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Abstract

Progenitor cells, derived from the cardiac neural crest (CNC) and the second

heart field (SHF), play key roles in development of the cardiac outflow tract

(OFT), and their interaction is essential for establishment of the separate pulmo-

nary and systemic circulation in vertebrates. 22q11.2 deletion syndrome

(22q11DS) or Takao syndrome is the most common human chromosomal

deletion syndrome that is highly associated with OFT defects. Historically,

based on the observations in animal models, OFT defects implicated in the

22q11/Takao syndrome are believed to result primarily from abnormal develop-

ment of CNC that populate into the conotruncal region of the heart. In the

twenty-first century, elegant efforts to model 22q11/Takao syndrome in mice

succeeded in the identification of T-box-containing transcription factor, Tbx1, as

an etiology of OFT defects in this syndrome. Subsequent investigations of the

Tbx1 expression pattern revealed that Tbx1 was surprisingly not detectable in

CNC but was expressed in the SHF and provided a new concept of molecular and

cellular basis for OFT defects associated with 22q11/Takao syndrome. More

recently, it was reported that mutations in the gene encoding the transcription

factor GATA6 caused CHD characteristic of OFT defects. Genes encoding the

neurovascular guiding molecule semaphorin 3C (SEMA3C) and its receptor

plexin A2 (PLXNA2) appear to be regulated directly by GATA6. Elucidation
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of molecular mechanism involving GATA6, SEMA3C, PLXNA2, and TBX1 in

the interaction between the CNC and the SHF would provide new insights into

the OFT development.
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26.1 Introduction

Cardiac outflow tract (OFT) defects account for approximately 30 % of congenital

heart disease (CHD) and usually require an intervention during the first year of life

[1, 2]. A variety of OFT defects results from disturbance of the morphogenetic

process for the establishment of separated systemic and pulmonary circulation.

Despite their clinical importance, the etiology of most OFT defects remains

unknown because of the multifactorial nature of the diseases.

Progenitor cells derived from the cardiac neural crest (CNC) and the second

heart field (SHF) play key roles in development of the OFT. The SHF cells give rise

to the OFT myocardium along with subpulmonary conus, and CNC cells give rise to

the OFT septum during development. Defects of these progenitor cells may lead to

a variety of OFT defects, including tetralogy of Fallot (TOF), characterized by

malalignment of the major vessels with the ventricular chambers; interrupted aortic

arch type B (IAA-B), resulting from maldevelopment of the left fourth pharyngeal

arch artery; and persistent truncus arteriosus (PTA), resulting from failure of

septation of the OFT into the aorta and pulmonary artery [3, 4].

26.2 The 22q11.2 Deletion Syndrome (Takao Syndrome)

The 22q11.2 deletion syndrome (22q11DS) is the most common genetic cause of a

spectrum of OFT defects with an incidence of 1 in 4000–5000 births [5, 6]. Most are

sporadic in origin, while 10–20% of deletions are inherited as an autosomal dominant

trait. 22q11DS involves three distinct syndromes, namely, DiGeorge syndrome

(DGS; OMIM#188400), velocardiofacial syndrome (VCFS; OMIM#192430), and

conotruncal anomaly face syndrome (CAFS; OMIM#217095) which is so-called

Takao syndrome. Historically, DGS was originally characterized by CHD, hypopara-

thyroidism, and immune deficiency reported in 1965 from the field of immunology

[7]; VCFS was associated with cleft palate, CHD, a distinct facial appearance, and

learning difficulties reported in 1978 from the field of plastic surgery [8]; and CAFS

or Takao syndrome was characterized by conotruncal CHD (OFT defects), a distinct

facial appearance and hyper-nasal voice reported in 1976 (in Japanese) from the field

of pediatric cardiology [9]. In 1993, clinical genetics revealed that these syndromes

shared a common heterozygous deletion of 22q11.2 region and thus had overlapping

phenotype [10–12].
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Although the acronym “CATCH22 (cardiac defects, abnormal facies, thymic

hypoplasia, cleft palate, hypocalcemia, and 22q11 deletions)” was proposed to

encompass these syndromes in 1993 [13], clinical use of this term is restricted

today, because (1) the term “CATCH22” has a negative meaning which represents a

situation where it is impossible for you to do anything, originally from a novel

entitled “Catch-22” by Heller [14]; (2) the term “abnormal facies” represented by

“A” is difficult to be accepted by patients and their family; and (3) the clinical

spectrum associated with 22q11DS is much wider than was previously recognized

as “CATCH” [15].

Approximately 75 % of patients with 22q11 DS have CHD. The type of CHD are

characterized as OFT defects including TOF, estimated about 30 %; IAA-B,

estimated about 15 %; ventricular septal defect (VSD), estimated about 15 %;

PTA, estimated about 10 %; and others, estimated about 5 %. Alternatively,

22q11.2 deletion is present in approximately 60 % of patients with IAA-B, 35 %

of patients with PTA, and 15 % of patients with TOF. Specifically, it is detected in

55 % of patients with TOF plus pulmonary atresia and major aortopulmonary

collateral arteries (MAPCA) [16–18].

Although CHD are the major cause of mortality in 22q11DS, survivors have an

exceptionally high incidence of psychiatric illness, including schizophrenia and

bipolar disorder, in adolescents and adults, making del22q11 the most frequent

genetic cause of such psychiatric disorders [16, 19, 20]. In our experience of

18 adults with 22q11DS, common school and employment were observed in

11 of 18 cases, and 2 females got married; however, difficulties with social

interaction and employment were observed in 7 cases. The main reason of

difficulties for social interaction and employment was incomplete repair of CHD

in four cases, and all of them had TOF with pulmonary atresia and MAPCA. One

case was also diagnosed as schizophrenia. Other three cases had repaired VSD and

are away from hospital care. Taken together, lifelong comprehensive evaluation

and management of patients with 22q11DS, like as shown in Table 26.1, are

required for multisystem disorders [6]. The primary care physician, a pediatric

cardiologist in most cases, has an important role in the follow-up for the patients

and their families and needs to collaborate with many specialists for the associated

abnormalities.

26.3 Identification of TBX1

Because of the high incidence and association with OFT defects, 22q11DS has

attracted attention as a model for investigating the genetic basis for OFT defects

[21, 22]. The structures primarily affected in patients with 22q11DS are derivatives

of the embryonic pharyngeal arches, or neural crest cells, suggesting that

haploinsufficiency of the gene(s) on the 22q11.2 deleted region is essential for

pharyngeal arch and/or CNC development [1, 2, 21, 22]. Extensive gene searches

have been successful in identifying more than 30 genes in the deleted segment.
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Although standard positional cloning has failed to demonstrate a role for any of

these genes in the syndrome, elegant efforts by several groups to model 22q11DS in

mice by creating orthologous chromosomal deletions were successful in revealing

the T-box-containing transcription factor, Tbx1, as the etiology of OFT defects

associated with 22q11DS [23–26]. Heterozygosity of Tbx1 in mice alone also

caused aortic arch defects, while homozygous mutation of Tbx1 in mice resulted

in most main clinical presentations of 22q11DS, including OFT defects, abnormal

facial features, cleft palate, and hypoplasia of the thymus and parathyroid glands.

26.4 Expression of TBX1

The delineation of the expression pattern of Tbx1 provided a new concept on the

molecular and cellular basis of normal and abnormal development of the OFT. We

and other group found that Tbx1 was expressed in the SHF but not in the CNC [27–

29]. This finding was surprising because CHD associated with 22q11DS had been

believed to result primarily from abnormal development of CNC as mentioned

above. Interestingly, in mouse and chick embryos, Tbx1 is preferentially expressed

in the pharyngeal arches, in the ventral half of the otic vesicle, and in the head

(Fig. 26.1) [27, 28]. Within the pharyngeal arch region, Tbx1 is expressed in the

pharyngeal mesoderm, including the SHF, the pharyngeal endoderm, and the head

mesenchyme. These results suggest that defects of neural crest-derived tissues in

22q11DS may occur in a non-cell autonomous fashion. Our cre-mediated murine

Fig. 26.1 Expression patterns of Tbx1. (a–d) RNA in situ hybridizations for whole mount (a–c)
and section (b, d) in mouse (a, b) and chick (c, d) embryos demonstrate Tbx1 expression (purple
or white signals) in the mesodermal core (arrows) and endodermal epithelium (arrowheads) of
pharyngeal arches, head mesenchyme (hm), and otic vesicle (ov). Asterisks indicate pharyngeal

arch arteries. (e, f). Transverse sections demonstrate Tbx1-lacZ expression (blue signals) in the

myocardial layer of the cardiac outflow tract (oft) but not in the oft cushion (cu) which is mainly

contributed by cardiac neural crest cells. (g) Tbx1-descendant cells marked by Tbx1-Cre/Rosa26R

mouse system are localized in the anterior portion (oft) of the right ventricle (rv) and the main

trunk of the pulmonary artery (mpa). ao Aorta, h head, ht heart, la left atrium, ra right atrium
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transgenic system revealed that Tbx1-expressing descendants representing a subset

of cells derived from the SHF contribute predominantly to the pulmonary infundib-

ulum (Fig. 26.1) [30].

Although precise embryological mechanisms underlying OFT defects remain

uncertain, the anatomical defects in TOF are believed to result from malrotation of

the OFT that leads to misalignment of the outlet and trabecular septum and

consequent overriding of the aorta above the malaligned ventricular septum

[2, 3]. Contribution of CNC is thought to be essential for proper rotation and

septation of the OFT. Alternatively, hypoplasia and underdevelopment of the

pulmonary infundibulum may also be responsible for the infundibular obstruction

and malalignment of the outlet septum [2, 3]. Accordingly, our data suggest that

developmental defects of the SHF may cause hypoplasia of the pulmonary infun-

dibulum, resulting in TOF [30]. More severe decreased number or absence of this

subset of cells may affect development and/or migration of CNC, resulting in PTA.

This hypothetical model is supported by the observation that the OFT defects

ranging from TOF to TA are highly associated with 22q11DS (Fig. 26.2).

26.5 Mutations of GATA6

Recently, we identified and characterized mutations of GATA6 in our series of

Japanese patients with OFT defects [31]. Mutations in GATA6 disrupted its tran-

scriptional activity on downstream target genes involved in the development of the

OFT. We also found that the expression of SEMA3C and PLXNA2 was directly

regulated during development of the OFT through the consensus GATA binding

sites well conserved across species. Mutant GATA6 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 OFT/subpulmonary

myocardium and CNC derivatives in the OFT region, respectively. These results

indicate that mutations of GATA6 are implicated in genetic causes of OFT defects,

as a result of the disruption of the direct regulation of semaphorin-plexin signaling

(Fig. 26.2).

26.6 Future Direction: Elucidating the Interaction Between CNC
and SHF

Recent studies have demonstrated that reciprocal epithelial-mesenchymal signaling

is essential for proper development of the pharyngeal arches and that the primary

impairment of epithelial endoderm may secondarily affect migration or differentia-

tion of neural crest cells during the pharyngeal arch development [32–34]. As for

the development of the OFT, clear roles of CNC- and SHF-derived cells have been

established [35]. Future direction in this research field is to reveal how the CNC and

SHF interact using complex reciprocal signaling essential for precise morphogene-

sis of the OFT. Importantly, mutations in genes expressed in either CNC or SHF can
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result in similar OFT defects in mice. For example, Pax3 is expressed in the CNC,

and Tbx1 is expressed in the SHF, and both Pax3-null mice and Tbx1-null mice

show PTA. Studies are, thus, required to focus on the signals that mediate

interactions between CNC and SHF in order to uncover the developmental

mechanisms underlying various types of the OFT defect. Our result from the

research of mutation of GATA6, described above, is an example that revealed

such a molecular mechanism. Our recent preliminary data suggest that a molecular

cascade involving Gata6, Foxc1/2, Tbx1, Sema3C, and Fgf8 may play roles in

reciprocal signaling between SHF and CNC that are essential for the migration of

CNC toward the OFT myocardium derived from the SHF (in revision). Further

Fig. 26.2 Cellular interaction of the second heart field (SHF) and cardiac neural crest (CNC) for
the outflow tract (OFT) development and diseases. Progenitor cells derived from the SHF and the

CNC give rise to the OFT myocardium and septum, respectively. TBX1 is exclusively expressed

in the SHF cells. TBX1 deletion in 22q11DS may affect not only the SHF cells but also the

interaction between the SHF cells and CNC, resulting in OFT defects ranging from TOF, which is

characterized by malalignment of the OFT septum, to PTA, which results from aplasia of the OFT

septum. GATA6-SEMA3C (ligand)-PLXNA2 (receptor) pathway also plays a role in interaction

between the SHF and CNC during the OFT development (Modified from [36])

26 A History and Interaction of Outflow Progenitor Cells Implicated. . . 207



study utilizing our model system may provide new insights into the OFT develop-

ment and embryogenesis of OFT defects.
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