which mainly forms the left ventricle (LV), the atria (A), and Sinus venous (SV), the secondary heart field (SHF: green),
which forms the outflow tract (OFT) and the right ventricle (RV), and the Juxta-cardiac Field (JCF, light blue), which
contributes to the epicardium. Cardiogenic mesodermal cells for these heart fields appear to be determined based on
the timing of when the mesoderm is formed during their migration period. Thereafter, a portion of the FHF begins to
differentiate into cardiomyocytes (red) at E7.5. During head formation, the FHF migrates anteriorly to form the heart
tube (HT), and some maintain an undifferentiated state at the venosus pole of the HT at E8.5 to form progenitor pools,
the dorsal venous primordium (dSVP), and the ventral sinus venous primordium (vSVP) at E9.5. A portion of the dSVP,
which begins to express Isl1, consists of the splanchnic mesoderm (yellow) and forms the OFT. The vSVP eventually
differentiates into specialized myocardium for the Sinus venosus (SV). The vSVP is within the mesenchymal cell mass
(MCM), which is located in the vicinity of the venous pole of the HT. The MCM also contains the epicardial primordium
(PE), which is derived from the JHF, and exits to become the epicardium at E9.5. In contrast, the SHF migrates antero-
medially to form the splanchnic mesoderm (SM) and pharyngeal mesoderm (PM). The SM on the lateral side of the HT
is gradually substituted with cells from the dSVP (yellow). A portion of the SHF in the subpharyngeal mesoderm (SPM),
which has core properties such as continued proliferation, supplies cells that contribute to the OFT.
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DX ITDEZRET B L LIS, MiEhoRE Z
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REEROMEIERVD, #IRE L OEICE, RS
STz, Rty <, mifttiaR<, K&k
K7z & TV ARSI BIS S N TH O, HifL
KGO &L B>TVAHEEZBNTVS P, 1
DFE 1TODEOODETIE, XR—=ZAX—H—0h5DFEHH
RN, FEARED B FRHEEA & OFN7Z H
M zb b, HikE LzIEICERE N, EEhEH) o X

NCMEMFLIHENG. ZDiz8, BEXNESZIA
A B Tz DITHHE U TR R 2 JE i & B 2 DX
hofeefREIND. 51T, FHEIC MRS & g
NBPAEEN D > T, ZOPAETZ MENTD A 5
NBETOEREHINHIUL, WFROTHN—Am DI
WELERHTENTES. 2.0F 2 0DENEHERIC
FESHMHL & & B ICHIBURERD Y AT L2 BT
RARYTE L TOMREEREI R TEDREAS.

DRI SR, OFE & OEOOHORGE L2
AIANENEEREEEE7DDY AT LT, R
BORER L AR E NS 3, FREIRE #9
% FRIRIANCAE 2 1 Pa Ad B C BRI 2 Bt 73 kauh JE AL
LT AT LICE->T, TNAWEXES L LTHEEYRE
IZd % B ERHIN S b AR-T)VF > TR E Tlab
RN | R ) i O ) R B N s W 5% i) B S 17 5
HilD & S ICEKNEREMZ ST 52 H 269 %
M, DERLE 2T 2 FEA O & (S O M
R AR TR E NS, BHERm SR OTE
AmEld, WEAEE, BEMAEE e AR-TIVFr
T ZNZT NI L TRET 20D EFEZSNTW
%.

TEREHE, BGHORNIIL—E T UKZ 28D
AR ARA AR (I D I SE R O MU SIC iR IR+ 72 a2 — F 9
% Tbx3, Tbx18 *® Short Stature Homeobox (Shox)-2
VO BT NaF ¥ %) d— K9 % Hend &
W o TR TR 2 I 5 7% % i R &
ERENS. TNEDOBIETFALE « #HlRiEIC 2AIC
—EMICFRB LT, HEAEEOMTHBT 5 K51
5% 3 UL, HRABENOMIEROMIEO
AR & U CREak & N 2 Ui O aiBk i o HRic
DT, BIDDEFEEMDEAET % ATREMEDTE 1T %
BRERPTH 7. UL, Sfrps ZFEHT % il
IVERAIRAR O [ 3 R O MR SR THEBZ ki L, SRR
DR OHINEME LT T EDHSENE D,
Sfrp5 %2 FEBL U Tz — R0k A 5 0D i A e L 30 o 7
ANEMET ZHERAIEAZ EN TV S T & D58 R
Ehiz .

FETR DT 130 00 E DEH O £ 13- 7E D,
ORISR T TH D Nkx2.5 £V o J2EIET
MWRELZWICE NN D 5, Cardiac Troponin T
(cTnT) 7% EORMLLIZ R T %0 RFRAY 2 28
B d— R 28I FIFEET 52 EhHISENTHY
5. Tz, EEMENI Thx2 ZRHAT 2 ERE RN
T 500K D Mbd B EENDH, ZOFiEKHTE
MEA DN RS 2 EMIEN TlE RV, FIVF
YV IRMEICBI L TIE, Hend-ERT2Cre ¥ A% Nz
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HIRIREHENT R O, b2 E DR E T Hend 25881
U 7o RIRaD A O & 7V TEHEO W I HE 53
BM, FOBTIVEY TEHEZITIC LS L &
5T M5, DiEOEEOHMENSMELTL %
LEZSNTWVS Y. UL, ISR
DEDTTAERREE N TV B ESIE, BB
HISCHIR AN E A O S IRE L CTBEI L, 2L 78
WK U T, HEEE, FE=ESE, e AR, TVFrT
BRHENE M LT 2 IREE B TR E N, SEDMENTHG Tz
N3LTATh5.

DEADMEFEEY TFIV

FIB O AR E M, T ORINEZH D &< B
BiWRE Sz KIEd. [, AP ES O/
S E NIz 7V F IS O E g =2 b
GlEeExs. LFmiERHE 7 — LN O single cell L
N)VTORBRN S, FEE ST FIVRERKO
FEN YD ORTERSRE SN, Do kic
B TIE, FFIC Bone Morphogenetic Protein (Bmp)
& Wnt & Z7F )V AN O el fd o 558 & kD8 S
VAL BTENEELLEEND.

Bmp ¥ 7' F)UI, DN D Lz E S % T
EhvREN, HE< L 6 HFHO Bmp YT AD0
ETHHELTWS O, Bmp DZEMKIE, UHVR
L DFELIC & - T Receptor-regulated (R)-Smad ** ¢
& % Smadl/5/8 MV v 1t %2 %% 1F, Common(C)-
Smad T % Smad4 EHEANEH L THABITS 5.
XU ADKT Bmp ¥ 7 FIVINRIAT % &, HIREN
B E NI LIEFEEER E Nz . Smad4 7.0
RFRIIC R E BT ADEMTIN D, DT
ENZDLELHOERENRDENE NS, L=
DO RETH BT EARENT NS P9,
Bmp (3 [E A DA DMMEIC 27 Nkx2.5 DO FEB 2 555
TBHTENRENTLDS . ES Ml DFAER I I
WTE, IS Bmp 7 F )L 72 K L 7 I
THEMET 2 &, DN ERIRICEd 5 T EAVR
ENTVBETEND, LFiMEICHBWVTIE, Bmp i
X 5.0 RN I GOTEE DR ETH B LEZ D
n% ‘Y. B, Smad4 AViHE Nkx2.5 L ffe LT
WBATZ RIS % 2 EAVREN . Bmp &7 F )L
DR MEICIAW T, ORISR T OGNS
LEEDLTY, BNBITZ TR FOEM LRI &%
HZ2RIZLTWEEEADNS.

Wit &7 FVRIE, BCBEGFLTI 27 X2—TH5
B-AT =2 LIy T HIVIGERT, OIEOFRET

ARNRBERSBSFRIME £38F $£25

THMEDOE B S TS . £, wat 13, IR
RO MRS RICHETH D 7, 201k, Bl
A UMbz H % . Wat &7 F )LD
KA LZEEREBORERKZE 69 2 &b,
TRODMEREERI I BT, Wat i Ko TR
{EABHIEE N TV B T & CTRIERMIED 7 —)L & U Tt
RENTVEES5THB 20, —%, Sfrpl/2/5E
KO < AT EDIFEDOEIE R & ERlickafE il DR 75
{ERIfEREDOAE RN R 5N % T &h 5, FHF O
fIiCBWTE Wnt/B-117 = 2 DL DRI & HEhE %=
(e S 2 BERE 2 I A REMED R E N TV 5 17,

Notch 13 & 1 317 & N7 R AH 7R 7% 7] %
T FIVARER ST, MRy o I B B AR E
B2 TW3B . Notch ¥ 7 FIVIEEIEOETEKIC
ERETIEAERWA Y, Notch DFHE I 4.0 DK
AR Z# 3 %Y. Notch l& Wnt & %' F )L 7% #1 l
L7eb, Bmp ZEEZFHEE T 5 LICK>T, DI
ATERAIR DHERF > b2 R ET 5 Z EAREN TV
% 3% Fi-, Foxa2 FBH L CIEFRBMIIND RNA-
seq DR S, JO/7{EIC Notch & 7 F )LV VE
HTHBT LMMEETNTEY. ¢ - ZherSMiah
R DHREEIC Notch & 7 )V 7% —REINICEEE T % T
L TOHRIEOMEMEEET N D T £, Notch &7
FIVE Wit & 7 FIVHDFIRAND I I v b AV R
FNTHBTENRERENT . E5IT, Gfra2 HD
I Z R RAIC I L TV A T EAVREN, D
D Gfra2 > 7' F IVLERRKIE, Ret Fas > FF—
V2D A Y RITHKAZT B F1 /) Z VIR L3R
729, Notch 7 )V L TWBA[EEEA/RE N
72 5. Notch & D LIC b B> 7 F IV DR S
VAR EBHHENTE UTEEREEZHS>THS E
#ibh5.

B%IC, Hand2-null 7 A% W f#ic & o,
LF /A Vs 7 FIVOHRETD S £ whal kD,
DTSRI ORI RO 2 —= TN NS T b
BHSEHESTVSE® . LF /1 VB (RA) 136
HAERE X IV AD—DT, VT FIVREDBAE
EOEZIE D ETEREDORMZS ST 5T &M
W SN, FIROEORICIETETH 20, Ok
TR HIREED RIS ORE, (O & ERIFA DO R
WHIEEOME EREHERICHRETHZ L ENZRE,
FEREM I D2 TN B Tz dIcid, dYNCHhiliE < 17z
RA V7 FIVHIRETH B L ENB .
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# LU R E 7V D1RE

CNE COMRREDOHA 2RI, #Hiiz Ol
ETFINVEEZZTHIZ (Fig. 3). DRI, HirsE
WEREND ETADNBIEES. TERE NIcPIREE
RIG~BEIL, SR (B7.5) ICBEHE OO
MR ENS. HIREDE IR D SR\ EFEHIS
BN HMEDFIEDRE SN, FRA 59 2 DK
DA 2 K U DB & N AMANC I8 > TES)
T 5. FIGE IO R ORISR E Nz FoxA2 %
—EPEICHA LR FICOREICEHEFSG L, TN
X OBOEHAOhREEZ LD BN OHEEK E BS T &
R, Thx5 ZFEH LIz & OB —RDHEEA, Z LT
Smarcd3 3L U728 DO “ROEEEBANFET 3 T
EWRENZ L, B RETOT 7 AIVH R -
T3, RERDDIEERETH - 7o RiBid— RO E
HOME LT, 3 IO AR RIS 5 T2 35
LTHED, ELENLLENEFEGT S, ZOHI
\Z, Sfrp5 = Thx5 AR T MFEBLT B — DI EIE O
KHAEHEORERMIERENE EN, LDOED SOENEH
53 200N bd Bz (thd 5. 2ok
IiE, BRI A IS T 2 RR DRI\ &b Bl
BRI 3 E NS, & HITRIMINCIE, JTHE &FEE
NBFERDIMEN & T 5T 2 iR FET 5. —
Ji, NN Il B T2 FET 2 DD &
D, FICTFHHESD B A OEZ RS % BRI
LT3,

FERR & & £1C, — ORI o R ST A A 1 [
Aoz S L, HA S Nz EAA OB RIS A
MHBINEBE) L S FRORZERL, L—E
> 7 DU E TICEMRM DR & T aisKAI 7" — )L
ZICHS 5. BRI OwTERMIAL 7 — )L i& THF O fif SRAH
s EEn, DIMEZEKT 2MlzHH LTl
oI RAT U T ni B A BE DS SRR 2 T B 3 % ek
IDINEMEL, ZO—ERAER U T 72 HE 1K
LW 3, S 0E o RTENRITE 7" — L1, AR
{70 5 FEA IRz 463 % & & I IREEC
A U sl 25 L TR ZIERT 5. —
IO B TV BRI & BB U OO o 154 oD gkl
HRSED SRS EE Z RS T 2 & & BITITRABS I
BN EHRA LADED SR EIEKT 5. 5
I, MRS S RS FRRRIC ATERAI T — )L 2 TER L —
ERANGER A SIREE S D SN EFRA LT, FHE
MO LEZ KT 5 EA LIz & 5icitind
%9, RNT, DEAOHMBORAZIEEY, £k
B DF A O BFEME N I b N S £ THIGE A KL

T, DIEEEMEAL TV EEZENS.

T T, single cell RNA-seq 217> 7ok LA G
HbETEZTHIZ. Tyser 5L, T ARICEF
% DEIEIED B J5UR O AT U & T OOl 2 &
GREAIREE (VMD), SO AL O AN B9 2 ik
P RsE (DM), SEM O MR EE (CrM), B &
ClRAlOMETHIRE (PM) Offifldz~ A 7nX 1t
723 UTERELL, single cell RNA-seq 217> 7z
(Fig. 4°V. ZOfEE, TO4DOMHKICES LT H 4
FREICTM LI DORGZHERANMAET S L L
7. TO 5 DOMERIE, WEAPIREE < — 7 — TR
5N 3% CrM ZHERd 246, RBRloHrEE~—
71— TR 5N % PM & DM ZREKS 5% % 2
DML, DR~ — 7 —TREMN T 5N 5
FIZ VM & DM ZH 9 % Z N2 h 2 DO
Ths. TNZTNWES O PO FTERHE " — )i
H2k 9 % HIRIEDY CrM %2, Sk o G & E i
EXffa A R EE Y — 2 — 2589 % PM & DM 7,
NS OFiEIE 7 —)L b 5 EE LN E MEL T
AR ORI — A —Z2FEHT 5 VM &
DM & U COMEEIEZ L TV0d &3, 3 D0
DEETERHID 7 — )V IMFEET % & Ul RaE O
RERICLIETIVEDREEENENS. 5,
Tbx18 4 DM D MY I B aIICHB T 5 T &
PHEERENTED, T OFEDFERERIAAN & 0k d
ZHEHIIZ ZA TS EEZ 5N,

Vetral
side

Dorsal
side

Sagial section

Fig. 4 Schematic for the four regions of mesoderm

In mouse, single cells from the four indicated regions
of the mesoderm were isolated and used for scRNA-
seq. This illustration is modified from Fig. 2A of Tyser
R. C. V. et al.®". The ventral mesoderm includes the
cardiac crescent. CrM, cranial mesoderm; DM, dor-
sal mesoderm; PM, paraxial mesoderm.
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—7, Yvanka de Soysa 5%, 3 DOFEEMET
U ARDDIFE MR S ERE U 7D =5 > A7)
7 b — L2 T, ZRENE IslL+ RiBRATITE, PR
fOE 7DD, OIME, O, EHkoH
RLE, b IRLE, JH-PIREED 7 DOERMIC KHIE
nBeLi™. ZUT, K+OLHEMRMITIE,
Anterior Secondary Heart Field (aSHF), Posterior
Secondary Heart Field (pSHF) & Branchiomeric
Muscle progenitor (BMP) ICHifbE 5 & LTz,
aSHF 7 WH5 = O LD ARIME D 7 — )LV HE,
PSHF 72 ki 15 8] 0D 2R 59 1P o i s 50X i oD £ 51
T, Sfrp5 FEBIMIL THEIC Isll 23881 T B hRIC 72 51
FfER & g UL BE N DL, X 5IC aSHF & pSHF
DML, 9 DDHEMIC TS L LTHD,
Sfrp5 DFEBLF 2 DO MEMICHBIL TWVWE T &b
5, Sfrps OFBIZF Tld T b OHERZFHI T &
ECATREMED D B . WODRHINC M EDHEA TN D
», EHRBHIDRETINS.

HIBIR L RIRZ IR LR E T B TcdD
(O BR AR A

BHEIYIE, Kb BFE EAE TR O 2RI
9 B IDI B L STl ZFiTzIcnZA . Fh
WS TR TIE, #IRIE, OF, 0%, M#ETOH
D4 DDEEE 2.0E 2 LED4DDIHEAN LI
R T RE S 2 2L 72 . Bl ik B 2 92 Bl
T 50, H0EELLZEDMIE WS LA
ToRIGEVRY. FTHLERZEKT 5720, &
& LIIMHEE S Z WK % 728> D aSHE O IR GE % Fil
L7eD25 5. AbEZEKRT 270, BUEH.OE
FEITBETZEERMR L TV SEIRAZFIFHL, %
7o, HMSESERIEOFAN LSS, BEADIMmE %
FIRUTHAL, MAOBIRZER KLz TidEn/e
A5 h. Sfrp5 s T2 FE Bl L 7z FHE OMIfX, £
DEYADDIEZHEK T 2Hilic 2 THS T ST e
5%, b9 %m0 MRS OOKlE FHE O
RO THREIN Wz HEllE NS, 272, IiEHRO
HPRMAT, ED K5 Rk nb - Fzdhic
DN TRESHRDOWFRDORIEZFF BT, IL—EY T D
RHAIC FHF b 5 SR BRI & B0 R bRl o
T—IVDERE N, SHF HRDIHEE 5 DA 53 (L i
DT —=NVEERT B ehbd, MEEREHIEES
TeDITADENMFF D 20 EAVE T, WHEES OHRRR
WEZOMEIELTHHLZEEZENS. LFEEY
THLADES, EA2DOOM LEHENE#EEE

ARNRBERSBSFRIME £38F $£25

Y BB, sl E{n 17 BT HEE L il O O
—HIic i 5ND T b, SHF HROMINEZFH L
TeDED S, Rk, Ao Y 2 BT %
DFEV AR DER U, Bl aHRZNEN T L
MoTL BT eZBHFLTVS.

&% IC

ARTIE, HINREARTD S OfFIZ Bk e U
TR T IV ORRZ AT, HEBOMTEENDS
DT YAT VT - — LR ORRE MR &
T2 b, FEREZKMLIZET IVEEZSTY
ZDTRZNEAS . bR T S — LfEk
&, K7 RNAseq DIGHRZ 7 Z A% 2 T fgkik
T, ATV v — 7RO OHEHIDNHAA SN T
5. TNTNOWMHRBICEK > TRIRDENIH BT L
TH, BRRINAENE 5 NS LETNICHITEN TR E
IR TFREDZEDEE T > TnB T A RENTT
LIERELESIZEEDNS. LML, YA 5%
W77 7 A NVeHd BMEEOHR, 75 A%
VT ENTMNAR O TORET T 7 A )LD FAFD
Pz E, FESMICE NTHIIE 2 DR OEIR T
DR D E S Z2HAWE DD, T —ZOffH T
FEOE5EZFEMYGFENS. X, BH—Allaof
T ATV T b — LENTE, H-Hilo—kx
BIZFHRBEZRLTOSH, RERZICDONTIE
UG DI 7 W75, WIS, MR REERAT I3 IR R Y 2
Fio TeH—HIlDXEBZAS ML TN T ENTE
B0, BETHRBEEDNSEV. O DO RZH
HEDETNL T LT, DIRERKICBT % H—Hifao
EHEPP SN EED, DIRIEROFEEMEIHE NSO
TIERWIEA S5 M. Expressed sequence tag (EST) fi#
W7 —2 M5 NT.28EM (induced pluripotent stem:
iPS) a7z AT 7z DB LRGN R D - Tz
X31Z, WRE NSV AZ V)T b— LD T — 20
FHAReL 2575, T—2ZRNHULIEED LIdH
75 B HESHNTIE T, BilcaHENRVEZE NG E >
MFERBTLZTHRLTNS.

E I

AFRHEOHRAZHE X LT &, BERAR AR
FEUNRR AR BRI R R IR L £ 9
ARRHEICHTZD THEZVWEREX LYY T4
ULy e PN =2 eyt =Y | i st L Y OR=S
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9% LacZ B 7° GFP 20— F 9 3 lE Fa L LR—X—
R 2RE UTZBINS UTE U, CAT @z A RE
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