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The emerging field of transcriptional regulation of cell shape changes aims to address the critical question of how gene 
expression programs produce a change in cell shape. Together with cell growth, division, and death, changes in cell shape are 
essential for organ morphogenesis. Whereas most studies of cell shape focus on posttranslational events involved in protein 
organization and distribution, cell shape changes can be genetically programmed. This review highlights the essential role 
of transcriptional regulation of cell shape during morphogenesis of the heart, lungs, gastrointestinal tract, and kidneys. We 
emphasize the evolutionary conservation of these processes across different model organisms and discuss perspectives on 
open questions and research avenues that may provide mechanistic insights toward understanding birth defects.
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Introduction
Morphogenesis, or the process of shape formation, requires pre-
cise spatial coordination of a limited repertoire of cellular behav-
iors such as oriented cell division, polarized growth, directional 
migration, differentiation, and cell death (Table 1). Understand-
ing these mechanisms of cell shape changes is therefore funda-
mental to understanding organ morphogenesis.

Cell shape in a cluster is the result of the interplay between 
cell–cell, cell–matrix adhesion, and cortical tension (Vogel and 
Sheetz, 2006; Lecuit and Lenne, 2007). While cortical tension 
is an isotropic regulator of cell shape, the distribution of the 
protein complexes involved in cell–matrix and cell–cell adhe-
sion can be polarized and is primarily governed by the planar 
cell polarity (PCP) and apical–basal polarity (ABP) pathways. 
PCP, the orientation and alignment of cells within a sheet, in-
volves proteins encoded by PCP genes that establish geomet-
ric states within a cell to orient cellular behaviors along the 
plane of a cell sheet (reviewed in Karner et al., 2006; Seifert 
and Mlodzik, 2007; Wallingford, 2012). These behaviors in-
clude convergent extension (Keller et al., 2000; Keller, 2006), 
oriented cell division (Williams and Fuchs, 2013), directional 
migration (Carmona-Fontaine et al., 2008), and cellular re-
arrangements such as directed intercalation and polarized 
ciliary beating (Wallingford, 2010, 2012). The ABP pathway 
involves evolutionarily conserved asymmetrically localized 
multiprotein complexes that demarcate the boundary between 
the apical, lateral, and basal membranes, forming specialized 
epithelial surfaces (reviewed in Macara, 2004; Mellman and 
Nelson, 2008; Elsum et al., 2012).

Embryonic organ development is driven by the coordination and 
alignment of local cellular behaviors with the anteroposterior, dor-
soventral, and left–right (LR) axes (Bakkers et al., 2009). Embryonic 
spatiotemporal patterning is largely conserved across evolution and 
is governed by tissue-specific gene regulatory networks, which ul-
timately regulate PCP and ABP. Early studies of cell shape changes 
provided significant insight on protein trafficking and cytoskeleton 
rearrangements of the structurally and functionally distinct apical 
and basal–lateral plasma membrane domains and on the role of 
extracellular cues in initiating and orienting cellular reorganiza-
tion (Le Bivic et al., 1990; Matter et al., 1990; Yeaman et al., 1999). 
However, cell shape changes are also programmed at the level of 
the genome (Halbleib et al., 2007). Moreover, PCP coordinates mor-
phogenetic behaviors of individual cells and cell populations with 
global patterning information (Gray et al., 2011). Here we discuss 
emerging studies of the role of transcriptional regulation of cell 
shape changes during organ morphogenesis. We review the devel-
opmental processes and underlying cell shape changes involved in 
morphogenesis of the heart, lungs, stomach, intestine, pancreas, 
liver, and kidneys. Knowledge from different model organisms has 
been integrated to bridge the link between the transcriptional ma-
chinery and cell shape changes driving organ formation.

Transcriptional regulation of cell shape during 
heart development
The heart is the first organ to function during vertebrate embryo-
genesis. The muscular (myocardial) layer and the endothelial 
(endocardial) layer of the adult heart are derived from bilateral 
populations of mesodermal cardiac precursor cells in the lateral 
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mesoderm (Stainier, 2001; McFadden and Olson, 2002; Evans 
et al., 2010; Fig. 1, A and B). These migrate and fuse at the em-
bryonic midline forming the linear primary heart tube, which 
subsequently transforms into a looped, multichambered, valved 
organ (Fig. 1, A and B).

The cell shape changes pertinent to heart development are ob-
served throughout its morphogenesis, with spatial and temporal 
insights into the critical molecular players obtained from a range 
of studies in zebrafish, chicken, and mouse.

Cell shape changes during primitive heart tube formation
As the left and right cardiac precursors migrate toward the mid-
line, the medial myocardial progenitor cells become columnar 
and adopt a polarized epithelial organization, with a basolateral 

distribution of β-catenin, apical localization of atypical PKC 
(aPKC) iota, and junctional localization of zonula occludens (ZO-
1; Trinh and Stainier, 2004a; Rohr et al., 2006; Fig. 1 A′). In con-
trast, the lateral myocardial progenitors remain mostly cuboidal. 
Midline migration defects result in cardia bifida, the formation 
of two hearts (Garavito-Aguilar et al., 2010).

In chicken and mouse embryos, Wnt3A and the BMP2 path-
ways converge to regulate the transcription factor (TF) SMAD-
1, ensuring proper migration of cardiac progenitors (Yue et al., 
2008; Song et al., 2014; Fig. 1 C). The GATA4 TF also regulates 
cardiac progenitor migration, although its cell-intrinsic roles in 
regulating shape are unknown (Kuo et al., 1997; Fig. 1 C).

Mesp1, a homeobox TF, acts cell autonomously to coordinate 
the specification and polarity of myocardial progenitors as they 

Table 1. Changes in epithelial cell shape are central to morphogenesis

Major fundamental cell shapes discussed in this review are depicted. All epithelia have a typical ABP, but their morphologies range from flat or squamous, 
to cuboidal or columnar. Epithelia can either consist of a single cell layer, referred to as simple epithelia, or host multiple cell layers, known as stratified 
epithelia. In pseudostratified epithelium, cells exist in a single layer, but their nuclei travel between apical and basal surfaces, a process known as 
IKNM. In vertebrates, most cells possess single nonmotile primary cilium, which serves as critical regulator of signal transduction during development 
and homeostasis. Whereas a cell’s shape is defined by a global observation, round, cuboidal, polygonal, etc., this review focuses on the transcriptional 
mechanisms by which a cell can change its shape to execute its function within a developing organ.
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Figure 1. Cellular processes during heart development. (A and B) Migration of the left (L) and right (R) cardiac precursors and their fusion at the midline 
forms primary heart tube (A). Addition of the SHF cardiac progenitors (purple) transforms the primitive heart tube into a looped, multichambered, and valved 
organ (B). Red marks arterial pole, blue is venous pole, and arrows represent the direction of blood flow. A, atrium; V, ventricle. (A′) In zebrafish, the migrating 
myocardial precursors change shape from cuboidal (lateral cells) to columnar (closest to midline). aPKC staining (green) is more prominent in the medial cells 
and restricted to the apicolateral membranes, while β-catenin (black) localizes to the basolateral membranes. hpf, hours post fertilization. (C) Transcriptional 
and signaling pathways that regulate the cellular processes in the forming heart. Linked TFs, their downstream pathways, and cytoskeletal regulators have been 
similarly boxed. In example 3, Tbx1 regulates Wnt5a and Wnt11r, which regulate Vangl2 and Dsh to cause addition of SHF progenitors by oriented intercalation. 
Genes without any known interactors are left unboxed.
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move toward the midline (Chiapparo et al., 2016). Directionality 
of this movement is regulated by Prickle1, a core PCP component, 
while migration speed is governed by the Mesp1 target RasGRP3, 
a critical regulator of cell motility and ERK signaling (Chiapparo 
et al., 2016; Kelly, 2016; Fig. 1 C).

In zebrafish, the PCP components Diversin and Dishevelled 
(Dsh), as well as deposition of fibronectin, are the primary down-
stream regulators of cell shape changes that accompany cardiac 
precursor migration (Trinh and Stainier, 2004b; Moeller et al., 
2006); however, their transcriptional regulation remains un-
identified (Fig. 1 C). Similarly, whereas fibronectin deposition to 
establish the myocardial ABP is driven by the TF Hand2 (Trinh 
et al., 2005), the downstream signaling events that regulate this 
polarity are unknown (Fig. 1 C).

Cell shape changes during initiation of heart looping
As the cardiac progenitors migrate to the midline, they fuse to 
form the cardiac cone (Trinh and Stainier, 2004a; Holtzman 
et al., 2007). The cardiac cone undergoes a leftward displace-
ment as it extends, known as cardiac “jogging,” after which 
the linear heart tube bends at the boundary between the ven-
tricle and the atrium to create the S-shaped loop (Wittig and 
Münsterberg, 2016; Fig. 1).

At the onset of looping, cardiomyocytes change from small 
and rounded (cuboidal and isotropic) to a flattened and elongated 
shape in the outer curvature (Taber, 2001; Hosseini et al., 2017). 
Tbx1, a T-box TF, is the cell-intrinsic master regulator of cardio-
myocyte shape during looping (Choudhry and Trede, 2013). In 
Tbx1−/− zebrafish, cells in the outer and inner curvatures retain 
isotropic morphology and do not elongate. Tbx1 directly targets 
Wnt11r to regulate these cellular changes; however, the cellular 
effectors remain unknown (Choudhry and Trede, 2013; Fig. 1 C).

In chickens and mice, heart looping initiates with the dorsal 
closure of the heart tube and the simultaneous disappearance of 
the dorsal mesocardium of the splanchnic mesoderm (Goenezen 
et al., 2012; Wittig and Münsterberg, 2016). Differential growth 
(Taber, 2001; Wittig and Münsterberg, 2016; Hosseini et al., 2017) 
and changes in cardiomyocyte shape (Taber, 2001; Hosseini et 
al., 2017) as well as external forces from neighboring tissues 
(Männer, 2000; Loots et al., 2003) are involved in heart looping. 
In zebrafish, the TF Prrx1a, an inducer of epithelial-to-mesen-
chymal transition downstream of BMP, was recently identified 
as the driver of differential cell movement of cardiac progeni-
tors toward the midline, leading to a leftward displacement of the 
cardiac posterior pole through an actomyosin-dependent process 
(Ocaña et al., 2017). In the mouse, SNA​IL1 is thought to act in a 
similar manner to the zebrafish Prrx1a, suggesting a conserved 
mechanism (Ocaña et al., 2017).

Cell shape changes in the second heart field (SHF)
Subsequent morphogenesis of the heart occurs by addition 
of SHF cardiac progenitor cells, located in the splanchnic me-
soderm (Kelly et al., 2001; Mjaatvedt et al., 2001; Waldo et al., 
2001; Cai et al., 2003). SHF populations contribute to the for-
mation of right ventricle and outflow tract (OFT) at the arte-
rial pole and atrial myocardium at the venous pole (Kelly et al., 
2001; Vincent and Buckingham, 2010; Fig. 1 B). Perturbation to 

SHF can lead to severe morphological anomalies including OFT 
malformation, one of the most common congenital heart defects 
in humans (Šamánek, 2000; Hoffman and Kaplan, 2002; Dyer 
and Kirby, 2009).

SHF cells constitute an atypical, apicobasally polarized epithe-
lium characterized by apical monocilia and dynamic actin-rich 
basal filopodia (Francou et al., 2014). Although the dynamic 
properties of these protrusions remain uncharacterized, cell in-
tercalation was suggested during the incorporation of the SHF 
progenitors (Sinha et al., 2012). This process is regulated by Wn-
t5a-activated PCP signaling as both Dvl1/2 and Wnt5a mutants 
display aberrant cell packing and defective actin polymerization 
and filopodia formation in SHF cells, leading to OFT shorten-
ing defects (Sinha et al., 2012; Fig. 1 C). Thus, a Wnt5a-Dvl PCP 
signaling cascade may regulate the protrusive cell behavior of 
SHF progenitors to promote their deployment and OFT length-
ening (Sinha et al., 2012). Of note, Wnt5a is expressed in SHF 
cells, and mutations of the Wnt5a gene or its receptor tyrosine 
kinase Ror2 have been found in patients with cardiac OFT defects 
(Cohen et al., 2012).

In mice, Tbx1 is a critical regulator of SHF morphology in ad-
dition to regulating proliferation and differentiation of SHF pro-
genitors (Francou et al., 2014). Cell shape changes in Tbx1 mutant 
embryos include rounder cell shape, a reduced basolateral mem-
brane domain, and impaired filopodial activity associated with 
elevated aPKC zeta levels. Moreover, manipulating the epithelial 
properties of SHF progenitors by increasing activated aPKC zeta 
leads to reduced extension of the myocardial OFT. In humans, 
Tbx1 is haploinsufficient in DiGeorge syndrome, which is asso-
ciated with cardiac OFT defects (Scambler, 2010; Choudhry and 
Trede, 2013). Tbx1 also interacts with the BAF chromatin re-
modeling complex to regulate the expression of Wnt5a, which 
interacts with Wnt11, Dsh, and VAN​GL PCP 2 (Vangl2) to induce 
oriented cell intercalation (Chen et al., 2012; Fig. 1 C).

Cell shape changes during ventricular trabeculation
Cardiac trabeculation is crucial to the formation of cardiac mus-
cle and initiates when differentiated ventricular cardiomyocytes 
extrude and expand from the luminal surface of the primitive 
heart into the surrounding cardiac jelly (Samsa et al., 2013). Many 
signaling pathways regulate this process (Suri et al., 1996; Morris 
et al., 1999; Toyofuku et al., 2004; Liu et al., 2010; Chen et al., 
2013; Rasouli and Stainier, 2017), with a recent study implicating 
aPKC iota, a component of the Par polarity complex, in directing 
cardiomyocyte cell polarization in mice (Passer et al., 2016). Be-
fore the onset of trabeculation, aPKC iota (also known as Prkci) 
and its interacting partner nuclear mitotic apparatus (NuMA) 
localize asymmetrically in luminal myocardial cells, which then 
undergo oriented cell division relative to the axis of polarity de-
fined by the heart lumen (Passer et al., 2016; Fig. 1 C). Disruption 
of the Prkci–NuMA complex results in aberrant mitotic spindle 
alignment, loss of polarized cardiomyocyte division, and loss of 
normal myocardial trabeculation. The hyaluronan-rich cardiac 
jelly is essential for the luminal localization of the Prkci because 
depletion of hyaluronan results in loss of the luminal localization 
of the Par complex and randomized orientation of cardiomyo-
cytes (Passer et al., 2016).
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Cell shape changes during alignment of the great arteries
The initially single OFT separates into the aorta and the pul-
monary artery, which align with their corresponding cardiac 
chambers (Anderson et al., 2003a,b). The essential role of 
the PCP signaling pathway in this process can be observed in 
mouse mutants of Vangl2 (Henderson et al., 2001; Phillips et 
al., 2005), Scrib (Phillips et al., 2007), Dvl1-3 (Hamblet et al., 
2002; Etheridge et al., 2008), and Celsr1 (Curtin et al., 2003) 
that have defective polarized cardiomyocyte migration and 
disrupted alignment of great arteries with ventricles (Fig. 1 C). 
While both Wnt11 (Zhou et al., 2007; Nagy et al., 2010) and 
Wnt5a (Schleiffarth et al., 2007) mutants have similar defects, 
the epistatic relationship between Wnts, the PCP components, 
and the cell-intrinsic transcriptional networks upstream re-
main to be elucidated (Fig. 1 C).

Cell shape changes during formation of epicardium and 
coronary vasculature
The maturing heart is enveloped by the apically–basally polar-
ized epicardium, the outer layer of the heart wall (Hirose et al., 
2006; Martínez-Estrada et al., 2010). A subset of cells in the 
epicardium undergoes epithelial-to-mesenchymal transition, 
producing cardiovascular progenitors known as epicardially de-
rived cells (EPDCs; Wessels and Pérez-Pomares, 2004). In mice, 
EPDCs contribute to endothelial and smooth muscle cells and to 
the developing coronary vessels and connective tissue (Wessels 
and Pérez-Pomares, 2004; Martínez-Estrada et al., 2010).

Par3, a critical ABP component, plays an essential role in the 
formation of the mouse epicardium, and Par3-null mice develop 
epithelial cysts, preventing the normal development of the epi-
cardium (Hirose et al., 2006). Moreover, disrupted polarity and 
EPDC organization results in failure of coronary vessel network 
formation and a thin ventricular myocardium (Hirose et al., 
2006). The regulatory mechanisms upstream of Par3-mediated 
epicardial polarity remain unknown.

Perspectives on cell shape changes during heart development
While the master transcriptional mechanisms for cardiac pro-
genitor migration appear conserved across species, the molecu-
lar mechanisms underlying fusion of the progenitors to form the 
heart tube remain poorly understood in the mouse. Furthermore, 
the TFs regulating the differences between migrating lateral and 
medial cell populations are unknown. The transcriptional con-
trol of cell shape changes in the later stages of heart development 
also needs investigation. Challenges will involve combining our 
knowledge of the dynamic heart anatomy with the simultaneous 
SHF morphogenesis and the coordinated repetitive contractions 
of the differentiated cardiomyocytes (Clowes et al., 2014; Lindsey 
et al., 2014). Live-imaging techniques using transgenic models 
coupled with our understanding of the later stages are critical to 
improving our ability to diagnose debilitating cardiac disorders.

Transcriptional regulation of cell shape during 
lung development
Lung development initiates with the specification of the ven-
tral foregut endoderm into the respiratory endoderm (Lazzaro 
et al., 1991; Kimura and Deutsch, 2007; Herriges and Morrisey, 

2014). This is driven by Nkx2.1 expression in the foregut depen-
dent on signals from the surrounding heterogeneous mesen-
chyme (Morrisey and Hogan, 2010; Fig. 2 A). At the same time, 
the foregut separates into two tubes: a dorsal esophagus and a 
ventral trachea that connects to the lung buds (Rosekrans et 
al., 2015; Swarr and Morrisey, 2015). Once formed, the primary 
lung buds extend into the mesenchyme and begin the process of 
branching morphogenesis, forming a highly conserved network 
of airways (Metzger et al., 2008; Morrisey and Hogan, 2010; 
Swarr and Morrisey, 2015; Fig. 2 A). After E16.5, lung develop-
ment switches from branching morphogenesis to the canalic-
ular and saccular stages during which the terminal branches 
become narrower and form clusters of epithelial sacs at their 
terminal ends. These develop into alveoli, which mature during 
alveolarization following birth (Morrisey and Hogan, 2010; 
Rock and Hogan, 2011; McCulley et al., 2015; Weibel, 2015; Frank 
et al., 2016).

Cell shape changes during lung branching morphogenesis
Lung branching proceeds in a stereotypical manner by concur-
rent and repeated use of three major branching mechanisms: do-
main branching, planar bifurcation, and orthogonal bifurcation 
(Metzger et al., 2008). Fgf10, secreted by the mesenchyme at the 
distal end of primary lung buds, is the primary chemoattractive 
cue directing lung outgrowth (Bellusci et al., 1997; Sekine et al., 
1999). Fgf10 expression is regulated via interplay of the retinoic 
acid, Shh, and BMP4/TGF-β signaling pathways (Lebeche et 
al., 1999; Warburton et al., 2010; Herriges and Morrisey, 2014). 
Downstream of Fgf10 signaling, Ras/Spry activity regulates spin-
dle pole orientation, leading to a specific directionality in epithe-
lial cell proliferation during extension of branches (El-Hashash 
and Warburton, 2011; Fig. 2 C).

Cell shape changes during bud tip generation (Kim et al., 2013; 
Kadzik et al., 2014; Swarr and Morrisey, 2015) are regulated by 
the PCP components Scribble, Celsr1, and Vangl2, in response 
to FGF signaling (Yates et al., 2013). In contrast, the epithelial 
cell shape and apical constriction during stalk extension and 
branching (Kadzik et al., 2014) are controlled by Wnt/Frizzled 
2 signaling (Kim et al., 2013; Kadzik et al., 2014). Disruption of 
canonical Wnt signaling by conditional deletion of β-catenin or 
overexpression of the Wnt inhibitor Dickkopf1 severely impairs 
lung branching (Rajagopal et al., 2008). This Wnt/Fzd-mediated 
signaling is regulated at least in part via Fgfr2 and BMP4 in the 
lung epithelium (Volckaert and De Langhe, 2015; Fig. 2 C).

Cell shape changes during lung differentiation along the 
proximal-distal axis
The endoderm lining the lung undergoes dramatic morphologi-
cal changes as it develops, giving rise to specialized cells within 
branched airways that transport air to gas-exchanging alveoli 
(Morrisey and Hogan, 2010; Hogan et al., 2014; Fig. 2 B). Expres-
sion of the TF Sox2 specifies the proximal endoderm progenitor 
lineage in the stalk region (reviewed in Herriges and Morrisey, 
2014; Fig. 2 B). Due to apical constriction (Kadzik et al., 2014; 
Fumoto et al., 2017), these progenitor cells are bottle-shaped 
and give rise to airway neuroendocrine, secretory, ciliated, and 
mucosal cells (Kadzik et al., 2014). In contrast, the combined 
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expression of Nkx2.1, Sox9, and Id2 marks the distal endoderm 
progenitor lineage (reviewed in Herriges and Morrisey, 2014; 
Fig. 2 B). These distal progenitors are short columnar and give 

rise to type 1 and type 2 alveolar epithelial cells (AEC1 and AEC2) 
that make up the distal gas exchange region composed of millions 
of alveoli (Kadzik et al., 2014; Fumoto et al., 2017; Fig. 2 B).

Figure 2. Cellular processes during lung development. (A) Lung endoderm specification begins at E9.0 on the ventral side of the foregut endoderm (yel-
low) where initiation of Nkx2.1 expression (blue) begins. The trachea (Tr) forms during the embryonic stage and is visible at E9.5–E10; by E12.5 it is separated 
from the esophagus (Es). The other stages of lung development are displayed. A, anterior; P, posterior. (B) Proximal–distal differentiation (E12.5). The Nkx2.1+ 
endoderm gives rise to Sox2+ proximal (P; orange) and Sox9/Id2+ distal (D; green) progenitors. The proximal progenitors give rise to ciliated and other cell 
types (neuroendocrine, secretory, and mucosal). The distal progenitors give rise to AEC1 and AEC2. (C) Summary of the main regulatory pathways, including 
transcriptional regulators (boxed), signaling molecules, and cytoskeletal effectors (circled), underlying lung branching morphogenesis (left) and proximal–distal 
differentiation (right).

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/217/9/2987/1601341/jcb_201612115.pdf by guest on 08 February 2026



Sivakumar and Kurpios 
Transcriptional regulation of organ morphogenesis

Journal of Cell Biology
https://doi.org/10.1083/jcb.201612115

2993

In the mouse airway cells, Sox2 expression requires phos-
phorylation and nuclear-cytoplasmic distribution of the tran-
scriptional regulator Yes-associated protein (Yap; Szymaniak 
et al., 2015; Fig. 2 C). The Crb3-mediated ABP in the proximal 
airway epithelium causes Yap to bind to Lats1/2 kinases present 
at the apical junctions to promote Yap cytoplasmic sequestration. 
Thus, the preestablished ABP controls airway cell differentiation 
(Szymaniak et al., 2015).

In the mouse, the balance of lung endoderm proliferation and 
differentiation as well as ABP is regulated by expression of the 
miR302/367 cluster, downstream of Gata6 (Ventura et al., 2008; 
Fig. 2 C). Increased miR302/367 expression results in the forma-
tion of an undifferentiated multilayered lung endoderm. Loss 
of miR302/367 activity results in decreased proliferation and 
enhanced differentiation of the lung endoderm. MiR302/367 co-
ordinates the balance between proliferation and differentiation 
through direct regulation of Rbl2 and Cdkn1a, whereas ABP is 
controlled by Tiam1 and Lis1 (Ventura et al., 2008; Fig. 2 C). Thus, 
miR302/367 directs lung endoderm development by coordinat-
ing multiple aspects of progenitor cell behavior.

Proximal airway epithelium differentiation is modulated by 
Notch signaling and is critical to establishing and maintaining 
the balance between ciliated and secretory cells within the prox-
imal lineage (Rawlins et al., 2009; Fig. 2 C). In ciliated cells, the 
central target of Notch is the transcriptional cofactor Multicilin, 
whose targets include regulators of motile ciliogenesis, including 
multiple Rfx family members, C-Myb, and FoxJ1 (Stubbs et al., 
2012; Fig. 2 C).

The differentiation of the distal airway epithelium generates 
AEC1 and AEC2 cells (Fig.  2  C). AEC1 are squamous epithelial 
cells that form a thin barrier between the alveolar airspace and 
blood-filled capillaries (Weibel, 2015). In contrast, AEC2 are cu-
boidal with defined ABP and serve to produce surfactant proteins 
(Weibel, 2015; Rozycki and Hendricks-Munos, 2017). AEC1 devel-
opment requires reactivation of canonical Wnt signaling by the 
interaction of Wnt7 with Fzd1/10 and Lrp5 (Wang et al., 2005; 
Mutze et al., 2015). In contrast, differentiation of AEC2 cells re-
quires Wnt-dependent TGF/β-catenin activity and a dosage of 
Nkx2.1 expression (Wang et al., 2005; Frank et al., 2016; Fig. 2 C).

While the transcriptional networks and signaling pathways 
critical for the establishment and maintenance of AEC1 and AEC2 
are known, the downstream players and cellular mechanisms 
that drive the ABP of AEC2 remain to be elucidated. Moreover, 
AEC2 function as stem and progenitor cells in the adult alveoli 
and can proliferate and differentiate into AEC1, suggesting plas-
ticity within the alveolar epithelium (Kapanci et al., 1969; Evans 
et al., 1975; Barkauskas et al., 2013). Identifying the signaling 
pathways that regulate such plasticity and the cell behaviors 
that maintain and can repair the alveoli is therefore an import-
ant research goal.

Perspectives on cell shape regulation during lung morphogenesis
Transcriptional regulation of shape during lung branching 
morphogenesis has been well studied. In contrast, much less is 
known about the early morphogenetic events involved in the pri-
mary lung bud formation and the trachea–esophagus separation 
or mechanisms involved in cell shape changes during the later 

stages. The plasticity within the AEC1 and AEC2 epithelial cells 
further complicates the ability to directly infer the transcrip-
tional networks responsible for the establishment of particular 
cell shapes. Further identification of specific genetic markers 
for lineage tracing of distinct alveolar populations is needed to 
understand the relationship between cell types and regulation 
of their shape. Toward this effort, studies using single-cell RNA 
sequencing may provide additional clues on lung alveolar epithe-
lial heterogeneity (Treutlein et al., 2014).

The mechanisms that regulate the organization of cells in 
the heterogeneous lung mesenchyme are also poorly under-
stood (Zepp et al., 2017). Recent study involving single-cell RNA 
sequencing of the mouse lung has generated a spatial and tran-
scriptional map of the lung mesenchyme (Zepp et al., 2017). This 
paves the way to characterizing the mechanisms that regulate 
cell division, alignment, adhesion, and mesenchymal motility, all 
of which involve changes in cell shape.

Transcriptional regulation of cell shape in the digestive system
The primitive gut tube consists of endodermally derived epithe-
lial cells surrounded by a cylinder of loose mesenchyme, sus-
pended in the coelomic cavity by the dorsal mesentery (DM). It 
is divided along the cranial–caudal axis into the foregut (Fig. 3 A), 
midgut (Fig. 3 B), and hindgut (Roberts, 2000; Fig. 3 C). The gut 
tube undergoes differential elongation along the cranial–cau-
dal axis with the midgut region elongating disproportionately 
(McGrath and Wells, 2015). As it lengthens, asymmetries across 
the LR axis establish the stomach curvature (Raya and Izpisúa 
Belmonte, 2006; Sadler and Langman, 2012) and trigger midgut 
rotation and looping morphogenesis (Davis et al., 2008). Concur-
rently, the gut endoderm undergoes extensive remodeling, form-
ing finger-like villi (E14.5) for nutrient absorption (Mathan et al., 
1976; Matsumoto et al., 2002; de Santa Barbara et al., 2003). Each 
villus is covered by a simple columnar epithelium and contains a 
mesodermal core with supporting blood vasculature, lymphatic 
lacteals, enteric nerves, smooth muscle, fibroblasts, myofibro-
blasts, and immune cells (reviewed in Walton et al., 2018). Key 
transcriptional players that regulate cell shape changes during 
gut elongation, LR asymmetry, and epithelial cytodifferentiation 
along the crypt–villus axis have been described.

Regulation of cell shape changes during gut elongation
The early midgut undergoes dramatic elongation (Figs. 3 B and 4 
A), a process critical for nutrient absorption and diet adaptations; 
failure to elongate leads to congenital short bowel syndrome with 
high associated mortality in humans (Hasosah et al., 2008). The 
early mouse midgut endoderm was initially characterized as 
stratified (Mathan et al., 1976; Matsumoto et al., 2002), while 
intercalation and convergent extension-like movements were 
proposed to drive midgut and hindgut elongation (Matsumoto 
et al., 2002; García-García et al., 2008; Cervantes et al., 2009; 
Matsuyama et al., 2009; Reed et al., 2009; Fig. 3, B and C). How-
ever, recent studies established that this endoderm is pseu-
dostratified (Grosse et al., 2011; Yamada et al., 2013; Freddo et 
al., 2016; Norden, 2017; Table 1) and elongates using interkinetic 
nuclear migration (IKNM; Sauer, 1935; Meyer et al., 2011). The 
actin-binding protein Shroom3 (Hildebrand, 2005) is required 
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for maintenance of a single-layered pseudostratified midgut ep-
ithelium, and, in its absence, apical surfaces are disorganized and 
the epithelium temporarily assumes a stratified structure during 
villus formation (Grosse et al., 2011).

Several mechanistic studies of gut elongation have in-
terpreted experimental data in the context of the stratified 
model (Saotome et al., 2004; Kim et al., 2007; García-García et 
al., 2008; Cervantes et al., 2009; Yamada et al., 2010; Fig. 3, B 
and C). Of interest, Wnt5a−/− and Ror2−/− mouse embryos have 
significantly shorter midgut with thicker epithelium and dis-
rupted ABP, consistent with disruption of IKNM (Cervantes et 
al., 2009; Matsuyama et al., 2009). Similarly, secreted frizzled 
related protein (Sfrp) 1 and 2 control ABP and oriented cell 
division in the midgut and foregut epithelium by interacting 
with Vangl2, downstream of Wnt5a signaling (Matsuyama et 
al., 2009). Additionally, the Hh signaling pathway is required 

for normal intestine lengthening, but the cellular mechanisms 
remain unexplored (Mao et al., 2010; Kim et al., 2011). Thus, 
it will be important to test whether these signaling pathways 
regulate IKNM and intersect with Shroom3 to drive cell shape 
changes during gut elongation.

Regulation of cell shape changes across the LR axis
LR asymmetry is fundamental to gut anatomy and function. The 
first evidence of LR asymmetry involves the emergence of the 
conserved greater and lesser stomach curvatures, located on the 
left and right sides, respectively (Chapman, 1997,). In Xenopus 
laevis and mice, stomach curvature forms due to differential tis-
sue architecture that develops in the left and right foregut (future 
stomach) walls, a process that is intrinsic to the gut tube itself 
(Davis et al., 2017). The foregut lumen is initially aligned with 
symmetric walls along the LR axis. Stomach curvature initiation 

Figure 3. Cellular processes during the craniocaudal morphogenesis of the gastrointestinal tract and its accessory organs. The primitive gut tube 
(shown here as a cartoon at E11) is divided along the cranial–caudal axis into foregut (yellow), midgut (blue), and hindgut (brown) segments. The liver (L), 
dorsal and ventral pancreatic buds (Dp and Vp, respectively), and the gall bladder (Gb) form as endodermal diverticula of the foregut, which also forms the 
stomach (S). The outline of the mechanisms involved in the development of each segment has been depicted including TFs (boxed), signaling molecules, and 
cytoskeletal effectors (circled).
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is accompanied by an outward bend and lengthening, followed by 
the thinning of the left wall compared with the right, driven by 
LR asymmetric cell rearrangements and differences in endoderm 
cell polarity (Davis et al., 2017).

The LR patterning genes including Foxj1, Nodal, and Pitx2 reg-
ulate cellular rearrangements within the left wall to give rise to 
stomach curvature (Bamforth et al., 2004; Shiratori et al., 2006; 
Davis et al., 2017); however, the downstream cellular effectors 
that drive physical stomach bending remain to be elucidated.

At the midgut region, a leftward tilting of the gut tube ini-
tiates its rotation (Ueda et al., 2016; Fig. 4 A). Unlike stomach 
asymmetries, the midgut tilt is driven by the DM, an adjacent 
bridge of mesoderm that suspends the entire gut tube from the 
dorsal body wall (Hecksher-Sørensen et al., 2004; Davis et al., 
2008; Fig. 4 B). In birds and mice, the embryonic DM consists 
of four juxtaposed cellular compartments: left cuboidal epithe-
lium, left mesenchyme, right mesenchyme, and right cuboidal 
epithelium (Davis et al., 2008; Fig. 4 B). To initiate gut rotation, 

Figure 4. Cellular processes involved in asymmetric midgut rotation. (A) The primitive gut is divided into foregut (yellow), midgut (blue), and hindgut 
(brown). Primary midgut loop forms due to rapid midgut growth with respect to the embryo (1). (2) The loop rotates 90° counterclockwise (ventral view).  
(3) Additional loops form as the gut rotates another 180°. (B) The mechanisms that lead to midgut rotation (2 in A). The midgut is suspended by the DM, which 
comprises four distinct cell compartments, and changes within each cause the DM to deform and tilt the gut tube leftward. Transcriptional regulation of Wnt 
pathway genes by Pitx2 leads to Daam2 activation, which mediates adhesion at cell junctions by binding α-catenin and N-cadherin. Actin remodeling and 
lengthening of junctions cause left condensation. Antagonized Wnt signaling causes right mesenchymal cells to remain dispersed. Shroom3 with N-cadherin 
on the left are also involved in the conversion of cuboidal to columnar cell morphology. Consequently, the left DM shortens, and the right side lengthens, 
deforming the DM and shifting midgut leftward. Left compartment is orange; right is green. Midgut is blue.
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the left epithelial cells change shape from cuboidal to columnar, 
the left mesenchyme compacts, the right mesenchyme expands, 
and the right epithelial cells become squamous. Consequently, 
the left DM shortens while the right side lengthens, deforming 
the shape of the DM and shifting the attached gut tube to the 
left (Davis et al., 2008; Fig. 4 B). There are no asymmetries in 
cell number, proliferation, or cell death within the DM; thus, gut 
rotation is strictly a consequence of changes in cell shape and 
behavior across the LR axis.

Similar to the stomach, Pitx2 expression regulates the 
changes in cell behavior within the left DM compartment (Davis 
et al., 2008; Kurpios et al., 2008). Left-side compaction results 
from the expression of the Pitx2 effector Gpc3, integrating 
noncanonical Wnt5a to activate the formin Daam2, to stabi-
lize N-cadherin–dependent cell adhesion (Welsh et al., 2013; 
Fig.  4  B). Simultaneously, the cytoskeleton of mesenchymal 
cells reorganizes to polarize and orient to the left (Welsh et al., 
2013). These morphogenetic behaviors are spatiotemporally 
linked with gut arterial and lymphatic development, suggesting 
that gut rotation is tightly coordinated with gut vasculogenesis 
(Mahadevan et al., 2014).

Loss of Pitx2 results in a cuboidal instead of columnar epi-
thelium within the left DM (Davis et al., 2008), a double-right 
phenotype. A similar phenotype is observed in mouse embryos 
lacking Shroom3 (Hildebrand, 2005; Plageman et al., 2011). 
Shroom3 expression in the DM is not dependent on Pitx2; rather, 
Shroom3 functions cooperatively with the Pitx2 target gene 
N-cadherin to regulate the columnar epithelium (Plageman et al., 
2011; Fig. 4 B). Given the established role for Shroom proteins in 
defining cell shape and remodeling of the midgut (Grosse et al., 
2011) and mesenteric epithelium, it will be important to identify 
which upstream factors drive Shroom3 (and Shroom2) expres-
sion in these tissues (Chung et al., 2010; Plageman et al., 2010).

In zebrafish, gut looping results from the asymmetric mi-
gration of the neighboring lateral plate mesoderm cells, while 
compromise of Nodal activity randomizes this migration and 
gut looping chirality (Horne-Badovinac et al., 2003). Thus, the 
Nodal-Pitx2 transcriptional regulation of cell shape during LR 
midgut asymmetry is likely evolutionarily conserved.

Cell shape changes across the crypt-villus axis
The functional epithelium of the adult small intestine is organized 
into finger-like villi, which project into the gut lumen, and flask-
like crypts embedded within the mesenchyme. The crypts are 
proliferative and contain intestinal stem cells that differentiate 
into specialized, postmitotic epithelial cells along the crypt–villus 
axis in the adult intestine. These include the absorptive entero-
cytes, mucus-secreting goblet cells, hormone-secreting enteroen-
docrine cells, and Paneth cells with function in innate immunity 
and antimicrobial defense (van der Flier and Clevers, 2009).

Enterocytes are the major polarized cell type within the intes-
tine. While the transcriptional regulation of their polarization has 
been challenging to study in vivo, recent pioneering work using 
human Caco-2 cells, which develop structural and functional po-
larity similar to enterocytes in vivo, has provided an important ge-
nomic portrait of the changes in gene expression patterns during 
enterocyte cell polarization (Halbleib et al., 2007; Sääf et al., 2007).

The transition from proliferating, nonpolarized Caco-2 cells 
to postmitotic polarizing cells involves a switch in transcriptional 
signature resembling structural characteristics of migrating and 
differentiating intestinal epithelial cells in vivo (Halbleib et al., 
2007; Sääf et al., 2007). This result was surprising because the 
transcriptional changes underlying Caco-2 polarization occurred 
despite the absence of tissue morphogen gradients in vitro. For 
example, whereas Wnt target gene expression is robust in mitotic 
nonpolarized Caco-2 cells, it decreases as cells become postmi-
totic and polarized, akin to the decreasing gradient of Wnt activ-
ity from crypt to villus in vivo (Halbleib et al., 2007; Sääf et al., 
2007). After polarization, the decrease of Wnt gene expression is 
accompanied by an increase of β-catenin levels in the cell nucleus 
and is associated with TCF4 (Sääf et al., 2007). Furthermore, 
transcriptional profiling reveals a critical interplay between po-
larization and the TGFβ, FGF, SHH, and Notch signaling pathways 
for which cellular details remain to be uncovered (Halbleib et 
al., 2007). In addition, KLF4, a zinc finger TF, regulates polarity- 
related genes, which include LKB1, EPHB2, and EPHB3 (Yu et al., 
2009). Thus, Caco-2 cells may serve as a powerful in vitro model 
to study the genetic programing of intestinal progenitor cells 
when they leave the crypt to become differentiated cell types of 
the adult intestine.

Regulation of cell shape changes during development of the 
liver and pancreas
The liver and pancreas form as endodermal diverticula of the 
foregut (Yin, 2017; Fig. 3 A). Liver bud formation includes three 
stages (Bort et al., 2006; Ober and Lemaigre, 2018). First, elonga-
tion of the ventral endoderm causes the cuboidal epithelia to be-
come columnar, resulting in endodermal thickening. The second 
stage involves IKNM leading to the formation of a pseudostrat-
ified layer of cells called hepatoblasts (Bort et al., 2006). This is 
regulated by hHex, a homeobox-containing TF of the Antenna-
pedia/Ftz class, expressed in the foregut endoderm (Bort et al., 
2006; Ober and Lemaigre, 2018; Fig. 3 A). In the third stage, pseu-
dostratified hepatoblasts delaminate and proliferate. Following 
repulsive cues provided by EphrinB1/EphB3b signaling in the 
right lateral plate mesoderm, they become motile and undergo 
a leftward migration, producing the left-sided liver bud (Bort et 
al., 2006; Cayuso et al., 2016; Fig. 3 B). Mutants for aPKC iota, 
Pard6γb, and actin modulators, have been shown to disrupt this 
asymmetric migration resulting in the formation of a midline 
liver (Huang et al., 2008).

Liver bud formation is accompanied by remodeling of the 
adjacent endothelium (Antoniou et al., 2009). Subsequently, 
hepatoblasts more distal to the portal vein differentiate along 
the hepatocyte lineage, while those proximal commit to cholan-
giocyte differentiation (Carpentier et al., 2011). This positions the 
hepatocytes between the endothelial sinusoids and bile canaliculi 
for their function in the directional exchange of macromolecules 
between the sinusoids and canaliculi (Treyer and Müsch, 2013; 
Ober and Lemaigre, 2018).

Fetal inactivation of HNF4α, a key transcriptional regulator 
of hepatocyte differentiation, arrests hepatocyte maturation by 
blocking the transition of round, pseudostratified hepatoblasts 
into mature polygonal hepatocytes. This arrest is characterized by 
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loss of cell–cell contacts, disrupted expression of cell adhesion fac-
tors, and mislocalization of junctional proteins such as E-cadherin 
and ZO-1 (Parviz et al., 2003). While the exact downstream effec-
tors of HNF4α are unknown, studies in zebrafish and mice have 
identified the LKB1–AMPk pathway and Claudin15 as critical regu-
lators of hepatocyte polarity (Cheung et al., 2012; Gissen and Arias, 
2015; Fig. 3 B). Mice lacking either LKB1 or Claudin15 display loss 
of hepatocyte polarity, disrupted tight junctions, and dilated he-
patic canaliculi (Shackelford and Shaw, 2009; Cheung et al., 2012).

Cholangiocytes are distinguished by their cuboidal morphol-
ogy and proximity to the portal vein; they also develop primary 
apical cilia and produce tight junctions that separate their api-
colateral from basolateral junctions (Tanimizu et al., 2007). The 
SRY-related high mobility group box TFs Sox4 and Sox9 coopera-
tively set up cholangiocyte ABP (Poncy et al., 2015; Fig. 3 B), while 
the tight junctions are governed by Grainheadlike-2, a TF that 
regulates Claudins and Rab25 (Tanimizu et al., 2013). The direct 
molecular mechanisms downstream of Sox4 and Sox9 remain 
unknown; however, the presence of primary cilia in the apical 
surface suggests PCP pathway involvement. Further investiga-
tions should provide mechanistic insights into the role of aber-
rant cholangiocyte differentiation in liver pathologies.

Pancreatic development initiates with the evagination of the 
dorsal gut endoderm of the posterior foregut into the surround-
ing condensed mesenchyme, producing the dorsal pancreatic 
bud (Yin, 2017; Fig.  3  B). A similar ventral evagination arises 
caudal to the hepatic/biliary bud, resulting in the formation of 
the ventral pancreatic bud (Mastracci and Sussel, 2012; Fig. 3 B).

The epithelial–mesenchymal crosstalk guiding endoder-
mal evagination is modulated by mesenchymal FGF7 signaling 
(Elghazi et al., 2002). Following bud formation, the stalk elon-
gates and initiates branching morphogenesis of the buds (Gittes, 
2009). The initially multilayered stratified epithelium transforms 
into single-layered polarized epithelial cells, which invade and 
branch extensively into the underlying mesenchymal compart-
ment (Fujitani, 2017). During this transition, small microlumens 
form between the epithelial cells, and the rise of apical epithelial 
polarity results in microlumen expansion, creating independent 
luminal networks (Kesavan et al., 2009). While the Cdc42-Rho 
signaling axis directly regulates this ABP, the TF Pdx1 drives E-cad-
herin to induce the apical constriction necessary for lumen forma-
tion and maintenance (Marty-Santos and Cleaver, 2016; Fig. 3 B).

Unlike the liver, much less is known about the transcriptional 
regulation of cell shape in the pancreas. Future studies may help 
us understand how perturbation of these processes may lead to 
various forms of diabetes (Larsen and Grapin-Botton, 2017).

Perspectives on the regulation of cell shape changes in the 
digestive system
The events shaping the digestive system are relatively under-
studied compared with the heart and lung, perhaps owing to the 
complex and dynamic events of gut looping morphogenesis. In ad-
dition to differentiation along the crypt–villus axis, such studies 
are complicated by the variations among derivatives of the midgut, 
hindgut, and foregut, with further complexity arising from gastro-
intestinal tract morphological diversity across species. Moreover, 
until recently, the early mouse gut tube was mischaracterized as a 

stratified epithelium. It will thus be important that previous and 
future models of intestinal growth be reexamined in this context. 
For example, radial intercalation as a mechanism for gut lengthen-
ing is not possible in the context of a single-layer, pseudostratified 
epithelium. Such studies highlight the importance of correctly de-
scribing cell shape events driving intestinal morphogenesis. Given 
that pseudostratification is a hallmark of many organoid systems 
(Eiraku et al., 2011; Lancaster et al., 2013; Ranga et al., 2016), or-
ganoid technology used to model intestinal development and dis-
eases in vitro (Clevers, 2016) may hold promise for interpreting 
the in vivo molecular and cellular mechanisms driving this tissue 
arrangement in the context of important human disorders, such 
as congenital short bowel syndrome.

Transcriptional regulation of cell shape changes during 
kidney development
Kidney development is initiated when the caudal region of the 
mesonephric duct (Wolffian duct), an epithelial tube derived 
from intermediate mesoderm, buds out into the adjacent me-
tanephric mesenchyme (MM) forming the ureteric bud (UB; 
Saxén, 1987; Fig. 5 A). UB undergoes branching morphogenesis 
to give rise to the renal collecting duct system, while it induces 
MM cells to condense into epithelial vesicles (renal vesicles) to 
form the nephron (Fig. 5 C). UB growth and branching are critical 
for urogenital development, and their failure leads to a spectrum 
of birth defects ranging from renal agenesis to reduced kidney 
size and nephron number (Costantini, 2006). Extensive studies 
have characterized the signaling pathways that control kidney 
development and patterning (reviewed in Dressler, 2006, 2009; 
Michos, 2009; Costantini and Kopan, 2010; Carroll and Das, 
2011; Lienkamp et al., 2012; Little and McMahon, 2012; Blake 
and Rosenblum, 2014; Bertram et al., 2016). Below we focus on 
the cellular mechanisms that initiate UB budding and branching 
morphogenesis and the process of nephron development.

UB formation and early branching
The UB arises from the pseudostratified epithelium of the caudal 
mesonephric duct (Chi et al., 2009; Fig. 5 A). This budding pro-
cess is driven by extensive cell movements within the duct epithe-
lium regulated by the glial cell line–derived neurotrophic factor 
(GDNF) signaling through its receptor RET (receptor tyrosine 
kinase) and coreceptor GFAR1 (Brophy et al., 2001; Takahashi, 
2001; Tang et al., 2002; Arighi et al., 2005; Costantini and Kopan, 
2010). GDNF is expressed in the underlying MM downstream of 
Eya1 and Hox11 (Xu et al., 1999; Rocque and Torban, 2015), while 
RET and GFAR1 are expressed in the Wolffian duct epithelium 
governed by Gata3 (Gong et al., 2007; Grote et al., 2008). GDNF 
expression in the MM is also maintained and reinforced by Wnt11 
(Majumdar et al., 2003), which is regulated by canonical Wnt/β-
catenin signaling downstream of Wnt9b (Karner et al., 2011). The 
TFs HNFβ1 (Paces-Fessy et al., 2012) and Ap-2 B (Moser et al., 
1997) regulate Wnt9b expression during UB formation and out-
growth, following which the UB undergoes branching morpho-
genesis controlled by the PCP components Fzd4 and Fzd8 (Ye et 
al., 2011). In addition, Fgf7-10/FgfR2 and the synergistic interac-
tion of the HGF–Met and EGF–EGFR pathways are critical during 
UB branching morphogenesis (Sakurai et al., 1997).
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While GDNF-Ret signaling is critical for kidney development, 
its specific role in UB branching morphogenesis is unclear. Ret 
expression defines a population of highly mitotic UB tip cells 
(Fig. 5, A and B), which are distinct from the differentiating trunk 
cells behind the tips, and where most of the cell proliferation and 
growth occurs (Michael and Davies, 2004). The significance of 
GDNF/RET signaling in the regulation of cell migration and re-
arrangement during UB budding from the metanephric duct can 
be observed in chimeric mice, in which cells with higher RET-sig-
naling activity outcompete cells with lower activity and migrate 
toward the budding site where the initial UB outgrowth occurs 
(Chi et al., 2009). In contrast, cells lacking RET are excluded from 
the tips of the branching UB in chimeric kidneys, suggesting that 
cell sorting regulated by GDNF/RET is the mechanism responsi-
ble for UB outgrowth (Chi et al., 2009).

Time-lapse microscopy and genetic strategies have uncov-
ered a unique mitotic behavior in the branching tips of the UB 
termed “mitosis-associated cell dispersal” or luminal mitosis 
(Packard et al., 2013; Fig. 5 B). During this process, dividing tip 

cells delaminate from the epithelium and transiently enter the 
lumen, retaining a thin connection with the basement mem-
brane (known as the basal process; Fig. 5 B). One daughter cell 
inherits its mother’s location, whereas the other travels along 
the lumen then reinserts into the epithelial plane a few cell di-
ameters away. Interestingly, luminal mitosis bears some simi-
larities to the process of IKNM, a hallmark of pseudostratified 
epithelia, discussed above (Kosodo, 2012; Spear and Erickson, 
2012). However, unlike luminal mitosis in the UB, mitosis 
in pseudostratified epithelia occurs within the confines of 
the epithelium.

IKNM can be mediated by either microtubules or the actin 
cytoskeleton (Kosodo, 2012; Spear and Erickson, 2012), and loss 
of actin depolymerizing factors cofilin1 and destrin disrupts UB 
branching morphogenesis (Kuure et al., 2010). Whether GDNF/
RET signaling is connected to the subcellular mechanisms during 
luminal migration of UB tip cells and whether the regulators of 
the actin cytoskeleton are downstream of GDNF/RET remain 
to be elucidated.

Figure 5. Kidney development. (A) Kidney is formed via reciprocal interactions between the Wolffian duct and the MM. MM cells condense, forming cap 
mesenchyme (CM) surrounding the UB tips. MM-derived GDNF (red) signaling via RET in the Wolffian duct (blue) induces UB budding. Ret is initially broadly 
expressed in the Wolffian duct but becomes restricted to the distal tips of the budding UB. (B) Cross-section view of pseudostratified UB bud (blue) demonstrat-
ing mitosis-associated cell dispersal. Dividing cells (darker blue) leave the epithelium for the lumen, retaining a basal process; they later reenter the epithelium. 
(C) Sequential nephron development: The CM-derived cells (red) form most of the nephron (renal vesicle, then C- and S-shaped bodies, then mature nephron), 
while the UB-derived cells (blue) form the collecting ducts. Proximal–distal patterning along the nephron gives rise to glomerulus, Bowman’s capsule, and the 
renal tubules (proximal tubule, loop of Henle, distal tubule, and the connecting tubule, which connects to the UB-derived collecting duct).
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Renal vesicle induction and nephron morphogenesis
As the UB tip cells bifurcate, Wnt4, Fgf8, and Pax8 expression 
within the MM drive mesenchymal-to-epithelial transition, 
forming polarized renal vesicles (Schmidt-Ott and Barasch, 
2008; Fig. 5 C). Once formed, they elongate and transition into 
the comma- and S-shaped body. The S-shaped body distal end 
fuses with the UB, while the remaining proximal end generates 
the proximal and distal tubules of the nephron (Dressler, 2006).

The Hippo pathway transcriptional regulator Yap regulates 
distal fusion of the S-shaped body to the UB, a process depen-
dent on Cdc42-driven nuclear localization of YAP (Reginensi et 
al., 2013). However, the more proximal components of the neph-
ron require Notch signaling to differentiate from the more distal 
tubules (Cheng and Kopan, 2005). During proximal–distal spec-
ification, tubule cuboidal epithelial cells elongate perpendicular 
to the tubule proximal–distal axis and undergo rosette-based 
cell intercalation (Lienkamp et al., 2012). The noncanonical PCP 
pathway downstream of Wnt9b drives this myosin-dependent 
rosette-based cell intercalation and regulates polarized cell divi-
sion to cause tubule elongation by convergent extension (Karner 
et al., 2011; Lienkamp et al., 2012).

Key to proximal tubule development is the differentiation of 
epithelial precursors at the S-shaped body stage into podocytes, 
polarized renal glomerular cells with a central role in generating 
glomerular ultrafiltrate. Accompanying this differentiation is 
a dynamic epithelial cell shape change thought to occur during 
the comma body stage when cuboidal epithelial cells transition to 
columnar morphology (Greka and Mundel, 2012). As the comma 
body adopts an S shape, the VEGF-dependent intrusion of endo-
thelium and capillary loop formation causes dramatic expansion 
of the apical epithelial surface (Schell et al., 2014). This expan-
sion is accompanied by repositioning of cell–cell junctions from 
the apical to the basal pole of the cell followed by restructuring 
and replacement of tight junctions with sieve-like complexes 
called slit diaphragms (Grahammer et al., 2013).

Three polarity complexes regulate podocyte differentiation: 
the apical Crumbs complex (Ebarasi et al., 2009; Pieczynski 
and Margolis, 2011), the apical Cdc42/Par3/Par6/αPKC complex 
(Hartleben et al., 2008; Scott et al., 2012), and the Nephrin/Nck2/
n-WASP/Ark2/3 pathway (New et al., 2013; Schell et al., 2013). 
Podocyte differentiation is governed by Pax2 and Wt1 interplay, 
which regulate transcriptional control during podocyte develop-
ment (Guo et al., 2002; Kobayashi et al., 2004). However, their 
downstream effectors of cell polarity remain to be elucidated.

As the proximal and distal components form, they are spa-
tially organized in the corticomedullary axis. The cortex contains 
the renal corpuscles and the proximal and distal tubules, while 
the renal medulla consists of the loop of Henle and the collecting 
duct tubular network (Little et al., 2007; Fig. 5 C). In the medulla, 
the tubular elongation and the growth of the loop of Henle are 
regulated by paracrine canonical Wnt7b signaling. In Wnt7b mu-
tant mice, cell division planes of the collecting duct epithelium 
are biased along the radial versus the longitudinal axis (Yu et 
al., 2009). A similar loss of the medullary region has been doc-
umented in Vangl2 and Fat4 mutant mice in addition to reduced 
tubular formation (Yates et al., 2010), indicating that components 

of the core PCP network function alongside canonical Wnt7b to 
drive tubular genesis and organization in the medulla.

Insights into regulation of cell shape changes during 
kidney morphogenesis
Epithelial cell shape changes and cell polarity have established 
critical roles throughout the development and functioning of the 
nephron, from early stages of morphogenesis to the later stages 
of differentiation across the proximal–distal axis. For example, 
perturbation of cell polarity, cell shape, and tubular dilations 
has been implicated in polycystic kidney disease (Schedl, 2007; 
Saburi et al., 2008). However, it is presently unclear to what ex-
tent the observed defective polarities are causative or secondary 
consequences of this pathology. Furthermore, the exact roles of 
cytogenesis genes, implicated in polycystic kidney disease and 
other kidney injury conditions, during the spatiotemporal mor-
phogenesis of the kidney remain unknown. Effects on kidney 
development can be investigated using conditional knockout 
mice with lineage-specific abrogation of polarity. Such models 
coupled with transgenic fluorescent labeling of specific cell types 
would facilitate dynamic analyses of cell shape during tubulo-
genesis and extension and the relationship between cell shape 
and kidney disease. Finally, while interactions between the mes-
enchymal stroma and the epithelia are well understood during 
UB outgrowth, studies investigating later kidney development, 
such as formation of the renal vesicle, comma-, and S-shaped 
bodies, have mainly focused on the epithelia. Hence, mechanisms 
that regulate behavior and differentiation of mesenchymal stro-
mal cells warrant further investigations.

Conclusion
While the importance of transcriptional regulation underlying 
cell shape changes during organogenesis is apparent, substantial 
exciting questions remain unanswered. The integration of find-
ings drawn from genetics, cell biology, evolution, computational 
biology, and high-resolution live imaging will offer a deeper 
understanding of the generation of cell shape. For example, the 
combination of forward and reverse genetics with multispecies 
approaches, and informed by sensitive transcriptomic and pro-
teomic methods, is likely to provide detailed, integrated insights 
into molecular and cellular mechanisms during organogenesis. 
A more complete understanding of the regulation of cell shape 
during morphogenesis is a critical first step toward better diag-
nostics and ultimately new therapies to address a broad spectrum 
of organ malformations that can cause life-threatening or debil-
itating disorders.
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