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Abstract
The cardiac conduction system is a network of distinct cell types necessary for the coordinated contraction of the cardiac 
chambers. The distal portion, known as the ventricular conduction system, allows for the rapid transmission of impulses from 
the atrio-ventricular node to the ventricular myocardium and plays a central role in cardiac function as well as disease when 
perturbed. Notably, its patterning during embryogenesis is intimately linked to that of ventricular wall formation, including 
trabeculation and compaction. Here, we review our current understanding of the underlying mechanisms responsible for the 
development and maturation of these interdependent processes.
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Introduction

The ventricular conduction system (VCS) entails compo-
nents of the cardiac conduction system distal to the atrio-
ventricular node and includes the Bundle of His, right, and 
left bundle branches as well as the Purkinje fiber network 
(Fig. 1). It is a distinct and essential component of the con-
duction system that allows for the rapid transmission of 
electrical impulses originating from the upper chambers. 
While this intricate lattice of conduction cells represents 
only ~ 1–2% of the ventricular mass [1], the VCS is crucial 
for the rapid and near-simultaneous depolarization of both 
ventricles, from apex to base, thereby allowing for the coor-
dinated contraction of the ventricles. Notably, abrogation of 
the development and/or normal function of the VCS results 

in decreased cardiac function and, importantly, can result in 
lethal ventricular arrhythmias [2].

While Purkinje fiber cells are located within the ventricu-
lar subendocardium in mammals, they exhibit exquisitely 
unique anatomic, electrophysiologic, and transcriptional 
features as compared to the surrounding working myocar-
dium [3]. Since the discovery of Purkinje fiber cells by the 
Czech Jan Evangelista Purkyně in 1837 [4], it has long been 
recognized that the establishment of the ventricular con-
duction system parallels that of ventricular wall formation, 
both temporally and spatially [5, 6]. These early anatomic 
observations led to the detailed timeline of their develop-
ment and have been the foundation for an impressive volume 
of research to come. More recent work has resulted in the 
discovery of common progenitor cells and pathways critical 
to both myocardial trabeculation and compaction of the ven-
tricular wall as well as for VCS development and maturation. 
In this review, we will provide a brief overview of the inter-
twined relationship between these two systems throughout 
development, maturation, and during disease processes alike.

Temporal Regulation of VCS Development

Conduction System Development

At embryonic day 7.5 (e7.5) in mice, correlating roughly to 
day 22 of gestation (~ d22) in humans, a primitive pacemaker 
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is first observed at the inflow tract region of the linear heart 
tube, a three-layer structure consisting of endocardium, car-
diac jelly, and myocardium [3, 7] (Fig. 2a). The primitive 
pacemaker initiates an electrical impulse that propagates 

slowly through the linear heart tube leading to a peristaltic 
contraction that generates unidirectional blood flow. With 
looping of the heart tube, there is first evidence of a dis-
crepancy in conduction velocities with a delay occurring 
within the region of the AV canal at ~ e8.0 in mice (~ d25 in 
humans). This provides a functional electrophysiologic basis 
for the atrio-ventricular delay in the mature heart, allow-
ing for sequential contraction of the atria and ventricles and 
the time necessary for ventricular filling prior to their own 
contraction.

The VCS is the last component of the cardiac conduction 
system (CCS) to develop. Functionally, VCS development 
is first noted in mammals at ~ e10.5 (~ d35 in humans), prior 
to ventricular septation, by the reversal of the base-to-apex 
activation pattern to an “apex-first” electrical activation [8] 
(Fig. 2b). This more mature depolarization sequence allows 
for the rapid and coordinated contraction of the ventricles 
from the apex towards the base, and thereby promoting for-
ward flow of blood within the ventricles towards the out-
flow tracts. By e12.5, murine hearts demonstrate two distinct 
activation patterns in the LV and RV, correlating with the 
appearance of discrete bundle branches [8] (Fig. 2c). Elegant 
cell fate mapping experiments [1] subsequently demon-
strated that cells expressing Connexin 40 (Cx40), encoding 
a high-velocity gap junction protein, give rise to both work-
ing myocardium and all cell types of the ventricular conduc-
tion system (including His bundle, right, and left bundle 
branches and Purkinje fiber cells) providing a foundation for 
the concept of pre-specified common progenitor cells. By 
e16.5, Cx40+ cells have become restricted to a Purkinje cell 
fate with limited subsequent proliferative capacity, parallel-
ing the lower proliferative rate in the surrounding trabecu-
lar myocardium [9] (Fig. 2d). The VCS, while established 
prenatally, will continue to undergo extensive functional 
maturation postnatally [10, 11].

Ventricular Wall Formation

Following cardiac looping, at around e9.0 in mice, cardiac 
chambers begin to form along with the development of the 
trabeculae to allow for increased cardiac output and oxygen 
uptake by the developing trabecular myocardium. During 
trabeculation, myocardial protrusions extending into the 
cardiac lumen first begin to appear ~ e9.5 in mice (~ d26 in 
humans) [12, 13] (Fig. 2b). These protrusions develop radi-
ally into a fenestrated network and later undergo remodeling 
in which the trabeculae cease to grow in the luminal direc-
tion and thicken radially, consolidating with the compact 
myocardium. Trabecular maturation is largely completed by 
~ e16.5 in mice (~ d60 in humans) [14] (Fig. 2d). Concomi-
tant with trabecular remodeling or maturation, the compact 
myocardial layer undergoes extensive proliferation result-
ing in a dramatic increase in ventricular wall thickness, 
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Fig. 1  EKG and EGM parameters and VCS Anatomy. a Left: repre-
sentative tracing from a surface electrocardiogram (ECG). Depolari-
zation of the atrial cardiomyocytes is visualized as the P wave, where 
the PR interval reflects onset of atrial depolarization to conduction 
through the AV node. The QRS complex represents ventricular depo-
larization and the T wave ventricular repolarization. The QT interval 
entails time of both ventricular depolarization and repolarization. 
Right: representative intracardiac electrocardiogram (EGM) tracing. 
His bundle electrogram (HBE) showing an atrial potential followed 
by a His and finally a ventricular potential. AH interval represents the 
time for conduction through the AV node. HV interval displays the 
conduction time through the ventricular conduction system from the 
His bundle located just below the AV node, to the first identifiable 
onset of ventricular activation. b Diagram of an adult heart with the 
cardiac conduction system highlighted. Sino-atrial node (SAN) is the 
primary pacemaker in a normal heart and is located at the junction 
of the superior vena cava (SVC) and right atrium (RA). Depolariza-
tion subsequently sweeps through the atria inducing contraction. Sole 
passage of conduction to the ventricles occurs via the atrio-ventricu-
lar node (AVN) due to the otherwise electrically inert fibrous tissue 
of the surrounding atrio-ventricular junction. Conduction is slowed 
through the AVN and subsequently accelerated through the ventric-
ular conduction system comprising the His bundle (His), right, and 
left bundle branches (RBB, LBB) and Purkinje fibers (PF). Finally, 
once the impulse has traversed the Purkinje–myocyte junction (PMJ), 
the ventricular cardiomyocytes are depolarized in stereotypical apex 
to base pattern. Conduction intervals covered in a are labeled with 
respect to conduction through their respective anatomical landmarks
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providing a major contractile force to the functional heart. 
Similar to the VCS, the compact myocardium will continue 
to thicken and mature throughout early postnatal develop-
ment [7].

Cellular Origins of the VCS

While the cardiac conduction system was initially proposed 
to be derived from neural crest cells given co-expression 
of classic neuronal markers such as NF-M and Hnk-1 [15], 
subsequent lineage trace analysis studies have shown that the 
VCS unquestionably originates from cardiomyocyte progen-
itors [16–18]. Early chick studies performed by Cheng et al. 
[17] employed viral lineage tracing methods to demonstrate 
that all components of the CCS, including the VCS, arise 
from cardiomyogenic progenitors and, later, lineage tracing 
experiments in mice firmly ruled out a contribution of neural 
crest derivatives in mammals [18].

Connexin 40 (Gja5), the earliest known marker of 
Purkinje cell differentiation, encodes for a high-velocity 
gap junction subunit and, in the mature heart, is restricted 

to the atria and VCS. Its expression is essential to the 
function of the ventricular conduction system allowing for 
the rapid transmission of electrical impulses from the AV 
node to the working myocardium. Embryonically, how-
ever, Cx40 is expressed much more broadly [19, 20]. Cx40 
transcript and protein can first be visualized at ~ e9.5 in 
mice throughout the atria and ventricles [20], albeit faintly 
in the latter (Fig. 2b). By ~ e11.5, Cx40 is expressed trans-
murally within the ventricles and notably demonstrates 
enhanced expression in the primitive trabecular network 
[10, 19]. Over time there is gradual restriction in Cx40 
expression with a gradient from the subendocardial tra-
beculae decreasing towards only faint expression in the 
subepicardial region (Fig. 2c). By e16.5, Cx40 is present 
in the trabeculae but absent from the ventricular wall. At 
e19.0, when the ventricular wall has largely completed 
compaction, Cx40 expression becomes restricted to the 
VCS including the His bundle, bundle branches, and 
Purkinje fiber network [19, 20] (Fig. 2d).

While much is known regarding the cellular origin of the 
VCS, many questions remain. For example, which cardio-
myocytes represent the true VCS progenitors and how might 

e7.5 (~d22) e9.5-10.5 (~d26-32) e12.5 (~d44-46) e19.0 (>d60)

OFT

RV
LV
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RA/LA
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Fig. 2  Timeline of early ventricular wall and conduction system 
development. a By embryonic day 7.5 (e7.5) in mice or approxi-
mately human gestational day 22 (d22), there is evidence of a primi-
tive pacemaker (purple) located at the inflow portion of the primitive 
heart tube. The heart tube is composed of endocardial (pink) and 
myocardial (gray) layers separated by cardiac jelly (blue). b By e9.5 
or ~ d26, with looping of the heart, myocardial protrusions extending 
into the ventricular lumen first begin to appear. At this time, Con-
nexin 40 expression (Cx40, yellow) is detectable throughout the ven-
tricular myocardium, albeit at uniformly low levels. By e10.5 there 
is a histologically identifiable SA node and there is first evidence of 
a delay in conduction velocity (purple arrows) occurring within the 
region of the AV canal (AVC). By e10.5, prior to ventricular septa-
tion, the VCS also becomes functionally evident by the reversal of the 

base-to-apex activation pattern to a “apex-first” electrical activation. c 
By e12.5, prominent ventricular trabeculae have formed. At this time, 
there is a clear gradient in Cx40 expression (yellow), with highest 
found in the subendocardial trabeculae and least in the subepicardial 
myocardium. Functionally, murine hearts also demonstrate two dis-
tinct activation patterns in the LV and RV (straight purple arrows), 
correlating with the appearance of discrete bundle branches. d By e19 
(> d60), trabecular maturation is typically completed in mice with the 
development of well formed, compact ventricular wall. At this time, 
the foundation of the entire conduction system has been established, 
with Cx40 expression (yellow) now restricted to the components of 
the VCS (His, RBB/LBB, Purkinje fibers). Outflow tract (OFT), right 
ventricle (RV), left ventricle (LV), right atrium (RA), left atrium 
(LA)
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one identify them? What is their transcriptional signature 
and true proliferative capacity? Do they rely on asymmetric 
division? While these questions remain to be addressed, 
prospective Cre fate mapping have provided key insights 
into the timing of VCS fate commitment by indelibly mark-
ing cells expressing Cx40 at various embryonic timepoints 
[1]. Pulse labeling of Cx40+ cells between e10.5 and e14.5 
consistently labeled cells from both the VCS as well as the 
working myocardium. Notably, however, this fate mapping 
showed progressive lineage restriction of Cx40+ com-
mon progenitors to the VCS over time. Indeed, by e16.5, 
cells that express Cx40 give rise exclusively to cells of the 
VCS. This seminal work not only demonstrated that the 
VCS originates from common Cx40+ cardiomyocyte pro-
genitors within the trabecular myocardium but additionally 
demonstrated that the ventricular conduction system cells 
have limited outgrowth following specification. This finding 
was consistent with prior reports on VCS cell cycle exit fol-
lowing specification [9, 21, 22] and strengthened the widely 
held belief that the VCS is primarily established through 
recruitment from a progenitor population rather than by 
extensive proliferation [8, 17].

Finally, clonal analysis of cell numbers within mixed and 
unmixed clusters of labeled conductive and working myo-
cardial cells argued for a distinct origin of VCS progeni-
tor cells for the left versus right ventricles, consistent with 
their well-established origins from first and second heart 
field, respectively [1]. Later, evidence from additional line-
age tracing experiments marking the first and second heart 
fields emerged supporting this theory [23–25]. While the 
left ventricle, left bundle, and left PF network are derived 
from Hcn4+ first heart field progenitors, the right ventricle 
along with the right bundle, and right PF network appear to 
originate from Isl1+ second heart field [25].

Clearly, additional work will be necessary to identify and 
characterize the VCS progenitor population from both the right 
and left ventricular myocardium. Further analysis will not only 
provide insight into our basic understanding of the develop-
ment of the conduction system but may also greatly benefit 
current efforts in the in vitro differentiation of Purkinje fiber 
cells from human induced-pluripotent stem cells [26, 27]. Spe-
cifically, novel techniques such as single-cell RNA sequencing 
and single-cell time-lapse microscopy will likely provide the 
resolution needed to clarify some of these outstanding ques-
tions previously unattainable through lineage tracing alone [28].

Molecular Regulation of Ventricular Wall 
and VCS Development

While the developing compact myocardium receives many 
of its instructions from its interactions with the epicardium, 
the trabeculae are induced largely by signals derived from the 

endocardium. The developing Purkinje fiber network, located 
within the subendocardium, also relies on key interactions with 
the endocardium. Given the temporal and spatial overlap of 
ventricular wall and VCS development, it is not surprising that 
several shared signaling pathways are crucial to the patterning 
of both the ventricular myocardium and ventricular conduc-
tion system (Table 1). Here we focus on a few key pathways 
relevant to the development the VCS. For a detailed review 
of the transcriptional regulation of ventricular wall, we refer 
readers to numerous prior articles on this topic [7, 14, 29] and 
VCS formation [3, 30–33].

Notch Signaling

Extensive research from multiple groups have clearly shown 
Notch to regulate not only trabecular formation but also 
Purkinje cell development via downstream regulators including 
Neuregulin 1 and its receptor ErbB, Ephrin B2, and BMP10 
[34–37]. Loss of function mutant mice for either RBPJk, a 
downstream transcriptional repressor in canonical Notch sign-
aling, and to a lesser extent Notch1, results in poorly formed 
trabeculae and less-structured myocardium [34]. On the other 
hand, endothelial-specific gain of function via the conditional 
deletion of the Notch1 intracellular domain inhibitor, Fkbp1a, 
results in a hypertrabeculation and non-compaction phenotype 
[38]. Loss of function murine experiments using Myosin Light 
Chain 2v (Mlc2v)Cre/+;  Notch1f/f or Mlc2vCre; DNMAML 
(dominant-negative mastermind like, a Notch inhibitor) have 
clearly shown Notch to be required for AV nodal formation. 
However these studies also show that the VCS remained func-
tionally intact, with an unchanged HV interval (His bundle to 
ventricle), a measure of VCS-dependent ventricular activation 
time [39] (Fig. 1). Conversely, Notch overexpression in the 
working myocardium during embryogenesis has been shown 
to be sufficient to induce reprogramming towards a Purkinje-
like phenotype [39] and underscores a possible role for Notch 
signaling in regulating the plasticity of common cardiomyo-
cyte progenitor cells of the VCS. More recent work has further 
implicated Notch signaling in the modification of the epige-
netic landscape of key ion channel genes including potassium 
channels  ITO,f and  IK,slow [40].

Id2

While Notch is not ‘required’ for VCS development per se, 
other factors including the transcriptional repressor Id2 have 
been shown to be necessary not only for ventricular wall 
formation but also for the normal patterning of the VCS. 
Systemic loss of Id2 in mice results in both structural and 
functional abrogation of the VCS including disrupted for-
mation of the AV bundle and left bundle branch consistent 
with a widened QRS and RsR′ pattern in lead V6 (or left 
bundle branch block pattern) by surface electrocardiography 
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[41]. Interestingly, somewhat similar to Notch signaling, Id2 
may play a significant role in the specification of the VCS 
from ventricular cardiomyocyte progenitors. Specifically, 
the authors demonstrated that Id2 may promote cell cycle 
exit within committed VCS cells, a known characteristic of 
VCS occurring between e12 and e14 [9, 17]. With respect to 
ventricular wall formation, the loss of function of Id2 results 
in, among other phenotypes, abnormal compact myocardium 
formation [42].

Irx3

Irx3, a member of the Iroquois family of transcription fac-
tors, demonstrates overlapping expression with Id2 within the 
conduction system and Irx3 loss of function in mice resulted 
in VCS hypoplasia [11] and abnormal embryonic differentia-
tion as evident by modulation of Cx40 and Cx43 expression 
[43]. In contrast to Id2 knockouts, Irx3 null mice showed no 
difference in proliferation or apoptosis rates within the VCS. 
Instead, their hypoplasia came in the setting of increased 
proliferation within the working myocardium, which the 
authors argued may disturb the cell cycle exit required for 
the recruitment and differentiation of the ventricular conduc-
tion cells. The exact mechanism, however, remains unclear. 
Irx3 has also been implicated in the postnatal maturation 
of the VCS [11], where mutants demonstrate a progressive 
reduction in the myocardial wall thickness and the number of 
His–Purkinje fibers. In addition, Irx3 knock-down mice dem-
onstrate increased frequency of ventricular tachyarrhythmias 
[44]. While our understanding of postnatal VCS maturation 
remains incomplete, numerous other transcription factors and 
signaling mediators including the homeodomain transcription 
factors Nkx2.5 and Hopx have been implicated in this process.

Nkx2.5/BMP10/Hopx

Seminal work has demonstrated a role for Nkx2.5 in the regu-
lation of normal trabecular formation as well as the conduc-
tion system. Expression of Nkx2.5 is enhanced within the 
VCS during embryogenesis [45] and has been shown to work 
in concert with the T-box transcription factor Tbx5 to mediate 
expression of Id2 and other critical factors in VCS differen-
tiation [41]. Conditional knock down of Nkx2.5 within the 
working myocardium and ventricular conduction system via 
the MLC2v promoter resulted in hypertrabeculation and myo-
cardial overgrowth [46]. This phenotype could be attributed to 
the inappropriate perdurance of BMP10 past e15.5, the time-
point in mice at which BMP10 is normally extinguished from 
the ventricular myocardium. Specifically, the authors show 
that in vivo overexpression of BMP10 or in vitro exposure of 
embryonic mouse cardiomyocytes to BMP10 both result in 
increased proliferation of working cardiomyocytes and a cell 
overgrowth and hypertrabeculation phenotype. With respect 

to the conduction system, Nkx2.5 loss of function resulted in 
the atrophy of both the AV node and His bundle, consistent 
functionally with a progressive AV block and a prolonged 
QRS interval [46–48]. Notably, haploinsufficiency of Nkx2.5 
has been shown by others to result in a reduction in the num-
ber of Cx40+ Purkinje fibers [10, 48]. While these studies 
have elucidated some aspects of the requirement of Nkx2.5 in 
VCS development, more questions remain. For example, how 
does the increased proliferation of the working myocardium 
in Nkx2.5 knock-down mice relate to perturbed VCS speci-
fication and cell cycle exit seen in Irx3 null mice? Addition-
ally, does Nkx2.5 play a direct role in the recruitment, prolif-
eration, or retention of ventricular conduction cells? Further 
investigations will be necessary to clarify the precise roles of 
these transcription factors.

Beyond VCS specification by Nkx2.5, the hypoplastic 
His–Purkinje system observed in the context of Nkx2.5 
haploinsufficiency appears to remain functionally intact 
given the documented normal HV intervals in both mice 
and humans [48, 49]. Additional studies later demonstrated 
that Nkx2.5+/− mice have normal Purkinje fiber cell size 
and electrophysiological properties [10]. Systemic Nkx2.5 
null mice die at ~ e10 and therefore cannot be evaluated; 
however, an intracardiac EP study of conditional postnatal 
Nkx2.5 knock out mice has not been performed to date to 
our knowledge [46]. It would be interesting to determine 
whether complete loss of Nkx2.5 results in significant func-
tional abrogation of the His–Purkinje system or whether the 
universally observed prolonged QRS interval by surface 
EKG, in both Nkx2.5+/− and conditional knock out mice 
simply reflects a decreased number of terminal Purkinje fib-
ers in relation to the volume of working myocardium.

Finally, similar to Nkx2.5 mutants, loss of function of 
Hopx, a homeodomain-only protein and downstream tran-
scriptional target of Nkx2.5 [50, 51], resulted in delayed 
withdrawal of the ventricular working myocardium from cell 
cycle exit and subsequent myocardial overgrowth. Distinctly, 
however, Hopx null mutants exhibited seemingly normal AV 
nodal function (unchanged PR intervals and a slightly longer 
AH interval but not statistically significant), while it was the 
infra-Hisian conduction system that was primarily affected 
[52]. This phenotype was functionally evident by prolonged 
QRS and, importantly, protracted HV intervals consistent 
with a dysfunctional ventricular conduction system.

Conduction System Development 
and Disease

The VCS: A Nidus for Arrhythmias

Sudden cardiac death (SCD) remains a significant cause 
of mortality worldwide and affects roughly 3  million 



1096 Pediatric Cardiology (2018) 39:1090–1098

1 3

people worldwide yearly, with ~ 353 thousand in the US 
alone in 2015 [53]. Notably, the majority of cases of SCD 
(50–85%) are thought to occur as a result of ventricular 
dysrhythmias, specifically ventricular tachycardia (VT) 
and fibrillation (VF) [54]. It is well established that the 
His–Purkinje system is a major source of ventricular 
arrhythmogenicity in the setting of acquired injury or 
altered function such as electrolyte disturbances, drug 
exposure, ischemia, or peri-operative damage [2, 55]. Dis-
ruption in the ventricular conduction system can result in 
both automatic and triggered ventricular arrhythmias as 
well as serve as the nidus for re-entrant tachycardias, all 
of which can result in hemodynamic instability and sudden 
death (Table 1).

Notably, Purkinje cells as well as the Purkinje 
fiber–myocyte junction (PMJ) are recognized as particu-
larly vulnerable sources of ventricular arrhythmias in the 
heart [56–59]. Disruption of the cell–cell communication 
through gap junction channels via modulation of connexin 
expression or function, a process known as gap junction 
remodeling, has been documented in heart disease and is 
associated with an increased risk of arrhythmias [58, 59].

Genetic Mechanisms Underlying Both VCS 
Development and Ventricular Dysrhythmias

Several of the aforementioned genes responsible for the 
normal development of the VCS and ventricular wall for-
mation have also been implicated in conduction pathology. 
Interestingly, Notch may play a role in preserving the PMJ. 
Notch overexpression within the ventricular myocardium 
has been shown to perturb the boundary between VCS and 
working myocardium, leading to abnormal Purkinje–myo-
cyte junctions [39]. Interestingly, Notch signaling has also 
known to become transiently activated in the setting of 
ischemia [60] and could be potentially responsible, in part, 
for post-infarction ventricular dysrhythmias. Finally, in 
humans, gene variants in HEY2, a direct Notch target, have 
been implicated in a propensity of sudden death secondary 
to ventricular arrhythmias [61].

As mentioned previously, the transcription factor Irx3 
is essential for both ventricular wall formation as well 
as the embryonic development and postnatal maturation 
of the VCS. Interestingly, analysis of 130 probands with 
idiopathic VT and no SCN5A mutations revealed two 
novel, missense IRX3 mutations in which both probands 
were more prone to NSVT with exercise [44]. Similar to 
mice, humans with NKX2.5 haploinsufficiency results 
in structural defects as well as sudden cardiac death and 
arrhythmias including ventricular tachycardia [47–49, 
62].

Structure Begets Function

Consistent with an intimate relationship between VCS and 
ventricular wall formation, there is also a well-established 
association between LV non-compaction, hypertrabecula-
tion, and the propensity for developing ventricular tachyar-
rhythmias within humans [2]. Interestingly, histiocytoid 
cardiomyopathy (HC), while rare, is a prime example of a 
congenital disorder typified by dysplasia of the ventricular 
wall and VCS as well as a propensity for lethal ventricu-
lar arrhythmias. HC occurs primarily in females less than 
2 years of age with an unclear etiology to date, although a 
mitochondrial cause has been suggested [63]. It commonly 
presents with both LV non-compaction and Purkinje fiber 
dysplasia, manifesting clinically with VT and VF [64], and 
results in sudden death within ~ 20% of cases. Only about 
100 cases have been described to date and detail characteris-
tic histologic findings including dysplastic (‘histiocyte-like’) 
Purkinje fiber cells in addition to LVNC or a dilated CM 
[63, 64]. The etiology of this fatal disease remains to be 
elucidated and may provide fresh insight into some of the 
key early developmental steps required to establish both a 
normal ventricular wall and VCS.

Conclusion

Recent studies have revealed a clear interdependence 
between the formation of the VCS and ventricular wall. 
Temporal and spatial associations of their embryonic pat-
terning are evident and indication of their interconnected-
ness is supported by their common origins and their co-
regulation by a core set of transcription factors. Disruptions 
in these developmental processes have been directly associ-
ated with clinically significant ventricular arrhythmias and 
sudden cardiac death, further arguing for additional research 
into their development and maturation. An interesting and 
relevant question that remains to be further clarified is the 
identity and molecular constitution of the common progeni-
tor of the VCS. Additional insights can now be gleaned using 
the emerging single-cell expression profiling and analytical 
technologies. These tools may prove essential to not only 
further defining our basic understanding of VCS develop-
ment but also help to advance our abilities in the in vitro 
differentiation of ventricular conduction system components 
and working myocardial cells alike from human stem cell 
sources.
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